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Introduction 

S. van der Spoel* & A.C.Pierrot-Bults** 
*President of ICoPB 

**Chair SCOR/IOC Working group on “Pelagic Biogeography” 

Members of the SCOR working group 
on Pelagic Biogeography and other 
enthousiastic scientists specialised in 
Pelagic Biogeography , representing 
19 countries, made the Second 
International Conference on Pelagic 
Biogeography to a worthy successor of 
the First ICoPB in 1985. In total 86 
participants presented 22 invited lec- 
tures, 22 contributed papers, and 23 
posters. Five workshops were held 
where future areas of research were 
discused and recommended. 
Ten years of development in marine 
sciences and especially biogeography 
of the pelagic reaas discussed in the 
SCOR working group formed the prin- 
cipal basis for the organisation of this 
conference. 

We now put three questions afore: 1) 
Was there great progress? 2) How was 
the progress presented? 3) what is the 
meaning of the presented material for 
the future? 

Summarising all contributions to this 
volume would show progress in the 
last decade indeed but we focus on 
some special topics. 
- The recognition that cladistics and 
vicariance can, and should be applied 
is clearly shown. Increase of proper 
use of methodology and theory is also 
apparent. 
- The fact that not only water masses 
determine the patterns gives new 
impulses to study ecology and life 
strategies. 
- It became evident that the sediment 
signals are much more complex than 
previously realised, the study of bio- 
geography has reached the detailed 
intrepretation neccessary to explain 
this complexity. 
- Modelling of patterns and fluctua- 
tions has become accepted as a tool by 

the availability of ecological models 
coupled with general circulation models 
and it has been shown that the prediction 
value of modelling has been greatly 
enhanced in relation to global change 
issues. 
- Cataloguing of biota and patterns of 
species richness, abundance and distribu- 
tion got a more structured approach 
through modern information technology 
such as sophisticated databases as shown 
by ET1 (Expert-centre for Taxonomic 
Identifications) to solve questions related 
to marine biodiversity. 
- Biodiversity and preservation of marine 
habitats was one of the main concerns 
either from a taxonomic or from an eco- 
logical point of view. To distinguish 
between the human impact on marine 
biota compared to natural fluctuations 
was another point of discussion. 

The principle outcomes (see also Pierrot- 
Bults, this volume for a full report of 
recommendations) were five main points 
of studies needed for the future. 
- more models coupling physical and 
biological parameters. 
- more ecological studies especially con- 
cerning food-web structure and life his- 
tory strategies. 
- more taxonomy linked to ecology and 
biodiversity 
- more research into the links between 
the living plankton and the sediments. 
- more input from climatology 

The interest shown by scientists from 
Eastern European countries and South- 
America was great but helas many could 
not participate in the conference for lack 
of funds. 
In the informal discussions great concern 
was expressed to marine environmental 
conditions, only a few papers were deal- 
ing with this topic but we think that more 
attention is needed in the near future. 
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The ICoPB meetings are organised under 
the reponsibility of the Foundation 
“International Conferences on Pelagic 
Biogeography”. Board members are B.J. 
Zahuranec, S. van der Spoel, A.C. 
Pierrot-Bults, and R.K. Johnson. 
The foundation is very happy to 
announce that Dr. J. Thiede will take over 
the chair of president from S. van der 
Spoel (who will remain on the Board as 
member) and L. Medlin and M. Omori 
will join the Board. This change is made 
with regard to the third Conference which 

is planned to take place in Kiel, 
Germany, in 2001. 

With our sincere thanks to our sponsors 
who made this conference possible, and 
to the scientific community that made 
organising this conference such a plea- 
sure. 

Finally our warmest thanks go out to 
Marco Noordeloos who did such a pro- 
fessional job in giving this volume its 
shape 
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1. Zooplankton variability and copepod assemblage in 
the coastal and estuarine waters of Goa along the 

central-west coast of India. 

C.T. Achuthankutty, Neelam Ramaiah & G. Padmavati 
National Institute of Oceanography, Dona Paula, Goa, 403 004, India. 

KEY WORDS: Coastal and estuarine waters, upwelling, hydrography, zooplankton, copepod assemblage, 
Goa India. 

ABSTRACT 

Seasonal variations in zooplankton distribution 
and community structure of copepod species in 
coastal and estuarine waters of Goa along the 
central-west coast of India are compared in 
relation to water temperature, salinity and dis- 
solved oxygen, which were fairly well mixed in 
both environments during the seasons. 
However, at the onset of the southwest mon- 
soon, surface cooling and a sharp drop in bot- 
tom oxygen occurred in the coastal waters indi- 
cating that upwelling was active, while in the 
estuary, salinity attained almost limnetic condi- 
tions as the monsoon progressed and slowly 
recovered during the postmonsoon season. 

These changes have tremendous influence 
on zooplankton production and copepod 
species distribution. While the highest zoo- 
plankton production was recorded in the coastal 
waters during the upwelling period (biomass: 
2.6 ml.m-s; density: 1047 ind.m-j), the lowest 
was recorded in the estuary (biomass: 0.03 
ml.m-3; density: IO.5 ind.m-3). Large carnivores 
and some typical coastal water taxa were rare 
in the estuary. Copepods were predominant in 
both areas, but the coastal water population 
comprised 45 species against 28 species in the 
estuary. The estuarine copepod population 
dwindles during the low salinity period and 
several species move into the high saline 
coastal waters. On recovery of the salinity, they 
repopulate and flourish in the estuary. 
Copepods are generally grouped on salinity 
preference, and in this case 3 categories are rec- 
ognized viz. wide (5-36 ppt), medium (5-26 
ppt) and high saline species (26-36 ppt). 

Coastal upwelling is the major event 
occurring along the west coast of India 
during the southwest (summer) mon- 
soon (Ramamirtham & Jayaraman, 

1960; Banse, 1968), bringing drastic 
changes in the hydrography, in-fluenc- 
ing various biological processes. Its 
effect is felt as far as the mouth region 
of the estuaries (Sanka-ranarayanan & 
Jayaraman, 1972; Mad-hupratap, 1978; 
Sankaranarayanan et al., 1978; 
Padmavati, 1992) inducing primary 
production and increasing secondary 
productivity in the coastal zooplankton 
(Devassy, 1983; Haridas et al., 1980; 
Madhupratap et al., 1990). 

In the estuaries, on the other hand, 
salinity drops because of heavy precipi- 
tation and land runoff which affects the 
biological productivity in general and 
zooplankton composition and distribu- 
tion in particular. Many estuarine 
species take refuge in the near-shore 
waters and re-establish their popu- 
lation after recovery of the conditions. 
In a recent review, Madhupratap (1987) 
has described various strategies adopt- 
ed by different tropical species to tide 
over the extremities of nature, particu- 
larly salinity variations. Zooplankton 
studies in the coastal waters along the 
west coast of India are limited (Nair, 
1978; Haridas et al, 1980; Nair et al, 
1980; Goswami, 1985). In this paper, 
we compare the zooplankton composi- 
tion and seasonal variation in an estu- 
ary and in the adjacent coastal region of 
Goa in the light of changing hydro- 
graphic conditions. Species distribution 
and assemblage of copepods in relation 
to salinity variations are also studied. 

STUDIED AREA 

Goa, along the central-west coast of 
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India, is situated in the tropical belt. 
The Mandovi and the Zuari are the two 
major estuaries which open directly and 
independently into the Arabian Sea 
(Fig. 1). The southwest or summer 
monsoon (May/June to September) is 
an annual phenomenon occurring all 
along the west coast of India consider- 
ably altering the hydrographic features 
of the coastal and estuarine waters and 
triggering coastal upwelling. The sea- 
sons are therefore arbitrarily classified 
into the southwest monsoon (June- 
September), postmonsoon (October- 
January) and premonsoon (February- 
May). 

MATERIALS AND METHODS 

Two stations, one in the coastal waters 
located at about 30m depth and the 
other one in the middle of the Mandovi 
estuary, about 14 km away from the 
coastal station were sampled from 
February 1990 to January 1991 (Fig. 
1). 

The depth of the estuarine station 
was about 10m at the time of high tide. 
Sampling was done at a monthly inter- 
val. during the flood tide in the estuary. 
A Heron-Tranter net (mouth area 
0.25m’: mesh width 0.3mm) with a cal- 
ibrated flow meter (TSK, Japan) was 
used for zooplankton collecting. The 

net was obliquely hauled from near- 
bottom to the surface. 

Samples were preserved in 5% 
buffered formalin. Simultaneously, in 
situ measurements of temperature, 
salinity and dissolved oxygen of sur- 
face and bottom waters were made with 
a Hydrolab (Model 4041, Hydrolab 
Corporation, Texas). 

Biomass of zooplankton was esti- 
mated as displacement volume. 
Enumerations for the various taxonom- 
ic groups were made either from an 
aliquot or from the whole sample. 
Copepods were identified to species. 
Biomass and density were converted to 
unit volume using the flow meter data. 
Diversity index H’ (Shannon Weiner, 
1963), and evenness E (Heip, 1974) 
were calculated for the copepod 
species. Clustering of copepod species 
was done by employing the method of 
Field et al., (1982). Mountford’s (1962) 
method of average linkage clustering 
was used to select groups forming clus- 
ters. 

RESULTS 

Hydrography 
Temperature variations were low (25- 
30°C) in the estuary. However, a signif- 
icant drop occurred at the coastal sta- 



IOC IYorkshop Report Yo. 142 
Page 3 

-LO 1 Coastal waters 4o1 Es tuaq7 

I I I I I I 1  

F M A M .l .l A S 0 N D J 

I- 1990 -1 1991 

6- 

Fig. 2. Hydrography of the coastal and estuarine stations. 

tion during the monsoon season leading ml.m-3 in September). 
to stratification. Between June and 
September the surface temperature 
dropped from 27.2 to 24°C while the 
bottom temperature dropped from 27.2 
to 20°C (Fig. 2). This is an indication 
that upwelling was active during this 
season. 

The effect of upwelling was also 
noticed in the dissolved oxygen (DO) 
concentration (Fig. 2). Generally, DO 
was high and more or less stable at 
both stations except during the mon- 
soon season at the coastal station when 
it sharply dropped (0.96 in June to 0.06 

Salinity values were generally lower 
in the estuary compared to the coastal 
station (Fig. 2). However, monsoon 
drastically reduced salinity and almost 
limnetic conditions were attained in 
September (18.8ppt in June to 0. lppt in 
September). No stratification was seen 
during this season. Recovery, after the 
monsoon, was slow in the surface but 
much faster near the bottom, leading to 
stratification. In the coastal waters, on 
the other hand, monsoon effect was 
more evident in the surface (15-26.4 
ppt) than near the bottom (26.4-35.9 
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Fig. 3. Monthly variations in zooplankton biomass Fig. 4. Seasonal variations in zooplankton biomass 
and density in coastal and estuarine stations. and density in coastal and estuarine stations. 
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Temporal and spatial variations in zoo- 
plankton 
Biomass and density were much higher 
in the coastal waters than in the estuary 
(Fig. 3). Biomass ranged between 0.03 
(December) to 5.9 ml.m-3 (June) and 
density between 173 (November) and 
5004 ind.m-3 (September) in the coastal 
station. However, during some months, 
(e.g., February, May, June and August), 
biomass and density did not match 
because the high biomass was caused 
by the abundance of larger organisms, 
such as medusae, ctenophores, siphon- 

Coastal waters 

In the estuary, biomass varied from 
0.007 (July) to 0.4 ml.m-3 (December). 
Generally, biomass and numerical 
abundance follow a similar pattern. 
However during the postmonsoon sea- 
son some variation was observed. This 
is due to the predominance of copepods 
(December. 716 ind.m-3) and at times 
decapods also (October and January). 

Seasonal occurrence in the coastal 
station and estuary shows a contrasting 
picture (Fig. 4). During the monsoon 
season while biomass (2.6 ml.m-“) and 
density (1040 ind.m-3) are highest in 
the coastal station, they are lowest 
(0.03 ml.m-3, 105 ind.m-“) in the estu- 
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Table.1. Seasonal occurrence (%) of zooplankton groups. Pre: Premonsoon; Mon: Monsoon; Post: 
Postmonsoon. 

Coastal station Estuary 
Pre Mon Post Pre Mon Post 

Density (no.m-3) 2479 3253 1079 859 77 3390 
Medusae 0.90 0.04 0.26 0.34 0.13 - 
Ctenophora 0.02 0.09 - 0.05 - - 
Siphonophora 1.2 1.18 0.55 
Polychaeta 0.05 0.74 0.015 0.13 - 6.01 
Chaetognatha 1.7 1.7 1.95 1.13 0.85 1.43 
Copepoda 85.1 83.2 66.4 70.6 72.84 87.0 
Cladocera 0.47 2.37 1.2 0.06 0.32 
Mysidacea 0.003 0.03 - 0.83 0.1 - 
Stomatopoda 0.11 - 0.02 0.05 - 0.01 
Decapoda 6.3 7.9 23.8 19.5 21.8 9.6 
Ostracoda 0.44 0.96 - 
Cirripedae 0.003 - 0.48 4.82 0.13 0.6 
Mollusca 0.06 - - 0.69 1.5 0.85 
Tunicata 3.85 1.17 2.06 1.11 - 0.06 
Fish & larvae eggs 0.53 0.54 3.23 0.42 2.55 0.12 
Miscellaneous 0.07 0.08 - 0.3 0.04 0.02 

ary. On the other hand, when they are 
high in the estuary during the postmon- 
soon season (0.17 ml.m-3; 3034 ind. m- 
3), they are low in the coastal station 
(0.11 ml.m-3; 330 ind.m-3). Higher 
abundance of zooplankton during the 
monsoon season in the coastal station is 
also an indication of upwelling. 

Composition ofzooplankton groups 
Composition of various taxonomical 
groups during the three seasons is tabu- 
lated for coastal and estuarine stations 
(Table 1). In both stations, copepods 
dominate (66.4-87%) followed by 
decapods. Because of the abundance of 
brachyuran zoeae in the estuary, 
decapods form a significant portion 
during the premonsoon (19.5%) and 
monsoon seasons (21.8%). Chaeto- 
gnaths were dominated by Sagitta 
bedoti B.eraneck (1895) which breeds 
in the estuaries (Nair & Selvakumar, 
1979) 

In the coastal waters palaemonids 
and penaeids constitute a large portion 
of the decapods (23.8%) during the 
postmonsoon, season. Carnivores such 
as medusae, ctenophores and siphono- 
phores always form part of the coastal 
zooplankton community but were 

sparse in the estuary. Chaetognaths are 
an integral component at both stations. 
Compared to the coastal region, fewer 
taxonomic groups occur in the estuary. 
Groups like tunicates (pre- and post- 
monsoon), cladocerans (monsoon), fish 
eggs and larvae (postmonsoon) forming 
swarms of varying densities are 
observed at the coastal station and cirri- 
pede larvae (premonsoon), fish eggs 
and larvae (monsoon) are found in the 
estuary. 

Composition and distribution of cope- 
pod species 
The copepod population consisted of 
45 species at the coastal station and 28 
species in the estuary (Table 2). Speciies 
belonging to the genera Paracalanus, 
Acrocalanus, Centropages, Pseudo- 
diaptomus, Acartia, Oithona and Gory- 
caeus were common. Among them, 
Par&alanus spp., Acrocalanus spp., 
Pseudodiaptomus sewelli Walter, 1984, 
Acartia centrura Giesbrecht, 1888, A. 
bowmani Abraham, .1976, A. tropica 
Ueda & Hiromi, 1987, Acartiella kera- 
Zensis Wellershaus, 1969 and the cycle- 
poid Oithona spp., were the only 
species which occurred abundantly in 
the estuary during certain seasons. Pro- 
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Fig. 5. Monthly occurrence of common copepod species in coastal (0) and estuarine (0) stations. 

minent among them were Paracalanus binghami malayalus Wellershaus, 
spp. (728.m-3), A. tropica (1373.m-3) 1969, P annandalei Sewell, 1919, P. 
and AC. keralensis (63 1 .m-3), all occur- tollingerae Sewell, 19 19, Acartiella 
ring in ‘large numbers during the post- gravelyi Sewell, 1919 and Heliodiap- 
monsoon season. Most other species tomus cinctus (Gurney, 1907) in the’ 
were either sparse of absent which indi- estuary during the monsoon and/or 
cates that their occurrence in the mid- postmonsoon seasons suggest that they 
dle of the estuary was accidental. are endemic to the low salinity upper 
Similarly, occurrence of small numbers reaches and are brought into the 
of calanoids such as Pseudodiaptomus midreaches because of monsoon flush- 
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Table 2. Seasonal abundance of copepod species. Pre: Premonsoon; Mon: Monsoon: Post: Postmonsoon. VA: Very 
abundant (>I00 ind.m-3); AB: Abundant (50-100 ind.m-3); MA: Moderately abundant (IO-50 ind.m-3); SP: Sparse; 
AS: Absent; * >500 ind.m-3; ** >I000 ind m-3; *** >2000 ind.m-3. 

Copepod species Coastal station Estuary 

Pre Mon Post Pre Mon Post 

Canthocalanus pauper 
Undinula vulgaris 
Eucalanus pileatus 
E. subcrassus 
E. elongatus 
Paracalanus spp. 
Acrocalanus spp. 
Clausocalanus spp. 
Temora turbinata 
T. discaudata 
Metacalanus aurivilli 
Centropages orsinii 
C. furcatus 
C. tenuiremis 
C. alcocki 
Pseudodiaptomus sewelli 
P. bowmani 
P. serricaudatus 
P. jonesi 
P. binghami malayalus 
P. annandalei 
P. tollingerae 
Calanopia elliptica 
Pontellopsis herdmani 
Euchaeta concinna 
E. rimana 
Labidocera pectinata 
L. stylifera 
L. acuta 
L. minuta 
Candacia bradyi 
Acartia spinicauda 
A. centrura 
A. bowmani 
A. erythraea 
A. tropica 
A. paci$ca 
A. amboinensis 
Acartiella keralensis 
AC. gravelyi 
Heliodiaptomus cinctus 
Tortanus forcipatus 
Oithona spp. 
Oncaea spp. 
Coryaeus spp. ’ 
Sapphirina sp. 
Microsetella sp. 
Macrosetella sp. 
ClJtemnestra scutellata 
Euterpina acutifrons 

VA AB MA 
SP AS SP 
AS AS SP 
MA MA SP 
AS AS SP 
AB VA VA 
VA VA* VA 
SP SP SP 
V/t,* VA AB 
SP SP MA 
SP AS AS 
MA SP MA 
MA SP MA 
VA AB SP 
AS SP AS 
SP SP SP 
AB AB MA 
MA MA AB 
AS SP AS 
AS AS AS 
AS AS AS 
AS AS AS 
MA AS AS 
SP SP SP 
SP SP AS 
AS SP AS 
SP AS SP 
SP SP SP 
SP AS SP 
SP SP SP 
SP SP SP 
VA VA*“” MA 
SP AS MA 
SP SP SP 
MA MA SP 
SP AB SP 
MA AB SP 
SP SP SP 
SP SP SP 
AS AS AS 
AS AS AS 
MA MA AS 
MA’ VA AB 
SP SP MA 
MA AB MA 
AS SP SP 
SP AS AS 
SP AS SP 
AS AS SP 
SP SP MA 

AS AS AS 
AS AS AS 
AS AS AS 
AS SP AS 
AS AS AS 
AB SP VA” 
MA SP AB 
AS AS AS 
SP SP SP 
AS AS AS 
AS AS AS 
AS AS SP 
SP AS AS 
SP AS SP 
AS AS AS 
VA MA SP 
SP SP SP 
AS SP SP 
SP SP SP 
AS SP SP 
SP SP AS 
AS SP AS 
AS AS AS 
AS AS AS 
AS AS AS 
AS AS AS 
SP SP SP 
AS AS AS 
AS AS AS 
AS AS AS 
AS AS AS 
SP SP SP 
AB SP SP 
VA SP SP 
SP SP SP 
SP SP VA”* 
AS AS AS 
AS AS AS 
SP SP VA* 
AS SP SP 
AS SP AS 
AS SP SP 
MA SP MA 
AS AS SP 
SP SP SP 
AS AS AS 
AS AS AS 
AS AS AS 
AS AS AS 
SP AS SP 
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- E. acutlfrOns 

_ Fig. 6. Salinity ranges of different copepod species. 
Shaded area indicates the range of higher abundance. 

Table 3. Mean species diversity indices during differ- 
ent seasons. N: Number of species; H’: species diver- 
sity; E: Evenness; Pre: Premonsoon; Mon: Monsoon; 
Post: Postmonsoon. 

Coastal station Estuary 

Pre Mon Post Pre Mon Post 

N 28 19 22 13 11 14 
H’ 2.0 1.6 2.1 1.5 1.1 0.9 
E 0.2 0.2 0.4 0.3 0.2 0.1 

When the monthly distribution (Fig. 
5) and seasonal abundance (Table 2) of 
common species are compared, three 
interesting seasonal trends emerge. In 
the first case, those species which had 
higher abundance in the coastal waters 
during the pre- and postmonsoons 
maintained a fairly constant population 
during the monsoon season also, when 
they were sparse or absent in the estu- 
ary. Paracalanus spp., Acrocalanus 
spp., C. tenuiremis and P. bowmani are 
examples of this pattern. In the second 

ing and therefore, never occurred in the 
coastal region. But, all other species 
were found in varying numbers at the 
coastal station. 

case, the only deviation noticed from 
the above was that during the monsoon 
season their population increases in the 
coastal waters. A. spinicauda and 
Oithona spp. are examples of this 
behaviour. The third group represented 
by A. bowmani, AC. keralensis and P 
sewelli has a higher abundance in the 
estuary during the pre- and postmon- 
soon seasons, but when their popula- 
tion dwindleds during the monsoon 
season, they are found in large numbers 
in the coastal waters. 

Copepod species occurrence in relation 
to salinity 
The most common 34 species were 
considered in relation to salinity varia- 
tion. Although most of them occurred 
in wide ranges of salinity, the range in 
which the species are present in large 
numbers was considered as the pre- 
ferred range (Fig. 6). Based on this 3 
categories are recognized, viz. wide (5- 
36 ppt), medium (5-26 ppt) and high 
saline species (26-36 ppt). Thirteen 
(out of 34) species belong to the wide 
saline category and live both in estuar- 
ine and in coastal conditions. Only 3 
species fell in the medium saline cate- 
gory, viz. Acartia southwelli Sewell, 
19 14, A. tropica and AC. keralensis. 
These are the true estuarine species 
which moved into the coastal region 
only during the saline period. The 
remaining 18 species belong to the high 
saline category but a few species such 
as Canthocalanus pauper, Pontellopsis 
herdmani Thomson & Scott, 1903, 
Euchaeta concinna Dana, 1849, 
Labidocera pectinata Thomson & 
Scott, 1903, L. stylifera Thomson & 
Scott, 1903, L. acuta (Dana, 1849), L. 
minuta Giesbrecht, 1888, Candacia 
bradyi A. Scott, 1902 and Acartia 
amboinensis Carl, 1907 occurr only in 
a very narrow high saline range (30-36 
ppt), and are the true coastal’species. 
Other species, flourished in the estuary 
also during the high saline period. 

Diversity and assemblage of copepod 
species 
Mean species diversity indices are cal- 
culated for different seasons for the 
coastal and estuarine stations (Table 3). 
The species diversity index (H’) is gen- 
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erally high for the coastal station. 
However, during the monsoon season, 
there is a drop (1.6) caused by the 
absence of some coastal species. In the 
estuary, H’ values are lower compared 
to the lowest value in coastal waters 
even during the stable premonsoon sea- 
son since only a few euryhaline species 
could thrive in the estuary. During the 
monsoon and postmonsoon seasons a 
further reduction occurs because of the 
disappearance of many species. 

Evenness in abundance is generally 
low in both environments, but it fol- 
lowed more or less a similar trend as 
species diversity. Relatively higher val- 
ues were observed during the postmon- 
soon season in the coastal station (0.4) 
and the premonsoon season in the estu- 
ary (0.3). 

At the coastal station, 3 separate 
assemblages of species are observed 
(Fig. 7). Cluster I is represented by a 
group of strongly associated species 
(>65% similarity), most of them prefer- 
ing wide salinity ranges. All coastal 
species together form cluster II, and 
Cluster III is an assemblage of low and 
medium saline species. In the estuary 
(Fig. 8) clusters I and II are composed 
of both wide and medium saline 
species while cluster III is formed 
exclusively by low saline species. 

DISCUSSION 

Coastal upwelling associated with the 
southwest monsoon is an annual phe- 
nomenon occurring along the west 
coast of India (Banse, 1959; 1968; 
Ramamirtham & Jayaraman, 1960). 
which is mainly responsible for nutrient 
enrichment of surface layers and boost- 
ing the biological productivity, com- 
pared to other seasons and non-upwel- 
ling areas (Madhupratap et al., 1990). 
Our results support the above observa- 
tions. Upwelling creates a nutrient-rich 
environment (Sankarana-rayanan & 
Jayaraman, 1972; Devassy, 1983) ideal 
for phytoplankton growth resulting in 
zooplankton proliferation, particularly 
herbivores. 

The copepod community in the 
coastal waters was dominated by herbi- 
vores. During the upwelling period 
their number multiplied as is the case 

Similarity (%) 

0 50 100 

Fig. 7. Hierarchial cluster analysis showing affinities 
among copepod species and formation of groups in 
coastal station. 

Similarity (%) 

0 

Fig. 8. Hierarchial cluster analysis showing affinities 
among copepod species and formation of groups in 
the estuary station. 

for Paracalanus, Acrocalanus, Pseudo- 
diaptomus and Acartia. Most of these 
taxa sustained higher densities during 
the initial stages of upwelling (June- 
August) than later in the season. 
However, Acartia spinicauda, A. paciji- 
ca and A. tropica continued to be pre- 
sent in good numbers, during the late 
upwelling period also. Temora turbina- 
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ta, Centropages tenuiremis, Oithona 
spp. and Corycaeus spp. were abundant 
during the initial phase of upwelling. 
However, carnivores like Euchaeta, 
Candacia and Oncaea were sparsely 
distributed. Many larger carnivores 
such as siphonophores, ctenophores, 
Medusae and chaetognaths also made 
their appearance in the beginning of 
upwelling, established their population 
as upwelling intensified and continued 
to remain in the zooplankton communi- 
ty even after weakening of upwelling. 
This points to the fact that herbivores 
and carnivores can thrive together in 
the actively upwelling areas because 
food is plentiful and a time lag, as 
observed by Madhupratap et al., (1990) 
may not therefore be necessary for the 
establishment of the tertiary communi- 
ty. 

The total dominance of carnivores in 
the zooplankton community may be an 
indication of the slackening phase of 
upwelling which however, was not 
observed in this study. 

Abundance of suspension feeders 
like tunicates and cladocerans as 
observed in this study has been record- 
ed earlier in other upwelling areas 
(Madhupratap et al., 1980; Paffenhofer 
et al., 1984). Other organisms such as 
euphausiids, ostracods, pteropods, etc. 
which are common in upwelling areas 
are rare or absent in this region. In the 
upwelling areas, a few opportunistic 
species which can efficiently exploit 
the available resources dominate 
(Madhupratap et al., 1990). This was 
reflected in low species diversity and 
poor equitability in distribution. 

Although the influence of upwelling 
is felt near the mouth regions of the 
Mandovi and Zuari estuaries 
(Sankaranarayanan & Jayaraman, 
1972; Sankaranarayanan et al., 1978; 
Devassy, 1983), the interior of these 
estuaries is generally unaffected. The 
overall production is much lower corn- 
pared to the coastal region because 
only a few euryhaline species domi- 
nate. However, the population structure 
during the monsoon season is quite dif- 
ferent from the coastal waters. Many 
groups disappeared during this period 
and those occurring are not very abun- 
dant. The sudden drop in salinity cou- 
pled with strong downward currents 

and heavy flushing made this environ- 
ment unstable and unsuitable for many 
species. For instance, many common 
and abundant copepods were absent 
during this season, but at the same 
time, they either maintained or multi- 
plied in the coastal waters. 

The salinity prevailing in the coastal 
region was close to that of the stable 
estuarine condition during this period 
and hence these euryhaline species took 
refuge so as to tide over the extreme 
salinity variations. When the conditions 
stabilized after the monsoon, they re- 
established their population and propa- 
gated. This has resulted in a sudden 
increase in biomass and population 
density in the estuary. Some estuarine 
species vanish completely during the 
low saline period but gradually reap- 
pear during the stable period. Such 
species may be able to produce dia- 
pause (resting) eggs as in the case of 
some common calanoids in the inland 
sea of Japan (Kasahara et al., 1974; 
Uye et al., 1979), a suggestion put for- 
ward by Madhupratap (1987). However 
this needs confirmation. 

Species associations are based on 
their salinity preferences although 
niche overlap and competition between 
them is a possibility (Madhupratap, 
1987) and no single factor may be able 
to influence the coexistence of species 
(Peter et al., 1977). Species diversity is 
very poor in the estuary during all the 
seasons, because only a few euryhaline 
species (8) are common and abundant. 
Equitability is also low which is nor- 
mally expected in a tropical estuary 
where opportunistic species take 
advantage of the frequent variations in 
the biotic and abiotic conditions and 
multiply rapidly and hence do not get 
sufficient time for stability and diversi- 
fication. 
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ABSTRACT 

The distribution patterns of pelagic gam- 
maridean amphipods were studied in the upper 
200 m of the NE-Atlantic off NW Africa. The 
area under investigation covered the Cape 
Verde Frontal Zone, a boundary front between 
the North and South Central Water masses. 

This analysis is a synoptic report based on 
three cruises in the area. Gammaridean amphi- 
pods were represented by about 1780 in- 
dividuals belonging to 13 species. Only two 
species, Stenopleura atlantica (n = 1517) and 
Eusiropsis riisei (n=l46), were sufficiently 
abundant for analysis. Cyphocaris challengeri, 
ranking third in abundance (n = 61), is a pre- 
dominantly mesopelagic species, and during 
the survey only juvenile individuals of this 
species were caught. 

S. atlantica, the most abundant species in 
the collection (85 %), was recorded throughout 
the survey area. It dominantly inhabited the 
upper depth horizons from 100 to 25 m. Peak 
abundance was confined to the south west of 
the Cape Verde Frontal Zone and particularly 
concentrated regionally on the Guinea Dome. 
Probably this phenomenon is linked with sea- 
sonal variations. 

The abundance of’ E. riisei (ranking second, 
8 %) increased with depth emphasizing that this 
is mainly a mesopelagic species. There is some. 
evidence that the observed patterns of the hori- 
zontal distribution have been influenced by the 
hydrographic conditions as the stations of max- 
imum abundance are confined to the sphere of 
the South A’tlantic Central Water mass. 

INTRODUCTION 

In contrast to the pelagic’ Hyperiidea 
the gammaridean amphipods are sel- 
dom present in higher number in the 
pelagic. So the knowledge on their ver- 
tical and horizontal distribution based 

on opening and closing net catches 
remains incomplete (e.g. Roe et al., 
1984). 

The distributional patterns of gam- 
maridean amphipods are studied in the 
upper 200 m stratum of the Northeast 
Atlantic off Northwest Africa. Accor- 
ding to Backus (1986) the survey grid 
chiefly covers a transitional area be- 
tween the tropical and northern sub- 
tropical region. The eastern sector of 
the area is predominantly influenced by 
the hydrographic regime of the Cape 
Verde Frontal Zone (CVFZ) which 
extends westwards into the North 
Equatorial Current (NEC). The CVFZ 
is a water mass boundary separating the 
North and South Atlantic Central Water 
masses (NACW, SACW). Large sea- 
sonal variations of the location of the 
front fundamentally influences the in- 
teractions among the water masses and 
thus the hydrography of the entire cir- 
culation system. Effects of the chang- 
ing water mass properties are recorded 
even in the western NEC dominated 
section of the survey area as indicated 
by in situ data. The southeastern region 
to the CVFZ is dominated by doming 
processes (Guinea Dome) leading to a 
strong lifted thermocline, oxygen 
depleted water, and increasing of nutri- 
ents. A recent synopsis of the hydro- 
graphic regime of the survey area is 
given by Klein ( 1992). 

MATERIAL AND METHODS 

This analysis of distributional patterns 
of gammaridean amphipods is a synop- 
tic report based on three cruises in the 
area off Northwest Africa, from the 
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shelf to 45”W. Zooplankton sampling 
was carried out on board of the German 
RV “Meteor” (M). Cruise M64: Feb- 
ruary 1983, off Mauritania; Cruise M6: 
November - December 1987, off North- 
west Africa; Cruise M9: January - Feb- 
ruary 1989, CVFZ - area. 

The gammaridean amphipod compo- 
nents in the epipelagic community were 
studied at 6 discrete steps during M64 
(200- 150-120-90-60-30-0 m), and at 5 
steps during M6 and M9 (200-150- 100 
-50-25-o m). The material was obtained 
by multiple opening-closing net (MCN; 
0.25 m2, 0.3 mm mesh size). The gear 
was towed vertically during M64 and 
obliquely during M6 and M9. Speci- 
mens in bad condition or at juvenile 
stage could not be identified to species 
level. This applied to all of the demer- 
sal amphipods obtained from the shelf. 
Species of low abundance were exclud- 
ed from the analysis. 

In situ hydrographic data are avail- 
able for cruises M6 and M9 only. 
Cruise reports are given by Siedler et 
al. (1983), Miiller et al. (1988), and 
Zenk et al. (1989). CVFZ is defined by 
50% NACW at 150 m. The NACW 
percentages at 150 m displayed in Fig. 
2 which indicates the location of the 
frontal zone were calculated by B. 
Klein (Institut fiir Meereskunde, Kiel, 
at that time). 

RESULTS AND DISCUSSION 

The species composition and frequency 
of the gammaridean amphipods sam- 
pled are listed in Table 1. 
They constituted two groups. A demer- 
sal, but migrating group of species 
which were uncommon and exclusively 
restricted to the shelf in the Mauritan- 
ian Province. The second group com- 
prises oceanic pelagic species. The 
species richness obtained for the upper 
oceanic stratum 200-O m is low but 
agrees well with Thurston’s (1976a; 
1976b) findings for the adjacent region 
off Fuerteventura in relation to the 
three most abundant species of the 
CVFZ area: Stenopleura atlantica, 
Eusiropsis riisei, and Cyphocaris chal- 
lengeri. These three species are cos- 
mopolitan. For the CVFZ area two 
more species were found: Synopia 

scheeleana and a probably new eusirid 
species. S. scheeleana is a representa- 
tive of the nighttime facultative neuston 
(Andres & John, 1984) and was inade- 
quately sampled by the MCN. Among 
the oceanic pelagic species S. atlantica 
and E. riisei were collected in the 
CVFZ area and oceanic Mauritanian 
Province as well. 

Stenopleura atlantica 
S. atlantica is a tropical-subtropical 
cosmopolitan species which, as Birstein 
& Vinogradov (1960) pointed out, has a 
distribution limited by a temperature of 
18-20 “C. 

Among the five oceanic pelagic 
taxa, S. atlantica was the numerically 
dominant species (Table 1) and showed 
maximal abundance during night (Table 
2). Juveniles dominated the catches on 
all cruises (M 64: 68.0 %, M6: 57.4 %, 
M9: 55.7 %). As shown in Fig. 1 bulk 
peaks of abundance were recorded for 
the upper level 100-25 m. This epi- 
pelagic habit of S. atlantica is well 
known although Thurston (1976a) 
reported S. atlantica occurring spas- 
modically at various depths down to 
830 m (east off Fuerteventura) and 
Walker (1909) reported its depth range 
as being 914-1372 m. 

The observed maximal numerical 
abundance (data of M6 and M9 com- 
bined) was confined to the shallower 
depth level 50-25 m during day and 
night with an obvious increasing at 
night (205,3 and 392,4 ind./m2, respec- 
tively). The absence of S. atlantica in 
the uppermost layer as reported by 
Thurston (1976a) could not be con- 
firmed. 

S. atlantica was distributed patchily 
throughout the oceanic area studied. 
The horizontal distributional pattern 
(Fig. 1) showed a striking maximal 
numerical abundance (up to an amount 
of 120.9 ind./m2) in the southeastern 
sector on the margin of the Guinea 
Dome. As the animals were mainly pre- 
sent in the depth level 50-25 m they 
avoided the oxygen depleted layers 
(oxygen concentrations decreased 
down to a level of 1.6 ml.l-1 at 100 m 
depth). Their maximal frequency 
seemed to be coupled with regions of 
high productivity. 

The horizontal distribution repre- 
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Table 1. List of gammaridean amphipods caught, their absolute number and relative abundance in 2% of the 
total number during “Meteor” cruises M64. M6 and M9. 

Taxon M64 M6 M9 n 5% 

Oceanic 

Calliopiidae 
Srettopleura utlatttica Stebbing, 1888 2.5 1249 243 1517 85.2 
Eusiridae 
Eusiropsis riisei Stebbing, 1897 33 113 146 8.2 
Eusirus sp. 4 4 0.2 
Lysianassidae 
CJphocaris challengeri Stebbing, 1888 6 55 61 3.4 
Synopiidae 
Syttopia scheeleana Bovallius, 1886 6 6 0.3 

I 

Neritic 

Argissidae 
Argissa hamatipes (Norman, 1869) 

Calliopiidae indet. 
Apherusa sp. 

Corophioidea indet. 
Ericthonius sp. 

Dexaminidae 
Arylus sp. 

Haustoriidae 
Bathypereia sp. 

Leucothoidae 
Leucothoe sp. 

Lysianassidae 
Orchonlene sp. 

Melphidippidae indet. 
Megaluropus sp. 

Oedicerotidae indet. 

Total 

1 I 0.06 
3 3 0.2 

15 15 0.8 
3 3 0.2 
1 1 0.06 

1 I 0.06 

I I 0.06 

1 I 0.06 

1 1 0.06 
8 8 0.5 
4 4 0.2 
7 7 0.4 

1780 99.96 

Table 2. The day/night differences of the three top-ranking species (in 
absolute numbers). 

day night twilight 

I ) S. dan~ica 623 816 78 
2) E. riisei 84 48 14 
3) C. chnllettgeri 33 25 3 

I I 
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sented in Fig. 1 (and Fig. 2) is related 
to autumn and winter. The lack of fur- 
ther seasonal sampling prevents any 
analysis of changes in its population 
density. As S. atlantica mainly has a 
shallow vertical distribution, the CVFZ 
may act as a barrier to horizontal dis- 
persal. 

Eusiropsis riisei 
According to Birstein & Vinogradov 
(1960), E. riisei has similar require- 
ments to those of S. atlantica in both 
the overall geographic coverage and the 
temperature gradients. Previous reports 
demonstrate that this is a shallow 
mesopelagic species (e.g. Thurston 
1976a). Fig. 2 illustrates how its abun- 
dance increases with increasing depth 
confirming that this is mainly a meso- 
pelagic species. 

E. riisei ranked second in abundance 
(Table 1). Most of the specimens were 
caught at day (Table 2). The composi- 

G 
90 M6-F 
I------ 120 

n = 25 . 

100 

t 

M6 + M9 

150 
n = 1492 

2001 
111 

tion of the collections showed a pre- 
dominance of the juveniles (M6: 60.6 
%; M9: 56.6 %). 

As mentioned above, maximum 
abundance reached in the lowest sam- 
pled stratum was 6.2 ind.m-2. There 
was evidence of an upwards migration 
during night. The juveniles again pre- 
dominated the number of adults. Adult 
males and females were caught at max- 
imal abundances at 100-50 m; the juve- 
niles showed a general trend towards 
increasing abundance at the 50-25 m 
level. 

The horizontal distribution was 
mainly confined to the area of the 
CVFZ and westwards along the North 
Equatorial Current. Along the zonal 
transect E. riisei showed maximal 
numerical abundances (7.9 and 5.7 
ind.m-2) while the overall distribution 
gained values of 0.2-4.9 ind.m-2, av- 
erage abundance was 1.3 ind.m-2 (s = 
1.7; n = 37). The lack of records to the 

3o” 

25O 

0 
0 

0  
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southeast of the CVFZ is obvious. It 
seemed to be related to the doming pro- 
cesses (Guinea Dome) as the preferred 
depth range of E. riisei contained water 
of low oxygen saturation and that may 
have limited its range. 

Previous reports of this species in 
the Atlantic, mostly of solitary speci- 
mens, have been infrequent (Schellen- 
berg, 1926; Pirlot, 1929; Barnard, 
1930; Thurston 1976a). These suggest 
a geographical range between 32”N and 
35”s. Nevertheless, the new data show 
maximal occurrence of E. riisei within 
the SACW dominated CVFZ. Its scat- 
tered occurrences in the oceanic 
Mauritanian Province and at 3 1 “N 
23”W may be explained by the trans- 
port model for fish larvae developed by 
John & Zelck (this volume). 

Cyphocaris challengeri 
This widespread species inhabits a total 
depth range from 2000 m to the surface 
as reported by Thurston (1976a). Our 
sampling limited to the upper 200 m 
will not have sampled C. challenger-i 
adequately. 

C. challengeri was caught during the 
cruises M6 and M9 at the level of 200- 
25 m. Its abundance increased with 
depth. With the exception of two adult 
males (11.4 and 9.9 mm; 200- 150 m 
layer) and a single immature specimen 
(7.6 mm; 150-100 m) the total catch 
exclusively contained juveniles (< 6.0 
mm). C. challengeri was mainly found 
along the CVFZ dominated (57-O % 
NACW at 150 m) sector of the zonal 
transect (14” 30’N). Like E. riisei this 
species reached its maximal frequency 

-FPw too 3s” 3o” 25” 20° 
I 15O\7’ 

35% 
Ertsiropm riisei 

50 % 25% = 

50 b16 + M9 
n=146 

100 D e a D 

* D 0 so 0 
150 

m 
’ 0” N 

Fig. 2. Quantitative horizontal and vertical distribution of E~sirop.sis r-i&i across the Cape 
Verde Frontal Zone (CVFZ) during “Meteor” cruises M64. M6. and MY. Shaded lines: course 
of the water mass boundary indicated hy different percentages of NACW to SACW at IX) m 
(location of the CVFZ: 50 % NACW at I50 m); large meanderings hint at mixing processes 
over wide ranges. 
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(11.7 ind.m-2) along this transect. 
The prevalence of juveniles in the 

upper 200 m indirectly confirmed the 
ontogenetic splitting of the population 
into two parts previously recorded by 
Thurston (1976a) for the adjacent 
region off Fuerteventura: juveniles and 
subadult specimens occupied the layer 
400-200 m and 400-350 m, respective- 
ly, while the second group, mature 
females, inhabited the deeper layer 
between 800-625 m. The fact that the 
overwhelming majority of the caught 
individuals were juveniles results from 
the adults being subjected to submer- 
gence at lower latitudes (Thurston, 
1976a). 

The distributional patterns of the 
three analysed cosmopolitan species 
seemed to be determined by the loca- 
tion of the CVFZ and partly by the 
hydrographic regime of the Guinea 
Dome. It is generally noticed that the 
juvenile specimens of the mesopelagic 
C. challengeri were predominately con- 
fined to the CVFZ. To a smaller extent 
this might also apply to the shallow 
mesopelagic E. riisei. 
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ABSTRACT 

Vertical fluxes and species compositions of 
coccolithophores and radiolarians were investi- 
gated in sediment traps in various water depths 
(SO0 m, 1000 m, 2300 m) in the Greenland Sea. 
an area presently located at the fringe of habi- 
tats of both plankton groups. The fluxes of both 
groups exhibit a strong seasonality and 
assumed to be closely correlated. Maximum 
fluxes in 500 m and 1000 m water depth of 
about I .40 x I06 coccolithophores m-2.d-1 and 
2. I5 x 106 m-‘.d-1 respectively and 9.92 x IO” 
radiolarians m-?.d-t and 10.93 x IO? m-‘.d-1 
respectively occur during late summer and 
autumn. The sedimentation pattern in 500 m 
and 1000 m water depth are rather similar 
whereby fluxes in 2300 m water depth seem 
strongly influenced by lateral advection. 

The Greenland Sea is characterised by dis- 
tinct species compositions in 500 m and 
1000 m water depth by both groups. Deep liv- 
ing radiolarian species show increasing abun- 
dances in 1000 m depth and are main contribu- 
tors to radiolarian fluxes at 2300 m water depth. 
Species compositions of both groups are modi- 
fied due to lateral advected assemblages and 
dissolution processes. 

Plankton organisms represent specific 
forms of marine trophic chains, influ- 
ence CO,/O, exchange of the ocean/ 
atmosphere system (“biological pump”) 
and therefore are important in provid- 
ing feedback to climatic change 
(Berger et al., 1989). The fossil plank- 
ton assemblages preserved in the sedi- 
ments are common tools for the recon- 

struction of climatic change in the geo- 
logical past. However, only plankton 
groups forming cysts or mineralised 
skeletons/tests have a certain potential 
to become fossilised. As shown by 
numerous authors the alteration of liv- 
ing communities to fossil assemblages 
by sedimentation processes is very 
strong (e.g. Boltovskoy et al., 1993; 
Samtleben et al., 199.5; Samtleben & 
Schroder, 1992; Sautter & Sancetta, 
1992; Swanberg & Bjorklund, 1992). 
Therefore our combined project is 
using a synoptic and actuo-paleonto- 
logical approach to improve our under- 
standing of the processes transforming 
the export of skeletal material from the 
living plankton to the record preserved 
in fossil assemblages. 

The Norwegian-Greenland Sea is 
characterised by strong west to east 
hydrographic gradients, with the very 
cold ice-covered Greenland Sea to the 
relatively warm Norwegian Sea (Fig. 
1). 

In this paper we focus on the com- 
parison of the sedimentation of one 
phytoplankton (coccolithophores) and 
one zooplankton group (radiolarians) in 
the Greenland Sea. This area is charac- 
terised by strong seasonality in ice 
cover (December to April), water tem- 
perature (< 0 - 5°C) and light intensity. 
Bauerfeind et al. ( 1994) report season- 
ally changing fluxes of particulate mat- 
ter due to variations in ice coverage. In 
this region the coccolithophore com- 
munities are characterised by low 
diversities with small standing stocks 
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Fig. 1. Schematic map of the Norwegian Greenland Sea including surface current pattern and location of investigat- 
ed sediment trap. EGC = East Greenland Current, EIC = East Iceland Current. JMC = Jan Mayen Current, NAD 
= North Atlantic Drift, NC = Norwegian Current, NCC = Norwegian Coastal Current. 

indicating the north-western limits of 
coccolithophore occurrence (Samtleben 
et al., in press). In comparison to the 
North Atlantic, radiolarians also exhibit 
impoverished communities (Schroder- 
Ritzrau, 1994). Sediment trap samples 
were investigated to show the different 
responses of both plankton groups at 
distinct stages (500 m, 1000 m, 2300 
m) during sedimentation. 

MATERIAL AND METHODS 

diate water depth) and 2300 m (300 m 
above seafloorj water depth. Sampling 
intervals were 14 days in summer and 
30 days in winter. All samples were 
preserved with HgCl*. Aliquots for 
coccolithophore analysis were filtered 
and counted under the scanning elec- 
tron microscope (SEM). All coccoliths 
which could be identified to species 
level as well as randomly observed 
coccospheres, were counted and con- 
verted to “coccosphere units” accord- 
ing to Samtleben & Schroder (1992) 
(for detailed description of coccol- 

Location and sampling depths of the ithophore counting -and preparation 
investigated sediment traps are listed in technique see Andruleit, 1995). 
Table 1. Modified versions of the For radiolarians identification and 
“Kiel-type” sediment traps (Zeitzschel enumeration aliquots were treated with 
et al., 1978) were moored in 500 m KMn04 and HCl to dissolve organic 
(below photic zone), 1000 m (interme- matter and carbonate (Hasle. 1978). 
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Coccolithophore Flux Radiolarian Flux Correlation of Fluxes 
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Fig. 2. Total fluxes of coccolithophores and radiolarians at the three sampling depths of the annual mooring OG 4/S 
( 199 I - 1992) in the Greenland Sea and correlation between fluxes of both groups. Correlation graphs are in the same 
scale as fluxes. 

The residue was washed with deminer- 
alized water and mounted in permanent 
slides using Canada balsam. Radiolar- 
ian counts using light microscopy 
include all identifiable polycystine 
(Spumellaria and Nassellaria) and 
phaeodarian radiolarians (for detailed 
description of radiolarian counting and 
preparation technique see Schroder- 
Ritzrau, 1994). 

For both groups averaged fluxes per 
square metre and day and relative 
species abundances were estimated. 

RESULTS 

Total arznmal jhxes 
Coccolithophores and radiolarians were 
present in all sampling intervals of the 
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Greenland Sea sediment traps. 
Their fluxes documented in the trap 

moored at 500 m water depth displayed 
a strong seasonal and remarkably simi- 
lar sedimentation pattern with high 
fluxes in summer and autumn followed 
by low fluxes in winter (Fig. 2). In July 
199 1 a tenfold increase in daily radio- 
larian fluxes (up to 10.0 x 103 m-2.d-1) 
and a fourfold increase (up to 1.5 x lo6 
m-*.d-1) in coccolithophore fluxes 
occurred. After a distinct maximum in 
August 1991 fluxes of both groups 
decreased again to low amounts. A sec- 
ond maximum during September and 
October was more pronounced in radio- 
larian than in coccolithophore fluxes. 
Even in winter 199 1 to April 1992 
small fluxes of both groups (coccolitho- 
phores: ca. 0.02 - 0.04 x 106 m-*.d-1; 
radiolarians: ca. 0.3 - 0.5 x 103 m-2.d-I) 
were still recorded. A strong correla- 
tion between coccolithophore and radi- 
olarian fluxes exists with a coefficient 
of x-2 = 0.83 (Fig. 2). 

The sedimentation pattern in 1000 m 
water depth was very similar to the pat- 
tern observed in 500 m for both groups 
(Fig. 2). No distinct sedimentation 
maximum occurred during autumn. 
Fluxes were of the same order of mag- 
nitude as in 500 m except for slightly 
higher radiolarian fluxes during winter. 
The correlation between coccol- 
ithophore and radiolarian fluxes is still 
tight with a coefficient of r2= 0.81 (Fig. 
2). 

In contrast to fluxes recorded in the 
water column at 500 m and 1000 m, at 
2300 m fluxes were considerably high- 
er for coccolithophores and radiolarians 
(Fig. 2). The distinct sedimentation pat- 
tern almost disappeared because the 
fluxes of both groups were high even 
during winter. A common co-occur- 
rence of terrigeneous particles and 
sponge spicules was found in the sam- 
ples. This can only be explained by lat- 
eral advection of resuspended material 
into the trap. However, the summer 
maximum might be still recognisable. 
There is only a weak correlation 
between both plankton groups (coeffi- 
cient of r2= 0.52 Fig. 2). 

Species composition 
During the investigated time interval 18 
coccolithophore species were observed 

in the sediment trap material. But only 
three (Coccolithus pelagicus (Wallich, 
1877) Schiller, 1930, its motile phase 
Crystallolithus hyalinus Gaarder & 
Markali, 1956 and Emiliania huxleyi 
(Lohmann. 1902) Hay & Mohler, 1967 
are dominating the assemblages at all 
depths with more than 97 % (Fig. 3). E. 
huxleyi hardly ever occurred as intact 
coccosphere in the samples. In contrast, 
coccospheres of C. pelagicus were 
common and C. hyalinus had only neg- 
ligible amounts of isolated coccoliths. 
Due to sedimentation processes the 
amount of intact coccospheres dimin- 
ished generally with increasing water 
depth. Despite of the overall increase in 
total flux to the deepest trap C. hyalinus 
was the only species with a decreasing 
flux. 

In contrast, the radiolarian assem- 
blages exhibit a higher diversity of 
about 40 species. Five species 
(Actinomma ex. gr. borealislleptoder- 
mum, Amphimelissa setosa (Cleve, 
1899) Jorgensen, 1905, Artobotrys 
borealis (Cleve 1899) Petrushevskaya, 
197 1, Lithomitra line&a (Ehrenberg, 
1838) Haeckel, 1887, Pseudodictyo- 
phimus gracilipes (Bailey, 1856) 
Petrushevskaya, 1971) make up over 
80% at 500 m depth with A. setosa 
being the most prominent species (Fig. 
3). At 2300 m water depth deep living 
species like Lirella bullata (Cleve, 
1899) Takahashi & Honjo, 198 1, 
Cycladophora davisiuna Ehrenberg, 
186 1 and Lithostrobus hotryocyrtis 
Haeckel, 1887 contribute more than 
25% of the assemblages. 

Species succession 
Similar to the annual flux pattern, at 
500 m depth a seasonal development in 
species succession was observed (Fig. 
3). This is demonstrated in percentages 
of selected species and their variation 
during the investigated period. E. hux- 
leyi has highest relative abundances in 
spring. The main coccolithophore flux 
signal in summer is characterised by 
high percentages of C. hyalinus where- 
as C. pelagicus is the dominating 
species during winter. 

During the first main sedimentation 
phase in summer the radiolarian assem- 
blage is dominated by A. setosa and L. 
Zineata, whereas in the second main 
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Fig. 3. Seasonal relative abundances of characteristic species and species groups 

sedimentation phase in autumn other 
species like A. ex. gr. borealis I lepto- 
dermum also contribute significant 
amounts. In contrast to the almost 
monospecific coccolithophore assem- 
blage in winter, radiolarians exhibit a 
high diversity without a clear domi- 
nance of a single species. 

the input of laterally advected material. 
Only the reduced proportions of C. 
hyalinus still indicate the main sedi- 
mentation signal. Additionally, deep 
living radiolarians contribute high 
amounts only at deeper water depths 
(Fig. 3). 

In 1000 m depth the species succes- 
sion of both plankton groups is rather 
similar to the pattern in 500 m but with 
a slight delay. 

DISCUSSION 

Seasonality 
In contrast to the shallower depths In the Greenland Sea the onset of phy- 

coccolithophores and radiolarians show toplankton growth may vary from April 
hardly any succession pattern due to to August. Strong oceanographic gradi- 
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ents produce highly variable succession 
p.atterns of pelagic communities 
(Bodungen et al., 1995). This is also 
reflected by the strong seasonality of 
vertical fluxes for both plankton groups 
in 500 and 1000 m water depth. 
However, the high similarity of flux 
patterns of coccolithophores and radio- 
larians is striking especially since they 
represent totally contrasting living 
forms, calcareous phyto- and siliceous 
zooplankton. The similarity of flux pat- 
terns and the correlation coefficients in 
500 and 1000 m depth implicate that 
both groups are effected by the same 
sedimentation processes. Vertical trans- 
port of coccolithophores is only possi- 
ble by aggregation or in faecal pellets 
due to their small size (Honjo, 1976; 
1977; Silver et al., 1978), whereas radi- 
olarians can sink as isolated skeletons/ 
shells through the water column within 
days to weeks (Takahashi & Honjo, 
1983). In contrast, diatoms show a dif- 
ferent sedimentation pattern with a 
coinciding sedimentation maximum but 
a weak correlation to the annual flux 
pattern of coccolithophores and radio- 
larians (Kohly, 1994; Samtleben et al., 
1995). 

Assemblage characteristics 
C. pelagicus is well known as a cold 
adapted species with a narrow tempera- 
ture range, occurring today in low to 
medium cell densities in subarctic envi- 
ronments (Samtleben & Schriider, 
1992). The cosmopolitan species E. 
huxleyi has a broad temperature range 
(Samtleben & Schriider, 1992) and is 
building huge blooms in the North 
Atlantic and the Norwegian-Greenland 
Sea (Brown & Yoder, 1993; Groom & 
Holligan, 1987). Considering the very 
different life strategies at least two 
main processes account for the aver- 
aged assemblage in the sediment traps. 
On the one hand highly resistant forms 
as C. pelagicus are preserved due to 
their preservation potential in spite of 
low cell densities. On the other hand E. 
huxleyi is abundant due to seasonal 
very high productivity (Samtleben et 
al., 1995). 

A. setosa, being the most prominent 
species in the radiolarian assemblage, 
is a common and abundant species in 

the arctic environment (Swanberg & 
Eide, 1992). Its occurrence seem to be 
associated with phytoplankton bloom- 
ing at ice edges (Swanberg & Eide 
1992). However, it is also recorded in 
high amounts from some Norwegian 
fjords (Swanberg & Bjgrklund, 1992) 
were ice-coverage might not be an 
important influence. Unfortunately, the 
vertical sample resolution of the plank- 
ton tows investigated by Swanberg & 
Bj@rklund ( 1992) did not differentiate 
the uppermost water column to detect 
possible stratification of assemblages 
due to salinity gradients. According to 
SchrGder-Ritzrau (1994) these gradi- 
ents may account for the distribution 
pattern of A. setosa. 

L. lineata and Artobotrys borealis 
are very small species and thus often 
underestimated or not recorded (Kling, 
1977; SchrGder-Ritzrau, 1994). There- 
fore, biogeographic characteristics are 
neither comprehensive nor consistent. 
In the Greenland Sea both species are 
recorded by Swanberg & Eide (1992) 
in only small amounts despite of their 
common occurrence in our material. 
This is perhaps due to the large mesh 
size of 64 pm they used. 

Alteration by dissolution and disinte- 
gra tion 
Coccolithophore assemblages are 
strongly altered by dissolution and dis- 
integration processes due to incorpora- 
tion in faecal pellets (Harris, 1994; 
Samtleben & Schrijder, 1992). On the 
one hand the occurrence of delicate 
fragile species also in the deepest trap 
indicates rapid vertical transportation. 
On the other hand dissolution estimates 
based upon low amounts of etched C. 
pelagicus coccoliths in the trap materi- 
al, implies a negligible influence of 
pure chemical dissolution (Andruleit, 
1995). 

Radiolarians are strongly affected by 
dissolution due to the undersaturation 
of seawater with respect to silica (e.g. 
Calvert, 1983: Heath, 1974; Lisitzin, 
1985). 50% of biogenic opal is already 
dissolved in the water column above 
500m (Machado, 1993; Puch, 1990). 
This causes low accumulation in sedi- 
ments despite high fluxes in the overly- 
ing water column (Machado, 1993; 
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Schroder-Ritzrau, 1994). Therefore 
quantitative budgets of opal sedimenta- 
tion based only on sediment data may 
be highly misleading. However, species 
composition represent a qualitative tool 
to identify the pelagic signal in the sed- 
iments. 

The presented results from the deep 
water sediment trap suggest, that the 
influence of dissolution during settling 
is masked by a high input of laterally 
advected coccolithophores and radio- 
larians. Since the more fragile diatoms 
document the strong dissolution by 
decreasing fluxes even in the deep 
water trap as was observed by Kohly 
(1994) and Samtleben et al. (1995). 

The weaker correlation of cocco- 
lithophore and radiolarian fluxes in 
2300 m water depth might be due to 
mixing of material from different 
source areas. Preservation of siliceous 
microfossils is closely related to dura- 
tion of transport. Calcareous coccol- 
ithophores are generally less influenced 
by dissolution. Therefore, the amount 
of transported individuals might be 
possibly higher for coccolithophores as 
for diatoms or radiolarians. 

Resuspension and lateral transport 
The temporal and regional input of lat- 
erally advected or resuspended material 
into deeper sediment traps is highly 
variable in the Norwegian-Greenland 
Seas. Previous studies have shown that 
the Greenland Sea is only sporadically 
influenced by lateral advection of 
resuspended material (Bodungen et al., 
1995). Whereas in the Norwegian basin 
persistent lateral advection of resus- 
pended material into deep water sedi- 
ment traps from surrounding slopes is 
reported (Andruleit, 1994; Bodungen et 
al., 1991; 1995; Kohly, 1994; Schroder- 
Ritzrau, 1994; Samtleben et al., 1995). 
The observed annual fluxes into the 
deep trap seem to be exceptional high 
in the Greenland Sea. 

Neither the process of bypassing due 
to vertical migration of copepods (after 
Longhurst & Harrison, 1988) nor dif- 
fering particle collection rates due to 
varying current velocities (Gust et al., 
1992) seem to be responsible for the 
increased fluxes in 2300 m water depth. 
Bypassing might be influencing the 

shallower traps since at the trap in 2300 
m this process is regarded to be unim- 
portant. Also, the increasing propor- 
tions of E. huxleyi in the deepest trap 
imply a material contribution from 
southern or eastern areas in the 
Norwegian-Greenland Sea with gener- 
ally higher E. huxleyi abundances 
(Andruleit, 1995). However, diatom 
assemblages seem to be influenced by 
arctic fresh water species (Kohly, 
1994), whereas radiolarian assemblages 
do not give further indication of trans- 
port direction (Schroder-Ritzrau, 1994). 

Investigations on various plankton 
groups imply differing scenarios. Even 
though further research is needed our 
results indicate the importance of syn- 
optic investigations on pelagic plankton 
groups for the interpretation of oceano- 
graphic and climatic developments. 

1) A strong seasonality in coccol- 
ithophore and radiolarian fluxes is 
obvious at 500 and 1000 m water depth 
in the Greenland Sea. 

2) The seasonal signal in 2300 m 
water depth is overwritten by laterally 
advected material. 

3) Coccolithophore and radiolarian 
fluxes are highly correlated in trap sam- 
ples from 500 and 1000 m water depth, 
whereas the correlation at 2300 m 
water depth is only weak, probably due 
to differing preservation potentials. 

4) The species composition of both 
groups shows little differences between 
500 and 1000 m water depth but is 
altered to 2300 m due to lateral advect- 
ed assemblages and the input of deep 
dwelling radiolarian species. 
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4. Importance of biogeography in global change and 
biodiversity studies. 

Martin V. Angel 
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Contemporary patterns of biogeograph- 
ical distributions are based on the geo- 
logical history of the environments and 
maintained by the prevailing biotic and 
abiotic environments. Environments 
are subject to variations across the total 
spectrum of time scales (Fig. l), but in 
the context of this paper only climatic 
time scales that are interannual or 
longer are likely to be relevant. 
However, non-linear interactions may 
lead to the impacts of short-time scale 
events cascading into longer-term pat- 
terns. For example, an extreme, short- 
term event such as a very dusty vol- 
canic eruption may generate such 
extreme regional weather effects that 
species with localised distributions are 
driven to extinction. Such extinctions 
may well have long-term effects on the 
ecology of a broader region, particular- 
ly if any species driven to extinction is 
locally a “keystone” species within a 
particular food-web. Thus effects of the 
disruption of a local ecosystem may 
ripple out into wider regions. 

FACTORS INFLUENCING VULNERABILI- 
TY 

Species that ai-e likely to be most vul- 
nerable to the vagaries of environmen- 
tal variations are either specialist 
species or rare species with relatively 
restricted distributions. Analyses of the 
geological record show that in shallow 
water environments specialist genera 
have higher extinction and higher spe- 
ciation rates than genera that are gener- 
alists (Kohn, 1985). Inshore and neritic 

species which generally have more 
restricted ranges, and tend to be tied to 
specific geographical localities (Ray, 
1991), because their life-cycles are 
often quite tightly coupled to local 
physical features. This makes them 
more vulnerable to perturbations that 
alter local circulation patterns or sea- 
level (Hallam, 1989) than open ocean 
species. 

The spread of oceanic species is 
more or less unrestricted by environ- 
mental barriers and so, through migra- 
tion and/or diffusive spread, they can 
remain within tolerable environmental 
conditions. Throughout the 120 years 
since the Challenger Expedition, the 
pelagic ocean has remained looking 
very much the same in terms of region- 
al species composition and dominance, 
despite strong local variations such as 
those described from the California 
Current (e.g. Brinton & Reid, 1986) 
and through the observations made by 
the Continuous Plankton Recorder (e.g 
Colebrook, 1986: Aebischer et al. 
1990). Some of the most notable 
changes have been anthropogenic 
either through over-exploitation of liv- 
ing resources, or more recently by a 
marked increase in the frequency with 
which some of the few barriers to dis- 
tribution are being breached, such as 
the construction of the Suez Canal (Por, 
1990) and by introduction of exotic 
species in ballast waters (Carlton, 
1989). Longer term variations have 
been identified in sedimentary records 
such as the 60-65 year cycles of sar- 
dines and anchovies in 1700 years of 
varved sediment records of the 
California Basins (Baumgartner et al., 
1992). Similar cycles have been identi- 
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fied in atmosphere/ ocean interactions 
(Schlesinger &  Ramankutty, 1994) 
which may be associated with or even 
driving these oscillations. However, 
even in the absence of external forcing, 
many biological systems are inherently 
unstable and tend to oscillate, so some 
of these cycles maybe internal to the 
system and not externally driven. 
Despite the environmental variations, 
pelagic communities appear to be 
resilient to the impacts of a range of 
external forcing including ENS0 (El 
Nifio Southern Oscillation) effects, 
which are irregular in their periodicity, 
and large-scale phenomena such as the 
“Great Salinity Anomaly” in the North 
Atlantic (Dickson et al., 1988), which 
are decadal in their characteristics (Fig. 
2). These latter are thought to be driven 
by fluctuations in water exchanges 
between high and low latitudes result- 
ing from long-term cycles in atmo- 
spheric pressure. 

Even longer-term climatic oscilla- 
tions such as the climatic amelioration 
of the Middle Ages and mini-Ice Age 
of the 17th century, that lead to major 
shifts in the regional distribution of liv- 

ing resources and consequently had 
serious social and political impacts on 
human society (Lamb, 1977), have 
apparently had few long-lasting effects 
on the communities in terms of species 
composition recorded in every sedi- 
mentary record examined so far e.g. 
Baumgartner et al. (1992). Factors that 
generate long-term and large-scale vari- 
ations are cyclic or episodic. The cyclic 
variations tend to be forced externally 
for example by planetary variations 
(i.e. obliquity, eccentricity and preces- 
sionary orbital cycles which were pow- 
erful influences driving glacialjinter- 
glacial cycles during the Quaternary) 
(Mitchell, 1976). Whereas episodic (or 
vicariance) events tend to be caused by 
individual geophysical events resulting 
from the configuration of the ocean 
basins by continental drift. However, 
the factors leading to sea-level changes 
can be either cyclic and global in nature 
(e.g related to the formation or melting 
of ice caps) or episodic and local (relat- 
ed to isostatic changes, caused by mass 
wasting of continental margins or 
intense vulcanism). Since speciation is 
generally assumed to be an allopatric 
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process in which the isolation of stocks 
is a prerequisite, interactions between 
vicariance events and cyclic variations 
may lead either to radiations (e.g 
Fleminger, 1986) or to mass extinctions 
(e.g. Zachos et al., 1989). 

RESPONSE OF PELAGIC COMMUNITIES 
TOCHANGE 

All species are adapted to ranges of 
variation within their biotic and abiotic 
environments. The ranges of tolerances 
shown by individual species can be 
expected to have been selected for by 
the environmental variations experi- 
enced by the ancestral stock during 
recent evolution. The tolerances be- 
tween competing species will differ 
where they co-exist as a result of char- 
acter displacement e.g. Angel (1982), 
but differences in tolerance will be far 
less between symbiotically-related 
species and components of the same 
food-web. Environmental extremes or 
perturbations may be tolerated passive- 
ly, either by physiological adaptation or 
acclimation, or avoided by migration or 
entering a resting stage (such as dia- 
pause). Thus life-cycles can be tuned to 
regular (predictable) events within the 
physical environment (for example the 
seasonal migrations into deep water by 
some high latitude species during win- 
ter). In those regions where, throughout 
recent geological time, variations have 
either been small in range or highly 
predictable, species may have life his- 
tories that are very finely tuned to the 
variations (Barange & Pillar, 1992) and 
so less resilient to larger than normal 
perturbation. However, in pelagic envi- 
ronments, particularly below the 
epipelagic zone, the rates of change in 
the physical and chemical factors are 
heavily buffered. So there were shifts 
in the geographic distributions during 
the last glaciation as was demonstrated 
by the CLIMAP programme. Only in 
the few semi-enclosed deep basins or 
seas like the Mediterranean are pelagic 
species in any way constrained to liv- 
ing in a particular location. 

Fig. 2. Track of the “Great salinity anomaly”, first 
seen in the Denmark Strait to the west of Iceland in 
1968; it reached the entrance to the Davis Strait in 
1969-70, and was off Labrador in 197 l-72 where the 
salt deficit was estimated to be 72 x IO9 tonnes. In 
1974 it was in mid Atlantic. and in the Faroe- 
Shetland Channel in 1976, when the salf deficit was 
47 x IO9 tonnes. In 1978-g a deficit of 16 x IO9 was 
enetering the Barents Sea, and a further 10 was 
entering the Laptev Sea via the West Spitsbergen 
Current. By 1981-2 the deficit had shrunk to I3 x 
IO9 tonnes and it was once again re-entering the 
Denmark Strait (Modified from Dickson et al.. 
1992). 

LARGESCALEPATTERNS INDISTRIBU- 
TIONS 

The boundaries to the distributional 
ranges of individual species are rarely 
coincident with the physical bound- 
aries. This is partly because these phys- 
ical boundaries are often quite subtle in 
an ecological sense (a 1°C sea surface 
temperature change may be highly sig- 
nificant in terms of physical processes, 
but trivial to many pelagic organisms 
that daily vertically migrate through a 
temperature range of several degrees). 
There is also considerable variation in 
the ability of different species to persist 
as expatriates outside of the range in 
which they can successfully breed. 
Biologically frontal systems are very 
permeable, particularly because of the 
formation and advection of mesoscale 
rings and eddies (e.g. W iebe & Boyd, 
1978). Even so analyses of community 
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composition show that the steepest gra- 
dients of community change coincide 
with the main frontal systems, and 
some species appear to be adapted to 
living within these transition zones. 
There are a number of consistent trends 
in pelagic communities which must be 
important in their functional attributes 
and must be actively maintained by 
responses by individual species and 
regulatory processes (Angel, 1993). 

1. There are latitudinal trends in 
species richness and dominance, high 
latitude communities are poor in 
species and dominated by very few 
species, whereas most low latitude 
communities are rich in species and 
low in dominance. 

2. The mean body size of pelagic 
organisms tends to increase both pole- 
wards and with increasing depth at 
least to 1000 m  (Angel, in press). 

3. Species richness also increases 
with depth to reach a maximum at 500- 
1000 m , but mostly as a result of an 
increase in the number of rare or infre- 
quent species in the communities. 

4. In high productivity areas such as 
coastal and oceanic upwelling zones 
there is a high degree of dominance. 
Sample species richness also tends to 
be lower, but this may be an artefact 
resulting from the limits to the amount 
of material that can be identified. In 
such highly advective systems expatri- 
ate species may well boost the apparent 
“global” species richness. 

Denman (1994) in a recent discus- 
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Fig. 3. Fig. 3. Doubling times in days for marine 
organisms (F = Fish: I = Invertebrates: Z = Zoo- 
plankton: P = Phytoplankton) as a function of their 
equivalent body diameter in microns (Adapted from 
Sheldon et al.. 1972). 

sion about biological-physical interac- 
tions in oceanic food webs points out 
that pelagic organisms have a clear ver- 
tical reference frame, provided by the 
gradients of light, temperature, hydro- 
static pressure and gravity, but no fixed 
horizontal reference frame except at 
fronts. Responses to change depend on 
the size of the organisms. Smaller 
organisms have shorter doubling times 
than larger ones and so can respond 
faster through populations responses 
(Fig. 3), whereas larger organisms have 
greater ability to overcome turbulent 
motions and so can make significant 
movements either vertically or, if they 
are large enough and mobile enough, 
horizontally. The largest organisms, 
marine mammals, some fishes and 
squid undertake extensive horizontal 
migrations covering many hundreds or 
even thousands of kilometres, which 
gives them the freedom to exploit the 
global ocean so they have the potential 
to find optimum conditions at any 
given season. 

TOP-DOWN VERSUS BOTTOM-UP CON- 
TROL 

A preliminary investigation into the 
impact of the substantial reductions in 
whale stocks in the Southern Ocean, 
looking at the four dominant copepod 
species in samples collected by 
Discovery Investigations in the 1930s 
and more recent matefial, showed little, 
if any, significant shifts in their abun- 
dances (Vuorinen et al., 1994). 
Similarly all attempts to explain the 
long-term oscillations seen in the 
plankton populations in the North Sea 
by the Continuous Plankton Recorder 
have focussed on climatic fluctuations 
(Aebischer et al., 1990) and to a lesser 
extent on the impact of nutrient 
enhancement and/or pollution. There 
are no reported trends linked to the 
heavy exploitation of commercial fish 
stocks in the region. Thus the important 
biotic factors determining pelagic pop- 
ulation structure do not appear to be 
“top-down” as was described in rocky 
shore habitats by Paine (1980), instead 
they appear to be associated, albeit 
weakly, with “bottom-up” characteris- 
tics of the production cycle. 
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In the Northeastern Atlantic one of 
the major changes in pelagic communi- 
ties is the sharp reduction in species 
richness and sharp increase in domi- 
nance which occurs poleward of the 
southern boundary of the zone in which 
the production cycle is highly seasonal 
and there is a substantial Spring Bloom, 
i.e. at about 40”N. These changes in the 
production cycle have been confirmed 
by remote sensing (Campbell & Aarup, 
1992). This reduction in species rich- 
ness occurs throughout the top 2000m. 
Roe (1972), for example, found 226 
species when identifying nearly 
250,000 calanoid copepod specimens in 
a series of vertical samples from off 
Fuerteventura, with 61 species con- 
tributing 95% of the populations by 
day, whereas at 44”N 13”W Roe (1984) 
found 106 species when identifying 
520,000 specimens and only 3 taxa 
contributed 95% of the population (Fig. 
4). While the sampling regimes were 
not strictly comparable, the contrasts 
are stark enough to be indicative. A 
hypothesis which might explain these 
stark contrasts in community composi- 
tion is that the species inhabiting tem- 
perate and subpolar systems have to be 
generalists to cope with the highly sea- 
sonal production cycle and hence 
resources can not be finely partitioned. 
Whereas specialisation and partitioning 
is possible in tropical and subtropical 
communities where primary production 
is more consistent throughout the year, 
and so more species can co-exist within 
the same water column. Angel and 
Fasham (1975) when analysing the 
community structure of planktonic 
ostracods along a meridional section in 
the Northeast Atlantic, found that at 
53”N and 60”N factor analyses identi- 
fied three zones within the top 2000m 
of the water column, whereas at sub- 
tropical latitudes there were five zones. 
They found a measure of correlation 
between the assemblages of species and 
the water mass distributions, but as 
studies of the water mass climatology 
improve in precision (e.g Lozier et al., 
1995), the correlations become less 
convincing. Even so, water mass distri- 
butions remain the best proxy in the 
geological record for the distributions 
of pelagic communities in the geologi- 
cal past. 

Fig. 4. Percentage contribution by the 30 most abun- 
dant species at two positions in the N.E.Atlantic at 
28”N off Fuertaventura. Canary Is (S = 226. n = 
249.488). and at 44”N l3’W at the southern end of 
the Bay of Biscay (S = 106, n = 520.142) showing 
the marked differences in the dominance at the two 
localities. 

SIGNIFICANCE 0~ BLOOM SPECIES 

Major short-term changes in pelagic 
community structure are frequently the 
responses of species with relatively 
short life-cycles and very high repro- 
ductive potential. Some of these 
blooms are so extensive that they can 
be seen by remote-sensing, such as the 
blooms of the coccolithophorid 
Emiliania huxleyi (Lohmann, 1902). 
Such blooms have the potential to mod- 
ify weather and maybe even climate by 
influencing carbon exchange between 
ocean and atmosphere (the production 
of calcium carbonate increases the 
pC02 of the surface waters), and 
through production of dimethyl sul- 
phide (DMS) (Matrai & Keller, 1993), 
which is another important greenhouse 
gas. 

Animal swarms have impacts on 
both carbon fluxes and the diversity of 
the pelagic communities, particularly in 
terms of dominance. Some salp species 
swarm, building up their populations 
extremely rapidly because of their 
asexual generations. There has also 
been a suggestion that their body struc- 
ture allows them to grow proportionally 
to their (length)2 (rather than 13), reduc- 
ing their generation time substantially 
(Heron, 1972). Salp swarms are often 
halted by the growth of predators, 
which in the North Atlantic is generally 
the amphipod Themisto compressa 
Go& 1865. Themisto appears to be a 
voracious predator when caught in 
trawls, but when preserved as a “swim- 
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mer” in sediment traps the gut contents 
appear to be totally detrital, and this is 
consistent with their having a very high 
polonium content (Cherry & Heyraud, 
1981). Feeding experiments have 
shown that not only will they feed in 
marine snow, but also their faecal pel- 
lets appear to be very marine snow- 
like. So Themisto appears to be an 
omnivore with a strong penchant for 
carnivory. Its success as a carnivore 
means that when Themisto is abundant, 
few other planktonic and micronekton- 
ic species seem able to share the same 
water. Other swarmers include the 
scyphozoan Pelagia and in the Arabian 
Sea years when the swarms of the por- 
tunid crab Charybdis smithii McLeay, 
1838 swarm in large numbers, appear 
to alternate with years when there are 
swarms of larvae of the stomatopod 
Oratosquilla investigatoris (Lloyd, 
1907) (Losse & Merrett, 1971). 

The factors that stimulate these 
swarms remain obscure. Their short- 
term impact on observed species rich- 
ness and dominance can pose problems 
of interpretation , and, like the impact 
of toxic red-tides, if they occur in 
regions where they are a normal if 
rather extreme event, the communities 
are likely to be adapted to their inci- 
dence and the impacts are unlikely to 
be very persistent. However, when they 
spread into regions where their occur- 
rence is novel, then the impact is likely 
to be greater and more persistent. 
However, even the initial devastating 
impact of the bloom of Chrysochro- 
mulina polylepis in the Skagerak and 
along the western coast of Norway 
(Underdal et al., 1989), rapidly disap- 
peared in pelagic communities and was 
barely detectable in the benthos two 
years later (Olsgard 1993). 

MAJOR EXTINCTION EVENTS 

The major changes in fauna1 diversity 
have all been associated with extinction 
events that are followed by slow recov- 
eries mainly through speciation. The 
last major extinction event was at the 
end of the Cretaceous (K-T), when 
about 65-70s of shallow-living marine 
species (i.e. those for which there is a 
good fossil record) went extinct. Some 
taxa never completely recovered their 

previous species richness. For example, 
Knoll (1989) reported that the numbers 
of genera of calcareous nanoplankton 
decreased from 65 to 25 across the K-T 
boundary; although there was a partial 
recovery to 40 during the early Eocene, 
numbers had once more declined to 30 
by the beginning of the Oligocene. 

Zachos et al. (1989) present com- 
pelling evidence that the K-T extinction 
coincided with a sharp breakdown of 
the normal depth-related gradient in the 
13U12C ratio, together with significant 
decreases in the fluxes of barium and 
carbonate, which persisted for about 
half a million years. These proxy indi- 
cators imply that global marine produc- 
tivity halved during this era and since 
the distributions of microfossils 
became cosmopolitan (Zachos et al., 
1989), a possible cause is that there 
was a persistent (ca. 500,000 years) 
intensification of the thermohaline cir- 
culation - resulting in the so-called 
“Strangelove Ocean” (Broecker & 
Peng, 1982). It took a few million years 
for biogeographical patterns to become 
re-established and once more reflect the 
environmental characteristics of the 
large-scale current gyres. The K-T 
extinction event preceded the onset of 
the cooling of ocean bottom waters 
from around 10°C to the present-day 
2°C (Shackleton, 1982). This appears 
to have resulted from the opening up 
the way for the development of the cir- 
cumpolar current, and this may have 
prolonged the readjustments. White 
(1994) has shown how the species phy- 
logenies of single genera match the 
cladogram of water mass history 
derived from Ocean Drilling Program 
data. Thus as the water masses gradual- 
ly became distinct as a result of the 
reorganisation of the continental land 
masses, so the distributions of pelagic 
taxa became reorganised into their pre- 
sent patterns. Some biogeographers 
consider that traces of the historical cir- 
culation patterns are detectable in the 
recent zoogeographical distribution pat- 
terns of the more primitive taxa of 
euphausiids (van der Spoel et al., 
1990). 

CONCLUSIONS 

Despite their notoriously high variabili- 
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ty at fine- and meso-scales, particularly 
within the epipelagic, pelagic commu- 
nities have broad characteristics 
(including species composition and rel- 
ative abundance) that appear to be 
highly conservative while showing 
quite strong decadal oscillations. These 
characteristics appear to have remained 
almost totally unchanged in the century 
or so since oceanic sampling began. 
Moreover, in longer-term records from 
varved deposits from the California 
Basins the community structure has 
consistently switched about every 65 
years between two states dominated 
either by anchovies or sardines for the 
last 1700~; a period during which there 
were substantial longer-term climatic 
oscillations. There were major distribu- 
tional changes associated with the last 
glacial maximum, but with the excep- 
tion of the introduction of glacial relict 
species into semi-enclosed seas like the 
Mediterranean, no long-term changes 
to species composition have been 
reported in the literature (although this 
could merely result from either no one 
having looked or the inadequacy of the 
sediment record). 
During the Tertiary there was a pro- 
gressive stepwise cooling in the ther- 
mal contrast between high and low lati- 
tudes and some associated changes in 
global circulation patterns. The most 
recent cooling event was in the late 
Pliocene (2.5 - 2.4 My) when glaciation 
of the Northern Hemisphere began. 
Oxygen isotope data indicate that polar 
surface waters cooled by 4-5°C. This 
was associated with a “moderate” 
turnover in global diatom assemblages 
and some extinctions (Barron & 
Baldauf, 1989). There was partitioning 
of surface and deep water masses and 
changes in the regions where diatoms 
and biosiliceous sediments were 
deposited. This implies that if, and 
when, a shift in climate generates alter- 
ations to the thermohaline circulation, 
it is then that biogeographical distribu- 
tions will be disturbed sufficiently to 
alter diversity at the global scale and 
for extinctions to occur. Recovery of 
the size of the species pool after extinc- 
tion events as major as the Cretaceous- 
Tertiary event takes about a million 
years, and must be accompanied by 
major re-adjustments to the ecological 

processes. Recent glacial/interglacial 
cycles do not seem to have had much 
persistent impact’either on the size or 
the composition of the global pool of 
pelagic oceanic species, even though 
there have been regional-scale changes 
in diversity resulting from shifts in the 
boundaries to the distributions of the 
individual species equatorwards during 
glaciations. Intuitively it might be 
expected that the faster a change occurs 
the greater will be its impact, especially 
if the rate exceeds that at which organ- 
isms can adapt to a new regime. 

I would predict that the first 
detectable changes of global warming 
in the upper ocean will come from the 
integration of the broad spectrum of 
variability which will be provided by 
the biological communities. These bio- 
logical changes will most quickly be 
identified by a general poleward shift in 
the major biological boundaries, such 
as occur along the Polar Front and the 
temperate/subtropical front at around 
40” latitude. 
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ABSTRACT 

The seasonal variation of productivity in the 
northwestern Indian Ocean is among the largest 
of oceans on the planet. The typical tropical 
structure predominates only part of the year, 
especially during the spring intermonsoon. 
During the southwest monsoon (June- 
September), upwelling occurs in almost the 
entire western Arabian Sea, giving high prima- 
ry productivity and vast diatom blooms, espe- 
cially off Oman. During the autumn intermon- 
soon, oligotrophic conditions slowly return, but 
during the northeast monsoon (December- 
March) winter cooling may imply the entrain- 
ment of new nutrients into the upper layer dur- 
ing windy periods, resulting in blooms of phy- 
toplankton > 3 pm in the northern Arabian Sea 
and in the Gulf of Aden. The winter monsoon 
seems a much more productive season than 
indicated by primary production data from 
HOE 1959- I965 and INDEX 1979, probably 
due to the fact that these early measurements 
were before the introduction of clean tech- 
niques. The relatively rich winter conditions 
may partly explain the ‘Arabian Sea Paradox’: 
the high zooplankton abundance outside the 
upwelling season. Collections in the upper 200 
m by 330 urn nets during HOE, INDEX and 
NIOP l992- 1993 surprisingly showed no sig- 
nificant difference in mesozooplankton biomass 
between the SW and NE monsoons. However, 
good data sets for winter-summer comparisons 
are only available for the Somali Current area, 
showing interannual variation. Displacement 
volumes were 15 cm3.m-2 (December 1964) 
versus 44 (predominantly August 1964) during 
HOE, 23 (March 1979) versus 24 cm3.m-2 
(July 1979) during INDEX, and 20 (January 
1993) versus 27 cm3,m-? (July 1992) during 
NIOP. It is suggested that off Somalia during 
summer, phytoplankton development in the 
upwelled waters is often below potential maxi- 
mum, due to the high current speed and mixing 
velocities. On the other hand, the mesh size 
used could have led to underestimates of zoo- 

plankton biomass. Nets of 200 l.trn, the mesh 
size recommended by JGOFS, were used both 
during INDEX and NIOP, in addition to the 
330 ym nets. Taxonomic analysis of these 200 
urn catches off Somalia revealed little differ- 
ence of the numbers of calanoid and cyclopoid 
copepods between March and July 1979. A 
much larger change was noted from July 1992 
to January 1993, with calanoids dropping from 
over 1000 to 200.m.3 and cyclopoids from 500 
to lOO.m-3. In the Gulf of Aden a reversed sea- 
sonal pattern occurred, with higher numbers 
during winter. Re-analysis of data from 200 urn 
catches off Yemen during 1984 also showed 
that zooplankton biomass in the Gulf of Aden 
is generally large during winter. Published 
IIOE data (330 pm) for the upwelling areas off 
Oman are virtually limited to the period June- 
November. New collections (by 150 and 200 
urn nets) during the JGOFS Arabian Sea 
Process Study ( 1994- 1996) should complete 
the annual pattern off Oman. Interestingly, 
results from a four-component model for the 
western Arabian Sea (McCreary, in press), 
including zooplankton biomass and grazing, 
support our surmise that the zooplankton devel- 
opment is different in different subareas and 
that winter entrainment blooms produce zoo- 
plankton peaks during the NE monsoon. Off 
Somalia stocks remain below potential during 
the upwelling season and the model generates a 
much larger zooplankton stock off Oman dur- 
ing July/August. Accordingly, preliminary data 
from 300 pm catches from a GLOBEC Arabian 
Sea cruise during August 1995, showed a much 
larger zooplankton biomass off Oman than off 
Somalia. 

INTRODUCTION 

The Arabian Sea in the northwest 
Indian Ocean is characterized by a 
large seasonal signal of biogeochemical 
processes in the euphotic zone and by a 
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low ambient oxygen concentration at 
water depths of lOO- 1200 m. Since the 
International Indian Ocean Expedition 
(IIOE) between 1959 and 1965, new 
cruises, satellite observations, sediment 
trap series, ocean floor drilling, and 
extensive modelling have increased 
considerably our understanding of the 
Arabian Sea (cf. recent reviews in 
Smith et al., 1991, and SCOR, 1995). 
This evoked new, detailed studies by 
international programmes, especially 
the Joint Global Ocean Flux Study 
(JGOFS) during the years 1992- 1996. 
The Arabian Sea is one of the four key 
areas selected by JGOFS to understand 
the role of the oceans in the greenhouse 
effect. Mesozooplankton biomass and 
grazing are among the JGOFS Core 
Measurements. Zooplankton plays an 
important role in the consumption and 
sedimentation of new production and 
therewith in the modelling of the car- 
bon dioxide dynamics of the oceans. 
We will present data on zooplankton 
biomass from some recent cruises in 
the western Arabian Sea, for compari- 
son with data by earlier expeditions. 

The southern boundary of the 
Arabian Sea is, according to the 
International Hydrographic Bureau, the 
line from Ras Hafun (10°30’N, 
Somalia) to Addu Atoll (0”4O’S, 
Maldives). From an oceanographic 
point of view, the Arabian Sea is usual- 
ly extended to the southwest by includ- 
ing the deepest part of the Somali Basin 
up to 5”s (Mombasa, Kenya). This 
broader definition was followed and the 
‘western Arabian Sea’ in this paper 
thus includes the whole area of the 
Somali Current and also the Gulf of 
Aden. 

THESEASONALCYCLE 

Based on winds and surface currents 
five different periods are distinguished 
in the NW Indian Ocean (Dung, 1970; 
Schott et al., 1990). We will add here 
the picture of mean chlorophyll con- 
centrations as oberved by the Coastal 
Zone Color Scanner (CZCS) during 
1978-1986 (cf. Smith et al., 1991; 
Brock et al., 1993; Baars et al., 1994). 

June-September: The SW monsoon 
is the most productive season because 

of vigorous upwelling off Somalia, 
Oman, and Yemen (Fig. 1). Inshore the 
Somali Current two wedges of 
upwelling occur, usually starting at 5” 
and lOoN, and shifting northwards dur- 
ing the SW monsoon (Schott et al., 
1990). Off Oman, the upwelling is both 
coastal, because of the strong SW 
winds inducing Ekman transport away 
from the shore, and oceanic, out to at 
least 400 km offshore. This is by the 
divergence of Ekman transport in the 
region of positive wind stress curl to 
the northwest of the atmospheric 
Findlater Jet, the core of the SW mon- 
soon wind blowing from the Horn of 
Africa towards India. Southeast of the 
jet axis, negative wind stress curl 
induces Ekman convergence and conse- 
quent deepening of the mixed layer 
(Fig. 1). It should be noted that there is 
debate whether the open ocean 
upwelling is real (cf. McCreary et al., 
in press), but in this paper we will 
adopt the current concept depicted in 
Fig. 1. Phytoplankton blooms are very 
extensive off Oman whereas much 
lower mean chlorophyll concentrations 
were recorded off Somalia. 

October-November: The postmon- 
soon or autumn transitiomintermon- 
soon shows decreasing wind velocities 
and the beginning of the NE monsoon. 
High chlorophyll concentrations have 
disappeared off Somalia and in the cen- 
tral Arabian Sea but continue off Oman 
and in the Gulf of Aden. 

December-February: The NE mon- 
soon shows winter blooms in the north- 
ern Arabian Sea (Banse & McClain, 
1986; Banse & English, 1993) but also 
in the Gulf of Aden (Baars et al., ,1994). 
Slight upwelling probably only occurs 
off Kenya (McClanahan, 1988). 

March/April: The premonsoon or 
spring transition/intermonsoon shows 
variable wind conditions and decreas- 
ing chlorophyll concentrations. 

May: The onset of the SW monsoon 
shows the first signs of upwelling off 
Somalia and off Oman. However, it is 
the most oligotrophic period offshore, 
with chlorophyll concentrations of only 
ca 0.05 mg.m- 3. Mean concentrations 
are well over 1 mg.m-3 some months 
later during the height of the SW mon- 
soon, representing the largest seasonal 
contrast in phytoplankton biomass 
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Fig. 1. Schematic representation of upwelling (dotted areas) and downwelling in different regions of the 
Arabian Sea (from SCOR, 1995: 5; drawing by J.C. Brock). 

among the world’s oceans (Yoder et al., 
1993; Banse & English, 1994). 

Early accounts on zooplankton 
biomass and copepod numbers from 
standard hauls (O-200 m , mesh 330 pm) 
from IIOE (Prasad, 1968; Panikkar, 
1970; Cushing, 1973) generally pre- 
sented maps for the year divided in 
only two periods, the ‘SW monsoon’ 
(April 16 - October 15) and the ‘NE 
monsoon’ (October 16 - April 15). In 
contrast to the very marked difference 
in primary production between these 
two 
Cus it 

eriods (>l versus co.3 gC.m-*.d-I, 
ing, 1973), mean zooplankton 

biomass was large in both periods. 
Cushing (1973) attributed the puzzling 
high transfer coefficients during the NE 
monsoon to a less complete coverage 
of the NW Indian Ocean by zooplank- 
ton hauls as compared with the SW 
monsoon. Also the number of copepods 

was high in both monsoons, and Rao 
(1979: 27 1) states: ‘In all upwelling 
areas extensive production of copepods 
takes place during the NE monsoon and 
it is suggested that, although primary 
production values are highest during 
the SW monsoon, there is some time- 
lag for the development of zooplankton 
populations.’ Peterson (1991: 106) 
remarks: ‘The lack of any pronounced 
variation in net-collected zooplankton 
biomass in the Arabian Sea begs expla- 
nation. One testable hypothesis is that 
zooplankton production and fish con- 
sumption proceed at high rates, but are 
balanced during the -productive SW 
monsoon such that biomass remains 
constant, and that production and con- 
sumption are both low during the NE 
monsoon and intermonsoonal periods 
such that biomass does not change’. 

There are some studies that looked 
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70’ 80 

.April 16 - October 1.5 

Ki 11 

Fig. 2. Stations during the International Indian Ocean Expedition from which standard zooplankton samples were 
taken during the ‘SW monsoon’, April 16 - October I5 (from Brinton & Tranter, 1969). Dashed lines are added to 
indicate the borders of the subregions distinguished in this paper on basis of Fig. I. GA = Gulf of Aden, 00 = of 
Oman, AS = western central Arabian Sea, SC = Somali Current, CR = Carlsberg Ridge, EQ = equatorial region. 
Same subregions were applied to the HOE stations during the ‘NE monsoon’ (October l6- April IS). 

Table 1. Monthly mean displacement volumes (cm’.m-2) of catches by standard hauls (330 urn, 0 - 200 m) from the 
HOE, for 6 areas (Fig. 2). Data were extracted from the IOBC station list (Brinton & Tranter, 1969). On the upper 

I NE Monsoon 

Month J F 
Area: 

3’63 
GA 43 

00 

3’64 2’63 
AS 19 

4’65 8’iY6 
SC 17 15 

1’64 
CR 9 

45’64’65 7’64’6 
EQ 14 7 

D3-35 
N8-38 

4 

4 

I5 

Transition StartSW SW Monsoon Transition NE 

M A M J J A S 0 N D 

1’64 2’63’64 1’64 8’64 
48 18 10 25 

5’63 20’63 I’63 6’63 4’63 
24 57 55 33 22 

D16-25 
N5-133 

.‘63’64 4’64 8’63 5’63 7’62’63 
23 ,lO 38 17 29 

3’63 1’62 34’62’64 1’64 4’63 20’64 
21 24 48 15 20 15 

D9- 188 D7-26 
N20- 104 N9-28 

6’64 13’64 8’62’63 1’63 9’62 6’62 
9 10 10 6 10 19 

Dl-33 
N7-11 

5’64 3’64 7’64 17’62’64 30’62’64 1’64 1’63 2’64 
9 7 12 25 17 36 9 17 

D6-55 D4-35 
N7-70 N7-68 
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in more detail than the averaging over 
six-months blocks of time. Rao (1973) 
plotted IIOE zooplankton data for the 
five periods of the year mentioned 
above, showing a.o. high biomass val- 
ues off Oman during July-November 
and off Somalia in July-September and 
again in December-February, but also 
the lack of data during other periods. 
Banse (1991) processed the IIOE data 
for several areas in the Arabian Sea 
against months of the year, and con- 
cluded that seasonality of net-collected 
plankton was not obvious, inferring 
that ‘most of the phytoplankton in the 
open Arabian Sea is being consumed 
by small zooplankton not collected by 
nets, as holds elsewhere in tropical 
oceans.’ 

In the present paper we will follow 
Banse (1991), in studying the original 
IIOE data, but now including the 
Somali Current, the region around the 
equator and the Gulf of Aden. Is the 
above described enigma, recently 
called the ‘Arabian Sea Paradox’ 
(Baars & Brummer, 1995), of a large 
zooplankton biomass during the NE 
monsoon real? Some other data sets, 
including those with finer nets, are pre- 
sented to see whether alternative expla- 
nations than the ones quoted above 
may exist to explain the observed sea- 
sonal pattern of zooplankton biomass. 

All day and night hauls were lumped 
in the present study, in order to have a 
maximum number of observations. 
Banse (199 1) remarks that median val- 
ues did not differ for day and night 
within the IIOE data set of O-200 m 
standard hauls in the Arabian Sea. 

IIOE ZOOPLANKTON DATA. 1962- 1965. 

Stations of the IIOE cruise tracks in the 
western part of the NW Indian Ocean 
were lumped for three seasonal 
upwelling regions and three adjacent 
areas (Fig. 2). Data listed in Brinton & 
Tranter ( 1969) concern displacement, 
volumes from catches by the Indian 
Ocean Standard Net (Currie, 1963), 
with 113 cm mouth diameter and mesh 
size of 330 pm, from about 200 m 
depth to the surface (volume of water 
filtered 200 m3). A total of 269 hauls in 
the regions distinguished were done 

during 11 cruises by the research ves- 
sels Anton Bruun, Argo, Discovery and 
Meteor, mainly in 1963 and 1964. Data 
from a small Organdie net (mouth 
diameter 50 cm, mesh size 200 pm) by 
the Indian RV Kistna were added, com- 
prising 26 hauls mainly in the areas 
‘Carlsberg Ridge’ and ‘Equator’ during 
winter 1962/1963. 

Monthly mean displacement vol- 
umes for the six regions (Table 1) can 
be summarized as follows. 

Gulf of Aden: Only 15 hauls were 
listed for this area, but none of the dis- 
placement volumes was below 10 
cm3.m-2, indicating that the Gulf is rel- 
atively rich in zooplankton biomass 
during at least a considerable part of 
the year. In the NE monsoon displace- 
ments were remarkably high (up to 60 
cm3.m-2). 

Off Oman. On a total of 36 hauls, all 
in summer/autumn, only one showed 
displacement below 10 cm3.m-2. Mean 
displacement during the upwelling sea- 
son of 1963 (most hauls in July) was 
very high. Values during autumn 1963 
were still moderately high. There are 
no hauls in winter or spring. 

Western centre of the Arabian Sea: 
On a total of 33 hauls, only three 
showed less than 10 cm3.m-2. May 
1964 was poorest and July 1963 richest 
in zooplankton. During autumn 1963 
and winters 1963 and 1964 relatively 
high displacements were found. 

Somali Current: On a total of 75 
hauls, only six recorded displacement 
below 10 cm3.m-2. Mean displacement 
for the upwelling month August 1964 
was nearly equal to the high July 1963 
mean off Oman. Winter hauls off 
Somalia had displacements lower by a 
factor of three. There are only a few 
autumn and no spring data. 

Carlsberg Ridge: Out of 44 hauls 23 
showed displacements below 10 
cms.m-*. This is the poorest region in 
zooplankton throughout the year. The 
low displacements during August 1962 
and 1963 indicate that there is no sig- 
nificant advection from the adjacent 
upwelling areas. Only three hauls were 
above 15 cmj.m-2, one in May (D 33) 
and two in December (D 25 and N 60 
cm3.m-2). 

Equatorial region from 2’30’N to 
5’S: On a total number of 118 hauls, 38 



provided displacements below 10 
cm3.m-2. This region is variable in 
zooplankton biomass, probably because 
of occasional equatorial upwelling. In 
July/August 1962 dense patches (dis- 
place-ment volumes uf to 70 cm3.m-*) 
occurred west of 57 E. Off Somalia 
and Kenya dis-placement volumes 
greater than 30 cm3.m-* were found 
also in August 1964 and January 1965. 
With threequarters of the hauls in 
January and July/August, no firm con- 
clusion about seasonality of equatorial 
upwelling can be drawn. 

THE INDEX CRUISES OFF SOMALIA, 
1979 

The Indian Ocean Experiment 
(INDEX) collected zooplankton in the 
upper 200 m of the Somali Current by 
oblique tows with a Bongo net (two 
mouthopenings, each 0.28 m*) during 
March and July 1979 (Smith, 1982). 
The volume of water filtered during the 
hauls was on average 350 m3 per net. 
Two mesh sizes were involved, catches 
by the 223 pm net were preserved for 
taxonomic analyses, and catches by the 
333 pm net were used for dryweight 
measurements. The latter data (Smith 
& Lane, 1981) showed remarkably lit- 
tle difference between the height of the 
SW monsoon and the end of the NE 
monsoon (Table 2). High dryweights 
were found in the upwelling wedges at 
4”-6”N and lo”-12”N during July, but 
mean dryweight was very similar to 
that of March (Smith, 1995; Baars et 
al., 1994). Assuming dryweight to be 
12% of wet weight (Baars et al., 1990), 

Table 2. Biomass of zooplankton (g dryweight.m-2. 
mesh 333 Km) in the upper 200 m in the Somali 
Current during INDEX 1979. Data from Smith & 
Lane (1981). conceining stations off Somalia 
between 3”35’ - IO”1 I’N during 2 - I2 March (mean 
depth of hauls 162 m) and between 2”08’ - I l”08’N 
during 12 - 3 I July (mean depth I68 m). 

Somali Current Ma&h July 

night hauls 3.32 3.41 
(n=8, SD 1.15) (n=14, SD 1.61) 

day + night hauls 2.72 2.90 
(n=14, SD 1.26) (n=25, SD 1.53) 
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mean displacement of these catches is 
estimated about 24 cm3.m-2 (day and 
night hauls lumped), with ranges IO-40 
cm3.m-* during March and 7-58 cm3. 
m-* during July 1979. 

Taxonomic analyses of the 200 pm 
catches revealed no significant differ- 
ence in total numbers of organisms 
(Smith, 1982), nor in numbers of most 
general zooplankton categories 
between the monsoons. However, there 
were important community changes 
between monsoons. Average numbers 
of calanoids were 185.m-3 in the NE 
and 228.m-3 during the SW monsoon, 
whereas cyclopoids averaged 192 and 
104 m-3 respectively (Smith, 1988). 
Cyclopoids (especially Oithonn) and 
chaetognaths were significantly more 
abundant during the NE monsoon 
(Smith, 1982). The most obvious con- 
trast was in the abundance of the 
upwelling copepod Calanoides carina- 
tus, with no specimen in any 200 m 
haul during the NE monsoon, and large 
abundance in the upwelling wedges 
during the SW monsoon. 

CRUISES OFF YEMEN, 1984 

The Marine Science and Marine 
Resources Research Center (MSRC, 
Aden) had oceanographic cruises off 
Yemen during Feb. 1984 - Feb. 1985. 
Stations off Aden were visited nine 
times, and in addition four surveys 
were done with transects along the 
entire coast of Yemen, including the 
seasonal upwelling area off Ras Fartak. 
Only preliminary results have been 
reported so far, including (a small) part 
of the data on displacement volumes 
from catches by a WP-2 net (mouth 
0.25 m*, mesh 200 pm) with vertical 
hauls from 30 m to the surface (Stir-n et 
al., 1988) time of the day is not given. 
Both in the Gulf of Aden (Aden & 
Mukalla) and off Ras Fartak, a reiative- 
ly large zooplankton bioma.ss was 
recorded during February 1984, 
decreasing off Aden to much smaller 
biomass in spring (Table 3). Spring was 
also the period with lowest phyto- 
plankton abundance (Stirn et al., 1988). 
During August 1984, upwelling with 
SST < 21°C occurred along the Yemen 
coast east of 47’E and dense diatom 
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Table 3. Displacement volumes (cmj.m-2) of catches by a 200 pm net in the 0 - 30 m layer off Aden (45”E) 
and off Mukalla (49”E) in the Gulf of Aden and off Ras Fartak (5 1 ‘E, Yemen/ Oman) during 1984. Figures 
based on I haul on the shelf and I haul farther offshore. Adapted from Stirn et al (I 988). 

JFMAMJJASOND 

Aden 
Mukalla 
Ras Fartak 

22 12 9 43 15 82 
;;t 31 54 
26 57 41 

blooms were found off Mukalla and off 
Ras Fartak. Displacement volumes 
ranged from 30 to 75 cm3.m-2. Values 
in November 1984 were similarly high, 
up to 90 cm3.m-* offshore Aden. It is 
not clear whether high biomass might 
have persisted till late in the autumn 
postmonsoon period. The much lower 
biomass found off Aden in October 
1984 suggests that the high November 
values were associated with the 
increase of wind velocity at the onset of 
the NE monsoon. Stirn et al. (1988) 
noted an abrupt cooling and deepening 
of the mixed layer from October to 
November. Surface cooling and con- 
vection continued till February, when 
mixed layer depth was at a maximum 
of about 120 m. Average nitrate con- 
centrations in the upper euphotic zone 
of the Gulf were generally 0.6 to 3 PM, 
and phytoplankton abundance and 
chlorophyll concentrations were very 
high, except for the spring cruises and 
oligotrophic areas outside the summer 
upwelling centres (Stirn et al., 1988). 
Though detailed information on the 
annual pattern of these variables is 
lacking in their report, the present 
authors suggest that after October, the 
entrainment of nutrients from the ther- 
mocline by winter cooling stimulates 
phytoplankton and zooplankton pro- 
duction, resulting in large stocks at the 
beginning of and during the NE mon- 
soon. 

NIOP, SOMALI BASIN AND GULF OF 
ADEN 1992-1993 

During the Netherlands Indian Ocean 
Programme (NIOP), cruises by the pro- 
ject ‘Monsoons and Pelagic Systems’ 
made stations in the Somali Current 
region, Gulf of Aden and Red Sea (Fig. 
3). Main sampling effort was during the 
height of the SW monsoon, July/ 

August 1992 and during the NE mon- 
soon, January 1993. Oblique tows by a 
RMT 1+8, with 320 pm mesh in the 
zoo 

a 
lankton net of 1 m2 opening, were 

ma e in four or five strata down to 600 
or 1500 m (Van Couwelaar, submitted). 
Here we give only mean values for the 
displacement volumes of the catches in 
the upper 300 m, with day time hauls O- 
100 and 100-300 m, and night time 
hauls O-100, 100-200 and 200-300 m 
lumped. Total volumes of water filtered 
were about 4000-6000 m3. A second 
data set was by nets of 200 pm, the 
mesh size recommended by the JGOFS 
protocol. From multinet hauls (mouth 
opening 0.25 m*) down to 500-1000 m 
the data from the layers O-50, 50-100, 
lOO- 150 and 150-200 m were com- 
bined (total volume filtered about 200- 
400 ms). Vertical hauls by a 200 pm net 
(mouth0 

B 
ening 0.38 m*) were from 

about 15 m depth to the surface (vol- 
ume filtered about 60 m3). Displace- 
ment volumes of the catches from all 
nets were measured onboard, after 
removal of large organisms like fish 
and medusae. 

Out of 57 hauls in total for both 
mesh sizes together (Table 4), only five 
dis-placement volumes were below 10 
cm3.m-*: one RMT tow during the SW 
and one during the NE monsoon, and 
three vertical net hauls in the Gulf of 
Aden during the SW monsoon. The 
Gulf of Aden was basically oligotroph- 
ic in the beginning of Agust 1992 but 
upwelling filaments from the Yemen 
coast extended far offshore at some 
sites (stations GA1 and GA3, Fig. 3). 
At the end of January 1993, the Gulf 
was very rich in zooplankton (Table 4). 
Nitrate concentrations in the surface 
layer ranged from 0.2 to 2.7 l.tM, 
chlorophyll concentrations were 0.3-0.6 
mg.m-3 (a deep chlorophyll maximum 
was absent), and primary production 
ranged from 0.8 to 2.2 gC.m-*.24h-t 
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Fig. 3. Main stations during the Project B cruises of theNetherlands Indian Ocean Programme 1992-1993 
(from Baars et al., 1994). Horizontal dashed line separates the Somali Current region (with stations left and 
right of the curved dashed line) from the equatorial region. Main stations in the Gulf of Aden were GA1 and 
GA2. Data from stations in the Red Sea are not presented in this paper. 

(Baars et al, 1994). Mean wind veloci- 
ties during January 1993 were higher 

the NE monsoon (Cushing, 1973; 

than normal for this time of the NE 
Smith & Codispoti, 1980; Baars et al., 

monsoon (5-7 versus 4 Beaufort), and 
1994). Mean displacement volumes, 

these rich conditions were most proba- 
though much smaller than in the Gulf, 

bly associated with increased nutrient 
were well above the values of olig- 

supply during deepening of the mixed 
atrophic tropical waters. Contrarily, 

layer. The same phenom,enon was, 
zooplankton biomass in the Somali 

observed in the Somali ‘Current area, 
Current during the height of the 

where nutrient-depleted surface waters 
upwelling season of 1992 was smaller 

were neither encountered and primary 
than expected. Baars et al. (1994) and 
Baars & Brummer (1995) claimed that 

production ranged from 0.5 to 1.0 
gC.m-2.24h-1, considerably above the 

the productivity of the Somali upwel- 

0.3 gC.m-2.24h-1 measured by IIOE and 
ling remained below potential in view 

INDEX in the Somali Current during 
of the high nutrient concentrations 
observed (up to 18 PM nitrate). 
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Table 4. Displacement volumes (cmj.m-2) of catches by a 320 pm net (0 - 300m) and by 200 urn nets (0 - 
l50/200 m) during the Netherlands Indian Ocean Programme. Day and night hauls were lumped. Sample peri- 
ods were 12 Jan. - 1 Feb. 1993 and 13 July - 6 Aug. 1992. Adapted from Baars et al. (I 994). 
I I 

Mesh 320 pm, O-300 m Mesh 200 pm, 0- 150/200 m 
January July January July 

Gulf of Aden 
(n43XsD 9) (n=315sD 1) (n=8,?D 24) (n=4;& 28) 

Somali Current 
(n=82:D 9) (n=S,:D 16) (n= 1 ;‘sD 7) 

42** 
(n=lO, SD 20) 

Equator 
(n=3,16sD 3) (n=4,1 :D 5) (n=3,1 ED 5) 

* haul of 173 cm3.m-2 (GA3) and ** hauls of 118 and 188 cm3.m-2 (US 1) omitted because of 
large amount of phytoplankton in catch. 

Primary production in the upwelled 
water in the core of the Current as well 
as downstream in the Great Whirl and 
around Socotra was only 0.8 to 1.2 
gC.m-2. 24h-1, due to fast advection and 
deep mixing below the photic zone. 
Only north of Ras Hafun, patchy phyto- 
plankton blooms and primary produc- 
tions up to 3 gC.m-2.24h-1 were ob- 
served. Displacement volumes were 
larger from 200 pm catches than from 
320 pm catches (Table 4). 

Catches have been analysed for 
abundance and species composition, 
also to account for interference by 
diatom abundance in some of the dis- 
placements from 200 pm samples. Here 
we summarize the results on copepods, 
with 55 - 95% of total biomass, the pre- 
dominating group in the samples. 
Density and biomass of copepods from 
200 pm samples differed much more 
between the monsoons than indicated 
by the displacement volumes (Fig. 4). 
Mean number of calanoids (including 
copepodids) was 200.m-?in the NE 
monsoon and over lOOO.m-3 during the 
SW monsoon, and cyclopoids averaged 
100 and 500.m-3 respectively. Conver- 
sion of lengths to ashfree dryweight, 
gave total copepod dryweights of 8 
g.m-3 in January 1993 and 38 g.m-3 in 
July 1992. Thus the numerical response 
by copepods to the Somali upwelling in 
summer 1992 was very pronounced. 
The catches by the 320 pm net largely 
underestimated mesozooplankton 

biomass. Results on copepod abun- 
dance (calanoids + cyclopoids) from 
RMT 1 samples gave lOO.m-3 in the 
NE and 150.m-3 in the SW monsoon. 

GLOBEC, OMAN AND SOMALIA, 1995 

During the US GLOBEC Arabian Sea 
cruises, the NOAA RV ‘Malcolm 

3000 60 
January 1993 July 1992 

o Density calanoids -:- AFDW calanoids 
mm Density cyclopoids --c AFDW cyclopoids 

Fig. 4. Cumulative density (n.m-3) and biomass (ash- 
free dryweight g.m-3) of calanoid and cyclopoid 
copepods from catches by 200 pm nets in the upper 
200 m at stations in the Somali Current region dur- 
ing January 1993 and July 1992. Biomass was calcu- 
lated from length-dryweight relationships. 
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Baldrige’ sampled the upwelling areas 
off both Oman and Somalia in May and 
again in August 1995 (Fig. 5). No zoo- 
plankton biomass data are yet available 
from hauls by MOCNESS 1 ( 150 pm 
mesh) to depths of 1500 m, but an addi- 
tional data set was collected by vertical 
hauls from about 75 m to the surface by 
a net of 50 pm mesh (mouth 0.24 m2, 
volume of water filtered ca 18 m3). 
Catches were sieved over 300 pm, and 
displacement volumes measured for 
both fractions. Occasional large organ- 
isms (jellies, fish) were removed before 
measurement. 

In May 1995, at the beginning of the 
SW monsoon, the waters encountered 
during the transits Sri Lanka-Somalia 
(over the Carlsberg Ridge), along 
Somalia and from Somalia to the (west- 
ern) central Arabian Sea, were very 
oligotrophic. No signs of the beginning 
of upwelling were found at Somalia 

N 

20’ 

lOi 

0’ 

S 

5”N, but at 1O”N isotherms already 
sloped up towards the coast and patchy 
diatom blooms occurred, with chloro- 
phyll concentrations over 1 mg.m-3. 
Displacements, though ‘contammated’ 
by phytoplankton, were much larger 
than at the oligotrophic stations (Table 
5). The stations along the coast of 
Oman (Ras Madrakah-Ras al Hadd) 
also showed the start of upwelling, with 
comparable displacements in both the 
50-300 pm and the > 300 fraction. 
Remarkably, zooplankton biomass in 
the centre of the western Arabian Sea 
was considerable, though temperature 
and chlorophyll profiles did not suggest 
conditions different from the olig- 
atrophic areas. In the areas with low 
upper layer chlorophyll concentration, 
the fraction 50-300 pm added 25% to 
the biomass in the > 300 pm fraction, 
versus 50% for the upwelling areas 
(Table 5). 

60‘ E 

Somali Basin 

40” 50” 60’ E 
Fig. 5. Cruise tracks and main stations during US GLOBEC Arabian Sea 1995. Dashed line and open 
symbols: May; drawn line and closed symbols: August. 



IOC Workshop Report No. 142 
Page 4G 

Table 5. Displacement volumes (cm’m2) of the > 300 pm and the 50 - 300 pm fraction in the upper 75 m and 
chlorophyll a concentrations (Sm depth) during 30 April - 23 May and I - I9 August 199.5 (US GLOBEC Arabian 
Sea). Day and night hauls were lumped. ranges between parentheses. 

May August 

Chl. Number Displacement vol. Chl. Number Displacement vol. 
(mg.m-‘) tows >300 pm 50-300pm (mg.m-“) tows >300 pm 50-300 pm 

Upwelling Oman 0.2 n=l6 
( 17” - 22”N) (I :-;o, 

Central Arabian Sea 0.07 n=l4 

Entrance Gulf of Aden 

Upwelling Somalia 0.3 
(I O’N) 

n=6 

Oligotrophic stations 0.06 n=l 1 
(I& 

(3-81 I) 

(2y3) 

9*x 
(4-19) 

(112) 

I.8 n=2 I 
(8%) 

0.3 n=l I 31s 
(20-43) 

0.2 n=6 
(li!7) 

2.0 n=9 ]4*” 
(7-24) 

9” 
(3-27) 

21* 
(9-35) 

(3y8) 

46** 
(27- 113) 

*Part of samples with phytoplankton, **all samples with phytoplankton 

In August 1995, during the height of 
the upwelling, no real oligotrophic 
areas were crossed. Large phytoplank- 
ton biomass occurred along the coast of 
Oman (Ras Janjari-Ras Madrakah-Ras 
al Hadd) and in the northern upwelling 
wedge off Somalia (Table 5). Dis- 
placements for the > 300 pm fraction 
were generally above 20 cm3.m-2. This 
was also the case for the central 
Arabian Sea and at the entrance of the 
Gulf of Aden, where cholorophyll con- 
centrations were much lower, probably 
partly due to high grazing pressure. 
Biomass in the 50-300 pm fraction was 
generally less than in the > 300 pm 
fraction, except for some stations with 
large amounts of phytoplankton in the 
catch like Somalia at 10”N. Micro- 
scopical analysis is needed for proper 
determination of the zooplankton 
biomass pattern. 

DISCUSSION 

Data on zooplankton biomass from 
IIOE cruises in the western Arabian 
Sea by ships of the Soviet Union have 
yet not been published in an accessible 
form. The same holds for Soviet cruises 
in the Indian Ocean during 1958-1990, 

but these tracks were pre-dominantly in 
the open NW Indian Ocean, not cover- 
ing the EEZ’s of Somalia and Oman 
(pers.comm. V. Melnikov, Sebastopol). 
The combined data in this paper con- 
firm the general conclusion drawn after 
the IIOE (Cushing, 1973; Rao, 1973; 
1979): the western Arabian Sea is rich 
in zooplankton throughout the year 
compared to other areas in the tropical 
Indian Ocean. However, though the 
present data set is still very incomplete 
regarding the annual pattern for each of 
the 6 subregions distinguished, it is 
clear that there are marked differences 
between areas and seasons. There is 
one region that seems to be poor in 
zooplankton through most of the year: 
the open ocean waters above the 
Carlsberg Ridge (CR in Fig. 2, Table 
1). The IIOE data, and the GLOBEC 
cruise in May 1995, show zooplankton 
biomass levels typical for oligotrophic, 
tropical waters, with mean displace- 
ment violumes below 10 cm3.m-2. This 
in line with the CZCS archive, showing 
low chlorophyll concentrations in this 
area @rock et al., 1993), except for 
August when phytoplankton blooms 
from the north may be advected into 
the region. However, this is also the 
period with deep mixing (Fig. l), so 
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primary production, and therewith sec- 
ondary production ,will probably be 
low in August as well. The southern 
area (EQ in Fig. 2, Table 1) has more 
variable zooplankton biomass, with 
maxima probably related to equatorial 
upwelling. Remarkably, the CZCS 
overall composite pictures show no 
mean chlorophyll concentrations above 
0.25 mg.m-3 for any of the seasons, 
suggesting that phytoplankton blooms 
are very patchy, and vanish in the aver- 
age over the whole CZCS data set. 

In the other four regions distin- 
guished, there is a marked seasonality 
in plankton biomass due to summer 
upwelling off the coasts of Somalia, 
Yemen and Oman, and in the adjacent 
open-ocean area (AS in Fig. 2). The 
start of the SW monsoon is in May, 
showing the largest spatial extremes in 
phytoplankton and zooplankton 
biomass: poor areas offshore, and rich- 
er spots at the coast where upwelling 
begins. During the height of the 
upwelling season in July-August there 
is still considerably spatial variation in 
both variables, especially off Somalia 
and in the Gulf of Aden (with 
upwelling filaments from the Yemen 
coast extending into the oligotrophic 
centre). There could be large interannu- 
al variation off Somalia too, with mean 
displacement volumes from nets with 
mesh 300-330 pm of 48 cm3.m-2 in 
August 1964 (Table l), 24 cmj.m-2 in 
July 1979 (Table 2), 27 cm3.m-2 in July 
1992 (Table 4) and < 14 cmj.m-2 (O-75 
m) in August 1995 (Table 5). It should 
be noted that the latter figure is from O- 
75 m hauls at only one station at 1 l”N, 
but similar hauls in the coastal and 
open ocean areas off ‘Oman in August 
1995 gave catches that were bigger by 
a factor of about 2 (Table 5). Baars et 
al. (1994) and Baars & Brum-mer 
(1995) stated that plankton develop- 
ment in the Somali Current upwel-ling 
system was below potential during the 
height of the SW monsoon of 1992 as 
compared to the beginning or end of 
the monsoon, when wind velocity, 
advection and mixing were more mod- 
erate. It is also clear from the CZCS 
data that mean chlorophyll concentra- 
tions in summer are much higher off 
Oman than off Somalia. 

Phytoplankton blooms off Oman 

may last till deep in autumn, so during 
the postmonsoon (Oct.-Nov.) zooplank- 
ton biomass off Oman remains proba- 
bly larger than in the Somali Current, 
but data are scanty (Table 1). The 
beginning of the NE monsoon may 
stimulate plankton development again, 
as illustrated by the stations off Yemen 
(Table 3). The process of nutrient 
entrainment by mixed layer deepening 
during the NE monsoon, facilitated by 
decreasing air and seasurface tempera- 
tures during winter, is a phenomenon 
that is most marked in the northern 
Arabian Sea (Banse & McClain, 1986; 
Banse & English, 1993), but it also 
occurs in the Gulf of Aden and in the 
Somali Current region as observed in 
January 1993 (Baars et al., 1994). The 
January-March data for the western 
Arabian Sea (Table 1) and the Gulf of 
Aden (Tables 1, 3, 4) indicate that 
mean zooplankton biomass is > 20 
cmj.m-2 and much larger than in olig- 
atrophic areas. The Somali Current is 
the only region for which we have 
more than one zooplankton data set for 
winter-summer comparison: 15 versus 
44 (IIOE, December-February versus 
June-September; Table l), 23 versus 24 
(March versus July 1979; Table 2) and 
20 versus 27 cm3.m-2 (January 1993 
versus July 1992; Table 4). In our view 
there are four explanations for the 
small difference between winter and 
summer in two of these three data sets. 

a) Winter is a much more productive 
season on average than earlier primary 
production measurements showed. The 
IIOE winter values may have substan- 
tially underestimated true productivity 
(Smith et al, 1991). 

b) There could be considerable 
advection of zooplankton biomass from 
rich areas to the north and in the Gulf 
of Aden towards the Somali Current. 
Though the upper 100 m layer is com- 
ing from the east and turning soutwest 
at 10”N during December-February, the 
100-400 m layer is coming from the 
north and steadily flowing southwest 
from October till in May (Schott et al., 
1990). 

c) Zooplankton biomass in summer 
is probably largely underestimated by 
nets > 300 j.trn mesh. Though copepod 
densities calculated from 200 pm 
catches differed little between March 
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and July 1979 (375 versus 330 .m-3; 
Smith, 1988), a marked difference was 
noted between January 1993 and July 
1992 (300 versus 1500 .m-3). 

d) The increase of the zooplankton 
stock in the Somali Current in summer 
remains below potential, also because 
the development of the phytoplankton 
stock is below maximum. 

There is some theoretical support for 
the latter supposition. A new physical- 
biological model of the Arabian Sea is 
able to simulate the major features of 
phytoplankton dynamics as observed 
by the CZCS (McCreary et al., in 
press). The model does not only pro- 
duce upwelling blooms off Somalia and 
Oman but also entrainment blooms 
(including the central Arabian Sea in 
spring and the whole northern Arabian 
Sea in Feb.-March) and detrainment 
blooms (central Arabian Sea in 
autumn). The model also includes zoo- 
plankton biomass and grazing, and 
shows marked differences between 
Oman and Somalia. In the latter area, 
biomass in July-August is relatively 
small as zooplankton is advected by the 
Somali Current out of the upwelling 
wedges before stocks are able to devel- 
op. Larger biomasses are reached in 
September-October, and persist till 
March. Seasonality is much stronger 
off Oman, with very large biomasses 
during July-September, and a short but 
equally high winter peak in March. 
Undoubtedly, the zooplankton module 
in the model is biologically too simple: 
it does not include the life strategy of 
upwelling species such as Calanoides 
carinntus that are overwintering at 
depth (Baars et al., 1994) and are capa- 
ble of rapid reproduction and develop- 
ment once upwelling starts (Smith, 
1982). However, the model illustrates 
significant differences in zooplankton 
biomass patterns between different 
regions of the Arabian Sea. The results 
also support the regular or at least occa- 
sional occurrence of large zooplankton 
biomass in winter, due to entrainment 
blooms. Winter is not the low produc- 
tive season as implicitly suggested by 
the ‘Arabian Sea Paradox’, and even 
during the most oligotrophic period in 
spring (May), productivity has already 
locally increased again because of the 
beginning of coastal upwelling. 

Extensive zooplankton sampling by 
150 and 200 pm nets has recently been 
carried out off Oman during the JGOFS 
Arabian Sea Process Study 1994-1996, 
and it will be highly interesting to study 
in more detail the biomass and species 
patterns in this region for comparison 
with the 200 pm data sets collected off 
Somalia. 
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ABSTRACT 

The distribution patterns of common Miocene 
planktonic foraminiferal species were studied 
using DSDP/ODP data and new palinspastic 
reconstructions. The results show a close rela- 
tion of species distribution to global climatic 
changes and to the development of surface cir- 
culation with pronounced equatorial and coastal 
upwelling. 

About 100 planktonic foraminiferal 
species are recorded from Miocene 
sediments of the World Ocean (Deep- 
Sea Drilling Project Initial Reports, 
1968 - 1986, Proceedings of the Ocean 
Drilling Program, 1986 - 1993). 
Distribution patterns and biogeographic 
zonality of the assemblages in different 
ocean basins were studied by several 
authors (Sancetta, 1978; Thunnell & 
Belyea, 1982; Kennett et al., 1985; 
Hodell & Kennett, 1985; Wright & 
Thunnell, 1988 ). In this paper we 
refine our previous reconstructions of 
the common species distribution in the 
World Ocean at four specific time slices 
of the Miocene (Oskina et al., 1989) 
adding ODP data (Proceedings of the 
Ocean Drilling Program, 1986 - 1993) 
by using new palinspastic maps with 
backtracking of the sites. 

MATERIALS AND METHODS 

We mapped the distributional data of 
about 70 Miocene species in four time 
slices corresponding to foraminiferal 
bio-stratigraphic zones N4, N8, N14 
(13) and N18 (17) of Banner & Blow’s 
( 1965) tropical scale. The stratigraphic 

correlation of the middle and high lati- 
tude sediment sections with this zonal 
scheme is discussed in Ivanova et al. 
(1989a). The taxonomy of Kennett & 
Srinivasan (1983) is used. To recon- 
struct the paleoposition of DSDP/ODP 
sites, a rotation of lithospheric plates 
relative to the hot spot systems was car- 
ried out using the program 
“ROTATER” (Laboratory of Paleogeo- 
dynamics of P.P.Shirshov Institute of 
Oceanology). After the mapping, the 
species were classified in equatorial, 
tropical, subtropical and polar groups 
by comparison of the distribution pat- 
terns and regions of preference (higher 
frequencies) of extinct and extant 
Neogene species (Oskina et al., 1982). 

RESULTS AND DISCUSSION 

The four selected time slices corre- 
spond to the relatively cool start of the 
Miocene (N4), the early Miocene low 
latitude warming (NS), the middle 
Miocene global cooling (N14) and the 
termination of the Miocene (N18) 
(including several climatic oscillations) 
(Kennett et al., 1985; Ivanova et al., 
1989b). In this paper we consider only 
the latitudinal species distribution of 
two climatically opposed time intervals 
N8 and N14. During the early Miocene 
warming, 17 - 15 My ago, the warmest- 
water equatorial species such as 
Dentoglobigerina altispira (Cushman 
& Jarvis, 1936), Globoquadrina 
venezuelana (Hedberg, 1937), Globo- 
rotalin archeomenardii Bolli, 1957, 
Globigerinoides sncculifer (Brady, 
1877), Globigerinoides trilobus (Reuss, 
1850) were distributed between at least 
30”-32”N to 40”-50”s in the Pacific, 
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Fig.1. Latitudinal distribution of extinct (x) and 
extant (+) planktonic foraminiferal species in the 
middle Miocene sediments (zone N8) of the World 
Ocean. For each species the upper line corresponds 
to the Pacific, the middle line to the Indian Ocean, 
and the lower line to the Atlantic Ocean. The shaded 
lines represent higher frequences, the dashed lines 
represent irregular occurrences. 
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Fig. 2. Latitudinal distribution of extinct (x) and 
extant (+) planktonic foraminiferal species in the 
middle Miocene sediments (zone Nl4) of the World 
Ocean. For each species the upper line corresponds 
to the Pacific, the middle line to the Indian Ocean, 
and the lower line to the Atlantic Ocean. The shaded 
lines represent higher frequences, the dashed lines 
represent irregular occurrences. 

from 45”-50”N to 30”-40”s in the 
Atlantic, and up to 30”-35”s in the 
Indian Ocean with maximum fre- 
quences near the equator (Fig.1). 
Tropical species, such as Globoqua- 
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drina dehiscens (Chapman, Parr and 
Collins, 1934) and Globoquadrina 
praedehiscens Blow & Banner, 1962 
occupied the same area with maximum 
abundancies at 30-35 latitudes of both 
hemispheres. The subtropical group 
represented by Globorotalia scitula 
(Brady, 1882), Globorotalia pruescitula 
(Blow, 1959), Globigerina fulconensis 
Blow, 1959, and the Globorotalia 
miozea-group mainly preferred 20-50 
latitudes; they occur also in the equato- 
rial divergences of the Indo-Pacific. 
The common cold-water species 
Globigerina bullodes d’orbigny, 1826, 
Globigerina praebulloides Blow, 1959, 
and Globigerina woodi Jenkins, 1960 
mark temperate and high latitudes, as 
well as equatorial divergence and 
coastal upwelling zones. During the 
middle Miocene cooling, 11.7 - 10.5 
My ago, the distributional area and fre- 
quencies of some warm-water species 
(for example, Gq. venezuelana, the 
Gs.sacculifer-group, and Gq.dehiscensl 
reduced, while subtropical taxa and the 
temperate form G. bulloides became 
more wide-spread (Fig. 2). However, 
the coldest-water indicator Neoglobo- 
quadina pachyderma (Ehrenberg, 
1861) appeared only during the next 
climatic deterioration in the late 
Miocene (Kennett & Srinivasan, 1983). 
The number of species in the various 
groups also fluctuated during the 
Neogene because of the evolution in 
lineages, the steepening of temperature 
and density gradients and possibly the 
establishment of equatorial divergence 
and coastal upwelling zones. Equatorial 
and tropical groups show high diversity 
in the Miocene (10 - 15 common 
species in each group), the temperate 
group was uniformly represented by the 
same number of species (4), while the 
species richness of the subtropical 
group increased towards the end of the 
Miocene (from 6 to 12). 

CONCLUSIONS 

Comparison of the latitudinal distribu- 
tion of common Miocene species in 
two time slices revealed a general trend 
of cold-water foraminiferal expansion 
at the end of the middle Miocene and 
of the expansion of the warm-water 
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species areas at the end of the early 
Miocene, which is in good agreement 
with known global climatic oscilla- 
tions. The number of common species 
increased during the Miocene with 
minor variations and is possibly related 
to the development of a surface circula- 
tion similar to the modern one. 
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ABSTRACT 

Because pelagic biogeography is intimately 
associated with many widely different fields of 
marine research, its boundaries, as a science, 
are vague and imprecise. The “classical” 
approach to biogeography, which involves the 
study of the geographic distribution of taxa, 
however, is somewhat better defined, and is 
chiefly based on identifications and counts. The 
major oceanic provinces of the World Ocean 
were more or less adequately defined by about 
the middle of this century, mostly on the basis 
of qualitative (presence-absence) distributional 
data. During the 60’s and 70’s, counts - in addi- 
tion to identifications - became widespread. 
This quantitative information strongly modified 
some earlier concepts of the structure and 
dynamics of several marine systems, but 
changes to the basic biogeographic schemes 
established by 1950- 1960 were generally 
minor. Although various regional and global 
studies showed that floral and fauna1 patterns 
allow recognition of a larger number of distinct 
areas than the 9 defined in the earlier studies (4 
paired ones in the two hemispheres: Polar, 
Subpolar, Transitional, and Sub- tropical; and 
the Tropical or Equatorial); this basic scheme is 
still the most widely accepted, which suggests 
that, for the time being, this is as much biogeo- 
graphic detail as we can produce at ocean-wide 
scales without raising significant disagree- 
ments. The fact that biogeographic boundaries 
in the pelagic realm have not undergone major 
changes in the last 30-40 years is partly due to 
the soundness of the early divisions estab- 
lished, partly to methodological artifacts, partly 
to the increasing state of disarray of the system- 
atics of many groups, and partly to the decline 
in taxonomic and distributional studies 
(between 1985 and 1993‘ the share of’publica- 
tions on the geographic distribution of marine 
organisms dropped about 4-fold). Some of the 
issues that ought to be addressed in order to 
enhance our understanding of pelagic biogeog- 
raphy include: 

- more intensive coverage of some poorly 
known areas, such as the south Atlantic and 
south Pacific oceans; 

- investigation of seasonal and multi-annual 
changes by means of sediment traps and varved 
sediments. For this purpose a better understand- 
ing of the processes which govern coupling 
between specific makeups in the epipelagic 
(plankton samples), mid-depths (sediment 
traps), and the surface sediments (cores) is nec- 
essary; 

- efforts at a more efficient utilization of the 
information available, which in turn requires 
the generation of widely accessible and accept- 
able, standardized, taxonomic and geographic 
databases. 

ON BIOGEOGRAPHIC BOUNDARIES AND 
THE BOUNDARIES OF BIOGEOGRAPHY. 

Ironically, although the science of bio- 
geography traditionally deals with lim- 
its, the limits of biogeography itself are 
quite lax. Indeed, just about any survey 
can qualify as biogeography, as long as 
it contains some reference to geograph- 
ic setting. A “Checklist of the species 
of calanoid copepods from the Indian 
Ocean” would make it as biogeography 
comfortably. “Primary production val- 
ues in the Black Sea in June” could 
qualify as biogeography as well, 
although many of us would hesitate to 
include the term “biogeography” in the 
key words section of such an article. 
“Characteristics of POC loadings in the 
Amazon plume” is definitely relevant 
to biogeography also, in an indirect 
manner perhaps even more so than the 
distribution of Indian Ocean copepods, 
because the influences of POC on 
marine biota as a whole are probably 
more important than those of copepods. 
However, this last paper would almost 
certainly not be classified as biogeo- 
graphic in nature. Furthermore, articles 
with no reference to geography at all, 
such as, for example, a laboratory- 
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based study of the “Morphologic traits 
of gastropod larvae relevant to disper- 
sion potentials”, is clearly important for 
the understanding of distribution pat- 
terns of molluscs, and therefore rele- 
vant to biogeography. 

This situation raises the question 
where the dividing line should be 
established or, alternatively, if a divid- 
ing line should be established at all. It 
also exemplifies the difficulties in 
attempting to define “biogeography” as 
a science, as well as the problems 
involved in producing one or a few 
maps which can adequately represent 
the distribution of life and life-related 
processes in the ocean. Indeed, when 
discussing biogeography in the pelagic 
realm of the World Ocean, the first 
image that comes to mind is the classi- 
cal system of belt-like polar to equato- 
rial zones stretching across the globe 
(see below). However, this picture 
changes radically if primary produc- 
tion; or the abundance of life - rather 
than distinct species assemblages - are 
considered. The distribution of 
endemics, of specific diversities, of par- 
ticle size, of export production, etc. will 
each yield a different map, but ail are 
relevant to biogeography. Actually, one 
should probably think of biogeography 
as a multilayered system of maps, each 
layer representing a different property 
and/or addressing a different aspect of 
the biota. The only problem with such a 
multilayered system is that it is not 
amenable to summarizing in one single 
or even a few simple and straight-for- 
ward schemes that satisfactorily repre- 
sent a significant proportion of the 
traits of pelagic life. 

While not new, these considerations 
seem necessary when attempting to 
tackle such questions as what the major 
developments in pelagic biogeography 
have been over the last decades, what 
the current trends are, and what are the 
major gaps-in our knowledge. I have 
addressed these questions from what I 
deem the “classical” concept of bio- 
geography, or “biogeography sensu 
stricto”, that is, the distribution of life 
types throughout the World Ocean. 
Admittedly, as stressed above this is 
but one of the many possible angles 
one can look at biogeography from, and 
it is not even the most important one 

for several aspects of human endeavor, 
such as, for example, the exploitation 
of marine resources. On the other hand, 
this sort of biogeography hosts invalu- 
able clues for the understanding of a 
number of pressing questions, includ- 
ing the prospective effects of global 
change, past and present biodiversity 
shifts, mechanisms of evolution and 
speciation, oceanic circulation, struc- 
ture and dynamics of pelagic ecosys- 
tems, etc. 

BACKGROUND:THE QUALITATIVE 
PERIOD. 

As outlined above, biogeography in 
general, of which the pelagic realm 
constitutes no exception, benefits from 
knowledge in various fields. Of these, 
taxonomy has traditionally supplied 
most of the biogeographic information 
we rely upon because descriptions of 
taxa usually furnish information on the 
provenance of the specimens described 
and, sometimes, also assumed or 
observed overall geographic ranges. 
Reports of this sort produced roughly 
between the end of the 19th century 
and the 1940’s, laid the foundation of 
our present-day vision of the major bio- 
geographic domains of the upper-layer 
ocean. By the 1950’s the principal 
oceanic provinces of the World Ocean 
were more or less adequately defined 
(Fig. 1). Interestingly, although these 
divisions were mostly based on qualita- 
tive (presence-absence) data, the major 
boundaries defined by 1950- 1960 did 
not experience much change thereafter 
(Fig. 1). 

BACKGROUND:THEQUANTITATIVE 
PERIODANDTHESUBSEQUENTWANING 
OF SPECIES COUNTS. 

Estimation of the absolute abundances 
of the organisms known to occur in the 
water, in addition to their identification, 
became widespread since the 194O’s- 
1950’s. Indeed, much of the taxon-spe- 
cific abundance information we use 
today was generated between approxi- 
mately 1940 and 1970. Starting around 
the 1980’s, an interesting regional dif- 
ference in the type of information pro- 
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Pelagic biogeography in 1946 

Pelagic biogeowaDhv todav 

duced by different countries developed. 
Richer countries (chiefly North 
American and some western European 
ones) gradually abandoned counting 
trays and chambers favouring bulk 
chemical analyses of properties usually 
associated with - but not quite equiva- 
lent to - taxonomic entities. Less devel- 
oped countries, on the other hand, more 
limited in technical resources and with 
cheaper manpower, stuck to the tradi- 
tional approach of identifying and 

counting under the microscope. 
Paleobiogeographic surveys, especially 
those aimed at ecological conclusions 
on the basis of microfossil planktonic 
remains, were hit by this new trend 
even harder. To a great extent, investi- 
gations of past environmental settings 
and their changes shifted from specific 
compositions as the primary indicator 
of the environment, to isotopic analy- 
ses. Although less developed countries 
did continue identifying and counting, 



IOC Workshop Report No. 142 
Page 56 

since the overall share that these states 
contribute to the knowledge of the bio- 
geography and paieobiogeography of 
pelagic organisms is minor (see below), 
the general trend after 1980 is definite- 
ly against taxon-specific inventories. 

While the new and original insights 
rendered by these innovative tech- 
niques have undoubtedly played a cen- 
tral role in this change of focus, it is 
quite probable that the “publish-or-per- 
ish” frenzy associated with soft money 
positions, chiefly in North America, 
had an important impact as well. By 
and large, given the right technology, 
production of results is considerably 
faster (and salary-wise cheaper) using 
bulk chemical measurements than taxo- 
nomic identifications and counts. For 
example, whereas the time required to 
produce tens to hundreds of chlorophyll 
analyses can be as little as one or two 
days, 2-3 samples per day is about the 
maximum rate at which identification 
and counting of microplankton can be 
performed. 

An additional reason that, in my 
opinion, forced this shift, is the gener- 
alized disillusionment with the quality 
of the ecological and paleoecological 
information conveyed by species lists. 
Two problems seem to converge here: 
taxonomic un-certainties and, in many 
cases, lack of adequate distributional 
data. Acute identification problems, 
mostly derived from the indiscriminate 
proliferation of synonyms, plague sev- 
eral important groups like the 
foraminifers and the radiolarians. 
Warnings that unless we deal with the 
subject more cautiously our efforts to 
build a useful body of knowledge are 
doomed were put forward as early as in 
1965 (Boltovskoy, 1965; 1990). The 
experiment carried out by Brolsma 
(1978) illustrates this point vividly. 
Brolsma supplied 4 experienced spe- 
cialists with 4 identical sets of benthic 
foraminifers containing 200 species. 
The four resulting identification lists 
shared only 10 generic names and only 
1 (!) species. Admittedly, some groups 
are in better shape than others, but most 
do have nomenclatorial problems, 
which sometimes affect the majority of 
the species. Many specialists on Recent 
Radiolaria, for example, routinely use 
only the 20-40 well established species 

in their reports, the remaining 300-400 
(?) being ignored completely, as if they 
were not present in the samples at all. 

Our knowledge of the ecological 
constraints that explain the geographic 
ranges of marine organisms is based 
almost entirely on distributional data 
(only a small fraction of a percent of 
the species described have been cul- 
tured in order to experimentally define 
their tolerance limits). However, for 
most taxa distributional information is 
scarce. For example, there is not a sin- 
gle radiolarian species whose world- 
wide distribution in the plankton had 
been mapped. This scarcity of data, 
associated with complications arising 
from seasonal variations, biological 
interactions, vertical ranges, etc., is 
responsible for the fact that for most 
species even such a basic parameter as 
temperature tolerance limits cannot be 
defined with certainty. 

Worldwide maps of the ranges of 
many fossilizable nano- and micro- 
plankters have been produced on the 
basis of surface sediment samples. 
However, coupling of planktonic and 
sedimentary ranges is far from perfect, 
which can cause serious biases if 
species-specific ranges on the bottom 
are used to derive present-day distribu- 
tions in the plankton and/or ecologic 
tolerance limits (Boltovskoy, 1988; 
1994; see below). 

As noticed above, the quantitative 
information acquired between 1940 and 
1980 did not modify substantially the 
major divisions established around the 
middle of the Twentieth Century (Fig. 
1). These subsequent surveys added 
detail to the boundaries previously 
defined, but changes to the basic bio- 
geographic schemes established by 
1950- 1960 were. generally minor. The 
only significant exception is probably 
the wide recognition of Transition 
Zones, which were usually not delimit- 
ed in most early divisi,ons (Fig. 1). This 
circumstance is probably due to the fact 
that the traditional method used to 
define biogeographic areas, and the one 
most widely employed in the first half 
of this century, is based on the interpre- 
tation of floral-fauna1 inventories pre- 
sent in- (and often exclusive of) a given 
geographic range. In this respect, 
Transition zones are different from the 
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other large-scale domains (Tropical, 
Subtropical, Subpolar and Polar) in that 
here endemics are either absent alto- 
gether or very scarce, and local popula- 
tions are chiefly made up of expatriates 
from neighboring areas (Boltovskoy, 
1986). Recirculating mechanisms are 
generally absent in Transition zones 
(Reid et al., 1978), and their communi- 
ties are probably not capable of self- 
maintenance (“terminal” communities, 
sensu Beklemishev, 1969). Thus, analy- 
ses based on endemics do not show 
these areas at all, which must be 
defined through studies of the overlap 
between specific ranges whose centers 
are elsewhere. 

It should be stressed, however, that 
although the general shape and location 
of the major biogeographic domains 
did not change substantially after 1940- 
1950, our concepts of their structure 
and dynamics did develop very signifi- 
cantly. Some of the best examples 
come from the Southern Ocean. Until 
the 1950’s these waters were thought to 
host boundless primary producers, and 
a short and simple trophic chain com- 
posed of diatoms, krill and marine 
mammals. Today we know that overall 
production in the Antarctic is as low as 
that in the oligotrophic central gyres, 
phytoplanktonic blooms being largely 
restricted to short periods and ice-edge 
areas, and that the food chain is far 
more complex, with producing pico- 
and nanoplankters and consuming 
microzooplankters playing a major role 
in the transfer of energy toward the 
higher levels. The boundary of this 
southern polar zone (the Antarctic 
Polar Front), however, has remained 
unchanged since the turn of the century. 

How MANYBIOGEOGRAPHICAREASIN 
THEWORLDOCEAN? 

Despite the fact that various global and 
regional studies showed that floral and 
fauna1 patterns allow recognition of a 
larger number of distinct areas than the 
9 defined in the earlier studies (Arctic, 
Subarctic, Northern Transitional, 
Northern Subtropical, Tropical, South- 
ern Subtropical, Southern Transitional, 
Subantarctic and Antarctic, (e.g. 
Beklemishev, 1969; Van der Spoel & 

Heyman, 1983), the traditional “g-belt 
system” seems to be the most frequent- 
ly agreed upon on the basis of a wide 
variety of organisms, from single- 
celled plankters (e.g., Hemleben et al., 
1989), to fish (Backus, 1986). I suggest 
that the resilience of the “g-belt sys- 
tem” is due to several reasons: 

1) Most plant and animal groups 
react in a similar manner at this world- 
wide spatial scale, although consisten- 
cies break down when smaller scales 
are considered; 

2) At this ocean-wide scale seasonal 
and interannual variations do not distort 
the patterns enough as to engender 
sharp disagreements; 

3) At this scale, between-author tax- 
onomic inconsistencies are not strong 
enough to preclude different surveys 
from reaching similar results even 
when dissimilar species names and 
concepts are employed; 

4) These major patterns generally 
agree with water-mass boundaries, 
which adds for robustness when 
proposing cause-effect relationships for 
the geographic divisions presented 
(and, therefore, takes care of the 
reviewers’ potential criticisms); 

5) This g-belt system is chiefly 
based on the ranges of the most abun- 
dant - and most widespread - species, 
the geographic ranges of which are 
roughly circumscribed by the water- 
masses which characterize the belts in 
question. 

Because oceanic biological samples 
are almost invariably dominated by a 
rather small number of numerically 
abundant species and a large number of 
very scarce ones, the relative impor- 
tance of these dominants tends to con- 
trol the final outcome of the biogeo- 
graphic divisions reached, especially in 
ecologically-oriented surveys. How- 
ever, these dominants are usually also 
more tolerant to environmental varia- 
tions (geographic, seasonal, and/or 
multiannual) than the scarcer species 
(Fig. 2A, B). Concomitantly, they also 
have longer geological ranges (Fig. 
2C), which adds proof to the assump- 
tion that they can endure wider ambient 
changes. These widespread species, 
which are the least sensitive to ecologi- 
cal changes, only “feel” the major envi- 
ronmental boundaries which, in turn, 
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Fig. 2. Abundance-distribution relationships in vari- 
ous marine taxa (each data-point represents one 
species). A: mean abundances of 17 species 
retrieved in 93 surface samples in the north Atlantic, 
between approx. 30” and 55”N (data from Ottens, 
1991). B: 187 species collected in 20 sediment trap 
samples in the eastern equatorial Atlantic (data from 
Boltovskoy et al., 1993). C: 331 species from 88 
samples from DSDP Site 525, southeast Atlantic, 
spanning from the Paleocene to the Pleistocene (data 
from Boltovskoy & Boltovskoy, 1989). 

roughly overlap water-mass limits. 
Thus, the pattern defined by the widely 
accepted g-belt system is particularly 
valid for these rather few most abun- 
dant organisms, whereas the “tail” of 
rare species can depict a variety of dis- 
tributional patterns that may or may not 
support the former. 

Actually, because sample and sub- 
sample size imposes limits on the cov- 
erage of these sparsely occurring taxa, 
their positive records tend to depend as 
much on their effective presence in the 
area, as ‘on the chance‘ ,of them being 
recorded among the necessarily limited 
number of individuals scanned (Fig. 3). 
In an attempt to circumvent the random 
nbise associated with this methodologi- 
cal artifact, an alternative often resorted 
to consists in excluding these species 
from subsequent distributional analyses 
altogether. 

In conclusion, as far as a widely 

1 3 5 10 25 50 100 
0.1% subsamples %  subsamples 

of total sample of total sample 

Fig. 3. Results of the estimation of the relative abun- 
dance of four hypothetical species whose shares of 
the overall assemblage are 75%. (A), 5% (B), 2% 
(C), and 0.1% (D). First set of bars (light gray) indi- 
cates successive results when 0.1% subsamples of 
the total sample are used. Second set of bars (dark 
gray) indicates relative abundances obtained when 
analyzing successively larger proportions of the total 
sample (from 1% to 50%). Black bars are data based 
on 100% of the sample analyzed. Notice that only 
the most abundant species is present in all subsam- 
pies, while the scarce ones are absent altogether in 
the smaller fractions. Based on a mathematical simu- 
lation with 1000 “specimens”. 

acceptable biogeographic scheme is 
concerned, this g-belt system seems, at 
least for the time being, the most 
detailed common denominator possi- 
ble. Further divisions fail rapidly to sat- 
isfy increasingly greater numbers of 
taxa and researchers, sometimes 
because of founded disagreements, but 
often simply due to the lack of ade- 
quate corroborating data. 

THE GAPS 

Since our perception of the major bio- 
geographic realms of the ocean has not 
undergone major changes for some 40 
years, it seems improbable that new 
large-scale snapshot-type surveys of the 
distribution of marine organisms will 
add substantially to our present under- 
standing of pelagic biogeography at 
this global scale. However, our inability 
to add significant modifications to the 
schemes developed 40 years ago by no 
means implies that our understanding 
of the provinces defined is thorough. 
As a matter of fact, our knowledge is 
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probably as porous as a plankton net, 
where despite the fact that a general 
shape has been produced, gaps in the 
fabric make up a much larger percent- 
age of the total surface than the materi- 
al itself. Pinpointing the missing infor- 
mation is largely a question of where 
one is willing to draw the line for bio- 

geography-related knowledge. Above it 
was noticed that biogeography borrows 
its knowledge from various fields, of 
which taxonomy has traditionally sup- 
plied most of the information. How- 
ever, taxonomy is by no means the only 
field relevant to biogeography. Indeed, 
through their bearing on the distribu- 

Plankton: papers published 1988- 1993 (relative values) 

Plankton: papers published 1988-1993 as a function of basin area (relative values) 

0 Papers published Basin area 2 Comparative relative coverage 

Fig. 4. Relative values of numbers of papers published on planktonic organisms between 1988 and 1993. 
dealing with different oceanic areas (upper panel), and same figures weighted as a function of basin area 
(lower panel). All data retrieved from Aquatic Sciences and Fisheries Abstracts CD (1988 through March 
1994; total publications searched: 157,25 1, total retrieved: 2822). 
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tion of the species, ecology, genetics, 
physiology, reproductive and popula- 
tional studies, biochemistry, paleont- 
ology, etc., etc. are intimately linked 
with biogeography as well. Thus, 
although the limits of an exhaustive list 
of the topics of interest are ample and 
diffuse, I will focus on a few ones 
which, in my opinion, are most directly 
associated with the definition and char- 
acterization of natural areas in the 
pelagic realm. 

Better coverage of several poorly 
surveyed areas. 
The relative coverage of the different 
oceanic areas illustrated in Fig. 4 shows 
large dissimilarities, with up to 17 
times more publications dealing with 
the eastern North Atlantic, the western 
Antarctic and the Mediterranean, than 
with the western Arctic; or up to about 
9 times more than the southeastern 
Atlantic and the eastern Arctic. This 
unbalance is even greater when the cor- 
responding basin areas are taken into 
consideration; as a function of size of 
the various oceanic regions, the 
Mediterranean is dealt with in 30 times 
more publications, and the north 

Atlantic in 5 times more, than the 
Pacific and the Indian Oceans (Fig. 4). 
Although this comparison only covers a 
rather short (6 years) and recent period, 
it probably is a fair representation of 
overall coverage since the turn of the 
century (for earlier periods one would 
expect the numbers of publications 
around the European countries to be 
comparatively even more numerous). 
Admittedly, basin area is no measure of 
system complexity, against which num- 
ber of publications should be compared 
in order to gain insight into degree of 
knowledge. Nevertheless, these figures 
suggest that even the widely accepted 
boundaries of the 9-belt system must be 
better defined, and the belts themselves 
more thoroughly characterized, in the 
north Atlantic than, for example, in its 
southern counterpart. 

Seasonal and multiannual changes. 
Because the collection of pelagic 
organisms is an extremely expensive 
endeavor, for most of the ocean our 
knowledge of its inhabitants is based 
on very few snapshots. Thus, the actual 
time-scale represented in most collec- 
tions, even where seasonal or monthly 

CPR 

* * 

** 
*<\-Sediment trap surveys 

One year or more 

Fig. 5. Areas of the World Ocean with some coverage of the seasonal and interannual variability in biological 
properties. CALCOFI (California Cooperative Fisheries Investigations) and CPR (Continuous Plankton 
Recorder survey) are based on plankton samples; stars represent time-series sediment trap moorings at depths 
usually in excess of 500-800 m. 



IOC Workshop Report No. 142 
Page 6 1 

cruises were performed, is minimal. 
Year-to-year changes are even less well 
understood. Indeed, only two restricted 
oceanic areas have been more or less 
regularly covered for several consecu- 
tive decades: the California Current 
(CalCOFI), and the North Sea - north- 
ern North Atlantic (Continuous 
Plankton Recorder Survey) (Fig. 5). 

Because significantly increased 
funding for biological oceanography, 
allowing for geographically extensive 
and temporally intensive sampling pro- 
grams, is unlikely to become available 
in the foreseeable future, alternative 
methods have to be employed to fill 
this particular gap. One technique 
which shows great promise in this 
respect is sediment trapping. Although 
the cost of state-of-the-art-gear is high, 
these devices operate unattended for 
periods of over a year collecting many 
(lo-20 or more) discrete samples, each 
integrating the particle flux over preset 
periods of time. Time-series sediment 
traps have been deployed in several 
oceanic locations, in some cases over 
periods of several years (Fig. 5). 
However, the efficient use of sediment 
trap data for biogeographic purposes is 

hindered by our poor understanding of 
several problems associated with the 
production and downward flux of bio- 
logic material. Most soft-bodied organ- 
isms cannot be recorded effectively by 
these devices, and even the inorganic 
skeletons are destroyed and dissolved 
at very high rates. In the Weddell Sea, 
for example, 92-99% of the radiolari- 
ans produced at O-400 m  are destroyed 
before reaching trap collectors 
deployed at 900-4000 m  (Boltovskoy & 
Alder, 1992). Furthermore, selective 
destructive grazing, surface and subsur- 
face lateral advection, differential 
reproductive rates and/or the integra- 
tion of low abundances over large 
depth-intervals can be responsible for 
very significant differences between the 
assemblages recorded in 800-2000 m  
traps and near-surface planktonic popu- 
lations. In materials from the eastern 
tropical Atlantic, Boltovskoy et al. 
(1995) found that radiolarian assem- 
blages collected in plankton tows had 
very little similarity with those record- 
ed by traps deployed at 800 and 2000 
m  (Fig. 6). 

“Natural sediment traps”, represent- 
ed by finely layered, undisturbed bot- 
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Fig. 6. Correlation values for mean percentage radiolarian compositions in plankton samples (O-25 m. and ISU-3UU 
m tows only), and in sediment trap samples retrieved at nearby locations in the eastern tropical Atlantic (from 
Boltovskoy et al., 1995). 
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tom deposits which allow up to season- 
al resolution (e.g., Lange et al., 1987) 
have also been used for the investiga- 
tion of temporal changes in the plank- 
ton of the overlying waters (Kling, 
1977; Weinheimer, 1994). However, 
differences with the assemblages pre- 
sent in the corresponding watercolumn 
are even greater than in the case of the 
traps (Boltovskoy, 1988; 1994). For 
example, Lange et al. (1994) noticed 
that the diatom Nitzschia bicapitata, 
which makes up to 84% of the diatom 
yearly flux at 853 m in the eastern 
equatorial Atlantic, is absent from the 
surface sediments altogether. 

Thus, while sediment traps and 
varved sediments can potentially 
become a most useful tool for the pur- 
poses of pelagic biogeography, substan- 
tial work is needed for our achieving a 
better understanding of the processes 
which govern coupling between specif- 
ic makeups in the epipelagic realm 
(plankton samples), mid-depths (sedi- 
ment traps), and the surface sediments 
(cores). 

Increased eficiency in the utilization 
of the in.ormation available. 
As opposed to some areas of science, 
like physics or chemistry, where one 
single important finding can represent a 
significant leap forward, advances in 
biogeography rely mainly upon the 
slow accumulation of new data which 
progressively broaden and deepen our 
understanding of how organisms are 
distributed on Earth, and why they are 
where they are, and how they maintain 
themselves in those places. Of particu- 
lar importance in this case are the data 
on which previous reports were based, 
i.e., the raw tables of taxa recorded 
with information on locality, time, 
depth, abundance, etc. Such a database 
with all reported findings of all 
described species would be an invalu- 
able asset. Unfortunately, most publica- 
tions on the distribution of marine 
organisms do not include these raw 
data at all, so one is left with the final 
interpretation alone and no possibility 
to re-analyze the data, either separately 
or in conjunction with additional infor- 
mation. For the time being, however, 
the task of putting together a database 
of these characteristics may be faced 

with the same problem the descendants 
of Noah had when attempting to build 
the tower of Babel: for too many 
groups our species concepts are so 
diverse that communication turns into 
senseless babbling. The above- 
described state of disarray of the sys- 
tematics of benthic foraminifers and 
radiolarians are good examples of the 
difficulties involved. The advent and 
widespread availability of powerful 
electronic storing and retrieving sys- 
tems might help to mitigate the prob- 
lem of both lost distribution logs, and 
taxonomic disagreements. The interest 
in systematic and distributional 
databases has surged in recent years; 
one can anticipate that, as far as bio- 
geography is concerned, the outcome 
of this renewed attention to what 
species occur where, will most certain- 
ly prove of utmost importance. 

THE TRENDS 

Unless the specter of global change 
radically modifies current trends in 
marine biological studies, as far as 
pelagic biogeography is concerned the 
outlook is rather bleak. As mentioned 
above, since the early 1980’s chemical 
methods have been gradually replacing 
taxonomic-distributional ones. 
According to data compiled by the 
Aquatic Sciences and Fisheries 
Abstracts service, articles on the geo- 
graphic distribution of marine organ- 
isms dropped from 3.9% of all publica- 
tions included for 1985 (37 17 papers), 
to 0.8% in 1993 (15611 papers). In the 
same period, publications on the genet- 
ics-physiology-biochemistry of oceanic 
biota soared from 1.9% in 1985 to 7.6 
in 1993 (Fig. 7). Admittedly, chemical 
methodology does not imply absence of 
biogeographically relevant information. 
For example, the distribution of ETS 
(electron transport system) activity 
throughout an oceanic area is as much a 
component of biogeography as the dis- 
tribution of the species that inhabit it, 
but the primary goal of this biochemi- 
cal measure is to define the functional 
state of a system, rather than to circum- 
scribe that system geographically. 
Furthermore, the information reviewed 
indicates that the shift was not from the 
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Fig. 7. Publications on the geographic distribution of 
marine organisms (top), and on their genetics, physi- 
ology and biochemistry (bottom), appeared between 
1985 and 1993, as a percentage of the totals for each 
year covered by the Aquatic Sciences and Fisheries 
Abstracts service. Numbers of articles scanned range 
from a minimum of 3717 in 1985, to a maximum of 
30807 in 1991 (overall total: 195322). 

geographic distribution of taxa to the 
geographic distribution of biochemical 
attributes, but from the geographic dis- 
tribution of taxa to processes at the cel- 
lular level. 

The decline in distributional litera- 
ture S.S. has been sustained but uneven 
between groups: between 1988 and 
1993, publications on the distribution 
of marine plants, fishes, and crus- 
taceans have been waning at a rate of 5 
to 13% a year (Fig. 8). 

About 1/4th of the overall distribu- 
tional information produced between 
1988 and 1993 was generated by a sin- 
gle country, the USA, followed at sig- 
nificantly lower figures (ca. 4-6%) by 

Fig. 9. Publications on the distribution of marine 
organisms appeared between 1988 and 1993. as a 
percentage of the total covered by the Aquatic 
Sciences and Fisheries Abstracts service, grouped by 
country of residence of the first author (top panel). 
Two bottom panels illustrate same data divided by 
respective country’s population, and by gross nation- 
al product per capita. Only IO first countries are 
included. 

France, Russia, Canada, Japan, the UK, 
China, etc. (Fig. 9). When weighted by 
their respective populations, however, 
the share of these first 10 in absolute 
numbers changes noticeably, with 
Canada and Australia coming out first 
in per capita productivity. Of the 110 
countries evaluated, highest production 
per capita came from Iceland, followed 
by New Zealand, Norway and Canada 
(not shown). 

Finally, I thought it would be of 
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interest to contrast numbers of publica- 
tions with the wealth of each country, 
as measured by the gross national prod- 
uct per capita (GNP). China and India, 
with yearly individual GNP’s around 
300-400 US (as compared with 8000 to 
22000 for the remaining 8 included in 
Fig. 9), turned out to be the most effi- 
cient in the use of their “biogeographic 
dollars”. 
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ABSTRACT 

For many planktonic groups, information on 
distribution and ecology is so inadequate that 
misleading conclusions may be drawn about 
the meaning of biogeographic patterns, espe- 
cially where these are based on inference rather 
than firm data. To illustrate the importance of 
understanding the nature of each planktonic 
species and its interaction with its environment, 
the calanoid copepod Neocalanus tonsus has 
been chosen as an example. This species is 
probably one of the most widespread and abun- 
dant of all large-bodied calanoid copepods as it 
is a conspicuous inhabitant of a zone of about 
20” latitude in the southern hemisphere and 
across 332” of longitude at 45”s. This species 
was previously interpreted as having a sub- 
antarctic distribution. Adult males and females 
appear (respectively in early July and August) 
in an overwintering subsurface population pre- 
viously made up exclusively of stage V cope- 
podites. Although the population is mostly 
located below 500 m (down to at least 1300 m) 
at this time, some mature females may be taken 
nearer the surface. In September, females come 
to outnumber males by far. By mid-October 
adults have become very scarce in a population 
which has become dominated by the younger 
life history stages located mostly (about 90%) 
in the upper 150 m of the water column. Small 
numbers of adult females are consistently 
taken, however, from mid-spring to mid-sum- 
mer (October to January) in surface catches, 
which become progressively dominated by 
stage V copepodites, which by late summer dis- 
appear from surface layers. The known details 
of development, requirements for living, its 
potential role in the carbon cycle, and some 
relationships with other marine organisms are 
summarized. Finally the biogeographic position 
of N. tonsus is reinterpreted. It appears that N. 
to~sus is probably a Transition Zone species 
which is adapted to its environment in many 

aspects of its physiology, life history, 
behaviour, and by possibly being able to fuel 
reproduction from two sources (from stored 
lipids after overwintering at mesopelagic 
depths, or from particulate food in spring sur- 
face waters). The mean circulation tends to 
keep it trending towards the Subtropical 
Convergence (STC). Recent work on the North 
Atlantic thermohaline circulation suggests that 
in the last glacial maximum, the flow of Deep 
Warm Water may have ceased, in which case 
the distribution of N. tonsus may have been 
confined, at that time, to the STC region. 

INTRODUCTION 

Certain regions of the world’s oceans 
have been well sampled for a number 
of pelagic animal groups, using mostly 
quantitative techniques, but almost 
exclusively on the northern hemi- 
sphere, with the North Atlantic having 
been studied more than the North 
Pacific. 

Southern hemisphere oceans are 
least studied despite their larger area 
and more dominant role in global 
terms. A quantitative approach has 
allowed the ecological and oceano- 
graphic interpretation of some of the 
observed biogeographic patterns of 
pelagic organisms, for example in the 
North Pacific (McGowan, 1986). But in 
many regions and for different plank- 
tonic groups, data are often so inade- 
quate that misleading conclusions may 
be drawn based on inference rather than 
firm data. For example of prime impor- 
tance are the metabolic requirements of 
each organism. Questions are: 
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What range of temperatures can this 
organism live in successfully and 
breed? What are its food requirements 
to meet basic metabolic requirements, 
breed, and withstand predation mortali- 
ty? What is the tolerance of organisms 
to a range of environmental para- 
meters e.g. salinity, dissolved inorganic 
nutrients, oxygen, light, water column 
dynamics? Does an organism have a 
mechanism for dormancy during un- 
favourable periods? How do organisms 
behave and what bearing does their 
behaviour have on their distribution? 

To illustrate these points we have 
chosen one species - the calanoid cope- 
pod N~ocnlurzus tonsus - as an example 
to show how our developing knowl- 
edge of the biology and ecology of this 
species may change the way we view it 
biogeographically. This species is prob- 
ably one of the most widespread and 
abundant of all large-bodied calanid 
copepods. We will summarise how its 
biogeographic position has been inter- 
preted previously, what we know about 
its life history and requirements for liv- 
ing, its behaviour, relationship to other 
marine organisms, mention the results 
of some recent work and some pro- 
posed work, and finally reinterpret its 
biogeographic position. 

SYSTEMATIC AND HISTORICAL POSI- 
TION 

At the present time four closely related 
temperate-subpolar species are recog- 
nised in Neocalanus (excluding the two 
tropical-subtropical species, N. gracilis 
and N. robustior (see Bradford & 
Jillett, 1974; Bradford, 1988)). None of 
the four temperate-subpolar species 
occur in the North Atlantic Ocean. 
Three species, (Neocnlanus plumchrus 
(Marukawa, 192 l), N. cristatus 
(Kroyer, 1848), and N. flemingeri 
Miller, 1988, are limited to the North 
Pacific Ocean. The fourth species, 
Neocalclrzus tonsus (Brady, 1883), is 
found entirely in the southern hemi- 
sphere (Brodsky, 1967, as CuZanus ton- 
sus). Miller (1988) considers that N. 
jlemingeri and N. tonsus are the most 
closely related. It is possible to see 
marks on basipod of swimming leg 5 of 
N. flemingeri which are in the position 

of spines which occur in N. tonsus. 
Up until the mid-1950s (e.g. 

Vervoort, 1957) N. tonsus (as Calanus 
tonsus) was thought to extend into the 
North Pacific where Marukawa (1921) 
had also described a second species. 
The separate identity of Marukawa’s N. 
plumchrus of the North Pacific was 
reaffirmed by Tanaka (1956) who listed 
the morphological characters which 
distinguished it from N. tonsus. These 
two species were placed in N~ocalnrzus 
by Bradford & Jillett (1974), N. plum- 
chrus being found in the North Pacific 
and N. tonsus in the southern hemi- 
sphere. The presence of a further 
species N. ~flemingeri in the North 
Pacific has subsequently been estab- 
lished by Miller (1988). 

Neocnlnnus tonsus is generally 
regarded as a subantarctic species 
(Brodsky, 1967), as it is found in sur- 
face waters from the Antarctic Conver- 
gence to the Subtropical Convergence 
(STC), although it is noted that Flint & 
Yakushev (1988) call it “interzonal” 
without further comment. Females tend 
to be largest in cool waters and smallest 
in warm waters (Brodsky, 1967). A 
recent compilation of records indicates 
that at many longitudes this species has 
been taken north of the average posi- 
tion of the STC (Fig. 1). Only a few 
previous records are quantitative, and 
very few expeditions sampled to depths 
even partially encompassing the bathy- 
metric range of this species, especially 
outside the period from September to 
early February when this species is 
found in near-surface waters (Table 1). 

LIFE HISTORY, BEHAVIOUR, AND 
REQUIREMENTS FOR LIVING 

The life history of the North Pacific 
species of Neocalanus is known in the 
greatest detail. In the case of N. plum- 
chrus, N. flemingeri, and N. cristatus 
the life cycle has been described as uni- 
voltine, there being a single generation 
each year. Mating and reproduction 
occur exclusively at mesopelagic 
depths during an overwintering phase 
(Miller et al., 1984; Miller & Clemons, 
1988). Adult females and males do not 
normally occur in surface waters at any 
time of the year (Miller et al., 1984), 
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l Brodsky 1967 (see also 1962-19Gt) v Bradford-Grieve 1994 @ Farran 1929 
A Vervoort 1957 0 Taw & Ritz 1979 0 De Decker 1984 
n Bradford 1972 4 Marin & Antezanna 198.5 + Voronina 1975 
o Jill& 1968 X De Decker & Mombeck 1965 W Bjornbcrg 1973 
A Voronina et al. 1988 + Heinrich 1992 + Wilson 1912 
Cl Kawamura 1974 * Voronina 1978 ) Ramirez 1971 

El Se& et al. 1963 a, b t Flint 8 Yakushev 1988 
4 Wiborg 1964 v Tanaka 1964 

Fig. 1. Compilation of records of Neocalnr~~ PJIZSUS in the Southern Ocean. The mean positions of the Subtropical 
Convergence (STC) and Antarctic Convergence(AC) are marked. 

adult females have reduced, nonfunc- 
tional mouthparts (Vyshkvartzeva, 
1977; Miller, 1988), and do not feed 
before releasing eggs at depth 
(Heinrich, 1962; Miller & Ciemons, 
1988). N. flemingeri differs from N. 
plumckrus mainly in the mode of over- 
wintering; N. plumckrus overwinters as 
copepodite stage V, whereas N. jlemin- 
geri overwinters as adults (Miller & 
Clemons, 1988). Jillett (1968) estab- 
lished, from quantitative samples taken 

O-150 m and semi-quantitative samples 
taken with a stramin net O-1000 m, that 
in its broad features the life history of 
N. tonsus (as Calanus tonsus) is similar 
to that of N. plumckrus s.str. though 
there appear to be some significant dif- 
ferences which will be discussed later. 
N. tonsus is seasonally abundant in the 
surface 200 m during spring and sum- 
mer. It first appears in near-surface 
waters in September (Jillett, 1968; 
Ohman et al., 1989) or even August 
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Table 1. Information on the distribution of Nevca/arzus torzsr~~ 

Reference Dates Longitude Sampling Quanti- Max Nos/ Lat. of 
Month.year Depth (m) tative biomass Max Nos 

Bjornberg, 1973 3.60 60-77”W 0 no 
8-9-62 O-2000 
I I .62 o- IO00 

Bradford, 1970a 9.67 I74”E o--500 Yes IO.m-" - 

Bradford, I972 8.64-5.65 I74”E O-200 yes 442S.m” 42”s 
Bradford-Grieve, 1994 6-8.56 155”E-165”W O-1000 no 

12.57 o-914 no 
1 l-12.58 O-500 tl0 

1.61 O-732 no 
8.66 O-790 no 
10.67 O-l 100 no 
11.68 o- 1000 no 

Bradford-Grieve et al., 6-7.93 176”E o- 1000 yes - 
submitted 10.93 176”E O-400 yes 833.m.3 41”3l’S 
Brodsky, 1967; see 55-58 l”E-I”W O-500 no 
also 1962, 1964 
DeDecker & 
Mombeck 1965 6-7.61 38-58”E o-> I 500 semi 
De Decker, 1984 3.64 l5-20”E 0 semi 

3.68 O-5”E 
9.68 24-45”E 

Flint&Yakushev, 1988 I .86 157”3O’W O-200 yes 85 gm-1 wet 45”s 
Heinrich, 1992 12.88 44’E 1000 yes 0.36.m-3 33”s 
Jillett, 1968 10.66-11.67171”E O-150 yes I -534.m.3 45”3O’S 

o- 1000 no 
Kawamura, I974 12.68-I .69 95”E- l7O”W surface yes 23680.m.3 40”s 

12.71-1.72 
Marin&Antezana,l985 9- 10.79 75”W IO yes 58.m.3 50”s 
Ramirez, I971 2.67 54-58’W o-100 no 
Seno et al., 1963a 3.57 23”E o-1 I3 semi - 
Seno et al., l963b 3.57 23”E O-200 semi 
Tanaka, 1964 12.59 25”E no 
Taw & Ritz, 1979 8.71-7.72 147”3O’E O-20 yes 404.m.3 43”s 
Vervoort, I957 I I-12.30 146-l62”E o- 1000 no 
Voronina, 1975 I l-12.71 20”30’-6O”W 0- 1500 yes 2260.m-3 43OS 
Voronina et al., 1978 8-12.71 20-55”W o- 1000 yes - 
Voronina et al., 1988 l-2.85 15%l26’E o- I500 yes 5014+ 43% 

2014.m.3 47”s 
Wiborg, 1964 12.37-1.38 13”W 0 semi - 
Wilson, 1942 12.28 97”W o-100 no 

(Bradford, 1972) and disappears usual- 
ly by early February (Jillett, 1968; 
Bradford, 1972; Ohman et al., 1989). In 
the months when N. tonsus was absent 
from the surface 0- 150 m (February to 
August) they were always present in 
stramin net hauls from 1000 m to the 
surface (Jillett, 1968). 

Putting together information from 
different sources, the life history may 

be described as follows. Adult males 
and females appear in an overwintering 
subsurface population previously made 
up exclusively of stage V copepodites. 
Males appear first in early July and 
females in August. Although the popu- 
lation is mostly located below 500 m at 
this time (Jillett, 1968; Ohman et al., 
1989), some mature females may be 
taken nearer the surface (Bradford, 
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1972). In September females come to 
outnumber males by far in a population 
still dominated by adults and found 
predominantly at mesopelagic depths 
(- 90% located below 500 m). By mid- 
October adults have become very 
scarce in a population which has 
become dominated by the younger life 
history stages of a new generation 
located mostly (- 90%) in the upper 
1.50 m of the water column. Small 
numbers of adult females are consis- 
tently taken, however, from mid-spring 
to mid-summer (October to January) in 
surface catches, which become progres- 
sively dominated by stage V cope- 
podites (Jillett,1968; Ohman et al., 
1989). Then by late summer these stage 
V copepodites disappear from surface 
layers.The new generation is spawned 
from the overwintering, mesopelagic, 
males and females which lay eggs, at a 
rate of up to 19 eggs.female-1 d-t at 
depths >500 m, fuelled by lipids stored 
in spring and summer (Ohman, 1987). 
These develop from egg to copepodite I 
in the laboratory in 11 days and to 
copepodite V in 24 days at 15°C 
(Bradford et al., 1988). It is likely that 
less than optimum food quality or 
quantity would slow this experimental 
development rate down compared to 
the shortest time possible at 15°C (see 
Peterson & Painting, 1990). In the field, 
stage I copepodites have been first 
recorded in near-surface waters in 
September (Jillett, 1968; Ohman et al., 
1989) which means they would be 
derived from eggs laid at mesopelagic 
depths about 2 weeks earlier, allowing 
for colder temperatures at depth. 

It appears probable, like many 
Calanidae, N. tonsus may be capable of 
changing sex. Fleminger (1985) has 
formulated a hypothesis, from data on 
the distribution of setae and aesthetascs 
on segments of antenna 1, that late 
juvenile males are able to change sex. 
He believes that larger-sized potential 
males reaching adulthood one or two 
weeks before the females may increase 
their reproductive output by sex change 
in the course of the final moult to 
mature as a functional female. 

Unlike its northern congeners, N. 
tonsus certainly has the capability to 
reproduce in surface waters and, at 
least in the New Zealand region, a sec- 

ond generation appears to be formed 
from the small proportion of females 
which are present near the surface dur- 
ing spring (Jillett, 1968; Ohman et al., 
1989). These spring, surface-living 
females have well-developed functional 
mouthparts, and are robust, active and 
well endowed with orange lipid, com- 
pared with the flaccid and inactive 
appearance of females from meso- 
pelagic, overwintering populations. 

Surface females feed actively on 
particulate matter and Ohman (1987) 
established that egg production in these 
females depends on ingestion of partic- 
ulate food in spring. Ingestion, gut pas- 
sage and egestion in N. tonsus is likely 
to be similar to that of N. plumchrus 
(Dagg & Walser, 1987). While adult 
females are normally present in spring 
surface waters, only one damaged male 
has ever been found in the surface 100 
m (Bradford, 1970b). 

Voronina et al. (1978) mentioned 
that males of N. tonsus formed 98% of 
population at station 37 (southwest 
Atlantic) and were concentrated in 500- 
1000 m but moved to 200-500 m by 
early October. Near the beginning of 
February almost all N. tonsus have 
entered the copepodite V stage and 
disappeared from the surface layers 
(Jillett, 1968; Ohman et al., 1989). 

Ohman (1987) established that at 
this copepodite V stage, N. tonsus 
enters a type of diapause and does not 
ingest diatoms, in contrast to spring and 
summer copepodite V. Winter females 
were able to ingest diatoms but only at 
half the rate of spring females (Ohman, 
1987). 

Thus N. tonsus differs from N. plum- 
chrus s.str., not only in having fully 
functional mouthparts (especially the 
blade of the mandible) (Vervoort, 1957; 
Vyshkvartzeva, 1977 respectively) but 
also in not having its reproductive 
stages exclusively restricted to 
mesopelagic depths. N. tonsus can fuel 
reproduction either from stored lipids 
after overwintering at mesopelagic 
depths, or from particulate food in 
spring surface waters (Ohman, 1987). 
Some doubt exists whether these two 
reproductive phases really do represent 
separate generations in the seasonal 
cycle but this does seem to be the case. 
There is a possibility that having over- 
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wintered, some females could regain 
spring surface waters where they could 
fuel their reproductive effort from 
ambient food sources. Only one other 
calanoid copepod is known to fuel 
reproduction by two methods. Calanus 
hyperboreus releases eggs in the ab- 
sence of particulate food, although the 
highest egg viability is observed when 
females are fed (Conover, 1967). 

Miller (1988) considers Neocalanus 
Jlemingeri to be most closely related to 
N. tonsus. Nevertheless there does not 
seem to be much relationship between 
the spring reproduction carried out by 
female N. tonsus in near-surface 
waters, based on particular food masti- 
cated with a well-developed mandibu- 
lar blade and N. flemingeri which has 
an atrophied mandibular blade in the 
adult female, and which migrates only 
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up as far as 250-500 m  to breed. 
There are several important aspects 

of the N. tonsus life history and distri- 
bution that are inadequately known. 
Only a few expeditions have sampled 
below 1000 m  (e.g. Voronina, 1975; 
Voronina et al., 1988). Even so, at 1300 
m  it is clear that the lower depth limit 
to the distribution of N. tonsus has not 
been recorded (Fig. 2). This informa- 
tion has an important bearing on under- 
standing how N. tonsus maintains its 
distribution. 

It is well known that female N. ton- 
sus occur regularly in spring surface 
waters of the New Zealand region; 
Kawamura (1974) also mentions that 
females are occasionally taken in sur- 
face swarms southwest of Australia just 
north of the STC. There is a need for 
samples to be taken in other regions of 
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Fig. 2. Quantitative (ind.m-3) vertical distribution of Neocalnnus fonsus section along 126”W, January- 
February 1985 (Voronina et al., 1988). 
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the southern ocean in September and 
October to determine if the occurrence 
of surface females is a circumglobal 
phenomenon or restricted to New 
Zealand and Australian waters. We also 
need to establish whether spring sur- 
face-living and winter deep-living 
females are indeed part of the same 
interbreeding population which we are 
justified in calling N. tonsus, or 
whether more than one species is pre- 
sent. Careful examination of the mor- 
phology of these two types of females 
with the light microscope did not reveal 
any obvious differences (Bradford- 
Grieve, unpublished data). Therefore a 
proposal has been put forward for fund- 
ing to extract genomic DNA from indi- 
vidual spring surface-living and winter 
deep-living N. tonsus to determine 
whether N. tonsus populations in the 
New Zealand region comprise a single 
species with multiple reproductive 
phases or two reproductively isolated 
species. If possible we will use N. 
jlemingeri or N. plumchrus as an out- 
group, otherwise another calanoid 
species will be chosen. The results of 
such an investigation will also have a 
bearing on the interpretation of the eco- 
logical role N. tonsus plays in the 
Southern Ocean. 

ROLE ASFOODFOR OTHERORGANISMS 

Relatively high population densities of 
N. tonsus have been observed in differ- 
ent sectors of the subantarctic ocean 
(see Ohman et al., 1989), especially in 
the vicinity of the STC (Table 1). These 
aggregations can be targeted as food by 
large animals which make use of the 
“swarming” characteristics of this 
species. For example Bradford (1972) 
noted that basking sharks (Cetorhinus 
maximus) fed on Neocalanus tonsus off 
Kaikoura Peninsula, New Zealand, 
Kawamura (1974) notes the importance 
of N. tonsus in the food of the sei whale 
(Balaenoptera borealis), and Imber 
(1981) notes that the broadbilled prion 
(Pachyptila vittata) includes 
Neocalanus tonsus in its diet. More is 
known about the surface distribution of 
N. tonsus from the study of whale food 
than direct sampling of the copepod 
(Kawamura, 1974) (Fig. 3). 

Kawamura (1974) suggested that N. 
tonsus needs to be in the order of 103 - 
lo4 ind.m-3 to be useful as food for sei 
whales. He studied the swarming 
“habits” of N. tonsus southeast of 
Australia in the region 30-40”s and 95- 
122”E in December 197 1, just north of 
the STC. The copepods (usually cope- 
podite stage V but with a small percent- 
age of females) were in sufficiently 
large numbers (up to 21,165 ind.m-3) to 
discolour surface waters (Table 1). 
They formed patches in the surface 1 m 
layer which were up to several hundred 
metres along their long axis and main- 
tain their shape even under rough sea 
conditions in 8-11 ms-1 winds. The 
greatest number of swarms was record- 
ed between 17.00 and 18.00 hours and 
in waters 13-14°C; swarms did not 
appear to occur in water above 16°C. 
Kawamura (1974) suspected there were 
biological reasons for this aggregation. 
It is likely that this species, with its 
large body size (dry mass up to 600 l.tg) 
(Ohman et al., 1989), is a major com- 
ponent of the food web and has a sig- 
nificant role in the flux of organic mat- 
ter of the subantarctic Southern Ocean. 

ROLE IN CARBONCYCLE 

Neocalanus tonsus consumed l-6% of 
the spring daily primary production in 
the 20-200 pm size fraction (Bradford- 
Grieve et al., in press) just north of the 
STC in October 1993, east of New 
Zealand. We do not have information 
on the contribution that the faecal pel- 
lets of N. tonsus make to carbon flux. 
Presumably the size and density of 
their faecal pellets will depend on food 
concentrations in the environment as 
for N. plumchrus in the North Pacific 
(Dagg & Walser, 1987). They conclud- 
ed that, although large copepods gen- 
erally produce larger and therefore 
faster sinking faecal pellets than small 
copepods, under low food concentra- 
tions large copepods may produce 
smaller, less compact and more fragile 
pellets. These pellets would be less 
likely to sink out of the photic zone 
than pellets produced by the same 
copepod under conditions of higher 
food availability. In order to evaluate 
the contribution that N. tonsus faecal 
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Fig. 3. Distribution of the food of sei whale in the Southwest Pacific, 1967168. The observed positions of the 
Subtropical and Antarctic Convergences are marked (from Kawamura, 1974). Note: The position of the 
Subtropical Convergence in the New Zealand region is more accurately indicated in Fig. 1. 

pellets make to carbon flux we need to 
know more about its diet and the 
relationship between the quantities of 
potential food and faecal pellet size and 
density, and examine sediment traps for 
evidence of pellets from this species. 

Nevertheless we expect that N. ton- 
sus has the capacity to make a consid- 
erable contribution to the downward 
flux of carbon through migration out of 
surface layers to mesopelagic depths in 
late summer, removing body carbon 
which, to a large extent, is burnt in res- 
piration at depth and not returned 
directly to the surface except in minor 
quantities as reproductive products 
(eggs). The conclusion that carbon flux, 
by seasonally vertically migrant cope- 
pods, is a small number (Longhurst & 
Williams, 1992) should- be re-examined 
in the case of Neocalanus. On a global 
scale N. tonsus is one of the most abun- 
dant planktonic grazing calanoid cope- 

pod of the world oceans, being a con- 
spicuous inhabitant of a zone about 20” 
of latitude wide and nearly circumglob- 
al in longitude (across 332” of longi- 
tudes at 45’S). 

REINTERPRETATION OF THE DISTRIBU- 
TION OF N. TONSUS IN RELATION TO 
PHYSICAL OCEANOGRAPHIC PROCESS- 
ES. 

The compilation of distribution records” 
(Table 1, Fig. 1) show that .many 
records have been collected only in the 
austral summer, in the surface 200 m, 
and are either not quantitative or are 
semi-quantitative. Knowledge of quan- 
titative seasonal changes in distribution 
over the full vertical range is slight. N. 
tonsus has rarely been recorded south 
of the Antarctic Convergence (AC) 
(Fig. 1). It is found between the AC 
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and the STC but also extends some dis- 
tance north of the STC. All instances 
where concentrations of N. tonsus were 
>lOOO ind.m-3 are at latitudes <43’S 
and records of N. tonsus “swarming” in 
relation to the food of sei whales are all 
made near or north of the STC 
(Kawamura, 1974). 

How does N. tonsus maintain itself 
in its environment especially as far 
south as the Antarctic Convergence 
(AC) Deacon (1937) proposed a return 
mechanism in subantarctic water (Fig. 
4). Subantarctic surface water drifts to 
the north with a southerly drift pro- 
posed at about loo-150 m based on the 
presence of a salt tongue extending to 
the south from the STC, sometimes 
almost to the AC. This explanation of a 
southwards return flow may not be cor- 
rect; there is another view that the salt 
tongue is purely a product of diffusion, 
not advection (see Heath, 1976). The 
fact that the bottom of the range of N. 
tonsus has not been sampled and this 
species has been found down to depths 
of at least 1300 m (Fig. 2), means there 
is a possibility that the return flow to 
the southern extremity of its present 
day distribution near the AC is 
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achieved via the Deep Warm Current 
(Fig. 4), the upper extent of which is 
about 2000 m at about the latitude of 
the STC and at considerably shallower 
depths south of STC (Deacon, 1937) 

If this is indeed the mechanism by 
which N. tonsus returns to the AC, then 
the possibility that the distribution of 
this species has not always been as it is 
at the moment, has to be considered. 
Recent modelling work on the North 
Atlantic thermohaline circulation 
(Rahmstorf, 1994; Fichefet et al., 1994) 
suggests that in the last glacial maxi- 
mum the flow of Deep Warm Water 
may have ceased, in which case the dis- 
tribution of N. tonsus may have been 
confined at that time to the STC region. 

The deep winter migration of N. ton- 
sus to below 500 m (Jillett, 1968; 
Ohman et a1.,1989) explains why this 
species appears north of the STC in 
summer, where it has most likely been 
transported in Antarctic Intermediate 
Water (Fig. 4) which has its core at 
about 1000 m in the New Zealand 
region (Heath, 1985). At the surface, to 
the north of the STC, there is a slow 
drift to the south. Thus in summer there 
is a tendency for N. tonsus to be carried 
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Fig. 4. The vertical circulation of water in the South Atlantic Ocean (from Deacon,1937). 
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back towards the STC. The northern 
limit of this species at the sea surface is 
probably governed by its physiological 
tolerance to both temperature and the 
food regime. 

Given that instances of N. tonsus 
swarming have only been recorded near 
the STC, what is so special about this 
region? We know that fronts such as 
the STC can have intense gradients in a 
number of properties and have eddy 
fields associated with them (Olson, 
1986). North of the STC, warm, rela- 
tively saline water, poor in dissolved 
inorganic nutrients is found, whereas 
water located south of the STC is cold, 
of low salinity and rich in dissolved 
inorganic nutrients. The STC is a 
region of high eddy available potential 
energy (Olson, 1986) (Fig. 5). It 
appears that eddy momentum flux is 
largest on the western boundaries of 
oceans (see Bryden & Heath, 1986) 
including the Southwest Pacific south- 
east of New Zealand, the Brazil- 
Falkland confluence in the south- 
western Atlantic, and the Agulhas 
retroflection south of Africa. These 
zones of high eddy energy are areas of 
high horizontal diffusion as well as ver- 
tical exchange of properties such as 
dissolved inorganic nutrients (Olson, 
1986). In addition, in an eddy field, fea- 
tures can persist for substantial periods 
of time so that they may play a role in 
recruiting individuals upstream against 
the mean flow (Olson, 1986). In west- 
ern boundary current systems there 
may be closed recirculations of a quasi- 
stationary nature (e.g. off New 
Zealand: Barnes, 1985). 

Thus it appears that N. tonsus is 
probably a transition species which is 
adapted to its environment in many 
aspects of its physiology, life history, 
behaviour, and by possibly being able 
to fuel reproduction from two sources. 
The mean circulation tends to keep it 
trending towards the STC, and large 
recirculation features, which appear to 
be very productive in the spring (Heath 
et al., 1982), may help in upstream 
population maintenance in the face of a 
general drift to the east. 

CONCLUSION 

We should remove our focus away 
from generating time-averaged static 
patterns of global distribution of zoo- 
plankton. These are adequate to indi- 
cate only the broadest features of distri- 
bution of organisms and their possible 
responses to environmental change. 
The major task now is to gather dynam- 
ic ecological information, taking 
account of processes of change at vari- 
ous scales in the physical environment 
in relation to the detailed life histories 
of the species concerned. There is a 
special need for accurate information 
about the Southern Ocean which is the 
least known of all world oceans, yet is 
more important than any other in its 
influence on global climate and circula- 
tion. It is potentially dangerous to 
assume that knowledge gathered in the 
more intensively studied oceans can be 
directly extrapolated to those that have 
had less direct attention. Only through 
the application of accurate ecological 
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Fig. 5. Eddy available energy for the South Atlantic and Southern Indian Oceans (from Olson, 1986). 



IOC Workshop Report No. 112 
Page 75 

knowledge will we finally recognise 
and understand the interplay of the evo- 
lution of the earth and its marine 
environment, the resulting interaction 
with climate and climate change, and 
the influence of humankind on the evo- 
lution of planktonic organisms. It is 
only by doing this will we be able to 
predict the fate of recent pelagic 
species when the impact of modern cli- 
mate change begins to be felt. 

ACKNOWLEDGEMENTS 

We are indebted to Dr Wim Vervoort for read- 
ing the manuscript and acknowledge the New 
Zealand Foundation for Research Science and 
Technology for their support of contract 
C01421. 

REFERENCES 

BARNES, E.J., 1985. Eastern Cook Strait region 
circulation inferred from satellite derived, sea- 
surface, temperature data. N.Z. J. Mar. Freshw. 
Res., 19: 405-411. 

BJ~RNBERG, T.K.S., 1973. The planktonic 
copepods of the Marchile I expedition and of 
the “Eltanin” cruises 3-6 taken in the SE 
Pacific. Bol. Fat. Filos. Cienc. Univ. S Paulo, 
Zool. Biol. Mar., N.S., 30: 245-394. 

BRADFORD, J.M., 1970a. Diurnal variation 
in vertical distribution of pelagic copepods off 
Kaikoura, New Zealand. N.Z. J. Mar. Freshw. 
Res., 4: 337-350. 

BRADFORD, J.M., 1970b. Records of pelagic 
copepods off Kaikoura, New Zealand. N.Z. J. 
Mar. Freshw. Res., 4: 35 1-363. 

BRADFORD, J.M., 1972. Systematics and 
ecology of New Zealand central east coast 
plankton samples at Kaikoura. N.Z. Oceanogr. 
Inst. Mem., 54: I-87. 

BRADFORD, J.M., 1988. Review of the tax- 
onomy of the Calanidae (Copepoda) and the 
limits to the genus Calanus. Hydrobiologia, 
167/l 68: 73-8 1. 

BRADFORD-GRIEVE, J.M., 1994. The Marine 
Fauna of New Zealand: Pelagic calanoid 
Copepoda: Megacalanidae, Calanidae, 
Paracalanidae, Mecynoceridae, Eucalanidae, 
Spinocalanidae, Clausocalanidae. N.Z. 
Oceanogr. Inst. Mem., 102: 160 pp. 

BRADFORD, J.M. & J.B. JILLETT, 1974. A 
revision of generic definitions in the Calanidae 
(Copepoda: Calanoida). Crustaceana, 27: 5-16. 

BRADFORD, J.M., M.D. OHMAN, & J.B. 
JILLETT, 1988. Larval morphology and develop- 
ment of Neocalanus tonsus, Calanoides macro- 
carinatus, and Calanus australis (Copepoda: 
Calanoida) in the laboratory. N.Z. J. Mar. 

Freshw. Res., 22: 237-247. 
BRADFORD-GRIEVE, J.M., R.M. MURDOCH & 

M. OLIVER, (in press). The potential grazing 
pressure of mesozooplankton on phytoplankton 
during austral winter and spring 1993 in the 
Subtropical Convergence region near New 
Zealand. Deep-Sea Res. 

BRODSKY, K.A., 1964. Distribution and 
morphological features of the Antarctic species 
of the genus Calanus (Copepoda). Issled, Fauny 
Morei, 2( IO): 188-25 1 .(in Russian) 

BRODSKY, K.A., 1967. Distribution and size 
variability of the Calanidae species (Copepoda) 
in the southern hemisphere (based on the col- 
lections of the Soviet Antarctic Expedition, 
1955-1958). Biological results of the Soviet 
Antarctic Expedition (1955-1958), 3: 190-219. 
(English translation) 

BRYDEN, H.L. & R.A. HEATH, 1985. 
Energetic eddies at the northern edge of the 
Antarctic Circumpolar Current in the 
Southwest Pacific. Prog. Oceanogr., 14: 65-87. 

CONOVER, R.J., 1967. Reproductive cycle, 
early development, and fecundity in laboratory 
populations of the copepod Calanus hyper- 
boreus. Crustaceana, 13: 61-72. 

DAGG, M.J. & W.E. WALSER, 1987. 
Ingestion, gut passage, and egestion by the 
copepod Neocalanus plumchrus in the laborato- 
ry and in the subarctic Pacific Ocean. Limnol. 
Oceanogr., 32: 178-I 88. 

DEACON, G.E.R., 1937. The hydrology of 
the Southern Ocean. Disc. Rep., 15: 3-124, pls 
I-XLIV. 

DE DECKER, A.H.B., 1984. Near-surface 
copepod distribution in the south-western 
Indian and south-eastern Atlantic Ocean. Ann. 
S. Afr. Mus., 93: 303-370. 

DE DECKER, A. & F.J. MOMBECK, 1965. A 
preliminary report on the planktonic Copepoda. 
Invest. Rep. Sea Fish. Inst., Cape Town, 51: 
10-67. 

FICHEFET, T., S. HOVINE & J-C. DUPLESSY, 
1944. A model study of the Atlantic thermoha- 
line circulation during the last glacial maxi- 
mum. Nature, 372: 252-255. 

FLEMINGER, A., 1985. Dimorphism and pos- 
sible sex change in copepods of the family 
Calanidae. Mar. Biol., 88: 273-294. 

FLINT, M.V. & YE.V. YAKUSHEV, 1988. 
Spatial structure of mesoplankton and distribu- 
tion of dissolved ammonia in the vicinity of 
Pulkovskaya seamount. Oceanology, 28: 655- 
660. (English translation) 

HEATH, R.A., 1976. Models of the diffu- 
sive-advective balance at the Subtropical 
Convergence. Deep-Sea Res., 23: 1153-I 164. 

HEATH, R. A., 1985. A review of the physi: 
cal oceanography of the seas around New 
Zealand - 1982. N.Z. J. Mar. Freshw. Res., 19: 
79-124. 

HEATH, R.A., J.M. BRADFORD, F.H. CHANG 
& C. HAY, 1982. The effects of warm-core 



IOC Workshop Report No. 142 
Page 76 

eddies on oceanic productivity off north eastern 
New Zealand. Deep-Sea Res., 29: 1501-1516. 

HEINRICH, A.K., 1962. The life histories of 
plankton animals and seasonal cycles of plank- 
ton communities in the ocean. J. Cons. Perm. 
Int. Explor. Mer ,27: 15-24. 

HEINRICH, A.K., 1992. Copepods in the bot- 
tom layer at Walters seamount (south western 
Indian Ocean). Oceanol., 32: 84-88. [English 
translation] 

IMBER, M.J., 1981. Diets of stormpetrels 
Pelagodroma garrodia and of prions Pachyptila 
(Procellariiformes). In: J. Cooper (ed.), 
Proceedings Symposium on Birds of the Sea 
and Shore, 1979: African Seabird Group, 
Capetown, 63-88. 

JILLETT, J.B., 1968. Calanus tonsus 
(Copepoda, Calanoida) in southern New 
Zealand waters with notes on the male. Aust. J. 
Mar. Freshw. Res., 19: 19-30. 

KAWAMURA, A., 1974. Food and feeding 
ecology in the Southern Sei whale. Scient. Rep. 
Whales Res. Inst., Tokyo, 26: 25-l 44,3 pls. 

LONGHURST, A. & R. WILLIAMS, 1992. 
Carbon flux by seasonal vertical migrant cope- 
pods is a small number. J. Plankt. Res., 14: 
1495-1509. 

MARIN, V. & T. ANTEZANA, 1985. Species 
composition and relative abundance of cope- 
pods in Chilean fjords. J. Plankt. Res., 7: 961- 
966. 

MARUKAWA, H., 1921. Plankton list and 
some new species of copepods from the north- 
ern waters of Japan. Bull. Inst. Oceanogr., 384: 
I-15. 

MCGOWAN, J.A., 1986. The biogeography 
of pelagic ecosystems. In: A.C. Pierrot-Bults, 
S. van der Spoel, B.J. Zahuranec & R.K. 
Johnson (eds) Pelagic Biogeography. UNESCO 
Techn. Pap. Mar. Sci., 49: 191-200. 

MILLER, C.B ., 1988. Neocalanus flemin- 
geri, a new species of Calanidae (Copepoda: 
Calanoida) from the Subarctic Pacific Ocean, 
with a comparative redescription on 
Neocalanus plumchrus (Marukawa) 1921. 
Prog. Oceanogr., 20: 223-273. 

MILLER, C.B. & M.J. CLEMONS, 1988. 
Revised life history analysis for large grazing 
copepods in the subarctic Pacific Ocean. Prog. 
Oceanogr., 20: 293-213. ’ 

MILLER, C.B., B.W. FROST, H.P. 
BATCHELDER, M.J. CLEMONS & R:E. CONWAY, 
1984. Life histories of large, grazing copepods 
in a Subarctic ocean gyre: Neocalanus plum- 
chrus, Neocalanus cristatus and Eucalanus 
bungii in the Northeast Pacific. Prog. 
Oceanogr., 13: 210-243. 

OHMAN, M.D., 1987. Energy sources for 
recruitment of the subantarctic copepod 
Neocalanus tonsus. Limnol. Oceanogr., 32: 
1317-1330. 

OHMAN, M.D., J.M. BRADFORD & J.B. 
JILLE~, 1989. Seasonal growth and lipid stor- 

age of the circumglobal, subantarctic copepod, 
Neocalanus tonsus (Brady). Deep-Sea Res., 36: 
1309- 1326. 

OLSON, D.B., 1986. Transition zones and 
fauna1 boundaries in relationship to physical 
properties of the ocean. In: A.C. Pierrot-Bults, 
S. van der Spoel, B.J. Zahuranec & R.K. 
Johnson (eds) Pelagic Biogeography. UNESCO 
Techn. Pap. Mar. Sci., 49: 219-225 

PETERSON W.T. & S.J. PAINTING, 1990. 
Development rates of the copepods Calanus 
australis and Calanoides carinatus in the labora- 
tory, with discussion of methods for calculation 
of development times, J. Plankt. Res., 12: 283- 
293. 

RAHMSTORF, S., 1994. Rapid climate transi- 
tions in a coupled ocean-atmosphere model. 
Nature, 372: 82-85. 

RAMIREZ, F.C., 1971. Coptpodos planctoni- 
cos de 10s sectores bonaerense y norpatagonico. 
Resultados de la campafia “Pesqueria III”. Rev. 
Mus. La Plata N.S. 11, Zoo]., 97: 73-94. 

SENO, J., Y. KOMAKI & A. TAKEDA, 1963a. 
Reports on the biology of the “Umitaka-Maru” 
Expedition. Plankton collected by the 
“Umitaka-Maru” in the Antarctic and adjacent 
waters, with special references to Copepoda. J. 
Tokyo Univ. Fish., 49: 53-62. 

SENO, J., Y. KOMAKI & A. TAKEDA, 1963b. 
Reports on the biology of the “Umitaka-Mart.?’ 
Expedition. Plankton collected by the 
“Umitaka-Maru” in the Antarctic and adjacent 
waters by larva net, with special references to 
Copepoda. J. Tokyo Univ. Fish., 50: l-10. 

TANAKA, O., 1956. The pelagic copepods of 
the Izu region, middle Japan. Systematic 
Account I. Families Calanidae and 
Eucalanidae. Pub]. Seto Mar. Biol. Lab., 5: 
251-272. 

TANAKA, O., 1964. Two small collections of 
copepods from the Antarctic. Scient. Rep. Jap. 
Antarct. Res. Exped. 1955-1962, (E)22: l-20. 

TAW, N. & D.A. RITZ, 1979. Influence of 
subantarctic and subtropical oceanic water on 
the zooplankton and hydrology of waters adja- 
cent to the Derwent River Estuary, south-east- 
ern Tasmania. Aust. J. Mar. Freshw. Res., 30: 
179-202. 

VERVOORT, W., 1957. Copepods from 
antarctic and sub-antarctic plankton samples. 
Rep. B. A. N. Z. Antarct. Res. Exped. B, 3: l- 
160. 

VORONINA, N.M., 1975. On the ecology and 
biogeography of plankton of the Southern 
Ocean. Trudy Inst. Okeanol., 103: 60-87. (In 
Russian) 

VORONINA, N.M., YE.V. VLADIMIRSKAYA & 
M.I. ZMIYESKAYA, 1978. Seasonal variations in 
the age composition and vertical distribution of 
common zooplankton species in the Southern 
Ocean. Oceanollogy., 18: 335-339. (English 
translation) 

VORONINA, N.M., YE.G. KOLOSOVA & M.V. 



FLINT, 1988. Distribution and biomass of abun- 
dant mesoplankton species. In: Vinogradov, 
M.E. & M.V. Flint (eds) Ecosystems of the 
Subantarctic Zone of the Pacific Ocean. Nauka 
Press, Moscow, pp 197-2 10. (In Russian) 

VYSKVARTSEVA, N.V., 1977. The functional 
morphology of mouthparts of the species of 
Calanus s.1. (Copepoda, Calanoida). 3. 
Morpho-functional groups of Calanus species. 
4. The adaptive structural features of the mouth 
apparatus of Calanus species. Issled. Fauny 

IOC \+‘orkshop Report No. 142 
Page 77 

Morei, 20(28): 96- 143. (In Russian) 
WIBORG, K.F., 1964. Marine copepods of 

Tristan da Cunha. Res. Norw. Scient. Exped. 
Tristan da Cunha 1937- 1938,5 1: l-44. 

WILSON, C.B., 1942. The copepods of the 
plankton gathered during the last cruise of the 
Carnegie. Scientific results of Cruise VII of the 
Carnegie during 1928-1929 under the com- 
mand of Captain J.P. Ault. Pub. Carnegie Instn, 
536: l-237. 



IOC Workshop Report No. 142 
Page 7% 

9. Molecular analysis of biogeographic patterns and 
processes: the copepod Nannocalanus minor in the N. 

Atlantic Ocean. 

Ann Bucklin 
Ocean Process Analysis Laboratory and Department of Zoology 142 Morse Hall, 

University of New Hampshire, Durham NH 03824, USA. 

KEY WORDS: copepods, Nunnocalunus, biogeography, population genetics, mitochondrial DNA, Gulf 
Stream. 

ABSTRACT 

Molecular population genetic analysis has 
determined that there are three distinctive 
genetic types of the calanoid copepod, 
Ncltmmdatzus minor, in the N. Atlantic Ocean. 
The three genetic types differed by approxi- 
mately 10% of the bases along a 220 base pair 
region of the mitochondrial 16s rRNA gene; 
this difference was characteristic of between- 
species differences within the copepod super- 
family Calanidae. Previous studies separated N. 
minor into two forms on the basis of morpho- 
logical (Sewell, 1947) and molecular genetic 
variation (Bucklin et al., 1996). This study 
found evidence for a third genetic type, which 
was as divergent from Types I and II as they 
were from each other. Preliminary studies (with 
small sample sizes) indicated that the genetic 
types differed in individual size frequency dis- 
tribution: Type II individuals were smallest; 
Type I individuals were generally larger; and 
Type III individuals varied widely in size. The 
three types exhibited different biogeographic 
distributions: Type I occured throughout the 
western N. Atlantic Ocean and Gulf Stream 
System; Type II occured in the Sargasso Sea; 
and Type III was found in the N. Atlantic Slope 
Water and Sargasso Sea. Types I and II of N. 
minor apparently conformed to the characteris- 
tic biogeographic provinces of the N. Atlantic, 
transitional (Type I), and sub-tropical (Type II). 
The affinity of Type III was unclear, it may be 
a sub-arctic species, similar to typical Slope 
Water species, with expatriot individuals occur- 
ring outside of this domain as a result of ocean 
transport and mixing. Ongoing studies are 
using species-specific molecular probes to char- 
acterize the geographic distributions of the 
three genetic types of N. rnitzor in relation to 
water mass structure. Molecular population 
genetic approaches are useful to accurately 
describe patterns of species’ distribution in the 
ocean and to begin to understand the processes 
that define and maintain distributional bound- 
aries. 

INTRODUCTION 

Among the challenges that remain to 
pelagic biogeography is to accurately 
determine the li\mits of species’ distri- 
bution and to understand the processes 
that determine these boundaries. 
Marine planktonic populations differ 
from terrestrial populations in their 
geographic impermanence and their 
lack of distinct boundaries. Despite 
this, planktonic populations have char- 
acteristic and predictable distributional 
patterns on spatial scales from the 
mesoscale to the megascale. In the N. 
Atlantic Ocean, the characteristic fau- 
nal distributions are (from north to 
south): arctic, sub-arctic, transitional, 
sub-tropical, and tropical (Bradshaw, 
1959, in Herman, 1979; Backus et al., 
1977). 

What are the forces that generate 
and maintain the characteristic biogeo- 
graphic patterns of planktonic species? 
There are a number of possible mecha- 
nisms, including: 1) passive transport 
in ocean currents, 2) active swimming 
by zooplankton, and 3) differential 
mortality inside and outside the biogeo- 
graphic domain. Questions about the 
causes of biogeographic patterns are 
perhaps best addressed by comparisons 
of closely related species that exhibit 
different distributions. We introduce 
here a suitable study system: the 
calanoid copepod, Nannocalanus 
mirzor, in the N. Atlantic Ocean. Two 
genetically distinct types (and probable 
sibling species) of N. minor, were 
recently discovered by molecular popu- 
lation genetic analysis of the species in 
the N. Atlantic Ocean (Bucklin et al., 



1996b). The distributional patterns of 
the two types of N. minor appear to 
conform to characteristic fauna1 
provinces, including the transitional 
(Type I), and the sub-tropical (Type II). 
These preliminary studies documented 
the meso- to large-scale patterns of dis- 
tribution of N. minor genetic types in 
the Gulf Stream based on DNA 
sequence variation. 

Molecular population genetic analy- 
sis can help to reveal the forces that 
maintain biogeographic distributions 
by: 1) discriminating species, even 
closely related ones, reliably; 2) esti- 
mating dispersal pathways within a 
species’ range; and 3) quantify spatial 
patterns of genetic diversity of a 
species. Comparison of the distribution 
and dispersal patterns of zooplankton 
with patterns of circulation and physi- 
cal structure of the ocean will help 
determine to what extent the patterns 
result from active behaviour, natural 
selection, and passive transport. 

MATERIALS AND METHODS 

Zooplankton samples were collected by 
oblique tows of a l-m ring net (using 
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333 pm mesh nets) to 100 m depth at 
stations along a transect from Woods 
Hole, MA to the Azores Islands that 
crossed the Gulf Stream six times (Fig. 
1). Sample collection and preservation 
methods, methods of molecular analy- 
sis, determination of size frequency 
distributions, and statistical analyses 
are as discussed for N. minor in 
Bucklin et al. (1996b). 

RESULTS AND DISCUSSION 

Evidence for the division of N. minor 
into two types: 
A recent study of molecular population 
variation in the calanoid copepod, N. 
minor, by Bucklin et al. (1996b) deter- 
mined that what might be expected to 
be a homogeneous and well-mixed 
species population was composed of 
two types that differ markedly in genet- 
ic character. The two types exhibited 
levels of sequence difference for a por- 
tion of the mitochondrial 16s rRNA 
gene that were characteristic of distinct 
species of Culanus: approximately 10% 
of the sequenced bases differed among 
Calanus species of the same sibling 
species group (Bucklin et al., 1995). 

Fig. 1. Oceanographic features in the western N. Atlantic Ocean on 16 April 1993. as analyzed by the 
NOAA/NOS feature analysis of a sea surface temperature map based on Advanced Very High Radiometry 
(AVHRR) data. The positions and station numbers are shown for the zooplankton samples; detailed collection 
information is given in Bucklin et al. (1996b). The outlines delimit different water masses, including the Gulf 
Stream. meanders, rings, and entrainment features, and the N. Atlantic Slope Water. 
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This same mtDNA region was subse- 
quently sequenced for numerous popu- 
lations and species of calanoid cope- 
pods, confirming the original finding of 
10% sequence difference between con- 
generic calanoid copepods (Bucklin et 
al., 1996a). Further evidence of the dis- 
tinctiveness of the two N. minor types 
was that there were no haplotypes that 
were intermediate in character. The pat- 
tern of molecular genetic variation 
argued strongly that the two genetic 
types were actually distinct species 
(Bucklin et al., 1996b). 

Earlier analysis of morphological 
variation within N. minor i.e., individu- 
al size frequency distributions (Sewell, 
1947) and limb morphologies (Sewell, 
1929), engendered the description of 
two forms, N. minor forma major and 
N. minor forma minor (Sewell, 1947). 
These forms may or may not be the 
same as the two genetic types identified 
by Bucklin et al. (1996b), but interest- 
ingly, the two genetic types typically 
differed in cephalothorax length: Type I 
was larger than Type II, although the 
sizes overlapped. 

Significant geographic variation in 
size frequencies was observed by 
Ashjian & Wishner (1993), who docu- 
mented the patterns with large sample 
sizes. They hypothesized that the dif- 
ferences in individual size represented 
phenotypic variation within a single 
species and resulted from environmen- 
tal variation: warm temperatures and 
low food availability in the Sargasso 
Sea resulted in small body size, while 
the cool, food-rich waters of the Slope 
Water produced larger individuals 
(Ashjian & Wishner, 1993). Bucklin et 
al. ( 1996b) concluded that the observed 
geographic variation in size frequency 
distributions of N. minor in the N. 
Atlantic Ocean resulted from the bio- 
geographic distributions of Type I and 
Type II individuals, which differed in 
distributional patterns in the Gulf 
Stream system. Type I individuals were 
abundant in the Florida Straits and Gulf 
Stream, while Type II individuals were 
absent from the Florida Straits and 
increased in relative abundance from 
the west to the east in the Gulf Stream 
(Bucklin et al., 1996b). In regions 
where one of the two types was nearly 
exclusive, such as the Florida Straits 

(Type I) and the Sargasso Sea (Type II), 
the size frequency distribution was uni- 
modal (Bucklin et al., 1996b). In 
regions where it might be expected that 
the two types would be intermixed, 
such as at boundaries between the 
Slope Water and Gulf Stream and at the 
southern edge of the Gulf Stream, the 
size frequency distributions appeared to 
be bimodal, as might result from a mix- 
ture of two distinct populations or 
species. 

Evidence of a third type of N. minor 
Continued studies of the molecular 
population genetics of N. minor in the 
N. Atlantic have uncovered further sur- 
prises. We are currently focussing our 
attention on small-scale patterns of dis- 
tribution, especially in relation to mix- 
ing across the Gulf Stream axis. 
Molecular assay of individuals in sam- 
ples collected along the transects of the 
Gulf Stream (Fig. 1) revealed another 
genetic type, Type III based on the 
DNA sequence of the same portion of 
the mitochondrial 16s rRNA. Type III 
individuals were as divergent from 
Types I and II as these were from each 
other (Fig. 2). 

In parallel with the previous assess- 
ment of N. minor Types I and II 
(Bucklin et al., 1996b), a number of 
individuals were sequenced to deter- 
mine the amount of sequence differ- 
ence among Types I, II, and III, and to 
determine whether intermediate haplo- 
types existed. The clear result was that 
the sequences of all Type III individu- 

Fig. 2. Neighbor joining tree showing the genetic 
divergence between N. IW’MW Types I, II and III. 
Only the most abundant haplotype of each of the 
three types are shown. Despite some genetic varia- 
tion within each type. there was highly significant 
separation of all individuals into one of the three 
types (I 00% of IO00 bootstrapped sub-replicates 
exhibited the same tree topology for the separation 
of the types). 



als determined were at least 10% differ- 
ent from the most common haplotypes 
of Types I and II, and no intermediate 
haplotypes were found. Indeed, the 
amount of molecular genetic variation 
and the degree of its partitioning into 
three distinct types was unprecedented 
for any copepod species studied to date 
(Bucklin et al., 1995; 1996a). Based on 
the examination of samples completed, 
the geographic distribution of A? minor 
Type III was unclear. In the samples 
examined, Type III individuals were 
found in the Slope Water and in the 
Sargasso Sea, but not in the western N. 
Atlantic. This distributional pattern 
does not confirm to any usual biogeo- 
graphic distribution. It seems more 
likely that Type III is a Slope Water 
species, that may be mixed into the 
Gulf Stream and the Sargasso Sea, 
where it occurs as an expatriot. 

Preliminary assessments of the sizes 
of individuals of Type III indicated 
that, when found in the Slope Water, 
these individuals were characteristical- 
ly larger than either Types I or II. 
However, very small individuals of 
Type III were also found in the 
Sargasso Sea, so the size range (as well 
as the geographic distribution) of this 
genetic type were unclear. If Type III 

N=? N4 N=6 N=lO 

22 23 24 

Fig. 3. Relative abundances of N. minor Types I, II 
and II in samples collected along a transect across 
the Gulf Stream (Stations 22, 23 and 24) and from 
the Sargasso Sea (Station 25). The stations are set in 
a cross-section of current velocities (values are 
cm.sec-1); the northern edge of the Gulf Stream is at 
right and current flow is out of the paper. 
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individuals were typically large and 
typically found in. the Slope Water, this 
pattern would confirm the findings of 
Ashjian & Wishner (1993) that N. 
minor collected from the Slope Water 
exhibited the largest size frequency dis- 
tribution. Again, our explanation for 
this pattern was different from Ashjian 
& Wishner (1993), who hypothized that 
N. minor individuals grew larger in 
cooler, food-rich waters. In our view, 
the large size distribution of Slope 
Water individuals was most easily 
explained by the presence of a distinct 
species whose characteristic body size 
and geographic distribution were dis- 
tinct from the Gulf Stream (Type I) and 
Sargasso Sea (Type II) species (Bucklin 
et al., 1996b). 

Biogeographic distributions of the 
three types of N. minor: 
The three genetic types of N. minor dif- 
fered in geographic distributions. In a 
preliminary analysis of their relative 
abundances, the abundance of Type I 
and II individuals differed markedly in 
samples collected along the Gulf 
Stream. Type I individuals were abun- 
dant in the Florida Straits and Gulf 
Stream. Type II individuals were not 
found in the Florida Straits, and 
increased in relative abundance from 
the west to the east in the Gulf Stream, 
as indicated by comparison of the 
pooled samples from each transect 
(Fig. 3). Type III individuals appeared 
to be most abundant in the N. Atlantic 
Slope Water, but were also found in the 
eastern N. Atlantic. 

The copepods may be mixed into the 
waters adjacent to the Stream by the 
physical mixing action at the edges of 
the Stream, explaining their occurrence 
in both the waters immediately to the 
south of the Stream and also the Slope 
Water to the north. N. minor Type II are 
characteristic of the eastern N. Atlantic: 
these individuals may be swept into the 
Gulf Stream in the same mixing action 
that results in the presence of Type I 
individuals outside of the Stream. In 
addition to physical processes govern- 
ing water mass mixing along and 
across the axis of the Stream (see e.g., 
Wishner & Allison, 1986), it is likely 
that the geographic distributions and 
relative abundances of each type may 
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depend upon differences in the environ- 
mental conditions preferred by each 
type of N. minor. The types may be 
adapted to different food availabilities, 
temperature regimes, and seasonal pat- 
terns. 

Processes maintaining biogeographic 
distributions.. 
How are the distinctive geographic pat- 
terns of the three genetic types (and 
probably species) of N. minor main- 
tained in the face of considerable mix- 
ing across oceanographic domains? 
The answer must lie in the interaction 
between circulation patterns that main- 
tain the distinctiveness of water mass- 
es, the mixing processes that blur their 
distinctiveness, and the ability of the 
different species to survive, grow and 
reproduce in a given domain. 
Adaptation to different environmental 
conditions (and consequent differential 
natural selection) must be part of the 
answer. Western N. Atlantic species 
should be adapted to cool temperatures 
and high food availability, while 
Sargasso Sea species must be adapted 
to warm, oligotrophic waters. The 
physical boundaries between these 
domains may thus constitute fauna1 
boundaries for the three sibling species. 
How are these boundaries maintained? 
Copepods entrained in the Gulf Stream 
may be mixed into adjacent waters by 
the physical mixing action at the edges 
of the Gulf Stream (Dutkiewitz et al., 
1993; Olson et al., 1994), resulting in 
their occurrence in both the Sargasso 
Sea to the south and in the Slope Water 
to the north. Thus we may expect to 
find N. minor Type I, which was typical 
of Gulf Stream waters, in adjacent 
regions to the north and south. 
Conversely, N. minor Type II was char- 
acteristic of the Sargasso Sea, but these 
individuals may be mixed into the Gulf 
Stream across its southern border. 

It would be useful to know to what 
degree the geographic distributions and 
relative abundances of each type were 
dependent upon passive transport and 
mixing in ocean currents vs. differential 
growth, reproduction and mortality in 
the different oceanographic domains. It 
may be possible to determine this by 
comparing the observed. distributions 
across a boundary, such as the Gulf 

Stream, with that predicted on the basis 
of physical processes alone. 
Calculations of physical mixing and 
transport have been done by Olson et 
al. (1994) during a synoptic study of 
Gulf Stream meanders. These measure- 
ments can be used to estimate expected 
rates of exchange of copepods across 
the boundary. If the mixing of N. minor 
Type I (characteristic of the Gulf 
Stream) and Type II (characteristic of 
the Sargasso Sea) across the boundary 
is less than expected we can hypothe- 
size that natural selection (acting 
through differential reproduction and/or 
mortality) may reduce the abundances 
of the expatriot type, which may not be 
adapted to levels of food availabilities, 
temperature regimes, and seasonal pat- 
terns of environmental variation. 

In an ongoing study motivated by a 
comparison between observed distribu- 
tions and those predicted on the basis 
of ocean physics, we are now determin- 
ing the relative abundances of the three 
N. minor types in samples collected 
along a transect across the Gulf Stream. 

Preliminary assessment of the abun- 
dances of the three types of N. minor, 
indicated that they varied in abundance 
in collections made across the Stream: 
Type I individuals were found in all 
samples collected along the transect; 
Type II individuals occurred at the 
northern edge and middle of the Gulf 
Stream; and Type III individuals 
occurred rarely in the Gulf Stream and 
in the Sargasso Sea (Fig. 3). This pre- 
liminary study will require confirma- 
tion with larger sample sizes. Patterns 
of size frequency distribution were con- 
sistent with the genetic analysis, 
assuming that Type I individuals were 
large, Type II individuals were small, 
and Type III individuals variable. 
Measurements of numerous individuals 
for the same samples (but not the same 
individuals) for which genetic analyses 
were done indicated that larger individ- 
uals predominated in samples consist- 
ing of Type I individuals; the size dis- 
tribution showed a mixture of larger 
and smaller individuals and tended 
toward bimodality in samples where 
Types I and II were intermixed; and 
small individuals predominated where 
Type II individuals were common, such 
as in the Sargasso Sea (Fig. 4). 



Further studies will determine the 
small-scale distributional patterns of 
the three genetic types based on larger 
sample sizes using species-specific 
molecular (oligonucleotide) probes for 
the mitochondrial 16s rRNA 
sequences. Before molecular analysis, 
the cephalothorax length of each indi- 
vidual will be determined, so the size 
frequency distribution of the three 
genetic types can be established. A sec- 
ondary goal of this study is to deter- 
mine to what extent the noted geo- 
graphic variation in size frequency dis- 
tribution of N. minor can be explained 
by patterns of distribution and abun- 
dance of the three genetic types, and 
whether the characteristic sizes of the 
three types differ in different oceano- 
graphic domains. 

60, OCE-22 (N=23.5, M=1.63) 

70 

0 

OCE-24 (N=251, M=1.40) 

120, OCE-25 (N=342, M=1.47) 

Fig. 4. Cephalothorax length (x-axis, In mm) fre- 
quency distributions for samples of N. minor collect- 
ed from a transect across the Gulf Stream (Station 
22-24) and in the Sargasso Sea (Station 25; as shown 
in Figure 3). The differences in size frequency distri- 
butions probably result both from environmental 
variation (including temperature and food availabili- 
ty) and mixtures of the three genetically distinct 
types. The bimodal distributions of several samples 
may result from an intermixture of the two genetic 
types. Horizontal axes show individual size (ranging 
from I .O to 2.0 mm); vertical axes show proportions 
of the samples (0 to 40%). 
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The small-scale distributions of the 
three types across the Gulf Stream, 
which we hypothesize represents a fau- 
nal and physical boundary to these 
species, will be statistically compared 
with the distributions predicted by 
physical estimates of mixing (see Olson 
et al., 1994). The goal is to understand 
to what extent the distributional pat- 
terns result from passive transport (and 
are thus perfectly predicted by physical 
exchange across the boundary) or from 
population dynamic processes - such as 
differential selection or growth and/or 
mortality in the different domains (see 
Olson & Hood, 1994). 

Time-since-divergence of the N. minor 
types: 
One of the persistent questions about 
pelagic ecosystems is the large number 
of species (including numerous sibling 
species; Knowlton, 1993) in the zoo- 
plankton assemblage. Despite the high 
dispersal potential of zooplankton and 
ocean mixing, the marine zooplankton 
fauna comprises numerous, genetically 
distinct species, and many ecosystems 
are highly diverse. 

What forces drive speciation in 
pelagic systems ? Despite a few 
hypotheses, based on isolation-by-dis- 
tance (Palumbi, 1992) and/or persistent 
ecological or geographic boundaries 
(Pierrot-Bults & Van der Spoel, 1979), 
many questions remain about specia- 
tion mechanisms in planktonic species. 

One advantage of molecular analysis 
is that the time-since-divergence of the 
species may be very approximately 
estimated (see Cunningham et al., 
1992). Speciation mechanisms may 
then be hypothesized for the environ- 
mental, oceanographic, and geological 
conditions as they existed at the time of 
speciation, not as they currently exist 
(Berggren & Hollister, 1974). Using 
molecular evidence, we can very 
roughly approximate the time since 
divergence of the Nannocalanus 
species. The sequence differences of 
the sequenced portion of the 16s rRNA 
gene indicated that the time since 
divergence may be approximately lo- 
20 My ago (Cunningham et al., 1992). 
We may then ask how the circulation 
patterns of the N. Atlantic at the time oj 
divergence resulted in speciation. 
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Berggren & Hollister (1974) provide a 
view of circulation patterns during the 
late Miocene (10 My ago) and previ- 
ously, which may allow the formation 
of hypotheses about speciation process- 
es of zooplankton. It is possible that 
successive exchanges of populations 
between the Atlantic and Pacific Ocean 
basins, and their subsequent isolation 
(as e.g., by the closure of the Panama 
Isthmus) and speciation, resulted in the 
proliferation of marine species that 
occurred 10 to 20 My ago. 

The phenomena driving species’ 
divergence may have been associated 
with the origin of present-day water 
masses: gradual divergence in biotic 
and hydrographic characters may have 
allowed divergence in the ecological 
characters of the incipient species. 
Different nutritional/temperature 
regimes may have driven different 
developmental trajectories and thus 
generated differences in the timing of 
reproduction. This, in concert with spa- 
tial separation, may have lead to repro- 
ductive isolation and genetic diver- 
gence of the populations - in a typical 
example of the allopatric model of spe- 
ciation. This hypothesis still leaves 
concerns about the mechanisms enforc- 
ing reproductive isolation despite 
extensive mixing. Speciation may also 
occur by a modified allopatric model, 
where reproductive isolation results 
when geographic separation is far 
greater than dispersal capabilities. This 
conceptual model of speciation, isola- 
tion by distance, has been discussed by 
Palumbi (1992) as a possible driving 
force in the speciation of marine zoo- 
plankton. 

Cryptic species in marine zooplankton: 
Molecular population genetic analysis 
also provides a means of recognizing 
and identifying cryptic species. 
Through concerted efforts to build 
regional molecular databases, it is pos- 
sible to recognize the existence of 
genetically distinctive groups within 
species, and to evaluate their degree of 
taxonomic divergence by comparison 
with genetic divergence between relat- 
ed taxonomic groups. 

Understanding marine speciation 
processes - and the causative factors for 
the sibling species assemblages noted 

in the marine fauna (Knowlton, 1993) - 
remains a challenge for marine bio- 
geographers. Are cryptic species com- 
mon in the planktonic realm? Are there 
any oceanographic regions and/or 
marine taxa that are particularly rich in 
cryptic species? Why have some 
species, notably many crustaceans 
species (see Palumbi & Benzie, 1991), 
diverged in genetic character without 
becoming morphologically differen- 
tiated? These questions will require fur- 
ther analysis of the paleontological 
record. Another possible approach is 
the use of laboratory and modelling 
experiments to examine the dynamics 
and rates of genetic divergence of 
planktonic populations. 

CONCLUSIONS 

Molecular analysis of marine zooplank- 
ton is likely to continue to reveal taxo- 
nomically- significant genetic partition- 
ing of species, including cryptic 
species. This may be especially true for 
calanoid copepods, which as a group 
comprise numerous sibling species 
assemblages that are discriminated by 
subtle morphological characters. This 
supposition was confirmed by molecu- 
lar analysis of a regional assemblage of 
calanoid copepods on Georges Bank 
(Bucklin et al., 1996a) and by molecu- 
lar population genetic analysis of N. 
minor, in the N. Atlantic Ocean, which 
provided evidence of two genetically 
distinct types within the species 
(Bucklin et al., 1996b). This study has 
built upon this work, and has now dis- 
criminated a third genetic type of N. 
minor, that differed in molecular char- 
acter, biogeographic distribution, and 
size frequency distribution. Further 
studies will seek to determine whether 
these genetic types are indeed sibling 
species. 

The molecular population genetics 
of zooplankton may also help to disen- 
tangle the biological-physical coupling 
in the ocean, especially the bio-physi- 
cal drivers of zooplankton dispersal. 
Molecular studies may help to under- 
stand the ways in which the physical 
properties of the ocean control the dis- 
tribution and abundance of zooplankton 
populations in time and space. 
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Molecular population genetic analysis 
of N. minor Type I in the Gulf Stream 
has demonstrated that transport in the 
Gulf Stream (i.e. dispersal) was effec- 
tive in homogenizing the population in 
terms of the abundancies of the differ- 
ent types (i.e., the mtDNA genotypes), 
which was higher in the source waters 
of the Florida Straits than farther down- 
stream (Bucklin et al., 1996b). This 
surprising result requires further analy- 
sis of the evolutionary forces acting on 
planktonic populations as they are 
transported in ocean currents. Future 
studies are needed to explore the bio- 
logical processes (including differential 
growth, reproduction and mortality) 
that determine the genetic makeup of 
planktonic species populations and 
their biogeographic distributions. 
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ABSTRACT 

The study of populations of the same species 
living both in the Mediterranean and in the 
Atlantic reveals differences. Two categories of 
species are geographically isolated viz.: the 
“oriental” species such as the chaetognath 
Sagitta serratodentata or the mollusc Cavolinia 
gibbosa, and “boreal” and some western 
species such as the decapod crustaceans 
Sergestes arcticus and Acanthephyra pelagica. 
All these examples exhibit consistent morpho- 
logical differences between Atlantic and 
Mediterranean populations. Other examples are 
less clear such as the mysid Eucopia unguicula- 
ta and the decapods Gennades elegans and 
Sergestes corniculum. 

The question is whether there is still inter- 
breeding between these populations and what is 
the taxonomic status of these populations. Are 
they local populations, subspecies, since there 
is at least partly geographic isolation or do we 
deal with cryptic species in the Mediterranean? 

To bring a better understanding of the pre- 
sent day situation the shells of thecosomous 
molluscs from Mediterranean sediments were 
studied to find patterns of invasion and specia- 
tion. 

The patterns are inferred to have been 
evolved since the last glaciation and since the 
rate of speciation is dependent on habitat and 
species the taxonomic status of the Mediterra- 
nean populations is not clear yet. Endemism is 
considered to be rare in pelagic Mediterranean 
species. To solve the problem molecular tech- 
niques are needed to further investigate and 
detect cryptic species. 

INTRODUCTION 

The study of the Mediterranean popula- 
tions of many pelagic species living in 
both the Atlantic and the Mediterranean 

reveals that they exhibit differences 
with the Atlantic populations. This rais- 
es the problem of their real taxonomic 
status - are they local populations or, at 
least for some of them, cryptic species? 

Two categories of species are geo- 
graphically isolated from their Atlantic 
congeners and that naturally leads to 
differentiation. 

1) “Oriental” species, such as the 
chaetognath Sagitta serratodentata 
Krohn, 1853, which is larger in the 
Mediterranean than off Morocco 
(Furnestin, 1957) or the thecosome 
mollusc Cuvolinia gibbosa (d’orbigny, 
1836), whose Levantine specimens are 
very different from the Atlantic ones 
(Fig. l), which sometimes are carried 
into the Alboran Sea by the superficial 
oceanic current (Rampal, 1975). 

2) “Bore al” and some western 
species, such as two crustaceans, the 
decapod Sergestes arcticus Kroyer, 
1855 and Acanthephyra pelagica 
(Risso, 1816) (Fig. 2a), which exhibit 
reasonably obvious morphological dif- 
ferences (Casanova, 1977). 

There is a third category of species 
which are as abundant to the east of the 
Strait of Gibraltar as to the west, yet 
nevertheless are slightly different in 
these two areas. This case is well illus- 
trated by the mysid Eucopia unguicula- 
ta (Willemoes-Suhm, 1875) and the 
decapods Gennadas elegans Smith, 
1882 and Sergestes corniculum Kr#yer, 
1855 (Casanova, 1977) (Fig. 2b). This 
raises the question as to what extent 
there is interbreeding between them, 
and whether any gene-flow is predomi- 
nantly one way. 
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Fig. 1. Habitus of the Mediterranean and Atlantic 
specimens of Cavolinia gibbosa (Thecosomata, 
Mollusca). 

THECOSOME SHELLS IN MEDITER- 
RANEAN SEDIMENTS 

The study of the thecosome shells 
found in the sediments throw a light on 
the successive colonizations of the 
Mediterranean since the last glacial 
times and help to understand the pre- 
sent day situation. 

During the different glacial periods, 
a single species is found throughout 
most of the Mediterranean, Lima&a 
retroversa (Fleming, 1823), a “cold” 
species having at present a “boreal” 
distribution in the Atlantic where its 
lowest latitude of occurrence is around 
50” N. Between these glacial periods, 
when the temperature increases, L. 
retroversa disappears, whereas 
Cavolinia irzflexa (Lesueur, 18 13) is 
observed in the western Basin (Blanc- 
Vernet et al., 1969), and CZiopyramidu- 
ta Linnaeus, 1767 and Diacria 
trispinosa (de Blainville, 1821) in the 

Fig. 2. Distribution of two species of Decopoda, Crustacea in the Atlanto-mediterranean province. A. 
Acanrhophyru pelagica. B. Sergestes corniculum. Note that although the Mediterranean and Atlantic popula- 
tions live on both sides of Gibraltar, they do not probably interbreed since the latter are larger and the petasma 
of the males is slightly different (form curvatus). 
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Fig. 3. Distribution of Diacriu trispinosa and Cuvolinia inflexu (Thecosomata, Mollusca) in the 
Mediterranean and in the whole ocean (inset). Note that Diacriu trispinosu shells found in the sediments just 
after the last glacial time is now an indicator of the superficial Atlantic current, restricted to the south of the 
western Basin. 

Tyrrhenian (Biekart, 1989) and eastern 
(Pastouret, 1970; Muller et al., 1975) 
Basins. The “warm” species such as 
Styliola subula (Quoy & Gaimard, 
1827) entered the Mediterranean later 
on. The fate of the three “temperate” 
species is interesting. Diacria trispi- 
~losa after having been well represented 
in just post-glacial shell assemblages 
throughout the Mediterranean is now 
very rare and only found occasionally 
in the inflow of Atlantic waters in the 
western Mediterranean (Fig. 3). The 
other two: : Cavolinia in.exa ,and Clio 
pyramidata have developed. separate 
populations in this Sea; they are repre- 
sented by special races in the Algerian 
waters and the Alboran Sea respective- 
1Y. 

INVADING SCENARIOS 

Just after each glacial period, the “tem- 
perate” Atlantic species invaded the 

Mediterranean and were eliminated 
again at the onset of each new glacial 
period. After the last glaciation, about 
12000 years ago, the scenario was the 
same. But since then as the waters of 
the Mediterranean have become 
warmer and warmer and the salinity 
has increased, a species such as Diacria 
trispinosa which had successfully 
invaded the whole Mediterranean can- 
not adapt to the new milieu and once 
more disappeared. The specimens 
which are actually found in the 
Mediterranean occur in the Atlantic 
inflow, and die out not far from 
Gibraltar as the open ocean water loos- 
es its characteristics. On the contrary, 
the Mediterranean populations of 
species such as Cavolinia inflexa and 
Clio pyramidata have been able pro- 
gressively to adapt themselves to the 
new environment. Cuvolinia infrexa has 
undergone obvious ecological changes 
since in the Atlantic it has a warm dis- 
tribution, but a temperate one in the 
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Mediterranean where it is abundant in 
the northern part of the western Basin 

mens of Cavolinia uncinata (Rang, 

(Fig. 3) and breeds in winter (Rampal, 
1829), a species only recorded twice in 

1975). 
the Mediterranean (Algerian and 
Sicilian waters). There was also found 

The situation of “tropical’ species is a single specimen of Clio balantium 
comparable. Amongst thecosome shells 
dredged in the South Tyrrhenian Sea 

Rang, 1834, which is presently 

(Rampal, 1979) were numerous speci- 
unknown in this Sea (Fig. 4). Both 
these two species are more or less 

Fig. 4. Shell characteristics of different species of C&o (Thecosomata. Mollusca) found in 
of the south Thyrrhenian Sea. Arrowheads and arrows indicate the main features of shells, 
sks the similarities. 

sediments 
and aster- 
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restricted to the tropical Atlantic (Van 
der Spoel, 1967) and although C, unci- 
nata occasionally does enter into the 
Mediterranean, it is unable to maintain 
itself there. The presence of these two 
species indicates there was a recent 
warmer period, perhaps between 4000 
and 2000 years BP (Blanc-Vernet et al., 
1969). In Rampal’s collections, there 
were also some specimens of an 
unknown species of Clio (Fig. 4). Do 
these belong to highly modified popula- 
tions of an Atlantic species which has 
“recently” invaded the Mediterranean 
(Clio cuspidata (Bose, 1802) (Fig. 4), 
or are they representatives of a Tethyan 
relict which survived the Quaternary 
glacial cycles in the Levantine area, as 
it is thought for Cavolinia gibbosa gib- 
bosa, the Eastern Mediterranean twin 
of the Atlantic C. g. flava (Rampal, 
1975)? Two facts lend support to the 
possible survival of “warm” species 
during this period. Firstly C. g. gibbosa 
is also found in the Red Sea which has 
remained separated from the Mediterra- 
nean since before the Quaternary. The 
other is the discovery of many species 
including the “warm” C. g. gibbosa and 
Styliola subula in sediments from the 
last glacial period off Israel (Almogi- 
Labin & Reiss, 1977) indicating there 
was a warm refugium in this area. But 
in the case of Clio sp., a recent invasion 
seems the more probable, otherwise 
how are we to explain its survival 
throughout all the Quarternary events 
and its sudden extinction in the last few 
millenia? Indeed, speciation may occur 
very rapidly in animals in habitats 
where selective events are very 
extreme: e. g. 5 out of the 6 species of 
Haplochromis fish living in a very 
small lake separated not more than 4 or 
5000 years ago from the Victoria Lake 
in East Africa are endemic (Grkenwood 
(1981). 

CONCLUSIONS 

However, what may represent the max- 
imum potential rate for speciation to 
o&u-, it remains that speciation pro- 
cesses have different characteristics 
both between habitats and between 
groups. Speciation processes are obvi- 
ous in the Mediterranean and more or 

less evident according to the species. 
Even when the Mediterranean speci- 
mens are not strikingly morphological- 
ly different from their Atlantic con- 
geners, the differences in their ecology 
could lead to becoming a cryptic 
species. It is the case in Hyalocylis stri- 
ata (Rang, 1828) which is numerous in 
the warmest and saltiest parts of the 
Mediterranean, but rare to the west of 
the Corsica-Sardinia axis (Rampal, 
1975); thus, it would be surprising that 
if any Atlantic specimens were to be 
carried into this sea they would be able 
to survive in such different environ- 
mental conditions. 

In the literature, endemism is con- 
sidered to be rare in the pelagic fauna 
of the Mediterranean. One of the best 
known exceptions is the pseudotheco- 
some Cymbulia peroni de Blainville, 
18 18, the largest species of the genus. 
Another example may be the deep-liv- 
ing archaic chaetognath Archetero- 
krohnia palpifera Casanova, 1986 
described from near the bottom, but 
which has not yet been found in similar 
samples from the Atlantic. But this 
paucity of endemics is now question- 
able if as suggested above many popu- 
lations of Mediterranean pelagic 
species are cryptic taxa, genetically dis- 
tinct from but morphologically very 
similar to their Atlantic parent stock. 

The species living in the Mediterra- 
nean, either have invaded the Mediter- 
ranean since the last glaciation or have 
survived the Quaternary events, and 
now live in waters which are very dif- 
ferent from the Atlantic Ocean. So we 
think that most of them are now more 
or less geneticaljy isolated from their 
Atlantic counterparts (ecological 
species). At this stage of knowledge, 
application of genetic tools (RNA and 
DNA sequences) would be useful for 
elucidating the degree of endemism in 
the Mediterranean pelagic fauna. 
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ABSTRACT 

A mathematical model is developed to investi- 
gate the effects of diffusion and spatially vary- 
ing selection on allele frequencies at a single, 
diallelic locus, neglecting the effects of muta- 
tion and genetic drift. The model follows a pop- 
ulation of diploid, randomly mating organisms 
in a one-dimensional, bounded domain. The 
model consists of six equations - a continuous 
reaction-diffusion equation and a discrete 
reproduction equation for each of three geno- 
types. The reproduction equations are applied 
at the end of each generation; the continuous 
equations are applied between reproductive 
events. Eigenmode solutions are found for the 
three continuous equations, and the first (or first 
few) modes from each solution are substituted 
into the reproduction equations to generate a 
discrete map. The map describes the number of 
individuals of each genotype at the start of a 
generation as functions of the population size 
and genotype distribution at the end of the pre- 
vious generation. The behaviour of the map is 
evaluated for various forms of the selection 
function. With spatially homogeneous selec- 
tion, genetic diversity can only be maintained if 
the heterozygote has a selective advantage. 
Results with spatially varying selection depend 
on the relative length of the generation time, 
the shape of the selection functions, and the 
spatial symmetry of the system of equations. 
Unlike many earlier models of cline formation, 
this model follows the diffusion of individuals, 
rather than alleles, so the population is allowed 
to stray from Hardy-Weinberg equilibrium. 

Population geneticists have long been 
interested in the formation and persis- 
tence of spatial gradients in gene fre- 
quencies. These spatial gradients, or 
clines, maintain genetic diversity in 
populations. 

Clines develop at polymorphic 
genetic loci. To understand cline forma- 
tion, one must first be familiar with the 
processes driving genetic change: 
mutation, which introduces new genes; 
genetic drift, which results in stochastic 
gene frequency changes; and selection, 
which allows favourable genes to 
increase in frequency over successive 
generations. In general, mutations 
occur rarely and can be ignored in 
studying gene frequency changes. Also, 
drift is very slow in large populations. 
In such populations, then, selection is 
the most important factor in the tempo- 
ral evolution of gene frequencies. 

In a large, stationary population, 
spatially varying selection pressures 
eventually result in cline formation. 
Mixing processes (e.g. migration), 
however, tend to homogenize gene fre- 
quencies, slowing cline development. 
For clines to form and persist, the rate 
of mixing must be low relative to the 
strength of selection. 

Three considerations make the ques- 
tion of cline formation and persistence 
especially relevant to planktonic popu- 
lations. First, these populations tend to 
be large, so genetic drift is negligible. 
Many planktonic species also occur 
over broad geographic areas, so selec- 
tion pressures likely vary spatially. 
Finally, mixing processes, including 
both migration and diffusion, are 
enhanced in the marine environment. 

Several authors have modeled the 
formation and maintenance of gene fre- 
quency clines. Slatkin (1973), for 
example, modeled a large, continuously 
distributed, randomly mating popula- 
tion subject to natural selection, calcu- 
lating a length scale over which gene 



frequencies are likely to vary. 
Similarly, Nagylaki (1975) found that a 
cline cannot develop in a one dimen- 
sional domain unless the ratio of the 
selection coefficients on either side of 
the domain is sufficiently large relative 
to the rate of migration. 

The model developed here follows a 
population of diploid, randomly mating 
organisms in a one dimensional, bound- 
ed domain. The model investigates the 
effects of diffusion and spatially vary- 
ing selection on allele frequencies at a 
single, diallelic locus, neglecting the 
effects of mutation and genetic drift. 
The total population size is calculated 
from the Ricker equation for population 
growth (Murray, 1993), so limit cycles 
and chaotic population dynamics are 
possible. Though it is currently quite 
general, the model could be adapted to 
apply to a population of planktonic 
organisms, distributed over a wide geo- 
graphic area and subject to diffusion 
and selection. 

MODEL FORMULATION 

The model consists of six equations - 
a continuous diffusion and selection 
equation and a discrete reproduction 
equation for each of three genotypes. 
The reproduction equations are applied 
at the end of each generation; the con- 
tinuous equations are applied between 
reproductive events. The continuous 
equations have the following form 
(derived from Nagylaki, 1975): 

6pi txyt) 
tit 

= - pi(X (X,t)+ K 
s*pi (X-t) 

6x2 - 
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in which pi(x,t) is the number of indi- 
viduals of genotype i (i = 1, 2 or 3), and 
pi(x) (hereafter referred to as the selec- 
tion function) describes the death rate 
of genotype i. The diffusion rate, K, is 
spatially homogeneous and indepen- 
dent of genotype. The selection func- 
tions vary spatially and depend on 
genotype but do not include density 
dependence. 

The discrete reproduction equations 
(table 1) applied at the end of each gen- 
eration combine standard Hardy- 
Weinberg genotype ratios (the formula- 
tion in this instance is from Webb, 
1981) with the Ricker equation 
(Murray, 1993) for population growth: 
In these equations, pi’(X,O) refers to the 
number of individuals of genotype i at 
the start of the next generation, and 
pi(x,T) is the number of individuals of 
genotype i at the end of the current 
generation. T is the length of a genera- 
tion. In these equations, pI and p3 
denote homozygous individuals, (geno- 
types A,Ar and A,A, respectively), 
and p2 denotes heterozygous individu- 
als (genotype A,A,). f,, f2 and fs 
describe the relative fecundity of each 
genotype; N(x,T) is the total population 
at the end of a generation; and o! and l3 
regulate the growth rate of N. The argu- 
ments of the functions in the second 
two equations are left out to aid in 
reading the equations; the arguments 
are as in the first equation. (For more 
detail on the model formulation, see 
Cohen, in press.) 

SOLUTIONMETHOD 

Solutions are found for the continuous 
equations, consisting of an infinite 

Table 1. Discrete reproduction equations, from Webb, 198 1. 
I 

[f,pl (x.-Q + (f2/2)p2W>12 
(1) P‘I (x,0) = 

Ntx,T) 
pexp[-; N(x,T)] 

[ 2flf3P 1 P3 + fl f2P 1 P2 + f2f3P2P3 + (f22/2)P221 
(2) P‘2 = PexpL 0: Nl 

N P 

Lf3P3 + (f20P212 
(3) P&3 = bp[- a N] 

N s 
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series of orthogonal functions, known 
as eigenmodes. It can be shown that the 
higher order modes in these solutions 
decay more rapidly than the lower 
order modes. Thus, for a sufficiently 
long generation time, the higher order 
modes are negligible at the end of each 
generation. This fact allows the model 
equations to be simplified greatly. The 
solutions to the continuous equations 
can be truncated to the first several 
modes, (a maximum of 10 modes was 
used for the results described here), and 
these modes can be substituted into the 
reproduction equations to generate a 
discrete map. This map describes the 
number of individuals of each genotype 
at the start of a generation in terms of 
the population size and genotype distri- 
bution at the end of the previous gener- 
ation, 

In the following section, the 
behaviour of the discrete map is evalu- 
ated for both spatially homogeneous 
and spatially inhomogeneous selection 
functions. For model runs with spatial- 
ly homogeneous selection, the eigen- 
mode solutions were found analytically. 
For spatially varying selection, the 
solutions were determined numerically. 
All map iterations were performed 
numerically (Cohen, in press). 

RESULTS 

With homogeneous selection, the 
results from this model are quite 
straightforward. The ratios among the 
genotypes become fixed everywhere in 
space, and no spatial structure is 
allowed, so no spatial cline in gene fre- 
quencies can develop. Genetic diversity 
can only persist if the fitness of the het- 
erozygote is greater than the fitness of 
either homozygote - i.e. if there is 
overdominance. This result has been 
discussed extensively before (e.g. Hart1 
and Clark, 1989). 

The results from two types of inho- 
mogeneous selection are described 
below. In the first case, the selection 
functions vary linearly across the 
domain. with the two homozygotes 
favored on opposite sides of the 
domain. The heterozygote is selectively 
neutral. The average cline in frequency 
of the Al gene that results from this 
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Fig. 1. Average frequency of the AI allele over the 
domain. Solid line = linear selection functions: 
dashed line = nolinear functions. 
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Fig. 2. Nonlinear selection functions, pi(X). Solid line 
= p,(x); dashed line = p*(x); dotted line = ~$x). 

form of selection is shown in Fig. 1. 
(The average was taken over 50 genera- 
tions.) The cline is fairly flat, corre- 
sponding to the linear change in the fit- 
ness of Al across the domain. 

The steeper, nonlinear selection 
functions shown in Fig. 2 result in a 
differently shaped, steeper gene fre- 
quency cline (Fig. 1). This change 
seems reasonable, because in this case 
the homozygotes have near zero fitness 
on opposite sides of the domain. 

CONCLUSIONS AND FUTURE DIREC- 
TIONS 

For spatially inhomogeneous selection, 
two preliminary observations about the 
model’s behaviour are possible at this 
time. First, the shape of the cline in 
gene frequencies that results from spa- 
tially varying selection depends strong- 
ly on the shape of the selection func- 
tions. Second, the slope of the gene fre- 
quency cline depends on the time scale 
of population growth (determined by 
the parameters a and p) and on two 
non-dimensional parameters derived 
from the continuous diffusion and 
selection equation: the ratio of the dif- 
fusive time scale to the time scale of 
selection, and the ratio of the diffusive 
time scale to the generation time. 

Changing the time scale of popula- 
tion growth or the values of the two 
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Fig. 3. The effects of the reproductive time scale on the cline slope. Solid line = lowest value of p; X’S = high- 
est value of 0; (Increasing p decreases the time scale of population growth.) 

nondimensional parameters has the 
same effect for both cases of spatially 
inhomogeneous selection. Decreasing 
the time scale of population growth 
(i.e. increasing l3) decreases the slope of 
the cline, because rapid growth of the 
population masks the effects of selec- 
tion. An example of this effect is shown 
in Fig. 3. Similarly, decreasing the ratio 
of the diffusive time scale to the time 
scale of selection decreases the slope of 
the cline, because selection has less 
time to act before diffusion rehomoge- 
nizes the population. Finally, decreas- 
ing the ratio of the diffusive time scale 
to the generation time decreases the 
slope of the cline, again because diffu- 
sion has more time to act between 
reproductive events. 

The behavior of this model brings to 
light the importance of the generation 
time (T) in the formation of gene fre- 
quency clines. For a long generation 
time, only the first few modes of the 
solutions to the continuous equations 
remain relevant at the end of each gen- 
eration - the higher order modes have 
decayed away. Thus, the shape of the 
resulting cline in gene frequencies is 
determined entirely by the shape of the 
first (or first few) eigenmodes. For a 
short generation time, on the other 
hand, the higher order modes cannot be 
ignored - they have not decayed suffi- 
ciently by the end of each generation. 
As a result, the cline in gene frequen- 
cies that forms has a more complex 
shape. 

Also of interest for natural popula- 
tions is the implication that rapid popu- 
lation growth (i.e. a relatively short 

time scale of population growth) can 
damp gene frequency clines. This find- 
ing suggests that to find steep clines in 
nature, one may have to sample the 
entire domain essentially instanta- 
neously 

Having explored the behaviour of 
this model (largely analytically) under 
very restrictive simplifying assump- 
tions, we can now expand the model to 
be of greater use in addressing oceano- 
graphic questions. Possible model 
improvements include adding advec- 
tion and density-dependent expressions 
to the continuous diffusion and selec- 
tion equation, allowing continuous 
reproduction, and adding a second spa- 
tial dimension. With these improve- 
ments, the equations could be included 
in a physical circulation model to 
explore the impact of ocean circulation 
patterns on genetic dynamics. For 
instance, the model could be used to 
determine the effects of estuarine circu- 
lation on selection for salinity tolerance 
along an estuary, or to investigate the 
importance of the California Current to 
the genetic dynamics of plankton in the 
eastern Pacific. Inclusion of a more 
detailed version of this model in a 
numerical model of the California 
Current system is underway. 
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ABSTRACT 

The megascale horizontal ranges of the 
Thecosomata in the South Atlantic are deter- 
mined by the global distribution of the water 
masses. In order to study the relationship 
between environmental structure, and horizon- 
tal distribution of Thecosomata, and the influ- 
ence of the scale of analysis a 1,000 samples 
were analysed, covering the entire South 
Atlantic, with special emphasis on boundary 
areas. The biogeographic scheme based upon 
these samples shows differences with the previ- 
ous ones. The data that, even when the water 
mass boundaries appear as main faunistic lim- 
its, they have different permeability. Faunistic 
mixture across a primary boundary can be due 
to either environmental causes exclusively or 
by a combination of environmental and biologi- 
cal causes. The latitudinal extension of the fau- 
nistic limits varied along the same environmen- 
tal boundary, and this variation depended on 
the horizontal and vertical structure of the 
boundary. Secondary boundaries were detected 
within the water masses. These can be defined 
biogeographically by changes in the abundance 
of species within a same general species assem- 
blage. For most Thecosomata (and probably for 
many pelagic zooplanktonic species). 
mesoscale analysis of any more or less extend- 
ed area shows that migration events are the 
main factor regulating local stocks. Mesoscale 
(vertical or horizontal) dynamic patterns, inter- 
acting with behavioural characteristics, can pre- 
vent massive emigration but only during short 
periods (one or two generations). So, the com- 
plete cycle of the population is closed in time 
and space only on the megascale and depends 
on the large oceanic gyres. 

INTRODUCTION 

The first complete scheme for the 
megascale distribution of the Theco- 

somata in the South Atlantic was pre- 
sented by Meisenheimer (1906). 
According to that scheme, three main 
areas are distinguished on the basis of 
the faunistic assemblages: the Circum- 
global Warm-water, the Antarctic, and 
the Transitional Region (Fig. 1). 
According to Meisenheimer, the 
Circumtropical Warm-water Region 
extends from the Equator to the 
Subantarctic Front and it is character- 
ized by Limacina inflata (d’orbigny, 
1836) and L. lesueuri (d’orbigny, 
1836). The Antarctic Region is circum- 
polar and is inhabited by Clio antarcti- 
ca Dall, 1908. Two restricted Transi- 
tional areas are described: one in the 
southern extreme of South America 
where Limacina retroversa (Fleming, 
1823) is endemic, and the other in 
South Africa with strong admixture of 
warm- and cold-water faunas. 

Chen (1966; 1968) found that two 
distinct assemblages constitute Meisen- 
heimer’s Antarctic Zone: one associat- 
ed with subantarctic waters (Limacina 
retroversa, Clio antarctica) and the 
other associated with antarctic water 
(L. helicina (Phipps, 1774), and Clio 
sulcata (Pfeffer, 1877)). 

Van der Spoel (1967) and 
Boltovskoy (1975) recognised five 
major zones (defined as plankton 
Provinces; Van der Spoel, 1976): 
Equatorial (=Circumglobal Warm- 
Water), Transitional, West Wind Drift 
(=Subantarctic), Antarctic Transitional 
and East Wind Drift areas (Fig. 1). 

Van der Spoel (1976) redefined this 
scheme including seven chorological 
centers: an equatorial (TAC), two sub- 
tropical/ temperate (SAT, BEN), two 



IOC FVorkshop Report No. 142 
Page 98 

Meisenheimer ( 1905) 
- 

/ j ,*w \ 
Spoel (1967) 

.* Dadon and Boltovskoy (1982) 

Fig. 1. Previous biogeographic schemes for the the- 
cosomes in the South Atlantic Ocean A = Antarctic: 
B= Benguela Current; CW = Circumglobal Warm- 
water; EWD= East Wind Drift; NW = Neritic 
Warm-water; NSA = Neritic Subantarctic; NST = 
Neritic Subtropical; NT = Neritic Tropical; NTZ = 
Neritic Transition; SA = Subantarctic; ST = 
Subtropical; T = Tropical; Z = Transition Zone. 
Names of some regions are changed to help the com- 
parison. 

transitional (ARG, AGU), a subantarc- 
tic (SAN) and an antarctic (ANT) cen- 
tre. 

Be & Gilmer (1977) based their bio- 
geographical model in Meisenheimer’s 
biogeographic regions and described 
some subdivisions or Provinces within 
the regions. The Cold-water Region is 
subdivided according to Chen’s 
scheme, while the Circumglobal Warm- 
water Region is subdivided in three 
provinces: Tropical, Subtropical and 
Cosmopolitan; the last one is actually 
an artificial and non-excluding category 
for the ubiquitous species and not a 
zoogeographic subdivision of a physi- 
cal area. 

Van der Spoel &  Boltovskoy (198 1) 
presented a complex zonation, with 
seven subdivisions: Oceanic Warm- 
water, Neritic Warm-water, Brazil- 
Malvinas Convergence Transitional, 
Oceanic Subantarctic, Neritic 
Subantarctic, Cape Horn Transitional 
and Antarctic regions (Fig. 1). 

Dadon & Boltovskoy (1982) anal- 
ysed the horizontal distributions of 
some zooplankton groups (Gymno- 
somata, Euphausiacea and Chaeto- 
gnatha), together with Thecosomata, 
and found a latitudinal banding (except 
for the Malvinas Current). The bands 
are the Tropical, Subtropical, 
Transitional, Subantarctic and Antarctic 
regions, each one (except the Antarctic 
one) is subdivided in neritic and ocean- 
ic environments (Fig. 1). 

It will be pointed out here that the 
biogeographic models based on 
Thecosomata not necessarily coincide 
with schemes based on other planktonic 
organisms; for a comparison see 
Boltovskoy (1988). 

From Van der Spoel (1967) on, the 
above mentioned biogeographic 
schemes were based on a more or less 
common set of historical data, as can 
be seen by comparison of the biblio- 
graphic lists. They all distinguish 
warm-water from cold-water assem- 
blages and include transition areas. The 
subdivision of the Cold-water zone in 
two regions (Antarctic and Sub-antarc- 
tic), even when absent in the first mod- 
els, is now universally accepted. The 
zonation of the warm-water region is 
absent in some of the schemes and the 
limits of the areas vary widely. Some of 



the biogeographic regions match well 
with the environmental structure of the 
South Atlantic, but others (particularly 
the transition zones) cannot be clearly 
matched. 

The differences among the proposed 
schemes are related with a) the subjec- 
tive interpretation of the historical data, 
and b) the environmental models used. 
As accepted by Be & Gilmer (1977), 
several differences lie in the interpola- 
tion between stations, the drawing of 
distribution limits, the objectives and 
the methodology used. With reference 
to the environmental models, the 
knowledge of the circulation patterns of 
the South Atlantic has been improving 
progressively and so did the knowledge 
about the relationship between the dis- 
tribution of the Thecosomata and the 
environmental structure. This relation- 
ship was corroborated for the 
mesoscale ail around the World Ocean, 
including several sectors of the South 
Atlantic (e.g., the Antarctic Circum- 
polar Current: Chen, 1966; 1968; 
Brazil-Malvinas Convergence: Dadon 
& Magaldi, 1995). 

In order to test the proposed biogeo- 
graphic schemes, and analyse the coin- 
cidence between the models and the 
actual distribution of the Thecosomata, 
a set of independent, not formerly used, 
sampling data was chosen. Preliminary 
results were presented in Dadon 
(1984a; 1986; 1989). 

MATERIALS AND METHODS 

Samples were chosen from selected 
crucial areas of the South Atlantic 
(Table 1) In total a 1,000 samples 
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belonging to eight collections were 
studied; 95% of these samples were 
quantitative. In most cases, the whole 
sample was analyzed. Large volume 
samples were divided with a Folsom 
splitter until the aliquot contained about 
180-300 individuals. The specimens 
were separated manually and preserved 
in neutralized formaldehyde 5%. 

Since the superposition of data from 
different years and/or seasons can 
cause misunderstanding of the distribu- 
tion of the faunistic assemblages, each 
data set was analyzed separately and a 
mean position of the limits was deter- 
mined when different data sets were 
available. 

TRANSITION ZONES 

Transition zones are defined by physi- 
cal oceanographers as areas with mixed 
water mass properties associated with 
boundary current extensions, and as the 
boundary between the subtropical gyres 
and the high latitude circulation sys- 
tems (Olson, 1986). 

Biologically they can be delimited 
by the range of the “transition zone” 
species and by the add mixture of 
organisms from both the biogeographic 
regions bounding the zone (Olson, 
1986). 

As Be & Gilmer (1977) pointed out, 
transition zones do not harbour any 
endemic thecosomes and they must be 
defined exclusively by co-occurrence 
of subpolar and subtropical species. 
Even when Limncina retruversn had 
been previously described as an endem- 
ic species (Meisenheimer, 1905) to 
characterize the Transitional South 

Table 1. The analyzed collections and the covered area. 

Year Latitude Longitude no. of samples 

Almirante Saldanha 
Walter Herwig 
Islas Orcadas 07/75 
Walter Herwig I-VI 
Shinkai-Maru I-XII 
Islas Orcadas 19/79 
Dr. E.L.Holmberg 4/83 
Almirante Irizar 

1965 22-34”s 
1970 34-4 I “S 
197.5 50-56”s 
1978 35-55”s 
1978179 36-55”s 
1979 49-65”s 
1983 33-38”s 
1986 57-77”s 

40-52”W 18 
55- 17”W 215 
29-42”W 4 
52-68”W 258 
54-69”W 373 
27-6O”W 99 
5 I-57”W 20 
34-67”W I3 
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American zone, that species shows a 
clearly more extended and subpolar 
distribution. 

Seasonality is an important factor 
which has to be considered when 
analysing the transitional zones. The 
water mass boundaries move seasonal- 
ly in north-south directions. The north- 
ernmost limit of cold waters is reached 
during the cold season; during the 
warm season, this limit shifts far south- 
wards. As a consequence of this sea- 
sonal displacement of the fronts, some 
overlapping of the maximum species 
latitudinal ranges is expected, but since 
the species themselves have contact 
only in the frontal zone, the entire over- 
lapping belt should not be considered 
as transitional. 

The overlapping ranges and the 
admixture zones will be discussed sep- 
arately. 

THE TRANSITION REGIONS IN THE 
SOUTH ATLANTIC 

Three areas were proposed as 
Transition Regions in the South 
Atlantic: the two areas near the south- 
ern extremes of South America and 
South Africa (Meisenheimer, 1905; BC 
& Gilmer, 1977) and the continuous 
band between the Subtropical Gyre and 
the Circumpolar Current (Van der 
Spoel, 1967; Van der Spoel & 
Boltovskoy, 198 1; Dadon & Boltovs- 
koy, 1982) (Fig. 1). 

The southern extreme of South America 
For the southern extreme of South 
America (i. e. the Argentine Sea), mix- 
ture of faunas has been described. The 
warm-water species Limacina inflata 
was mentioned as occurring off Tierra 
de1 Fuego (54-58”s) (Munthe, 1888; 
Boltovskoy, 1970; Magaldi, 1981), an 
area only inhabited by L. helicina and 
L. retroversa. L. injata would be trans- 
ported there by the Cape Horn Current 
from the Pacific Ocean. Even when 
transitional assemblages were 
described for microzooplanktonic 
organisms (cf. Boltovskoy, 1970), that 
area is not actually a transition zone in 
a physical sense (cf. Emery & 
Meincke, 1986; Peterson & Stramma, 
199 1) and both an erroneous environ- 

mental model and an incorrect identifi- 
cation may be implied here. 

Hydrographically, the Argentine Sea 
is almost entirely included within the 
Subantarctic region, since it is under 
the influence of the Malvinas Current, 
which is a branch of the Circumpolar 
Current (Fig. 2). It continues along the 
Patagonian shelf to the Brazil - 
Malvinas Confluence at about 40’S 
(Peterson & Stramma, 1991). 

The zone of overlapping ranges in 
neritic waters goes from 33’12’s to 
38”25’S (Dadon, 1989; Dadon & Esnal, 
1995). A unique record of the warm- 
water species Limacina irzflata was 
reported south of that zone in shelf 
waters (41”55’S; Dadon, 1984) but it 
seems to be exceptional. On the other 
hand, the admixture band should be 
very narrow in the neritic zone, since 
there are no records yet of co-occur- 
rence of warm- and cold water species 
of Thecosomata. 

The warm-water species are carried 
to the surroundings of the Argentine 
Sea by the Brazil Current, that flows 
south from 24”s; it is closely confined 
to the continental shelf up to 33 - 38”s 
(Olson et al., 1988) (Fig. 2). The Brazil 
- Malvinas Confluence is a mixing zone 
that it is populated with eddies and 
meanders (Legeckis & Gordon, 1982; 
Olson et al., 1988). The Transition zone 
(as defined in a physical sense) actually 
is this Confluence area. Cold-core 
eddies are found up to 35’3O’S, and 
warm-core eddies reach 49’S (Legeckis 
& Gordon, 1982); this is the potential 
overlapping area. The observed admix- 
ture band within this zone varies from 
100 to 600 km width (Boltovskoy, 
1975; Dadon, 1989; Dadon & Magaldi, 
1995). A mesoscale analysis reveals 
that the mixture is not homogeneous 
but shows faunistic patchiness. The 
species assemblages are associated 
with the respective subantarctic and 
warm-water masses and they add-mix 
in the short scale in association with 
cold-core eddies (Dadon & Magaldi, 
1995) (Fig. 3). 

Since there is no detailed informa- 
tion about the distribution of Theco- 
somata near the southern extreme of 
Africa, that zone will not be discussed 
here, but the environmental structure of 
that area is as dynamic as the Brazil - 
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Malvinas Convergence (Peterson & 
Stramma, 1991) and the mixture of fau- 
nas may probably be caused by eddies 
formation as well. 

The band between the Subtropical Gyre 
and the Circumpolar Current 

actual continuous occurrence of this 
species extended only up to 33”12’S 
(Dadon & Esnal, 1995). The occasional 
records of this species in the Cape Frio 
area, if confirmed, would be related 
with local upwelling (Valentin, 1984) 
and not with horizontal circulation. 

The hypothesis that there is a broad Some biogeographic models extend- 
Transition Region between the ed the overlapping area within the 
Subtropical Gyre and the Circumpolar Brazil - Malvinas Convergence east- 
Current is caused by the extensive ward into the Atlantic to delimit the 
overlapping of geographical ranges of Transitional Region as a continuous 
warm- and cold-water species. For band (Van der Spoel &  Boltovskoy, 
example, the distribution of Limacina 1991; Dadon & Boltovskoy, 1982), but 
helicina has been reported to extend the environmental structure in the 
from Antarctica to as far north as 19”s Central Atlantic is quite different from 
(Hubendick, 1951), and 10’S (Van der that of the Convergence. In fact, the 
Spoel, 1967) and these records were Subtropical Front becomes an identifi- 
repeatedly cited (i. e., Pierrot-Bults, able temperature discontinuity east of 
1976; BC & Gilmer, 1977; Van der the Convergence zone. A  surface tem- 
Spoel &  Boltovskoy, 198 1; Van der perature gradient of at least 4°C is 
Spoel &  Heyman, 1983). However, the found usually near 37 - 38’S, except 

Subtropical 

Gyre 

- 

Subtropical Front 

L 

Antarctic SA 

Circwnpolar 

Current 

Fig. 2. The proposed biogeographic scheme for the Thecosomata in the superficiel South Atlantic; only the mean 
position of the boundaries is indicated. The Polar Front was considered the boundary between the SA and A regions 
since Chen (1968) on, but in the Drake passage that limit seems to coincide with the Continental Water Boundary 
(see text). Superficial circulation according to Peterson & Stramma (1991). A= Antarctic; CW= Oceanic 
Circumglobal Warm Water; INSA= Inner Neritic Subantarctic; NST= Neritic Subtropical; ONSA= Outer Neritic 
Subantarctic; SA= Oceanic Subantarctic; Z= Transition. 
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Fig. 3. Brazil-Malvinas Convergence indicating the association between the eddies and the mixture of warm- 
and cold-water assemblages (after Dadon & Magaldi, 1995). ce= cold-core eddies; SF= Subtropical Front; 
we= warm-core eddies. The numbers indicate the stations with cold-water species (black circles), warm- 
water species (white circles) and mixture of assemblages (black and white circles). 

near South Africa where it is south of 
this latitude (Peterson & Stramma, 
1991). Water flows eastward at both 
sides of the front. 

Present results showed that the 
northern limit for fauna mixture is 
37’20’s; the southern one could not be 
determined yet, but it lies south of 40’S 
(Dadon & Masello, unpublished data). 

The co-occurrence of different ( 
assemblages of Thecosomata was reg- 
istered north of the Subtropical Front. 
Warm-water species were always pre- 
sent and juveniles of the subantarctic 
species are always absent; adults of the 
subantarctic species were found discon- 
tinuous and periodic. Since north of the 
Front the cold-water is situated below 
the warm-water, the adults inhabiting 
the deeper layer migrate daily to the 
surface, and then mix with warm-water 
species (Fig. 4). 

MECHANISMS OF FAUNISTIC ADMIX- 
TURE 

Two different mechanisms of faunistic 
admixture can be postulated for 
Thecosomata (and other mesoplankton- 
ic groups), depending on the environ- 
mental structure. One is passive, it is a 
consequence of environmental mixture 
in very dynamic front areas. Since there 
is no transitional endemic thecosome, 
the faunistic admixture will be transito- 
ry and a succession will take place. 

The other mechanism is active, and 
it occurs when the environment shows 
a vertical stratification. This mecha- 
nism depends on the migratory 
behaviour of the organisms; non- 
migrating species, or non-migrating 
stages are as stratified as the water col- 
umn is. In this model, the width of the 
mixture zone will depend on the migra- 
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Fig. 4. Position of the Subantarctic species layer (within dashed lines) in the Subtropical Front area. The arrows 
indicate the direction of the general circulation. As time progresses, the organisms move from west to east and 
simultaneously, migrate vertically. In the Subantarctic Region (SA), they are in the upper stratum. North of the 
Subtropical front, they are below the thermocline during daytime and above it during night-time, when they mix 
with the warm-water species. Consequently the Transition Region (Z) is generated. Since the thermocline depth 
increases northwards, the migratory individuals of the assemnblage cannot reach the surface stratum and progres- 
sively sink together with the subantarctic water. So, in the Circumglobal Warm Water Region (CW) only warm- 
water species are found in surface water. 

tory capacity and the thermocline 
depth. In addition, if the environmental 
structure is stable, the admixture will 
be constant too. 

Migrating individuals can also enter 
into eddies. As a consequence, they 
mix with species of other assemblages 
and then replace them while the eddies 
age. Replacements of thecosome 
assemblages have been described in the 
literature (i. e. The Ring Group, 1981). 
The mixture of faunas is here again 
transitory, since it is a stage in the suc- 
cession change. 

PRIMARYANDSECONDARY BOUND- 
ARIES 

Large regions are never homogeneous- 
ly occupied by populations. Physical, 
dynamic and biological processes are 
responsible for megascale heterogene- 
ity. For the biogeography of the 
Thecosomata, it is convenient to distin- 

guish between primary and secondary 
limits. 

The primary (or among-regions) 
limits separate distinct species assem- 
blages and coincide with the oceanic 
fronts that separate water masses. The 
secondary (or within regions) limits 
separate different strictly included sub- 
groups of the same fauna that’occur 
within a water mass. Intra-region sub- 
divisions show different diversity of 
Thecosomata, because of differences in 
richness, dominance, or both. 

There are two primary limits in the 
South Atlantic. The Subtropical Front 
separates the Warm-water and th.e 
Subantarctic regions; it is well delimit- 
ed in the Central Atlantic but not so 
near the Brazil-Malvinas Convergence. 

Consequently, as discussed above, 
the Transition zone is different in both 
areas. 

The separation between the Sub- 
antarctic and the Antarctic was consid- 
ered to be the Antarctic Convergence or 
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Polar Front since Chen (1966; 1968) 
on. When analysing our distribution 
data of the cold-water species, some 
questions arise about the actual bound- 
ary between the subantarctic (Clio 
antarctica and Limacina retroversa) 
and the antarctic (Clio sulcata) assem- 
blages. (Another species, Limacina 
helicina, is common to both assem- 
blages, even though an intraspecific 
variation was described for the northern 
and the southern specimens; see Van 
der Spoel, 1967; Dadon, 1984b). The 
distribution maps of CZio sulcata and 
particularly of Limacina retroversa 
given by Chen (1968) are of special 
interest, CZio sulcata is found north of 
the Polar Front and Limacina retrover- 
sa crosses that boundary too. Similar 
patterns were observed by Dadon 
(1993). 

In the last decades, the knowledge of 
the Antarctic Circumpolar Current has 
advanced and a more complex zonation 
or banding is now accepted for that cur- 
rent (see Peterson & Stramma, 1991). 
Four zones were described for the 
Drake Passage: Subantarctic zone, 
Polar Frontal zone, Antarctic zone and 
Continental zone. According to this 
environmental model, the limit between 
the Subantarctic and the Antarctic bio- 
geographic regions would not be the 
Polar Front but a southward boundary, 
perhaps situated between the Antarctic 
zone and the Continental zone, this is 
the Water Continental Boundary which 
continues eastward as the Scotia Front 
(Fig. 2). 

INTRA-REGIONS DISTRIBUTION 

The subantarctic region 
The best studied area of the South 
Atlantic is the Argentine Sea and its 
surroundings. According to the richness 
and abundance of Thecosomata, this 
area can be divided in two Provinces: 
the oceanic and.the neritic; the last one 
can be subdivided in the outer neritic 
and the inner neritic (Fig. 2). 

The .Oceanic Province is the most 
extensive and it is inhabited by three 
subantarctic species: Limacina retro- 
versa, L. helicina and Clio antarctica. 
The Limacina species are abundant and 

swarms are found throughout the year. 
CZio antarctica is a rare species that 
occurred in only 3% of the analysed 
samples, in low densities (~50 ind. 
/l,OOO m3) (Dadon, 1989). It was never 
found in neritic waters in the area; 
probably this species inhabits deeper 
waters than Limacina species (Fig. 5). 

The Neritic Province is inhabited by 
Limacina retroversa and L. helicina. 
The abundance of these species is dif- 
ferent in the outer and in the inner ner- 
itic zone. L. retroversa was found in 
high numbers (> 1,000 ind./mj, peaking 
67,000 indJm3) in intermediate and 
outer shelf waters during autumn and 
winter (Dadon, 1990). The western 
limit for massive entrance to the shelf 
waters coincided with the 100 m iso- 
bath south of 41”s (Dadon, 1990); the 
species is present in low numbers west- 
ward of that isobath. L. helicina shows 
a similar pattern, even when its num- 
bers are generally lower and the species 
is confined mostly to the intermediate 
and outer shelf (Dadon, 1989). 

The Circumglobal Warm- Water region 
There is scarce information about this 
region. Most of the literature data can- 
not be compared to achieve general 
conclusions, since they are not quanti- 
tative and abundance estimations are 
subjective (abundant, frequent, etc.). 
The collections analysed here were not 
extensive but they show that the intra- 
region zonation may be caused by 
quantitative differences, more than by 
the presence or absence of some 
species. The abundance of Theco- 
somata increases and the number of 
species decreases from the slope to the 
coast (Dadon & Esnal, 1995). The 
dominance patterns changed from the 
continental margins to the Central 
Atlantic. Creseis acicula dominated 
coastal areas, where it frequently 
swarmed (Valentin, 1984). Limacina 
infrata was very abundant in the Brazil 
Current but it decreased in the Central 
Atlantic, where it was replaced by 
Limacina Zesueurl’ (Dadon & Masello, 
unpubl. data). Limacina bulimoides 
was very abundant in the Benguela 
Current (Dadon & Masello, unpubl. 
data). The intra-region variability is 
associated here with the environmental 
gradients between the boundary cur- 
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rents (more eutrophic) and the Central 
Atlantic water (more oligotrophic). 

INTEGRITY OF THE REGIONS: THE POP- 
ULATION CYCLE 

For most Thecosomata (and probably 
for many pelagic zooplankton species), 
the mesoscale analysis of any more or 
less extended areas of the South 
Atlantic Ocean showed that the migra- 
tion events (and not the in situ repro- 
duction and mortality) were the main 
population factors which regulated the 
local abundance of each species. As an 
example, the annual cycle of Limacina 
retroversa in the Argentine Sea during 
1978 - 1979 began with an accumula- 
tive phase in April - May, when the 
species peaked in abundance and occu- 
pied the entire geographic range in ner- 
itic waters (Dadon, 1984a; 1990). An 

adult retention area was found west of 
the Malvinas Islands which was caused 
by a coupling system between a surface 
current and a deep counter current (Fig. 
5). Vertical migration allowed the 
adults to prevent massive expatriation 
(Dadon, 1990). The stock numbers 
decreased during winter. In early 
spring, in situ reproduction increased 
again the numbers (Dadon & Lauria de 
Cidre, 1992) but the swarm disintegrat- 
ed and finally disappeared (Dadon, 
1990). The migration events were the 
main factor that dominated the popula- 
tion cycle in the Argentine Sea. A simi- 
lar conclusion was presented for 
Limacina retroversa in other papers 
(i.e., Redfield, 1939; Paranjape & 
Conover, 1973), and it probably can be 
extended to other oceanic mesozoo- 
plankton species. 

Mesoscale dynamic patterns, like the 
above mentioned retention area, inter- 

Fig. 5. The Argentine Sea. The trajectories of the Thecosomata are shown in the outer neritic zone and in the oceanic 
zone (continental slope), with the adult retention area in neritic waters (A). The 200 m isobath is not a barrier for 
Limacina species (B), which inhabit the upper layer, but it is for Cfio antarctica, which inhabits deeper water (C). 



IOC Workshop Report No. 142 
Page 106 

acting with behaviour characteristics, 
can prevent massive emigration but 
only during a short period (one or per- 
haps two generations). The complete 
cycle of the populations is closed in 
time and space only in the megascale. 
The retention areas are found more fre- 
quently in neritic waters, associated 
with certain dynamic and/or topograph- 
ic configurations, but, since most 
Thecosomata are predominantly ocean- 
ic, their generations replace each other 
while they move along the great ocean- 
ic gyres. For example, if one veliger of 
Limacina retroversa and all its off- 
spring are followed, the entire Subant- 
arctic Region (except the coastal zones) 
can be potentially populated by these 
individuals. Let us suppose that a point 
in the 60”s parallel is chosen and that a 
veliger is marked there. If a line of 
descendants is complete, and consider- 
ing the average surface drift rates given 
by Lutjetharms et al. (1988) and Peter- 
son & Stramma (1991) are correct, a 
direct descendant of that veliger will 
pass through the same point after 3 - 5 
years and 2 - 4 generations. 

CONCLUSIONS 

A new biogeographic scheme of the 
horizontal distribution of the 
Thecosomata in the South Atlantic is 
proposed. According to this scheme the 
regions are: Circumglobal Warm- 
Water, Transition, Subantarctic and 
Antarctic. The Transition Region is 
associated with the Subtropical Front 
and the mixture of Thecosomata assem- 
blages is caused by the mixture of 
water masses and i=ddies generation (in 
the Brazil-Malvinas Convergence) or 
by the combination of stable vertical 
stratification of the water column and 
vertical niigration of the organisms (in 
the Central Atlantic). 

The Circumglobal’ Warm-Water 
Region can be divided into two provin- 
ces: Oceanic and Neritic Subtropical. 
The Subantarctic Region can be divid- 
ed into Oceanic, Outer Neritic and 
Inner Neritic provinces. 
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13. First record of larvae of Arnughsus imperkdis 
(Rafinesque, 1810) (Bothidae, Pisces) Atlantic species 

from the Indian Ocean. 

C. B. Lalithambik Devi dz Rosamma Stephen 
National Institute of Oceanography, Regional Centre Cochin, 682 018 India. 

KEY WORDS: new record Arnoglossus imperialis, Indian Ocean, larval distribution. 

ABSTRACT 

Larvae ranging from 7.7 mm NL to 12.2 mm 
SL were found in zooplankton from the 
Agulhas Bank. The long leaf-like larval body, 
the presence of spiny discoid scutes distributed 
along the bases of median fin rays, cleithra, 
urohyal, posterior basipterygial processes, and 
in other parts of the body are characteristic fea- 
tures of the species. 

The larvae were found in the Agulhas Bank 
only during January 1963, February 1964 and 
March/ April 1965. All three stages, preflexion, 
flexion, and postflexion were found. The adults 
and larvae of this species are reported only 
from the Atlantic coast of Europe and Africa 
from northern Scotland to Angola and the west- 
ern parts of the Mediterranean. The mixture of 
Atlantic water and of Agulhas current water at 
the periphery of the bank may act as seeders of 
different populations to bank water. The pres- 
ence of this species in the samples from coastal 
waters in all three years almost at the same time 
and their absence at other stations suggest that 
the species is not a new recruit but an estab- 
lished species in the area. 

INTRODUCTION 

The Ocean around the southern end of 
Africa has many peculiar features since 
it is a meeting place of two great 
oceans,, the Atlantic and the Indian 
Ocean. The present study is part of a 
major effort towards the understanding 
of the oceans off South Africa. The 
samples were taken as a grid of fixed 
stations on the Agulhas Bank visited at 
regular intervals by R.S. Africana II 
and R.S. Natal 

MATERIAL AND METHODS 

Plankton samples collected during the 

cruises of R.S.Africana in the Agulhas 
Bank area during the International 
Indian Ocean Expedition using the 
Indian Ocean standard net were stud- 
ied. The area of study is limited by 
20”E and 22’E, by the land mass to the 
north and roughly by 37’50’s to the 
south (Chandrika & Panampunnayil, 
1972). The samples were collected 
monthly from January 1964 to June 
1965. During the cruises of Natal also 
zooplankton samples were collect-ed 
from this area from 1962 to 1963. The 
flat fish larvae were sorted out from the 
zooplankton samples and were identi- 
fied to the specific level. The drawings 
were made using Projectina Optik. The 
number of larvae were calculated for 
1000 m3 water. 

Larvae ranging from 7.7 mm NL to 
12.2 mm SL are present in the collec- 
tions taken from the Agulhas Bank. 
Preflexion, flexion, and postflexion 
stages were present in the collections 
(Tables 1 & 2). 

MORPHOLOGY 

The larval body is thin, transparent, lat- 
erally compressed, long and leaf-like 
with black and symmetrical eyes. The 
mouth is small and terminal, the lower 
jaw is prominent, projecting beyond the 
upper with five pairs of teeth on the 
upper and three pairs on the lower jaw 
in the early stages. The alimentary 
canal runs parallel to the vertebral col- 
umn up to the. level of the sixth 
myotome and then runs down obliquely 
and coils. The single elliptical coil has 
a straight rectal portion lying vertically 
down and the anus opens on the 10th 
myotome in 7.7 mm NL. In 12.2 mm 
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Table. 1. Morphometrics in mm of larvae of Arnoglossus imperia/is. 

STN BL RE NC SA HL SL EW EH DPB DAN DCP CPL SPF 

A-2877 7.7 SY STR 3.00 1.70 0.56 0.37 0.40 2.80 2.60 - - 1.20 
A-3497 8.5 SY MF 3.40 1.90 0.55 0.47 0.55 3.50 3.40 I so 
A-3546 10.3 SY PTF 3.80 2.50 0.66 0.55 0.58 4.70 4.70 0.87 0155 1.30 
A-2866 12.2 SY PTF 4.20 2.90 0.84 0.52 0.55 5.80 5.90 1.42 0.58 1.50 

ST = Station, BL = Body length, RE = Right eye, NC = Notochord, SA = Snout to anus, HL = Head 
length, SL = Snout length, EW = Eye width, EH = Eye height, DPB = Body depth at pectoral fin base, 
DAN = Body depth at anus, DCP = Caudal peduncle depth, CPL = Caudal peduncle length; SPF = 
Snout to origin of pelvic fin; SYM = Symmetrical, STR = Straight, MF = Midflexion, PTF = 
Postflexion. 

Tabel.2. Meristics of larvae of Arrroglossus imperialis. 
I 

Station Size 
(mm) 

Stage N RE Fin ray 
DL AL 

Vertebrae 
CL LP PCL CL Total 

A-2877 7.7 NL PF STR SYM ca.87 ca.59 0 0 
A-3497 8.5 NL MF SYM ca.92 ca.67 11 0 
A-3546 10.3 SL PTF F7D SYM 98 76 17 2+4 IO 32 42 
A-2866 12.2 SL PTF FLD SYM 101 79 I7 2+4 IO 32 42 

N = Notochord, RE = Right eye, DL = Dorsal, AL = Anal, CL = Caudal, LP = Left pelvic, PCL = 
Precaudal, PF = Preflexion, STR = Straight, SYM = Symmetrical, MF = Midflexion, FL = Flexing, PTF 
= Post flexion FLD = Flexed 

SL larvae (Fig. lb) the rectal portion is 
seen pushed forwards and the anus 
opens at the level of the eighth verte- 
bral segment. A swim bladder is pre- 
sent and lies below the sixth and eighth 
myotome in early stages but pushes 
backward to lie between the eighth and 
ninth vertebral segments in 12.2 mm 
SL. The liver is well developed and its 
dorso-ventral axis is about twice the 
anterio-posterior axis. 

No spines are found on the urohyal 
cleithra or on the posterior basiptery- 
gial processes. But discoid scutes with 
a circlet of nine spines are seen in 
between the distal ends of the pterygio- 
phores and in different parts of the 
body. These spiny scutes are concen- 
trated more on the ventral aspect of the 
abdomen along the posterior basiptery- 
gial processes, pelvic fin radial, cleithra 
and sides of the abdomen, as well as a 
few on rays. These scutes with spines 
are different from the spines on the 
cleithra, urohyal or on the basipterygial 
processes of Engyprosopon and related 
groups and wherever present the mar- 
gins of the structure itself are drawn out 

into spines. 
In 8.5 mm NL larvae pigments are 

seen on the swim bladder as dark 
blotch with a central white dot. 
Brownish black spots are also found 
beneath the intestine and along the dor- 
sal body wall in patches, dorsal aspect 
of the vertebral column beneath the 
spinal cord and also on the median fins 
at the posterior caudal portion. In some 
larval forms the pigments are not clear- 
ly seen. 

The relative head length, depth at 
pectoral fin base, and depth across the 
anus increases from preflexion to post- 
flexion stages. (Table 1). The relative 
snout length on the other hand decreas- 
es. The snout to anus length, eye width 
and eye height, and length between 
snout and pelvic fin base increase from 
preflexion to flexion stages and there- 
after decreases to values less than pre- 
flexion stages. 

Fin and supporting structures 
The median fin folds are continuous 
and confluent with the caudal in 7.7 
mm NL larvae. An elongated dorsal ray 
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Fig. 1. A: Amoglossus imperialis, 8.5 mm flexion stage larva. B: A. imperialis, 12.2 mm post flexion stage larva. 

foilowed by six to seven short rays are 
seen in the anterior end of the dorsal fin 
fold. In the middle caudal portion of 
the dorsal and anal fin folds fin rays are 
ako well differentiated but not in the 
remaining anterior and posterior por- 
tions in 7.7 mm NL. In 8.5 mm NL the 
rays are developed in the remaining 
anterior portions (Fig. IA) and in 10.3 
mm SL all rays except the tiny first 
dorsal ray, the differentiation of which 
is indicated in 12.2 mm SL, the largest 
specimen in the collections (Fig. 1B). 
There are 101 dorsal and 79 anal rays. 
The forward extension of the first dor- 

sal pterygiophore which is to support 
the first tiny dorsal ray is differentiated 
in 7 mm NL larvae 

In 7.7 NL mm larvae the inferior 
hypural lower, middle, superior hypural 
middle, as well as epural plates are dif- 
ferentiated. Caudal rays are not trace- 
able. The notochord however, is seen in 
8.5 mm NL larvae in which two rays 
are seen articulated to inferior hypural 
lower, four to the middle and five rays 
to the superior hypural middle. Full 
complement of 17 rays are seen in 10.3 
mm SL larvae along flexion of the 
notochord. 



Among the paired fins the pectoral 
fin remains in the embryonic stage. In 
7.7 mm NL the pelvic fin radial rudi- 
ment is seen. The posterior basiptery- 
gial processes do not reach up to the 
level of the intestinal loop. The pelvic 
fin radial (anterior basipterygial pro- 
cesses) are differentiated in 8.5 mm NL 
(Fig lA), and in 10.3 mm SL two rays 
of the left pelvic fin are seen lying in 
advance of the right fin. The pelvic fin 
radial of the left side grows forwards 
and reaches a little in front of the tip of 
the cleithra in 12.2 mm SL (Fig 1B). 

Axial skeleton 
The notochord remains vacuolated and 
straight in 7.7 mm NL larvae. Nine 
neural processes, one arch and six 
haemal processes preceded by two 
arches are clearly differentiated in the 
precaudal region in 10.3 mm SL. The 
first neural arch is cartilaginous. In the 
caudal region 29 neural and haemal 
processes and two arches at the posteri- 
or end are seen in 10.3 mm SL. The 
segmentation of the notochord is also 
complete in 10.3 mm SL. There are 10 
precaudal and 32 caudal vertebrae 
including urostyle (Table 2). 

DISTRIBUTION 

The area of sampling was restricted to a 
narrow strip in the Agulhas Bank and 
also a few samples off the shelf region. 
The whole area of the cruise is north of 
the subtropical convergence and mostly 
nor.th of the warm waters of the 
Agulhas current that flows in a south- 
westerly direction. Water over the bank 
was fairly stable during the sampling 
period with an isothermal and isohaline 
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surface layer during winter that was 
heated up in summer to temperatures as 
high as 21.6”C. The surface tempera- 
ture in the winter was as low as 14.7”C. 
The water below the thermocline which 
was found at 30-50 m depth or at 50-70 
m, was Indian Ocean Central Water 
formed by sinking at the subtropical 
convergence or Atlantic Ocean Central 
Water upwelling over the shelf. 
Throughout the year surface layer 
salinity is above 35.2%0 while Indian 
Ocean Central water was found to have 
salinities lower than 35.0%0, and a 
slightly higher temperature of lo-12°C. 
Agulhas Current water has slightly 
higher salinity above 35.35%0 
(Chandrika & Panampunnayil, 1972). 
The pattern of surface currents over the 
bank is mixed, usually not very strong 
westerly or easterly drifts may occur 
with patterns changing in the different 
seasons and eddies are often formed. 
The upwelling of cold deep water over 
the bank is the main feature of the area. 
(De Decker, 1964). 

The larvae were available only in 
four ‘Africana’ samples and one sam- 
ple of ‘Natal’ but they are found in the 
collections of different years (Table 3). 
The maximum number of 29 lar- 
vae.lOOO m-3 was found in the near 
shore station (Fig. 2). The temperature 
of the stations from where the larvae 
were collected ranged between 12- 
20°C. The salinity was around 35%0 
and the oxygen value ranged between 
4.6 to 5.4 ml.l-1. 

REMARKS 

The larvae possess bothid characters. In 
the absence of spines on cleithra, uro- 

Table. 3. Records of A. imperialis larvae. 1000 m-3 in the Agulhas Bank region. 

Sta. No. Lat.(S) Long.(E) Date Time (hrs) larvae. IOOOm-3 

Na -17 34”59’00” 2 l”32’00” 27- I-63 0530 
A-2866 34”55’00” 2 1 oo5’oo” 8-2-64 094 I :t 
A-2877 35”50’00” 2o” 1 I ‘00” I O-2-64 1039 7 
A-3497 36” 10’00” 20” 10’00” 5-4-65 1410 13 
A-3546 35”00’00” 20”34’00” 4-3-65 1438 22 

Na = Natal, A= Africana 
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hyal, and posterior basipterygial pro- 
cesses, these larvae can be placed under 
the genus Arnoglossus or Bothus. The 
long leaf-like larval body, the posterior 
basipterygial processes not extending 
to the anus, are characters helpful in 
placing the present larval forms along 
with Arnoglossus spp. The presence of 
spiny discoid scutes distributed along 
the bases of the median fin rays, clei- 
thra, urohyal, posterior basipterygial 
processes, and also in other parts of the 
body, are characteristic features of the 
species. Kyle (19 13) has observed 
these spiny discs in A. imperialis from 
7.0 mm to 29.0 mm and not afterwards. 
He has stated that “with one exception 
all known genera of the family 
Rhombidae have spines in one form or 
another in the postlaryal stages but 
none have such a well developed sys- 
tem of spines as we find in Arnoglos- 
SUS”. His statement might have led 
many workers to confuse between the 
spines on the urohyal, cleithra, and pos- 
terior basipterygial processes, and the 
spiny discoid scutes and guided them to 
place such larvae under Arnoglossus 
spp. Another peculiarity of the present 
larvae is that the caudal rays are differ- 
entiated much after the differentiation 
of hypural plates and that the urostyle 
remains straight even after the develop- 
ment of hypural plates. The number of 
fin rays and vertebrae tally with the 
adults of Arnoglossus imperialis. The 
adults are reported from the Atlantic 
coasts of Europe and Africa from 
northern Scotland to Angola, and from 
the western part of the Mediterranean 
(Norman, 1934). Larvae from Atlantic 
waters have been described and report- 
ed by Kyle (19 13). Larval forms 
described in the present report have 
been collected only from stations 
around the Agulhas Bank. De Decker 
(1973) has reported that different 
groups of zooplankton like Thaliacea, 
Appendicularia, Chaetognatha, Eupha- 
siacea, Amphipoda, Cladocera, and 
Copepoda have species of Atlantic ori- 
gin flourish on the Agulhas Bank. The 
larvae of A. imperialis are reported 
from the Indian Ocean for the first 
time. Adults are not yet reported from 
Indian waters. The fact that the larvae 
of A. imperialis have been collected 
from the Agulhas Bank only gives 
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Fig.& Distribution of larvae of A. imperia/is 
(ind. 1000 m-j) in the Agulhas Bank. 

strength to the statement made by De 
Decker (1964). The larvae of A. imperi- 
alis also can thrive well on the Agulhas 
Bank as has been reported for several 
other Atlantic species by De Decker 
(1973). 
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ABSTRACT 

A study of the eucosmopolitan nature of the 
tropical-subtropical myctophid fish species 
Cerutoscopefus warmingii (Liitken, 1892) was 
published by Badcock & Aralijo (1988). Based 
on available evidence, they could not reliably 
separate any populations and so incorporated 
all tropical-subtropical Cerutoscopelus within a 
single species, C. townsendi (Eigenmann & 
Eigenmann, 1889), by nomenclatural prece- 
dent. Their conclusion was based on the lack of 
any evidence that could not be explained as 
ecophenotypic in nature. Based on life history 
aspects of this species, recently published from 
several studies in the Atlantic Ocean and Gulf 
of Mexico, new evidence suggests that the 
question of circumglobal distribution in this 
species be re-examined. 

INTRODUCTION 

The question of whether species-level 
differences exist within apparently cir- 
cumglobal or eucosmopolitan 
mesopelagic fish species is not a new 
one but it is a poorly studied one to 
date. During the first ICoPB meeting, 
both Johnson (1986) and Gibbs (1986) 
noted the need for a closer examination 
of apparently broadly distributed 
mesopelagic fish species to determine 
whether one is truly working with a 
single species, a polytypic series of 
populations within a species, or differ- 
ent closely related species. Although 
their methods and conclusions were 
quite different for the fish ,groups evalu- 
ated during their studies, both authors 

stressed a need for additional studies in 
order to provide more complete taxo- 
nomic and zoogeographic pictures for 
mesopelagic fishes. 

Since that time, only one detailed 
study has addressed the cosmopolitan 
species question in mesopelagic fishes. 
This study, published by Badcock & 
Araujo in 1988, examined the lantern- 
fish species Ceratoscopelus warmingii 
(Liitken, 1892), an abundant myctophid 
with a circumglobal distribution in 
tropical-subtropical latitudes. 

Based on meristic and morphometric 
characteristics, Badcock & Araujo 
(1988) determined that the apparently 
cosmopolitan C. warmingii was in fact 
comprised of some six morphological 
variants and 13 geographically and 
meristically distinct populations. 
However, they could not provide char- 
acteristics which clearly separated these 
at the species level and so concluded 
that all forms were one species. 
Further, they found that the C. 
warmingii populations were not distin- 
guishable from a previously separate 
species, C. townsendi (Eigenmann & 
Eigenmann, 1889), which was thought 
to be an eastern Pacific Ocean endemic 
species. Based on historic precedent, 
they therefore synonymized C. 
warmingii as a junior synonym of the 
earlier named C. townsendi. However, 
most authors still refer to the species as 
C. wamingii, and for reasons of cont- 
nuity, I will use that name throughout 
this paper. 

It is clear from their discussion that 



Badcock & Aratijo (1988) reluctantly 
presented their conclusions, suggesting 
that the availability of non-ecopheno- 
typic data, such as reproductive pat- 
terns, might have altered their conclu- 
sions. 

I became interested in the findings 
of Badcock & Aradjo (1988) while 
working on the abundant myctophid 
species of the eastern Gulf of Mexico. 
One of these is Ceratoscopelus 
warmingii (Gartner et al., 1987). In 
their paper, Badcock & Aratijo (1988) 
indicate uncertainty as to the exact 
nature of the Gulf of Mexico popula- 
tion because they did not examine 
material. However, based on descrip- 
tions, they believed it to be the same 
form as a tropical-subtropical popula- 
tion in the North Atlantic. At the time, I 
compared meristics and found several 
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differences between their records for 
the Atlantic form and my Gulf speci- 
mens. 

I did not return to this issue until 
recently, after I had completed age and 
growth, and reproductive studies of 
Ceratoscopelus warmingii. About the 
same time as I completed this research, 
a paper was published by Linkowski et 
al. (1993) on age and growth of C. 
warmingii from the subtropical eastern 
Atlantic. These data, plus other pub- 
lished reports on the biology ofC. 
warmingii in the Atlantic indicated 
enough differences of a non-ecopheno- 
typic nature (exactly as suggested by 
Badcock & Aratijo, 1988) to warrant a 
preliminary re-evaluation of the ques- 
tion of the cosmopolitan nature of this 
species, which is the purpose of this 
report. 

10O’W 80’ 60: 40 0 E 
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Fig. 1. Distribution patterns of the Ai (thin horizontal lines), Aii (thin vertical lines) and B (thin diag- 
onal lines) type populations of Cerrrroscopelus ~vawGzgii in the Atlantic Ocean, from Badcock & 
Aralijo (I 988). Map is part of zoogeographic map of Backus ( 1986). Bold horizontal lines at Ai, rep- 
resent tropical zoogeographic region. bold diagonal lines at A, and B represents northern subtropical 
region. Letters represent the following sampling sites: X = Gartner. MS in prep.; Y= Karnella. 1987: 
Z = Badcock & Araujo. 1988; Linkowski et al.. 1993. 
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Table 1. Meristic differences between Crraro- 
scope/us ~rtnnirzgii populations from the tropical- 
subtropical Atlantic (Ai, Aii and B forms of Badcock 
& Araujo, 1988) and the eastern Gulf of Mexico 
(eGOM; Gartner. unpub. data). Numbers are total 
number of individuals examined 

Number of Anal Fin Base Luminescent Scales 

2 3 4 5 6 
-------_------___--- 

Ai 4 55 213 80 11 
Aii I 1 30 I6 2 
B 0 0 I 27 53 
eGOM 0 27 22 I 0 

Number of lnfracaudal Luminescent Scales 

5 6 7 8 9 IO Ii 
----------------------------- 

Ai 0 21 214 196 I2 0 0 
Ai, 7 8 13 IO I 0 0 
B 0 0 3 50 55 8 0 
eGOM 0 0 0 2 31 I4 3 

Number of Photophores in A0 Series 

9 IO II 12 I3 
------m-4----------- 

AI 0 20 330 146 2 
Ali I 9 75 13 0 
B 0 12 124 30 0 
eGOM 0 0 2 30 I8 

DATA COMPARISONS 

Three sets of data comparisons have 
been conducted thus far, meristics and 
morphometrics, age and growth pat- 
terns, and reproductive biology. The 
findings, which I must stress are pre- 
liminary, are detailed below. 

MeristicsLMorphometrics 
Based on meristic characters, Badcock 
& Aratijo (1988) listed three different 
Atlantic forms of C. warmingii. Their 
geographic distributions are shown in 
Fig. 1. These three forms consisted of 
two main types, designated type A and 
type B, and two variants of A, designat- 
ed Ai and Ai,. These were separated on 
the basis of differences in luminescent 
scale and photophore counts (Table 1). 
Badcock and Aratijo believed the Gulf 
of Mexico population to be the Ai 
form. 

Preliminary meristic data from 50 
specimens of C. warmingii from the 

eastern Gulf of Mexico show distinct 
differences in the mean number of anal 
fin scales, infracaudal scales and anal 
organ (AO) photophores (Table 1) in 
comparison to all three of the designat- 
ed forms. 

Maximum body length between gen- 
ders shows some interesting differ- 
ences. The maximum recorded length 
for C. warmingii in the Atlantic is 
about 75 mm standard length (SL; 
Nafpaktitis et al., 1977; Hulley, 1981; 
Karnella, 1987). The largest specimen 
ever recorded from over 20 years of 
sampling in the eastern Gulf was 70 
mm SL and all of the largest individu- 
als, ranging from 55 to 70 mm SL, are 
female. This sexual dimorphism in size 
has also been reported for C. warmingii 
populations off Bermuda (Karnella, 
1987) and in the eastern Atlantic 
(Badcock & Aratijo 1988; Linkowski et 
al., 1993). Badcock & Aratijo’s (1988) 
data were from the Ai form; presum- 
ably the other two populations are the 
same. However, Hulley (198 1) reported 
a population from the central and west- 
ern Atlantic in which females and 
males were equivalent in maximum 
length. From extensive sampling in the 
central Pacific, Clarke (1983) also 
reported no dimorphism for this 
species. 

Age and Growth 
Based on validated daily growth micro- 
increments in the sagittal otoliths, in 
the eastern Gulf of Mexico (see 
Gartner, 1991 for methods), C. 
warmingii reaches a maximum age of 
about 300 days, with females attaining 
sexual maturity at about 205 days (Fig. 
2, from Gartner, MS in prep.). Females 
grow distinctly larger than males but 
both sexes have similar lifespans. 

Linkowski et al. (1993) evaluated 
age and growth for this species in the 
eastern Atlantic, also based on micro- 
increments in the sagittae which were 
not validated but believed to be 
deposited daily. Their findings agree 
with mine on only one point: females 
are distinctly larger than males. 
Otherwise their conclusions are in 
sharp contrast (Fig. 2). Males don’t live 
as long as females, the overall popula- 
tion growth curves are quite different 
(eastern Gulf fishes grow much faster), 
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Fig. 2. Daily age and growth patterns for Ceruroscopelus warmingii in the eastern Gulf of Mexico (Gartner, MS in 
prep.; males= solid triangles, females= open circles) and the eastern subtropical Atlantic (Linkowski et al., 1993; 
males= solid squares, females= open squares). 

the age at sexual maturity for eastern 
Atlantic females is about the same as 
the entire lifespan of Gulf females (300 
days), and the overall lifespan is about 
25% longer (roughly 400 days). 

Reproduction 
Backcalculating the dates of birth from 
verified ages of eastern Gulf Mexico C. 
warmingii, coupled with histological 
examination of gonads (Gartner, 1993) 
and larval distribution and abundance 
data (W. J. Conley, pers. comm.) show 
that spawning takes place mainly from 
January through June, with a major 
peak in early March and a secondary 
peak in June. These spawning peaks 
would correlate with late winter and 
late spring. 

Other studies on Atlantic C. 
warmingii indicate shifted spawning 
seasons or peaks. Karnella’s (1987) 
data on the population around Bermuda 
spawned mainly from June through 
September, with the highest effort in 
June. He reported very little spawning 
activity during winter months. Badcock 
& Aratijo (1988) sampled the Ai form 
of C. warmingii in the eastern Atlantic 
in May to June and October to 
November and reported that all the 

smallest individuals were only collect- 
ed in the latter cruises. Based on 
Linkowski et al’s (1993) growth data, 
which were based on collections from 
almost the same location, this would 
indicate spawning in the summer 
months of July and August, possibly 
extending into fall months. Linkowski 
et al. (1993) did not examine reproduc- 
tion but did report that all sexually 
mature females collected during July 
through September in the eastern 
Atlantic were gravid, which would sug- 
gest summer spawning consistent with 
Badcock & Aratijo’s (1988) findings. 

DISCUSSION 

The preliminary findings of this study 
created the following question: Do the 
observed differences between these 
Atlantic populations of C. warmjngii 
represent ecophenotypes or is there evi- 
dence to suggest that genetic differ- 
ences exist that would warrant species- 
level distinctions among at least some 
of the populations identified by 
Badcock & Aratijo (1988). 

At least some of the data can easily 
be interpreted as responses to localized 
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differences in environmental parame- 
ters. The meristic character differences 
are similar to differences found by 
Badcock & Araujo (1988) which they 
could not eliminate as ecophenotypic 
variation. The maximum length of east- 
ern Gulf Ceratoscopelus, compared to 
supposed conspecifics in the Atlantic, 
may also be an ecophenotypic phe- 
nomenon of marginal seas (see discus- 
sion in Gartner et al., 1987; also 
Casanova, this volume). This may also 
be true for the more rapid growth pat- 
tern and shorter life span of Gulf C. 
warmingii compared to their con- 
specifics in the eastern Atlantic 

There are several lines of evidence 
that indicate differences among popula- 
tions that seem to be independent of 
environmental influence. The differ- 
ence in maximum size between males 
and females of some populations but 
not others is one. This is not likely an 
artifact of sampling since the data are 
based on extensive sampling of the var- 
ious regions and mesopelagic depth 
zones. A second is the difference in 
lifespan of males vs. females: equal in 
the Gulf (Gartner MS in prep.) and 
males 75% of female lifespan in the 
eastern Atlantic (Linkowski et al., 
1993). Like the Gulf population, there 
are no trenchant differences in distribu- 
tion or behaviour between the sexes 
that could account for this differential 
longevity in the eastern Atlantic. 
Finally, reproductive data among three 
Atlantic regions: western North 
Atlantic (Karnella, 1987), eastern 
Atlantic (Badcock & Aratijo, 1988; 
Linkowski et al., 1993), and eastern 
Gulf of Mexico (Gartner, 1993) indi- 
cate shifts in spawning period and 
especially spawning peaks. If one sub- 
scribes to the biological species con- 
cept or interbreeding under natural con- 
ditions, such temporal shifts would at 
least suggest that genetic divergence is 
underway. 

In conclusion, I would suggest that 
there is sufficient evidence to continue 
to evaluate the question of cosmopoli- 
tanism in Ceratoscopelus warmingii in 
particular, and probably in all low lati- 
tude mesopelagic fish species. Given 
the difficulties in amassing the neces- 
sary collections and life history data, 
the conventional approach may mean 

that we are a long way away from 
obtaining definitive answers. A genetic 
based approach would be an invaluable 
component to this type of study that 
may bring some firm conclusions in a 
shorter time frame. 
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ABSTRACT 

From zooplankton samples taken at sixty-nine 
stations with a standard plankton net (0.3 mm 
mesh-size) in April-May, 1986, the community 
of siphonophores was analyzed in relation to 
the hydrologic conditions in the southern Gulf 
of Mexico. Thirty-three species were identified, 
with Eudoxoides spiralis, Diphyes bojani, D. 
dispar, Muggiaea kochi and Bassia bassensis 
being the most abundant, representing more 
than 83% of total siphonophore numbers. 
Quantitative analyses included calculation of 
diversity, dominance and percentage of similar- 

, ity indexes. Highest siphonophore densities (> 
5000 ind. IOOOm-3) were observed in shelf envi- 
ronments. Station clustering (Bray-Curtis 
Index) revealed the presence of five distinct 
assemblages: I) stations within warm water or 
local upwelling areas, generally characterized 
by quite low densities (mean density: 422 
ind.lOOOm-3) and high diversity. II) stations 
adjacent to upwelling areas, with high densities 
(>3000 ind.1000m-3) and high species richness. 
III) continental margin stations with moderate 
densities (mean density: 2954 ind.lOOOm-s), a 
mixture of species of Diphyes, Lensia, 
Eudoxoides and Abylopsis, among others. IV) 
oceanic stations with a composition as in group 
III, but with a lower mean density (1271 
ind.lOOOm-3). V) stations on the western 
Campeche Shelf (depht < 50m), with Diphyes 
dispar dominating, representing 67.4% of the 
siphonophores. Siphonophore communities in 
the Gulf of Mexico are influenced mainly by 
the presence or absence of upwelling in shelf 
areas, and by mesoscale eddies and internal 
currents. 

Various authors have given species lists 
of siphonophores from the Caribbean 
Sea and the Gulf of Mexico, (Alvariiio, 
1972; Phillips, 1972; Vasiliev, 1974; 

Stepanjants, 1975; Gasca & Suarez, 
1989, 1991; Gasca, 1993, among oth- 
ers). However, there have been few 
efforts to relate the composition, distri- 
bution and abundance of Gulf of 
Mexico siphonophores to specific water 
masses, or to explain how siphono- 
phore assemblages might vary in time 
and space as a reflexion of the complex 
hydrography of the Gulf of Mexico. 

The Gulf of Mexico is a semi- 
enclosed basin with only two openings: 
inflow comes via the Yucatan Channel 
and outflow through the Florida Straits. 
The flow through the two ports is 
restricted to the depths of 1760 m and 
800 m, respectively. The circulation in 
the eastern gulf is dominated by the 
Loop Current, which can sometimes 
penetrate as far north as 27-28”N and 
then shed an anticyclonic eddy before 
returning again to the south. As this 
Loop Curent flows into the eastern Gulf 
it contributes to upwelling along the 
northeastern edge of the Yucatan 
Peninsula and the central portion of the 
Campeche Bank; its strength is propor- 
tional to the intensity and speed of the 
Yucatan Current (Merino, 1992). The 
anticyclonic eddies propagate westward 
across the Gulf and ultimately collide 
with the continental margin. As they 
spin down, th.ese anticyclones may 
spawn counterclockwise (tiyclonic) 
eddies, in which nutrient-rich midwater 
comes close to the surface (Lewis & 
Ku-wan, 1985). 

The siphonophore composition of 
near surface waters of the Gulf of 
Mexico was studied during April, 1986 
as related to hydrographic conditions in 
the Gulf, including local -upwelling and 
in cyclonic and anticyclonic gyres. 
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METHODS 

Zooplankton was collected during the 
oceanographic cruise JS8601 (April 11 
to May 3, 1986) to the Mexican Econo- 
mic Exclusive Zone of the Gulf of 
Mexico by the Instituto National de la 
Pesca, Mexico (Fig. 1). Sixty-nine zoo- 
plankton samples were collected in 
oblique hauls to 200 m, using a Bongo 
net with a 0.3 mm mesh. A flowmeter 
was attached to the net’s mouth to esti- 
mate the volume of water filtered. 
Salinity and temperature were mea- 
sured at different depths at each station. 
Siphonophores were sorted from a 
0.25% aliquot and then identified and 
counted. Polygastric and eudoxid phas- 
es were counted separately for all com- 
munity analyses. Siphonophore com- 
munoiy structure was described on the 
basis of the following parameters: the 
number of species, the abundance of 
each species or phase, the Shannon- 
Wiener Diversity (H’) (Pielou, 1966) 
and the Patten Redundancy indexes 
(Parsons, Takahashi & Hargrave, 
1977). The Bray-Curtis analysis of 
Similarity (Ludwig & Reynolds, 1988), 
using the abundance data of siphono- 

phores standardized to ind. 1000m-3, 
was performed to cluster similar sta- 
tions. 

RESULTS 

The analysis of hydrographic data 
allowed the detection of upwelling and 
downwelling areas related to cyclonic 
and anticyclonic eddies in oceanic 
areas; local upwellings also occurred 
over the continental shelf (Fig. 2). Sur- 
face waters were generally warm and 
salty, but temperatures at 100 m ranged 
between 15°C (station 150- 100) and 
26°C (stations 60-240 and 80-240), sal- 
inities at 100 m were between 36.64 %O 

(stations 60-50) and 35.87 %O (station 
140-80). 

Thirty-three species of siphono- 
phores were collected (Table 1). The 
five most abundant (relative densities 
over 8%) were Eudoxoides spiralis, 
Diphyes bojani, D. dispar, Muggiaea 
kochi and Bassia bassensis, represent- 
ing more than 83% of total siphono- 
phore numbers. Eudoxoides spiralis, D. 
bojani, and B. bassensis were widely 
distributed in the studied area, while 

I 1 I I I I 1 I I I 11/111111111 
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Fig. 1. Study area, with sampling stations during the JS8601 cruise in the southern Gulf of Mexico. Stations number 
are coordinates in the y-x axis. 
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the other two occurred mainly in neritic 
waters. 

Most of the siphonophore species 
which were recorded in the Gulf of 
Mexico as the most abundant during 
the study period (Table 1) occurred as 
both polygastric (asexual) and eudox- 
oid (sexual) phases, with a wide distri- 
bution. 

Lowest total siphonophore densities 
(~3000 ind. lOOOm-3) occurred at 
oceanic stations and at neritic stations 
over the upwelling zones. Highest den- 
sities (>3000 ind.lOOOm-3) were ob- 
served in shelf or shelf border areas 
near the upwellings, but not directly 
over the main upwelling area. 

Highest diversity values occurred in 
almost all the oceanic stations and in 
some localities of the northern Yucatan 
Shelf. Lowest diversity values occurred 
mainly over the western Yucatan Shelf, 
and also in some localities of the north- 
ern shelf. Redundancy Index values 
(which are positively related to domi- 
nance) were low throughout most of 
the area: at only two stations (150- 120, 
190-140) were high redundancy values 
> 0.7, and at only 3 1% of the stations 
were values > 0.3. The Bray-Curtis 
ordination analysis produced five clus- 
ters of stations (Fig. 3), which were 

well correlated with environmental 
variables, as will be explained. 

DISCUSSION 

Standing stocks of siphonophores were 
locally low in regions of shelf 
upwelling. In regions of the Yucatan 
Shelf, where there is upwelling, cooler 
midwater dominates the shallow water 
column; this “invasion” of cold waters 
generally resulted in a drastic decline 
of siphonophore numbers. This reflects 
the fact that the dominant species over 
the shelf are all warm-water, surface (O- 
50 m) dwellers. Such a dilution effect 
has been described for siphonophores 
by Michel & Foyo (1976) in the 
Caribbean Sea, and by Gasca & Suarez 
(1991) in the Yucatan Shelf. Several 
other gelatinous predators seem to 
respond in the same way in this area 
(Segura-Puertas & Ordofiez-Lopez, 
1994). However, it is relevant to men- 
tion that highest total siphonophore 
numbers were recorded adjacent to 
these areas of siphonophore absence. 
High standing stocks of siphonophores 
were also recorded along the shelf edge 
of the western Yucatan Peninsula and 
even within the Gulf. The general dis- 
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Fig. 2. Isotherm lines at the 100 m depth. Upwelling and mesoscale cold and wa Irm-core eddies can be observed. 
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Table 1. Mean density of polygastric colonies or eudoxids (per 1000 m3), total numeric (siphonophores in all sta- 
tions) and relative (%) abundance, and frequency (number of positive stations and percentage) of the siphonophores 
species recorded in the surveyed area. 

Species Abundance 

ind. 1 OOOm-s total % 

Frequency 

no. stat.+ % 

Agalma okeni Eschscholtz, 1825 3.36 232 0.11 12 17.39 
A. elegans (Sars, 1846) Fewkes, 1880 2.33 161 0.07 5.80 
Nanomia bijuga A. Agassiz, 1865 4.66 318 0.15 

i 
13.04 

Atholybia rosacea (Forskil, 1775) 0.19 13 0.01 1 1.45 
Amphicaryon ernesti Totton, 1954 1.10 76 0.04 4 5.80 
Hippopodius hippopus (Forskal, 1776) 0.33 23 0.01 3 4.35 
Vogtia spinosa Kefferstein and Ehlers, 186 1 0.12 9 0.00 1 1.45 
V. pentacantha Kolliker, 1853 0.33 23 0.01 2.90 
V. glabra Bigelow, 1918 1.17 81 0.04 

: 
8.70 

Sulculeolaria quadrivalvis Blainville, 1834 2.52 174 0.08 2 2.90 
S. biloba (Sars, 1846) 0.58 40 0.02 3 4.35 
S. turgida (Gegenbaur, 1853) 1.59 50 0.02 3 4.35 
S. chum (Lens & van Riemsdijk, 1908) 2.11 146 0.07 4 5.80 
Diphyes dispar Chamisso & Eysenhardt, 1821 P* 165.23 11401 5.27 30 43.48 
D. dispar E** 257.09 17739 8.20 27 39.13 
D. bojani (Eschscholtz, 1829) P 205.04 14148 6.54 60 86.96 
D. bojani E 257.7 1 17782 8.22 52 75.36 
Lensia campanella (Moser, 1925) 6.49 448 0.21 14 20.29 
L. Cossack Totton, 194 1 5.11 353 0.16 10 14.49 
L. hotspur Totton, 194 1 14.25 983 0.45 
L. su;, tilis (Chun, 1886) 34.88 2406 1.11 5 

31.88 
57.97 

L. mefeori (Leloup, 1934) 6.49 448 0.21 14 20.29 
L. fowleri (Bigelow, 191 1) 4.94 341 0.16 17 24.64 
Muggiaea kochi (Will, 1844) P 495.45 34186 15.80 15 21.74 
h4. kochi E 75.48 5208 2.4 1 1 1.45 
Dimophyes arctica (Chun, 1897) 6.97 481 0.22 14 20.29 
Chelophyes appendiculata (Eschscholtz, 1829) P 34.17 2357 I .09 42 60.87 
Eudoxoides mitra (Huxley, 1859) P 90.91 6272 2.90 52 75.36 
E. mitra E 99.15 6842 3.16 57 82.6 1 
E. spiralis (Bigelow, 1911) P 389.95 26907 12.44 zz 81.16 
E. spiralis E 488.23 33688 15.57 81.16 
Ceratocymba leuckarti (Huxley, 1859) P 0.33 23 0.01 2 2.90 
C. leuckarti E 1.21 83 0.04 4 5.80 
C. sagittata (Quoy & Gaimard, 1827) P 0.18 13 0.01 1 1.45 
C. sagittata E 1.84 127 0.06 7.25 
Abyla trigona Quoy & Gaimard, 1827 P 1.05 72 0.03 i 5.80 
Abylopsis tetragona (Otto, 1823) P 49.98 3448 1.59 53 76.8 I 
A. tetragona E 44.26 3054 1.41 48 69.57 
A. eschschoftzi (Huxley, 1859) P 30.11 2077 0.96 42 60.87 
A. eschscholtzi E 66.43 4583 2.12 52 75.36 
Bassia bassensis (Quoy & Gaimard, 1834) P 133.37 9203 4.25 50 72.46 
B. bassensis E 148.68 10259 4.47 54 78.26. 
Enneagonum hyalinum Quoy & Gaimard, 1827 P 0.79 55 0.03 2 2.90 
E. hyalinum E 0.60 41 0.02 1 1.45 

*P=Poligastric phase **E=Eudoxic phase 

tribution of siphonophore highest den- 
sities could have resulted from the cir- 
culation pattern of one of the main 
branches of the Yucatan Current, the 
Intrusion Current (Vazquez-De la 
Cerda, 1993), which would shed these 
upwelled productive waters along the 
neritic areas of the southern Gulf of 
Mexico. 

Oceanic upwellings in the Gulf of 
Mexico are associated with cyclonic 
cold-core gyres, which seem to be more 
productive than the surrounding oligo- 
trophic waters (Biggs, 1992). However, 
during the spring of 1986, total siphon- 
ophore numbers in stations associated 
with cyclonic eddies were low, similar 
to the other oceanic localities. This 
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Fig. 3. Distribution of station groups resulting from the Bray-Curtis Index. 
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could reflect the limited vertical range 
of the cold waters of the cyclonic 
eddies (i.e. more prominent in midwa- 
ter than in surface waters) or their lim- 
ited persistence in time or space. 
Oceanic waters of the rest of the Gulf 
of Mexico, outside the cyclonic eddies, 
have been described as oligotrophic 
(Biggs, 1992); low siphonophore densi- 
ties were the rule in these areas during 
the period surveyed. 

The distribution patterns of some 
species showed positive functional 
relations to certain hydrologic or eco- 
logic characteristics. Diphyes dispar 
and M. kochi showed a quasi-neritic 
distribution. The first one has not been 
previously reported with neritic affini- 
ties in the Gulf of Mexico, though it 
has been reported to be a common zoo- 
plankter of surface waters in the Gulf 
(Stepanjants, .1975) and the Caribbean 
Sea (Michel & Foyo, 1976). On the 
other hand, h4. kochi is a typical neritic 
species (Mackie et al., 1987), although 
it was also found at some oceanic sta- 
tions in the southernmost Gulf of 
Mexico. Such distributions may be a 
consequence of seaward transport by 
the Intrusion Current. 

Most of the remaining species were 
more or less randomly distributed in 
neritic as well as oceanic waters. One 
peculiar species in this survey, howev- 
er, was Dimophyes arctica, which has 
been described as eurybiotic (Mackie et 
al., 1987), which previously has been 
reported inhabiting the Gulf of Mexico 
only between 200-500 m (Stepanjants, 
1975). In this study, D. arctica was 
captured in the upper 200 m at 14 
oceanic localities of the Gulf, close to 
the shelf border. Its occurrence in near 
surface waters was probably a result of 
mixing of Equatorial Underwater (with 
salinities over 36.5 %,) with oceanic 
Gulf Common Waters, which together 
constitute the Gulf Typical Waters 
(Morrison et al., 1983). 

Clustering data by stations using the 
Bray-Curtis Index revealed five distinct 
groups. Group I: stations within regions 
of local upwelling, generally character- 
ized by quite low numerical densities 
(mean density: 422 ind.lOOOm-3), but 
with high .species diversity. Clustered 
with this group was a neritic station 
with warm near surface temperatures 
and with the highest siphonophore den- 
sity encountered in this study (>lOOOO 
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ind. lOOOm-3, mainly composed of M. 
kochi), and three oceanic stations with 
very low densities. Group II): stations 
generally adjacent to upwelling areas, 
high densities (>3000 ind. lOOOm-3), 
jointly with high species richness. It is 
hypothezised that this group of stations, 
characterized by high densities of E. 
spiralis, E. mitra, D. bojani, A. tetrago- 
na, A. eschscholtzi and B. bassensis, 
was probably the most affected by the 
enrichment of the upwelling. Group III) 
continental margin stations with moder- 
ate densities (mean density: 2954 
ind.lOOOm-3) of a mixture of species 
including Diphyes, Lensia, Eudoxoides, 
Abylopsis. These stations appear to be 
areas of mixing between oceanic and 
neritic waters, which I hypothesize 
should be lower in biological produc- 
tion than Group II but more productive 
than the adjacent oceanic waters. 
Group IV: oceanic stations with a 
mixed composition as in group III, but 
with a lower mean density (1271 
ind.lOOOm-3). This group included the 
largest number of stations, and was 
“typical” of the oligotrophic oceanic 
waters of the Gulf of Mexico. Group V: 
shallow stations (depth < 50 m) on the 
western Yucatan Shelf, characterized 
by temperatures over 25°C and salini- 
ties over 36.6%0. Diphyes dispar was 
very abundant at those stations, where 
it represented 67.4% of the total 
siphonophores. Diphyes bojani, M. 
kochi, B. bassensis, N. bijuga and L. 
campanella also occurred in these sta- 
tions. It is interesting to note that 
species that are widely distributed in 
the Gulf of Mexico, such as A. tetrago- 
na, A. eschscholtzi, C. appendiculata, 
E. mitra, and E. +ralis, and all Lensia 
species (excepl L. campanella), were 
absent from these Group V stations. 
This region has previously been 
described as a very productive area, in 
which pteropods, copepods and 
siphonophores have been found very 
abundantly (De la Cruz, 197 1; Gasca, 
1993; Suirez & Gasca, 1992; SuBrez, 
1992). 

In summary then, the numerical 
abundance and species richness of 
siphonophore communities in the Gulf 
of Mexico are influenced mainly by the 
presence or absence of upwelling in 
shelf areas, and by the presence or 

absence of mesoscale eddies and the 
velocity of internal currents over the 
continental margin. Since the horizon- 
tal and vertical distributions of temper- 
ature and salinity are locally different 
between shelf upwelling regions and 
regions influenced by anticyclonic and 
cyclonic eddies, both temperature and 
salinity are useful tracers of differences 
in siphonophore assemblages. 
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ABSTRACT 

Ecology and zoogeography of the frequently 
occurring and widely distributed planktonic 
copepods collected during the International 
Indian Ocean Expedition, Scolecithrix danae, 
Scolecithricella bradyi, S. tenuiserrata, S. 
abyssalis, Scaphocalanus curtus, S. echinatus, 
Scolecithricella dentata and S. ctenopus 
(Family Scolecithricidae) are discussed in this 
paper. They were present in 82.0, 63.6, 49. I, 
43.4, 35. I, 34.3, 34.0, and 31.7% of the stations 
and constituted 60.0, 6.5, 4.4, 3.6, 3.4, 6.2, 3.7, 
and 5.1% of the total numbers of specimens of 
Scolecithricidae collected respectively. High 
density areas of S. danae were found scattered 
between l5”N and 15”s latitudes, especially 
along the African coast. S. bradyi and S. echi- 
natus were found between 20”N and 3O”S, 
Xcterlopus and S. tenuiserrata between 25”N 
and 20’3, S. dentata between IO”N and 4O”S, 
S. abyssalis between 20”N and 2O”S, and S. 
curtus between 25”N and 30”s. S. tenuiserrata, 
S. curtus, S. echinatus and S. dentata were 
inhabitants of subsurface and intermediate 
waters, S. danae, S. bradyi and S. ctenopus 
were surface and subsurface inhabitants and S. 
abyssalis, an abyssal species was occasionally 
migrating to the surface. Even though these 
species were widely distributed in the Indian 
Ocean, in general, S. danae, Xcurtus and S. 
echinatus were most abundant in the equatorial 
waters, S. bradyi and S. dentata lived mainly 
south of the equator while S. tenuiserrata, S. 
abyssalis and S. ctenopus were found mainly 
north of the equator. 

INTRODUCTION 

Copepods, though small in size, are the 
most abundant of all crustaceans form- 
ing the bulk of the oceanic zooplank- 
ton. Among copepods, Calanoids rank 
first in abundance and scolecithricid 
copepods are found in all oceans with 
peak abundance in the tropics. In the 
Indian Ocean they formed 5.4% of the 

total copepod population. Abundance 
was mostly in coastal areas and more 
during the north east monsoon. Even 
though substantial information on the 
taxonomy of scolecithricid copepods is 
available, a comprehensive study deal- 
ing chiefly with their zoogeography in 
the Indian Ocean does not exist. From 
the zooplankton samples collected dur- 
ing the International Indian Ocean 
Expedition, 27 species belonging to the 
calanoid copepod family Scolecithri- 
cidae were identified. Eight species, 
each occurring in more than 30% of the 
stations are dealt with in this paper. 

MATERIAL AND METHODS 

Zooplankton samples collected during 
the International Indian Ocean 
Expedition (IIOE) and deposited at the 
Indian Ocean Biological Centre 
(Hansen, 1966) form the basis of this 
study. The samples were made with the 
IOSN (Indian Ocean Standard Net) of 
lm2 net opening and a mesh size of 
330pm. A standard haul was from 
200m to the surface. Since copepods 
formed the major component of the 
sorted groups and were present in all 
samples in good numbers, representa- 
tive samples from each 5 degree 
Marsden Square, totalling 385 (out of 
1927) were utilized for this study. 
While doing this particular attention 
was given to covering important areas 
in relation to upwelling, primary pro- 
duction and zooplankton biomass. The 
total number of each species was com- 
puted to 100% of each sample for 
preparing the distribution maps. While 
presenting the data for distribution and 
abundance, samples were compared on 
the basis of catch per unit standard haul 
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(IOBC 1969: l-VI, i. e. ind.200 m-3 
water). Numerical abundance was used 
to indicate the main centre of distribu- 
tion. Seasonal and diurnal variations in 
occurrence and abundance were also 
studied. Seasonal abundance was calcu- 
lated by adding the numbers collected 
from April 16 to October 15 during the 
SW monsoon and October 16 to April 
15 for the NE monsoon. 

Scolecithrix danae (Lubbock, 1856). 
OCCURRENCE: This species was pre- 
sent in almost all samples examined 
(82%) and constituted 60% of the total 
Scolecithricidae numbers. The numeri- 
cal counts per station varied between 0 
- 2078 specimens. A total of 2 1136 
specimens were collected during the 
SW monsoon, 22551 during the NE 
monsoon, of which 20223 during the 
night (156 stations) and 23464 during 
the day (169 stations). As there was no 
prominent variation between night and 
day averages it is likely that this 
species is present in the euphotic zone. 
DISTRIBUTION: (Fig.1.) This species 
was the most abundant of the Family 
occurring in the surface waters of the 
Indian Ocean from 25”N to 40”s. 
Latitudinally it was more abundant in 
the equatorial waters from 15”N to 
15”s. A gradual increase in numbers 
was noticed from east to west and from 
higher to lower latitudes. But for the 
lowest densities in the Arabian Sea and 
Bay of Bengal the pattern was similar 
to the general distribution of Copepoda 
given by Kasturirangan et al. (1973). 

Even though S. danae was wide- 
spread in the seasonally changing mon- 
soon gyre and the subtropical anticy- 
clonic gyre, areas of high density were 
confined to tropical waters charac- 
terised by the presence of comparative- 
ly stable salinity waters (35 - 35.5%0). 
The decrease in abundance towards the 
northern part of the Arabian Sea and 
the Bay of Bengal can be attributed to 
higher salinity of the former and lower 
salinity in the latter region which indi- 
cates avoidance of waters of very high 
and very low salinities. The highest 
surface salinities of the waters in the 
subtropical anticyclonic gyre are found 

in a belt between 25” and 35’S up to 
500m depth (Wyrtki, 1971). This seems 
to restrict the abundance of S. danae 
south of 25”s. Similarly the decrease in 
numbers south of 35’S may be caused 
by the low salinity waters of the south- 
ern Indian Ocean. The front at 10’S 
(Wyrtki, 1973), more pronounced in the 
subsurface, may act as a factor limiting 
the abundance of this species. 

Scolecithricella bradyi (Giesbrecht, 
1892) 
OCCURRENCE: This species was pre- 
sent in 63.6% of the stations and con- 
qtituted 6.5% of the total number of 
Scolecithricidae. 
DISTRIBUTION: (Fig. 2) This species is 
a surface inhabitant showing a wide 
distribution in the Indian Ocean. In fre- 
quency of occurrence this ranks next to 
S. danae. Numerical abundance varied 
between 0 -150 specimens per station. 
A total of 2663 specimens were collect- 
ed during the night and 2068 during the 
day, 1925 during the SW and 2806 dur- 
ing the NE monsoon collections. Being 
present in 128 night and 117 day col- 
lections its distribution is wide through- 
out the euphotic zone. 

S. bradyi was more abundant in the 
equatorial water mass of the Indian 
Ocean north of the front at 10”s. The 
subtropical cell of high salinity water 
beginning from 25’S appears to restrict 
its abundance. Numerical abundance 
was reduced considerably in the 
upwelling areas of Somalia and Arabia. 
In generai S. bradyi was found not 
favouring waters of very high or very 
low salinity even though it was abun- 
dant in the low salinity waters of 
Sumatra and Australia. The salinity tol- 
erance of S. brudyi is almost similar to 
that of S. dame being less numerous in 
waters of very high and very low salini- 
ties. 

Geographically this species is also 
widely distributed as in the case of S. 
danae. 

Scolecithricella tenuiserrata 
(Giesbrecht, 1892) 
OCCURRENCE: This species was pre- 
sent in 49.1% of the stations and con- 
stituted 4.4% of the total number of 
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Scolecithricidae. 
DISTRIBUTION: (Fig. 3) The numerical 
abundance varied between O-178 speci- 
mens with total numbers of 1814 speci- 
mens for the night (91 stations), 1327 
for the day (98 stations), 981 for the 
SW, and 2205 for he NE monsoon. The 
highest abundance was north and south 
of the equator, with lower numbers of 
specimens at the equator. A gradual 
decrease in numbers from east to west 
and from north to south occurred. 

A total of 18 14 specimens at night 
compared to 1327 during the day indi- 
cated a slight vertical migration. Areas 
of abundance were confined to south of 
the front at 10’S in the nutrient poor 
high oxygen water and north of the 
highest salinity water belt of the sub- 
tropical gyre. It was more abundant in 
the high saline upwelling waters of the 
Arabian Sea and in the warm tropical 
low saline surface water of the Bay of 
Bengal. The Java upwelling areas also 
showed high abundance. S. terzuiserra- 
ta seems to be an oceanic euryhaline 
species. The boundary currents contain 
only sparse numbers. 

Scolecithricella abyssalis (Giesbrecht, 
1892). 
OCCURRENCE: This species was pre- 
sent in 43.4% of the stations and con- 
stituted 3.6% of the total number of 
Scolecithricidae. 
DISTRIBUTION: (Fig. 4) The species 
occurred in 87 night and 80 day collec- 
tions. The total number from night and 
day hauls were 1677 and 933 speci- 
mens respectively indicating vertical 
migration to a certain extent. The total 
numbers from the SW and NE mon- 
soons were 735 and 1875 respectively. 
Numerical abundance varied from 
0- 13 1 specimens/haul. In the distribu- 
tion a gradual increase in numbers from 
southern to northern latitudes can be 
noticed. Though this species is widely 
distributed up to 20’S latitude, areas of 
abundance appeared scattered. This 
species was present mainly in the mon- 
soon gyre. The front at 10’S charac- 
terised by low nutrients and a surface 
salinity minimum layer seemed to 
restrict its distribution towards the 
southern areas of the Indian Ocean. In 
the monsoon gyre it is abundant in the 
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Fig. 3. Diatrihution and abundance in number of specimens/standard haul of S[,o/~cifllr-ice//a fem~herrc~f~~ in 
the Indian Ocean. 
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Indo-Australian water and the high 
salinity Gulf of Aden and Arabian Sea 
waters of the equatorial water mass, 
exhibiting a euryhaline nature. 
However it does not prefer the warm 
tropical low saline waters of the Bay of 
Bengal. The day and night differences 
revealed its occurrence in the deeper 
layers, especially in the north Indian 
Ocean. Here high salinity water occur 
at depths of 150-900m, with a tempera- 
ture of 22-26°C (Wyrtki, 1971). 
However it was less abundant in the 
upwelling areas of Arabia and Java, 
and almost rarely present in the Somali 
upwelling. 

Scuphocalanus curtus (Farran, 1926). 
OCCURRENCE: This species was pre- 
sent in 35.1% of the stations and con- 
stituted 3.4% of the total number of 
Scolecithricidae. 
DISTRIBUTION: (Fig. 5) The numerical 
abundance varied from 0- 163 speci- 
mens per standard haul with a total of 
1635 specimens for the night and 824 
for the day; 569 for the SW and 1890 
for the NE monsoons. In spite of the 
day and night variations indicating 
diurnal vertical migration, it was pre- 
sent in 68 night and 67 day collections. 
The distribution of this species showed 
a patchy nature. From the distribution 
pattern this species appears to be more 
a neritic species than an oceanic one. S. 
curtus mainly occurred in the equatori- 
al water mass of the western Indian 
Ocean. It was rarely present in the 
Indian Ocean central water mass of the 
southern subtropical anticyclonic gyre, 
except in the low salinity waters 
between Java and Australia. It was pre- 
sent in comparatively large numbers in 
the upwelling areas off Arabia and 
Java. Similar to S. bradyi it was rarely 
present in very high or very low saline 
waters. 

Scuphocalanus echinatus (Farran, 
1905). 
OCCURRENCE: This species was pre- 
sent in 34.3% of the stations and con- 
stituted 6.2% of the total number of 
Scolecithricidae. 
DISTRIBUTION: (Fig. 6). Night hauls 
showed a total of 438 1 specimens (122 

stations) and day hauls of 177 (10 sta- 
tions), 1542 specimens were calculated 
for the SW monsoon and 30 16 for the 
NE monsoon. This indicates that the 
specimens performed diurnal vertical 
migration. The numerical abundance 
varied from O-317 specimens/haul. Its 
abundance was more in the northwest- 
ern Indian Ocean. This species is found 
to be associated with upwelling areas. 
S. echinatus was numerous in the equa- 
torial water mass, mainly confined to 
western Indian Ocean. This species 
does not prefer the low saline warm 
tropical waters of the Bay of Bengal. It 
is less abundant in the central and low 
saline Indo-Australian water mass. The 
front at 10’S also appears to restrict its 
distribution towards the south. Its abun- 
dance at night reveals its occurrence in 
large numbers below the euphotic zone. 
It is abundant in the upwelling areas of 
the Somalia, Arabian and Java coasts. 
Associated with the high production 
(2000 mg C/m*/day) area of the wadge 
Bank at the southern end of India 
(Prasad & Nair, 1963) a very large 
patchy concentration of S. echinatus 
occurred. 

Scolecithricellu dentutu (Giesbrecht), 
1892 ) 
OCCURRENCE: This species was pre- 
sent in 34% of the stations and consti- 
tuted 3.7% of the total number of 
Scolecithricidae. 
DISTRIBUTION: (Fig. 7) The numerical 
abundance varied from O-256 speci- 
mens and was present in 84 night hauls 
and 37 day hauls, giving a total of 2068 
and 614 specimens for night and day 
respectively. This showed large scale 
diurnal vertical migration. The total 
number of specimens for the two sea- 
sons were 558 and 2124 respectively 
for the SW and the NE monsoons, indi- 
cating its abundant production during 
the NE monsoon. This species was 
almost absent north of 10”N especially 
in the Arabian Sea and Bay of Bengal. 
S. dentata preferred medium salinity 
waters avoiding the very high and very 
low saline waters of the Arabian Sea 
and the Bay of Bengal respectively. Its 
distribution towards the northern Indian 
Ocean was restricted by the geographi- 
cal boundary at 8-10”N separating the 
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Arabian Sea and the Bay of Bengal 
from the rest of the Indian Ocean. It 
was abundant in the equatorial waters 
south of 10”N especially in the western 
Indian Ocean. But for its abundance 
along the 75-80”E longitude, oceanic 
occurrence was scarce, compared to 
high densities in the offshore areas. The 
southern area of its distribution was 
limited by the subtropical high salinity 
cell of water mass between 25’S and 
35’S belonging to the subtropical gyre 
(Wyrtki, 1971). The upwelling area of 
Arabia was devoid of this species. 

Scolecithricella ctenopus (Giesbrecht, 
1892). 
OCCURRENCE: This species was pre- 
sent in 3 1.7% of the stations and con- 
stituted 5.1% of the total number of 
Scolecithricidae. 
DISTRIBUTION: (Fig. 8) This species 
showed a wide distribution up to 20”s. 
The numerical abundance varied from 

O-230 specimens with a total of 1868 
during the night, 187 1 during the day 
hauls, 1874 during the SW and 1865 
during the NE monsoon. It was present 
in 62 night and 60 day hauls, indicating 
rare chances of diurnal vertical migra- 
tion. Oceanic waters south of 10”N 
were characterised by very low densi- 
ties of 0- 10 specimens/haul. 

S. ctenopus is a euryhaline species 
being present in high densities in the 
high saline waters of Arabian Sea and 
low salinity warm tropical waters of the 
Bay of Bengal. Its occurrence south of 
the front at 10’S was scarce. It was pre- 
sent in fairly good numbers along the 
equatorial oceanic waters. Thus, with 
respect to the Indian Ocean, this 
species can be identified as an equatori- 
al species endemic to the Arabian Sea 
and the Bay of Bengal. It was almost 
absent in the upwelling areas of 
Somalia and Arabia. A lack of differ- 
ence between night and day numbers 
indicated that it occurs in the euphotic 
zone. 

SO 
I 

110 

S. ctenopus 

Fig.% Distribution and abundance in number of specimens/standard haul of Scolecithricella ctenopus in the 
Indian Ocean. 
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CONCLUSIONS 

Even though the above 8 species were 
widely distributed in the Indian Ocean, 
in general S. danae, S.curtus and S. 
echinatus were most abundant in the 
equatorial waters, S. bradyi and S. den- 
tata were abundant south of the equator 
while S. tenuiserrata, S. abyssalis and 
S. ctenopus were abundant north of 
equator. The tropics can form a barrier 
between taxa from subtropical, temper- 
ate and subpolar waters because of 
temperature, nutrient concentration, 
currents, ecological composition etc, 
resulting in isolation between popula- 
tions of the northern and southern 
hemispheres. This was found among 
euphasusids (Brinton, 1962), copepods 
(Fleminger & Hulsemann, 1973), 
pteropods (Van der Spoel, 1967), and 
chaethognaths (Pierrot-Bults, 1976). S. 
dentata which was profusely abundant 
in the southern Indian Ocean was 
almost unrepresented in the Arabian 
Sea and Bay of Bengal. S. echinatus, S. 
curtus and S. tenuiserrata occurred in 
large numbers along upwelling areas 
and hence may be considered as indica- 
tors of upwelling. As noted for 
Candacea pachydactyla by Jones 
(1962) and Vinogradov & Voronina 
(1965) S. tenuiserrata and S. echinatus 
have been found associated with high 
productivity waters. 

Two recurrent groups were identi- 
fied e.g. S. abyssalis, S. echinatus, and 
S. tenuiserrata, species typical of the 
northern monsoon gyre and S. danae, S. 
bradyi and S. dentata which were typi- 
cal of the central waters. However a 
broad zone of overlapping could be 
noticed between these two groups. The 
remaining two species S. curtus and S. 
ctenopus had more restricted distribu- 
tions (Figs. 5 and 8). The zonally 
rehlricted distribution of Scolecithri- 
cidae resembled that of euphausids 
(Brinton & Gopalakrishnan, 1973), 
candacids (Lawaor~ 1977) pteropods 
(Sakthivel. 1973) and home chaetog- 
rlaths .(Nair 8r Madhupratap, 1984). In 
t hex, Froups also extended distribution 
of spe~xh w.ere ob\erved along meridi- 
ans heyoncf 111~ Lonil; houndaries as a 
resuh of boundary CUII< ‘r; as observed 
in the present studies. South of 20’S all 
species of Scolecithricidae were found 

decreasing in abundance and occur- 
rence. Madhupratap & Haridas (1986; 
1990) while studying the epipelagic 
calanoid copepods of the northern 
Indian Ocean also noticed a reduction 
in numbers for some species towards 
southern regions, similar to the present 
study. This might be caused by the 
front at 10’S acting as a barrier limiting 
the distribution of some species 
towards the south. Howevei the Indian 
Ocean circulation and pattern of cur- 
rents (Wyrtki, 1973) may transport 
them far north and south of their nor- 
mal range. A feature of zoogeography 
of both the eastern and western Indian 
Oceans is the extensive north-south 
ranges of different species. Thus S. 
danae, S. echinatus, S. bradyi and S. 
dentata ranged in abundance on the 
western side from the Gulf of Oman to 
waters of Port Elizabeth particularly 
from 25”N to 40”s. S. abyssalis, S. cur- 
tus, S. echinatus, S. tenuiserrata, S. 
ctenopus and S. dentata ranged in 
abundance on the eastern side from the 
Bay of Bengal to waters of the south- 
west Australian coast. Along the west- 
ern coasts the Agulhas and Somali cur- 
rents transported Scolecithricidae 
species far north and south. The occur- 
rence of different species along the 
east-west salinity gradient from the 
high salinities of the Red Sea and Gulf 
of Aden to the lower salinities of the 
eastern Bay of Bengal may be due to 
speciation to avoid competition among 
morphologically similar species which 
are identical in size as was noted fol 
candacids by Lawson (1977). 
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ABSTRACT 

Vertical profiles of stimulated bioluminescence 
spectra were obtained using an in sifu spec- 
trometer deployed on a cruise in the Gulf of 
Maine. By comparing the bulk spectral signal 
with spectra of individual species determined 
by shipboard measurements, we examined the 
possibility of reconstructing the assemblage of 
bioluminescent species present. The spectrome- 
ter measured an integrated signal, so fine struc- 
ture of the original spectra could not be 
resolved, and the ability to discriminate be- 
tween species was limited. Although this tech- 
nique can not determine the exact composition 
of the planktonic community, the system could 
be improved by increasing the sensitivity and 
resolution of the spectrometer. 

The vertical distribution of organisms 
affects our picture of their overall bio- 
geography. In the case of the scypho- 
medusa Periphylla periphylla, samples 
from shallow waters, even at a global 
scale, would give the impression that 
this species occurs mainly in boreal 
regions. In contrast, a sampling pro- 
gram that included the deep-sea would 
show that its true distribution spans 
equatorial latitudes, despite mass 
occurrences in cold shallow water (e.g. 
Foss& 1992). Unfortunately, mapping 
vertical distributions requires sampling 
at several depths over a short time 
interval, a difficult and labour-intensive 

process. 
Light generated by a marine organ- 

ism, whether by fluorescence or biolu- 
minescence, often has a colour which is 
characteristic of a particular taxonomic 
group. For example, the fluorescence 
spectra of phytoplankton indicate 
which photopigments are present, and 
these pigments in turn vary between 
taxa. This relationship has been used to 
infer relative vertical abundance from 
in situ measurements. In one field 
study, Cowles et al. (1993) reconstruct- 
ed the gross phytoplankton assemblage 
using measurements of in vivo fluores- 
cence. The authors were able to distin- 
guish three taxonomic groups (phyco- 
erythrin-containing cryptomonads and 
cyanobacteria vs. other autotrophs) by 
detecting shifts as small as 5 nm in the 
bulk fluorescence signal. 

Similarly, bioluminescence emission 
spectra could potentially indicate which 
species are producing the light. In ti 
laboratory study, discriminant analyses 
of the spectra and kinetics of biolumi- 
nescent flashes from ten species were 
sufficient to allow successful ‘back pre- 
diction’ of the source organisms 
(Nealson et al., 1986) 

Here we examine the feasibility of 
using in situ measurements of biolumi- 
nescence spectra to determine the verti- 
cal distribution of the most abundant 
bioluminescent species present in the 
Gulf of Maine. 
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METHODS 

Shipboard spectral measurements 
The study was conducted from August 
1 l-28, 1992 in the Wilkinson Basin of 
the Gulf of Maine (42”45’N 69”39’W). 
Organisms were collected by blue- 
water divers and with plankton tows. 
Luminescence spectra, elicited by 
mechanical stimulation, were measured 
using an EG&G spectrometer with a 
diode-array detector. (see Widder et al., 
1983 for details of the instrumentation.) 
Spectra were described by their wave- 
length of maximum emission and by 
the width of the spectrum at half the 
maximum intensity (FWHM). 

Plankton abundance 
In lieu of plankton tows, abundance 
information for the most commonly 
found species was obtained by the 
Johnson-Sea-Link submersible. At dis- 
crete depths during each dive, a known 
volume of water was pumped through a 
64 pm screen, using the pump samplers 
described by Youngbluth (1984). The 
concentrated samples were subsampled 
and counted using conventional tech- 
niques. 

In situ spectrometry 
A HIDEX bathyphotometer (Case et 
al., 1993; Widder et al., 1993) was 
equipped with a multichannel diode 
array spectrometer designed by Casey 
Moore and Glen Schiferl of the Quan- 

turn Institute at U.C. Santa Barbara. 
With the spectrometer and bathypho- 
tometer, we recorded the intensity of 
bioluminescence down to -200 m, 
along with the bulk integrated biolumi- 
nescence spectrum, and physical 
parameters such as conductivity, in vivo 
fluorescence, transmission, and temper- 
ature. At the typical flow rate of 16 I/s, 
a particle was observed by the spec- 
trometer for approximately 20 ms. The 
spectral signal was conducted through a 
0.64 mm slit, recorded by the diode 
array, binned into 5 nm divisions, and 
stored every 3 seconds. Samples were 
analyzed by identifying peaks in the 
spectra, noting the maximum wave- 
length, and comparing this to the table 
of values obtained from shipboard 
spectral measurements. Because the 
spectrometer was designed to measure 
the bulk bioluminescence spectrum, the 
main goal of this experiment was to 
determine whether this information can 
be used to determine the individual 
organisms which are responsible for 
that integrated signal. 

RESULTS 

Plankton abundances obtained from 
pumped samples in the Gulf of Maine 
varied between dives, but several 
species were consistently the most 
abundant from each taxonomic group 
(Table 1). The dinoflagellates Proto- 
peridinium depressum (mean f SD: 992 

Table 1. The most common bioluminescent organisms in the Gulf of Maine. Planktonic phyla are well represented 
by this subsample of species. Phytoplankton and small zooplankton dominate the numbers and are likely the main 
producers of light above 200 m. FWHM = Full width of the spectrum at half maximum intensity. 

Species Type 

Nanomia cara Siphonophore 
Meganyctiphanes norvegica Euphausiid 
Corzchsecia elegans Ostracod 
Protoperidinium depressum Dinoflagellate 
Euplokamis sp. Ctenophore 
Metridia lucens Copepod 
Tomopteris sp. Polychaete 

Wavelength FWHM Max. abundance 

km) ind.m-3 Depth (m) 

455 nm 92 3 25 
467 nm 48 
475 nmt 95 255 250 
479 nmt 37 8388 75 
480 nm 85 __ 
482 nm 78 393 175 
560 nm 34 __ 

iSpectra collected at locations other than Gulf of Maine 
Omitted abundance values - Not in pump samples (but noted on blue-water and submersible dives) 
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+ 2462 ind.m-3) and Ceratium longipes 
(2138 L 4019 ind.m-3) and the cope- 
pods Oithona spp. (726 & 589 ind.m-3), 
Calanus finmarchicus (307 + 386 
ind.m-3), and Metridia Zucens (111 + 
13 1 ind.m-3) were the most numerous 
overall. Gelatinous plankton such as 
the ctenophore Euplokamis dunlapae, 
and the siphonophore Nanomia cur-u, 
while visible and apparent to divers, 
were rarely detected in the pumped 
samples. This may be in part because 
the pumped samples averaged less than 
490 liters, and these organisms were 
not present in sufficient densities to be 
detected in such volumes. 

For the seven most common biolu- 
minescent species, the characteristics of 
the spectra varied enough that it 
appeared possible to distinguish organ- 
isms based on these qualities (Table 1, 
Fig. 1). The organism with the most 
distinctly separated spectrum, the poly- 
chaete Tomopteris sp., is unfortunately 
also the least abundant of the biolumi- 
nescent species investigated. 

Analysis of vertical profiles of biolu- 
minescence intensity will be presented 
elsewhere, but the spectra correspond- 
ing to intensity peaks (Fig. 2) were ana- 
lyzed for potential correlation with 
dominant species from plankton sam- 
ples. 

DISCUSSION 

Because of the relatively low diversity 
and high abundance of bioluminescent 
species, the Gulf of Maine was consid- 
ered an ideal location to test the feasi- 
bility of reconstructing plankton distri- 
butions from spectral information. If 
such a system could be made to work 
effectively, it would be extremely use- 
ful for determining the vertical distribu- 
tions of species, which are very diffi- 
cult to assay without repeated discrete- 
depth net tows. More recently, acoustic 
methods have also shown promise in 
this area (Holliday et al., 1989; Greene 
et al., 1992). 

Unfortunately, several factors con- 
spire to make accurate determination 
difficult under these circumstances. The 
main obstacle to effective characteriza- 
tion appears to be the effect of integrat- 
ing spectra from two different organ- 

- h&dia 
- - - Proropendumrm 
------ Tomopter~s 

Wavelength (nm) 

Fig. 1. Representative spectra of’ common organisms 
found in the G>lf of Maine. Most species are distin- 
guishable either by maximum wavelength or by the 
width of the spectrum. The polychaete Tomoptetis is 
atypical in that it emits yellow light, but the others 
luminesce at more typical blue to blue-green wave- 
lengths. 

isms. The maximum wavelength of two 
organisms may be separated by 40 or 
more nanometers (Fig. 3A), but when 
their spectra are summed, the resulting 
curve will be unimodal (Fig. 3B). This 
summation masks the component spec- 
tra being summed, whether their indi- 
vidual intensities are equal or not (Fig 
3B, solid line). 

As noted above, the spectrometer 
was originally designed to measure the 
bulk luminescence spectrum of the total 
plankton assemblage, in order to 
improve calculations of attenuation of a 
radiant source through the water, and to 
allow accurate calibration of photome- 
ters. Its resolution, which is adequate 
for these purposes, is not as well suited 
for discrimination of subtle differences 
in wavelength. 

Nonetheless, it does not seem unto- 
ward to check for some correlation 
between the spectra measured and the 
organisms found in the pumped sam- 
ples. Spectra from deeper than 110 m 
had a strong blue component that indi- 
cates the presence of the siphonophore 
,Nanomia (Fig. 2F-H). These phy- 
sonects were not abundant enough to 
be well represented in the plankton 
samples, although they were among the 
most abundant planktonic carnivores 
seen on blue-water and submersible 
dives. The samples did not extend deep 
enough to reach beyond the lower limit 
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Fig. 2. Vertical profile of bioluminescence intensity and associated spectra. The bioluminescence intensity 
shows two main subsurface peaks with complex structure overlaid. Representative spectra from eight depths 
are given on the right (A-H). The vertical lines (black, white, striped) on the spectra graphs indicate where 
the maximum wavelengths of commonly found organisms would be found. ‘Shoulders’ of short wavelength 
luminescence, possibly from the siphonophore Nunomia are apparent in certain samples (C, F-H). Some 
curves (A, D, F, H) have high intensities at longer wavelengths characteristic of dinoflagellates and the 
copepod Metridia, while many (A, C, D, F, G) have spectra which could have resulted from euphalisiid 
luminescence. The sharp peaks in the spectra are a result of noise and do not indicate a sharp peak of a sin- 
gle wavelength. 

of dinoflagellates (Protoperidinium maximum (unpublished HIDEX data), 
104 ind.m-3 at 225 m), but the subsur- is probably due to dinoflagellates or 
face peak in luminescence intensity, copepods based on the spectrum 
which corresponds to the fluorescence recorded (Fig. 2D). 
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To improve the effectiveness of a 
spectral approach to plankton commu- 
nity characterization, we suggest the 
following changes would be required. 

Higher resolution. 
Sensitivity constraints of the instrument 
made it necessary to combine our sam- 
ples into 5 nm bins, which has the 
effect of broadening spectral peaks. 
According to the sampling theorem 
(Shannon, 1949), to discriminate two 
narrow peaks, an instrument must be 
able to resolve a difference which is 
half the distance between the peaks. 
This physical restriction means that 
given the instrument’s resolution, even 
in ideal circumstances we can only 
accurately resolve differences in spec- 
tra greater than 10 nm. Furthermore, 
the pressures of natural selection have 
fine-tuned luminescence emissions of 
organisms so that they have converged 
at a relatively small range of wave- 
lengths, and many organisms differ 
from each other only slightly (Table 1, 
Fig. 1). To discriminate between these 
subtle differences, and to detect differ- 
ences in the width of the emission 
curve, one would ideally have access to 
better resolution than 5 nm. 

Higher sensitivity 
The problem of resolution is tied to the 
question of sensitivity in two ways. If 
higher sensitivity was available, one 
could use a narrower dispersion slit and 
not have to bin adjacent detector units. 
Perhaps more importantly, higher sensi- 
tivity would make it possible to inte- 
grate the signal for a shorter time. As 
the integration time decreases, the 
number of individual organisms which 
are being integrated decreases, and the 
broadening of the spectra through sum- 
mation (Fig. 3B) is lessened. Increasing 
sensitivity would be the single most 
effective way to improve the power of 
a spectral approach to identification. 

Kinetics information. 
In addition to containing spectral infor- 
mation, the bioluminescence emission 
from a particular species usually has a 
kinetic signature which may be mea- 
sured. Some organisms emit millisec- 
ond flashes, while others can glow for 

Fig. 3. The effect of summation on spectral curves. 
A. It is difficult separate out the components which 
make up an integrated spectral signal, because what 
appears to be a biologically significant separation in 
maximum wavelength may not be very large relative 
to the width of the individual curves. B. In this 
example, the short-wavelength spectrum of the 
siphonophore Nunomia has been added to the spec- 
trum from the copepod Merridia either in equal parts 
(- - -) or at twice the intensity of Merridia (-). The 
only evidence that there were two spectra going into 
the integrated signal is a small distortion (arrow) 
caused by the Nunomia spectrum. 

several seconds. Nealson et al. (1986) 
found that spectra or kinetics alone pro- 
vided some discrimination power, but 
the ability to accurately identify organ- 
isms improved dramatically when both 
characters were used together. Al- 
though it is beyond the immediate 
scope of this experiment, one could 
potentially combine this type of infor- 
mation with spectral information to 
increase the ability to determine which 
organisms are present. 
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ABSTRACT 

The great fisheries of Newfoundland have col- 
lapsed, and biomass levels are now only 0.1% 
of what they were thirty years ago. Unusually 
cold water temperatures in recent years and 
other environmental factors have been suggest- 
ed as the underlying cause of the observed 
declines, but the data show that overfishing has 
been the prime agent. Biogeographic study of 
fisheries survey data for the years 197% 1991 
shows that all species, commercial and non- 
commercial, in the fish community were affect- 
ed. Distribution patterns shifted, numbers and 
biomass of almost all species decreased, and, 
for both target and non-target species mean size 
in the 90’s dropped dramatically from what it 
was in the early 80’s. The decline in size results 
from the removal of the larger (and older) indi- 
viduals with the result that the population struc- 
ture has been fundamentally changed. Fish 
species of the northern shelves are normally 
quite long-lived, and thus their populations 
experienced environmental variation on the 
scale of decades. But now, with the older fish 
eliminated by fishing pressure, the remaining 
populations experience environmental variation 
on a scale of years. The result is that they are 
now more sensitive to inter-annual variability, 
and thus are at risk of further decline because 
of an inhospitable climate against which long- 
lived individuals provided a buffer. The stage is 
set for a “flip” in the ecosystem to some new, 
but unpredictable, stable state. 

INTRODUCTION 

Ocean ecologists have begun to recog- 
nise that the data from fisheries surveys 
offer important material for research in 
community ecology and biogeography 
of the ocean (Baumgartner, pers. 
comm.). The annual surveys are done 
over a very broad area in a standardized 

fashion and, although usually directed 
towards one important commercial 
species, collect data on most species 
taken as well as environmental condi- 
tions. Surveys were initiated in many 
places 10 to 20 years ago, and thus 
important time series exist. Emphasis 
has been on continental shelves in 
important fishing areas around the 
world, areas now characterised as 
LEM’s (large marine ecosystems; 
Sherman, 1994). 

The Newfoundland region off east- 
ern Canada has been surveyed since 
1972 on the Grand Banks and since 
1978 on the Northeast Newfoundland 
Shelf. During this period, important 
and dramatic changes occurred in the 
fishery. In 1976, following a period of 
massive exploitation by distant water 
fleets, Canada declared a 200-mile limit 
and took over management of the fish- 
ery for virtually the entire shelf. 
Despite this step, which unified man- 
agement and attempted to rationalize 
the fishery almost completely, the fish- 
ery collapsed in 1992. The extent of the 
collapse from an estimated spawning 
biomass of 1.6 million tons in the 
1960’s to less than 2000 tons today is 
so great that the fishery may have to 
remain closed for decades if it is ever 
to recover. 

The Newfoundland Banks have been 
divided into a series of fisheries zones 
(the so-called NAFO divisions) but 
these bear little relation to the true bio- 
geography of the region. In this paper, I 
take the view that a biogeographic per- 
spective can help very much to identify 
trends in the fishery and to understand 
the various forces at work. This is not a 
novel perspective. Hutchings et al. 
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(1993) applied biogeography to under- 
stand cod spawning patterns in the 
Newfoundland area, and the book edit- 
ed by Shackell & Willison ( 1995) illus- 
trates how basic biogeography has been 
applied to fisheries problems in many 
geographic regions. 

METHODS 

The data are from the standard surveys 
of Canada’s Department of Fisheries 
and Oceans (DFO) on the Northeast 
Newfoundland Shelf. Bottom trawl sur- 
veys began in 1978 and run to the pre- 
sent, and are conducted in the fall. The 
time series studied is thus from the area 
where the greatest collapse has oc- 

curred (NAFO divisions 2J3KL) and 
covers the period from just after the 
end of foreign fishing up to and includ- 
ing the imposition of a total moratori- 
um. From each 30-minute tow all fish 
species are identified, counted, and the 
aggregate weight determined. Tempe- 
rature, salinity and depth are deter- 
mined for each station, of which there 
can be several hundred during a survey. 
The total data set comprises over 5000 
individual stations. 

Our analysis employed common 
biogeographic methods (Gomes et al., 
1992) to map fish assemblage areas. 
Each year was analysed separately. 
Four assemblages were identified and 
found to persist from year to year. 
Within each assemblage area, trends in 

assemblage 
0 redfish 
q flounders 
n cods 

85 86 87 88 89 90 91 
year 

Less abundant groups -North assemblage 

&j grenadiers 
0 rays & shark 
El eelpouts 
n wolffish 

’ 78 79 80 81 82 83 84 85 86 87 88 89 90 91 
year 

Fig. 1. Catch rates for dominant (top) and less abundant (bottom) fish families in the 
Northern Assemblage. The dominant families contain the important commercial species. 
Redfish = &bastes spp.. Flounders = Pleuronectiformes. Cods = Gadidae. Grenadiers = 
Macrouridae, Rays & Shark = Selachii, Eelpouts = Lvco&s spp.. Wolffish = Anarhichadidae. 
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the community and in each species 
could then be followed. 

The analysis showed that all species 
displayed declines (Gomes et al., 
1995). While this was expected for 
commercial species, it was surprising 
to see it also in most of the less abun- 
dant non-target species (Fig. 1). Be- 
cause the changes were so widespread, 
and because almost all species were 
affected in the same way, it seemed at 
first impossible that the fishery could 
have had such a broad impact. The 
“black box” of global change was 
invoked, and investigations of subtle 
changes in temperature, salinity and 
other oceanographic factors were initi- 
ated. But more careful analyses make it 
clear that an unrestrained and highly 
technological fishery, not unusual envi- 
ronmental conditions, is the basic cause 
of the collapse (Hutchings & Myers, 
1994). 

There were biogeographic shifts in 
the distribution of the four fish assem- 
blages as the collapse occurred. Prior to 
about 1987, the general biogeographic 
picture was of persistence. But in 1988 
the boundaries of the various areas 
began to shift, with the primary effect 
being the apparent expansion of the 
low diversity, low abundance Coastal 
Assemblage to cover large portions of 
the shelf at the expense of the higher 
diversity and higher abundance Main 
Assemblage, which retreated to a few 
pockets at the edge of the continental 
shelf (Fig. 2). 

The real situation is far more com- 
plicated than is shown just by a consid- 
eration of changes in the distribution 
and overall abundance of fish assem- 
blages. The changes observed at that 
rather coarse scale result from shifts in 
the distribution and abundance of indi- 
vidual species. Species do not show 
changes in complete synchrony and, in 
fact, some of the non-target but less 
abundant fish species responded before 
the more abundant commercial species 
did (see Fig. 1; Gomes et al., 1995). 

At the same time that abundance and 
biomass were declining and biogeo- 
graphic shifts were taking place in the 
assemblages overall, the mean size of 
most individual species declined dra- 
matically. The size decline evident in 
so many species is the result of a selec- 

Fig. 2. The distribution of Coastal (closed circles) 
and Main (open circles) Assemblage stations in I98 I 
(top) compared to 1991 (bottom) on the Newfound- 
land Shelf. 

tive and unrelenting cropping of larger 
individuals in the population by fishing 
(Haedrich & Fischer, 1995). Removal 
of the larger, and thus older, age classes 
has produced a profound change in the 
population structure which may seri- 
ously hamper recovery. 

The pattern seen in the eelpout 
Lycodes vahlii Reinhardt, 183 1 is a 
general one. This small non-commer- 
cial species shifted from inshore to 
more offshore at the same time that its 
abundance and mean size declined 
(Fig. 3). As in the case of Lycodes, the 
fine-scale data of individual species 
maps show that the relative abundance 
of many species was greater inshore in 
the early 1980’s than it was by 199 1, 
i.e. there is an apparent overall shift 
offshore. The bottom temperature dis- 
tribution over the period shows no such 
pattern, and no case can be made for 
any temperature-induced shift. Indeed, 
the mid 80’s, when relatively little 
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Fig. 3. The distribution of Lycodes w/z/ii (top) in 
1981 (closed circles) and  1991 ‘(open circles), and  
the annual  CPUE and trend in mean size (bottom). 

change took place, were almost as cold 
as the 1990’s (Hutchings & Myers, 
1994). 

The common pattern of a  shift off- 
shore combined with a  compell ing 
argument that fishing has been the 
prime agent for the decline leads to a  
biogeographical hypothesis. The 
hypothesis is that expansion of effort 
by the fishing fleet expanded geograph- 
ically as catches declined. Stocks near- 
er the land, i.e. in the Coastal Assem- 
blage, were exploited first and, as the 
catch rates declined, fleets moved pro- 
gressively offshore. This hypothesis 
can be addressed once maps of effort 
are derived, and is a  good example of 
the contribution a biogeographic ap- 
proach can make to understand and 
help in the resolution of fisheries prob- 
lems. 

The big question, of course, is what 
the future holds for the Newfoundland 
fish assemblages. There is very little to 
go on here, and even ecological theory 
does not seem to help very much 

(Gomes & Haedrich, 1992). The great- 
est changes have been in the alteration 
of population structure, through the 
removal of the older age classes, and, 
from an energetic point of view, the 
massive decline in overall biomass. 
There are two important points that 
arise: Smaller fish are being favoured 
and there is a  massive excess of food 
energy available at lower trophic levels. 

At the 1985 ICoPB, I showed how 
biomass spectra could be used to derive 
production maps for mesopelagic f ishes 
in the North Atlantic Ocean (Haedrich, 
1986). Biomass spectra m ight also be 
used to predict the future course in the 
evolution of fish assemblages on 
Newfoundland’s continental shelf. For 
many years, the spectra there showed a 
concentration at the size of codfish, 1  to 
4  kg (size classes 10-12; Fig. 4), and 
therefore most energy in the system 
was channeled through fishes of this 
size. But between 1980 and 1990, there 
has been a shift in overall concentration 
of b iomass from larger to somewhat 
smaller-sized fish in most assemblage 
areas (Fig. 4). 

So the size decline observed in indi- 
vidual species can also be seen at the 
community level. Since, as is observed, 
there has been no compensat ion in the 
fish community for the loss of so much 
biomass, i.e. no other species have 
become dominant as the commercial 
species have declined, the stage is set 
for an “ecosystem flip” where the sys- 
tem will stabilize at a  new steady state. 
This would be favoured by the increase 
in abundance of a  smaller-sized fish 
which could reproduce faster and take 
advantage of the food energy that 
should now be available because it is 
no longer taken up, to any significant 
extent, by larger predatory fish. 

There is a  candidate for such a 
takeover in the sand lance Ammodytes, 
a  pelagic fish approximately of size 
class 7 (27 = 128 gm; Fig. 4). Sand 
lance has become very common in the 
North Sea, where a similar fisheries sit- 
uation has occurred, and is present on 
the Newfoundland Shelf. Should a flip 
to a  sand lance-dominated system 
occur, it would be an example of top- 
down control where a major predator, 
the fishery, has altered the ecosystem to 
such an extent that a  new system has 
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Fig. 4. Biomass spectra in 1981 compared to 1991 (1990 Coastal) in all four groundfish assemblages. NE 
Newfoundland Shelf. 

developed. At a much larger scale than 
the first experiments along these lines 
(Paine, 1966), there is a great experi- 
ment being played out on the New- 
foundland Banks. We can only wait to 
find out what its outcome will be. 
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INTRODUCTION 

The methods of cladistic or vicariance 
biogeography provide techniques for 
extracting elements of common history 
from an array of biota. The historical 
and philosophical background of these 
methods is explained in detail by 
Nelson & Platnick (198 l), Wiley 
(1988) and Humphries & Parenti 
(1986), for example, and their rele- 
vance to pelagic systems by van der 
Spoel & Heyman (1983) and Nelson 
(1986). Distributions of species may 
adhere to various environmental para- 
meters but that, in itself, is not an 
explanation of the species presence in 
that area. It may be difficult to tease 
history and ecology apart, however. An 
oceanic species that has highly vagile 
life history stages is unlikely to retain a 
historical component in its pattern of 
geographical distribution. The histori- 
cal record is more likely to be pre- 
served in species with rapid develop- 
ment. However, remodelling of oceanic 
basins and circulation patterns will 
have effects on species, frequently 
through allopatric speciation. In the 
framework of cladistic biogeography 
history can be detected through the dis- 
covery of repeating patterns of phy- 
logeny and distribution. After detection 
of such patterns, it may be possible to 
develop an explanation of the process 
that caused the pattern (Grande, 1994). 
Correlation of biotic distribution with 
environmental variables provides evi- 
dence of ecological but not historical 
processes. 

METHODS 

The requirements of analysis are (1) a 
pattern of disjunct areas or areas of 
endemism, occupied by species of two 
or more clades (study groups chosen 
irrespective of their biological proper- 
ties), and (2) phylogenies for these 
clades. When the phylogenetic branch- 
ing patterns and the species areas of 
occurrence are congruent, then factors 
causing wholesale speciation or vicari- 
ante across the clades must be the 
explanation for the observed patterns. 
Cladograms are rarely congruent, 
owing to numerous factors (e.g., 
extinction, dispersal, undiscovered 
species), but the presence of some 
shared elements or components may 
indicate common history. 

Several analytical protocols for ana- 
lyzing the interrelationships of areas 
have been designed and computer soft- 
ware made available for computations. 
Component analysis, a method devel- 
oped by Nelson & Platnick (198 l), is 
used here to generate hypotheses of 
area interrelationship which form the 
platform of an historical analysis. The 
method is implemented here by the 
software COMPONENT (Page, 1989). 
In component analysis incongruence 
among taxon-area cladograms due to 
taxa that are “widespread” and “miss- 
ing” relative to the selected geographi- 
cal areas results in ambiguity in identi- 
fying the relationships among the areas. 
For each initial, taxon-area cladogram, 
formed by replacing the names of the 
taxa at the tips of the branches of the 
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cladogram with the name of the area 
o.ccupied, all possible implied sets of 
area relationships are generated as area 
cladograms. Mechanistic details are 
explained by Nelson & Platnick (198 1). 
Analyzing under their Assumption 2 is 
most conservative and is the approach 
taken here. Three-area or three-item 
statements (Nelson & Ladiges, 1991) is 
another implementation of the basic 
analytical assumptions proposed by 
Nelson dz Platnick (1981) but will be 
applied to the present problem of Indo- 
Pacific biogeography in another paper. 

INDO-AUSTRALIAN BIOGEOGRAPHY 

To illustrate the method some examples 
for analysis were chosen from the Indo- 
Australian region. The region is one of 
high species diversity and geological 
complexity and has therefore been the 
subject of much historical study. 
Andersen (199 1) and Fleminger (1986) 
have both utilized phylogenetic data 
(marine water striders and copepods, 
respectively) in analyses of the histori- 
cal biogeography of the region and to 
their findings I compare cladograms for 
two clades of marine hatchetfishes 

(Harold, 1994). 
The species in all of these groups 

have relatively restricted, overlapping 
distributions, allowing for delimitation 
of areas of endemism (sensu Harold & 
Mooi, 1994) for analysis. In Andersen’s 
(1991) study of marine water striders, 
patterns of overlapping distribution 
were the basis for recognizing a set of 
Indo-Pacific areas of endemism. The 
concept of area of endemis’m  has been 
reviewed and the term defined by 
Harold & Mooi (1994: 262) as “... a 
geographic region comprising the geo- 
graphic distributions of two or more 
monophyletic taxa that exhibit a phylo- 
genetic and distributional congruence 
and having their respective relatives in 
other such-defined regions.” These 
areas must be delimited in the context 
of the problem at hand, with the bound- 
aries being placed around groups of 
species distributions that are congruent. 

As emphasized by Harold & Mooi 
(1994), phylogeny must be taken into 
account in grouping species distribu- 
tions together. There is always the pos- 
sibility that one or more traditionally 
recognized areas are composite or 
hybrid in terms of their contained biota 
(Parenti, 1991). New Zealand is a well- 

. 

Fig. 1. Areas of endemism recognized by Andersen (1991), based on patterns of distribution of marine water 
striders (Cerridae and Veliidae). 
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documented example (Platnick & 
Nelson, 1984) of a geologically and 
biotically composite area and, accord- 
ingly, must be divided into a set of sub- 
areas. If broader, traditional areas (such 
as island groups, entire continental 
masses, biotic zones) were utilized the 
effect would be to place phylogeneti- 
tally heterogeneous species into the 
same area. Lack of branching resolu- 
tion in general area cladograms, formed 
by combining components shared by 
the groups being studied, is symp- 
tomatic of analyses including compos- 
ite areas. 

Andersen’s (1991) set of areas of 
endemism (Fig. 1) for component anal- 
ysis of Indo-Pacific marine water strid- 
ers was studied for its applicability to 
the present problem. 

RESULTS 

For my analysis it was necessary to 
modify Andersen’s areas in order to 
reflect patterns of distribution and phy- 
logeny shared by the study groups (Fig. 
2). The four clades analyzed for shared 
components are the marine hatchetfish- 
es of the Polyipnus meteori (Fig. 3) and 

a monophyletic subgroup of the P. 
spinosus (Fig. 4) species groups 
(Harold, 1994), copepods of the 
Labidocera pectinata species group 
(Fig. 5) (Fleminger, 1986), and water 
striders of the Halobates regalis species 
group (Fig. 6) (Andersen, 1991). In 
examining this set of taxa it is clear that 
the relatively broad area Mala of 
Andersen (1991) is probably composite 
and should be subdivided, the western 
part occupying the Bay of Bengal and 
Andaman Sea region (Fig. 2; WMala) 
and the eastern part, including the 
Malay Peninsula, Sumatra and the 
South China Sea, forming EAsi. The 
broad northern Australian area, Aust, of 
Andersen (1991) was also subdivided 
giving WAust and EAust (Fig. 2). A 
broad Indonesian area, Banda, was 
formed which includes much of the 
areas Papu, Phil and Sula of Andersen 
(1991). 

The four clades do not each have a 
terminal taxon (species in this case) in 
each of the five areas of endemism. 
Incongruence among the study groups 
(“missing species”) may be the result 
of extinction, primitive absence or 
undiscovered species. Component anal- 
ysis can compensate for this empirical 

Fig. 2. Indo-Pacific areas of endemism recognized for the present analysis, based on patterns of distribution and 
phylogeny of marine hatchetfishes, water striders and copepods (see Figs. 3-6, incl. for illustrations of individual 
patterns). 



Polypnus meteori species group 

EAsi 
(1) 

WAust 
EAust 

(2) 

Banda 
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EAusi EAsi EAust 
(3) (4) (3 

Fig. 3. Taxon-area cladogram for marine hatchetfish- 
es, family Sternoptychidae, of the Pol~ipnus meteori 
species group (Harold, 1994). Abbreviations of areas 
of endemism defined in Fig. 2. Polyipnus species: 
(I ) ovatus, (2) kiwiensis, (3) mutsubarui, (4) mereori, 
(5) ruggeri. Modified after Harold (I 994). 

Polypnw spinosus species group 

/ 

(1) WMala 
, (2) EAust EAsi 

(3) EPac 

(1) EAust 

(5) EAust 

(6) EAust 
(7) EAsi 

(8) E.&i 

(9) Banda 
(10) EAsi 

\c 

(11) Wtlust Banda 

(12) WAust 

Fig. 4. Taxon-area cladogram for marine hatchetfish- 
es, family Sternoptychidae, of the Polyipnus 
spinosus species group (Harold, 1994). Abbrevia- 
tions of areas of endemism defined in Fig. 2. 
Polyipnus species: (I) asper, (2) I>arirli, (3) inennis, 
(4) puxroni, (5) elorlgarus, (6) lu~irusrrus, (7)fruseri. 
(8) stereope. (9) spinsosus, (I 0) spinifer, (I 1) soelue, 
(I 2) tridenrifer. Modified after Harold (I 994). 

problem, giving an estimate.of relation- 
ships among areas based on available 
patterns. 

Componerit analysis yielded a single 
area cladogram shared by the water 
strider clade and the copepod clade 
(Fig. 7). The shared area components 
summarized by this diagram are indica- 
tive of historical commonality. The 
water strider clade has no species in 
EAsi, an area therefore excluded by 
COMPONENT in making tree compar- 
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LaOiclocera pectirzata species group 

142 

WMala EAsi EAsi E&i Banda WAust EAust 
(1) (2) (3) (4) (6) (7) 

Fig. 5. Taxon-area cladogram for pontellid copepods 
of the Lubidoceru pecfinnru species group 
(Fleminger, 1986). Abbreviations of areas of 
endemism defined in Fig. 2. Labidoceru species: (I ) 
pec’inuru, (2) rotundu, (3) japonicu, (4) sp. 3. (5) 
pupuensis, (6) curpenruriensis. (7) morefoni. 
Modified after Fleminger (I 986). 

Halobates re,qalis species group 

EAust WAust E.4ust Whlala Banda EAust WAust WAust 
(1) (2) (3) C-c) (5) (6) (7) (8) 

Fig. 6. Taxon-area cladogram for water striders. 
family Gerridae. of the Hulobures regalis species 
group (Andersen, 199 I ). Abbreviations of areas of 
endemism deiined in Fig. 2. Huloba~es species: (1) 
zephyrus, (2) regal&, (3) whiteleggei, (4) sexualis, 
(5) peronis, (6) herringi, (7) durwini, (8) acheronris. 
Modified after Andersen ( 1991). 

WMala Banda 

Fig. 7. The single area cladogram shared by the 
water strider clade (Huloburrs regulis species group) 
and the copepod clade (Lnbidoceru pectinurn species 
group). 

isons. Neither of the hatchetfish clades 
shared an area cladogram with any 
other clade. Consensus trees for the sets 
of area cladograms were generated for 
the Polyipnus meteori species group 
(Fig. 8) and the P. spinosus species 
group (Fig. 9) as a means of summariz- 
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ing consistent (strict consensus) or 
most frequently replicated (Nelson con- 
sensus) components for each group. 
The hatchetfish clades seem to be 
affected by widespread taxa (meteori 
species group) and by a possibly large 
number of “missing taxa” (P spinosus 
species group). The latter may be sug- 
gested by sequential recurrence of the 
EAust area in the taxon-area cladogram 
(Fig. 4). Ongoing studies of Polyipnus 
may result in a more complete picture 
of the number of species and their dis- 
tributions, and eventually a more com- 
plete summary of area components. 

DISCUSSION 

The possible problems with analyzing 
Polyipnus biogeography notwithstand- 
ing, some of the components of the 
area cladogram in Fig. 7 should be pre- 
sent and well represented in the sets of 
cladograms for this genus, if there is 
some aspect(s) of history shared with 
the water strider and copepod clades. 
The only historical information avail- 
able from the P. meteori group (Fig. 
8B) is that the areas EAust, WMala and 
Banda are most closely related, a result 
that is in direct conflict with the clado- 
gram in Fig. 7. On the other hand, the 
summary of components derived from 
the P. spinosus group (Fig. 9A, B) 
shows that a component shared by all 
of the cladograms in the set contains 
Banda, WAust and EAust but excludes 
WMala. The latter statement about area 
relationship is also true of the clado- 
gram shared by the water striders and 
copepods (Fig. 7). In summary, the I? 
spinosus group probably shares some 
history with the water striders and 
copepods but due to probable, as yet 
undiscovered, species in this clade, as 
well as in the two invertebrate clades, it 
is not presently, recoverable. The P. 
meteori group is unlikely to share his- 
tory with any of these three clades, 
according to the available analysis. 

Fleminger’s (1986) explanation for 
distribution and phylogenetic relation- 
ships of the Labidocera pectinata 
group was based on glacial-interglacial 
cycles of thermal and concomitant 
eustatic sea level drop through Malesia 
(chronology converted to an area clado- 

EAsi WAust EAust WMala Banda 

EAsi WAust EAust WMala Banda 

Fig. 8. Consensus trees of a set of 33 area clado- 
grams for the Polyipnus meteori species group gen- 
erated by COMPONENT under Assumption 2. A, 
strict consensus; B, Nelson consensus. 

WMala WAust EAust EAsi EPac Banda 

WMala EAust EPac EAsi WAust Banda 

Fig. 9. Consensus trees of a set of 7 area cladograms 
for the Polyipnus spirzos~s species group generated 
by COMPONENT under Assumption 2. A, strict 
consensus: B, Nelson consensus. 

gram, Fig. 10). Wallacea, the region 
between Wallace’s and Lydekker’s 
Lines to the west of New Guinea, was 
hypothesized as a barrier to stenother- 
ma1 species which caused isolation and 
subsequent vicariance of pontellid 
copepods on two separate occasions 
(Fleminger, 1986). For this model to 
work for the Labidocera pectinata 
species group the following conditions 
are required: (a), the common ancestor 
of the clade was not present in or east 
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Banda 
WMala EAsi (New Guinea) WAust EAust 

Fig. 10. Fleminger’s (1986: fig. 8) hypothesis of a 
sequence of events during the Pleistocene Epoch 
causing vicariance among pontellid copepods, con- 
verted to a geological area cladogram. a, continental 
and seasonal barriers, early Pleistocene glacial stage; 
b, seasonal barrier, mid-Pleistocene; c, seasonal bar- 
rier, mid-Pleistocene (later). Continental barriers 
caused by presumably elevated flow of coastal 
drainage systems during glacial stages and melt peri- 
ods leading into interglacial stage. Seasonal barriers 
caused by temperature depression during seasonal 
upwelling. 

WMala EAsi Banda WAust EAust 

Fig. 11. Geological area cladogram depicting a 
sequence of events beginning in the Miocene possi- 
bly causing vicarince of Indo-Australian biotas. a, 
arrival of Australian continent at region of develop- 
ing Indo-Malayan Archipelago (early Miocene); b, 
completion of eastward drift of Palawan to 
Philippines (late Miocene); c, sea level drop caused 
by late Miocene glaciation causing isolation of bio- 
tas in minor sea basins of Banda from Australian 
coastal areas (late, possibly end, Miocene); d, emer- 
gence of platform between New Guinea and 
Australia; several occurrences of this event (late 
Miocene through Pleistocene). 

of Wallacea at the time of the first 
vicariant event, and (b), subsequently 
one species, L. papuensis (or, I infer, its 
immediate ancestor), disperses through 
and east of Wallacea to the northern 
coasts of Australia prior to the second 
event. This is one of several possible 
sets of conditions that could result in 
the observed patterns, but an explana- 
tion lacking the ad hoc dispersal event 
is to be preferred as an explanation of 
some generality. 

To explain the area cladogram 
shared by the copepod and the water 

strider clade (Fig. 7) the following must 
occur: (a), the common ancestor of 
each clade occurred throughout the 
areas now occupied by the descendant 
species (i.e., WMala, Banda, WAust 
and EAust), (b), a vicariant event iso- 
lated the WMala portion (Bay of 
Bengal region) of this ancestor’s distri- 
bution from the portion occurring in 
Banda, WAust and EAust (Indo- 
Australian basins and coastal regions), 
(c), a vicariant event, possibly caused 
by thermal depression through intensi- 
fication of coastal upwelling in 
Wallacea, as described by Fleminger 
(1986 and ceferences therein) or some 
other manifestation of constricting 
minor seaways and basins in Wallacea 
(e.g., formation or intensification of an 
oxygen minimum layer), followed by 
(4), continued drop in sea level with 
formation of a land connection between 
Papua New Guinea and Australia, sepa- 
rating WAust and EAust populations of 
the remaining ancestral species occur- 
ring through these areas. 

Proposing this sequence of events 
for the Pleistocene is complicated by 
the occurrence of up to four glacial 
cycles, each one potentially causing the 
observed biotic pattern. Another 
sequence of events could have had a 
similar effect on patterns of allopatric 
speciation but beginning much earlier, 
in the Miocene (ca. 22 My ago). The 
resulting species distributions of these 
relatively early vicariant events could 
expand and contract, as is typical of 
organismal distribution (diffusive pro- 
cesses, sensu Ball, 1983), as changes 
occur in the environment that impinge 
upon their ecology. A proposed 
sequence of events, including a possi- 
ble event isolating EAsi from other 
western Pacific areas, is shown in Fig. 
11 and described here: (a), approach of 
the Australian continent to southeast 
Asia in the early Miocene (22- 21 My 
ago) (Edwards, 1975; Coleman, 1980) 
coinciding with Antarctic ice buildup 
(Herman, 1986) causing sea level drop 
leading to a reduction of equatorial 
flow between the western Pacific and 
eastern Indian Oceans, (b), disruption 
of flow between the South China Sea 
(EAsi) and basins to the south (Banda) 
in the late Miocene by collision of the 
North Palawan Continental Terrain 
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with the Philippines (Holloway, 1982; 
McCabe & Cole, 1989), (c), lowering 
of sea level with late Miocene glacia- 
tion (7-5 My ago), isolating northern 
portions of eastern Indonesia (portions 
of the area Banda) from Australian 
coastal areas, possibly related to direct 
effects of intensified upwelling, as 
described by Fleminger (1986), and (d), 
final isolation of populations east and 
west of the Cape York Peninsula, 
Australia by further sea level drop, 
either in the late Miocene as a culmina- 
tion of the effects of that glacial cycle 
or later, in one of the Pleistocene 
glacial epochs. 

This model is proposed as a possible 
alternative to the model of Fleminger 
(1986) involving the relatively recent 
events of the late Pliocene and 
Pleistocene. This new model, based on 
a combination of tectonics and sea 
level change will tend to be corroborat- 
ed by congruence of patterns from 
biota in general, not just stenotherms. 
Congruence of stenotherms but not 
other biota tends to support the 
Fleminger explanation which relies 
heavily on thermal depression of the 
upper mixed layer. Congruence of the 
water strider pattern with that of the 
copepods to form a general area clado- 
gram appears to lend greater support to 
the new model. Evidence from the Z? 
spinosus species group, relatively cold 
water organisms, that is compatible 
with the general area cladogram also 
suggests a more general mechanism of 
biotic subdivision. Aspects of biogeo- 
graphic patterns based on terrestrial 
insects (see Schuh & Stonedahl, 1986) 
also add to a growing body of evidence 
for general, largely tectonic, mecha- 
nisms effecting vicariant speciation 
through the Indo-Australian region. 
However, analyzing patterns from other 
taxa is needed before reaching a con- 
clusion as to whether one, both or nei- 
ther of the models discussed here 
explain the historical background of 
these complex biotas. 
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20. Distribution of warm epiplanktonic shrimp of the 
genus Lucifer (Decapoda; Dendrobranchiata; 

Sergestinae) in the northwestern Pacific Ocean with 
special reference to their adaptive features. 
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ABSTRACT 

All species of the genus Lucifer with the excep- 
tion of the Atlantic species L. faroni occur in 
the western North Pacific. The distribution pat- 
terns of the Pacific species and the characteris- 
tics of the environments they live in are 
described. To trace adaptive characteristics 
related to inshore, neritic and oceanic waters 
the body length, morphological characters, egg 
number and egg size of the different species of 
Lucifer are compared. Oceanic species were 
more stenothermal and stenohaline than neritic 
species. Inshore species were smaller than 
oceanic species and had more and smaller eggs 
than the latter. Furthermore there is evidence 
that oceanic species retain some neotenic char- 
acters. 

Adaptation of inshore/neritic marine 
zooplankton differs from oceanic ones 
(Tokioka, 1979; Paffenhofer & Sterns, 
1988). Though comparison of organ- 
isms from different environments has 
often-been made between taxonomical- 
ly non-related species, it has been diffi- 
cult to conclude whether these differ- 
ences have resulted from adaptive or 
phylogenetic causes (Brooks & 
McLennan, 199 1; Harvey & .Pagel, 
1.99 1). Epiplanktonic pelagic shrimp of 
the genus Lucifer (Decapoda; Dendro- 
branchiata; Sergestinae) provide ideal 
material for evaluation of morphologi- 
cal and physiological adaptations of 
zooplankton to the environments, as 
they are distributed widely in tropical 
and subtropical waters in all oceans. 
Furthermore, the genus consists of only 

seven species that occur from inshore 
to oceanic environments. 

Patterns of the geographical distri- 
bution of Lucifer have been shown by 
Omori (1977). Detailed studies have, 
however, only been carried out in the 
eastern tropical Pacific (Omori, 1992), 
the Ryukyu Islands (Kikuchi, 1990), 
the East China Sea (Ma & Song, 1992), 
along the east coast of the U.S.A. 
(Bowman & McCain, 1967), and 
coastal waters of Brazil (Da Costa & 
Prandi, 1971). The differences in geo- 
graphical distributions of the different 
species, therefore, is poorly understood. 
Reproduction has been only studied in 
L. faxoni in the Atlantic (Lee et al., 
1992); and embryology is known only 
for this species (Brooks, 1882) and L. 
hanseni (Gurney, 1926; Menon, 1940). 
Morphological characteristics of larvae 
of different species have scarcely been 
distinguished previously. 

In the present study, the geographi- 
cal distribution pattern of Lucifer in the 
northwestern Pacific and the character- 
istics of the habitat of each species 
were investigated. The body length, 
external morphological characters, egg 
number and egg size of different 
species occurring in different environ- 
ments were compared to trace adaptive 
characteristics related to inshore, neritic 
and oceanic waters. 

MATERIALS AND METHODS 

Except for specimens from inshore 
areas such as Tateyama Bay, the Inland 
Sea and the Ariake Sea in Japan and 
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Vung Tau in Viet Nam, most of the 
samples from the northwestern Pacific 
were collected during the CSK 
(Cooperative Study of Kuroshio and 
Adjacent Regions) surveys (Motoda et 
al., 1970; Motoda, 1980); these sam- 
ples were collected by vertical hauls 
from 150 m with a NORPAC net, 45 
cm in diameter and 0.33 mm mesh 
opening. Parameters of the habitat of 
different species were determined ana- 
lyzing temperature and salinity data of 
surface water, and total zooplankton 
biomass (wet weight) at each sampling 
position in the CSK surveys (Japan 
Oceanographic Data Center 1966- 1978; 
Yamazi, 1971; Tham, 1972; 1973; 
Chuang, 1974; 1977). Body length was 
measured from the base of the rostrum 
to the posterior edge of the telson, and 
the neck length from the base of the 
rostrum to the labrum. Eggs in the 
ovary are visible from the outside 
through the thin, transparent body of 
Lucifer: The number of mature eggs in 
the ovary was counted under the micro- 
scope (Nikon SMZ). As numerous 
specimens of post-larvae and adoles- 
cents of the same developmental stage 
are necessary for comparison of repro- 
ductive and embryological characters, 
the samples consisting of almost only a 
single species from collections other 

than the CSK samples, i.e. those from 
the eastern tropical Pacific, east off 
Iwate in Japan, off Labuhan in the 
western Java Sea, off western 
Australia, the Persian Gulf and the east- 
ern Mediterranean Sea were used as 
supplements. 

RESULTS 

All species of Lucifer with the excep- 
tion of the Atlantic species L. fuxoni 
were found in the northwestern Pacific. 
Though, L. chacei which is known to 
inhabit tropical coastal waters 
(Bowman, 1967) has only rarely been 
collected, its geographical distribution 
is not dealt with in the present study. 
Lucifer hanseni is apparently an 
inshore species, as it is restricted to 
enclosed waters such as the Inland Sea 
and the Ariake Sea of Japan, Lemon 
Bay of the Philippines, and off 
Singapore (Fig. 1). Furthermore, the 
species has rarely been collected during 
the CSK surveys, of which the sam- 
pling stations covered mainly neritic 
and oceanic waters. Lucifer penicillifer 
and L. intermedius are neritic species, 
as they are mainly distributed over the 
shelf waters of the Sea of Japan, the 
East China Sea, the South China Sea, 
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Fig. 1 Distribution of one inshore and two neritic species of Lucifer in the northwestern Pacific. 
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Fig. 2 Distribution of two oceanic species of Lucifer in the northwestern Pacific 

the Bay of Thai, and the Karimata 
Strait in Indonesia. They are also found 
in oceanic waters such as off the east 
coast of Honshu, Japan, where the 
Kuroshio Current carries coastal 
species to offshore areas. The samples 
from these oceanic waters were com- 
posed mainly of older adults, with lar- 
vae being seldom collected. Lucifer 
typus and L. orientalis are apparently 
oceanic species, as their distributions 
are restricted to offshore areas from the 
continental shelf as well as around 
islands which only have a narrow shelf 
(Fig. 2). The distribution of L. oriental- 
is extends to a lower latitude than that 
of L. typus. 

In the habitats where L. penicillifer 
occurred, the average temperature and 
salinity of the surface water was 
recorded as 27.3 & 2.3”C; N=48 (mean 
*SD) and 33.9 f 0.7 PSU; N=76, they 
were 24.1 f 5.4”C; N=91 and 33.9 f 
0.8 PSU; N=91 for L. intermedius, in 
contrast to 27.2 + 2.3”C; N=162 and 
34.5 L 0.4 PSU; N=160 in L. typus, and 
27.5 f 2.O”C; N=26 and 34.2 & 0.2 
PSU; N=26 in L. orientalis (Fig. 3). 
The variance (SD*) of temperature and 
salinity of oceanic species was smaller 
than that of neritic species (Table 1); 
that is, oceanic species were more 
stenothermal and stenohaline than ner- 

itic species. The temperature and salini- 
ty conditions of the habitats of L. 
hanseni was not available from the 
CSK survey data, but according to 
hydrographic observations at Fuku- 
yama in the Inland Sea (Hiroshima 
Fisheries Experimental Station, 1994; 
1995), the surface temperature and 
salinity fluctuated in the range of 9.2 - 
29.7”C and 24.39 - 33.15 PSU respec- 
tively in 1993-1994. The data on aver- 
age total zooplankton biomass in the 
CSK surveys were referred to as 
indices of availability of food for 
Lucifer. For the habitats of L. penicillif 
er and L. intermedius the average total 
zooplankton biomass was 97.5 + 77.5 
mg/m3; N=24 and 121.3 f 321.5 
mg/m3; N=120, respectively; that of L. 
typus and L. orientalis was 37.5 f 28.1 
mg/m3; N= 177 and 5 1.4 f 40.4 mg/m3; 
N=47, respectively (Table 1). 

Lucifer is known to develop from 
the nauplius to the adult through proto- 
zoeal, zoeal, post-larval and adolescent 
phases (Brooks, 1882; Bate, 1888; 
Gurney, 1926). The 1st instar of the 
post-larva has a characteristic shape, 
having degenerated 4th pereiopods 
(Gurney, 1926; Menon, 1940). The 
adolescent male has an immature petas- 
ma without spermatophores (see Bate, 
1888; Rosenstadt, 1896); the 1st to 5th 
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Fig. 3. Temperature and salinity conditions of the 
habitats of four species of Lucifer in the northwestern 
Pacific. Top: Neritic species (L.p. = L. penicillifer and 
L.i.= L. intermedius) Bottom:. Oceanic species (L.t: = 
L. I~JUS and L.o.= L. orientalis). 

stage of adolescence can be distin- 
guished by the development of the 
petasma (Hashizume, unpublished 
data). The average body lengths of the 
1st instar of the post-larva and the 5th 
stage of the adolescent male are 2.9 + 
0.2 mm; N=23 and 5.7 + 0.4 mm; N=12 
in L. hanseni; both being smaller than 
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Fig. 4 Number of mature eggs in the ovary of five 
species of L~ifer. L./z.= L. hanseni (N=49), L.p.= L. 
penicillifer (N=32), L.i.= L. intermedius (N=66), L.t 

L. typus, 4.3 f 0.1 mm; N=9 and 9.9 + 
0.7 mm; N=14, respectively. Lucifer 
penicillifer and L. interrnedius are 
intermediate between those of inshore 
and oceanic species, being 3.8 f 0.2 
mm; N=24 and 7.8 & 0.4 mm; N=12, 
3.9 + 0.3 mm; N=5 and 8.5 f 0.7 mm; 
N= 14, respectively (Table 1). 

Distinctive features of reproduction 
in different species are compared with 
data on the relationships between egg 
number and body length (Fig. 4). The 
regression correlation coefficient (rais- 
ing approximation) between egg num- 
ber and body length for all species was 
statistically significant (r > 0.6). In 
individuals of 1 cm body length, the 
egg number of L. hanseni was about 
184, whilst that of L. typus and L. ori- 
ent&is was 34 and 31 respectively. The 
egg number of L. penicillifer and L. 
interrnedius was about 85 and 68, 
respectively, being again intermediate 
between the inshore and oceanic 
species. Furthermore, the egg size of 
oceanic species is larger than that of 
inshore species, although the size in the 
ovary could not be measured directly, 
because the eggs were packed into the 
ovary. 
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Table 1. Comparison of inshore, neritic and oceanic species of Lucifer from the adaptation point of view. 

Species Distri- Average + 
bution standard 

diviation 
of temperature 
& salinity 

Average wet Body length Egg number Egg Average 
weight of of I st instar in an indivi- size’ neck/ 
total zoo- post-larva dual of Icm eyestalk 
plankton (mm) body length ratio of ad- 

ult males 

hmserzi inshore 2.9 184 S 1.7 
(N=23) (N=l2) 

prr7Lcillifer neritic 27.3+2.3”C(N=48) 97.5 3.8 85 i 2.4 
33.9?0.7(N=76) (N=24) (N=24) (N=15) 

intrr-medius neritic 24. If.5.4”C(N=9 1) 171.3 3.9 68 i 2.2 
33.9&0.8(N=9 I ) (N= 120) (N=5) (N=l I) 

ty11s oceanic 27.2+2.3”C(N=l62) 37.5 4.3 34 I 1.3 
34.5&0.4PSU(N= 160) (N= 177) (N=9) (N=8) 

orientalis oceanic 27.5+2.O”C (N=26) 51.4 3.8 31 I I.1 
34.2kO.2PSU(N=26) (N=47) (N=3) (N=7) 

: s=small, i=intermediate, l=large 

In both male and female of L. 
hanseni, the marginal tooth of the exo- 
pod of the uropod is placed much in 
advance of the upper distal angle, 
which is a common feature in other 
genera of Sergestinae. This may indi- 
cate an ancestral character of this 
inshore species in Lucifer. 

Species of Lucifer are characterized 
by long necks. The average neck length 
/ eyestalk length ratio of the 1st instar 
of post-larva is approximately 1 in all 
species. That of adult male L. hanseni, 
L. penicillifer arid L. intermedius is 1.7 
f 0.1; N=12, 2.4 f 0.2; N=15 and 2.2 f 
0.2; N=l l), respectively (Table 1); that 
is, the neck becomes longer than the 
eyestalk. Whereas, in L. typus and L. 
orientalis, the ratio is 1.3 + 0.1; N=8 
and 1.1 f 0.03; N=7, respectively, indi- 
cating the ratio does not change greatly 
between the post-larva and adult. We 
interpret this as that the adults of those 
oceanic species retain the larval charac- 
ter. Larval characters of those oceanic 
species are also seen in the shape of the 
6th abdominal segment and the male’s 
telson. 

DISCUSSION 

because of shallow depths, freshwater 
and organic runoff from the land, both 
temperature and salinity show a wide 
range of variation (see Da Costa & 
Prandi, 1971), and food supply is abun- 
dant. On the other hand, oceanic 
species inhabit environments in which 
both temperature and salinity are more 
stable but the availability of food is 
lower than that of inshore / neritic envi- 
ronments. Furthermore, these oceanic 
species are K-strategists having a com- 
paratively large body and laying only a 
few large eggs containing abundant 
yolk (Pianka, 1970). In this connection, 
fed Calanus finmarchicus (copepoda) 
laid more eggs than starved ones 
(Marshall & Orr, 1952). Dover & 
Williams (1991) stated that selection 
for large eggs in Munidosis species 
(Galatheoidea) may be linked to the 
success of this genus in the deep sea 
where planktonic food has been pre- 
sumed to be rare. Oceanic species are 
considered to retain neotenic features 
and attaining maturity whilst still show- 
ing many larval characteristics. This 
may be interpreted as minimizing 
development time and hence energy 
expenditure during development in the 
oceanic environment (see Gould, 
1977). 

Inshore and neritic species inhabit shal- In the present study we have indicat- 
low water environments in which, ed some of the significant adaptive fea- 
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tures of the inshore / neritic and ocean- 
ic species of the genus Lucifer. As for 
detailed comparison of their adaptive 
behavior and life strategy, it is neces- 
sary to examine the life span, growth, 
and mortality rate of each species liv- 
ing in different environments. 
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21. Time-Space Scales in Marine Biogeography. 
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The description of puttem is the descriptiorl of 
variation. ritld the quatltificatim qf variatioti 
requires the detertninatiori of scules. 

Levin (1992: 1947) 

KEY WORDS: Stommel Diagram, marine biogeography. time-space scales. 

ABSTRACT 

The distribution limits of marine pelagic organ- 
isms (emphasis on zooplankton), from the bio- 
geography of communities and species to the 
ambits of individuals, are explored using a 
Stommel Diagram (time-space-variance plot). 
The factors controlling distribution limits at the 
different scales, the links between scales, and 
the effects of sampling strategies are evaluated 
to resolve the scales and processes most impor- 
tant and amenable to research for progress in 
pelagic biogeography. 

Species’ borders, and thus their range lim- 
its, may be set by mesoscale and smaller pro- 
cesses, while conditions over the entire range 
may determine species’ tolerance for the effects 
of those processes. Interactions between pro- 
cesses at the different scales are likely to be 
important. 

A principal objective of biogeography 
is to describe quantitatively the large- 
scale spatial patterns of abundance of 
species (McGowan, 1974). Temporal 
aspects usually deal with the very long 
time scales of speciation and paleontol- 
ogy. Most time series studies (e.g., 10 
to 100 yr) are spatially restricted and 
tell little about biogeography, while 
spatially extensive, temporally restrict- 
ed studies (e.g., infrequent, large expe- 
ditions) describe a static biogeography 
with few hints about the dynamic fac- 
tors regulating species patterns. Short 
(days-to-months) process-oriented 
studies of regional populations or com- 
munities as a rule do not address bio- 

geographic questions. The temporal 
and spatial scales of variability covered 
by these approaches therefore have pro- 
vided little insight into many biogeo- 
graphic phenomena and the linkages 
between them. 

Two-dimensional time-space plots 
are often used to clarify the scales and 
relationships of complex oceanographic 
phenomena (Figs. 1 A, B). The first use 
of a three-dimensional time-space plot 
(bivariate spectral density) was by 
Stommel (1963), in which the variance 
of a physical property formed the verti- 
cal axis (Fig. 2A). In a biological con- 
text, Stommel’s Diagram was repro- 
duced by Schopf (1972) to provide 
paleobiologists a semi-quantitative way 
of understanding the temporal/spatial 
structure of complex phenomena in 
order to design better sampling pro- 
grams. Haury et al. (1978) introduced a 
modified Stommel diagram to visualize 
the time/space structure of plankton 
patchiness. The vertical axis of this dia- 
gram is an estimate of the magnitude 
and importance of zooplankton 
biomass variability (Fig. 2B). 

We employ here a Stommel 
Diagram as an aid to identifying, link- 
ing, and sampling the time-space scales 
of important biogeographic processes. 
Specifically, we apply this approach to 
two of McGowan’s (1974) six objec- 
tives of biogeography: quantitatively 
describe species’ patterns of abun- 
dance, and discover what maintains the 
patterns. The other objectives are: 
ascertain what species are present, 
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determine how and why patterns devel- 
oped, describe and delineate communi- 
ties, and determine structure and func- 
tion of the communities/ecosystems. 

TERMINOLOGY 

Our hierarchy of organism structure 

from individual to community, together 
with the meaning of the terms used to 
denote distribution bounds at each 
level, are described below, listed in 
Table 1, and illustrated in Fig. 3. 

At the level of a single organism, the 
‘ambit’ is “the sphere of action or influ- 
ence of individuals over days, weeks, 
lifetimes...the space inhabited by an 
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Fig. 2. (A) A time-space-variance diagram (ocean velocity spectrum) from Stommel (1963: 574). (B) The original 
biological “Stommel Diagram” (Haury et al., 1978: 279), a conceptual model illustrating the time-space scales of 
zooplankton biomass variability (patchiness). 

individual during the course of move- 
ment through its environment” (Haury 
et al., 1978: 286); may be large for time 
scales of finding mates, food before 
starving and, especially, of lifetimes. 

Patches, regions of abundance 
greater than expected from a random 
distribution, have ‘edges’ defined by 
gradients in abundance, statistical prop- 
erties of abundance fluctuations, or by 
presence/absence; often blurred, as dis- 
tinguished from the sharply defined 
edges of swarms or schools. 

A ‘margin’ forms the bounds of a 
population (individuals sharing a com- 
mon gene pool that freely interbreed); 
dependent on genetic studies to define 
and probably blurred in most cases. 
Margins differ from edges in that a sin- 
gle population is usually made up of 
many patches. 

A species range is circumscribed by 
the ‘limits’ of its distribution; usually a 
nonquantitative generalization from 
composite data taken on a wide range 
of time and space scales. In contrast, a 
‘border’ describes a species range limit 
at a specific time. Resolution, of range 
limits is strongly affected by the spatial 
scale of sampling. 

A ‘fauna1 boundary’ (‘boundary 
zone’, McGowan, 1986) is formed by 
the concordance of multiple species 
range limits. Boundaries often circum- 
scribe communities (fauna1 provinces). 
Regions with many range limits which 
do not concord on large scales (>meso- 
scale) are ecotones (McGowan, 1974). 

Table 1. Hierarchical structure and terms used in the 
description of biogeographic scales. All are time 
dependent; see text for fuller description. 

Level Distribution limits 

Individual 
Patch 
Population 
Species 
Species 
Community 
(Fauna1 Province) 

Ambit 
Edge 
Margin 
Border (at time t) 
Range limit (over time) 
Boundary 

On much smaller time and space scales 
(mesoscale and less), a boundary itself 
could be considered a small ecotone 
because of the probable lack of concor- 
dance of species’ borders at physical 
features such as fronts and eddies. 

ASSUMPTIONS AND LIMITATIONS 

We do not deal with reproductive or 
sterile (expatriate), as opposed to total, 
ranges, nor with questions of diversity 
or speciation. While vertical distribu- 
tions are important, we have not explic- 
itly incorporated depth-dependent 
effects. Temporal and spatial scales 
from a few years to a few centuries and 
within a single ocean basin are empha- 
sized because: (1) we expect significant 
climate change effects on these scales, 
and (2) in most regions paleontological 
studies cannot resolve them. 

The critical assumptions that limit 
the usefulness of the Stommel-type dia- 
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Fig. 3. Hierarchical views of the distribution of the euphausiid Euphasin pac$ca Hansen 191 I, illustrating biogeo- 
graphic space scales. 
(A) Subarctic North Pacific Zone fauna, of which E. pacificcc is a member, determined from a qualitative integration 
of years of data obtained on widely differing space scales. The region where percent lines overlap most closely forms 
the fauna1 boundary; where they do not match (e.g., off California) is an ecotone (from McGowan, 1974: 14). 

I (B) Range of E. pacifica based on several cruises from 1949 to 1958. Sampling on this time and space scale gives 
useful, but potentially inaccurate and imprecise, range limits and little meaningful data on borders (from Brinton 
1962: 109). 
(C) Distribution of E. pac@a from June 21 to July 17, 1978 showing the range border (from Brinton 1981: 142) 
dashed box is study area of Fig. 3D. 
(D) Distribution of E. pucifica from 9 to 17 January, 1981 showing the patchy distribution at range border from 
closely spaced net tows across an anticyclonic eddy off Pt. Conception (dashed box, Fig. 3~). From unpublished data 
of study described in Haury (1984). 
(E) Schematic composite diagram of mesoscale physical processes determining borders of E. pacifica; shaded 
regions show expected distribution. Since the physical processes have vertical scales on the same order as those due 
to behavior. interactions with ambits (e.g., die1 vertical migration) are significant factors. From Simpson (1984: 77) 
and Pelaez 6t McGowan (1986: 943). 

gram when applied to a generic ocean 
(as we do here), rather than a specific 
region within an ocean basin, have 
been reviewed by Stommel (1963; 
1965) and Ham-y et al. (1978). Most 
important, the diagram’s statistical and 
spectral properties do not depend on 
position or time. Consequently, vari- 
ance forced by very different processes 
can be confused in the diagram and 
important geographical information is 
lost (e.g., mesoscale variance in bound- 
ary currents would occur in the same 
position on the diagram as that in cen- 
tral gyres). Second, the diagram does 
not show the dependence of some 
small-scale phenomena on the 
phase/amplitude of large-scale phe- 

nomena, e.g., the amplitude of small- 
scale turbulence varies over time in 
phase with storms, which themselves 
are large-scale phenomena. 

A ‘BIOGEOGRAPHIC’ STOMMEL DIAGRAM 

We have made a biogeographic Stom- 
me1 Diagram (Fig. 4) by plotting a vari- 
ance of species abundance, (in contrast 
to the variability of biomass in the orig- 
inal Stommel Diagram,) Fig. 2B) as a 
function of space and time. This vari- 
ance is semi-quantitative, since at many 
scales little or no quantitative data are 
available. It is based on. a combination 
of our estimates of its importance in 
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Fig. 4. A biogeographic Stommel Diagram. See text for explanation of the vertical axis expression of the variability 
of species abundance. For clarity, the time axis at periods of greater than about 105 years does not incorporate cli- 
mate cycles (Mitchell, 1976: 483) which may affect biogeographic phenomena (e.g., Schopf, 1972: 19). The hatched 
area denotes those scales commonly addressed by biogeographic studies. The shaded area emphasizes the region 
important in regulating the nature of species borders and thus range limits and community boundaries. This area is 
redrawn in more detail in Fig. 5. 

biogeographic questions and the contri- 
butions from the usual sources 
(reviewed by Ham-y et al., 1978). The 
vertical axis thus represents the relative 
magnitude of the variances 

Patterns of Abundance-+he determina- 
tion of ranges 

Overlaying the physical and biological. 
time-space diagrams (Figs. 1A & B) 
demonstrates the concordance of the 
two classes of phenomena. This simi- 
larity argues that the principle factors 
regulating patterns are physical (e.g., 
Hastings & Sugihara, 1993, but see 
Tsuda, 1995 ‘and Tsuda et al., 1993). 
Investigating the processes underlying 
this relationship will require better 

ways of determining and describing 
boundaries, range limits, and borders, 
i.e., quantitative biogeography. 

Figures 1 and 4 suggest that ‘range 
descriptions should incorporate the 
time-space properties of borders caused 
by seasonal changes, large eddies and 
fronts, anomalous years or decadal- 
scale changes, etc. The scales and mag- 
nitudes of this variability should be a 
part of the statistical assessment of 
range limit properties, e.g., the proba- 
bility of finding a range limit at a loca- 
tion or as a standard deviation of the 
most likely or mean position. Species 
ranges and community boundaries can 
then be rigorously circumscribed for 
descriptive purposes and to detect and 
assign significance to changes caused 
by, for example, climate shifts. 
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These requirements place severe 
demands on sampling strategies, the 
time-space scale of sampling being dic- 
tated by both the physics (e.g., eddy 
sizes and lifetimes) and biology (e.g., 
seasonality and patch scales). A seri- 
ous, and usually neglected, problem is 
the aliasing of observations by the 
interaction of the timing and location of 
samples with the wide range of time- 
space scales of periodic and aperiodic 
physical and biological phenomena. 
Another is how to incorporate an oper- 
ational definition of rarity and absence 
(McGowan & Walker, 1979; Gaston, 
1994) into a sampling program in order 
to quantitatively determine the likeli- 
hood for the true absence of a species 
from a region. An approach is the use 
of the probability of occurrence, based 
on sampling technique (e.g. McGowan, 
1960). Temporal aspects of this prob- 
lem, however, have not been much 
addressed (e.g. Gaston, 1994). 

What Maintains Patterns-processes 
determining borders 

’ The concordance of species borders 
and therefore community boundaries 
with water mass limits suggests that 
conditions within large scale circula- 
tions are important factors maintaining 
patterns (McGowan, 1974; Backus, 
1986). Smaller-scale conditions and 
processes at boundaries and borders, 
however, clearly help constrain distri- 
butions. In Figs. 1A & B, there appears 
to be a break at 1 07- lo8 cm and 1 OS- 109 
s between the population and patch lev- 
els and gyre/subgyre-scale physical 
processes; this implies differences in 
the formation, maintenance, and struc- 
ture of patch edges, population mar- 
gins, and species borders. The overlap 
of these three scales occurs on the 
Stommel Diagram within the 
mesoscale and slightly larger regions 
(Fig. 4, shaded area). To illustrate these 
scales and factors, we have redrawn the 
shaded region of Fig. 4 with more 
detail in Fig. 5. 

Several important questions are sug- 
gested by the features of Fig. 5. Are the 
processes regulating large-scale ranges 
different from those regulating 
mesoscale features of borders, margins, 
and edges? Do these processes have 

effects that propagate up and down 
across scales? If so, what is the nature 
of the links between the levels of patch, 
population, and species? What is the 
relative importance of the physical and 
biological components? 

The high variance associated with 
years of anomalous physical conditions 
or decadal shifts between alternate sta- 
ble states (Fig. 5) may play a signifi- 
cant role in regulating ranges through 
actions taking place on the mesoscale 
at species borders. Periods of stable, 
uniform conditions are likely to be 
marked by the persistence of species 
within narrow range limits. Anomalous 
years or decadal scale shifts in condi- 
tions expand or contract ranges by 
altering both large scale conditions 
with respect to species’ optima 
throughout their range and smaller- 
scale conditions, gradients, and pro- 
cesses at the borders. For example, 
slower gyre circulation could change 
the frequency and size of boundary cur- 
rent eddies. The time-space scales of 
physical variability at the borders inter- 
act with the time scales of physiologi- 
cal and life-history attributes of species 
to determine the persistence of the 
species in the border/boundary region. 

Thus, large-scale factors could prop- 
agate to smaller scales and alter range 
limits. (see Roesler & Chelton (1987) 
for examples of effects of California 
Current-wide advection on range lim- 
its). But these large-scale effects on the 
time-space scales of borders may feed 
back to contribute to conditions 
throughout ranges. Lateral processes - 
advection, mixing, migrations, inva- 
sions, etc., could shift the tolerance of 
species over their entire range to a 
point where processes at borders are 
more (or less) effective at limiting dis- 
tributions. This possibility, of course, is 
<itself scale dependent. Most pelagic 
species have large ranges and their pop- 
ulations must be enormous. Depending 
on range and population size, it is like- 
ly that individuals genetically adapted 
to conditions within the main range 
would be much more numerous than 
those on the borders. Their genotype 
might swamp out any exotic genotypes 
intruding into the interior of the popu- 
lation from the periphery. Individuals 
mixed out to the periphery from the 



IOC Workshop Report No. 142 
Page 169 

Decadal 
and 

Semi-diurnal --. 
tides 

Current width 
,/ Small front length 

Diurnal 
tides 

\ 

Coastal and 
boundary eddies 

Fig. 5. Mesoscale biogeographic Stommel Diagram illustrating the factors and scales likely to be important in study- 
ing the regulation of species ranges. (Detail of Fig. 4). 

interior would be very sensitive to 
boundary conditions and the swamping 
mechanism here would insure that 
peripheral populations would be unable 
to adapt to local conditions because of 
the constant influx, from the ‘center’, 
of large numbers of less fit individuals. 

Studies of the physical and biologi- 
cal features at the boundaries of fauna1 
provinces and how they relate to indi- 
vidual species borders will be region- 
dependent, soniething not completely 
clear in the Stommel Diagram. For 
example, boundaries and borders in 
coastal systems (like Fig. 3D) are likely 
to have different time and space scales 
of physical and bioldgical featuies than 
in oceanic regions. These differences, 
due to topography and boundary cur- 
rent intensification, require that sam- 
pling strategies be adapted to the differ- 
ent regimes. 

CONCLUSIONS 

We have tried to show with the aid of a 
Stommel Diagram that species’ bor- 
ders, and thus their range limits, may 
be set by mesoscale and smaller pro- 
cesses, while conditions over the entire 
range determine species’ tolerance for 
the effects of those processes. Inter- 
actions between processes at the differ- 
ent scales are likely to be important. 

Biogeographers should develop sta- 
tistical descriptors of species range lim- 
its and borders that explicitly express 
the variability found by clearly stated 
time and space scales of sampling. This 
approach will make biogeography more 
quantitative and permit rigorous com- 
parisons of biogeographic features and 
related processes at different times and 
places. It will also help resolve the 
complex linkages between the wide 
range of scales of interest to biogeogra- 
phers. 
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22. The vertical distribution of biomass in the Arabian 
Sea near Oman (19”N, 59”E) during the southwest 
monsoon, and its relation to the oxygen minimum. 
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ABSTRACT 

An oceanic station off the coast of Oman, at 
19’N 59”E, was sampled with an RMTl+8 
midwater trawl system in August 1994, during 
the southwest monsoon. Day and night samples 
were taken (at 100 m depth intervals) to a max- 
imum depth of 1000 m. The vertical distribu- 
tion of the zooplankton and micronekton were 
compared with that of the very intense oxygen 
minimum layer extending from about lOO-1000 
m. Additional samples were taken between 
1200 m and 1800 m, at the lower margin of the 
oxygen minimum. 

Overall biomass levels were relatively low, 
with the highest RMTS values in the top loom 
both by day and by night. The RMT8 standing 
stock under 1 m* in the upper 1000 m was 
9.658 by day and 5.698 by night (based on wet 
volume). These values are low compared with 
the NIOZ RMTS data for more southerly sta- 
tions. In the daytime serie secondary biomass 
peak was present at 300-400 m largely 
attributable to myctophid and gonostomatid 
fish. Increased biomass levels of both fish and 
decapod crustaceans occurred by day at 900- 
1000 m and slight increases in biomass were 
found at 1200- 1400 m. It is clear that a substan- 
tial part of the midwater population spends 
much of its time in the dysoxic layer. For some 
of the mesopelagic crustaceans this is correlat- 
ed with an increase in gill area. Similar respira- 
tory adaptations are likely to be present in other 
animals. 

Additional RMTl+8 stations were worked 
over the slope in about 500 m depth and on the 
shelf edge (200 m). The shelf edge samples 
were dominated by medusae and the daytime 
slope samples were very clearly stratified. At 
night very few animals remained below the 
oxycline. Swimming crabs were abundant in 
the upper loom. 

INTRODUCTION 

Pelagic biogeography is (with rare 
exceptions e.g. the ocean strider Halo- 
bates) necessarily a study in three 
dimensions. Although the horizontal 
dimension is most often considered, the 
smaller scale vertical one is also impor- 
tant. The distribution patterns of indi- 
vidual species are often interpreted in 
terms of their links with specific water 
masses. These are defined by their inte- 
grated physical and (less often) biologi- 
cal characteristics. In certain regions 
one particular physical characteristic 
may have such extreme values that it 
may present the main barrier to the dis- 
tribution of the organisms of the region. 
The permanent oxygen minimum of the 
northwest Indian Ocean is one such 
example; oxygen levels from about 100 
m to some lOOO- 1500 m may be so low 
as to be almost undetectable (Olson et 
al., 1992). 

We report the preliminary results of 
a detailed study of the hydrography and 
the vertical distribution of zooplankton 
and micronekton from the surface to 
1000 m during the southwest monsoon 
at two stations off the coast of Oman, a 
region affected by the oxygen mini- 
mum. 

METHODS 

During August 1994 an intensive pro- 
gramme of hydrographic and biological 
sampling was carried out on RRS 
Discovery cruise 209, in an approxi- 
mately 110 x 70 km area encompassing 
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the shelf edge and slope out to 19”N 
59”W (the UK “Arabesque” reference 
station). Hydrographic data were 
obtained from both a series of CTD sta- 
tions and SeaSoar surveys (Fig. 1), and 
the vertical distribution of the zoo- 
plankton and micronekton was studied 
at three sites (shelf edge, slope and off- 
shore, Fig. 1) using the RMT 1+8M 
multiple rectangular midwater trawl 
system (Roe & Shale, 1979). The water 
column at the off-shore station was 
divided into 50 m bands from the sur- 
face to 200 m, and into 100 m bands 
from 200 m to 1000 m. Horizontal 
trawls of one hour duration were made 
in each band. A day and night series of 
samples were taken at each station to 
assess the degree of die1 vertical migra- 
tion at each position.The trawl samples 
were preserved and their displacement 
volumes measured after return to the 

58°00’ 58’30’ 

UK. No material was removed from the 
samples prior to voluming. Biomass in 
the context of this report is therefore 
reported as total wet displacement vol- 
ume, adjusted to the volume filtered by 
each net, and expressed as volume per 
lo4 m3. 

RESULTS 

The corrected temperature, salinity and 
oxygen profiles at a representative CTD 
station is shown in Fig. 2. The oxygen 
profile shows a rapid drop to levels 
below 10 mmol/l at about 100 m, with 
a gradual increase again from about 
1000 m downwards. The salinity maxi- 
mum represents a midwater core of 
high salinity/high temperature water 
probably derived from the Persian 
Gulf. The hydrographic data identified 

59”oo’ 59°30’ 
20°00’ 20%0 

19030’ 

19”oo1 

- 11p30’ 
58”OO’ 58’30’ 59”00’ 59”30’ 

Fig. 1. RRS Discovery Cruise 209: Sea-Soar survey track and offshore, slope and shelf-edge 
trawling positions (stars). 
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coastal upwelling from depths of lOO- 
150 m, with consequently high levels 
of surface chloro 

K 
hyll 

RMT 8 data (mes 
(2 mg.m-3). The 

size 4.5 mm) for the 
off-shore station are shown in Fig. 3. 
Three deep 200 m bands (1200-1800 
m) were also sampled at this station 
during the day. Asterisks against a 
given depth indicate in Fig. 3 that no 
sample was taken. The high values in 
the oxygenated upper 100 m by day 
(50- 100 m day value is 1728 ml) derive 
largely from Medusae, while one large 
squid contributed 60% of the night 50- 
100 m value. The levels within the oxy- 
gen minimum are low, but there are 
peaks by day at 300-400 m and 900- 
1000 m. The deep sample from imme- 
diately below the oxygen minimum 
layer (1200-1400 m) also shows some 
increase (cf. Vinogradov & Voronina, 
1962). The more limited night data sug- 
gest that some of the organisms in at 
least the 300-400 m day layer may 
migrate into the near surface waters. 
The equivalent data from the slope sta- 
tion (sampled to 500 m) are shown in 
Fig. 4. Again it appears that the or- 
ganisms contributing to the peaks at 
200-400 m by day may be migrating to 
the upper 100 m by night. The shelf 
station (sampled to 150 m) was totally 
dominated by Medusae and swimming 
crabs, with values of up to 2900 
ml.m-3.104 being recorded. The RMT 1 
(mesh size 0.33 mm) data are more 
limited; damage to these nets by the 
rough sea conditions resulted in fewer 
successful samples. The data for the 
off-shore and slope stations are present- 
ed in Figs. 5 and 6. The biomass con- 
centrations are consistently higher than 
those of the equivalent RMT 8 samples, 
as has been found in other areas (SOC 
unpublished data). 

DISCUSSION 

The trawl samples show that the high 
biomass levels occur predominantly in 
the oxygenated near surface waters, 
which are also, of course, the region of 
high primary productivity. Although 
biomass data of this type are only very 
crude indicators of potential migra- 
tions, it seems likely that an important 
component of the fauna migrates out of 

I 
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Fig. 2. CTD profile at station 12662 haul I7 (18”59’ 
N, 58”26’ E). 
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Fig. 6. RMTI Biomass (litres.m-3.104). 

Table 1. Arabian Sea integrated biomass data m-2 
(O-1000 m) 

Station RMT8 RMTI 
day night day night 

10s 
Arabesque 17.3 7.4 90.1 106.0 

NIOZ 
SB2 8 13.8 38.4 52.1 
USI 8.8 13.1 90.3 33.1 
us2 17.3 11.4 48.5 36.1 
Sl 8.7 12.5 26.3 32.9 
GAI II.7 12.7 60. I 51.3 
GA2 18.8 27. I 36.5 60.3 J 

the de-oxygenated water at night and 
returns to it by day. This is confirmed 
by Acoustic Doppler Current Profiler 
data which show a clear dusk and dawn 
movement between the surface waters 
and the oxygen minimum, and by pre- 
liminary analyses of specific groups in 
the catches. These data are comparable 
to those of the NIOP (Netherlands 
Indian Ocean Programme) RMT 1+8 
samples taken in January 1993 during 
the northeast monsoon on cruise B2 at 
more southerly stations in the Gulf of 
Aden, off Socotra, and off the coast of 
Somalia (Schalk et al., 1994). Six sta- 
tions were sampled to 1000 m, albeit in 
fewer and broader depth horizons, and 
the integrated biomass at these stations 
and our off-shore station are presented 
in Table 1. Four of the stations were 
sampled to 600 m in 1992 during the 
southwest monsoon. The biomass lev- 
els were rather similar (Baars, 1994). 
The RMT 1 data are not strictly compa- 
rable because some of the larger ani- 
mals were selectively removed from 
the NIOZ samples before the volumes 
were determined (Van Couwelaar, per- 
sonal communication) and the residual 
values are therefore substantially lower 
than ours. A recent summary of 
Russian work in the region (Ignat’ev, 
1995) quotes zooplankton values 
equivalent to 0.7625 l.m-3.104 for the 
upper 100 m of the western Arabian 
Sea, the lower values of which were 
found during the southwest monsoon 
and are comparable with our RMT 1 
data. The mesh sizes of the nets used 
were not given but the high content of 
Medusae during the southwest mon- 
soon was noted. The oxygen minimum 
is certainly a biogeographical boundary 
for some organisms but the distribu- 
tions of others are related to it in a 
much more complex way, with periodic 
movements into and out of it (e.g. 
Kinzer et al., 1993), possibly as a 
predator evasion strategy. Analysis of 
the group and species distributions 
from the trawls is in progress to clarify 
the particular behaviour patterns. 
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ABSTRACT 

Coupled biological and physical models are 
now being applied on a variety of scales to 
study biogeochemical cycles in the world’s 
oceans. They can also be used to study biogeo- 
graphic problems using multi-species models. 
In this paper a coupled l-dimensional biologi- 
cal and physical model is used to study how 
niche partitioning and periodic disturbance can 
interact and allow stable co-existence of com- 
peting phytoplankton species in the open ocean. 
Biological processes are simulated using a 5 
compartment Eulerian ecosystem model with 
two distinct phytoplankton species, and physi- 
cal processes are simulated using a l-dimen- 
sional mixed layer model. It is shown that the 
combination of periodic disturbance due to 
mixing events and differences in the light 
response characteristics of the phytoplankton 
can allow stable co-existence of species in the 
open ocean under realistic forcing conditions. 
Thus, the model provides a potential resolution 
of the “paradox of the plankton”. These results 
suggest that the classical ecological theories of 
niche partitioning and periodic disturbance are 
applicable and important in the open ocean, and 
it is argued that we simply lack the sampling 
resolution required to adequately detect the the- 
oretical predictions. 

INTRODUCTION 

The open ocean pelagic environment 
supports far more species than expected 
from general ecological principles. This 
problem, called the paradox of the 
plankton by Hutchinson (1961), arises 
because ecological theory predicts that 
relatively few species can co-exist in 
what appears to be a relatively homo- 
geneous environment. At the 1985 
ICoPB conference Venrick (1986) pre- 
sented phytoplankton species composi- 

tion data from the North Pacific central 
gyre. Based upon an enumeration of the 
vertical distribution of the species she 
concluded that there was no evidence 
that niche partitioning was occurring. 
She could also find no evidence to sup- 
port the disturbance hypothesis: that 
environmental fluctuations prevent the 
ultimate exclusion of competing 
species. 

In this paper we present results from 
a numerical coupled biological and 
physical simulation model which show 
that the combination of periodic distur- 
bance due to mixing events and differ- 
ences in the light response characteris- 
tics of the phytoplankton can allow sta- 
ble co-existence of species in the open 
ocean. The model also produces 
monospecific open ocean phytoplank- 
ton blooms in response to mixing 
events. The model provides specific 
predictions about the time/space distri- 
butions of phytoplankton species that 
will arise as a result of periodic distur- 
bance and resource (light) partitioning, 
and suggests that the number of species 
that can indefinitely co-occur under 
these conditions is, in theory, unlimited. 

THE MODEL 

The numerical simulations shown 
below were obtained using a five com- 
partment Eulerian ecosystem model 
coupled to a modified version of the 
Price et al. (1986) l-dimensional mixed 
layer model. The ecosystem model is 
written in nitrogen units and includes 
compartments for dissolved nitrogen 
(N), zooplankton (Z), detritus (D), and 
two compartments for phytoplankton 
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species (P, and P2). Each of the com- 
partments in the ecosystem model are 
mixed and diffused according to Price 
et al. (1986). Detritus is also allowed to 
sink, providing export of particulate 
nitrogen to the deep ocean, and dis- 
solved nitrogen diffuses into the model 
from below simulating the upward tur- 
bulent flux of “new” nitrogen. 

The general form of the ecosystem 
model equations are as follows: 

dN/dt = (aen - gepl) x grazing pl + (aen - 
gep2) x grazing p2 + (aed - ged) x 
grazingd + (ae, -ge,) x predation + 
remineralization - uptake, - uptake2 

dPl/dt = uptake, - senescensl - grazing pl 

dP2/dt = uptake2 - senescensz - grazing p2 

dZ/dt = gepl x grazingpI + gep2 x grazingp2 + 
ged x grazingd + (gez - 1) x predation 

dD/dt = (1 - aepl) x grazingpI + (1-aep2) x 
grazingp2 + (l-a@ x grazingd + (l- 
aez) x predation + senescensl + 
senescensz - remineralization 

The grazing, predation, senescence, 
and remineralization functions are as in 
McCreary et al. (1996). The model is 
also parameterized as in McCreary et 
al. (1996) except that the zooplankton 
are completely omnivorous (feeding on 
P,, P2, D and Z) with no particular 
preference for one form of food over 
another. The deep nitrogen concentra- 
tion was set at 4.41 l.tM, and the light 
response curve parameters were set as 
described below. The phytoplankton 
uptake functions, 

uptake1 = j..tm,(l-e -I&) ( N >p, 
N+PKt 

uptake2 = p,2( l-esVIk2) (- N P2 
N+PK2 

include both light and nutrient depen- 
dence where urnI and urn2 are the max- 
imum growth rates for P, and P2, 
respectively, I, t and Ik2 are the light 
saturation parameters, PK, and PK, are 
the nutrient half-saturation coefficients, 

and I is the subsurface irradiance deter- 
mined by absorption of light due to 
water and phytoplankton. Additional 
details of the biological model formula- 
tion can be found in Olson & Hood 
(1994) and McCreary et al. (1996). 

For the results shown below the 
physical model was forced at 26’N, 
53”W in the Atlantic Ocean using satel- 
lite-derived winds and surface heat 
fluxes from a one year period (July 
1987 through June 1988). The tempera- 
ture of the mixed layer was restored to 
satellite measured sea surface tem- 
perature for the same time period using 
a relaxation time scale of 83 days. 
These forcing data were applied as a 
continuous time loop so that the model 
could be run for multiple years using 
the same annual forcing cycle. The 
results shown below are for the eighth 
year of the simulation by which time 
both the physical and biological models 
had established an equilibrium annual 
cycle. The depth of the model domain 
was set at 404 meters. The model was 
initialized using temperature, salinity 
and nitrate data from the GEOSECS 
Atlantic Expedition. 

RESULTS AND DISCUSSION 

The light response characteristics of 
bloom forming phytoplankters (e.g., 
diatoms) are quite distinct from those 
of species which are found in the deep 
chlorophyll maximum (see, for exam- 
ple, Fig. 6 in Hood et al., 1991). The 
former have relatively high maximum 
growth rates but are less efficient at low 
light levels (i.e., ‘sun-adapted’), where- 
as the latter have low maximum growth 
rates and are more efficient at low light 
levels (i.e., “shade-adapted”). These 
differences in photo-adaptation can 
provide a means of partitioning the 
available light in the pelagic environ- 
ment. 

By manipulating the light response 
characteristics of the two phytoplank- 
ton species in our model a solution was 
found that allowed co-existence, and 
also the development of a monospecific 
phytoplankton bloom in response to 
wind mixing. Fig. 1 shows the shape of 
the light response curves that were used 
in the “main run solution” described 
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below. A sun-adapted phytoplankter 
was prescribed by setting um2 = 2.5 d-t 
and I,, = 0.25 and a shade-adapted 
phytoplankter was prescribed by setting 
U ml = 0.39 d-t and I,, = 0.03. 

Fig. 2 shows the annual mixed layer 
cycle produced by the physical model. 
Due to buoyancy and wind driven con- 
vection in the winter months the mixed 
layer deepens to a maximum depth of 
about 90 meters in March. It then 
shoals in April to about 40 meters as 
the surface waters are heated but wind 
mixing keeps the water column from 
stratifying completely until July when 
the mixed layer shoals to about ten 
meters. Then in the fall the mixed layer 
deepens once again due to both wind 
mixing and buoyancy convection. This 
annual mixed layer cycle is a fairly 
good representation of that observed at 
low latitudes in the open ocean. 

Fig. 3 shows how the two phyto- 
plankton species in the ecosystem 
model respond. As the mixed layer 
deepens in January and February and 
nutrients and phytoplankton are 
entrained into the mixed layer the sun- 
adapted phytoplankter, P,, blooms. 
This bloom reaches it’s maximum just 
as the mixed layer shoals in April, but 
it then begins to die off because the 
supply of dissolved nitrogen is much 
reduced when the water column be- 
comes more stratified. As the bloom 
dies off P, begins to grow at depth 
developing a relatively weak deep max- 
imum at about 80-90 meters depth. 
This deep maximum persists through 
the summer months with it’s maximum 
occurring in June/July. In contrast, the 
shade adapted phytoplankter, P,, does 
not bloom in response to the mixing 
because it’s maximum growth rate is 
too low to take advantage of the event. 
Rather, a strong P, deep maximum 
develops during the summer months 
which is centered at about 100 meters 
depth. This deep bloom reaches its 
maximum in July/August when the 
water column is most stratified. Thus, 
both species co-exist throughout time 
and space with P2 dominating in the 
spring in the mixed layer and P, domi- 
nating during the summer in the deep 
maximum. Note however that during 
the summer months, when the deep 
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Fig. 1. Light response curves for the two phytoplank- 
ton species in the main run solution. The irradiance 
units, MO, are dimensionless. For the sun-adapted 
phytoplankter, P2. we set urn2 = 2.5 d-l and Ik2 = 
0.25 and for the shade adapted phytoplankter, PI, we 
set urn I = 0.39 d-l and Ikl = 0.3. 
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Fig. 2. The seasonal mixed layer depth cycle esti- 
mated by the physical model for the eigth year of the 
model run. 

maximum is most well developed, 
there is substantial overlap in the depth 
distributions of the two species. If ver- 
tical profiles were determined for these 
two species during the summer months 
it would not be obvious that resource 
partitioning was occurring. It becomes 
obvious only when the distributions of 
the two species are observed through 
time. 

In order to determine the precise 
region in which a stable co-existence of 
the two species occurs a series of 
model runs were carried out to map the 
parameter space that allows coexis- 
tence. Fig. 4 shows a preliminary map 
of this co-existence zone. This map was 
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Fig. 3. The depth/time distributions of the two phytoplankton species. P, (top panel) and P, (bottom panel). 

constructed by holding the the light adapted phytoplankter, P,, dominates 
response characteristics of the sun- the biomass and eventually drives P, to 
adapted phytoplankter constant with extinction. For combinations that lie 
urn2 = 2.5 and I,2 and then systematical- below the stippled region the sun 
ly varying urnI and I,, = 0.25 for the adapted phytoplankter, P,, dominates 
shade-adapted phytoplankter. The the biomass and eventually drives P, to 
points on the map represent the urnI extinction. 
and I,, combinations used for P, in Fig. 4 shows that there is a narrow 
each run. The stippled region repre- and well-defined parameter space with- 
sents the approximate parameter space in which co-existence can occur, and 
within which the two species coexist. that the width of the space gets narrow- 
For urnI and I,, combinations that lie er as the light response characteristics 
above the stippled region the shade of the shade-adapted phytoplankter 
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become more similar to those of the 
sun-adapted phytoplankter. That is, as 
the overlap in their resource (light) uti- 
lization increases, the parameter space 
for coexistence decreases. It is interest- 
ing to consider, however, that within 
the coexistence zone there are a very 
large number of parameter combi- 
nations that will allow co-existence of 
the two phytoplankton species. In fact, 
there are an infinite number of combi- 
nations. Therefore, in theory, an infinite 
number of species can be included in 
the model and will coexist with the 
proper parameter choices. 

CONCLUSIONS 

In her provocative paper presented at 
the first ICoPB conference Venrick 
(1986) concluded that she could find no 
convincing evidence that processes of 
niche diversification or disequilibri- 
um/disturbance were responsible for 
the maintenance of species diversity in 
the North Pacific Ocean. She suggested 
two possible explanations for this. The 
first is that the theories of classical 
ecology are, perhaps, inapplicable to 
relatively unstructured pelagic commu- 
nities because they have been formu- 
lated for terrestrial ecosystems with far 
more physical structure than is 
observed in the ocean. The second is 
that the theories actually apply and the 
problem is we simply lack the tools to 
adequately detect or test the theoretical 
predictions. We believe that second 
explanation is the correct one. 

Our model results show that the 
ability to detect differences in the spa- 
tial distributions patterns of species 
which arise as result of resource (light) 
partitioning and disturbance will 
depend strongly on when the species 
are sampled. It may not be possible to 
detect these patterns by sampling at 
only one point in time. According to 
our model, differences in the distribu- 
tion patterns of the species will be most 
obvious when the sampling is carried 
out in both space and time (i.e., season- 
ally) and most difficult to detect during 
the summer months. We also point out 
that recent fluorescence microstructure 
measurements in oligotrophic waters 
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Fig. 4. The parameter space of coexistence of the 
two phytoplankton species in the model. See the 
Results and Discussion section of the text for an 
explanation of the diagram. 

have revealed that there is significant 
spatial structure in phytoplankton fluo- 
rescence on scales of lo-40 centimeters 
(e.g., Cowles & Desiderio, 1993). 
Traditional biological oceanographic 
sampling methods will completely 
erase any distributional evidence of 
resource partitioning that might be 
occurring on these scales. 

Our model provides specific, test- 
able predictions about the time/space 
distribution patterns that will arise 
among competing phytoplankton 
species as a result of periodic distur- 
bance and resource (light) partitioning 
(Fig. 3). It also shows that a single 
annual mixing event that penetrates to a 
depth of about 90 meters is sufficient to 
allow coexistence throughout the annu- 
al cycle, and that the biomass fluctua- 
tions that result from such disturbances 
are on the order of a factor of ten. 
Finally, our results suggest that the 
number of species that can indefinitely 
co-occur under these conditions is, in 
theory, unlimited. We believe that cou- 
pled 1 -dimensional biophysical model- 
ing studies like that described here, in 
combination with new high resolution 
sampling techniques like those of 
Cowles & Desiderio (1993), can 
answer many of the questions that must 
be answered if we are to proceed 
toward understanding the regulation of 
community structure in pelagic ecosys- 
tems. 
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The insects are represented in the open 
ocean by only five species of the genus 
H&bates commonly known as ocean 
skaters. All five species occur in the 
Pacific, two are found in the Indian 
Ocean whereas only one (H. micuns) 
occurs in the Atlantic. Ocean skaters 
occupy vast areas of the tropical and 
subtropical regions of the three major 
oceans, roughly between latitudes 40”N 
and 40”s. Oceanic diffusion, which 
constantly acts on the surface film 
where these insects live, must be an 
important factor in determining their 
distribution. In this study we have tried 
to estimate the effects of oceanic diffu- 
sion by turbulence on the dispersal and 
mutual encounter of Halobates spp. 
and on their reproductive strategy in 
relation to the patch size. 

OCEANIC DIFFUSION ACTING ON 
OCEANSKATERS 

We estimate how far ocean skaters will 
be carried apart’by oceanic diffusion 
assuming they merely float on the open 
ocean. When a patch of substance of 
infinitesimal size is released in the 
ocean, the horizontal variance of the 
patch, O$, at diffusion time t is pro- 
portional to t3 (Okubo, 1974). Since 
Hulobutes females lay their eggs on 
floating materials such as feathers, 
small pieces of wood, tar lumps, etc. 
(Cheng, 1985), it seems appropriate to 

regard the initial stage of a patch of 
ocean skaters as small enough to adopt 
the relationship stated above, and there- 
by to make a rough estimate of their 
diffusion. 

We estimate the horizontal variance 
of the patch,Grc2 (cmz), t (set) after the 
release on the ocean surface, to be 

q = 5.15 x lo-St 3 (1) 
The constant (5.15) was calculated 
from the oceanic diffusion diagrams 
constructed by Okubo (1971) using 
available data from field experiments. 
For more details see Ikawa et al, 
(1996). 

We set GC as the patch size after 
time t. By substituting various diffusion 
times into equation (l), we calculate 
that the patch size diameter can be 
expanded to 800 km in 60 days, i.e., the 
time required for a Hulobutes to reach 
the adult stage from an egg. This dis- 
tance is equivalent to about one-eighth 
of the length of the distribution area of 
H. micuns in the Pacific Ocean, the 
widest distribution area among all 
pelagic Halobates spp. 

ESTIMATIONOFMUTUALENCOUNTER 
RATES 

We estimate how oceanic diffusion 
could influence the mutual encounters 
of ocean skaters by calculating 
encounter rates due to simple random 
movements, and by oceanic diffusion. 
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Encounter rates with two-dimensional 
random movements 
The expected frequency of heterosexual 
encounter is proportional to the density 
of the opposite sex p (ind/km2) We 
assume the following values for the 
motion of the ocean skaters: average 
velocity = 30 cm/set (Cheng, 1985), 
time for activity/day = 8 hrs, and visual 
scanning distance = 10 cm (Cheng, 
unpublished data ). Then, the total 
length of path/day that a Halobates can 
skate is 8.64 km and the total area per 
day that a Hulobutes scans is 17.3 x 
10-b km2, and the mutual encounter 
ratre f, (times/day) is 17.3 x 10-4p. 

Encounter rates due to oceanic difsu- 
sion 
The diffusion time t (set) that corre- 
sponds to a given distance d (cm), can 
be regarded as the expected time of 
encounter between individuals with the 
same initial distance apart. We set the 
square root of the horizontal variance 
or,2 of a patch given by (1) as d. We 
then obtain the expected mutual 
encounter time t as 

t = (d 2 x 105/ 5.15)“3 (2) 

Thus, mutual encounter rate fd 
(times/day) with density p (individu- 
als/km2) is given by 

fd= 1.49 x p”3 (3) 

Under oceanic turbulence, the mutual 
encounter rate is proportional to one- 
third power of the density. Consequent- 
ly, the decrease of the mutual encounter 
rate with the decrease of the density is 
not as steep as the linear decrease 
which is expected in the case of ran- 
dom movements. This means that 
under oceanic diffusion considerably 
higher mutual encounter rates are 
expected even when the density is very 
low (for example, when p is as low as 
one individual/km2, fd is 17.3 x 1O-4 
times/day). Thus, oceanic diffusion that 
acts to carry insects apart would also 
increase chances of encounter among 
dispersed populations and bring about 
extensive mixing of individuals in a 
population. 

HABITAT SIZE AND GROWTHRATES 

If a species has restricted physiological 
tolerances, areas of suitable water 
might be restricted, and oceanic diffu- 
sion may carry it away into the unsuit- 
able surroundings. Thus, if a species is 
to maintain a stable distribution range, 
there should be a dynamic balance 
between growth rate (instantaneous rate 
of population increase, i. e:, birth rate 
substracted by mortality) and loss due 
to diffusion into unsuitable environ- 
ments. We can estimate the population 
growth rate of Halobates by using the 
mathematical model for steady patch 
size developed independently by 
Kierstead & Slobodkin (1952) and 
Skellam (195 1). This model is based on 
a diffusion and exponential growth 
equation, with a consideration on 
steady patch size. Thus, 

(4) 

where S = population density, t = time, 
x = spatial co-ordinate, r = growth rate, 
and K = diffusivity. 

The distribution patterns of H. 
micuns, H. sericeus, and H. germunus 
are zonal and can be considered as one- 
dimensional patches while those of H. 
sobrinus and H. splendens are semi-cir- 
cular or two-dimensional (see maps in 
Cheng & Shulenberger, 1980; Cheng, 
1985). 

Thus, the expected growth rate rl in 
a one-dimensional patch of zone width 
L is 

r l= 0.0212 L -2J3 

and the growth rate r2 in a two-dimen- 
sional patch of radius R is 

r2=00313R-213 . - (6) 

The estimated growth rates of 
Hulobutes ranged from O.O026/day (H. 
micuns in the Atlantic Ocean) to 
O.O079/day (H. sobrinks and H. splen- 
dens). Our estimated growth rates for 
Hulobutes are low when compared with 
those of other insects. However, it is 
reasonable to assume low growth rates 
for Halobates because they have a rela- 
tively long life span and a long oviposi- 
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tion period (perhaps over 2 months, 
Cheng, 1985; Ikawa et al.; in press). 

able to assume that there may be only 
one mega-population within the distri- 
bution range of each H&bates species. 

DISCUSISON 
ACKNOWLEDGEMENTS 

Our calculation shows that in l-2 
months oceanic diffusion could dis- 
perse Halobates as far as 870 kilome- 
ters apart. On the other hand, it could 
also bring about considerably high 
mutual encounter rates even at very 
low densities (for example, 1.49/day at 
1 individual/kms). Thus, oceanic diffu- 
sion may enhance mixing within a pop- 
ulation and we may expect a freely 
exchanging gene-pool within the entire 
area of distribution for each species. 

Circumstantial evidence derived 
from field observations and predictions 
from the model by Kierstead & 
Slobodkin (1953) and Skellam (1951) 
suggest that ocean skaters have rela- 
tively long life spans and slow growth 
rates. One possible selective force for 
this life history could be the harsh 
physical environment of the ocean sur- 
face. If the growth rate is high and the 
life span is short, the probability of 
their surviving a storm and finding con- 
specifics would be low. Once they are 
scattered in all directions, oceanic 
diffusion can carry them over long dis- 
tances into unsuitable environments. A 
long life span would allow them suffi- 
cient time to find conspecifics, food, or 
suitable environments. It seems reason- 
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ABSTRACT 

The distribution maps of the common plank- 
tonic foraminiferal species in the Neogene sedi- 
ments of the Indian Ocean were compiled 
based on published deep-sea drilling and other 
data. The comparison of maps with each other 
and with the distribution of extant species sug- 
gests close relations to the climatic zonality and 
to such pronounced features of the surface cir- 
culation as the equatorial divergence and the 
coastal upwellings. The warm-water subtropi- 
cal, tropical and equatorial groups of species 
were much more diverse during the Neogene 
than the temperate and polar-subpolar ones. 

The distribution patterns of planktonic 
foraminiferal species in the Indian 
Ocean during the Neogene as well as 
the biogeographic zonality of the as- 
semblages were investigated by 
Sancetta (1978), Wright & Thunnell 
(1988) and by the author. Here I refined 
my previous reconstructions (published 
in Barash, 1989) based mainly on DS- 
DP data (Deep-Sea Drilling Project 1, 
1974- 1975) using the new palinspastic 
maps with backtracking of sites 
(Ivanova & Ivanova, 1996) and pub- 
lished ODP results from legs 115, 119, 
120, 122. All references can be found 
in (Ivanova & Ivanova, 1996a; 1996b). 

MATERIAL AND METHOD 

All available data on common species 
distribution in the sediments of 
foraminiferal biostratigraphic zones 
N4, N8, N14 (N13), N18 (N17), N19, 
N20, N21 (Banner & Blow, 1965) were 
mapped taking into account the ueo- 

graphic position of individual sites for 
corresponding time intervals. The 
stratigraphic correlation bf the high and 
low latitude sediments is discussed 
elsewhere (Ivanova & Ivanova, 1996a), 
the taxonomy is from Kennett & Srini- 
vasan (1983). I compared the distribu- 
tion of extinct and extant species for 
the same time-interval going down step 
by step from the late Pliocene to the 
earliest Miocene. The approach gave a 
possibility to place all common species 
within equatorial, tropical, subtropical, 
temperate and subpolar groups estab- 
lished for the modern ocean (Ivanova, 
1988) assuming that, in general, each 
species preferred similar environmental 
conditions during its evolutionary time 
span. The species distribution patterns 
provide the basis for the reconstruction 
of biogeographic zonality and for the 
paleoceanographic interpretations 
(Fig.l), as well as for speculations 
about evolutional changes of the areas 
during the Neogene. 

RESULTS AND DISCUSSION 

The warmer -water equatorial species 
like Dentoglobigerink altispiru (Cush- 
man & Jarvis, 1936), Globorotuliu 
menurdii-group, Globigerinoides suc- 
culifer-group, Globoquudrinu venezue- 
Zuna (Hedberg, 1937) and others occu- 
pied the northern part of the ocean ap- 
proximately up to the 37’5 with the 
maximum abundancies between 0” and 
15-20”s throughout the Neogene, with 
some changes in geographic distribu- 
tion and in taxonomic composition of 
the group, due to evolution in lineages. 
For example, the southern boundary of 
the Gr. menurdii-group area shifted 
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Fig.1. Latitudinal distribution of planktonic 
foraminiferal species in the Neogene sediments of 
the Indian Ocean. The shaded lines represent higher 
frequences, the dashed lines represent irregular oc- 
currences. 

southward from 14”s at the end of the 
early Miocene (Globorotalia archeom- 
enardii Bolli, 1957+ Gr praemenardii 
Cushman & Stainforth, 1945) up to 
37”s at the end of the Miocene (Gr. 
menardii Parker, Jones & Brady, 1865), 
probably due to deep-dwelling prefer- 
ence and to the steepening of the tem- 
perature gradient (Vincent et al., 1985; 
Kennett et al., 1985; Ivanova & Ivan- 
ova, 1996a; 1996b). Surface-dwelling 
D. altispira demonstrates a similar 
trend of middle latitude expansion dur- 
ing the early Miocene warming, while 

the Gs. sacculifer-group, especially 
Globigerinoides trilobus (Reuss, ISSO), 
migrated poleward at the early and late 
Miocene warmings and equatorward at 
the middle Miocene cooling. Other 
equatorial elements, as a deep- 
dwellling Gq. venezuelana exhibited 
highest frequences at low latitudes ex- 
tending up to 37’S in the Miocene and 
early Pliocene. Tropical species, as ex- 
tinct Globoquadrina dehiscens 
(Chapman, Parr & Collins, 1934) and 
it’s ancestor Globoquadrina praedehis- 
tens Blow & Banner, 1962 and extant 
Globigerinoides ruber (d’orbigny, 
1839) occupied the same latitudes as 
the equatorial ones, but generally had a 
wider or more southern maximum of 
abundance (up to 30”s). Subtropical el- 
ements defined rather broad distribu- 
tion patterns: from the Asian coast up 
to high latitudes for Globorotalia scitu- 
la (Brady, 1882) with it’s ancestor 
Globorotalia praescitula (Blow, 1959) 
and from 10” to 40-50”s for the 
Globorotalia miozea-group with the 
highest frequences at 30”s. Modern 
subtropical species Globigerina falco- 
nensis Blow, 1959, very irregular in the 
Neogene sediments of subtropical and 
temperate latitudes, extended its range 
into low latitudes during the Pliocene 
and developed in Somalian and Indian 
coastal upwellings. Typical temperate 
element Globigerina woodi Jenkins, 
1960 distinctly exhibited highest fre- 
quencies in the Subantarctic at 50”s. 
during the Miocene, while another tem- 
perate species Globigerina bulloides 
d’orbigny, 1826 and Globigerina prae- 
bulloides Blow, 1959 had the second 
maximum of abundance at the equatori- 
al divergence and coastal up-wellings 
zones. At the end of the Miocene a po- 
lar Neogloboqudrina pachyderma 
(Ehrenberg, 1861) appeared in the sub- 
antarctic waters expanding northward 
during thepliocene. 

Rather cold-water assemblages dom- 
inated in the western equatorial part of 
the ocean, especially at the beginning 
of the Miocene and at the’end of the 
middle Miocene, likely due to the de- 
velopment of the equatorial divergence 
and the Indian and Arabian-Somalian 
up-welling. These assemblages are 
characterised by rather cold-water 
Catapsydrax dissimilis Cushman & 
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Bermudez, 1937, Globorotalia mayeri 
Cushman & Ellosor, 1939, Globorot- 
alia opima nana Bolli, 1957 in the ear- 
ly Miocene and a mixture of the equa- 
torial-tropical species (such as 
Globigerinoides sacculifer (Brady 
1877), Gs. trilobus and Sphaeroidinel- 
Zopsis subdehiscens (Blow, 1959) with 
temperate G. bulloides, subtropical 
Globorotalia mayeri and Globigerina 
druryi Akers, 1955 in the middle 
Miocene. In the eastern equatorial re- 
gion the warm-water species dominated 
throughout the Neogene. The eastern to 
western provincialism, especially pro- 
nounced in the early-middle Miocene, 
is an evidence of different hydrological 
conditions with the more intense verti- 
cal mixing of warters in the west. In the 
southern part of the ocean progressive- 
ly more cold-water assemblages re- 
placed each other when the Neogene 
expanded northward. 

CONCLUSIONS 

The comparison of the distribution pat- 
terns of common extinct and extant 
species during the Neogene reveals a 
close relation to the climatic oscilla- 
tions, especially pronounced for sur- 
face-dwelling species, and to certain 
water masses. The high frequencies of 
cold-water elements at low latitudes 
point, as a rule, to the development of 
the equatorial divergence and to coastal 
upwellings. 
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ABSTRACT INTRODUCTION 

On the basis of fish larvae distribution pat- 
terns, direct and indirect current measurements, 
CTDO, hydrography and SST remote sensing 
the Mauritanian Province is redefined. It com- 
prises the area from the NW African shelf to 
about 2O”W, and from Cape Timiris to Cape 
Verde. Its northern and western boundaries 
coincide with the permanent, although not sta- 
tionary Cape Verde Frontal Zone between 
Northern and Southern Atlantic Central Water 
masses, its southern boundary with tropical 
temperatures throughout the year. 

The oceanic Mauritanian Province is a myc- 
tophid dominated system. It lacks genuine 
endemic species. Many deep mesopelagic 
species of Myctophidae as well as other fami- 
lies are absent or rare in its centre, whilst north- 
ern oceanic Myctophidae acquire a pseud- 
oceanic character, shallower vertical distribu- 
tion and prosper. Besides such cold temperate 
Myctophidae the province shows a co-occur- 
rence of tropical species of both oceanic and 
neritic origin. 

The distribution patterns of fish larvae were 
partly directly dependent of currents intruding 
into the province, or indirectly by the impact of 
the circulation system on the local hydrogra- 
phy, affecting the survival capability of either 
larvae or adults. The oxygen deficit southeast 
of the water mass front, and the Ekman drift 
(with a resulting temperature deficit for surface 
dwelling taxa) are limiting factors for subsur- 
face epipelagic and mesopelagic species. 
Towards the south the zonal temperature deficit 
may seasonally.limit the intrusion of warm 
stenotherm taxa, while southern, eurybathic 
species with lower temperature preferences are 
transported into or even beyond the province by 
northward currents. 

The “Mauritanian Upwelling Region” 
had been defined by Backus et al. 
(1977) on the basis of the mesopelagic 
fish family Myctophidae, but lacks 
endemic species (Hulley, 198 1). 
Nevertheless, the area can be regarded 
as a distinct province, as both the 
species composition or the rank order 
of individual species differs noticeably 
from that of adjacent areas, while the 
myctophid species richness and 
biomass values were generally compa- 
rable. Also on the basis of Myctophidae 
the area has been classified as “unique 
in the North Atlantic in that its species 
assemblage comprises species with 
northern, subtropical and tropical distri- 
bution patterns” (Badcock, 198 1). This 
holds broadly true also for coastal fish- 
es (Maurin, 1968), and has generally 
been explained by the upwelling related 
zonal temperature deficit (Briggs, 
1974). 

As pointed out by Badcock (1981), 
several myctophids of the subpolar 
temperate and temperate oceanic 
assemblages become pseudoceanic 
along the West African slope towards 
tropical latitudes, and there can be 
dominant. Furthermore Badcock .relat- 
ed peak abundances of other shelf- 
break mesopelagic fish taxa to the long- 
shore undercurrent system. 

A transport model describing the in- 
put/output mechanisms of the province and 
defining its limiting features is presented. 

John (1986) reviewed the know- 
ledge gained from quantitative surveys 
of NW African fish larvae of the zoo- 
geography of fish and plankton disper- 
sal. He pointed out, that some other- 
wise ubiquitous and abundant larvae of 
oceanic species were almost absent off 
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Mauritania, and that these “anomalies” 
can not be related to temperature 
deficits alone. 

THE DATABASE 

The model presented here is based on 
earlier studies as reviewed by John 
(1986) plus new, mostly unpublished 
multidisciplinary data from “Meteor” 
cruises 64, 6 & 9 conducted within the 
framework of the World Ocean Circu- 
lation Experiment. The new material 
comprises some 40,000 fish larvae re- 
presenting 170 taxa from surface tows 
and the 0 - 200 m  layer. 
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Fig. 1. The percentage of Myctophidae among total 
ichtyoplankton. 

1 T-k 30” 

Fig. 2. The schematic abundance pattern of total 
ichtyoplankton and the location of the Cape Verde 
Frontal Zone CVFZ. separating North- and South 
Atlantic Central Water (shaded lines). The southern 
CVFZ (25%) line represents its ocation in the larval 
depth range. 

DESCRIPTIVE FEATURES OF THE 
MAURITANIAN PROVINCE 

The larval community of oceanic 
waters in the Mauritanian Province is 
myctophid dominated (generally >50%; 
Fig. 1). However, neither myctophid 
biomass nor species richness is general- 
ly in excess of that of the adjacent 
areas. Three local exceptions are the 
northern Mauritanian slope area with 
peak abundances, the stations off Cape 
Verde regarded as part of the Cape 
Verde Tongue (“CVT”, see Hentschel, 
1933), and a maximum associated with 
the Guinea Dome at 10”N 22”W  
(Siedler et al., 1992). Except for two of 
these local abundance maxima, myc- 
tophid abundance is unrelated to the 
total ichthyoplankton abundance (Fig. 
2). 

The predominance of Myctophidae 
is caused by the paucity of larvae of 
high oceanic, deep mesopelagic taxa 
such as e.g. Scopelarchidae, Gono- 
stomatidae, Photichthyidae and some 
sternoptychid genera. Nevertheless, 
even among Myctophidae some of the 
deep mesopelagic and elsewhere ubi- 
quitous species such as Diogenichthys 
atlanticus, are scarce and reveal 
mesoscale distribution patterns. 

Some fauna1 change is associated 
with the Cape Verde Frontal Zone 
(“CVFZ”, Klein, 1992), separating 
North- and South Atlantic Central 
Water masses (NACW and SACW). 
The SACW regime has generally a 
shallower thermochne and lower oxy- 
gen saturation. The in situ location of 
the CVFZ is characterised by 50% and 
25% NACW at 150 m  depth (Fig. 2); 
but off Cape Timiris its occurrence is 
identifiable on the basis of larval data 
by John et al. (1991) and hydrographi- 
cal data by Hagen et al. (1985). The 
CVFZ rises to shallower depths 
towards the southeast, and its location 
as depicted by 25% NACW broadly 
reflects the larval depth range. 

As described and discussed in rela- 
tion to the converging currents at the 
CVFZ (Zelck, 1993), the species com- 
plex “Gonostomatidae” (see Grey, 
1964) is northwest of the front domi- 
nated by Cyclothone (prevailing tem- 
perate subtropical C. braueri), and 
south of it by the equatorial population 
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(see Johnson, 1986) of Vinciguerria 
nimbaria, which intruded into the 
province mainly in its southwestern 
part. A few Vinciguerria were found 
also along the Mauritanian slope 
(Hermes, 1987; Champagnat et al., 
1969). 

The “Northern Mauritanian 
Province” as previously defined by 
Backus et al. (1977) is in our data much 
more uniform with the northern and 
northwestern adjacent areas and there- 
fore not considered as a separate 
province. 

Within the Mauritanian Province 
(previously “Southern Province”) note- 
worthy zoogeographical features are 
the co-occurrences of cold temperate 
North Atlantic species with tropical 
intruders. These groups revealed some 
mesoscale distribution patterns, irre- 
spective of whether the individual taxa 
were cold temperate, oceanic equatori- 
al, or tropical neritic in origin. How- 
ever, the individual patterns differed 
with the origin of the taxon, and also 
partly with its vertical distribution. 

The boundaries of the Mauritanian 
Province can be most easily described 
by the disappearence (“Oceanic Hole”) 
of many oceanic larval species from the 
neustonic and the epipelagic communi- 
ties. The shape of this province is very 
similar to that defined by Backus et al. 
(1977), who delineated the boundaries 
on the basis of the upwelling-related 
temperature deficit, which may extend 
as far south as 10”N (Schemainda et al., 
1975). In our new biological data the 
meridional and zonal extensions of the 
province were less extensive, perhaps 
as our data came from months when 
southward windstress and upwelling 
were below average (Servain et al., 
1987; Servain & Lukas, 1990). 

Nevertheless, a comparison of 
Backus et al. (1977) data for identical 
“oceanic hole species” with ours 
reveals very similar biological boun- 
daries and mesoscale features and both 
data sets come from autumn. The 
northern and western boundaries of the 
Province (at Cape Timiris, 2O”W) coin- 
cided with the in situ location of the 
CVFZ in the larval depth range. The 
southern boundaries seem to coincide 
with limits of tropical surface tempera- 
tures throughout the year (e.g. Mittel- 

staedt, 1991) at about Cape Verde, but 
these need further discussion below. 

BOUNDARY AND CONNECTING 
MECHANISMS OF THE MAURITANIAN 
PROVINCE 

Based on quantitative comparisons of 
frequency and abundance, larvae of 
several oceanic subtropical adults have 
their boundaries abutting the Mauri- 
tanian Province at about the position of 
the CVFZ. Converging currents along 
the CVFZ (see John et al., 1991 for the 
coastal zone, Fiekas et al., 1992 for the 
open ocean) act as a barrier to larval 
dispersal across the front into the 
province, although it is less effective 
for larvae of Hygophum macrochir 
spreading out of the province. 

The large scale surface circulation 
results in there being a generally shal- 
low mixed layer (e.g. Olbers et al., 
1985) and oxycline (Fig. 3). In the east- 
ern tropical Pacific Barnett (1984) con- 
cluded that similar conditions limited 
species distributions. Further doming of 
oxygen depleted water inside of the 
CVFZ (less than 30% saturation locally 
as shallow as 80 m, see Zelck & Klein, 
1995) limits the distribution of meso- 
pelagic adults with day-time depths 
between 200 and 800 m whereas shal- 
low mesopelagic species occur widely 
throughout the province. 

The occurrence of cold water 
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Fig. 3. The shoaling of the oxygen deficient layer in 
the tropical NE Atlantic, exemplified by the upper 
depth of 2.5 ml.l-I oxygen. 
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species in the area is generally ex- 
plained by the coastal upwelling 
regime; northern species are entrained 
southwards by the coastal jet at least 
seasonally. At the same time upwelling 
results in low temperatures, thus facili- 
tating survival and reproduction of ner- 
itic and pseudoceanic species well 
beyond their “normal” latitudinal 
range. On the other hand, this tempera- 
ture deficit hampers reproduction of 
tropical immigrants at least during the 
cooler months. 

Below the southward surface flow 
the poleward slope undercurrent can act 
as a recirculation or maintenance sys- 
tem (Badcock, 1981; Parin, 1986; 
Hamann et al., 1981). In the undercur- 
rent regime cold water species become 
pseudoceanic and are more shallowly 
distributed than in the NE Atlantic. 
High abundances coincided with a 
tongue of somewhat deeper reaching 
oxygen saturated surface waters. A 
much shallower doming of oxygen 
depleted water in the centre of the 
Mauritanian Province limits their 
extension seawards. Oxygen data 
(Hagen et al., 1985; Lenz et al., 1985) 
for coastal waters show that in the 
slope realm saturation levels of 2 50% 
0, rise generally from about 100 m 
depth at Cape Blanc to some 30 m 
depth at about 16”N. This too may limit 
the southward extension of their distri- 
butions, although surface temperatures 
continued to be as low (Hermes, 1987). 

Several “oceanic hole species” 
occurred infrequently along the 
Mauritanian slope and off Cape 
Timiris. Such along slope pattern is 
seen in Bathylagus argyrogaster and 
Hygophum macrochir, which are tropi- 
cal species intruding from the south. 
Both species (or the less frequent 
Diogenichthys atlanticus and Scopel- 
archidae) have medium deep to deep 
larval ranges, lower temperature prefer- 
ences, and consequently survived 
entrainment in the undercurrent. To the 
north of Cape Blanc this undercurrent 
descends to depths of 2 200 m 
(Mittelstaedt, 1982). Off Cape Timiris a 
branch of this undercurrent is deflected 
offshore (Hagen et al., 1985; John et 
al., 1991), forming the eastern and 
northern part of the circulation of the 

cyclonic Mauritanian central gyre 
(Mittelstaedt, 1991). In so doing it 
entrains some “undercurrent larvae” 
westwards along the northern periphery 
of the “oceanic hole”. The Mauri-tani- 
an central gyre causes the local doming 
of oxygen depleted waters. 

A contrast is seen in the distribution 
pattern of the equatorial Vinciguerria 
rzimbaria, which has shallow warm 
stenotherm larvae. The larvae may pass 
Cape Verde and survive in the warmer 
southwestern Mauritanian Province, 
but larvae entrained by the along slope 
poleward undercurrent generally can 
only survive during summer conditions 
(compare Champagnat et al., 1969). V: 
nimbaria does not cross the CVFZ 
northwestwards, whereas Hygophum 
macrochir which has a deeper vertical 
range does so. 

Hentschel (1933, and subsequent 
papers) on the basis of neritic elements 
was able to relate the CVT to the NW 
African upwelling area. The shape of 
the plume extending from the CVT 
northwestwards and the respective 
abundance gradients suggested disper- 
sal towards northwest and towards the 
Cape Verde Islands. This is supported 
by the dominance of equatorial species 
in the oceanic larvae; also among the 
neritic species were southern species 
(Microdesmus longipinnis, Scaridae, 
Syacium micrurum). It is therefore a 
“Tropical Plume”. 

There is hydrographic evidence for 
inflow from the south. Northward 
transports between the Cape Verde 
Islands and Cape Verde, which also 
conform well with both the observed 
undercurrent and offshore dispersal, 
were anticipated by Hagen & Sche- 
mainda (1984) to occur offshore in a 
deeper layer. Mittelstaedt ( 199 1) 
assumed a prevailing northeastward 
surface flow off Cape Verde during 
summer. A northward, bifurcating near- 
surface geostrophic flow was calculated 
by Olbers et al. (1985), and measured 
using ADCP by Fiekas et al. (1992). 
Simultaneous satellite images (Van 
Camp et al., 1991) show a plume of 
tropical surface temperatures which 
conform in form. size and location with 
the tropical plume. 
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A TRANSPORTANDBOUNDARYMODEL 
OFTHE MAURITANIANPROVINCE 

The peculiarities of the Mauritanian 
Province such as the unexpected occur- 
rence of certain species can be related 
directly to the ocean currents intruding 
into the province. The total ichthyo- 
plankton abundances show striking 
peaks wherever there is a current 
inflow. However, there is specifically 
restricted survival capability of larvae 
and adult fish where both temperature 
and oxygen concentrations are relative- 
ly low, which are partly caused (or at 
least geographically confined) by the 
circulation system. We present there- 
fore a transport model for the subsur- 
face epipelagic and upper mesopelagic 
layer of the Mauritanian Province 
based on the larval transport patterns 
discussed above, and which largely 
conform with the patterns described in 
recent hydrographical literature (Fig. 
4). However, evidence for the transport 
northwestwards across the CVFZ, and 
underneath the Canary/Cape Verde 
Current must remain tentative until 

studies with higher resolution can be 
carried out. The indicator for this trans- 
port Hygophum macrochir was traced 
as far as 3 1 “N 4O”W. 
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ABSTRACT 

Most attempts at explaining distribution pat- 
terns exhibited by open-ocean fishes have been 
couched in ecological not historical terms. 
Contributing to this is a dearth of phylogenetic 
studies at the species level. While there is sub- 
stantial evidence for discernible and recurrent 
patterns in the distribution of oceanic species, 
patterns that correspond to the “generalized 
tracks” of vicariance biogeographers, their 
study has been almost entirely ecological in ori- 
entation, Here we examine the prospects for 
input from phylogenetic studies of open ocean 
lineages in an effort to introduce an “historical” 
scale to the existing “ecological” scale for 
understanding patterns - their maintenance 
and origin. We choose two extreme examples 
to illustrate some of the problems. In the case 
of the Scopelarchidae the “fit” of distributions 
of species within the monophyletic lineage 
leading to Scopelarchus stephensi and S. 
michaelsarsi generates an example of what 
could be termed an ecocladogram (correspond- 
ing to the area cladogram of cladistic biogeog- 
raphers). We consider this to be a nearly perfect 
example of stepwise “progression” from ple- 
siomorphous species in high(er) productivity 
nearshore and equatorial divergence systems to 
a “terminal node” species limited to the olig- 
atrophic central gyral species assemblage of the 
subtropical North Pacific. Attempting the same 
for the five species comprising the monophylet- 
ic Achirus lineage within the myctophid genus 
/Vunnobruchium results in no perceivable rela- 
tionship with “hydrotectonic” or “ecocladistic” 
orderliness. The “why” intrigues us - we have 
no answer. 

INTRODUCTION 

Phylogenetic studies of marine micro- 
nekton have so far made no discernible 
contribution to our understanding of the 
biogeography of these forms, mainly 
because there have been too few such 
studies. True biogeographic under- 

standing must involve time as well as 
space, evolutionary change as well as 
coaction, anagenesis and cladogenesis 
as well as physical signal. 

Pelagic biogeography is the study of 
origin, change and maintenance of pat- 
tern in the distribution of pelagic organ- 
isms in space and time. In practice, if 
not in principle, a basic dichotomy 
exists between so-called ecological bio- 
geography vs historical biogeography. 
Ecological biogeography is concerned 
with fitting organism distribution pat- 
terns to environmental patterns. The 
scale of study ranges from populations 
and single species, to communities and 
faunas, but the underlying presumption 
is one of ecological association. 
Historical biogeography is concerned 
with fitting the present day distribution 
of species into the geological history of 
the environment, ideally of a mono- 
phyletic lineage. The unifying factor is 
deduced interrelationship, the species 
themselves may occupy many different 
habitats and belong to many different 
ecological assemblages. 

Both aspects are operable and 
important in pelagic biogeography. The 
two approaches might be described as 
differing in the time and place scales of 
study: ecological biogeography is con- 
cerned primarily with studies at the 
scale of local, recent assemblages. 
Historical biogeography has a broader 
spatial and temporal scale, being con- 
cerned with the world distribution of 
taxa and the history of recognizable 
general distribution patterns. Most 
attempts at explaining distribution pat- 
terns exhibited by open-ocean fishes 
have been couched in ecological, not 
historical, terms. Contributing to this is 
the fact that the most exhaustive studies 
of relationships between groups of mid- 



water fishes deal with inter-relation- 
ships of higher taxa (rank of genus or 
up). Higher taxa of midwater organisms 
in the warm-water ocean are typically 
cosmopolitan or nearly so within the 
approximate limits of 40”N to 40°S, so 
that these cannot be informative about 
the historical biogeography of the 
group. Thus it is studies at specific and 
infra-specific levels that are of greatest 
importance for interpreting distribu- 
tional patterns .exhibited by oceanic 
organisms. There have been very few 
such attempts in oceanic fishes (Table 
1). 

IDENTFI~ATION OFPATTERNINOPEN 
OCEAN DISTRIBUTIONS 

There is substantial evidence for dis- 
cernible and recurrent patterns in the 
distribution of oceanic species, patterns 
that are repeated from one taxonomic 
group to another, and patterns that are 
repeated irrespective of trophic level or 
guild (Van der Spoel & Heyman, 
1983). Such patterns are recognizable 
in the apparently concordant restriction 
of an assemblage of species to a geo- 
graphically and presumably oceano- 
graphically definable subarea of the 
world ocean. When we talk about 
Pacific Subarctic or Eastern Tropical 
Pacific or Central gyral species we are 
referring to such patterns (e.g. 
McGowan, 1974; Venrick, 197 1; 
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Barnett, 1984a; 1984b). Studies of such 
assemblages have been entirely ecolog- 
ical in orientation. 

Aside from more or less vague refer- 
ences to possible effects of closure of 
the Tethys seaway on the distribution of 
certain midwater organisms, there has 
been only one real attempt to explain 
the present-day fish distribution in 
terms of subdivision or vicariation of 
ancestral taxa, (White, 1994), based on 
two groups: evermannellids and the 
genus Stomias. Most of the few 
attempts to explain present-day distri- 
bution patterns in terms of an inferred 
history of those patterns have been 
based on presumed historical changes 
in the distribution of important environ- 
mental parameters, e.g. Brinton’s 
(1962) explanation of the origin of 
biantitropical distributions for Pacific 
euphausiids. In the Pacific many of the 
epipelagic oceanic species of euphausi- 
ids, pteropods and chaetognaths agree 
more or less well in range boundaries, 
i.e. their general biogeographic patterns 
are very similar (Brinton, 1962; 
Fleminger & Hulsemann, 1973; Van 
der Spoel & Heyman, 1983; Pierrot- 
Bults & Nair, 1991). While these large 
scale distributions tend to coincide, the 
smaller scale abundance variations may 
or may not. 

The biogeographic patterns cover 
regions of the ocean with unique 
hydrographic domains, the cyclonic 
and anticyclonic gyres (McGowan & 

Table 1. Representative works dealing with relationship and zoogeography at the species level for meso- and bathy- 
lelagic fishes. 

Author Date(s) Group Cladistic Worldwide 
Methodology Zoogeography 

Baird; Baird & Echard 
Ebeling 
Harold 
Harold 
Johnson 
Johnson 
Johnson&Bertelsen 
McGinnis 
Pietsch; Pietsch & 
van Duzer 
White 

Zahuranec 

1971; 1972 Sternoptychidae (s.s.) IlO yes 
1962, 1963 Melamphaidae ll0 yes 
1993 ArgJropelecus yes no 
1994 Polyipnus yes yes 
1974 Scopelarchidae yes yes 
1982 Evermannellidae yes yes 
1991 Giganturidae two species yes 
1974, 1982 Myctophidae no no 

1974, 1980; 1986 Various ceratioid fam. yes/no yes 
1994 Evermannellidae Yt?S no 

Stomiidae 
in press Nannobratrchiun~ yes yes 

(Myctophidae) 
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Williams, 1973), that are characterized 
by different climatic regimes, and by a 
continuity of water movement, that is 
they circulate and recirculate. These 
circulation systems are large and few in 
number. All trophic levels are present 
within them. They appear to be self- 
sustaining ecosystems that are semi- 
isolated and semi-separated from adja- 
cent systems by a combination of fluid 
dynamics and biological barriers (see 
McGowan, 1986). Features consistent 
within and different between assem- 
blages gave grounds for concluding 
that the assemblages in question are 
reasonably independent ecological 
units: communities or ecosystems. That 
in essence leads to the concept of the 
Pacific Oceanic Ecosystems as devel- 
oped by John McGowan, his students 
and colleagues. In the Atlantic bound- 
aries and other underlying patterns 
were found within water masses corre- 
lated with acoustic characteristics 
(Backus, 1986) and/or productivity 
regimes and stability of the vertical 
stratification of the water column 
(Angel, this volume). 

Implied in the foregoing is the view 
that maintenance of the patterns is 
based on biological co-action, involv- 
ing trophic interactions. 

PHYLETIC ANALYSIS 

Maintenance of the patterns seems to 
be explained by ecological biogeogra- 
phy, but what of the origin of the pat- 
terns? Consideration of origin implies 
time, not only the present but also the 
past and therefore must ultimately 
involve input from phylogenetic stud- 
ies. Both ocean systems and the lin- 
eages of organisms inhabiting them 
have evolved over time. To what extent 
then does the phylogenetic information 
we have about existing organisms 
reveal past and present relationships 
between organism and environment? 

As an example we deal here with the 
warmwater lineage of Scopelarchidae 
(Johnson, 1982), containing the genus 
Scopelarchus with 6 species and the 
species Scopelarchoides danae and S. 
nicholsi. Based on this example we 
offer predictions one might make about 
species endemic to the oligotrophic 

central gyral areas of the Pacific. First 
some postulates: 

a) The epipelagic central water areas 
in the Pacific are old. It is the hydrogra- 
phy of the central-gyral areas that caus- 
es their distinctive oligotrophic envi- 
ronment, and it seems likely that these 
same properties have typified these 
areas throughout a vast expanse of time 
(Van der Spoel, 199 1; 1996; Van der 
Spoel et al., 1990). 

b) The ancestors of the midwater 
fauna were shallow water fishes 
(Marshall, 1963). He presumed that the 
early colonizers of the midwater habitat 
lived at first in the more productive 
areas of the oceans - those areas 
nearshore or in the productive equatori- 
al divergence areas, habitats most 
closely resembling the shallow water 
environments of their ancestors. If so, it 
implies that the low productivity cen- 
tral areas of the Pacific subtropical anti- 
cyclones would be among the last 
warm water, open ocean, middepth 
habitats to be occupied. 

Biogeographers following the eco- 
centrifugal speciation model (Mayr, 
1963) presume that the most primitive 
taxa will be found in the area where the 
ancestral species first appeared, with 
more derived species occurring in areas 
successively more peripheral. If we 
adopt that approach for our ecoclado- 
grams, we might expect that the more 
primitive species will be found in more 
productive, divergence, upwelling or 
nearshore areas. More derived species 
should then occur in areas ecologically 
remote, but not necessarily geographi- 
cally remote such as oligotrophic cen- 
tral gyral areas, subpolar or polar 
waters, or “extreme” environments 
such as oxygen minimum areas as in 
the ETP or northern Indian Ocean. 

c) The recent midwater fishfaunas of 
the central gyre areas are not as old as 
the central gyral areas themselves. To 
oversimplify, we might expect that 
those species endemic to the central 
gyral areas are the most derivative 
members of the monophyletic lineages 
to which they belong. 

Evolution in the lineage containing 
Scopelarchus apparently reflects these 
ideas. 

Analysis (Johnson, 1982) of the 
phyletic interrelationships of scopel- 
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archid species was based on shared, Scopelarchoides signifer and S. 
presumably derivative states of charac- nicholsi inhabit relatively productive 
ters based on adult external morpholo- divergence and nearshore areas in the 
gy, osteology, larval morphology and Indo-Pacific and eastern Pacific respec- 
mode of development. The results sug- tively. Scopelarchoides danae, the sis- 
gest a dichotomy, one way leading to ter-species of the genus Scopelarchus, 
warmwater, the other to cold (Fig. 1). is a widespread species, found in all 

\Varmwater Group 1: 

Scopelnrchllr stephensi 
5’. michaelsarsi 
s. nnnlis (Cent-Eq) 
Scopelnrchoides danae 

R. alaho (Equat) 
@. hubbsi (Cent-Equat) 
R. volucrir (Fipat) (ETP) 

R. nemotoi (S. STC) 

Austral: Benlhnlbelln elongnta. R. mocropinna 

Scopelnrchoidcs signifer (Squat) 
S. char (Pacific S. Central) 

I 

SCOPELARCHIDAE 
(simplified) ----------- - hubbs,sr B 

------------ nlat11s Kosertblatichtyu 
----------- 

--- 

- 
lricholsi 

---------- - kre#ii S~~opelnrc~hoklr. 
-----____--- clinzax 
----- ------ slgnijcr 

7 
“8 

mncroprfma 
------ - detitata 

II,. _------ cc- dOffgCll0 Benthalbella 
o.l-01 ------- injans 

,,I .------ 
-‘cog 

- linguidew 

Fig. 1. A). Simplified phylogeny of the Scopelarchidae, based on Johnson (1974; 1982) with application of the sim- 
ple Progression Rule. Symbols: EQ = equatorial (roughly contiguous with the distributionof Gigantura chuni as 
depicted in Johnson & Bertelsen, 1991: 35; C = central (roughly contiguous with distribution of Coccorella aflanfica 
as depicted in Johnson 1974: 108; CEQ = central-equatorial, i. e. both C + EQ; A = austral (southern Subtropical 
Convergence + Subantarctic + Antarctic); B = boreal (North Pacific Pacific Subarctic as depicted in McGowan, 
1986: 192). B). Phylogeny of the Scopelarchidae as depicted by Johnson (1974: 201). 
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three oceans, but has most commonly 
been taken in relatively productive 
water near continental and insular land 
masses. It does not occur in central 
water areas in the Pacific. Scopelarchus 
guentheri is a circumglobal warmwater 
species, absent in the North Atlantic, 
but extending from the equatorial 
Atlantic to the eastern Pacific. In the 
Pacific, S. guentheri is most abundant 
around the peripheries of the low pro- 
ductivity central gyral areas. 
Scopelarchus analis is a circumglobal 
warmwater species that is biantitropical 
in the Pacific, corresponding well in 
distribution with the limits of bianti- 
tropical euphausiid species (Brinton, 
1962), among others. The distribution 
of Scopelarchus michaelsarsi is similar 
to that of S. analis, but S. michaelsarsi 
does occur in western and central por- 
tions of Pacific Equatorial Water. It is 
replaced by the endemic S. stephensi in 
the low productivity central gyral area 
of the North Pacific. 

This monophyletic lineage thus 
seems to reflect an evolutionary 
sequence (Fig. 2) involving greater and 
greater adaptation to low productivity 
conditions. This sequence incorporates 
(a) species limited to or more abundant 
in areas of higher productivity periph- 
eral to the oligotrophic centers of the 

Scopelarchoides 

signifer nicholsi 

inshore 
and 
islands 

Pacific subtropical gyrals; to (b) species 
most abundant in or, in the Pacific, lim- 
ited to the central gyral areas; to (c) a 
species endemic to one of the central- 
gyral species assemblage areas and one 
of the two most derivative warmwater 
species in the family. 

The situation in Benthalbella, the 
mainly coldwater scopelarchid lineage, 
may be similar, but is much less certain 
since the interrelationships of Benthal- 
bella are incompletely resolved (Fig. 
1). Here the possible trend is from the 
tropics to cold waters of the North 
Pacific and the Southern Ocean (Fig. 
3). Were relationships such that 
Benthalbda infans is sister to the cold- 
water groups, this picture would be 
much more interesting. 

DISCUSSION 

White (1994) has made the first serious 
attempt to explain mesopelagic fish dis- 
tribution patterns in the Pacific using a 
modified vicariance approach. He treats 
two specific lineages and dispersal 
driven by presumed environmental 
change is also a core element of his 
explanation of the origin of central gyre 
endemics. White’s thesis is that cladis- 
tically inferred phylogenies of mono- 

Scopelarchs 

danae guentheri analis rnichaelsarsi 

L / 
Phylogeny of Scopelarchidae 

Fig. 2. Phylogeny of Warmwater Group I (see Fig. 1) Scopelarchidae, based on Johnson ( 1974), illustrating genera- 
tion of “ecocladogram” (see text for explanation). 



phyletic groups having allopatric taxa 
in three or more surface water masses 
will be consistent topologically with his 
area-cladogram of Pacific surface water 
masses inferred primarily from geolog- 
ical and biogenous sediment studies. 
White concluded that such consistency 
was indicated for the family Everman- 
nellidae and the genus Stomias. 

SUBANTARCTIC 
ANTARCIYC 

Benrhalbella elongata 
B. macropinna 

PACIFIC SUBARCTIC 
PACIFIC NORTH 
TRANSITION REGION 

B. dentata 
B. linguidens 

-A 

Fig. 3. Elements of ecocladogram for Benfhalbella 
(Scopelarchidae, see text for explanation). 

Epoch 

Pleistocene 
- 

Pliocene 
- 

y 
Age $ 
(Ma) 2 
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Two problems with White’s 
approach stand out: 

1) Limitation of study to the Pacific 
- yet the majority of higher taxa (rank 
of genus and higher) of mesopelagic 
fishes occur in all three oceans. 
Limiting the study to the Pacific limits 
us to studying selected branches and 
twigs, not the whole tree. White recog- 
nized the problem, stating, for example, 
that “cladistic relationships within the 
hatchetfish genus Argyropelecus, how- 
ever, show that... [the] “species ranges 
are too broad for testing the biogeo- 
graphic relationships of the Pacific sur- 
face water masses.” (White, 1994: 
278). 

2) Incomplete resolution of water 
mass relationships - the core of White’s 
study is his representation of water 
mass “relationships” (reproduced as 
Fig. 4) showing a basal node marking 
separation between austral (=Southern 
Ocean, southern Subtropical Conver- 

- 20 - 30 
-40 
- 50 

Fig. 4. “Area-cladogram” of Pacific Water Masses as depicted in White (1994). 
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gence, and southern Transition Region) 
vs nonaustral fauna1 components, yet 
leaving an unresolved trichotomy 
between north central, equatorial, and 
south central. Unfortunately by far the 
highest species and generic diversity is 
found in the latter three areas. No one 
has ever doubted the distinctness of the 
Southern Ocean mesopelagic fauna 
(e.g. Johnson, 1982), the split between 
austral vs. nonaustral might be expect- 
ed to occur at the base of any given 
phylogenetic tree. Yet application of 
the simple Progression Rule, for the 
Evermannellidae (Fig. SA), for Stomias 
(Fig. 5B), and for the Scopelarchidae 
(Fig. l), shows, apparently, that this is 
not the case when each monophyletic 
group is examined on a worldwide 
basis. Rather, each tree is rooted in 
warmwater regions, in the tropics in the 
case of the scopelarchids, in the tropics 
and subtropics in the case of the ever- 
mannellids and Stomias. In fact the 
basic area cladogram, for the latter two 
groups is not inconsistent with the eco- 
ciadogram we showed here for the 
scopelarchids. 

The open ocean is a relatively well- 
mixed, continuous fluid system, given 
the length of time available. The poten- 
tial for dispersal is enormous. Yet we 
see pattern. Is this a system in which 
the concept of hydrotectonics is illuso- 
ry, in which the findings of vicariance 
biogeography for terrestrial and shal- 
low water systems are irrelevant, in 
which pattern is driven by environmen- 
tal signal to such an extent that ecology 
not earth history predominates? If so 
there may be little hope that phyloge- 
netic studies of fishes will elucidate 
better understanding of modern distri- 
bution patterns except, perhaps, in the 
case of pseudo-oceanic, relatively shal- 
low water forms, perhaps such as 
Polyipnus (Harold, 1993; 1994). 

But the scopelarchids suggest that 
we should be able to correlate phyloge- 
ny with distribution if we only under- 
stand our groups well enough. Here the 
basic story, much oversimplified, is that 
evolution has proceded from rather 
more benign systems - higher produc- 
tivity, less seasonal change, etc to sys- 
tems dominated by more stringent con- 
ditions, less food in the central gyres, 
severe oxygen depletion in the eastern 

Tropical Pacific, northern Indian 
Ocean, and elsewhere. 

Following the arguments above our 
prediction would then be that species 
inhabiting such “stressful” areas will 
exhibit terminal node positions in the 
cladistic tree topologies for the mono- 
phyletic lineages to which they belong 
(Fig. 6). 

Yet data for Nannobrachium 
(Myctophidae) may falsify this predic- 
tion (Zahuranec, in press). The 17 

VERMANNELLIDAE 

\ 
Stomias 

Warmwater Coldwater 

0 Central @I Central + Boreal + Austral 
0 Equatorial Q Austral 

0 Central-Equatorial 

Fig. 5. A) “Ecocladogram” for the Evermannellidae 
(phylogeny and distribution based on Johnson, 1984; 
area designations as in Fig. 1.) nor = Oiiontosromops 
normalops, atr = Coccorella atrata, at1 = Coccorella 
atlantica, bal = Evermannella balbo, ind = 
Evermannella indica (sensu lato), ah1 = 
Evermannella ahlstromi, meg = Evermannella 
megalops. 
B) “Ecocladogram” for Stomias (distribution based 
on Gibbs, 1969; relationships based on Fink & Fink, 
1986; area designations as in Fig. 1.). aff = Stomias 
a&is, neb 1 S. nebulosus, atr = S. atriventer, boa = 
S. boa (sensu late), gra = S. gracilis, co1 = S. colu- 
brinus, lam = S. lampropeltis, long = S. longibarba- 
tus, pat = S. pa&us, bre = S. brevibarbatus, dan = 
S. danae. 



species of Nannobrachium, character- 
ized by extreme reduction or loss of the 
pectoral fins, fall into 5 species groups. 
For the most part Zahuranec’s cladistic 
analysis is of the species groups only; 
within the groups the species are sepa- 
rated largely by minor meristic or men- 
sural characters, with little readily per- 
ceivable phylogenetic information. For 
the most part species within a group 
have nonoverlapping distributions. 

Only within the N. achirus species 
group is there evidence of character 
state division that may offer phyloge- 
netic information. The unique character 
distinguishing all species in this group 
is an extreme reduction in pectoral fin 
development. The nature and timing of 
this reduction varies ontogenetically 
among the species and may be phylo- 
genetically informative (Fig. 7). If we 
take possession of a pectoral fin in 
adults as the plesiomorphous state, the 

“STRESSFULL” 

POLAR 
OXYGEN MINIMUM 

BIOLOGICALLY 
“STRESSFULL” 

OLIGOTROPHIC 
CENTRAL GYRAL 

Fig. 6. Predicted general sequence of “ecoclado- 
grams” with respect to environmental “stress” (see 
text for explanation). 

Nannobrachium 
hawaiiensis: (20 mm SL) 

North Pacific 
Central ~~~~ 

no trace of pectoral or actinosts Endemic 

wisneri: (25 mm SL) S. Subtropical 
Convergence no trace of pectoral or actinosts (AIP) 

phyZZi.me: (35 mm SL) S. Transition 
retains atrophied pectoral rays in skin Region 

retains atrophied pectoral rays in skin 

crypticurn: (NA) Equatorial 
retains much reduced but still evident Pacific 
pectoral in largest adults I 

Fig. 7. Ecocladogram for the Nannobrachium 
achirus species group, based on Zahuranec (in 
press). 
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species vary as follows: N. crypticum:, 
pectoral much reduced but still present 
and evident in the largest adults 
achirus: retains atrophied pectoral rays 
in skin, development ceases at about 50 
mm SL N. phyllisae, same as achirus 
but development ceases at about 35 
mm SL N. wisneri: no trace of rays or 
actinosts in adults, development ceases 
at about 25 mm SL N. hawaiiensis: 
same as wisneri, development ceases at 
about 20 mm SL. N. achirus and N. 
phyllisae reach the largest adult body 
size, to ca 150 mm SL. 

N. wisneri, N. hawaiiensis and N. 
crypticum are somewhat smaller, and 
subequal, with maximum body sizes 
between 80 and 100 mm SL. 

With respect to distribution (Fig. 7), 
we lose all sense of either hydrotecton- 
ic or ecocladistic orderliness. In 
decreasing order of size at which pec- 
torals cease development (i.e. primitive 
to derived): N. crypticum: equatorial 
Pacific N. achirus: Southern Ocean N. 
phyllisae: southern Transition Region 
(eastern South Pacific) N. wisneri: 
Southern Subtropical Convergence 
(AIP) N. hawaiiensis: North Pacific 
central gyre endemic The two end- 
points (N. crypticum, N. huwaiiensis) 
agree with our prediction, but the three 
“middle” species clearly do not. 

Which case is more typical for mid- 
water fish groups - the scopelarchids or 
Nunnobrachium. We simply do not 
know, perhaps neither. Possibly we are 
looking at the open ocean equivalent of 
the Taxon Cycle postulated for island 
biogeography (Ricklefs & Cox, 1972). 
Whether a species is (1) broadly dis- 
tributed with little evident geographic 
variation, (2) polytypic, (3) differs 
markedly in abundance between differ- 
ent areas, or (4) is endemic to a rela- 
tively restricted area such as the North 
Pacific central gyre area, may depend 
upon where the group in question is at 
or was arrested in this cycle. 
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ABSTRACT 

During the last decades the Western Mediter- 
ranean tourist industry and other human activi- 
ties have destroyed the delicate coastal regions; 
moreover the consequences of accumulated 
organic and inorganic compounds have become 
obvious in the deep layers. 

Bethoux (1991) observed a warming trend, 
and an increase in salinity and phosphate (400- 
2000 m) since the fifties. In order to investigate 
the impact of these changes, on zooplanktonic 
organisms, recent copepod abundance and dis- 
tribution patterns in the northwestern 
Mediterranean were compared with those of 
several decades ago. During 1986-88 the com- 
position of the copepod population differed 
clearly from the 1957-64 period. A dramatic 
decrease in the relative abundancies of at least 
six out of eleven (sub)surface dwelling cope- 
pod species was observed. However, the rela- 
tive abundance of two Clausocalanus species 
increased considerably. This situation still 
existed during 1993- 1994. Subsurface salinities 
and winter temperatures increased in this area. 
Trace metal contents and polycyclic anthro- 
pogenic hydrocarbons (PAH) were higher than 
in other Mediterranean basins (Bethoux et al., 
1990a; Lipiatou & Saliot, 1991). Ecological 
differences between the recently dominant and 
the previously dominant - now rare - species 
are discussed. Highly skewed sex ratio’s in 
favour of females in the abundant 
Clausocalanidae, and equal sex ratio’s in the 
presently rare Temora and Centropages species 
were found. It is suggested that skewed sex 
ratios reflect possible adaptations to the 
changed environmental factors. Other reasons 
and possible adaptations, leading to the shift in 
dominant copepods are discussed. 

INTRODUCTION. 

The Mediterranean is a semi-enclosed 

sea with depths dowb to 3000 m. 
Complex interactions with the Atlantic, 
climate influence, and hydrographical 
processes are responsible for olig- 
atrophic characteristics (Bethoux, 
1980; Estrada et al., 1985; Armi & 
Farmer, 1988). Especially the low 
phosphor concentrations in the photic 
layer (down to 100 m) are a limiting 
factor for the phytoplankton productivi- 
ty (Cahet et al., 1972; Margalef, 1984; 
Jacques & Treguer, 1986). 

Several factors are responsible for 
dramatic changes in the Mediterranean, 
which may have considerable impact 
on ecological processes and plankton 
distribution. Two major factors are: 1) 
The tourist industry (vital to the econo- 
my of many Mediterranean countries) 
which destroys the region’s delicate 
coastal environments. The resident 
population of the 46,000 km coastline 
is 130 million, which is doubled each 
year during the summer months. At the 
peak of the season, a lot of sewage ends 
up directly in the sea (Cave, 1991), 
rapidly increasing the concentration of 
organic and inorganic compounds, with 
algal blooms and red tides as a conse- 
quence. 

2) A warming trend and salinity 
increase in the western Mediterranean 
deep water (Bethoux et al., 1990b; 
Bethoux, 1991) and subsurface layers 
(Kouwenberg & Razouls, 1990) as a 
local effect of Global Change. 

These factors may cause long-term 
changes in biophysical and biochemical 
processes, with related consequences 
for all biota. Zooplankton communities 
may react on these changes with differ- 
ences in survival strategies. 
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Deep water formation process 
Important to mention in this context is 
the deep water formation process (Fig. 
1). The deep water formation (surface 
waters sinking to great depths) occurs 
mainly in the Golfe du Lion and the 
Aegean Sea during winter (Gascard, 
1978; Bethoux, 1990; Margalef, 1984). 
This process causing temperatures at 
great depths remaining about 13”C, has 
an influence on the Atlantic. The dense 
deep water flows out through the Straits 
of Gibraltar (Armi & Farmer, 1988). 
This water differs from other dense 
water, formed in the polar seas, because 
it is formed primarily by evaporation 
and the consequent increase in salinity, 
rather than by the decrease in tempera- 
ture that form the dense polar waters. 
Once arrived in the Atlantic, the rela- 
tively warm Mediterranean water at 12- 
13°C is less compressible than the cold 
(-0.7”C) Antarctic bottom water, so it 
does not descend to the bottom of the 
ocean, but it becomes entrained into the 
surrounding water more readily than 
the Antarctic bottom water (Killworth, 
1977). So part of the polluted 
Mediterranean surface waters (Bethoux 
et al., 1990) will end up in the interme- 
diate deep water of the Atlantic Ocean. 

Study area 
The Golfe du Lion is an important 
region for the western Mediterranean 
basin, because of the dense, deep water 
formation in winter (Gascard, 1978; 

Bethoux et al., 1990b). It is further 
characterized by: a) a wide continental 
shelf not deeper than 200 m, changing 
rapidly to a deep oceanic basin of more 
than 2000 m depth (Furnestin, 1960); 
b) fresh water run-off, mainly from the 
River RhGne, forming an estuarine 
plume over the highly saline continen- 
tal shelf water, inducing locally fluctu- 
ating salinities; c) dynamic mixing by 
strong dominating wind regimes 
“Tramontane” and “Mistral”, blowing 
coastal waters off-shore, inducing con- 
stantly changing surface current pat- 
terns (Millot, 1979; 1981); d) low pri- 
mary production because of phosphor 
limitation in the photic layer. 

Long-term field observations, a few 
decades ago, in several parts of the 
western Mediterranean (Alboran Sea, 
Catalan Sea, Golfe du Lion, Ligurian 
Sea, Tyrrhenian Sea) made an overview 
possible of dominant zooplankton 
groups (Furnestin, 1960; 1979; Mazza, 
1961; 1967; Gaudy, 1985; Thiriot, 
1965; Vives, 1963). The most abundant 
and best investigated group the whole 
year round were the pelagic copepods. 
They are highly responsible for the 
turn-over (excretion-, recycling-, sink- 
ing-rate) of organic and inorganic com- 
pounds. 

METHODS 

A comparison was made between the 
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Fig. 1. Schematic presentation of the deep water formation process in the Mediterranean Sea. 



abundancies of the dominant copepods 
during the periods 1957- 1964 and 
1986-1988, with regard to the then pre- 
vailing salinities and temperatures. For 
this purpose all published raw data 
from oceanographic cruises, made dur- 
ing the late fifties- early sixties (Mazza, 
1967; Thiriot, 1965; M.L. Furnestin, 
1960; 1979) were considered and com- 
pared with the recent data from 1986- 
88 (Kouwenberg & Razouls, 1990). 
The relative abundancies were mea- 
sured in comparison to Oithonidae 
which showed no change in abundance 
during both periods. Copepods, sam- 
pled at 113 stations during five cruises 
spread over 1986-88, providing a good 
degree of seasonal coverage (Fig. 2) 
were identified to genus or species 
level and the abundance was calculated 
per m2. Adult specimens from the 
upper 200 m and the upper 50 m were 
sexed. 

RESULTS ANDCONCLUSIONS 

Shift in dominant copepod species after 
a period of thirty years. 
From a comparison between the domi- 

43 ‘00 

42 00 

IOC Workshop Report No. 142 
Page 205 

3’00 a”00 5’00 6”OO 

q a 
. 

0 . 

a = Srpt Oct. 1958 q = March 19G 
LYI = December 1960 q = JuneiJuly 1957 

3^00 4’00 S”O0 6 00 

I 

n = September 1986 q = February 1988 
q = December 1986 q = May/June 1988 

q = Julv 1987 

Fig. 2. Location of sampling stations over the peri- 
ods 1957-64 and 1986-88 (after Kouwenberg & 
Razouls, 1990). 
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Fig. 3. Seasonal relative abundance (in percentages), with Oirl~r~n nn/zn and 0. Iwlgolnrzdica as a reference with 
100% abundance over the periods 1986.88 and 1957-64. Oi = Oi/hom (I~~lgoltrrzrlicrr and nmn); Cl = C/a~~~ocr~lcrturs 
(arcuicornis and furcatus); On = 01lcnrn spp.; Te = Temortr s!\liJPvn; Ce = Cerl~ropges !\piclrs; Co = Corycarus 
spp.; AC = Acarth clausi; Ca = Ccrlanus helgolmdic~~s; Eu = Euterpirm nc~r~~fifr.or~.r.; Na = Nm~~ocoln~uu ttzinor; Sa = 
Snpphirincr spp. (after Kouwenberg & Razouls, 1990). 
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nant copepod species during the years 
1957-64 and those during 1986-88 
(Fig. 3) it became obvious that six out 
of eleven species examined decreased 
considerably during 1986-88, namely 
Temora stylifera, Centropages typicus, 
Euterpina acutifrons, Acartia clausi, 
Sapphirina spp. and Nannocalanus 
minor, The potentially herbivorous 
Clausocalanidae, however, were much 
more abundant compared to 30 years 
ago, apparantly being more succesfull 
than the previously dominant species: 
Temora stylifera, Paracalanus parvus, 
Acartia clausi, Centropages typicus and 
Nannoclanus minor. The seasonal dis- 

tribution pattern during 1986-1988 is 
shown in Fig. 4. N. minor is not pre- 
sented, because it was almost absent. 

Fig. 5 shows that during 1993-1994 
the relative abundance of Clauso- 
calanidae increased even more (1500- 
2200%). So it is likely that the high 
Clausocalanus ’ abundancy is a conse- 
quence of successful adaptations to 
changes in environmental circum- 
stances. 

Salinities, temperatures, trace metals, 
and chemical compounds 
Environmental differences between the 
two periods were found in salinities at 

Fig. 4. Seasonal abundance in number.m-2 sea surface in the upper 50 m at each sampled station during 1986-88 for 
Clr7trsocalr7r7trs spp., Ter7wln sr@e~rr. Ce/ltrqlrrges rypic~~s and Oithor~ spp. (after Kouwenberg. 1993). 
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ring. 

=9 

Fig. 5. Mean seasonal percentages of C/a~csocn/urzus spp., Temoru sf#em and Ce/7tropngus r~picus L vith respec :t to 
Oirhorm spp. (=lOO%) during 1993-1994. 

50 m  depth, which were significantly 
higher than 30 years ago, whereas the 
surface salinities remained the same 
(Fig. 6). Temperatures were significant- 
ly higher in winter, but lower in early 
summer, both at the surface and at 50 m  
depth (Fig. 7). For the surface tempera- 
tures high interannual variabilities may 
be responsible, but the higher winter 
temperatures at 50 m  depth are most 
probably a consequence of the warming 
trend during the last 30 years (Bethoux, 
1990; Kouwenberg & Razouls, 1990). 

Recently, the plankton stock has to 
deal with concentrations of anthro- 
pogenic polycyclic aromatic hydrocar- 
bons (PAH), three to four times higher 
corresponding to the end of the nine- 
teenth century (Lipiatou & Saliot, 
199 1; 1992). Phytoplankton accumu- 
lates trace metals (Zn, Cu, Pb, Cd). 
Trace metal concentrations (Table 1) 
are highest in the Western Mediter- 
ranean surface layers, compared to the 
other basins (Bethoux et al., 1990a). 
This phytoplankton is consumed by the 
herbivorous zooplankton and may play 

n stations : 

a role in digestive processes and energy 
budget. 

DISCUSSION 

It is difficult to give a general view on 
the abundance of copepod species in 
the different regions and seas if no 
results from a long term monitoring 
programme with weekly sampling 
intervals is available. Because of their 
seasonality, related to the occurrence of 
several generations per year (Gaudy, 
1972), and often short periods of high 
abundance followed by a drastic 
decrease to very low numbers, it is not 
sufficient to state whether a species is 
abundant or not, but it also has to be 
mentioned when (short or long periods) 
and where (small scale geographical 
and spatial distribution) it is abundant. 
Using all available results from numer- 
ous expeditions Furnestin (1979) 
deduced a general abundancy pattern 
for the different seas. The dominant 
copepod species in the Alboran Sea 
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were Paracalanus parvus (Claus, 
1863), Clausocalanus arcuicornis 
(Dana, 1849) and Temora stylifera 
(Dana, 1849) in summer. Vives (1963) 
described P parvus, C. arcuicornis and 
Clausocalanus furcatus (Brady, 1883) 
as the dominant copepods in the 
Catalan Sea during the years 1960- 
196 1. Most abundant in the Golfe du 
Lion were Temora stylifera in autumn, 
P parvus, Acartia clausi Giesbrecht, 
1889 and Centropages typicus Kroyer, 
1849 in winter, with on the southern 
border a stable abundance of 
Clausocalanidae and Oithonidae 
(Furnestin, 1979). In the Liguro- 
Provencal region the Clausocalanidae, 
Oithonidae, P parvus, C. typicus, T. 
stylifera and A. clausi were the domi- 
nant species. In the Tyrrhenian Sea 
most abundant were C. arcuicornis and 
Oithona helgolandica Claus, 1863 
(Furnestin, 1979). 

Previously the Clausocalanidae were 
described to be dominant copepods in 

other regions of the western Mediter- 
ranean, but not for the Golfe du Lion. 
At present they seem to have totally 
occupied. the neritic and coastal waters 
of this region in all seasons (Figs. 4, 5) 
with much higher overall abundancies 
than the previously dominant species, 
mentioned above. Recent shift in domi- 
nance patterns of Clauso-calanidae in 
other regions of the western 
Mediterranean has not (yet) been 
described. 

Why have Clausocalanus spp. 
become the overall dominant copepods 
in the entire region, while other, previ- 
ously abundant species became rare? 
Which factors are responsible for this? 
When food is in short supply, which is 
the case for the potentially herbivorous 
copepods, competition for food is 
expected. Food competition seems to 
result in different adaptations for the 
different species. Clausocalanus may 
have developed three strategies: 1) a 
diet extension, existing of regenerated 
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Morai’tou-Apostolopoulou, 1972). The 
sex ratio skewness is highly biassed 
towards females in the mainly herbivo- 
rous species. This leaves the females 

phytoplankton or detritus (microzoo- 
plankton?); or 2) tolerance for unnatu- 
ral chemical compounds stocked in, or 
excreted by phytoplankton species 
(toxic for other species) or else 3) high 
tolerance for increasing salinities. 

Also the various copepod species 
may react differently on trace metal 
toxicity. For example, experiments 
proved Centropages typicus more sen- 
sitive to toxicity of copper and zinc 
than Acartia tonsa (Sunda et al., 1987). 
The life-cycle development of A. tonsa 
appears to be influenced by cadmium 
toxicity (Toudal & Riisgird, 1987). 
High egg mortality in C. typicus was 
found in the polluted Gulf of Naples 
(Ianora et al., 1992) which may indi- 
cate that C. typicus is sensitive to pol- 
luted waters. Under changing circum- 
stances different survival strategies 
may be developed. Highly skewed sex 
ratio in favour of females were found in 
the mainly herbivorous species (Fig. S), 
all known to perform swarming (mat- 
ing swarms) (Marshall & Orr, 1955; 
M.L. Furnestin, 1960; Vives, 1963; 
Mazza, 1966) while equal sex ratios 
and slightly higher female abundances 
were found in the omnivorous and car- 
nivorous species, for which swarming 
behaviour has not been reported. 
Strong variations in sex ratios were 
found in the same species, living in dif- 
ferent seas (Moore & Sander, 1983; 
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19- 
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15- 

13- 

Kouwenberg & Razouls, 1990). 
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Fig. 7. Mean surface and 50 m depth temperatures 
over the periods 1957-64 and 1986-88. The vertical 
bars indicate the 95%confidence limits (after 

Table 1. (from B&thoux et al., 1990) Trace metal concentrations in different parts of the Mediterranean. 

P Zn(a) Wa) PM4 PW) Cd(a) Cd(b) 

1983 Marine conccntr. (mol kg-l) 
1 Atlantic inflow Cl 27 IO-9 0.85 10-9 1.01 10-9 146 IO-12 138 lo--129 IO--l214 IO-12 

(n) (4) (4) (4) (4) (4) (4) (4) 

2 Western surf.lay.C,j 67 10-9 3.55 IO-9 2.14 10-9 275 IO-12 230 IO-12 52 lo-12 65 IO-12 
(nSW(c) (27.86) (31,1.38) (36,0.79) (28,135) (48,92) (31,15) (35316) 

3 Westerndeeplay.Cg 388 10-9 3.93 IO-9 1.95 10-9 133 IO-12 128 IO-12 53 lo-12 61 IO-12 
(n,SD) (3764) (35,0.54) (37,0.54) (38,37) (41,27) (35,9) (388) 

4 Eastern surf.lay.Cg 20 10-9 3.30 IO-9 1.67 10-9 152 lo-12 160 lo-12 52 lo-12 54 IO-12 
(n) (3) (4) (4) (4) (4) (4) (4) 

5 Eastern deep lay.Cg 177 IO-9 2.01 IO-9 1.92 IO-9 87 IO-12 105 IO-12 48 IO-12 48 lo-12 
(n) (6) (6) (5) (6) (‘3 (6) (6) 

Calculated sugace concentrations (mol kg-‘) 
6 Eastern Basin C’s O(d) 0.33 IO-9 1.62 IO-9 44 IO-12 38 IO-12 

7 Western Basin C’3 O(d) 0.21 10-9 1.07 IO-9 36 IO-12 28 IO-12 
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1 Potentially herbivorous filter feeders 1 1 Potentially omnivorous filter feeders 1 

Upper 50 m Upper 200 m Upper 50 m LIpper 200 m 

S D F MJ J S,D,F,MJ. J, 

I Potential and obligate carnivores I 

S D F MJ J S D F hlJ J 

Fig. 8. Variations of female (F) and male (M) relative abundancies (vertical bars) for the upper 50 m and upper 200 
m during September (S), December (D), February (F), May/June (MJ) and July (J). Directly under the 0% line are 
indicated the overall mean value percentages. Broken lines indicate a total 5 IO specimens (after Kouwenberg, 
1993). 

the necessary share of the limited food 
supply, and is probably an adaptation 
which may vary with favourable or 
unfavourable circumstances . 

In the omnivorous and carnivorous 
species (with considerably more males) 
the diet is more extensive and food- 
pressure may not be so high. Remark- 
able is here, that the potentially herbiv- 
orous species with high female domi- 
nance, are reproductively very success- 
ful with high numbers of offspring, 
while the omnivorous and carnivorous 
species with about equal sex ratios are 
less abundant and produce fewer juve- 

niles (Kouwenberg, 1993a). These 
species may have the adaptation of pro- 
ducing “dormant eggs”, recently found 
for several copepod species (Lindley, 
1990; Naess, 199 1; Viitasalo, 1992) but 
not yet investigated in the northwestern 
Mediterranean. Table 2 gives an 
overview of possible adaptations and 
survival strategies in copepods. 

Adaptations and shifts do not only 
occur in copepods, the same tendency 
may be expected for other organisms 
with short generation cycles. Plankton 
may be more flexible than higher taxa, 
living in the Mediterranean Sea. 
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Table 2. Hypothetically succesful and non-succesful possible adaptations and life-strategies for potentially her- 
bivorous and omni-carnivorous copepods in the northwestern Mediterranean. 

Possible adaptations to environmental changes 
+ = successful 
- = not successful 

Potentially herbivores 
(non-migrators) 

Potentially omni- carnivores 
(migrators) 

+ 

or 

+ 

diet extension (detritus, 
regenerated phytoplankton, 
microzooplankton) to adapt to 
limited food supply (= known for 
Acartia) 

tolerance to trace-metals sensitive to trace- 
(chemicals) stocked in metals (= known for 
phytoplankton (Clausocalanus?) Centropages, Acartia) 

high sex ratio skewness in 
favor of reproducing females; 
females more food, formation 
of mating swarms (dangerous, 
predation) (= known for: Clauso- 
calanus, Paracalanus, Calanus, 
Acartia) 

equal sex ratio’s, enough 
food, also for males; 
no swarming behaviour 
(less dangerous), higher 
encounter rate ( = known for 
Centropages, Temora, Pleuromamma, 
Candacia) 

no “dormant eggs”? 

many yearly generations (5-6) 
(Clausocalanus, Acartia) 

high numbers of juveniles 

+ “dormant eggs”? 

less yearly generations (3-4) 
(Temora, Centropages) 

low numbers of juveniles 

no diet extension needed, 
food pressure not high 

but 

Ionsequence: 

+ high abundance, 
low species diversity 
(I 8 sp. G. du Lion) 

Consequence: 

low abundance, 
+ high species diversity 

(30 sp. G.du Lion) 

Among these, the green turtle (Curettu 
caretta) and monk seal (Monachus 
monachus) are disappearing Mediter- 
ranean species (Cave, 1991). Ansjovy 
(Engraulis encmsicholus) and Sardine 
(Sardina pilchardus) also became rare 
in the last two decades (pers.comm. 
local fishermen). In a polluted or 
unhealthy ecosystem, biomasses may 
vary normally, indicating a rather 
healthy situation, while in the mean- 
time sensitive species disappear from 
the area and dominance patterns 
change. 

The consequences of both human 
induced and climate changes in the 
western Mediterranean may not remain 
restricted to the Mediterranean environ- 
ment. A changing, unstable Mediter- 

ranean ecosystem will also exert a 
heavy impact on the deep water forma- 
tion processes and this will finally 
affect the intermediate waters of the 
Atlantic Ocean. 
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ABSTRACT 

Long-term studies of planktonic communities 
and environmental characteristics (temperature 
-salinity, nutrients, current direction and veloci- 
ties etc.) were carried out in the South-Atlantic 
(1963-1989). In total 274 biological stations 
and 351 hydrological stations were conducted 
in the South Atlantic Anticyclonic Gyre, which 
has a diameter of about 4500 km. The ring-type 
pattern of the macroscale system of currents 
(where the given current fits the next one along 
the ring) has predetermined some similarity of 
composition of copepod species. On the other 
hand the process of the spatial-temporal succes- 
sion of planktonic communities was monitored 
along the main ring of currents, from the 
Benguela current to the South Passat current. 

INTRODUCTION 

Existing schemes and theoretical 
assumptions for partitioning the marine 
pelagic communities are quite diverse 
and differ basically (Van der Spoel & 
Heyman, 1983; Van der Spoel, 1994). 
Some of these are based mainly on 
physical-chemical criteria (Rosa & 
Laevastu, 1959; Beklemishev, 1969), 
others are more geared to the character- 
istics of distribution of recurrent groups 
of pelagic animals (Brinton, 1962). The 
latest classifications successfully amal- 
gamate physical, chemical and biologi- 
cal peculiarities of the pelagial 
(Longhurst, this volume). In the 
Atlantic Ocean the sustainable oceanic 
macroscale gyres act as the biotopes of 
the pelagic biocenosis distributed sym- 
metrically in relation to the equator 
(Beklemishev, 1969). The South Atlan- 
tic Anticyclonic Gyre is one of them. It 
occupies the area from the equator 

down to 40”s and from Africa to South 
America (Fig. 1). This gyre forms by 
its circulation system the Benguela 
Current, the South Passat Current, the 
Brazilian Current and the Westerly 
Winds Current. In general the south- 
west part of the Atlantic Ocean is one 
of the poorly studied regions of the 
world’s ocean (Boltovskoy, 1986). 

From the 60ties to the 70ties two 
institutes of the Ukrainian Academy of 
Science (Institute of Biology of the 
Southern Seas and Marine Hydrophys- 
ical Institute) conducted a series of 
expeditions with the aim to study the 
ecosystem of the South Macroscale 
Anticyclonic Gyre (Greze et al., 1984; 
Kovalev, 1991). In this paper data from 
these expeditions are considered from a 
biogeographic point of view, with spe- 
cial reference to the distribution of 
planktonic Copepoda. 

MATERIALS AND METHODS 

Field measurements were conducted 
during five cruises (R/V “Mikhail 
Lomonosov” and R/V “ Professor 
Vodyanitsky”) within the main currents 
forming the south anticyclonic .gyre 
The materials of other (earlier) cruises 
and international programmes (like 
“DEKALANT”) have been used as 
well (Fig. 1). In total 625 oceano- 
graphic stations were conducted, of 
which 274 included simultaneous phys- 
ical, chemical and biological measure- 
ments. The others were hydrophysical 
stations. The Large Juday’ Net (diame- 
ter 36 cm, mesh size 120- 14.5 Km) and 
the oceanic model of the Juday Net 
(diameter 80 cm, mesh size 500 l.trn) 
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60 40 20‘ 0” 2( 

Fig. 1. Fig. 1. The system of currents (A) and plankton sampling (9) in the South Atlantic (Ukrainian expeditions, 
1963-1987). A) I = the Benguela Current, 2 = the South Passat Current, 3 = the Brazilian Current, 4 = the Westerly 
Winds Current, I = Benguela Current front, II = South Tropical front, 111 = South Subpolar front. 9) 1, 2, 3 = 26th 
and 27th cruises of R/V “Mikhail Lomonosov”, 4, 5 = 30th and 32d cruises of R/V “Mikhail Lomonosov”, 6, 7 = 2d 
and 5th cruises of R/V “Professor Vodyanitsky”, 8 = stations of the International project “EQUALANT”. 

were mounted on the same frame for closing at a given horizon. 987 samples 
mesozooplankton sampling (Kovalev et of phytoplankton, 1070 samples of 
al., 1977). Vertical hauls included microzooplankton, 1909 samples of 
catches over several integrated layers bacteriop!ankton and 1452 samples of 
(O-10, 10-25, 25-50 m). Phytoplankton, meso- and macrozooplankton were col- 
bacterioplankton and microzooplankton lected over different depths, down to 
were collected by sampling bottles 500 m. To process these samples the 
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standard international methods have 
been used (Greze et al., 1984). ’ 

RESULTS 

Main features of the structure and func- 
tioning of the pelagic ecosystem 
Upwelling of deep waters of the 
Benguela Current determines a consid- 
erable decrease of temperature and 
nutrient enrichment of the upper layer. 
These events predetermine high zoo- 
plankton biomass and production, 
although the species diversity in this 
region is less than that in other parts 
(currents) of the gyre (Greze et al., 
1984). 

By turning to the north-east the main 
branch of the Benguela Current fits the 
South Passat Current. The branches of 
the latter one are warming, becoming 
stratified and poorer in nutrients in the 
direction of the main flow. Plankton 
biomass diminishes in the same di- 
rection whereas species diversity 
increases (Table 1). This process can be 
observed along the main flow of the 

Brazilian Current also. This current, in 
turn fits the waters of the South Passat 
Current. However, the temperature 
decreases on the southern edge of the 
Brazilian Current which mirrors 
biomass value, species diversity and 
production of planktonic organisms. 

The Westerly Winds Current (the 
south edge of the macroscale gyre) is 
characterized by the lowest values in 
the studied area for temperature, abun- 
dance, biomass and production of zoo- 
plankton organisms. 

The central part of the gyre repre- 
sents a zone of macroscale conver- 
gence. The existence of such a conver- 
gence terminates the latitudinal zonali- 
ty of plankton distributions which was 
noted on the level of single species 
(Beklemishev, 1969; Olson, 1986). 
Hence the distribution and dynamics of 
water masses within a gyre acts as an 
important geographical factor inducing 
changes of structural-functional charac- 
teristics of the ecosystem. 

Patterns and processes monitored 
along the ring of main currents enable 
to visualise an event of spatial-temporal 

Table 1. Structural and functional characteristics of the ecosystem (O-100 m layer ) of the South Atlantic 
Anicyclonic Gyre (Greze et al., 1984). 

Characteristics Currents 

Benguela South Passat Brasilian Westerly Winds Central part 
of the gyre 
(conver.zone) 

Length of current, km 4000 4000 4800 6400 
Velocity of current,cm/c 50-150 40-70 150 50-65 
Averaged temp.,“C 16 26 22 13 22 
Phosphor., ug 1-i 26.3 12.5 5.2 27.1 7.4 
Phytoplankton: 
Number of species 110 264 155 92 233 
Fisher’s diversity index 13+1 49+2 46+3 27+7 56+ 1 
Phytoplankton biomass, 70 69 32 23 30 
mg m-3 
Microzooplankton biomass, 52 5 13 11 23 
mg m-s 
Mesozooplankton herbivores 47 27 15 22 8 
% of total biomass 
Bacteria biomass, mg/m” 754 120 150 372 96 

Production, cal m-* day-i: 
Phytoplankton 23109 2428 1089 2663 1306 
Microzooplankton 608 166 215 96 503 
Herbivores 711 325 101 42 43 
Bacteria 51480 17784 7488 3744 16371 



succession of planktonic communities 
(Tables 1, 2). The contribution of phy- 
toplankton biomass to the total commu- 
nity biomass is maximal within the 
Benguela Current, which is enriched by 
nutrients. Its contribution diminishes 
along the current ring, down to the con- 
vergence zone. Zooplankton and bacte- 
rioplankton biomasses exhibit an oppo- 
site trend. 

Taxonomic composition of Copepoda in 
diflerent water masses of the gyre 
Field data from Ukrainian expeditions 
(1962- 1987) listed 127 species of cope- 
pods not found before in this area 
(Gordeeva & Shmeleva, 197 1; 1974). 
About 10 of them appeared to be new 
to science. 36 copepod species were 
described as new for the region of the 
south anticyclonic gyre and 3 of these 
belong to the new ones (Shmeleva, 
1978). In general 4 16 copepod species 
were found in a system of currents con- 
stituting the south macroscale anticy- 
clonic gyre. If previous literature data 
are taken into account the general 
amount should be close to 694 copepod 
species. Not all of them, however, are 
wide-spread along the water masses of 
the gyre. Only 12% of the species 
might be recorded commonly over the 
whole studied area (Kovalev, 1991). 

To compare copepod species diver- 
sity from different currents forming the 
main ring, 150 samples from each cur- 
rent were selected. 

Species like Mesocalanus tenuicor- 
nis (Dana), Neocalanus gracilis 
(Kroyer), Calanus minor (Claus), 
Calocalanus pavo (Dana), C. styliremis 
(Giesbr.), C. plumatus (Claus), C. 
longisetosus (Shmel.), Clausocalanus 
furcatus (Brady), C. paululus (Farr.), C. 
mastigophorus (Claus), Ctenocalanus 
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vanus (Giesbr.), Aetideus armatus 
(Boeck.), Gaidius tenuispinus (Sars), 
Scolecithrix vittata (Giesbr.), 
Scolecithricella vittata (Giesbr.), 
Pleuromamma gracilis (Claus), P. 
xiphias (Giesbr.), P. piseki (Farr.), Z? 
robusta (F.Dahl), P. abdominalis 
(Lubb.), Lucicutia Javicornis (Claus), 
Heterorhabdus pepilliger (Claus), 
Acartia negligens (Dana), Oithona 
setigera (Dana), 0. plumifera (Baird), 
0. atlantica (Farr.), 0. similis (Claus), 
Oncaea venusta (Filippi), 0. media 
(Giesbr.), 0. minuta (Giesbr.), Macro- 
setella gracilis (Dana), Clytemnestra 
rostrata (Brady) are lqnown as wide 
spreaded over the tropical and subtropi- 
cal areas of the world ocean. Some 
species have been noted only in one 
local region. For example, species like 
Aetideus carinata (Bradf.), Valdiviella 
insignis (Farr.), Haloptilus validus 
(Sars.), Sapphirina lactens (Giesbr.), 
Euchirella venusta (Giesbr.), Pseudo- 
euchirella gibbera (Vervoort), 
Lophothrix frontalis (Giesbr.), 
Scolecithricella valida (Farr.), S. 
propinqua (Sars), S. ctenopus (Giesbr.) 
and some others were noted for the 
Benguela Current only. Species like 
Calocalanus omaniensis (Shmel.), 
Drepanopus pectinatus (Brady), 
Aetideus multiserrata (Wolf.), Gaidius 
pungens (Giesbr.), Euchaeta exigua 
(Wolf.), Scaphocalanus major 
(T.Scott), Scolecithricella nicobarica 
(Sewell), Corycaeus pumilis (M. 
Dahl.), C. amazonicus (F. Dahl) were 
typical for the Brasilian Current only. 
Species like Gaetanus longispinus 
(Wolf.), Scaphocalanus affinis (Sars.), 
Heterorhabdus subpinifrons (Tanaca), 
H. spinosus (Bradford) were found 
only in waters of the Westerly Winds 
Current. For the macroscale conver- 

Table 2. Contribution (VC) of different components of plankton in total community biomass (layer O-100 m) over 
regions of the South Atlantic Gyre (Greze et al., 1984). 

Components of 
plankton: 

Currents 

Benguela South Passat Brasilian Westerly Winds Central part of the gyre 
(conver.zone) 

Phytoplankton 67.4 5.0 4.7 2.2 8.0 
Zooplankton 2.8 34.6 16.8 5.7 21.9 
Bacteria 29.8 60.4 78.5 92.1 70.1 
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gence zone species as: Paracalanus 
crassirostris (Dahl), Comucalanus che- 
lifer (T.S.Thomp.), Undinella simplex 
(Wolf.), Centropages elongatus 
(Giesbr.), Haloptilus foms (Farr.), 
Eugaptilus anceps (Farr.) and some 
others were found to be common 
inhabitants. 

Beside species inhabiting only one 
water mass many were recorded in sev- 
eral water masses. A comparison of 
currents by the percentage of species- 
similarity gives a range from 21 to 55% 
(Fig. 2). It might be noted that biotopes 
of the northern edge of the macroscale 
anticyclonic gyre appeared to be almost 
similar (i.e. the Benguela Current, the 
South Passat Current, the Brazilian 
Current and the central part of the gyre 
where the convergence takes place). 
The Falkland Current differs consider- 
ably from the mentioned currents by its 
fauna and is more similar to the 
Westerly Winds Current. Such a simi- 
larity of the two currents is because of 
their origin, both of them coming from 
the Pacific Ocean. 

DISCUSSION 

The above data analyses were made to 
compare planktonic communities 
which inhabit different biotopes 
belonging to the same macroscale com- 
plex system (like the South Anti- 

cyclonic Gyre). This is only one 
approach; the scope of biogeography is 
much wider. When considering the 
range of a species as the main object of 
biogeography (Beklemishev, 1969), the 
description of the water masses and 
their inhabitants logically is close to the 
principles of physical geography. 
Brodsky (1957) also noted that the geo- 
graphical conditions (the system of cur- 
rents, for instance) should be accepted 
as the main criterium for the geographi- 
cal partitioning of the planktonic fauna. 
The similarity in geographical posi- 
tions, structure and functioning of the 
macroscale oceanic gyres, like the 
South Pacific Central Gyre fauna1 
provinces (McGowan, 1986) and the 
South Atlantic Anticyclonic Gyre (both 
at the same latitudes) leads to similarity 
of structural and functional characteris- 
tics of their planktonic communities. 

It has been shown that biotopes in 
currents in the south Atlantic differ by 
sets of abundant species which logical- 
ly can be used for biogeographical par- 
titioning. On the scale of the whole 
region these differences (together with 
that of water masses and currents) form 
the basis for biogeochemical and eco- 
logical subdivision of the South 
Atlantic region (Longhurst, in press; 
Sherman & Solow, 1992). At the same 
time the differences in species compo- 
sition and main structural-functional 
characteristics of planktonic communi- 

Brazilian 
currelll 

Ceutral part of Ihe 
gyre (convergewe 

Fig. 2. Percentage of similar species of copepods inhabiting the South Atlantic Anticyclonic Gyre. 
single line: 20-30%, two parallel lines:3 I -4O%, three parallel lines: 41-50%, four parallel lines: 5 l-60%. 
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ties (Tables 1, 2) should be considered 
as the consequences of spatial-temporal 
successions. Various phases of these 
successions occur at different geo- 
graphic positions. How the concept of 
geographical division of the ocean 
(where macroscale gyres are found) is 
related to the concept of macro-scale 
spatial-temporal succession of a plank- 
tonic community is still a topic for dis- 
cussion. 

CONCLUSION 

The water masses of the South 
Macroscale Anticyclonic Gyre are gen- 
erated in different climatic zones. This 
causes differences in physical-chemical 
characteristics of the water and differ- 
ences in species composition of plank- 
tonic communities. On the other hand 
the interaction of currents composing 
the macroscale gyre predetermines sim- 
ilarity of planktonic faunas. The simi- 
larity in copepod species composition 
in different watermasses is most devel- 
oped in regions where interacting cur- 
rents have similar physical-chemical 
characteristics. 
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ABSTRACT 

The general biogeography of many pelagic 
organisms in the oceans has been determined, 
but the variability of the biogeography patterns 
in space and time is inadequately known. The 
fractal nature (wherein the patterns are similar 
over several orders of scale) of the ocean’s 
physical properties and processes has a strong 
theoretical and observational basis, and those 
processes are the main influence on the plank- 
ton distribution in space and time. Increasing 
field and laboratory evidence suggests that 
plankton distributions and variability are fractal 
in space and time. But how widespread, pene- 
trating and significant are the fractal plankton 
distributions is unknown. This does not imply 
that all plankton distributions and variability 
are fractal. As a test of the thesis, the Antarctic 
krill swarm characteristics presented by Sprong 
& Schalk (1992) have been examined: the 
swarm lengths are shown to be scale invariant 
over a range of 100 to 2000 m, while the swarm 
heights are exponential. Although identifying 
and describing fractal distributions does not 
identify the underlying processes that cause 
those patterns, the fractal patterns of plankton 
sizes, patchiness, etc., carry information that 
helps in the design of process studies on the 
marine biological systems. 

A new strategy for plankton research and 
sampling must be devised, with the appropriate 
experimental design and analysis of the collect- 
ed data, and a vigorous campaign of research 
and development for new instrumentation and 
techniques. This research will significantly con- 
tribute to the better understanding of the marine 
biological systems that is now emerging. 

INTRODUCTION 

Patchiness in space and time is a funda- 
mental characteristic of the pelagic 
ecosystem (Haeckel, 1890; Hardy, 
1936; Cassie, 1968; Steele, 1978a). The 
fundamental importance of scale and 
pattern in marine biological patterns 

and pelagic biogeography has been 
repeatedly emphasized over the last 
two decades (e.g., Haury, et al., 1978; 
Steele, 1978a; 1978b; Mullen, 1986; 
Milne, 1992; Levin et al., 1993; Ham-y 
& Yamazaki, 1995), unifying popula- 
tion biology and ecosystems science 
(Levin, 1992). This paper will examine 
certain characteristics of distribution 
and the causal processes, link them to 
pattern and scale as being of fractal 
geometry, review recent developments 
on ocean fractal patterns as a contribut- 
ing factor in plankton patchiness and 
pelagic biogeography, perform a test of 
the fractal pattern of krill swarms, and 
propose a new strategy for plankton 
sampling. 

Using simple and relatively stan- 
dardized techniques such as net tows 
(Tranter & Fraser, 1968) and random or 
grid sample stations, e.g. the California 
Cooperative Oceanic Fisheries 
Investigations (CalCOFI) survey 
(CalCOFI, 1994) and the Continuous 
Plankton Recorder survey (CPR) 
(Warner & Hays, 1994), the general 
biogeography of many pelagic organ- 
isms in the oceans and the seas has 
been determined (e.g. Van der Spoel & 
Heyman, 1983). But there are still 
major gaps in our understanding of the 
distributions of pelagic organisms in 
space and especially time, and of the 
causal processes. 

On a geological time scale of thou- 
sands to millions of years, the time 
dimension is poorly known in part 
because of limited feedback between 
modern pelagic biogeographers-ecolo- 
gists and paleo-oceanographers and 
mismatch of their research. Even on a 
decadal time scale, plankton abun- 
dances show remarkable variations 
(Baumgartner et al., 1992; Roemmich 
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& McGowan, 1995a; 1995b; Reid & 
Hunt, this volume; Baumgartner, pers. 
comm.). Increasing evidence suggests 
that plankton distributions and variabil- 
ity are fractal in space and time, where- 
in the patterns are similar over several 
orders of scale. This fractal pattern of 
the pelagic ecosystem in space and 
time is implied in the classic diagram 
of Haury et al. (1978) (Fig. l), where 
they relate marine biological processes 
to the marine physical processes in the 
(log-log) Stommel Diagram (Stommel, 
1963), through space scales from cen- 
timeters to 10,000 km and time scales 
from seconds to 12,000 years. Ham-y & 
McGowan (this volume) further refine 
this model. Hastings & Sugihara (1993) 
have analyzed the Stommel (1963) and 
Haury et al. (1978) diagram (Fig. 1) for 
its spatial-temporal fractal character, 
and find that most of the examined pro- 
cesses can be divided into those which 

Annual 

display scaling exponents either char- 
acteristic of diffusion processes or 
characteristic of deterministic transport 
processes. Using dimensionless ratios, 
Horne & Schneider (1994) analyzed the 
diagram (Fig.1) and separated out 
behavioral, demographic, and fluid 
motion factors with their relative domi- 
nance. 

Steele (1978a) is a basic reference 
on the scale and pattern of the ocean’s 
biological and physical processes, 
already foreshadowing the recognition 
of the ocean’s fractal geometry. 
Marquet et al. (1993: fig. 2) conceptu- 
ally show a linear time-space range of 
variability of plankton patterns on a 
log-log Stommel diagram covering a 
time range of 24 hours to decades and a 
space range of 0.1 to 1,000 km, they 
also show glacial, biogeography and 
mass extinction phenomena which are 
not part of this linear trend at larger 

A 

A 
10000 km 

Ice age variations 

1 cm 

Log P (set) 

A: “Micro” patches 
B: Swarms 
C: Upwelling 
D: Eddies & rings 
E: Island effects 
F: “El Nino” type events 

G: Small ocean basins 
H: Biogeographic provrnces 
I: Current & ocenmc fronts - length 
J: Currents width 
K: Oceanic fronts - width 

Fig. 1. The Haury, McGowan & Wiebe (I 978) conceptual model of the timespace scales of zooplankton biomass 
variability with the factors contributing to the scales, as based on the Stommel (1963) diagram (from Haury. 
McGowan & Wiebe, 1978). 
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scales to 320 million years and 24,000 
km. The linear pattern of the smaller 
scales is again inferred to be 
fractal-like. They also show that patchi- 
ness emerges from the interactions 
between physical and biotic processes 
and is apparent at any scale of resolu- 
tion. As they propose, there is rich 
ground here for research into the spa- 
tio-temporal variability of systems. 

SCALE INVARIANT FRACTAL GEOME- 
TRY 

Fractal geometry is now widely recog- 
nized as a common property over a 
wide range of natural phenomena, i.e., 
showing the same geometry or statisti- 
cal pattern over several orders of scale 
(Mandelbrot, 1983). As Mandelbrot 
(1983) emphasizes, such a scale invari- 
ant geometry is a prime characteristic 
of the concerned system (physical sys- 
tem, ecosystem, etc.) and is a product 
of the processes driving the system. As 
an illustration of a spatial fractal pat- 
tern, a Sierpinski carpet (Fig. 2) 
(Mandelbrot, 1983) could be consid- 
ered to be a theoretical analog of a par- 
ticular two-dimensional fractal distribu- 
tion of plankton patches in the ocean 
mixed layer, for instance as recorded in 
a bioacoustic profile or in a satellite 
image. Of usefulness in pelagic studies, 
if a fractal pattern is observed along 
two adjacent ship tracks for which data 
have been obtained, this pattern can be 
used for extrapolation in the unstudied 
areas between the ship tracks (Turcotte, 
1992). Concerning a given collection of 
phenomena (e.g., a krill swarm), the 
determination that one property is frac- 
ta1 does not require that other proper- 
ties be fractal (Turcotte, 1992), but they 
may be. 

A “self-similar” fractal geometry 
requires that a number of elements larg- 
er than a specified size has a power-law 
dependence on the size producing geo- 
metric similarity over a range of scales 
(Mandelbrot, 1983; Turcotte, 1992). 
The self-similar relationship can be 
presented on a cumulative frequency 
plot giving the number of elements 
greater than that of the given element, 
which is different from the more com- 
monly used cumulative frequency 

Fig. 2. The fractal Sierpinski carpet: a theoretical 
analog of plankton patchiness (from Mandelbrot, 
1983). 

curve which gives the number of ele- 
ments smaller than or equal to the spec- 
ified size of a given element. Another 
fractal type, the “self-affine” fractal, is 
one in which the two graph coordinates 
are of different kinds, for example time 
versus length, and are scaled by differ- 
ent factors; self-affine fractals are gen- 
erally treated using spectral techniques 
(Fourier analysis). 

There are three main types of natu- 
rally-occurring logarithmic distribu- 
tions of the phenomenal properties in 
nature, which should not be confused: 
fractal distributions (log-log), exponen- 
tial distributions (semi-log) and 
log-normal distributions of a random 
variable (Korvin, 1992). A fractal 
cumulative plots gives a straight line on 
a log-log graph, with the equation: 

log(y) = -D*log(x) + log(b) 

which is equivalent to: 

y = b*x-D 

the slope D of the linear log-log plot 
being defined as the fractal dimension 
(Mandelbrot, 1983). Exponential distri- 
butions are linear on semi-log graphs, 
with the equation: 

log(y) = a*x + log(b) 

and equivalently: 

y = b” 10ax 
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Except for the power-law fractal dis- 
tribution, all other size distributions 
depend on some characteristic length as 
a parameter and cannot correspond to 
size-invariant processes. Whether or 
not one of these size distributions 
occurs in a particular case will depend 
on the causal processes and their inter- 
action in space and time (see krill sec- 
tion below). 

FRACTAL PATTERNS IN PHYSICAL 
OCEANOGRAPHYANDMARINEBIOLOG- 
ICALSYSTEMS 

The physics of the ocean has an inher- 
ent fractal geometry derived from the 
power law equations that drive the 
scale invariant hydrodynamic turbu- 
lence cascades (Richardson, 1926; 
Kolmogorov, 194 1 a; 194 1 b; Mandel- 
brot, 1983; Phillips, 1991). In physical 
oceanography, it is no longer necessary 
to show that fractal geometry exists, in 
part because the hydrodynamic theory 
underlying physical oceanography is 
well understood. In contrast for pelagic 
biological systems, the theory and 
geometry are still poorly understood, 
and we are still at the stage of estab- 
lishing whether or not the biological 
systems have any fractal geometry. 
There are two facets in the study of 
fractal geometry of such natural phe- 
nomena: 

1) establishing that fractal geometry 
exists in this particular field, and 

2) determining the causal processes 
that yield such fractal patterns. 

Pelagic biological systems are 
strongly coupled to the ocean physical 
processes in space and time (Steele, 
1978a), so that the biological systems 
are being driven by and/or are respond- 
ing to the physical processes. The frac- 
ta1 nature of the ocean’s physical prop- 
erties would be expected to influence 
the pelagic biological processes and 
distributional patterns, and at least 
some biological distributional patterns 
should be expected to be scale invari- 
ant. Because phytoplankton are in gen- 
eral passively distributed by ocean pro- 
cesses, their distribution patterns may 
be expected to be more scale invariant 
than the zooplankton patterns, since the 
zooplankton have a greater ability to 

modify their distributional patterns by 
moving (Levin et al., 1989; Morin et 
al., 1989). The zooplankton can be 
assumed to exploit the fractal nature of 
the environment. 

Research on fractal patterns in theo- 
retical ecology and terrestrial ecology 
is abundant and productive, for exam- 
ple see Levin, 1988; 1992; Milne, 
1992; Palmer 1992; Hastings et al., 
1993; Hastings & Sugihara, 1993; 
Levin et al., 1993. However, much of 
this research may not have direct rele- 
vance for pelagic ecosystems (Holt & 
Gaines, 1993). Numerous marine stud- 
ies show a distinct fractal nature of 
plankton distributions and their proper- 
ties from scales of millimeters to 1000 
km (as discussed below), but such bio- 
logical fractal patterns are much less 
documented, for theoretical and techno- 
logical reasons, than for fractal patterns 
in physical oceanography and terrestri- 
al ecology. Most of the published work 
on plankton distributions cannot be 
used to test for fractal patterns for 
methodological reasons, i.e., the sam- 
ple collection and/or analyses and/or 
plots are not suitably structured. 
Definitive studies have not yet been 
done, in part because observational 
techniques are inadequate or have not 
been adequately applied. 

The patterns of meanders, eddies, 
jets, etc., associated with ocean cur- 
rents like the Gulf Stream and 
California Current are manifestations 
of their fractal geometry. These fractal 
patterns of the ocean currents and 
eddies show striking correlation with 
the intricate sea surface temperature 
patterns (infra-red spectra) or the close- 
ly related near surface chlorophyll 
color patterns displayed in satellite 
remote images over scales of 10 to 
1000 km (e.g. Apel, 1987; Brink & 
Cowles, 1991; Gordon & Morel, 1983). 
The intricate color pattern is of course a 
surrogate measure of phytoplankton 
patchiness. A scale invariant pattern 
can also be seen in red tides at smaller 
scales, such as the bloom of the 
dinoflagellate Noctiluca scintillirzs 
along the Japan coast on a scale of cen- 
timeters to 100s of meters (photo of 
Suisan Aviation on the 1994 Christmas 
card of the Intergovernmental Oceano- 
graphic Commission Paris). 
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Models have been proposed to 
explain the spectral variance of plank- 
ton in a turbulent ocean, for example: 
phytoplankton (Denham & Platt, 1976) 
and phytoplankton-zooplankton sys- 
tems (Levin et al., 1989; Steele & 
Henderson, 1992). Levin et al. (1989) 
conclude that the phytoplankton abun- 
dance in Antarctic waters is determined 
by the physical processes; while krill 
swarm distribution at broad scales is a 
function of mainly physical processes, 
on smaller scales krill aggregation 
behaviour becomes significant. 

Significant evidence on fractal zoo- 
plankton patterns is provided by 
Russell et al. (1992) and Tsuda (1995). 
Russell et al. (1992) have carried out an 
important and insightful experiment on 
foraging, in the fractal environment, of 
auklet birds on their calanoid copepod 
prey in the North Pacific. Firstly, they 
show that the biomass of the copepods 
has a fractal distribution over a scale of 
0.5 to 100 km, using acoustic methods, 
then show by visual observations that 
the feeding auklets are also fractally 
distributed, and finally demonstrate that 
the two sets of fractal dimensions are 
correlated. 

In a carefully documented study, 
Tsuda (1995) has tested the patchy dis- 
tribution of the copepod Neocalanus 
cristatus in the northwest Pacific 
Ocean. The patchiness is fractal, with 
dimensions between 1.68- 1.89, signifi- 
cantly higher than those of ocean turbu- 
lence and phytoplankton distribution. 
An electronic particle counter was used 
to count the copepods on long 
mega/mesoscale tracks and low speed 
microscale tracks, and then the box- 
counting method (Mandelbrot, 1983) 
was applied to the copepod-distance 
counts. He perceptively models the 
copepod distribution as a fractal L&y 
dust. Only two factors are required to 
simulate the copepod patchiness: the 
average copepod abundance and the 
fractal distribution. 

Much plankton research has been 
carried out in the Southern California 
Bight by the CalCOFI studies 
(1954-present) and the Southern 
California Bight Study (1974- 1982) 
(Eppley, 1986). Mullen (1986) has 
reviewed the work (including his own) 
relevant to the spatial and temporal 

scales of plankton patchiness in this 
region, showing various levels of 
patchiness and variability. He shows 
gradients in patchiness for many differ- 
ent groups of zooplankton, although 
others groups seem to have a random or 
even distribution. His discussion and 
figures strongly suggest, in my opinion, 
that some plankton patchiness may be 
scale invariant. A re-interpretation of 
the data needs to be made. 

The feeding behaviour of zooplank- 
ton is done at the lower end of the tur- 
bulent scale, even in the laminar flow 
regime. Yet they swarm at much higher 
levels of the turbulence scale, where in 
aggregate they begin to resemble 
mega-organisms. It is the individual 
organisms which are sampled with nets, 
and the larger scale patterns are then 
inferred. Although what happens at the 
small scales is at present irrelevant to 
the thesis of this paper, this may not 
always be the case in the future when 
the linkages between the scales become 
clearer. Research at the unlinked small- 
er scales shows that marine snow and 
other aggregated material with their 
associated bacteria are fractal in size, 
distribution or properties in the water 
column and in the laboratory 
(Alldredge & Silver, 1988; Simon et 
al., 1990; Logan & Wilkenson, 1990; 
Dilling RL Alldredge, 1993; Alldredge 
et al., 1993; Kilps et al., 1994). 

The pace of research relevant to this 
paper is accelerating as shown by the 
numerous papers on fractal and fractal- 
like patterns in marine biological sys- 
tems given, for example, at the 1994 
and 1996 joint Ocean Sciences meet- 
ings of the American Geophysical 
Union and American Society of 
Limnology and Oceanography (San 
Diego, California). 

TEST OFTHEPATTERNS OFKRILL 
SWARMS 

In order to test the hypothesis of this 
paper that plankton patchiness is com- 
monly fractal, an analysis has been 
made of the bio-acoustic observations 
by Sprong & Schalk (1992) of krill 
(Euphausia superba) swarming in the 
Northern Weddell Sea, which upon 
inspection seemed to show fractal rela- 
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tionships. The observations were made 
from November 1988 to January 1989 
in the austral spring and summer on 
five north-south tracks totalling about 
2800 km of the R/V Polarstern along 
49”W longitude between 57-62”s lati- 
tude (a 560 km distance). The tracks 
were mostly in the marginal ice zone 
and open water, while the initial track 
was also partially in pack ice 
(61-62’S). About 7600 krill swarms 
over the 2800 km track length were 
observed, ranging O-50 m in height, 0 
to over 3000 m in length, and O-50000 
m2 in cross section. Frequency distribu- 
tions of the heights, lengths and 
cross-sectional areas of the krili 
swarms given by Sprong & Schalk 
(1992) (Fig. 3) have been analyzed for 
fractal patterns through studying the 
relevant logarithmic frequency and 
cumulative distributions of these data. 
As already noted, an indication of a 
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Fig. 3. Frequency distributions of A) heights in meters, 
B) lengths in meters, and C) crosssectional areas in 
square meters of krill swarms observed in echorecords 
in the Weddell Sea in 19881989 (from Sprong and 
Schalk. 1992). 

fractal pattern is a linear log-log cumu- 
lative distribution of the numbers of 
swarms having a given swarm property 
larger than a specified size. 

Swarm length (Fig. 3B). 
The log-log cumulative plot of the 
swarm length versus the swarm num- 
bers greater than a given length range is 
given in Figure 4A. The plot is strongly 
linear for swarm lengths of 100 to 2000 
m, with the swarm numbers decreasing 
with swarm length, indicating a strong 
tendency to have a scale invariant pat- 
tern. The fractal dimension over the 
range of 50-2000 m is: D = 0.89. Over 
this range, the curve has an R2 value of 
0.9978. The rather strong cutoff beyond 
2000 m length indicates either a real 
change in the bio-environmental 
regime or that the swarm counting 
needed to be extended in time and 
space. 

From 100 to 10 m length, the curve 
deviates increasingly from the linear 
trend suggesting an increasing devia- 
tion from fractal geometry. There is the 
distinct possibility that the two smallest 
length classes, O-5 and 5-10 m, have 
been undersampled for technical or 
methodological reasons. In the bioa- 
caustic survey, the smaller swarm areas 
were in the regime that was difficult to 
record, where weak echoes were either 
lost in the acoustic noise due to ship’s 
speed or where recorded echo returns 
were too weak to characterize (Sprong, 
pers. comm.). This range includes 
swarms too small to be acoustically 
recognized and in principle includes the 
individual krill. If so, then the swarms 
of less than 100 m length should be 
more numerous than shown (Fig. 4A), 
and the plot would be more linear over 
this section, though with a somewhat 
smaller fractal dimension. 

Of interest is the log-log frequency 
distribution of the krill swarm numbers 
N versus the swarm lengths L, which is 
quite linear (Fig. 4B), of the form: 

log(N) = -0.74*log(L) + log(25000) . 

Swarm height (Fig. 3A). 
A semilog frequency plot of log 
(swarm numbers N) versus the swarm 
heights H shows a strong linearity (Fig. 
4C) of the form: 
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log(N) = -0.084”H + log(8200) 

At face value, such a distribution is 
exponential with the- swarms becoming 
exponentially more numerous as the 
height decreases, and is not scale 
invariant. In the smallest range, this 
model would require that Sprong & 
Schalk (1992) have been able to detect 
accurately the swarms less than 5 m 
height with few missed swarms, which 
seems unlikely for the technical reasons 
discussed above. 

The log-log cumulative plot of the 
swarm height versus swarm numbers is 
curvilinear (Fig. 4D), again indicating 
the pattern is not fractal. However if 
the swarms in the height class O-5 m 
have been undersampled, this distribu- 
tion pattern of the swarms of heights 
less than 15 m would tend to be more 
scale invariant. Note that the resolution 
of the height classes is relatively coarse 
due to the recorder resolution, having 
only 7 height classes between O-35 m, 
with no swarm heights that are greater 
than 30 m. A useful test would be to 
divide the height classes into shorter 
bins. 

Swarm area (Fig. 3C). 
The swarm cross-sectional area is 
defined by Sprong & Schalk (1992) as 
the swarm height times the swarm 
length. In general, for an area to be 
understood in fractal geometry, the area 
must be transformed into some charac- 
teristic length. If we assume that the 
swarm area is best characterized by the 
swarm length, and if the swarm length 
is scale invariant, then the cumulative 
plot of the swarm area would also tend 
to be linear. Such is the case (Fig. 4E). 
The difference displayed by the upper 
and lower ranges of the swarm areas 
(Fig. 3C, 4E) possibly indicates signifi- 
cantly different regimes of the 
physical-behavioral processes. Since 
the actual swarm areas are a function of 
the swarm lengths, which are fractal, 
and the swarm heights, which are expo- 
nential, the swarm area plot is expected 
to show a composite character, as also 
seems to be the case. 

Comparison to other studies. 
Weber et al.. (1986), and Morin et al. 
(1989) show general fractal and 

I IO 100 1000 I 01 
Swarm length in meters 

‘OkiYzxi+ 10000 
Sv~arnl Icngtb 111 mctcr‘? 

---c Number5 of snznns 

101 
0 5 10 1s 20 25 30 

Swarm height in mctcrs 
- Numtxrs of swarms 

L 
I 10 100 1000 10000 
Swarm cross section in square meters 

e Cumulative numbers of swarms (>) 

Fig 4. Reanalysis of the Sprong and Schalk (1992) 
data on krill swarms in Figure 3: A) log-log plot of 
the cumulative frequency of the krill swarm lengths. 
B) log-log plot of the frequency of the lengths, C) 
sem-log plot of the frequency of the heights, D) log- 
log plot of the cumulative frequency of the heights., 
and E) log-log plot of the cumulative frequency of 
the cross-sectional areas. 
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fractal-like patterns for the phytoplank- 
ton and krill distributional patterns in 
the Antarctic, although their broad 
scale data are not directly comparable 
to the detailed swarm measurements of 
Sprong & Schalk (1992) as analyzed in 
this paper. Weber et al. (1986) exam- 
ined the spectral patterns of tempera- 
ture, in vivo fluorescence and krill 
abundance over a scale of 2-20 km in 
the Antarctic Ocean south of Africa 
during the austral summer 1981, the 
fluorescence being a surrogate measure 
for phytoplankton. They show a strong 
coherence between the linear log-log 
spectral plots of temperature and fluo- 
rescence, the slope being close to the 
-5/3 prediction of Kolmogorov (1941a) 
for the inertial subrange of turbulence. 
In contrast, the krill power spectrum is 
almost flat, indicating an approximately 
equal variance at all scales (white 
noise). Levin et al. (1989) conclude 
from this that the krill distribution is 
influenced by both physical processes 
and krill behavior. Morin et al. (1989) 
tested the Weber et al. (1986) results in 
the King George Island-Bransfield 
Strait region in January 1987 for the 
krill biomass summed over a depth of 
3-185 m and over a horizontal distance 
of 200 m. Their results are similar to 
those of Weber et al.; their power spec- 
tra of the krill biomass is slightly steep- 
er, suggesting either a contribution to 
the spatial distribution of the krill that 
is relatively more of the physical pro- 
cesses or relatively less of the biologi- 
cal processes. Their log-log spectral 
plot breaks into two arguably linear 
regimes near a frequency of one cycle 
per km, the mean slope being steeper at 
the higher frequencies (scales less than 
one km). At the scales smaller than one 
km, they conclude the krill spectrum 
indicates a predominance of physical 
processes or dispersing krill behaviour. 
In the Bransfield Strait, the basic krill 
swarm size is smaller than 200 m in 
length, which is the smallest resolution 
of their analysis. In the Sprong & 
Schalk (1992) study, 91% of the 
swarms are less than 250 m in length. 

Results of the krill swarm test 
The analysis of the krill swarm proper- 
ties has yielded useful results: 

1) The krill swarm lengths are 

shown to be closely scale invariant, 
except for the shortest lengths, and per- 
haps there also if the numbers are 
underestimated for technical reasons. 

2) The krill swarm heights are 
shown to be exponential, the swarm 
numbers increasing as the swarm 
height decreases. Remember that a 
fractal pattern in one property does not 
necessarily require that other properties 
be scale invariant, although other rele- 
vant scale invariant properties are not 
excluded. 

3) The distributional pattern of the 
krill cross-sectional areas tends to mir- 
ror that of the swarm length. The pat- 
tern of the cross-sectional areas is 
inherently the result of an amalgam of 
the swarm length data, which are frac- 
tal, and the swarm height data, which 
are exponential. 

As a test of the hypothesis that krill 
swarms have properties that are scale 
invariant, as a subset of all zooplank- 
ton, the analysis is successful regarding 
the krill swarm lengths. Since the krill 
swarm areas approximately mirror this 
scale invariant pattern, the fractal anal- 
ogy to this horizontal distributional pat- 
tern would be that of a Sierpinski car- 
pet in two dimensions as noted earlier 
(Mandelbrot, 1983; Feder, 1988; 
Turcotte, 1992), assuming that the krill 
swarms have similar fractal properties 
perpendicular to the track. 

Krill swim strongly for short periods 
and verge on being micronekton. 
However, the rapid swimming 
behaviour is devoted significantly to 
maintaining swarming. In a krill 
swarm, the center of mass is more or 
less stationary relative to the ambient 
water, while for the more oriented but 
related krill school, the center of mass 
is mobile relative to the water (Morin et 
al., 1989). The smaller zooplankton 
may be more at the mercy of the 
ocean’s physical processes and would 
be expected to reflect even more the 
phytoplankton response to the ocean’s 
physical fractal geometry. 

In this one data set, there are two 
different distributional patterns for the 
properties of the krill ecosystem. The 
ecosystem can be considered therefore 
to be highly structured in numerically 
exact ways. It seems certain that 
research into the nature and causes of 
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this ecological structure will be fruitful, 
assuming that future research confirms 
that such structure is common in the 
Antarctic krill ecosystem. 

SAMPLING IN A FRACTAL ENVIRON- 
MENT 

To understand the dynamics of the 
pelagic systems, we need to understand 
better the fractal and nonfractal patterns 
and processes of the plankton interac- 
tions in time and space at the various 
scales, e.g. plankter-plankter, predator- 
prey, patch-patch, plankton-nekton. The 
sampling of pelagic organisms consists 
of two basic types: discrete samples 
such as net tows and bottle casts aimed 
at the organisms themselves, and con- 
tinuous sampling aimed at some prop- 
erty of the biological community such 
as bioacoustic surveys or satellite 
remote sensing of the chlorophyll radi- 
ance. Most plankton collection using 
net tows has assumed of necessity that 
the organisms and/or patches are dis- 
tributed randomly, so that a random 
sample would give repeatable results 
that are representative of the actual dis- 
tribution, and that a regular grid of 
sample stations in space and time 
would correctly reveal the plankton 
patterns and their variations. We now 
know that such an assumption is 
flawed. 

A fractal pattern can be considered 
as a type of statistical distribution 
wherein the scale invariance is the 
result of a power-law fractal distribu- 
tion (Mandelbrot, 1983; Feder, 1988; 
Mime, 1992; Turcotte, 1992). It is pro- 
posed that the classical sampling strate- 
gy based on a gaussian distribution of 
randomness may not be valid for fractal 
plankton distributions (see Cassie, 
1968). Thus it has become advisable to 
apply the statistics of distributions in 
fractal space, in analogy to probabilis- 
tic statistics in normal space, which 
would allow us to design field and lab- 
oratory experiments in new ways to 
investigate reliably the underlying pro- 
cesses. Such statistics have been devel- 
oped (Mandelbrot, 1983; Feder, 1988; 
Mime, 1992; Turcotte, 1992), but some 
thought needs to devoted as to how to 
apply them to the question of pelagic 

biological systems and how to collect 
and process the appropriate data. For 
instance, statistical measures that 
describe how closely any given biologi- 
cal or physical pattern approaches a 
fractal distribution would be useful. As 
an idealized example, if a fractal physi- 
cal process is driving a biological sys- 
tem such that the product would be 
expected to have a scale invariant pat- 
tern, then any statistical departure from 
the expected fractal distribution could 
be considered to be caused by biologi- 
cal processes, as one possible hypothe- 
sis to test. Similarly, in order to more 
easily identify scale invariant patterns, 
the presentation of traditional frequen- 
cy distributions should include the frac- 
tal-related cumulative plots giving the 
numbers of elements greater in size 
than that of a given element. 

Relevant aspects of sampling strate- 
gy and patch analysis have been treated 
recently. Davis (1993) emphasized the 
importance of distinguishing pattern 
caused by environmental or spatial het- 
erogeneity from that caused by spatial 
dependence or autocorrelation; and that 
random spatial distributions are the 
exception rather than the rule in ecolo- 
gy. Garcia-Molinar et al. (1993) and 
Deutschman et al. (1993) present the 
application of the innovative wavelet 
analysis to an acoustic traverse of 
Antarctic krill swarms, whereby infor- 
mation at several scales can be separat- 
ed, yet displayed on a single diagram. 
Garcia-Molinar et al. (1993) also dis- 
cusses the fractal analysis of patchi- 
ness. Deutschman et al. (1993) further 
analyze the impact of different pixel 
sizes in remotely-sensed images on dis- 
cerning ecological random, spread and 
clustered patterns, and show the diffi- 
culties in telling the differences; their 
analysis applies equally well to remote- 
ly-sensed ocean data, as well as some 
shipboard sampling schemes. If a scale 
invariant patchiness pattern is sampled 
by a net tow, then it may provide a 
sample of the relevant plankton but 
probably will not provide any discrimi- 
nation about the nature of the patchi- 
ness pattern (Deutschman et al., 1993). 
Steele (1993) has considered the rela- 
tionship of the fractal paradigm as a 
description of spatial change to the 
continuous versus discrete approaches, 



IOC Workshop Report No. 142 
Page 229 

pointing out: “It is [relatively easy] to 
make quasi-continuous transects in the 
ocean...for some biological measure- 
ments - phytoplankton chlorophyll 
and echo-density from zooplankton or 
fish...This apparent simplicity, com- 
bined with the density of observations, 
allows the use of methods such as 
Fourier analysis [and also the newer 
wavelet analysis] to describe the data 
and also test models of the animal 
behavior”. 

The concept of scale invariance 
implies that research at one scale of 
scale invariant patterns can provide 
information at other scales. Note that 
when Levin (1988) looked at the linear- 
ity of the logarithms of the variance of 
a spatial average relative to the area 
sampled in a modelled terrestrial or 
benthic environment, he concluded that 
focussing on only one scale will give a 
distorted picture of a system; he 
stressed the need to understand the 
nature of any given scale’s invariant 
property in order to define a sampling 
strategy. 

Data are frequently presented as 
organisms per cubic meter or organisms 
per square meter of water column or 
krill swarms per km, etc. However with 
regard to the interaction of a plankter 
(or patch) and its environment and 
other organisms (or patches), these 
measurements are useful mainly for 
human convenience in data analysis. 
For many ecological characteristics, the 
proper measure is that of an organism’s 
personal space, by inverting the forego- 
ing measures: cubic meters per organ- 
ism, meters per swarm along a traverse, 
etc. Note however that such an 
approach in general may not directly 
produce information on scale invariant 
patterns. 

STRATEGICAPPROACHTOFUTURE 
SAMPLING ANDRESEARCH 

The data collected and presented on 
pelagic biological systems are often not 
in a form that can be analyzed for a 
scale invariant character. It is therefore 
time to reconsider our approach to 
plankton observations and sampling, 
with respect to sampling design, data 
analysis and presentation of the results. 

Future research on pelagic biological 
systems will require a new strategic 
approach consisting of: 

1. The review in depth of the impli- 
cations on the marine biological sys- 
tems for plankton living in a turbulent 
ocean having fractal properties: bio- 
geography, aggregation and dispersal, 
foraging behavior, predator-prey inter- 
action, life history strategies, etc; 

2. The development of models and 
the carrying out of critical field and 
laboratory experiments designed: a) to 
test the plankton patterns (fractal or 
not) on all relevant scales of space and 
time that the available technology and 
theory will permit, b) to evaluate new 
models of plankton behavior in the 
fractal ocean environment, and c) to 
investigate the causal processes. 

This will require: 

3. The design of new methods of 
plankton sampling to capture the bio- 
logical information contained in the 
inferred scale invariant patterns, as well 
as in non-fractal patterns; and the relat- 
ed redesign of the sampling strategy of 
traditional methods such as net tows; 

4. The design and application of a 
set of fractal statistical methods appro- 
priate to the marine environment and 
ocean sampling; 

5. The application of continuous- 
sampling technology (such as bioacous- 
tical surveys, acoustical imaging, bio- 
geochemical profiling, chlorophyll flu- 
orescence profiles, electronic particle/ 
plankton counters, remote sensing, etc.) 
(Krause & Angel, 1994) to the prob- 
lem, with the appropriate experimental 
design and analysis of the collected 
data; and 

6. The implementation of a vigorous 
campaign of technological research 
and development to develop new 
instrumentation and techniques, both 
field and laboratory. 

CONCLUSIONS 

Commonly the plankton patterns are 
scale invariant over several scales, the 
scales depending on the property 
involved. Our traditional sampling 
methods (e.g., net tows, CalCOFI, CPR 
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survey) are incapable of detecting 
and/or resolving such fractal patterns. 
Oceanography is a technology-driven 
science. New techniques are available 
or should be developed which can be 
applied to the problem, e.g. continuous 
acoustic observations, acoustic imag- 
ing, chlorophyll fluorescence and other 
geobiochemical profiling, satellite 
remote sensing. The study of such frac- 
ta1 plankton patterns requires new sam- 
pling strategies, new methods of data 
processing and new conceptual 
approaches. Such fractal patterns, as 
well as other non-fractal patterns, will 
have to be related to the causal physical 
and biological processes. The new data, 
analyses and interpretations resulting 
from these approaches will inevitably 
be exciting and will help drive the 
emerging renaissance in the scientific 
understanding of pelagic biological 
systems. 
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ABSTRACT 

The position of the Levantine basin between 
the Red Sea and the western Mediterranean 
provides a particular interesting basis for the 
biogeographical study of plankton. Although 
more similarities exist regarding the hydro- 
graphic conditions between the eastern 
Mediterranean and the Red Sea, there are more 
affinities as regard the plankton structure 
between the western Mediterranean and the 
Levantine basin. The plankton of the eastern 
Mediterranean area exhibits sub-tropical and 
Atlantic temperate affinities. Among 900 
planktonic species recorded off the Lebanese 
coast (including 286 phytoplankton species), 
69% are common with the western Mediterra- 
nean and 33% with the Red Sea. The 300 
species equally found in the Red Sea and in the 
Levantine basin, may be divided into two 
groups: the first one formed by 85% of the 
above species which are present all the year 
round, and the species of the second group only 
being present during the warm period (e.g. July 
- November). The phytoplankton species of the 
latter group (Chaetoceros coarctatus, Ceratium 
egyptiacum, C. breve) are mainly common in 
August-September, while the subtropical maxi- 
mum of the microplankton and zooplankton 
species such as Tintinnopsis compressa, 
Tintinnopsis spp, Lubidocera pavo, Calanopia 
spp., Centropages furcatus, Tetrorchis erythro- 
gaster, and Lucifer hanseni is recorded during 
October- November. Other macrozooplankton 
species are also affected by the Lessepsian 
migration of which the Schyphozoan 
Rhopilema nomadica is a striking example; the 
presence of such Indo-Pacific species in the 
Levantine basin confirms the increased subtrop- 
ical affinity ‘of the plankton in the Levantine 
basin, particularly since the opening of the 
Suez Canal. 

INTRODUCTION 

The geographical position of the 

Levantine basin between the Red Sea 
and the western Mediterranean basin 
raises biogeographical problems con- 
cerning the ecology of the marine flora 
and fauna. Special characteristics are 
attributed to the plankton community 
living in Lebanese waters, such as a 
subtropical affinity and resemblances 
with the planktonic flora and fauna of 
both Red Sea and western Mediterra- 
nean. The eastern Mediterranean is 
considered as a subtropical saline envi- 
ronment of the warm temperate 
Atlanto-Mediterranean zoogeographic 
area which still shows the effects of the 
Pleistocene period (Por, 1979). The 
existence of Tethys relicts of marine 
species have been accepted by different 
authors (Steinitz, 1968; Kosswig, 
1942). A biogeographical study of the 
Levantine plankton must consider the 
paleogeological history of the 
Mediterranean. In fact the link of the 
Mediterranean with other oceanic 
basins is well known through geologi- 
cal periods (Goy et al., 1991). At the 
beginning of the Tertiary, the Paleo- 
mediterranean was a part of the Tethys 
or Mesogean Sea forming a link 
between Indo-Pacific and Atlantic fau- 
nas. At the end of the Tertiary, some 
genera of Atlantic affinity appeared and 
were the precursors of the Mediterra- 
nean fauna. In the Pliocene and 
Pleistocene, a permanent connection 
with the Atlantic was re-established 
and the Mediterranean Sea was repopu- 
lated by Atlantic species. The process 
of the penetration of Atlantic species is 
still taking place through the Atlantic 
current. The opening of the Suez canal 
in 1869 provided a pathway for migra- 
tion of Red Sea species into the Levant 
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basin of the eastern Mediterranean. 
After the construction of the Aswan 
High Dam in 1964, the previous dis- 
charge of the Nile fresh water, which 
used to affect the Levantine Sea, 
stopped and salinity increased gradual- 
ly in this region (Rouch, 1945; Oren & 
Hornung, 1972). These new hydro- 
graphic conditions, added to the high 
evaporation and high temperature pre- 
vailing in the Levantine basin and in 
the Red Sea, create similarities in the 
abiotic conditions and consequently 
analogies in the biogeographical distri- 
bution of planktonic organisms 
(Casanova, 1990; Lakkis, _ 198 1; 
Rampal, 1981). 

An attempt is made to define some 
biogeographical characteristics of the 
plankton community from Lebanese 
waters, focusing on the subtropical 
affinity defined by Indo-Pacific species 
inhabiting the area and temperate 
Atlanto-Mediterranean plankton char- 
acterizing the Lebanese waters. Our 
data are based on a long term survey of 
Lebanese plankton between 1969- 1994. 

HYDROGRAPHICAL CONDITIONS OF 
LEBANESE WATERS 

Lebanon is situated within the south 
Mediterranean zone and shows all the 
climatic and meteorological character- 
istics of the area. The annual average of 
surface water temperature is 23.3O”C f 
0.39, the maximum of 30°C f 1.34 
occurs in August; the minimum 17°C + 
1.20 is recorded in February. The range 
between the minimum and maximum 
salinity is less pronounced, almost neg- 
ligeable in offshore waters, while in 
coastal stations the salinity is affected 
by fresh water outflow from rivers. In 
offshore stations, the annual salinity 
average ranges between 38.75%0 and 
39.50%0 making the Levantine basin 
the highest saline water of the 
Mediterranean. The high salinity values 
are caused by the strong evaporation 
during the long dry season and the 
shortage of rain precipitation. Prior to 
1964, the date of the Aswan High Dam 
function, the discharge of fresh water 
from the Nile during the flood period 
(July-August) affected the entire 
Levantine coast up to Beirut where the 

salinity dropped down to 35%0 in 
September (Rouch, 1945; Halim & al., 
1967). After the regulation of the Nile 
freshwater discharge there was a slow 
slight increase in surface salinity affect- 
ing the entire Levantine basin; conse- 
quently some ecological changes were 
expected to happen in the area (Oren & 
Hornung, 1972; Halim, 1975). The 
prevailing general circulation along the 
Lebanese coast has a northward direc- 
tion during most of the year, along with 
the general counter clockwise gyre of 
the eastern Mediterranean! The Atlantic 
current may reach the eastern 
Mediterranean basin through the east- 
ward North African current. Water 
movements along the coast are affected 
by the surface current pattern and mete- 
orological factors. In winter, there are 
isothermal conditions within the water 
column because of vertical mixing of 
the water layers. During the hot and 
long dry summer (May-November) a 
strong thermocline is established 
between 35 and 75 m, creating stratifi- 
cation in the surface layers, which con- 
stitutes a thermal barrier to the vertical 
migration of planktonic organisms. 

BIOGEOGRAPHY OF LEVANTINE 
PLANKTON 

The western Mediterranean is mainly 
inhabited by temperate Atlantic 
species, and has been investigated as 
regard the plankton since the beginning 
of the century; while the study of the 
Red Sea plankton, especially the north- 
ern part, began quite recently 
(Godeaux, 1990). Therefore the Levant 
basin, where planktonic studies also 
started recently (Lakkis, 1978), is not 
well known compared ‘to the two for- 
mer marine environments. Among the 
939 planktonic species found in the 
Lebanese waters 75% are in common 
with the western basin and 26% with 
the Red Sea. These percentages con- 
firm the greater Atlanto-Mediterranean 
affinity of the Levantine plankton than 
the Indo-Pacific one. 

THE MICROPLANKTON 

Almost 75% of the phytoplankton 
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Table. 1. Number of species from the Lebanese waters (Levantine basin) in common with the Red Sea and 
western Mediterranean basin (data for the Red Sea see: Halim, 1969). 

no. of species % of species % of species References 
for western 

Lebanon W.Mediterr. Red Sea Mediterran 

Diatomea 112 
Dinoflagellata 171 
Tintinnoinea 103 
Medusae 71 
Siphonophora 28 
Polychaeta 12 
Pteropoda 8 
Cladocera 6 
Copepoda 173 
Amphipoda 24 
Euphausiacea 5 
Decapod larvae 106 
Chaetognatha 10 
Doliolids 3 
Salps 3 
Appendicularia 15 
Ichtyoplankton 84 

78% 
72 
48 
49 
79 

100 
100 
65 
87 

100 
65 
80 

100 
100 
93 
83 

27% 
38 
30 
I5 
75 

50 
33 
31 
58 
40 

50 
66 
33 
53 

Travers, 1975 
Travers, 1975 
Travers, 1975 
Goy, 1972 
Ianora et al., 1981 
Bhaud, 197 1 
Rampal, 1975 
Thiriot, 1970 
Hure et al., 1980 
Hure et cl., 1969 
Casanova, 1974 
Bourdillon, 1960 
Furnestin, 1960 
Braconnot, 197 1 
Godeaux, I98 I 
Fenaux, 1967 
Marinaro, 197 1 

species recorded in the Lebanese 
waters are also found in the western 
Mediterranean, while 27% of the 
diatoms and 38% of the dinoflagellates 
are in common with the Red Sea, thus 
confirming the tropical affinity of the 
dinoflagellate group (Kimor, 1990). 
Among the diatoms, Chaetoceros 
coarctatus Lauder, 1884 is present, in 
Lebanese waters during the hot period 
(August-November) and has a tropical 
affinity although it is also found in the 
western Mediterranean (Travers, 1975). 
Among dinoflagellates, Cerutium egyp- 
tiacum Halim, 1963, and C. breve (Ost. 
& Schmidt) Schroder, 1906 are the two 
characteristic Erythrean and Indo- 
Pacific species inhabiting our area. C. 
egyptiucum, a permanent element of 
the northern part of the Red Sea and 
Suez Canal, has been reported from the 
Levantine coast as C. egyptiacum 
forma, suezensis Halim, 1965 by 
Dowidar (197 1) and by Lakkis & 
Novel-Lakkis (198 1) from Lebanon. 
,This species is as abundant as the other 
common Levantine dinoflagellates of 
our area such as, C. furca (Ehrenb.) 
Clap.& Lachm., 1859 and Dinophysis 
cuudutu Saville-Kent, 18 11. As for 
Ceratium breve, two varieties are 
reported from Lebanese waters: C. 
breve var. schmid-tii (Jorg.) Sournia, 

1966 and C. breve var. parallelum 
(Schmidt) Jorgensen, 1911. C. breve 
var. schmidtii (Sour-ma, 1967: 427) 
occurs in September - October in small 
numbers. The same variety has been 
reported in Alexandria by Halim (1963) 
and is considered rare in the Indian 
Ocean (Sournia, 1967). Among the 29 
Dinophysis species found in the 
Lebanese waters (Lakkis & Zeidane, 
1995), 18 are common with the Red 
Sea; a few of them are recorded sporad- 
ically during the hot period, and they 
could be Lessepsian migrants. Of seven 
species of Oxytoxum, a tropical genus, 
four are present during September: 0. 
constrictum Kofoid, 1907, 0. elegans 
Pavillard, 1916, 0. reticulaturn (Stein) 
Schutt, 1893, and Oxytoxum sp. 

About a hundred species of tintin- 
nids are recorded in the Lebanese 
waters, identified from 50 pm netted 
samples. Some species, such as 
Codonuria sp., Epiplocylis reticulata 
(Ostenfeld & Schmidt) and Steenstru- 
piella sp. are found sporadically or by 
small numbers during the hot period. 
Almost ten species of Tintinnopsis are 
found as isolated specimens from 
September to December; they could be 
Indo-Pacific species (Lakkis & Novel- 
Lakkis, 1985a). The most common is 
Tintinnopsis compressa (Daday) 
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Laackman, 19 13, which is reported 
very abundantly from August till 
December, the peak being in August/ 
September/ November in the harbour 
areas. Kimor (1990) observed that the 
gradual intrusion of microplankton 
biota through the Suez canal is not as 
numerous as in the case of the larger 
metazoans such as fishes. 

THEMACROZOOPLANKTON 

Copepoda is the most important zoo- 
plankton group, forming 60% of the 
total biomass. Out of the 173 species 
recorded from Lebanese waters 
(Lakkis, 1990), 65% are in common 
with the western Mediterranean and 
31% with the Red Sea; 25% of the 
species are found in the three environ- 
ments. Lakkis (1984), has mentioned 
nine Lessepsian migrants of Indo- 
Pacific origin: Lubidoceru madurue A. 
Scott, 1909, L. detruncatu (Dana) 1849, 
L. puvo Giesbrecht,l889, L. orsinii 
Giesbrecht 1889, L. agilis (Dana) 1849, 
Calunopia elliptica (Dana, 1849), C. 
media Gurney 1927, Pontellina plumu- 
ta (Dana, 1849) and Acurtiu fossue 
Gurney, 1927. The identification of L. 
agilis has to be confirmed, because the 
specimens found were male cope- 
podites (Lakkis, 1984). Oncaeu rufu 
Boxshall & Bottger,1987, described 
from the Red Sea, has recently been 
reported for the first time in the 
Mediterranean by Malt et al. (1989). 
Centropages furcatus (Dana, 1849), 
present in the tropical zone of the 
Atlantic, Pacific, Indian Ocean and also 
in the Red Sea (Mori, 1964), has 
recently been identified for the first 
time in Lebanese waters (Lakkis, 
1990). Labidoceru species are mainly 
found in surface waters from May till 
January. L+ pave, a well established 
species, has been regularly sampled 
since 1979; it has been reported in high 
concentrations within, polluted coastal 
waters (300 ind.m-3) along with L. 
madurae (30 ind.m-3). The two Culu- 
nopiu species are Lessepsian. migrants 
in the eastern Mediterranean (Berdugo, 
1968), and have been reported in mod- 
erate numbers from the Lebanese coast 
between August and December 
(Lakkis, 1984). Centropages furcatus 

has been found in the upper 50 m of the 
water column from April till December 
in small numbers (4 ind.m-3). As indi- 
cators of the Atlantic current, we men- 
tion Isias clavipes Boeck, 1864, and 
Centropuges typicus Kroyer, 1869; 
these two species which were very 
common in the western Mediterranean, 
became very rare in the Levant Sea 
since 1982. 

Among the 71 species of Medusae 
reported from Lebanese waters (Goy et 
al., 1991), 11 are considered as Indo- 
Pacific. The new Lessepsian migrant 
Rhopilema nomadica Galil, Spanier & 
Ferguson, 1990, described from the 
Israeli coast, has invaded the Levantine 
basin since 1986, replacing the scypho- 
zoan Rhizostoma pulmo (Macri, 1778) 
in the Lebanese waters (Lakkis, 1990). 
The thaliacean fauna of the Levantine 
Sea, compared to that of the Red Sea, 
revealed that the common species of 
this group are cosmopolitan; the 
Mediterranean fauna of thaliaceans 
being eurytherm and displaying a wide 
geographical distribution (Godeaux, 
1990). Most of the other zooplankton 
groups, namely Appendicularia, 
Euphausiacea, Pteropoda, Siphono- 
phora, Decapoda larvae and ichty- 
oplankton are reviewed, several Indo- 
Pacific species within these groups 
have been reported (Lakkis, 1980; 
1994; Lakkis & Zeidane, 1985; 1988; 
1989). 

DISCUSSIONANDCONCLUSION 

The Indo-Pacific origin of the Lebanese 
plankton is less common than the 
Atlantic temperate one. Ubiquist 
species are mainly found within the 
phytoplankton and the epi-meso zoo- 
plankton such as Amphipoda, Siphono- 
phora and deep copepods. After the 
control of the Nile freshwater outflow 
by the Aswan High Dam and the disap- 
pearance of the annual floods, some 
changes in the hydrology of the 
Levantine basin have occurred, namely 
an increase in salinity by 0.5-1%0 (Oren 
& Hornung, 1972). These new environ- 
mental factors have affected the bio- 
geography of marine organisms in the 
Lebanese waters. During the last 
decade we have noted the increasing 
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density of tropical species over the 
temperate ones. For instance Sagitta 
enfrata Grassi, 1881 has become more 
common that S. friderki Ritter-Zahony, 
19 11; Evadne tergestina Claus more 
abundant than E. spinifera Mtiller, the 
Siphonophora Diphyes dispar 
Chamisso & Eysenhardt, 182 1, report- 
ed rarely from the western Mediterra- 
nean basin, is now very common in the 
eastern Mediterranean. Around fifty 
planktonic Lessepsian migrants can be 
listed (Kimor, 1972; Lakkis, 1980) and 
55 fish species of Indo-Pacific origin 
are reported by Ben-Tuvia (1985) from 
the Levantine basin. The number of 
migrants is progressively increasing 
and the migration process for pelagic 
species may have the same frequency 
as for other marine biota. 

The plankton community of the 
Levantine basin, with its connection 
with the Red Sea and other Mediterra- 
nean sectors, cannot be described as an 
impoverished area because the plank- 
ton diversity of some groups, such as 
dinoflagellates, cyclopoid, Copepoda, 
decapod larvae, and ichtyoplankton, 
shows equal or slightly higher species 
richness than in other areas. Since 
Lessepsian migration continues to be 
recorded, the biogeography of the 
plankton of the Levantine basin 
remains a very interesting object for 
study which needs more and more 
investigation. 
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ABSTRACT 

Proposes a system for partitioning the ocean 
into four ecological domains and about 50 bio- 
geochemical provinces based on the physical 
constraints placed on growth of phytoplankton 
by regional oceanography. 

INTRODUCTION 

To the extent that marine biogeography 
is an ecological discipline, it is princi- 
pally concerned with the factors that 
shape the distributions of individual 
species. This may not be as restrictive 
as it seems, because the assemblages of 
species we think of as communities or 
ecosystems probably result from the 
independent responses of many indi- 
vidual species to environmental gradi- 
ents. 

Be that as it may, it is because 
oceanic plankton species have relative- 
ly ubiquitous distributions that there 
has been no work in the pelagos to 
match the determined exploration by 
Gunnar Thorson of how ‘parallel com- 
munities’ of benthic organisms occupy 
the continental shelves of the world. 
The concept that similar environments 
at different latitudes should be occu- 
pied by parallel communities having 
similar facies and ecology, but compris- 
ing different species and genera, is a 
concept that survives critical examina- 
tion quite well even today (Warwick & 
Ruswahyuni, 1987) and matches holis- 
tic plant geography on land. 

One of the urgent tasks now facing 
marine science is to quantify geochemi- 
cal fluxes between ocean and atmo- 
sphere, fluxes moderated by the marine 
biosphere. We cannot do this very well, 
partly because of our inability to speci- 
fy the ecological geography of the pela- 
gos over the whole surface of the ocean 
rather than simply at typical locations. 

Existing schemes to partition the global 
pelagic ecosystem based on surface 
water masses, or recurrent groups of 
plankton species, do not sufficiently 
specify the characteristic ecology of 
each compartment, while existing clas- 
sifications based on relative stratifica- 
tion, nutrient supply or chlorophyll 
changes do not provide sufficient com- 
partments. 

For the terrestrial biosphere, compu- 
tations of global carbon flux and 
sequestration are best partitioned 
among biomes and subordinate units, 
for each of which it is possible to pre- 
dict characteristic rates of carbon 
uptake and loss, characteristic require- 
ments for nutrients, water, light and 
temperature, and characteristic carbon 
sequestration patterns. Usually between 
10 and 50 compartments suffice for 
global quantification, and a two-level 
(biomes and vegetation types) classifi- 
cation is typical. 

The close relationship between lati- 
tude, altitude, soil type and vegetation 
is the basis of ecological plant geogra- 
phy, and is sufficiently robust to be pre- 
dictable even at fine detail by computer 
simulation (Prentice et al., 1992); the 
biomes themselves are sufficiently dis- 
tinct that their distribution and some 
aspects of their condition can be moni- 
tored globally (10 day intervals, 1 km 
resolution) by the AVHRR satellite- 
borne radiometers (Running et al., 
1994). This is holistic biogeography at 
its most advanced and operational. In 
this paper I will suggest how we might 
start to do the same for the marine bio- 
sphere. 

AN ECOLOGICAL PARTITIONING OF THE 
SURFACE WATERS OF THE OCEAN. 

The Coastal Zone Colour Scanner 
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(CZCS), a proof-of-concept orbiting 
radiometer, returned tens of thousands 
of sea-surface colour images between 
19781986 which can, with some diffi- 
culty (paradoxically, with greatest diffi- 
culty in coastal water) be translated 
into integrated chlorophyll in the upper 
5-25 m. Because more advanced sea- 
colour satellites will soon be launched, 
we must learn from the CZCS data how 
to use the better images we shall soon 
see. Despite their shortcomings, the 
CZCS data reveal for the first time the 
true global distribution of a biological 
variable at all places in the oceans, at 
all seasons. For those with eyes to see, 
this has been a revelation. With even 
better data, we shall have a tool to do 
for the ocean what terrestrial ecologists 
can already do for land plants, provided 
only that we can link what we know 
about plankton ecology to the seasonal 
distribution of near-surface chlorophyll. 

The CZCS data have been used to 
develop algorithms (sensitive to the 
principals of algal physiology and the 
optics of sea water) for calculating pri- 
mary production rates from surface 
chlorophyll and environmental data 
such as irradiance and day length. 
These algorithms also require systemat- 
ic information on the sub-surface 
chlorophyll profile to predict light pen- 
etration which can be provided from 
global data archives (Platt & 
Sathyendranath, 1988) or predicted 
(Morel & Berthon, 1989). For a 
demonstration of how global primary 
production might be calculated in the 
future, 22,000 chlorophyll profiles from 
all oceans and about 2000 photosynthe- 
sis-light experiments were used to 
obtain information on potential phyto- 
plankton production through the photic 
zone. This information, as parameters 
representing the form of the profiles 
and of the P-I curves, was then used 
together with an analysis of regional 
oceanography to partition the whole 
surface of the ocean into numerous 
compartments each having a pre- 
dictable and characteristic seasonal 
phytoplankton cycle. Using the CZCS 
data for 1978-86 as a measure of phyto- 
plankton biomass, a global calculation 
of primary production was partitioned 
between these compartments: the actual 
computation was based on the results 

of Sathyendranath et al. (1995) and 
Longhurst et al. (1995). This demon- 
stration was intended to be a first step 
towards a marine analogue of the 
biomes and vegetation types of land 
plants, and their use in computing glob- 
al carbon fluxes. 

This new ecological geography of 
the pelagos has two levels: there are 
four primary ecological domains, com- 
prising 56 secondary biogeochemical 
provinces. The primary domains are 
based on fundamental differences in the 
processes that control stratification and 
nutrient supply to the photic zone of the 
ocean: (1) stratification is strong and 
relatively permanent in both high and 
low latitudes, but for quite different 
reasons in each; (2) breakdown of strat- 
ification by winter mixing is important 
in mid-latitudes; and (3) interaction 
between ocean circulation, bathymetry 
and coastal winds results in complex 
and location-specific processes along 
coastlines. 

The following set of defining and 
characteristic conditions is therefore 
proposed for the four primary ecologi- 
cal domains of the ocean. 

Polar Domain. 
The seasonal cycle of sea ice in high 
latitudes results in a brackish surface 
layer in spring and summer as fresh 
water is released by melting; this phe- 
nomenon occurs most consistently in 
the marginal ice zone, and leads to an 
active bloom as soon as ice break-up 
occurs. But the phenomenon is also 
more widespread, as lenses of brackish 
water are transported throughout the 
gyral circulation cells that lie beyond 
the polar fronts. The presence, even 
ephemerally, of a brackish surface layer 
may induce sufficient stability to initi- 
ate an algal bloom as soon as surface 
irradiance is sufficient. Such blooms 
occur around Iceland in the same 
month as the Atlantic vernal bloom at 
much lower latitudes. 

It might be argued that it is illogical 
to separate the brackish polar surface 
waters from those of the monsoon 
regions of the western Pacific; so it 
would be, but for the fact that the 
brackish surface layer of the monsoon 
region is separated by an isothermal 
‘barrier layer’ from the deep thermo- 
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and nutriclines. Blooms, therefore, are 
not normally initiated in relation to this 
shallow halocline. 

Westerlies Domain. 
The defining characteristic of this 
domain is seasonality in wind stress 
imposed by the westerlies associated 
with the Aleutian, Iceland and 
Antarctic atmospheric low pressure 
cells, together with seasonality in the 
radiation flux at the sea surface. The 
scale of baroclinicity is years, rather 
than weeks as it is in low latitudes and 
frictional wind stress is translated into 
eddy motion, rather than momentum. 
Thus, wind stress in this domain forces 
a deepening of the mixed layer in win- 
ter which, in parts of the North Atlantic 
and elsewhere, may reach to >500 m. 

One of the revelations provided by 
the first set of global, seasonal CZCS 
sea-surface chlorophyll fields was that 
the North Atlantic spring bloom is an 
exceptional, rather than a typical, pro- 
cess. Spring blooms in other regions 
can also be detected in the CZCS 
images, but nowhere does chlorophyll 
biomass accumulate during spring to 
the extent familiar in the North 
Atlantic. Explanations for this discrep- 
ancy must be sought in the specific 
regional oceanographies of each 
province in this domain: in some cases, 
as in the northeast Pacific, herbivore 
control has been inferred; in the 
Southern Ocean, various controls on 
the accumulation of algal biomass have 
been invoked. 

Trade Winds Domain. 
The Ekman layer of low latitudes is 
resistant to wind-deepening, and the 
scale of baroclinicity is weeks, rather 
than years as in higher latitudes. 
Characteristically, the shallow tropical 
pycnocline has very high stability (high 
values of the Brunt-V&ala buoyancy 
frequency, N ), associated with a posi- 
tive heat flux across the sea surface 
and, in some regions, an excess of pre- 
cipitation over evaporation. Further- 
more, the typical eddy scale is much 
larger than in higher latitudes so that 
the value of the Rossby internal radius 
(Ri) increases equatorwards from 25 
km at 50” to 300-400 km at 5” of lati- 
tude, as a consequence of the equator- 

ward vanishing of the Coriolis force 
(Philander, 1985; Emery et al., 1984). 

Frictional wind stress in this domain 
is dominated by the seasonal trade 
winds, and generates momentum rather 
than mixing. Western jet currents may 
spin-up (North Brazil Current) or 
reverse direction (Somali Current) after 
only a few weeks of modified wind 
stress, and the depth of the mixed layer 
is principally determined by seasonal 
changes in the zonal ridge-trough 
topography of the pycnocline, reflect- 
ing the seasonal shifts in flow of the 
equatorial current systems. 

The extent of the trade wind domain 
is indicated by zonal discontinuities in 
the values of N and Ri along the pole- 
ward margins of the north and south 
equatorial currents at about 20-25”N 
and 15-20”s. Here, N increases rapidly 
equatorwards from about 6 to about 13 
cycles/h, and Ri from 30-60 km to 125- 
400 km. 

Within this domain, I expect (1) that 
mixed-layer algal blooms will not be 
light-limited, (2) that mixed layer depth 
will change seasonally in response to 
the (often distant) wind field and also to 
curvature of the wind stress and (3) that 
breakdown of the pycnocline and nutri- 
ent renewal in the mixed layer will 
occur only at strong divergences (as at 
the equator). 

Coastal Domain. 
Embraces the concept of a coastal 
boundary domain (Mittelstaedt, 199 1) 
for regions where the general oceanic 
circulation is significantly modified by 
interaction with coastal topography and 
with its coastal wind regime. The 
coastal boundary domain is often 
defined by a shelf-break front, and may 
include coastal upwelling regions and 
their associated anticyclonic eddy 
fields. 

For the coastal domain there is great 
uncertainty in identifying boundaries, 
because coastal and shelf geography is 
fractal and subdivision may be argued 
at any spatial scale, but also because 
the processes that force or constrain 
algal blooms are more diverse than in 
the open oceans: river plumes, bathy- 
metric features, bottom roughness, tidal 
fronts, tidal mixing, local wind pat- 
terns, shelf break and coastal upwelling 
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and downwelling. 
Local conditions obviously differ 

significantly within each of these four 
primary ecological domains, so little 
progress would be made by reducing 
global chlorophyll images simply to 
four seasonal plankton cycles, typifying 
the four domains. This would be no 
advance on existing models, intended 
to represent typical seasonal cycles in 
broad latitudinal zones. It is desirable, 
therefore, to partition the surface of the 
ocean into smaller, ecologically-mean- 
ingful provinces. 

There is no logical way to determine 
the proper scale of the compartments 
unless some prior (and possibly subjec- 
tive) rules are established, such as: (1) 
the total number of provinces should 
not greatly exceed 50, (2) the provinces 
should be sensitive to the features 
observed in the CZCS chlorophyll 
fields, so that these would be the prima- 
ry guide to establishing boundaries, (3) 
the boundaries should not violate fea- 
tures of regional oceanography (optical 
properties, topography of mixed layer 
depths, observable frontal systems, 
regional ice-cover, etc.) discernible in 
other satellite imagery, in comprehen- 
sive data sets, or as described in the lit- 
erature of regional oceanography and, 
finally, (4) boundaries (except those 
locked to topography) must vary sea- 
sonally and between years in response 
to changing weather and ocean circula- 
tion. 

The map (Fig. 1) showing the 56 

provinces obtained with the principles 
outlined above must be interpreted cau- 
tiously, for it shows the approximate 
positions of boundaries aligned to a 
rectangular grid, the more easily to 
allocate gridded data to each province. 
It represents the simplest possible non- 
seasonal formalism for regional biolog- 
ical oceanography under conditions of 
normal trade wind stress at low lati- 
tudes. 

On a more realistic map the bound- 
aries between provinces would be 
determined by the shape of features in 
the satellite chlorophyll field, or be 
aligned along the mean location of 
fronts and other oceanographic fea- 
tures. Even more sophisticated maps 
could be prepared for the approximate 
distribution of provinces for each sea- 
son: this could be done both for condi- 
tions of normal trade wind stress, and 
also under ENS0 conditions, when 
anomalous westerly winds over the 
central and western Pacific rearrange 
the surface circulation, and hence many 
of the provinces of the trade wind 
domain. 

For each of the 56 provinces, clima- 
tological monthly means were assem- 
bled for integrated chlorophyll, total 
primary production, production in the 
subsurface chlorophyll maximum, 
mixed layer depth, and photic depth as 
described in previous sections. From 
these were plotted seasonal cycles at 
monthly intervals, which then represent 
the climatological plankton cycle for 

Fig. 1. Map OF the 56 biogeochemical provinces identified in this study, showing their boundaries fitted to a two- 
degree grid to suggest where their average positions might lie in a year without El Niiio conditions. 
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each province (Longhurst, 1995). 
Inspection of these plots showed that 

although the individual seasonal plank- 
ton cycles obtained for the 56 biogeo- 
chemical provinces are strikingly dif- 
ferent, it was also obvious that by 
grouping the provinces, some common- 
ality could be found and this seems an 
appropriate level at which to analyse 
the typology of seasonal plankton 
cycles, and to balance production and 
consumption rates, spatially and sea- 
sonally. 

Because of the unreliability of the 
CZCS images to represent chlorophyll 
in coastal regions (see above), we can- 
not observe seasonal changes confi- 
dently in some of the coastal provinces. 
This problem caused rejection of the 
seasonal cycles obtained from CZCS 
images in NWCS, NECS, AUSW and 
EAFR. In each of these provinces, or at 
least in the poleward portions of 
AUSW and EAFR, the canonical 
spring and autumn bloom cycle is 
almost certainly appropriate, but not 
observable in the CZCS data. In six 
coastal provinces, regional enhance- 
ment of chlorophyll caused by seasonal 
effects of river discharges dominates 
oceanic processes that would otherwise 
determine seasonal changes. This 
occurs significantly in GUIA and 
CARB (Amazon, Orinoco), BRAZ (La 
Plata), INDE (Ganges, Irrawady), 
CHIN (Yellow, Yangtse) and SUND 
(Mekong, Fly, etc.). A general model 
for the difficult coastal boundary 
domain is thought to be inappropriate. 

The seasonal cycles inferred from 
the CZCS data for the remaining 44 
provinces are first subjectively grouped 
(Figures 2, 3) into a series of 7 like 
cases (Models 1-5, 7-8), representing 
characteristic biological cycles. An 
eighth case (Model 6) represents the 
canonical spring bloom in coastal seas, 
which we cannot observe with the 
CZCS data. 

DOMAINMODELS 

POL~RDOMAIN:MODEL 1 
Polnr irrudiance-mediated production 
peak (provinces BPLR, APLR, ARCT, 
ANTA, SARC, BERS) 
Productivity at high latitudes is strong- 

ly light limited, its seasonal cycle being 
symmetrical about the local irradiance 
maximum; where winter ice does not 
form, the stability induced by shallow 
polar halocline may paradoxically 
induce the spring bloom earlier than at 
lower latitudes. 

Accumulation of chlorophyll during 
the late summer period of declining pri- 
mary production rate is consistent with 
reduced consumption as herbivores 
descend out of the photic zone to over- 
wintering depths or, alternatively, with 
reduced sinking rates. 

WESTERLIESDOMAIN: MODEL 2 
Nutrient or grazing-limited spring pro- 
duction peuk (NADR, PSAGW, PSAGE, 
KURO) 
Deep convective mixing may occur in 
winter, exchanging surface water with 
deep nitrate-rich water. Spring increase 
in production rate is initiated by 
increasing light and stability and termi- 
nated by nitrate (or silicate) exhaustion; 
the spring accumulation of chlorophyll 
initially tracks the spring productivity 
increase but is constrained by con- 
sumption before the peak production 
rate is achieved. 

A secondary summer-fall chloro- 
phyll accumulation may occur at lati- 
tudes where herbivores descend to 
overwinter, and accumulation is pro- 
gressively balanced by herbivore con- 
sumption equatorwards. 

WESTERLIESDOMAIN:':ODEL 3 
Winter-spring production with nutrient 
limitation (GFS?: NASW NASE, MEDI, 
NPPF, OCAL, NPSE, NPSW, SATL, 
SSTC, SPSG, ISSG, ARCH, SANT, 
TASM) 
In the more equatorward zone of the 
westerly winds, productivity is not light 
limited, so that the production rate 
increases during winter as the progres- 
sive deepening of the mixed layer 
recharges the photic zone with nitrate. 
Balance between production and con- 
sumption rates results in a winter 
chlorophyll peak, and a spring produc- 
tivity peak. 

In summer, the photic depth (season- 
ally at its deepest) occurs within the 
pycnocline (seasonally at its shoaliest), 
so that the nutricline is illuminated and 
nitrate-based production continues in a 
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Fig. 2. Typology of seasonal cycles of (total) primary production by phytoplankton. in relation to integrated photic 
zone chlorophyll and mixed layer depth (temperature or density as appropriate); production and chlorophyll obtained 
from CZCS data, mixed layer depth from NODC data archives. 
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Fig. 3. All values are monthly means from one-degree gridded data for the relevant province. Upper panels of each 
pair are the mixed layer (obtained as Fig. 2) and photic depth, obtained from CZCS data and surface irradiance cli- 
matology. Lower panels as Fig. 2, together with primary production within the subsurface maximum, obtained from 
observations of the form of chlorophyll profiles for each province and month. 

subsurface chlorophyll maximum. 

TRADE WIND DOMAIN: MODEL 4 
Small amplitude response to trade wind 
sedsonality (PNEC, PEQD, NPTG, 
WTRA, NATR, WARM) 
There is weak seasonality in mixed 
layer depth, and the nutricline is peren- 
nially shoaler than the photic depth, so 

a subsurface chlorophyll maximum is 
almost always present. Vertically-inte- 
grated production rate is nutrient- not 
light-limited; minor rate increases are 
forced by large-scale response of the 
pycnocline to seasonality in trade wind 
stress, and to open ocean Ekman suc- 
tion, and divergence, particularly at the 
equator. Rates of phytoplankton chloro- 
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phyll accumulation and consumption 
are closely balanced at all seasons. 

TRADES AND COASTAL DOMAINS: MODEL 5 
(Coastal: REDS, ARAB, INDW GUN, 
Trades: MONS, ETRA) 
Productivity is not light limited so 
responds rapidly to nutrient entrain- 
ment into the photic zone by coastal 
upwelling, offshore Ekman suction and 
geostrophic adjustment of pycnocline 
associated with reversal of the mon- 
soon winds. The pycnocline is illumi- 
nated during the oligotrophic season, 
but the mixed layer may shoal above 
photic zone during upwelling episodes, 
at which time the subsurface chloro- 
phyll maximum will disperse. 

COASTAL DOMAIN: MODEL 6 
Canonical spring-fall blooms of mid- 
latitude continental shelves (NECS, 
NWCS, and parts of those coastal 
provinces which include mid-latitude 
continental shelves) 
A short, rapid pulse of increased pro- 
ductivity and chlorophyll is induced by 
early water column stability and fuelled 
by accumulated winter nutrients. 
Summer stratification of the water col- 
umn is associated with relatively low 
productivity, principally fuelled by 
regenerated nutrients. Progressive 
autumnal breakdown of stratification 
induces renewed productivity and 
chlorophyll accumulation, fuelled by 
nutrients regenerated below the sum- 
mer pycnocline. 

COASTAL DOMAIN: MODEL 7 
Bathymetrically-forced summer pro- 
duction (ALSK, NEWZ, FKLD) 
This model is relevant to some conti- 
nental shelves exposed to unusually 
sustained and strong regional winds. 
The high production rates of a canoni- 
cal spring bloom are maintained until 
late summer because the interaction 
between topography and wind-driven 
circulation induces the continued 
entrainment of nutrients over the shelf. 

COASTAL DOMAIN: MODEL 8 
Intermittent production at coastal 
divergences (CNRY, CHIL, BENG, 
CCAL, CAMR, AUSE) 
The type for this model is the classical 
coastal upwelling in eastern boundary 

currents. The mixed layer shoals, and 
primary production rate takes high val- 
ues when coastal winds, and depth of 
nutricline are appropriate to entrain 
deep nitrate-rich water into the photic 
zone. This usually occurs in summer. 
Chlorophyll accumulation coincides 
with duration of upwelling periods and 
is balanced by advection and consump- 
tion loss terms. 

For each of the 56 provinces, it is 
possible to follow not only the seasonal 
evolution of phytoplankton biomass but 
also to relate this standing stock to rates 
of its production and loss, though we 
cannot partition the loss term between 
advection, sinking, consumption and 
respiration, except by inference. 

This analysis shows that for each 
province, in each month, the rates of 
assimilation and loss of carbon are 
remarkably similar; in almost all cases 
(month, province) changes in the phy- 
toplankton biomass between two 
months represent less, and usually 
much less, than 5% of primary produc- 
tion during the same period (Fig. 4). 

However, there is some decoupling 
of these rates, as in fact there must be 
for seasonal blooms (defined by chang- 
ing phytoplankton biomass) to occur. It 
is only in the tropical open ocean, 
where seasonal changes in production 
rate are small, that the phytoplankton 
biomass closely tracks the rate of pri- 
mary production. Elsewhere, whatever 
decoupling occurs must be explained 
by local, seasonal vertical or horizontal 
transport, or by differential consump- 
tion rates inferred from what we know 
about regional zooplankton ecology. 

For instance, what might increase 
the late summer accumulation rate 
compared with the rate of production in 
Models 1 and 2? Clearly either con- 
sumption or sinking rates must be 
reduced in late summer, and it is not 
easy to be certain which of these is the 
critical factor. From the available 
observations, the most probable candi- 
date to modify the algal loss term in 
late summer is the grazing rate of zoo- 
plankton because this does have the 
required seasonality, at least in some 
regions (Fig. 3, upper panels). 

In both hemispheres, the larger 
copepods which may dominate meso- 
zooplankton biomass migrate seasonal- 
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Fig. 4. Balance between production of carbon by photosynthesis and its accumulation or loss during the same period. 
Computed from CZCS chlorophyll fields. 

ly, up into the mixed layer in spring, 
returning to overwinter in deep water in 
late summer; in the Antarctic, 
euphausiids are a major component of 
the herbivorous, filter-feeding zoo- 
plankton but remain in the pack-ice in 
winter so contribute to the phytoplank- 
ton loss term until. the return of ice- 
cover in the autumn.There is little evi- 
dence for a decrease in the sinking rate 
of algal cells late in the season, unless 
it is the generality that late summer 
blooms tend to be dominated by motile 
cells, while passively floating diatoms 
dominate earlier. 

If the secondary accumulation of 
chlorophyll in late summer results from 
reduced grazing pressure, the eventual 

decline of chlorophyll in the surface 
layers must be due to degradation, 
reduced cell chlorophyll, and sinking: it 
is perhaps relevant to note that the sea- 
sonal rate of sedimentation in the 
Nordic Sea reaches a diffuse maximum 
in autumn. 

Where spring (blooms (Model 2) 
occur, the mass-occurrence copepods, 
like those associated with Model 1, 
may perform seasonal vertical migra- 
tions. The herbivore biomass rising in 
the spring is determined by the winter 
survival rate of the copepods that 
entered diapause at the end of the pre- 
vious summer: events in previous years 
must therefore influence the algal loss 
term during the period of active con- 
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sumption. 
In the more equatorward provinces 

of the Westerlies domain, where winter 
blooms (Model 3) occur, the most con- 
sistent feature of the seasonal cycle is 
that algal biomass accumulates only 
during the first few months of the pro- 
gressive increase in primary production 
rate during winter; some months before 
the spring production maximum, a late 
winter chlorophyll maximum is 
reached and biomass declines progres- 
sively towards a late summer mini- 
mum. This is suggestive of a temporary 
uncoupling of gain and loss terms for 
algal biomass during winter, and that 
balance is achieved .only in spring, after 
which biomass is progressively lost 
from the photic zone by sinking. 

In each of the six trade wind 
provinces where Model 4 is applicable, 
gain and loss terms become decoupled 
only episodically, at a spatial scale and 
a frequency that are not expressed in 
the monthly mean values for whole 
provinces. In the two oceanic provinces 
with strong seasonal monsoon wind 
effects (MONS and ETRA), even 
though t’he seasonal excursions of 
chlorophyll and production rate are 
greater (as befits examples of Model 5 
cycles), they covary very exactly, so we 
must presume that growth and loss 
terms are tightly coupled. 

Where the seasonal plankton cycle 
responds to seasonal forcing along 
coasts where turbidity from river dis- 
charge is insignificant (especially 
ARAB, REDS and the eastern bound- 
ary currents CCAL, CHIL, CNRY and 
BENG) we can follow the relationship 
between production and consumption 
with confidence. Here, though the sea- 
sonal excursion of primary production 
rate is large, the accumulation of 
chlorophyll tracks it quite closely and 
we can assume that production and loss 
are closely coupled, except in the final 
month leading to the maximum season- 
al primary production rate. Usually, the 
chlorophyll peak is reached first and 
phytoplankton biomass is ‘already 
declining at the time of peak primary 
production rate: we may infer a small 
lag in the accumulation of herbivorous 
zooplankton. 

In all major mid-latitude or low-lati- 
tude upwelling centres, the seasonal 

evolution of the loss term due to her- 
bivory is influenced by the seasonal 
vertical migrations of the local large 
calanoid copepods as in polar regions; 
these remain in diapause deep below 
the upwelling site (often at 250-500m) 
until they rise to feed at the onset of 
upwelling, to descend again at the spin- 
down of the upwelling season. This is 
probably a factor in the temporary 
excess of consumption over production 
that we observe in ARAB and the other 
monsoon provinces after seasonal 
upwelling is initiated. 

The balance between production and 
consumption in coastal areas is, in any 
case, more complex and variable than 
in the open ocean and not well 
addressed by the CZCS images. 
Comprehensive global analysis of the 
coastal provinces will be one of the 
most urgent tasks to be performed with 
the new, multi-spectral radiometers to 
be carried on the next generation of 
sea-colour satellite missions. 
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ABSTRACT 

The 167 species of aetideid copepods found in 
this study showed four types of distribution, 
e.g. cosmopolitan (7 genera), tropical-boreal (3 
genera), tropical (2 genera), and benthopelagic 
(3 genera). Similarity of faunas was studied 
with Sorensen’s index of similarity and 
Simpson’s index of inclusion of less diverse 
faunas into a richer one. For the total aetideid 
fauna a high degree of similarity was found 
between tropical regions in all three oceans and 
between each of these faunas with that of the 
boreal Atlantic. Also the similarity is high 
between Subantarctic and Antarctic faunas. The 
deep water aetideids show a lot more similarity 
than the upper layer faunas. 

INTRODUCTION 

The Aetideidae is a cosmopolitan fami- 
ly of the calanoid copepods inhabiting 
all vertical zones of the pelagic and 
near bottom environments, the majority 
of them inhabit deep waters. 
Distributions of 167 out of some 180 
described species, pelagic and ben- 
thopelagic (near bottom, hyperbenthic) 
aetideid copepod species in the World 
Ocean was studied. First findings in the 
Pacific, Atlantic and Southern oceans 
were recorded for 32 species, the ma- 
jority of which (17) was recorded in the 
Pacific Ocean. 

The species were examined based on 
world-wide collections. Data on species 
localities are based on original material 
and literature (Alvarez, 1986; Bradford, 
1969; 197 1; 1976; Bradford & Jillett, 
1980; Campaner, 1978; Deevey, 1974; 
Deevey & Brooks, 1977; Farran, 1926; 
1929; 1936; Grice & Hulsemann, 1965; 
1967; 1968; 1970; Jespersen, 1934; 
Matthews, 1964; Park, 1968; 1970; 
1975; 1978; Roe, 1972; 1975; 1984; 
Sars, 1900; 1905; 1907; 1925; 

Vervoort, 1951; 1952; 1957; von 
Vaupel Klein, 1982; Wheeler, 1970; 
With, 1915; Wolfenden, 1905; 1911). 

METHODS 

The geographical subdivision of the 
pelagic (Fig. 1) is given according to 
Nesis (1982). The similarity of faunas 
in the different geographical zones of 
the World Ocean was examined with 
the use of Sorensen’s index of similari- 
ty (1s) 

IS= 2c 
a+b 

and Simpson’s index of inclusion (II) 
of less diverse fauna into the richer 
one. 

II = 
minFa,b) 

in which c=number of species found in 
both faunas, a=number of species 
found in area 1, and b= number of 
species found in area 2. 

The fauna of pelagic and ben- 
thopelagic aetideids was examined for 
different layers e.g. near bottom locali- 
ties (Figs. 2, 3, 4), in total (Fig. 5), and 
for the upper 500 m layer (Fig. 6) and 
deep waters (Fig. 7). 

RESULTS 

Four types of aetideid copepod distri- 
butions are denoted. 

Cosmopolitan genera 
There are 7 cosmopolitan genera 
among Aetideidae, of which Euchirella 
Giesbrecht, 1888 is only absent in the 
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Fig. 1. Latitudinal zones of the World Ocean pelagial (after Nesis, 1982 with modifications). Arcto-boreal area: 
Arcto-Boreal supra area (Arct) and Boreal Zones - Atlantic (BAtl) and Pacific (BPac); Tropical supra area: Pacific 
(TPac), Atlantic (TAtl( and lndooceanic (Tlnd) parts; Notal-Antarctic supra area: notal (Not) and Antarctic (Ant) 
zones. 

Arctic Ocean. The mainly pelagic gen- 
era are: Gaetanus Giesbrecht, 1888; 
Pseudochirella Sars, 1920; Euchirella; 
Aetideopsis Sars, 1903; Chiridiella 
Sars, 1907; Chiridius Giesbrecht, 1892, 
and Pseudeuchaeta Sars, 1905. The 
first three genera are the most numer- 
ous among aetideids. 

Tropico-boreal genera. 
Three pelagic genera: Aetideus Brady, 
1883, Chirundina Giesbrecht, 1895, 
and Undeuchaeta Giesbrecht, 1888 
have a wide distribution and two ben- 
thopelagic genera: Bradyidius 
Giesbrecht, 1897 and Comantenna 
Wilson, 1924 show restricted distribu- 
tions (Figs. 2,3). 

Genera found within tropical limits 
Two pelagic genera: Chirundinella 
Tanaka, 1957 inhabiting the tropical 
zone of all oceans a.nd Paivella 
Vervoort, 1965 recorded from the tropi- 
cal Atlantic only with five ben- 
thopelagic genera: Crassantenna 
Bradford, 1969; Lutamator Bradford, 
1969; Mesocomantenna Alvarez, 1986; 
Paracomantenna Campaner, 1978, and 
Sursamucro Bradford, 1969 with 
restricted distributions form the tropic 

group (Figs. 3 and 4) 

Benthopelagic genem 
Three benthopelagic genera are regis- 
tered within the limits of the Arcto- 
boreal. Juschnovia Markhaseva, 1980 
(Fig. 4) is found in both arctic and 
boreal zones; Bradyetes Farran, 1905 
(Fig. 4) is known from the boreal 
Atlantic and Azygokeras Koeller & 
Littlepage, 1976 (Fig. 4) from the bore- 
al Pacific. The pelagic genera demon- 
strate wide distributions, whereas 8 
benthopelagic genera are mostly 
endemic. 

Comparison of fuunas 
The tropical Pacific aetideid fauna is 
the richest with 98 species, followed by 
the tropical Atlantic fauna with 73 
species, and the tropical Indian Ocean 
fauna with 50 species. Nearly equal in 
species number are the boreal Atlantic 
(57’species) and boreal Pacific (53 
species) faunas. The Subantarctic fauna 
(Not) includes 30 species and the 
Antarctic and Arctic faunas contain 29 
and 14 species respectively. 

The results of the analyses of the 
total aetideid fauna (Fig. 5) show a 
high degree of similarity between tropi- 
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Fig. 2. Distribution of Bradyidius: ,# B. armatus; *, B. angustus; A, B. arnoldi; V, B. curtus; 
;I>, B. Izirsutus; n , B. luluae; 0, B. pacificus; i-, B. rakuma; 0, B. stylijormis; 0, B. spinifer; 
Q, B. plinoi: s, B. saanichi; 0, B. similis. 

Fig. 3. Distribution of benthopelagic aetideids: 0, Comanfenna Brevicornis; 0, C. crassa; 
q , C. curtisetosa; q , C. recurvata; q , Sursamucro spinatus; 0, Paracomantenna gracilis; 
0, P. magalayae. 

cal Atlantic, tropical Pacific and tropi- faunas is also high (IS = 61%). An 
cal Indian ocean faunas (IS = 56 to aetideid fauna of the upper 500 m layer 
62%) and between each of these fauna is nearly absent in Polar basins (Fig. 6). 
with fauna of boreal Atlantic (IS = 54 Few aetideid species occur in the upper 
to 58%). The degree of similarity layers in Polar basins. Nevertheless 
between Subantarctic and Antarctic they are typical of deeper layers in the 
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Fig. 4. Distribution of benthopelagic aetideids: A, Azygokeras; (3, Bradyetes illermis; 
0, Bradyetes matthei; A , Jaschovia brew’s; v, Jaschovia tolli; B, Latamator harlei, 
*, Latamator elegans: +, Mesocomantenna spinosa; q i, Crassa~rtenna. 

Fig. 5. Graph of the similarity of total aetideid fauna (pelagic and bento-pelagic). Arrows show the 
direction of inclusion, and indicate the richer of two compared faunas when Index of Inclusion (II) 
is > 50 % Values of Index of Similarity (IS): - - - - - O-25 % , - 25-50 % . - 50- 80 75. 
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Fig. 6. Graph of the similarity of the upper 500 m layer aetideid fauna. The legend is the same as in 
Fig. 5. 

Fig. 7. Graph of the similarity of deep water aetideid faunas. The legend is the same as in Figs. 5. 
6. 

other regions of the World Ocean and it fauna (IS = 57%). The faunas of the 
are most likely meso-, bathy-, or meso- tropical Atlantic and Indian Oceans are 
/bathypelagic species. The tropical fau- related to the tropical Pacific fauna (for 
nas are significantly similar to each the tropical Atlantic II = 8 l%, the latter 
other (IS = 63 to 77%) and to the boreal includes the total fauna) and the boreal 
Atlantic fauna (IS = 67 to 78%). The Atlantic fauna is related to the tropical 
latter is also similar to the Subantarctic faunas with II values of 73% to 93%. 



IOC Workshop Report No. 142 
Page 255 

The fauna of the Subantarctic is totally 
included into the boreal Atlantic fauna. 
The boreal Pacific fauna is poor in 
comparison to tropical faunas, and in 
this respect it is separated more clearly 
than the boreal Atlantic fauna. The sim- 
ilarity between the boreal Pacific and 
boreal Atlantic faunas is weak; and 
similarity is even smaller between 
boreal Pacific and Subantarctic zones. 
Such differences between boreal faunas 
rise from the absence in the boreal 
Pacific of Euchirella amoenn 
Giesbrecht, 1888, E. maxima 
Wolfenden, 1905, E.m.messinensis 
(Claus, 1863), E. pulchra (Lubbock, 
1856), E. truncata Esterly, 1911, 
Gaetanus miles Giesbrecht, 1888, G. 
minor Farran, 1905, and Chirundina 
streetsii Giesbrecht, 1895 which are 
typical for the boreal Atlantic upper 
500 m layer. The deep water aetideid 
fauna exists in Polar basins (10 species 
in Arctic and 22 species in Antarctic 
zones (Fig. 7). The similarity between 
these faunas is moderate (IS = 38%), 
and due to the presence of the bipolar 
species (Aetideopsis minor Wolfenden, 
19 11, Pseudochirella batillipa Park, 
1978 and P spectabilis (Sars, 1900), 
and the cosmopolitan species Gaetanus 
brevispinus (Sars, 1900) and G. 
tenuispinus (Sars, 1900). The arctic 
fauna is poor and has weak similarity to 
boreal and tropical faunas (IS = 21 to 
24%). The boreal faunas of deep water 
aetideids are rather similar (IS = 52%). 
The boreal Atlantic deep water fauna is 
related to the boreal Pacific fauna. It is 
very possible that boreal faunas origi- 
nated from tropical faunas, but the 
boreal Pacific fauna probably is older 
than the boreal Atlantic. The boreal 
Pacific deep water fauna has higher 
similarity with the deep water aetideid 
fauna of the tropical Pacific (IS = 51%) 
than with the upper layer aetideid fau- 
nas. The similarity of the boreal Pacific 
fauna with the tropical Atlantic and 
Indian Ocean faunas, is weak and this 
is comparable with the above men- 
tioned similarity for the upper layer 
aetideis. The distribution of deep water 
aetideids showed that they have signifi- 
cantly more similarities than the faunas 
of the upper layers. The fact that the 
tropical Pacific fauna is the richest sug- 
gests that it is the most ancient among 

aetideid faunas. 
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ABSTRACT 

Molecular techniques can address many impor- 
tant questions concerning taxonomic affinity, 
genetic diversity, gene flow and dispersal. 
Species/genetic diversity in three ecologically 
important members of the marine phytoplank- 
ton (the diatom Skeletonemu costatum and the 
prymnesiophytes, Phaeocystis and Emiliania 
huxleyi) has been characterized using a variety 
of molecular techniques in order to address the 
conservation of form in marine phytoplankton. 
All are widely distributed taxa. Skeletonemu is 
a cosmopolitan neritic diatom, highly diverse in 
its ecophysiological manifestations. In this 
species, molecular clock calculations for 
18SrDNA coding regions indicate that molecu- 
lar divergence is proceeding at a very fast rate, 
whereas morphological divergence is not. At 
least one cryptic species and a cluster of iso- 
lates, which may be sibling species, are docu- 
mented. Divergence among Phaeocystis species 
as measured by 18s rDNA coding regions indi- 
cates that at least four species can be recog- 
nized at this level. A warm and a cold water 
species complex exist, which separated approx- 
imately 25 to 30 My ago. All but one cold 
water species exhibit the same colony morphol- 
ogy. DNA content as measured by flow cytom- 
etry suggest that several cryptic species are pre- 
sent within the morphological species concept 
of the warm water taxon, Phaeocystis globosa. 
ITS sequence data can resolve species differ- 
ences in the cold water complex. Sequence data 
from coding and non-coding regions of 
Emiliania huxleyi, a young species, show no 
variation among two morphotypes or any dif- 
ference from its most recent ancestor, 
GephJrocapsa oceanica. This likely reflects the 
recent divergence of these two species in time. 
Measurement of DNA content using flow 
cytometry indicates that the A & B morpho- 
types of E. huxleyi are genetically different. 
RAPD techniques reveal extreme genetic diver- 
sity within short-term spatial and temporal res- 
olution and indicate that the isolates of 
Emiliania huxleyi taken from wide geographic 
areas are related by their site of isolation. 

The recognition of a species is one of 
the most complex, controversial topics 
in biology. Although many definitions 
(concepts) of a species exist (Cracraft, 
1989; Manhart & McCourt, 1992; 
Gosling, 1994), the morphological 
species is the most widely used. The 
biological species is often the most dif- 
ficult to document especially in marine 
phytoplankton where little is known of 
life histories and where most reproduc- 
tion is asexual. The phylogenetic 
species concept represents monophylet- 
ic groupings and introduces an element 
of time into the species concept 
(Gosling, 1994). Molecular data can be 
most easily incorporated into this 
species concept, although they can be 
used to augment any concept. On one 
hand, species may be differentiated 
based on molecular divergence but may 
not be reproductively isolated (syn- 
gens). In addition, conflicts between 
phylogenetic/molecular speciation and 
morphological speciation may result 
from the different rates at which molec- 
ular and morphological changes accu- 
mulate. Thus, cryptic (sibling) species 
can be formed, which are morphologi- 
cally identical but reproductively iso- 
lated and molecularly divergent from 
one another. The first step in reconcil- 
ing potential conflicts in molecular and 
morphological speciation is to recog- 
nize that they can and do occur. 

Marine phytoplankton are, by defini- 
tion. taxa with large population sizes. 
Significant genetic diversity has been 
inferred to exist within and between 
phytoplankton populations primarily 
from physiological measurements 
(Brand, 1989). These data have been 
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used to speculate upon the amount of 
genetic diversity within phytoplankton 
populations but it is not known whether 
this physiological diversity represents 
inter- or intra-specific diversity. It may 
be that in many planktonic forms 
molecular speciation has proceeded, 
whereas morphological divergence has 
not. Physical forces and grazing pres- 
sures may explain some convergence of 
form in the marine environment 
(Sournia, 1988a). However, phenotypic 
diversity has been predicted to decline 
in populations where there is a cost for 
obtaining non-limiting nutrients 
(Tilman, 1982). Thus ‘super species’ 
may develop that can exploit a wide 
variety of environmental conditions 
(Kilham, 1994). These ‘super species’ 
may in fact be composed of many cryp- 
tic species whose morphological form 
has diverged little over time, The con- 
servation of form resulting in similar if 
not identical morphotypes has analo- 
gies at all taxonomic levels in the sea 
(Knowlton, 1993; Sournia, 1988a) such 
that the abundance of cryptic (sibling) 
species in the marine environment is 
only now being revealed (Knowlton, 
1993). The existence of functional mor- 
phologies within the marine phyto- 
plankton may be one of the most 
intriguing questions in ecology today. 

Molecular techniques (nucleic acid 
sequence data and various types of 
DNA fingerprinting) can now address 
some of the problems surrounding 
these issues to augment our understand- 
ing of species concepts in the marine 
phytoplankton. Multi-species complex- 
es can be identified and species limits 
re-evaluated. The taxonomic level to 
which physiological and morphological 
differences can be applied can be 
assessed within a molecular phyloge- 
netic framework. Molecular techniques, 
such as sequencing, can provide insight 
into cryptic level diversity and differen- 
tiate it from phenotypic plasticity, 
which is also widely documented 
(Patarnello et al., 1994; Brand, 1982). 
The amount of nucleotide substitution 
between species/clones assumed to be 
the same taxon from a morphological 
concept will depend on the evolution- 
ary age of the group and the rate of 
evolution in ,the gene/lineage selected. 
Also, if the reproductive isolation of 

the cryptic (sibling) species is too 
recent, then the cryptic (sibling) species 
will not have co-existed long enough to 
accumulate nucleotide substitutions in 
some coding regions and other, faster 
evolving non-coding regions must be 
examined before a taxonomic decision 
can be reached. In all cases ecophysio- 
logical data can augment the molecular 
data. 

The potential for recognising genetic 
individuality is only just being realised 
and its use in clustering individuals into 
biologically meaningful groups reflect- 
ing their overall relatedness will proba- 
bly increase the diversity in the marine 
environment by an order of magnitude 
(Hedgecock, 1994) and will provided 
insights into how genetic diversity is 
integrated through space and time 
(Brand, 1989). The purpose of this 
investigation is to compare the diversi- 
ty within a species under three different 
conditions: 1) in a species/genus that is 
evolving very fast; 2) in a species/ 
genus that is relatively old; 3) in a 
species/genus that is relatively young. 
We have applied various molecular 
techniques in each instance for the res- 
olution needed. 

Skeletonema costatum 

Skeletonema costatum (Grev.) Cleve is 
a cosmopolitan bloom-forming diatom 
species in neritic waters, well-known 
for its extreme variation in size and 
shape as well as its ability to survive in 
different environmental conditions 
(Hasle, 1973). Its ability to form major 
blooms under a variety of water condi- 
tions implies extensive genetic varia- 
tion within the taxon. Using isozyme 
data Gallagher (1980) first demonstrat- 
ed that seasonal populations of S. 
costatum from Narragansett Bay, 
Rhode Island were as genetically 
diverse as sibling species of terrestrial 
plants and animals. Superimposed upon 
this temporal diversity were several 
distinct but spatially separated popula- 
tions (Gallagher, 1990a) which she 
hypothesised to be a single interbreed- 
ing cline (Gallagher, 1990b). Sequence 
analysis of the 18s rRNA gene has 
revealed one to eleven base substitu- 
tions among five clones of S. costatum, 
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which strongly suggests that S. costa- 
turn is a species complex (Fig. 1A). 
Sufficient morphological differences 
from the normal morphotype of S. 
costatum have been found in two of 
these clones to warrant the description 
of a new species Skeletonema pseudo- 
costatum (Medlin et al., 1991). These 
morphological differences, albeit small, 
have been used to document annual 
succession of Skeletonema species in a 
Mexican bay (Castillo et al., 1995). 
Skeletonema is a very rapidly evolving 
taxon. Rates of evolution based upon a 
calculation of a molecular clock for the 
diatoms (Kooistra & Medlin, in press) 
indicate that this genus is evolving at 
approximately 1% per 7.3 My, although 
the morphology of its species has 
changed little since its origin in the 
Pliocene. 

In this species complex, sufficient 
resolution was found in the 18s rDNA 
gene to identify a species complex and 
to separate two clones as a new species; 
a decision supported by morphological 
differences. A better understanding of 
the relationships among clones of 
Skeletonema costatatum is likely to be 
obtained using non-coding regions for 
DNA fingerprinting methods. 

Phaeocystis 

Phaeocystis is recognised both as a nui- 
sance and as an ecologically important 
phytoplankton taxon (see review in 
Davidson & Marchant, 1993). Its poly- 
morphic life cycle with both colonial 
and flagellated cells (Kornmann, 1955) 
continues to cause many taxonomic 
problems. Phaeocystis pouchetii 
(Pouch.) Lagerheim occurs in cold 
waters and forms globular, cloud-like 
colonies with cells arranged in packets 
of four (see for illustrations Jahnke & 
Baumann, 1987). Phaeocystis globosa 
Scherffel, a warm water species, forms 
spherical colonies with cells arranged 
homogeneously within the gelatinous 
matrix (Jahnke & Baumann, 1987). 
Recently, colony morphology has been 
judged an unreliable species-level char- 
acter and only two of its nine species 
are recognised by Sournia (1988b) as 
nomenclaturally valid: Phaeocystis 
scrobiculata Moestrup, (known only 
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S. pseudocosatLan 
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Fig. 1. A. Phylogeny of the genus Skeletotzetna 
inferred from SW rRNA sequence comparisons with 
the neighbour -joining method. The encircled figure 
indicates the date in the fossil record (Ma) at which 
the genus first appears. The rate of evolution calcu- 
lated below the figure is based on the number of 
base substitutions in that lineage since its diver- 
gence. 
B. Phylogeny of the genus Phaeocytis inferred with 
the maximum parsimony method. Branch lengths 
represent the numbers of base substitutions along 
that lineage (seen above the lineage). 

from the flagellated state) and P. 
pouchetii, (which includes P. glohosa 
as a later synonym). 

Recent studies based on ultrastruc- 
tural and physiological data dispute 
Sournia’s circumscription of the genus 
(Baumann & Jahnke, 1986; Jahnke & 
Baumann, 1986; 1987; Jahnke, 1989; 
Larsen & Moestrup, 1989; Moestrup & 
Larsen, 1992; Baumann et al., 1994). 
Our analysis of 18s sequence data 
among Phaeocystis species supports 
the separation of the colony forming 
taxa into three species (Fig. 1B) 
(Medlin et al., 1994a; 1994b). Two 
complexes can be recognized. The cold 
water complex contains the Antarctic 
Phaeocystis antarctica Karsten and the 
Arctic Phaeocystis pouchetii. The 
warmwater complex contains isolates 
of Phaeocystis globosa. This separation 
of the cold and warm water taxa, which 
we have calculated to be approximately 
25-30 My ago, is further supported by 
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Table 1. Comparison of DNA content in Phaeocystis strains determined by flow 
cytometry with strains whose 18s rRNA gene sequence has been determined 
(Vaulot et al., 1994: Vaulot, unpubl.). Each DNA cluster likely represents a differ- 
ent species.. 

Strain DNA content 
pg/cell 

Ploidy DNA Cluster 

Naples (new species) 0.12 (0.24) 1 I 

P. antarctica SK 22 0.37 2 2 

P. globnsa 
Gulf of Mexico 0.34 2 3 
South Africa 0.32 2 3 
Thailand 0.35 2 3 

P. globosa 
Surinam 0.38 2 4 
Galapagos 0.38 2 4 

P. globosa 
North Sea 0.2 I (0.42) I 5 
Eastern Atlantic 0.44 2 5 

differences in DNA content, morpholo- resolve differences in the warm water 
gy and pigment spectra (Table 1, complex using the DNA content per 
Medlin et al., 1994a; 1994b; Vaulot et cell (Table 1). The different DNA clus- 
al., 1994). Using a 1% diverg.ence in ters are probably different species. In 
20 My, we have estimated that the the cold water complex, resolution 
warm and cold water taxa separated ca. among the strains could be achieved 
25-30 My ago, whereas the separation with the internal transcribed spacer 
of the two polar species is calculated to region in the ribosomal operon (Fig. 2). 
be ca. 8-12 My ago. We can only Phaeocystis pouchetii, is closely related 

Phneoc~slis nntnrcticn Antarctic Circumpolar Current 

P. nntarcficn Xlchlurdo Sound 

Prydz Bay 

P. nntarcticn Prydz Bay 

‘I- P. nntnrcticn Weddel Sea 

P. nntnrcticn Weddel Sea 

R nrztnrcticn Prydz Bay 

P. nntnrctirn Plydz Bay 

P. ntrtnrcticrc Prydz Bay 

Phnrocystis globoso Surinam 

Fig. 2. Neighbor-joining distance tree of ITS I sequences from Phoeoc~stis globom. P. pouchetii and P. mtarctica 
The distance corresponding to one change per 100 nucleotide positions is placed below the tree. All but one strain of 
Ph. antnrcticn were isolated from Antarctic continental water masses. indicating that there is little population struc- 
ture within Phct&cyL5tis crntarcticn within this water mass as detected with ITS I sequence data. P. pouchefii is most 
closely related to the P. mtarctica isolate from the Antarctic circumpolar current. 
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to one isolate of P. antarctica taken 
from the Antarctic circumpolar current, 
whereas all other isolates of I? anturcti- 
cu fall into the same clade and are dis- 
tributed around Antarctica in the conti- 
nental water masses. Except for 
Phueocystis pouchetii, similar colony 
morphologies are found in all of the 
other isolates regardless of the amount 
of genetic difference among them. In 
this species complex, relatively old 
divergences between taxa can be 
resolved with the 18s gene but phylo- 
genetic relationships in recently- 
evolved species complexes can only be 
detected using non-coding regions and 
genome size. 

Emiliania huxleyi 

Emiliuniu huxleyi (Lohm.) Hay et 
Mohler, the most abundant representa- 
tive of the Haptophyta, can be found in 
oceanic and neritic waters from sub- 
polar to tropical latitudes. Annual north 
Atlantic blooms may cover up to half a 
million square kilometres (Brown & 
Yoder, 1994), with cell densities of up 
to 105 ml-l and have a major impact on 
both carbon and sulphur cycles. It is a 
very young genus, having separated 
from Gephyrocupsu ca. 268,000 years 
ago. 

I , 

Physiological, morphological, and 
biochemical evidence suggests that E. 
huxleyi may be a multi-species com- 
plex. Three morphotypes, designated A, 
B and C, are recognized and can be 
sorted using standard light microscopi- 
cal techniques (Young & Westbroek, 
1991; van Bleijswijk et al., 1991) with 
significant, but overlapping ultra-struc- 
tural differences between the coccoliths 
of the three morphotypes (Young & 
Westbroek, 1991). Of the three, the C 
morphotype has never been isolated 
into culture. Antisera raised against 
coccolith-associated polysaccharides 
can differentiate .the three morphotypes 
(van Bleijswijk et al., 1991; Young & 
Westbroek, 199 1; van ‘der Wahl, pers. 
comm.); however, antisera raised 
against naked cells can not (Campbell 
et al.; 1989; and pers. comm.). Growth 
rates of A and B morphotype cells dif- 
fer significantly (van Bleijswijk et al., 
1994), as do acclimatised growth rates 
for individual clones of a single mor- 

photype from the same water sample 
(Brand, 1982). Different key biomarker 
compounds (Conte et al., 1995) and 
different pigment compositions 
(Mantoura, unpubl.) can be used to dis- 
criminate oceanic from neritic strains 
of E. huxleyi but not A from B morpho- 
types. On the basis of the above evi- 

A 

G. oceanica 
I - 

Fig. 3. A. Agarose gel showing banding patterns 
produced with the RAPD-PCR technique using the 
1 0-mer oligonucleotide primer OPE-02 from global- 
ly distributed E. huxleyi isolates. 100 base pair lad- 
der (Pharmacia) used as a size marker. 
B. Representation of the genetic distance among 
global strains of E. huxleyi from the agarose gel 
shown (A) using the split-decomposition evolution- 
ary network model with the outgroup Coccolilhus 
pelagicus excluded. Length of all lines proportional 
to the isolation index or the split between the taxa. E. 
huxleyi strains belonging to the A morphotype are 
G1779/a, Van 55, Bl I, MISI, DWN 6187.17; those 
belonging to the B morphotype are MCH 1, Texel B 
and 92D. Gephyrocapso oceanica isolates are EH2 
and G. oceanica. E. hwleyi isolates belonging to the 
North Atlantic bloom are G1779/a and DWN 
61.87.17. 
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dence it seems likely that at least two with the split decomposition program 
species may exist within the general (Fig. 3B, Bandelt & Dress, 1992). The 
concept of E. huxleyi, each exhibiting analysis was performed with and with- 
considerable genetic variability at the out the outgroup taxon, Coccolithus 
intraspecific level. pelagicus (Fig. 3A, B). When C. pelug- 

The genetic reIatedness among geo- icus is included, homoplasy is recov- 
graphically isolated clones of both A ered in the split-diagram (data not 
and B morphotypes of E. huxleyi as shown), which is likely due to a com- 
well as Gephyrocupsu, its closest parison of nonhomologous alleles/ 
ancestor, was compared using the bands because C. pelagicus is too dis- 
nuclear (18s) and plastid (16s) rDNA tantly related to Gephyrocupsa and 
gene and the non-coding region sepa- Emilianiu (see phylogenetic tree in Fig. 
rating the plastid-borne genes encoding 1B). If C. pelagicus is omitted from the 
the two subunits of ribulose 1,5 bispho- RAPD analysis, then a phylogenetic 
sphate carboxylase (rbcL-rbcS spacer). signal in the data set can be interpreted 
The nuclear and plastid-encoded ssu- (Fig. 3B). Both isolates of G. oceunicu 
rRNA genes from both morphotypes of are distinct from all E, huxleyi isolates. 
E. huxleyi (Fig. 1B) as well as from None of the North Atlantic bloom iso- 
Gephyrocupsa oceanica are identical. lates (NAB) can be differentiated; how- 
The faster evolving rbcL-rbcS spacer ever, both the Pacific isolate (Van 55) 
region in the two E. huxleyi morpho- and the B morphotype (MCH-1) from 
types is also identical. The lack of vari- the Sargasso Sea are distinct. Both B 
ation in these coding and non-coding morphotypes from North Sea/English 
regions strongly suggests that the Channel are closely related and well 
genetic separation of the A and B mor- removed from the remaining A mor- 
photypes of E. huxleyi from each other photypes. 
or from their last common ancestor Relative genome size of four A and 
shared with G. oceunicu is too recent to two B morphotypes of E. huxleyi were 
be detected by base substitutions in the compared using flow cytometry, with 
regions we have selected. E. huxleyi clones BT6 (morphotype A) 

Thus, the more sensitive PCR-based and Texel B (morphotype B) as internal 
fingerprinting technique of Randomly standards (Table 2). At least two differ- 
Amplified Polymorphic DNA (RAPD, ent genome sizes are present within the 
Williams et al., 1990) was used to E. huxleyi complex and these appear to 
determine relationships among the iso- segregate the A and B morphotypes. 
lates of E. huxleyi. In Fig. 3A RAPD Among the B morphotypes measured, 
bands of the global isolates amplified both a haploid genotype (Texel B) and 
with OPERON primer OPE-02 (Fig. a diploid genotype (92D) were identi- 
3A) indicate the high level of diversity fied. Among the four A morphotypes 
among all of the isolates taken from tested, BT6 has half the DNA of the 
various ocean basins. RAPD data were other three A morphotypes and has also 
converted to binary data and analysed been designated a haploid genotype. 

Table 2. Flow cytometric determination of relative amounts of DNA in A & B morphotypes of Emiliar~ia hcdeyi 
using chromomycin A3 on methanol fixed cells. Texel B (morphotype B) and BT6,(morphotype A) used as internal 
standards. (D. Marie & D. Vaulot, unpubl.). Both A and B morphotypes contain haploid and diploid components. 
The A and B morphotypes are likely different taxa. 

Strain Morphotype Stage DNA/Texel B DNA/BT6 Interpretation Group 

Texel B B Naked 1 .oo 1.31 Haploid group I 
92D B Naked 1.97 2.57 Diploid group I 
BT6KCMP 373 A Naked 0.73 1.00 Haploid group 2 
Bll A Naked & 0.73 + 1.34 I .o + 2.0 Haploid+Diploid group 2 

Coccoliths 
DWN6 I /8 l/5 A Naked I .30 1.69 Diploid group 2 or ?3 
DWN61/87/17 A Naked 1.30 1.71 Diploid group 2 or ?3 
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Isolate B 11 from Norway contains both 
haploid and diploid components. A 
comparison of a mixture of strains B 11 
(morphotype A) and Texel B (morpho- 
type B) is shown in Fig. 4 to illustrate 
the relative difference in the DNA con- 
tent of the two morphotypes. The deter- 
mination of genome size strongly sup- 
ports the distinction of the A and B 
morphotypes and also suggests that 
both morphotypes may exhibit an alter- 
ation of generation. 

Emiliana huxleyi represents an 
unusual case because phenotypic data 
suggest that it is a species complex. 
However, it is so recent that no differ- 
ences could be found in either coding 
or non-coding regions among eleven 
global isolates to warrant separation of 
the two morphotypes based on molecu- 
lar divergence. Only DNA fingerprint- 
ing could provide any resolution in our 
global isolates. The determination of 
genome size enabled us to make a taxo- 
nomic decision to separate the morpho- 
types at the varietal level based on phe- 
notypic divergence (Medlin et al., in 
press). 

CONCLUSIONS 

Molecular biology provides tools that 
can identify multi-species complexes 
and help clarify our definition of a 
species. Often the taxonomic level to 
which physiological and morphological 
differences should be applied can be 
better interpreted through a molecular 
framework. The molecular technique 
and the region of the genome should be 
carefully selected in order to provide 
the resolution needed to answer the tax- 
onomic questions posed. If the separa- 
tion of sibling species is too recent in 
geological time, then a variety of 
molecular techniques may be needed to 
resolve the problem. 

The examples presented here illus- 
trate how molecular techniques have 
been specifically used to enhance our 
understanding of a “species” in certain 
ecologically important marine phyto- 
plankton taxa cosmopolitan in their dis- 
tribution. The amount of genetic diver- 
gence separating the isolates into dif- 
ferent species or varieties increases 
with time and may also be influenced 
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Fig. 4. Mixture of strains B1 I (morphotype A) and 
Texel B (morphotypes B) stained with the DNA spe- 
cific dye chromomycin A3 and analyzed by flow 
cytometry. The first and third peaks correspond 
respectively to the haploid and diploid Bl I cells in 
the Cl phase of the cell cycle. Few G2 haploid cells 
are also probably included in the third peak. The sec- 
ond peak correspond to haploid Cl Texel B cells. 
The fourth minor peak is likely to be constituted of 
haploid G2 Texel B cells, although the presence of 
diploid Cl Texel B cells cannot be ruled out. (Marie 
and Vaulot, pers. comm.). 

by the rate of evolution in the region of 
the genome analysed. Species complex- 
es have been identified in each taxon; 
in the youngest species, Emiliania hux- 
Zeyi, separation at the varietal level 
seems appropriate (Medlin et al., in 
press). These data also suggest that, 
despite differences in genetic diver- 
gence in these cosmopolitan taxa, a 
conservation of form may have been 
achieved because each has retained a 
specific morphology. Molecular diver- 
gence has continued, which separates 
the taxa in time and space and likely 
provides the ability for these taxa to 
bloom under a multitude of environ- 
mental conditions. 
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ABSTRACT 

The species composition, abundance and spa- 
tial distribution of Chaetognatha in the 
Bransfield Strait, Antarctic Sound and South of 
Guerlache Strait have been studied during a 
cruise in the Antarctic Summer of 1993. The 
samples were collected with a multiple plank- 
ton net (Bioness) and a Bongo net from 56 sta- 
tions. 

Three species have been recorded: 
Eukrohnia hamata, Sagitta gazellae and Sagitta 
marri. The first was the most abundant fol- 
lowed by S. gazellae although it was more fre- 
quent than E. hamata. S. marri was both the 
least abundant and the least frequent. The 
results are discussed in relation to the tempera- 
ture patterns. 

INTRODUCTION 

This paper gives the Chaetognatha 
abundance and spatial distribution in 
the upper 200 m of Bransfield Strait, 
Antarctic Sound and Guerlache Strait. 

The Atlantic Arctic and Subantarc- 
tic Chaetognaths have been studied by 
many authors (Jameson, 1914; Thiel, 
1938; David, 1955; 1958; 1964; 1965; 
Fagetti, 1959; Alvariiio, 1969; Dino- 
frio, 1973; Alvarifio et al., 1983; 
Hagen, 1985; Kapp & Hagen, 1985; 
Hagen & Kapp, 1986; Moreno, 1989; 
Casanova, 1991; Oresland, ‘1995) who 
have recorded fourteen species from 
the Southern Seas, three of which have 
been collected in the present work. 

MATERIAL AND METHODS 

The material was collected during the 
Spanish Antarctic research cruise 

BIOANTAR 93, from January 19th to 
February 15th 1993 on board the 
Spanish Antarctic Oceanographic ves- 
sel B.I.O. “Hesperides”. The area cov- 
ered included Bransfield Strait from the 
westernmost point of King George 
Island to Smith Island in the North, 
(Fig. 1) and from the Antarctic Sound 
to Guerlache Strait in the South, 
extending South along the Guerlache 
Strait in the Bellinghausen Sea, South 
of the Polar Antarctic Circle (Fig. 2). 
The station grid was similar to that of 
the SIBEX/ BIOMASS cruises, with 20 
nautical miles between stations. 

The sampling gear was a multinet 
(Bioness) with a 1 m frame and a 
Bongo net of 0.60 m diameter, provid- 
ed with a flowmeter, both with a mesh 
size of 350 pm. The Bioness logged 
temperature, salinity and depth data, as 
well as net water flow and net pitch at a 
two second interval. The net was 
deployed some meters below the maxi- 
mum sampling depth for the station and 
recovered in an oblique tow. In both 
cases the towing speed was 2.5 knots 
and the depth considered was from the 
surface to a depth of 200 m. The sam- 
ple was fixed and conserved in a 4% 
formaldehyde-seawater solution. The 
filtered water volume was determined 
from the previously calibrated flowme- 
ters and,. in the case of the Bioness, 
adjusted with the pitch data. The abun- 
dance of Chaetognatha is given as the 
number of individuals per 1000 m3. 

Bransfield Strait is a semi enclosed 
sea limited by the Antarctic Peninsula 
and the Southern Shetland Islands. The 
thermal structure and circulation has 
been studied by several authors (Rojas, 
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Fig. 1. Sampling stations during BIOANTAR 93 (January-February 1993) in Bransfield Strait. 

Bellinghausen Sea 

1986; Niiler et al., 1991; Capella et al., 
1992; CICYT, 1993; Arcilla &  Garcia, 
1993; Garcia et al. 1994). The ex- 
change of waters is limited by the local 
bathymetry and the hydrography is 
determined by the advection of rela- 
tively warm and fresh Bellinghausen 
Sea waters and the inflow of cool and 
salty Weddell Sea water (Garcia et al., 
1994). Its temperature patterns during 
the study period, after Garcia et al. 
(1994: 859), can be seen in Figs 3,4. 

RESULTS AND DISCUSSION 

Fig. 2. Sampling stations during BIOANTAR 93 
(February 1993) in Guerlache Strait). 

Chaetognatha were collected in the 
epipelagic layer from 98,21 %  of the 
stations with an average density of 177 

Longitude 
-62 50 -61 96 -6142 -6088 -6033 -5979 -59 25 -5871 -58 17 -57 63 -57 08 -56 .U -56 00 

-62 17 1 

-62 53 

-63 63 

Fig. 3. Temperature distribution at a depth of 5 m  in Bransfield Strait during BIOANTAR 93 
(January-February 1993) (after Garcia et al 1994). 
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Fig. 4. Temperature distribution at a depth of 200 m in Bransfield Strait during BIOANTAR 93 (January 
-February 1993) (after Garcia et al 1994). 

ind. 1000 m-3 with a wide range of vari- 
ation. 

Three species were collected: 
Eukrohnia ham&a (Mobius, 1875); 
Sagitta gazellae Ritter -Zahony, 1909; 
and S. marri David 1956, with the two 
latter ones being considered endemic 
for these waters (David, 1965). All the 
individuals collected were immature. 

Eukrohnia hamata was present in 
94.6 % of the stations and represented 
92 % of the total Chaetognatha collect- 
ed. The distribution (Fig. 5) shows a 
higher abundance in the northern area 
of Bransfield Strait, along the Southern 
Shetland Islands coast, and the 
Bransfield water mass (Figs 3, 4). It is 

also present, with more or less the same 
abundance, at the five stations in the 
Guerlache Sea (Fig. 6). 

It is a cosmopolitan species but 
some authors consider that, even 
though they are the same species, the 
populations north and south of the sub- 
tropical convergence are different 
(David, 1965; Pier-rot-Bults, 1976). It is 
considered by all the authors as the 
most abundant of the Antarctic species 
(David, 1964). 

In our samples this species abun- 
dance increased with depth and in the 
literature it is reported to reach its max- 
imum abundance between 200 and 400 
m, although large numbers can be 

63”- 
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.7 
2e@ y 

a ’ 
7 0 . . 

ni 1000 m3 
00 
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Fig. 5. Abundance of Eukrohniu hamatu in Bransfield Strait. 
58” 57” 56” w 55” 
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Fig. 6. Abundance of Eukrohnia hamatn in Fig. 8. Abundance of Sngitta gazellae in Guerlache 
Guerlache Strait. Strait. 

found throughout the water column and 
the species exists down to a depth of 
2000 m (Alvarifio et al., 1983). 

Sagitta gazellae was present in 92.8 
% of the stations but had an abundance 
of 6.8% of the total number of Chaeto- 
gnatha. Its distribution (Figs 7, 8) 
showed a homegenous pattern in the 
whole study area, with an interesting 
absence in the middle part of Bransfield 
Strait (Figs 3, 4). 

David (1965) considers it to be more 
abundant in the uppermost layer while 
Hagen (1985) states it is most abundant 
between 150 and 400 m deep. Moreno 
(in preparation) found it most abundant 
in the 200 - 400 m layer. 

Sagitta man-i was the least abundant 
and was only present in 35.7% of the 

stations and represented 0.73% of the 
total Chaetognatha. It was only present 
in the northern and western part of the 
Bransfield Strait (Fig.9) to which it 
seems to be restricted in the upper 200 
m of the water column. It was absent at 
all the stations in the Guerlache area. It 
is considered as a deep species, 
although the various authors differ in 
the depths mentioned, David (1964) 
mentions 250 -500 m, while Hagen 
(1985) gives 200 -750 m. Moreno (in 
preparation).finds it reaching its maxi- 
mum at 600 -1000 m deep 

All three species did not show their 
highest abundance in the epipelagic 
layer. The fact that all the specimens 
were immature clearly points to a sea- 
sonal ontogenetic bathymetric variation 

S 

62". 

63" 

63" 6T 61" 60" 59 

Fig. 7. Abundance of Sagittu gazellae in Branslield Strait. 
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Fig. 9. Abundance of .Sugitta rnarri in Bransfield Strait. 

(David, 1958; Alvarifio et al., 1983) 
and that the more mature individuals 
migrate into deeper waters (Hagen, 
1985). 
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ABSTRACT 

The nearshore waters of Bombay sustain a rich 
and diverse zooplankton fauna. Continuous 
observations for a period of 1.5 months indicat- 
ed a variation from 0.4 to 19.9 mg C.m-3 (av. 
4.3 mg C.m-3) in zooplankton biomass. The 
zooplankton production peak was found during 
the postmonsoon period of October to January 
following the unusually high phytoplankton 
production of the monsoon period (June to 
September, av. cell count 729 x 103.1-i). Of the 
forty two species, Acartia spinicaudu dominat- 
ed the copepod community. Four species of 
chaetognaths were found in the area with pre- 
dominance of Sagitta bedoti. Among the 
penaeid larvae Metapenaeus uffitzis was the 
most common species. Population of omni- 
vores dominated the zooplankton community. 
On an average the percentage contributions of 
omnivores, herbivores and carnivores were 
respectively 69, 20 and 11. The zooplankton 
community appears to be partially influenced 
by the high fluxes of anthropogenic pollutants 
reaching the coastal waters from the interior 
creek system. 

Production potential and community 
structure of zooplankton off Bombay 
coast are of importance due to its vital 
location along the central west coast of 
India. Though a few reports on zoo- 
plankton are available for the area 
(Gajbhiye & Desai, 1981; Nair et al., 
1983; Gajbhiye et al., 1991) a compre- 
hensive account on zooplankton has yet 
to be established and the present study 
contemplates this aspect. Rapid indus- 
trialisation of this metropolis has 
caused environmental stress in some of 
the creek environments (Zingde et al., 
1979; Lodh, 1990; Nair et al., 1991) 
which may have subtle impact on the 

coastal marine ecosystem off Bombay. 
Hence the baseline evolved is useful 
for future assessment of the zooplank- 
ton community primarily to understand 
the change, if any, over a period of 
time. 

MATERIAL AND METHODS 

Zooplankton samples were collected 
every month from October 1985 to 
September 1986 from selected loca- 
tions off Bombay (Fig. l), from depths 
of 15 to 20 m. A Heron Tranter net 
(mesh size 0.3 mm; mouth area 0.25 
m*) fitted with a TSK flow meter was 
used for oblique collections. Analysis 
of zooplankton was done as per stan- 
dard procedure (IOBC, 1969), in which 
displacement volume is considered as 
biomass. Zooplankton were identified 
and enumerated from whole samples or 
aliquots depending on sample size. 
Trophic grouping of total zooplankton 
and copepods were based on food and 
feeding habits (Raymont, 1983; Timo- 
nin, 1971). A duplicate sample was col- 
lected for estimation of organic carbon 
content following the method of El 
Wakeel & Riley (1957) in which 
biomass values are converted into car- 
bon equivalents. Water samples were 
collected for relevant environmental 
parameters to monitor the water quality. 
The Shannon-Wiener diversity index 
H’, evenness E and the Margalef D 
value were estimated (Margalef, 1968). 

RESULTS AND DISCUSSION 

The fluctuations in various physico- 
chemical parameters (Table 1) are 
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Bombay Harbour 65” 70 7s 80 
Fig. 1. Bombay coast showing location of observation (hatched area). 

linked with the monsoon. During the investigation is most influenced by the 
monsoon period salinity values are rel- Thana creek which receives > 180.106 
atively low due to freshwater input mj/day of industrial effluent and 
through the adjacent creeks. Oxygen 350.106 m3/day of domestic sewage 
level is comparable to a healthy coastal (Lodh, 1990). This enhanced the levels 
marine environment. However, concen- of nitrate in the nearshore environment 
tration of nutrients particularly nitrate and supported a rich phytoplankton 
is always high. Most of the creeks population. Chlorophyll a has a maxi- 
around Bombay receives sewage and mum during the monsoon (av. 2.4 
industrial effluent. The present area of mg.m-3) with comparable values for the 
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premonsoon (av. 1.3 mg.m-3) and post- 
monsoon (1.1 mg.m-3) periods. Phyto- 
plankton cell counts also show a simi- 
lar trend with a peak coinciding with 
the monsoon (Table 1). 

Zooplankton potential 
Maximum standing stock was observed 
during the postmonsoon period with a 
peak in October (2.9 ml.m-3). In terms 
of carbon equivalent the production 
varied from 0.4 to 19.9 (av. 4.3) mg 
C.m-3 (Fig. 2). The ratios for monsoon, 
premonsoon, postmonsoon was 1 : 1.4 : 
2.9. Population density of zooplankton 
was maximum for the premonsoon 
period (Table 1). The relatively low 
population density during the postmon- 
soon period was due to the aggrega- 
tions of medusae and ctenophores in 
the area (Fig. 3). It appears that these 
gelatinous organisms are transported to 
the area from the interior creek envi- 
ronment of Thana where proliferation 
of medusae (Blackfordia virginica, 
Eivene ceylonensis and Eutima com- 
mensalis) and ctenophores (Pleuro- 
brachia glgbosa) is a recurrent phe- 
nomenon associated with industrial 
waste input (Lodh, 1990). 

Copepods 
The contribution of copepods varied 
from 44 - 97% of the total population 

of zooplankton. They dominated the 
zooplankton community except in 
April and June. Fourty-two species of 
copepods belonging to 19 genera were 
identified. On average the number of 
species recorded for monsoon, premon- 
soon and postmonsoon were in the 
order of 19, 18 and 14 respectively. 
Acartia was the dominant genus. The 
common species observed were A. 
spinicauda, A. centrura, Centropages 
dorsispinatus, Paracalanus aculeatus, 
A. pacifica, Eucalanus subcrassus and 
Canthocalanus pauper (Fig. 4). A. 
spinicauda dominated the copepod 
population in October 1985 (61%) 
while A. centrura contributed 52 and 
74% of the total number of copepods 

0.01 I I 1 I 1 I I I I 
ASONDJ FhlAMJ J AS0 

1985 I 1986 

-+- Biomass (ml.ni3) 
+ Population (no.ni3) 
-+ Production (mg.C.me3) 

Fig. 2. Variation in zooplankton biomass and popu- 
lation off Bombay. 

Table 1. Water quality and selected plankton characteristics off Bombay. Values are given as range and average in 
parenthesis. 

Parameter 

Temperature (“C) 
Salinity %0 
PH 
DO (mg/l) 
BOD (mg/l) 
Phosphate (ugat/l) 
Nitrite @tgat/l) 
Nitrate (pgat/l) 
Chlorophyll a (mg/m”) 
Phytoplankton cell 
count (n x 103/l) 
Zooplankton biomass 
(ml/m.i) 
Zooplankton production 
(mg Urns) 
Zooplankton population 
(n/m3) 
Taxonomic groups (n) 

Premonsoon 
(February-May) 

27.0-30.0(2&l) 
35.6-37.0(36.4) 

7.9-8.2(8. I) 
6.1-8.1(6.8) 
1.7-2.6(2.1) 
0.3-2.6( 1.7) 
O.l -2.8(0.8) 
1.4-17.3(8.8) 
OS-2.6( 1.3) 

61-l 14(88.2) 

0.04-0.64(0.20) 

I.]-9.1(3.5) 

122-697 l(2005) 
7-15(11) 

Monsoon 
(June-September) 

27.0-29.2(27.7) 
26.9-35.8(33.2) 

7.7-8.1(7.9) 
6.2~8.7(7.5) 
0.3-2.2( 1.6) 
0.7-4.4( 1.9) 
O.l-1.8(0.8) 

0.2-23.9( 10.3) 
0.5-4.8(2.4) 

83-2735(729.3) 

0.02-0.78(0.23) 

0.4-6.5(2.4) 

67-2235(4 14) 
IO-14( 12) 

Postmonsoon 
(October-January) 

25.0-28.0(25.7) 
34.8-36.6(35.7) 

7.7-8.2(7.9) 
4. I -7.6(6.1) 
I .O-2.5( I .5) 
I .4-4.9(3.0) 
0.7-4.7(2.3) 

l.l-29.2(13.7) 
0.5-2.1(1.1) 

26-528( 107.4) 

0.6-2.9(0.87) 

2.5- 19.9(6.9) 

586- 1938(994) 
13-l6(14) 
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Fig. 3. Relative percentages of major groups of zooplankton off Bombay. I) medusae, 2) ctenophores, 3) chaetog- 
naths, 4) copepods, 5) decapods, 6) gastropods, 7) other groups. 

100 % 

75 % 

50 % 

25 % 

0 q. 
ALQ Sep Ott Nov Dee Jan Feb Mar Apr May Jun Jd Aug Sep Ott 

1985 I 1986 

Fig. 4. Relative percentages of common species of copepods off Bombay. I ) Cr~rzt/zoca/an~ts pnqwr. 2) ELKXI~~L~~ 
.s&mssus. 3) Parncnlnrms nculeatus, 4) Acrocnlanus sp., 5) Acnrtin cer~trum. 6) A. spinica~rck~. 7) other species. 
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during December and February respec- 
tively. Temora turbinata, Euterpina sp., 
Microsetella sp., Oncaea sp. and 
Pseudodiaptomus .annandalei were 
restricted to the monsoon period while 
Euchaeta indica and Centropages 
orsinii were encountered only during 
the premonsoon period. Allodiaptomus 
sp was found only in the postmonsoon 
season. The Shannon-Wiener diversity 
index (H’) fluctuated between 1.65 and 
3.46 with a maximum value in January 
when 17 species were recorded. An 
evenness (E) of 0.85 was recorded at 
that time. The minimum value of H’ 
coincided with the E value of 0.45 
when the total number of species 
dropped to 13. The Margalef D value 
showed a variation of 0. 82 (June) to 
2.23 (December) when the respective 
numbers of species found were 20 and 
11. The species composition indicated 
dominance of omnivores (70%) over 
herbivores (23%) and carnivores (7%). 
Though a peak in phytoplankton densi- 
ty was found during the monsoon peri- 
od, the population maximum of phy- 
tophagous copepod in the community 
did not synchronise with it (Table 2). 

Decapods 
Decapods were present throughout the 
period of investigation contributing 0.6 
(February) to 45.2% (April) of the total 
population of zooplankton population. 
Seasonal maximum density (no. ind. 
m-3) was during the premonsoon (73), 
rather than the monsoon (55), and post- 
monsoon (41) periods. Among the 
decapods, Sergestidae, Penaeidae, 
Caridea, Scyllaridae, Thalassinidae, 
Paguridae, Porcellanidae and Brachy- 

ura were present. The major part of the 
population were larval stages, the only 
exception being Sergestidae represent- 
ed by adults of Acetes and Lucifer. 
Brachyura formed the largest group 
among the decapod larvae (0.1 to 
99.9%; av. 49%) represented by the 
zoea and megalopa larvae. A relatively 
stable population was found during the 
postmonsoon period. Penaeid larvae 
were dominated by Metapenaeus. The 
species present were A4. afjnis, M. dob- 
soni, M. monoceros, Penaeus indicus 
and Parapenaeopsis sp. The breeding 
period of penaeids appears to be the 
monsoon and premonsoon periods. The 
distribution pattern of Acetes indicated 
maximum abundance during April to 
July coinciding with the lean 
season off the Bombay coast. 

Chaetognaths 
Chaetognaths contributed 
(December) to 13% (August) 
total zooplankton numbers.m-3. 

fishing 

0.2% 
of the 
Maxi- 

mum average population density was 
observed during the premonsoon period 
(19.m-3) than it drops in the postmon- 
soon (8.m-3) and the monsoon (6.m-3) 
period. Sagitta bedoti was the dominant 
species. Other common species ob- 
served in the area were S. enflata, S. 
Oceania and S. robusta (Ramaiah & 
Nair, 1993). S. robusta showed a very 
low frequency of occurrence, and S. 
bedoti exhibited continuous breeding 
with intense spawning during Decem- 
ber, February to June, and August. 

Community structure 
The different groups represented (Fig. 
3; Table 1) in the collections varied 

Table 2. Percentage contribution of herbivores, omnivores and carnivores to the zooplankton community. 

Group Aug Sep Ott Nov Dee Jan Feb Mar Apr May Jun Jul Aug Sep Ott 

Total zooplankton 

Herbivores 9.1 12.5 9.3 4.9 2.5 31.5 11.0 44.0 23.4 61.0 24.9 19.5 15.6 35.9 2.9 
Omnivores 59.6 84.9 80.7 87.7 97.0 48.2 85.7 41.2 70.2 31.5 64.4 61.8 76.8 58.2 82.2 
Carnivores 30.9 1.6 10.0 7.4 0.5 20.3 3.3 14.9 6.4 7.5 10.7 18.7 7.6 5.9 14.9 

._ - 
Copepods 

Herbivores I I I I 5.3 3.5 1.3 32.6 9.3 48.9 33.7 67.7 41.2 25.3 II.0 39.5 2.8 
Omnivores 73.5 88.4 91.2 95.2 98.6 47.0 88.3 38.1 56.7 26.4 49.4 68.1 79.0 55.8 92.6 
Carnivores 15.4 0.6 3.5 1.4 0.1 20.2 2.3 13.0 9.6 6.0 9.4 6.7 10.0 4.7 4.6 
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from 7 to 16 (av. 12). Higher densities 
in medusae and ctenophores were 
observed during the postmonsoon (av. 
25 ind.m-3) than during the other two 
seasons (av. 11 ind.m-3). Larval stages 
of gastropods and bivalves were fairly 
abundant with maximum abundance 
respectively for the premonsoon and 
postmonsoon periods. Polychaetes, os- 
tracods, mysids, isopods, amphipods, 
cirripede larvae, stomotopod larvae, 
copelates, fish eggs and fish larvae 
were common in the collection. Larvae 
of anthozoans and echinoderms, 
pteropods, cladocerans and cumaceans 
were rarely recorded from the area. 
Salpa maxima and Ritteriella ambonen- 
sis appeared in low numbers in 
September (4 ind.m-3), leading at inter- 
vals to congregations in October (30 
ind.m-3), disappearing again in Novem- 
ber. This appears to be a recurring phe- 
nomenon coinciding with the peak fish- 
ing season, particularly that of pomfret 
fishery (Lodh et al., 1989). Salps con- 
tributed 43% of the gut content of pom- 
fret caught in this area. Invariably 
omnivores predominated the area 
except during March and May (Table 
2). On average the relative percentages 
of omnivores, herbivores and carni- 
vores were 69, 20, and 11. Dominance 
of omnivores in the polluted creek 
environments of Bombay has already 
been reported (Gajbhiye, et al., 1991). 

In order to study the coexistence of 
the different groups of zooplankton, a 
matrix of correlation over time was 
worked out. A significant positive cor- 
relation implies coexistence between 
the groups. R values at p < 0. 001 were 
considered to be the best correlation. 
Chaetognaths and siphonophores indi- 
cated a significant positive correlation, 
suggesting an association of gelatinous 
carnivores. Cumaceans and copelates 
coexisted, whereas thaliaceans occurred 
along with isopods and amphipods. 
Gastropods showed a significant corre- 
lation with echin,oderm larvae while 
cirripede larvae and fish larvae occur- 
red together. A negative correlation 
was observed between copepods and 
decapods. 

Characteristic features 
The area supports a fairly rich and 
diverse zooplankton community, and is 

twice as productive compared with the 
coastal waters north and south of the 
survey zone (Lodh, 1990). The produc- 
tion peak in zooplankton was succeed- 
ing the phytoplankton bloom. However, 
the zooplankton community was not 
dominated by herbivores even during 
the phytoplankton bloom period, indi- 
cating deviation from the normal pat- 
tern. Considerable increase in zoo- 
plankton standing stock was reported 
from the interior polluted locations of 
Thana creek because of high popula- 
tions of carnivores compared to herbi- 
vores. Such an unbalanced state of the 
zooplankton community is a character- 
istic feature of areas receiving substan- 
tial industrial waste inputs (Lodh, 
1990). Enhancement in nutrient level, 
dominance of omnivores and prolifera- 
tion of gelatinous carnivores in the area 
are indicative of the influx of polluted 
water masses from the Thana creek. 
Such fluxes of anthropogenic pollutants 
lead to subtle modifications in the 
coastal marine ecosystem off Bombay. 
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ABSTRACT 

Through their activities human beings have 
markedly affected the ecosystems of the coastal 
areas of the oceans. The biological communi- 
ties of the open ocean, however, are still only 
marginally affected and therefore offer unique 
opportunities for comparing the effects of phys- 
ical, chemical and biological impacts due to 
human activities. Examples from two highly 
eutrophicated semi-enclosed sea areas (the 
Black Sea and Tokyo Bay), show that changes 
in the food-web structure can occur. To distin- 
quish between short-term human impacts, natu- 
ral cyclical phenomena, and effects from long- 
term anthropogenetically induced climate 
changes, large-scale multi-disciplinary time- 
series surveys at selected stations with empha- 
sis on taxonomic analyses should be set-up to 
monitor changes in species distribution patterns 
and their causes. 

INTRODUCTION 

Human beings are affecting distribution 
patterns of the pelagic biota in the seas 
in numerous ways, by both direct, 
short-term changes and also by indi- 
rect, long-term climatic changes. These 
changes in many cases are irreversible 
and analogous to chopping down the 
world’s rain forests, we are systemati- 
cally undermining the biodiversity of 
the seas. Many of the views in this 
paper have been developed from the 
themes detailed in Omori et al. (1994) 
(a SCOR Working Group 93’s report) 
and here we emphasize several current 
phenomena affecting distribution pat- 
terns that are still only partially under- 
stood and recommend some procedures 
that should be taken to monitor these 
changes. 

CATEGORIES OF ANTHROPOGENIC 
SHORT-TERM EFFECTS 

Anthropogenic short-term effects on 
the pelagic biota can be broadly catego- 
rized into physical, chemical and bio- 
logical components (Fig. 1). 

Physical impacts 
Firstly, structures such as dams and 
dykes, by impeding the natural flow, 
disrupt pathways by isolating local 
water flows or reducing water exchange 
with the sea; a current example being 
the construction of the road link in the 
Baltic between Denmark and Sweden 
(Pearce, 1995). Other major physical 
impacts occur by opening pathways, 
for example, by digging canals between 
ocean basins such as the Suez and 
Panama Canals (Oren, 1969). Ecosys- 
tems have also been affected markedly 
by altering the nutrient input by 
damming rivers. For example, the con- 
struction of the Aswan High Dam has 
led to the oligotrophication of the east- 
ern Mediterranean and subsequent 
deterioration in both plankton biomass 
and fisheries in that area (Ben-Tuvia, 
1973). Finally, physical impacts occur 
via shipping by the transportation of 
alien organisms to new environments. 
For many benthic invertebrates which 
settle on the wooden hulls of ships this 
process has presumably been occurring 
for centuries, having had marked 
effects on the zoogeography of benthic 
species and the genetic diversity of iso- 
lated communities (Carlton & Hodder, 
1995). The development of ballast 
tanks, however, together with the 
increasing speed of ship transport has 



IOC Workshop Report No. 142 
Page 280 

ISHORT-TERM 1 

Deliberate & accidental introductions 

DISRUPTION OF DISTRIBUTION PAlTERN LL---L-L, I/‘/’ 
Fig. 1. Anthropogenic effects on the distribution patterns of marine organisms. 

allowed pelagic organisms, drawn into 
the ballast tanks with the ballast water, 
to undergo similar extensions in zoo- 
geography (Carlton, 1985; Hallegraeff 
& Belch, 1992). Unlike organisms 
externally attached to the hull, ballast 
tanks provide a stenohaline environ- 
ment and, due to the large volume of 
water in the tanks, an environment that 
will undergo smaller temperature fluc- 
tuations. Examples, although often dif- 
ficult to confirm due to a lack of previ- 
ous zoogeographical data, can probably 
be found in most marine phyla, but for 
the pelagic community most notable 
are toxic dinoflagellates and gelatinous 
plankton. Alien species may have 
noticeable advantages over endemic 
ones as they may be free of or exposed 
to fewer species-specific parasites and 
diseases, depending on whether these 
pathogens were transported with the 
invading species. Also species with 
toxic defenses, for example dinoflagel- 
lates may be exposed to grazing species 
that have no evolutionary experience of 
dealing with these novel toxins (Turner 
& Tester, 1989; Omori et al., 1994): 
Furthermore, advantages may occur to 
alien species when co-transported 
pathogens are able to infect endemic 
species which will not have the 
immunological experience specific for 
those pathogens and these species will 
therefore be competitively weakened. 

Chemical impacts 
Pollutants may act as chronic stressors 
on certain species, reducing or in cer- 
tain cases expanding distributions. The 
role of excessive nutrient input and the 
imbalance in nutrient ratios, e.g. nitro- 
gen/silica, alters the competitive edge 
of certain phytoplankton species and 
therefore may alter the food web and 
biodiversity of the entire ecosystem 
(see Omori et al., 1994). 

Biological impacts 
Here we refer to the removal of select- 
ed species from the natural environ- 
ment via fishing or the input of large 
numbers of fingerlings into an environ- 
ment to enhance fisheries. Both these 
activities have major effects on the 
food web as a whole, as the biomass of 
certain predator species is altered. 
Although large scale fishing has a his- 
tory of several hundreds of years, the 
logistics of monitoring the effects on 
the food web in total are still at a rudi- 
mentary stage. The effects of enhanced 
fisheries by adding very large numbers 
of similar sized, often genetically very 
similar individuals into a confined area 
may lead to an immense predation 
pressure on a similar sized, finite, natu- 
ral prey resource and possibly under- 
mine the survival success of natural (= 
genetically diverse) siblings (Omori et 
al., 1992). Further, deliberate introduc- 
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tions of alien species for aquaculture, 
aquarium trade or fisheries purposes, or 
the accidental introductions and 
escapes of farmed specimens from 
these programs also have affected dis- 
tributions (Omori et al., 1994). 

EFFECTS ON FOOD WEB STRUCTURE 
AND BIODIVERSITY 

Factors from the three composite cate- 
gories may synergistically stress bio- 
logical communities in a chronic fash- 
ion, progressively altering the structure 
of the food webs and reducing biodi- 
versity. Biodiversity is acutely affected 
when specific (opportunist) species 
reach bloom proportions over extended 
periods of time, although short-term 
blooms of phytoplankton species in 
temperate seas are a natural phenomena 
caused by differences in rates of pro- 
duction between the grazers and the 
phytoplankton production. Under stable 
conditions, generally there is a broad 
size range within the phytoplankton 
species. The predominant grazers on 
this phytoplankton community are 
copepods, which collect food particles 
using setose appendages, a process 
analogous to sieving, and thus a specif- 
ic phytoplankton prey size is selected 
for. In undisturbed environments, there- 
fore, a broad size range (diversity) of 
both phytoplankton and copepod 
species occur. 

Where eutrophication stresses the 
ecosystem, opportunist phytoplankton 
species with high production rates may 
dominate as blooms with high cell con- 
centrations, and in the area of the 
bloom the available size range of prey 
to grazers may be temporally restricted. 
With high levels of eutrophication, 
blooms may occur over more extended 
periods and the biodiversity of the 
copepod stratum of the food web will 
be reduced due to the restriction of 
available prey sizes. Excessive phyto- 
plankton production in blooms accu- 
mulate and decompose. In these condi- 
tions energy flow through the food 
chain may be altered and microbial 
activitiy is enhanced. The food webs 
may shift to a more complex one, with 
a “microbial loop” based on bacteria 
and their predators, microflagellates 

(Azam et al., 1983; Urban et al., 1992). 
Gelatinous plankton which use non- 
size specific methods of collecting sus- 
pended particles, i.e. mucus feeding 
webs in Noctiluca, mucus filters in 
tunicates, and tentacles in jellyfish and 
ctenophores, may predominate under 
such quasi-stable conditions. The high 
reproductive potential of some gelati- 
nous plankton with asexual reproduc- 
tion in conditions of high food avail- 
ability, may account for the rapid popu- 
lation increase of these predatory 
species. Reported blooms of dinoflagel- 
lates, jellyfish and other gelatinous 
plankton are increasingly common 
occurrences in coastal waters and semi- 
enclosed seas (Wilkerson & Dugdale, 
1983; Lotan et al., 1992). 

CHANGES IN TWO SEMI-ENCLOSED SEA 
AREAS WITHHIGHEUTROPHICINPUT 

Black Sea 
In the Black Sea high levels of chemi- 
cal input from the Danube, Dnieper etc. 
have lead to a stressed environment and 
eutrophication over the past 40 years. 
According to Zaitsev (1992), since the 
1960s eutrophication has led to a high- 
er standing biomass (and presumably a 
higher production rate) of algal species. 
The bottom fauna of the northwestern 
shelf underwent marked changes due to 
the significantly increased phytoplank- 
ton deposits. The ubiquitous jellyfish 
Au&a aurita in turn showed markedly 
higher biomasses in the mid-1980s 
probably because of the removal of its 
predators by fisheries. Algal blooms 
and the increased jellyfish biomass fur- 
ther lead to a shift away from large, 
specialized zooplankton towards small 
sized opportunistic species. However, 
the single most marked impact on the 
pelagic ecosystem occurred between 
1988-92 when an exotic ctenophore, 
Mnemiopsis leidyi reached plague pro- 
portions after being introduced to the 
Black Sea presumably via ship ballast 
water from the Atlantic coast (Zaitsev, 
1992; Mutlu et al., 1994). This 
ctenophore further removed the cope- 
pod grazers, even the smaller ones such 
as Oithona nana (A.V. Kovalev, pers. 
comm.), and this led to the uncon- 
trolled growth of certain dinoflagellate 
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@ Noctiluca miltiris (P) 
@ Aurelia aurita (P) 
@ Mnemiopsis leidyi (P) 

@ Gimnammodytes cicerellus (N) 

@ Engraulis encrasicholus 
ponticus (N) 

@ ma arenario (B) 

@ Ceniropagesponticur (P) 

@ Oirhona nana (P) 

@ Penilia avirostris (P) 
1960 1965 1970 1975 1980 1985 1990 @ Osrraea edulis (B) 

($3 Scomber scombrus (N) 

Fig. 2. Changing relative abundance of some common taxa of fauna in the northwestern coastal waters of the 
Sea from 1960 to 1990. P. danktonic: N. nektonic: B, benthic. Redrawn from Zaitsev (1992), with suggestion 
A.V. Kovalev (pers. comij. 

species (Fig. 2). Due to the large com- 
ponent of gelatinous plankton, the 
calorific value of the total zooplankton- 
ic biomass has markedly declined, this 
undoubtedly having a knock-on effect 
further reducing the fisheries of this 
Sea (Shushkina & Musayeva, 1990). 

Tokyo Bay 
We can see similar phenomena in 
Tokyo Bay (Omori et al., 1995). Until 
the 1950s the zooplankton community 
of Tokyo Bay was dominated by the 
relatively large copepods Acartia 
omorii and Paracalanus spp. With 
increasing industrial activities along the 
coastline of the Bay and the input of 
excessive nutrients after the 196Os, 
these copepods were increasingly 
replaced by the smaller ones, i.e. 
Oithona davisae, which is assumed to 
be too small for many planktivorous 
fish in the Bay., The almost simultane- 
ous occurrence of blooms of Aurelia 
aurita became remarkable. Aurelia 
aurita is able to prey on a broad size 
range of copepods including 0. davisae, 
but because of their higher turnover 
rate than larger copepods, 0. davisae is 
able to maintain its population density 
at a certain level. Removal by A. auritu 
of a significant proportion of the cope- 

Black 
of Dr. 

pod standing biomass further encour- 
ages blooms of phytoplankton species. 
After a bloom of diatoms, usually 
nanoplanktonic flagellates become 
most abundant in summer, and the con- 
sequent decay of these has lead to areas 
of sulphur-rich anoxic bottom waters 
(aoshio) in some areas of the Bay. 

DISCUSSION 

The classical food chain (diatoms- 
copepods-fish) that support fisheries in 
temperate regions may be stressed to 
alternative quasi-stable states. Still, as 
yet, the factors leading from a stable 
and simple food chain [diatoms-cope- 
pods-fish] to a quasi-stable [dissolved 
organic matter (D.O.M.)-bacteria- 
microflagellates-gelatinous, organisms]. 
and finally to systems dominated by a 
few species or in extreme cases to abi- 
otic systems have only been partially 
detailed. The initial role of chemical 
eutrophication in initiating system. 
instability is clear (see Kimor, 1991), 
but the compounding effects of physi- 
cal (e.g. alterations of water flow) and 
biological (e.g. introduction of alien 
species, removal of predators via fish- 
ing pressure) factors requires systemat- 
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ic analysis. 
Much of the current research on 

short-term anthropogenic effects on the 
marine environment has been carried 
out on the coastal margins. But what 
about the offshore oceanic environ- 
ment? Many of the above examples 
have been taken from semi-enclosed 
and coastal sea areas but human 
impacts may be increasingly affecting 
the oceanic realms, although the lack of 
data does not allow systematic analysis. 
In certain oceanic areas natural interan- 
nual and interdecadal fluctuations in 
physical and therefore biological com- 
ponents occur, for example El Nifio and 
the “Russel cycle” (Southward, 1980). 
In many cases the way in which these 
natural cyclical phenomena affect the 
distribution patterns and food web 
structure is only partially understood. 
Without baseline data on the effects of 
natural cyclical phenomena on the bio- 
logical community structure the com- 
pounding anthropogenic effects of both 
direct, short-term and indirect, long- 
term climatic changes will be difficult 
to ascertain. Comparison of the struc- 
ture of food webs and taxonomic com- 
position between anthropogenically 
affected and non-affected water masses 
is needed to detail the role of short- 
term human impacts and separate these 
from natural cyclical phenomena and 
long-term anthropogenically induced 
climatic changes. To understand what is 
happening to marine ecosystems, inter- 
national and interregional scale, multi- 
disciplinary time-series surveys at 
selected fixed stations or lines, with 
emphasis on taxonomic analyses moni- 
toring changes in species distribution 
patterns and their causes should be 
highly emphasized. 
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ABSTRACT 

Pelagic systems are the largest on earth. 
Compared with the terrestrial habitat these sys- 
tems, which are composed of taxa with vast 
ranges, do not show high species richness. So 
the question is why are there so few species in 
such a vast habitat. One of the reasons may be 
that there is a lot of genetic diversity within one 
pelagic species because of the very large distri- 
butional ranges in which the different popula- 
tions encounter different environmental condi- 
tions. Also the fact that there are cryptic species 
should be taken into account. 

INTRODUCTION 

Chaetognatha occur everywhere in the 
ocean, from inshore coastal waters to 
the open ocean and from the surface 
throughout the water column to close to 
the bottom. The macrozooplankton 
fauna is bathymetrically zoned into epi, 
meso, and bathypelagic layers, respec- 
tively from about O-200 m, 200-1000 m 
and >lOOO m depth. 

The highest number of species is 
found in the tropical Indo-Malayan 
region, but in general the number of 
species decreases from low to high 
latidudes. 

Vertically the zone of maximum 
abundance of Chaetognatha is in the 
upper 200 m of the water column. The 
maximum number of species is found 
at about 200 to 300 m, where the epi- 
and mesopelagic fauna’s are mixing. 
The recent biogeographic patterns are 
caused and maintained by present-day 
environmental parameters such as cli- 
mate, food regimes, water circulation, 
but are also influenced by geological 
events such as the geological forma- 
tions of the oceanic basins and the evo- 

lutionary history of the phyla living in 
those basins which is reflected in their 
phylogeny. 

Chaetognatha are used as an exam- 
ple to illustrate patterns of diversity 
both intra- and infraspecific in macro- 
zooplankton and their relation with the 
distribution patterns 

CHAETOGNATHA SYSTEMATICS 

The phylum Chaetognatha comprises 
two orders, the Phragmophora which is 
characterized by having both transverse 
and longitudinal musculature, and the 
Apragmophora which have only longi- 
tudinal musculature. The first order 
includes the three benthic genera 
Spadella Langerhans, 1880, Para- 
spadella Salvini-Plawen, 1987 and 
Bathyspadella Tokioka, 1939, and two 
planktonic genera Eukrohnia Ritter- 
Zahony, 1909 and Heterokrohnia 
Ritter-Zahony, 1911. These five genera 
include about 40 recorded species. The 
Phragmophora contain the majority of 
the chaetognath species, about 80 
known species which are all planktonic 
(Bieri, 1991). Ever since Tokioka 
(1964) divided the genus Sagitta Quoy 
& Gaimard, 1827 into 11 genera there 
has been dispute about the systematics 
of Chaetognatha and the finer divisions 
within the new genera (Bieri, 1991). In 
this paper the original genus Sagitta 
has not been subdivided. 

Chaetognaths are softbodied and 
have few characters on which to base 
morphological comparison. Many of 
the characters used for identification 
are mostly variable and show a great 
deal of overlap between species. 

Looking at the “bauplan” of chaeto- 
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Fig. 1. Examples of the different genera and groups within Sagirru s.1. (after Bieri, 1991). 

gnaths (Fig. 1) it is clear that the gener- 
al shape and characteristics are very 
similar. It seems that the constraints put 
on the animals to live an active carni- 
vore life in the pelagic realm have left 

little room for variation, so the general 
body plan probably provides the best 
option for survival. However this con- 
servatism in shape may hide cryptic 
species. 



DISTRIBUTION PATTERNS 

Although Chaetognatha occur ubiqui- 
tously in the ocean, the bulk of their 
biomass, however, is confined to the 
top 200 m of the watercolumn (Pierrot- 
Bults, 1982). Geographically the distri- 
bution ranges of oceanic species are 
very extensive and endemism is rare. In 
contrast neritic species are influenced 
by factors with very different time and 
space characteristics than those influ- 
encing oceanic species (Haury & 
McGowan, this volume). As a result, 
not only is differentiation in neritic taxa 
greater, but also their distributional 
ranges are smaller (Fig. 2). In any 
given place in the ocean there are more 
chaetognath taxa co-occurring in the 
oceanic environment than in the neigh- 
bouring neritic waters, but on a global 
scale there is little difference between 
oceanic and neritic species richness 
(Pierrot-Bults, in press). 

Oceanic species 
The distribution ranges of oceanic 
planktonic organisms are the most 
extensive on earth, and usually latitudi- 
nally belt-shaped and/or watermass 
related. A very common pattern is from 
40”N-40”s in all three oceans for most 
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epipelagic and mesopelagic oceanic 
species for example Pterosagitta draco 
(Krohn, 1853) (Fig. 3). Deep-meso- 
pelagic and bathypelagic species have 
even larger ranges, usually from 70”N- 
705, for example Sagitta macrocepha- 
la Fowler, 1904. There are very few 
chaetognath species with a really tropi- 
cal distribution e.g. from 30”N-30’S, 
and these are confined to the Indo- 
Pacific, for example Sagitta regularis 
Aida, 1897 (Fig. 4). 

The fauna1 composition of oceanic 
Chaetognatha is typically about 20 
species between the surface and about 
2000 m depth, in any given place in the 
ocean, in tropical and subtropical 
waters. Whereas, in the neighbouring 
neritic waters the chaetognath fauna is 
usually restricted to one or two species. 
However, the oceanic species composi- 
tion is nearly identical over the globe. 
For example the list of species in the 
north-west Atlantic at about 32”N 
64”W (Pierrot-Bults, 1982) is nearly 
the same as for the south-east Pacific at 
about 30-40”s (Fagetti, 1972) (Table 
1). The actual similarity is even greater 
than indicated by these lists, because S. 
tasmanica Thomson, 1947 occurs in 
the Atlantic at about 40”N (Pierrot- 
Bults, 1974) (see Fig. 7) and Eukrohnia 

E 180 160 140 120 100 80 W 
N I 

Fig. 2. The neritic areas in the worlds oceans (after Van der Spoel & Heijman, 1983). 
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Fig. 3. The distribution pattern from 40”N-40”s as illustrated by Pterosagim rlruco (after Pierrot-Bults & 
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Fig. 4. The distribution of Sqitrn regularis (after Pierrot-Bults & Nair. I99 I ) 

bathypelagica Alvarino, 1962 also has probably a short time relative to the 
been reported from the North Atlantic time needed for speciation. But the 
(Cheney, 1985). question remains as to whether or not 

Gene flow between the populations the populations in very different 
of the same species would take at least locatiuons of the worlds oceans of 
100 years if it depends purely on the apparently the same species are really 
circulation of oceanic waters, which is the same species and, if so, how geneti- 



SE Pacific NW Atlantic 

Epipelagic 

Pterosagitta draco 
Krohnitta subtitlis 
Sugitta minima 
S. enJlata 
S. serratodentata 
S. bipunctata 
S. l?t-a 
S. hexaptera 
S. gazellae 
S. bierii 
S. tasmanica 
S. paci$ica 
S. maxima 

Pterosagitta draco 
Krohnitta subtitlis 
Sagitta minima 
S. enflata 
S. serratodentata 
S. bipunctata 
S. lyra 
S. hexaptera 

Mesopelagic 

Eukrohnia hamata 
E. fowleri 
E. bathypelagica 

S. zetesios 
S. macrocephala 

S. decipiens 

E. hamata 
E. fowleri 

Sagitta planctonis 
S. zetesios 
S. macrocephala 
S. sibogae 
S. decipiens 

- 
lathypelagic 

Eukrohnia bathy- 
antarctica 

E. bathyantarctica 

Heterokrohnia 
mirabilis 

Sagitta maxima 

Table 1. Comparison of Chaetognath species present 
in the NW Atlantic (after Pierrot-Bulb, 1982) and 
the SE Pacific (after Fagetti, 1972). 

tally similar are these populations. 

Horizontal and vertical patterns 
If we look at the differences in the hori- 
zontal and in the vertical then it 
becomes evident that time and space 
scales are much larger horizontally than 
vertically. The horizontal environmen- 
tal differences in the productivity 
regime as shown by the CZCS shows 
little difference between the two loca- 
tions listed in Table 1 (Fig. 5), whereas 
the vertical environmental gradients are 
steeper by several orders (3-4) of mag- 
nitude. Thus species undergoing verti- 
cal displacements over shorter dis- 
tances and during shorter time periods 
cq. during diurnal vertical migration 
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experience much greater changes than 
during displacements by horizontal cir- 
culation. Vertically differences in fau- 
nal composition are very clear (Fig. 6), 
and may have evolved in response to 
gradients which have remained 
unchanged over geological time such as 
hydrostatic pressure and light attenua- 
tion. 

In the genus Sagitta s.1. a number of 
species groups have been recognized 
and the various taxa within such a 
group show the same distribution pat- 
terns as other chaetognath species with- 
in or outside species groups. Examples 
of such groups are the S. serrato- 
dentata-group comprising S. serrato- 
dentata serratodentata Krohn, 1853 
and S. serratodentata atlantic 
Thomson, 1947, S. pacifica Tokioka, 
1940, S. bieri Alvariiio, 1961, S. pseu- 
doserratodentata Tokioka, 1939, and S. 
tasmanica subdivided into a northern 
and a southern part (Fig. 7) , the S. 
planctonis-group comprising S. planc- 
tonis Steinhaus, 1896, S. zetesios 
Fowler, 1905, and S. marri David, 1956 
(Fig. S), and the S. maxima-group com- 
prising S. maxima Conant, 1896, S. Zyra 
Krohn, 1853, S. gazellae Ritter-Zahony, 
1909, and S. scrippsae Alvarifio, 1962 
of which the latter species has been 
synonymized by Tokioka ( 1974) 
(Fig.9). 

The question now arises as to how 
much genetic variation occurs in a 
widespread epipelagic species such as 
S. bipunctata Quoy & Gaimard, 1827 
or Pterosagitta draco and how does 
this compare with the variation 
between species and within species of 
an epipelagic species-group. 

The only example we know of in 
Chaetognatha in those species with a 
40”N-40’S distribution in which there 
are different taxa in the Atlantic and the 
Indo-Pacific is in the Sagitta serrato- 
dentata-group e.g. S. serratodentata 
serratodentata and S. paci$ca. respec- 
tively. Furthermore this species group 
incudes one taxon with a disjunct dis- 
tribution i.e. S. tasmanica (Fig. 7). 
There are regional differences in the 
number of teeth between the different 
species, showing slight differences in 
the relationship between the numbers 
of teeth and the overall length between 
S. serratodentata populations in the 
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Fig. 5. Productivity regimes in the worlds oceans. The two examples shown in Table I come from regions SPSG and 
NAST (W) both with winter spring production with nutrient limitation (after Longhurst, this volume). 
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Fig. 6. Vertical segregation of species in the 
Bermuda area (after Pierrot-Bulk 1982). 

Both the S. plunctonis-group (Fig. 8) 
and the S. maxima-group (Fig. 9) 
exemplify horizontal and vertical dif- 
ferentiation. In both groups there is a 
shallow mesopelagic species ranging 
from 40”N-40’S e.g. S. planctonis and 
S. Zyra respectiviely. There is a cold 
water boreal and antarctic species 
which shows tropical submergence. For 
example in the S. planctonis-group S. 
zetesios is not only deep-mesopelagic 
in the tropics and subtropics but also 
occurs at all depths in the boreal and 
sub-antarctic, S. maxima is deep- 
mesopelagic to bathypelagic in the sub- 
tropics and maybe in the tropics and 
occurs in more superficial layers at 
higher latitudes, also showing tropical 
submergence. Both groups have an 
endemic species in the Antarctic e.g. S. 
marri and S. guzellae respectively. 
Differentiation in both groups seem to 
have followed the same general trend. 

Atlantic and in the South-Pacific (Fig. Differences between populations of 
10) but no clear differences emerge S. gazellae on either side of the sub- 
between the northern and the southern antarctic convergence, have been 
populations of S. tasmanica. S. bieri recorded by David (1958) (Fig. 11). 
which occurs in the oxygen-depleted Once again the question arises about 
waters of the eastern tropical Pacific, the extent of any genetic variation both 
has also been found in the eastern tropi- within one species such ass. gazellue, 
cal Atlantic (Pierrot-Bults & Nair, within these groups, or within one 
1993) raising questions about genetic deep-living species such as S. mucro- 

versus local phenotypic differences. 
This group offers examples of horizon- 
tal differentiation. 
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Fig. 7. The distribution pattern of the Sugittu serraroder2rura-group. (after Pierrot-Bults & Nair, 1991). 
Upper panel: I = S.S. serratodentata; 2 = S.s.atlartrica; 3 = S. paci$ca. Lower panel: I = S. tnsmatticn; 2= 
S. bierii: 3 = S. pseudoserrufodenrara. White dots represent isolated occurrence of S. serratodentata in the 
South-Indian Ocean. 

cephula which is so widespread. 
There are very few endemic oceanic 

species, two in the Antarctic, viz S. 
gazellae and S. murri and one in the 
transitional zone of the northern Pacific 
viz S. scrippsae, and the taxonomic sta- 
tus of the latter species is open to ques- 

tion as to whether or not it really is a 
separate species (Pierrot-Bults & Nair, 
1993). 

Neritic species 
Regarding neritic species one can 
imagine that the local geographic dif- 
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Fig. 8. The distribution pattern of the Sugittu plunctonis-group. (after Pierrot-Bults 1975). black = S. 
zetesios; horizontal stripes = S. planctonis in the upper-mesopelagic and S. zetesios in the deep- 
mesopelagic; hatched = S. mm-vi. 
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Fig. 9. The distribution pattern of the Sugittu maxima-group. Black = S. Iyra; dotted = S ~~uxinzu; hatched in the 
Antarctic = S. gazellue ; hatched in the north-Pacific = S. scrippsue. 

ferences and fluctuations in environ- Sagittn hispidu Conant, 1895 is endem- 
mental conditions are influencing their 
various populations. Neritic species 

ic to the Atlantic. One tropical neritic 
species S. tenuis Conant, 1896 occurs 

show more endemism and are mainly 
confined to the Indo-Pacific, although 

in all three oceans according to Tokioka 
(1976) (Fig. 12), but has a disjunct dis- 
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Fig. 10. The relation between total length and num- 
ber of teeth in the Sagitta serratodentata-group (after 
Pierrot-Bults, 1974). 

tribution so is an obvious candidate for 
molecular research to look into the 
genetic characteristics of the different 
populations to see if there is any evi- 
dence of separation and maybe cryptic 
species. 

The systematics of another species 
would benefit from an investigation of 
its molecular biology, S. setosa Mtiller, 
1847 also has a disjunct distribution 
(Fig. 13), the northern population 
ranges from the western Baltic to the 
English Channel, and the southern pop- 
ulation occurs as a glacial relict in the 
Mediterra%nean and Black Sea. Within 
these ranges two sibling species have 
been described S. euxina Moltschanoff, 
1909 from the Black Sea and S. batuva 
Biersteker & Van der Spoel, 1962 from 
the Scheldt Estuary. They were syn- 
onymised (Pierrot-Bults, 1976) but it is 
clear that considerable variation exists 
within this species. Whether the north- 
ern and the southern populations should 
be differentiated and belong to different 
cryptic species is unclear. 

The relationship between S. friderici 
Ritter-Zghony, 19 11 and S. setosa 
needs to be clarified. These two species 
have been synonymised in the past, but 
their distributions are complementary 
with very little overlap (Fig. 14). 

I 
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Fig. 11. Population differences in Sagittu guzellue on either side of the subantarctic convergence (after 
David, 1958). 
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Fig. 12. The distribution pattern of Sagitta tenuis (after Pierrot-Bults & Nair, 1991). 

Fig. 13. The distribution pattern of Sugittu setosu. 

Examination of their genetic differ- 
ences should reveal their real relation- 
ship. S. friderici occurs on both sides of 
the Atlantic and on the eastern side of 
the Pacific, raising the .question about 
the dispersal route and whether the clo- 
sure of the Panama isthmus about 5 My 
ago was the cause of separation. 
Looking into the genetic differences of 
the two distribution areas could reveal 
the rate of speciation processes in 
chaetognaths, because the time of the 
closure is known. 

DISCUSSION 

Speciation processes are supposed to be 
slow and often incomplete in the ocean, 
e.g. not leading to new species, mainly 
because the physical mixing rate of the 
global ocean 500-1500 years are rapid 
relative to most speciation rates. 
Genetic variation and differentiation 
between populations of the same 
widespread species caused by different 
environmental conditions, and (partly) 
isolating mechanism because of bound- 
aries and fronts is thought to be the 
major mode of speciation in holoplank- 
tonic oceanic species (Pierrot-Bults & 
Van der Spoel, 1976). Real isolation is 
created only by landmasses. The distri- 
butions of tropical neritic species which 
are restricted’ to the Indo-Pacific 
regions bear witness to that process. 
This was demonstrateded by copepod 
differentiation in that region, where 
sea-level oscillations lead to isolation 
and speciation (Fleminger, 1986). 
Neritic species in general are more sub- 
ject to isolation than oceanic ones. The 
differences between populations are of 
various nature. For example slight mor- 
phological variations or different tim- 
ing of life stages or different tempera- 
ture adaptations may be present. 
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Fig. 14. The distribution pattern of Sugittufriderici (after Tokioka, 1976). 

We do not know whether life cycle 
differences such as in the calanid cope- 
pod Neocalanus tonsus (Brady, 1883) 
in the New Zealand area comprises one 
species with multiple reproductive 
phases or two cryptic species which are 
reproductive isolated (Bradford-Grieve 
& Jillett, this volume). There are exam- 
ples of genetic differences in pelagic 
species connected with geographical 
differences in distributions e.g. in the 
copepod iVunnocaZanus minor (Bucklin 
this volume). 

Also in fishes the same phenomena 
occur. According to Gibbs ( 1986) we 
should be suspicious of the many so- 
called circumglobal species, there are 
more species out there hiding under a 
single name. Very slight but consistent 
morphological differences may point to 
cryptic species. He recommends careful 
study of the distribution patterns of 
finely discriminated species to find the 
complexes hiding in others. 

Does bipolarity exist e.g. are the 
northern and southern populations of 
Sagitta tasmanica one species or are 
they separate cryptic species is another 
question to be answered. 

To establish the exact nature of pop- 
ulations molecular research is urgently 

needed to study the genetic variation 
both between and within species. An 
indication of cryptic species is the dis- 
tribution pattern of the different popu- 
lations being consistent with the pat- 
terns we find in other clearly estab- 
lished species. 
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ABSTRACT 

A field survey of temperature, salinity, chloro- 
phyll and mesozooplankton was conducted 
twice with 2 weeks interval along two grids of 
stations in the north-eastern tropical Atlantic 
(September-November, 1989). The spatial 
structures of temperature, salinity, the genera 
diversity index and the size diversity index 
fields exhibited definitly similar patterns. This 
similarity was especially seen in a well pro- 
nounced peak in mesoscale spatial distribution 
of physical, chemical and biological parame- 
ters. By its location this peak corresponds to the 
frontal zone between mesoscale eddies, gener- 
ated by the Interpassat Counter-current. The 
local peak of copepod biomass was not spatial- 
ly associated with peaks in the above men- 
tioned fields and was monitored on the edge of 
the anticyclonic meander of the Interpassat 
Counter-current. Two types of biomass size 
spectra based on copepods are found in the 
material: the more or less monotonic and the 
bimodal spectra. The latter were less numerous 
and were associated with the frontal zones of 
eddies and meanders of the Interpassat 
Counter-current. In biotopes located within 
geostrophic current flows where the monotonic 
spectra are seen, a linear relationship between 
the size and genera diversity indexes was found 
during both surveys. The above relationship 
showed that in regions with enhanced genera 
diversity of copepods the maximal size diversi- 
ty occured (i.e. within the Interpassat Counter- 
current the increase of genera diversity was 
accompanied by increased size diversity). No 
such link was recorded for the frontal zone 
areas. 

Although past studies have highlighted 
qualitative and quantitative approaches 

to the spatial-temporal variability of 
biomass and diversity of the oceanic 
plankton (Ham-y et al., 1978; Mann & 
Lazier, 1991; Piontkovski et al., 1985; 
Van der Spoel & Heyman, 1983; Van 
der Spoel, 1994), our knowledge of 
such variability is still far from com- 
plete, especially for that related to 
mesoscale patterns. Actually the prob- 
lem, “how does biodiversity respond to 
mesoscale changes in biotopes” is still 
poorly understood because the required 
simultaneous biological and physical- 
chemical measurements are rarely 
made in the open ocean. In this paper 
we analyse the responses of the spatial- 
temporal, the taxonomic and the size 
structure of zooplankton communities 
to mesoscale dynamics of tropical 
waters. 

METHODS 

Two surveys of physical, chemical and 
biological parameters were conducted 
with a two-week interval along two 
similar grids of stations with a spatial 
resolution of 60-80 km, Grid 1 in 
September/October, Grid 2 in October/ 
November, 1989 (Fig. 1). CTD casts 
(with lm vertical resolution) to 1500- 
2000 m depths were made at each grid 
station (110 stations at the first and 98 
stations at the second grid survey). 
(Baev, 1989). Zooplankton samples 
(Fig. 1) were collected by Juday nets 
(36 cm mouth diameter, mesh size 145 
mm) in the upper mixed layer (O-50 m) 
during day time, so that only the 
epipelagic organisms without diurnal 
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Fig. 1. Scheme of zooplankton sampling during Grid 
1 (circles) and Grid 2 (squares). 

vertical migration were collected. Total 
biomass of the samples was determined 
by wet weight. 

Samples were preserved in 4% for- 
malin and sorted in the laboratory. 
Organisms were identified to the gener- 
ic level, counted, measured and 
grouped in 1 mm size classes. Abun- 
dance of copepods was converted to 
biomass in dry weight by formula 
developed for tropical zooplankton 
species (Vinogradov & Shushkina, 
1987; Tseit-lin, 1986). Genera and size 
diversity of the adult organisms were 
assessed by means of the diversity 
index: 

B’ = (D2+C2)o.5 (Van der Spoel, 1994; 
Van der Spoel, in press), where B’ is 
the diversity value of the species for the 
sample in which it is found, C is the 
value that a species (or genus) add to 
the quality of the fauna by its abun- 
dance, and D is the value a species (or 
genus) adds to the quality of the fauna 
by its contribution to diversity. 

C = I OO(FN’-N’)/(FN’max -N’)F/ Fmax 
where F is the number of species in the 
sample, N’ is the logarithm of the num- 
ber of specimens+1 of the species, 
N’max ,is the logarithm of the number 
of specimens+1 of the most abundant 
species in the sample, and Fmax is the 
number of species in the most species- 
rich sample. 

The value of D of a species in a 
given sample is dependent on the num- 
ber of specimens in the sample, but rel- 
ative to the number of the samples in 
which the species is found and relative 
to the number of species found in other 

samples. 
Thus: D2 = (1 + Amax -A)2 (1 + M-A) N’, 

where M is the number of samples in 
the study, A is the number of samples 
in which the species is found, and 
Amax is the maximum value of A for 
the series of samples studied. The con- 
ceptual advance is that with the pro- 
posed formula of B’ the contribution of 
each separate species to the diversity 
becomes visible in a sampled fauna, 
which is not the case in the classical 
approaches of diversity. 

The relationship between physical, 
chemical and plankton community 
parameters was assessed by principal 
component analysis (PCA); data were 
log+1 transformed. The PCA separated 
two groups of stations; stations con- 
ducted in the currents, and stations 
from frontal zones. The frontal stations 
however, were not numerous and hence 
not sufficient for PCA. A regression 
analysis was used to estimate the corre- 
lation between the size- and genera- 
diversity indexes. 

RESULTS 

Hydrology of the region 
The water-masses of the study area are 
formed during the autumn period by 
the tropical, equatorial and subtropical 
water-masses (Artamonov et al., 1987; 
Baev, 1989; Greze, 1971). The tropical 
water-mass, characterised by high 
salinity (>36S) and high temperature 
(>28”C), is formed to the north in the 
macroscale tropical cyclonic gyres 
regions. The equatorial subsurface 
water-mass is formed in the macroscale 
anticyclonic gyre at about 5-lOoN, as a 
result of mixing between the tropical 
and the fertile subtropical waters. This 
water has low salinity values (~35 in 
the centre) and high temperature. 

The main study region (80% of the 
area) is occupied by the equatorial 
water-mass. It is a lens of warm, low 
salinity waters. The centre of this lens 
with salinity < 34.5s and temperature 
< 29.2”C was found at 6”N. Its position 
corresponds to the position of the 
Interpassat Counter-current and the 
Intertropical Convergence Zone. 
During the period of the two surveys, 
the centre of the equatorial water-mass 
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shifted to the north-east, from 23”W to 
18”W, due to spreading and changes in 
surface circulation caused by the 
Interpassat Counter-current (Artamo- 
nov et al., 1987; Baev, 1989). Four sur- 
face currents constitute the main com- 
ponents of hydro-dynamics of the area: 
the North and South Passat currents, 
the Interpassat Counter-current and the 
Canary current. In September the 
Interpassat Counter-current was moni- 
tored between 5”N to lOoN, with the 
transport in the upper 200 m layer 
forming 70% of the total mass trans- 
port. The meandering of the current is 
well pronounced (Fig. 2), particularly 
in the central part of the studied area. 

The temperature-salinity characteris- 
tics of the neighbouring eddies are sim- 
ilar to the Interpassat Counter-current 
(for example the anticyclonic eddy at 
12”N 21”W). From September to 
October / November the Inter tropical 
Convergence Zone shifts to the south. 
This happens fairly quickly and was 
well observed in the results of the two 
surveys (Figs 1,3). 

Spatial structure 
Spatial structures of physical, chemical 
and biological parameters sometimes 
exhibit similar patterns (Fig. 2). This 
similarity is seen in the pronounced 
peak in the east side of diagrams of 
physical, chemical and biological 
parameters at 11.5”N 22”W (Figs 2, 3, 
4.). This peak’s location corresponds to 
the frontal zone between mesoscale 
eddies, generated by the Interpassat 
Counter-current. The frontal zone for- 
mation was accompanied by the maxi- 
mum temperature and salinity values 
(see Fig. 5). Front generation results in 
maximum stratification and the temper- 
ature vertical gradient achieves its max- 
imum. A peak of chlorophyll “a” is 
associated with this area; it is, however, 
found about 60 km to the north. 

The temperature-salinity fields 
exhibit several other less pronounced 
and spatially less extended zones of 
mesoscale maxima, but with no 
response in the chlorophyll field struc- 
ture (see Fig. 5). The copepod biomass 
maximum at 8”N 25”W was not associ- 
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Fig. 3. Dynamical topography of the surface and three-dimensional histograms of biological parameter spatial distri- 
bution (Grid 2). Dynamical topography after Baev (1989) 

ated with maxima in the physical fields. 
Its peak is at the edge of an anticy- 
clonic meander ,of the Interpassat 
Counter-current. The co-occurrence of 
the copepod biomass maximum and a 
maximum in size diversity was ex- 
plained by the fact that both values are 
partly dependent on the same calcula- 
tions. Several local peaks occurred in 
copepod size and taxonomic diversity. 
One of the genera diversity index maxi- 
ma was allocated in the same region as 
the biomass maximum, with a slight 
shift to the west. The second peak of 
the diversity index was shifted along 
the current (relatively to biomass peak) 
and the third one spatially coincided 
with the front between two eddies 
(where maxima of physical parameters 
has been noted). Similar spatial hetero- 
geneity could be found for the size 
diversity index. 

The other interesting features in the 
spatial structures of fields are areas of 
local minima (i.e. the “gaps” in our dia- 
grams). The most developed and spa- 
tially extended is the “gap” with coor- 
dinates: 9.5- 10”N 22.5-23”W. Spatially 
this zone borders the main geostrophic 
flow i.e. the Interpassat Counter-cur- 

rent. Temperature and salinity in this 
zone exhibits local minima accompa- 
nied by relatively low values of cope- 
pod biomass, and their genera and size 
diversity. 

Temporal changes of spatial AND SIZE 
PATTERNS 
The two-week interval of the surveys 
enabled the monitoring of changes in 
the spatial structure over time, although 
the second grid was a bit shifted to the 
south-east. 

The epipelagic zooplankton commu- 
nity shifted with the spatial patterns 
(Fig. 3). The total biomass distribution 
was less variable compared to the first 
survey. The genera diversity and size 
diversity indexes also exhibit less het- 
erogeneity patterns in the second sur- 
veys (Fig. 3). However, the fields of 
both indexes were quite similar to each 
other within each survey. For example 
the most extended local maximums in 
the field of both indexes spatially coin- 
cided and were located on the western 
edge of the most developed eddy 
(south-east corner of the grid). The sec- 
ondary local maximum of both indexes 
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was monitored on the edge of the other 
“neighbouring” eddy, more to the 
south. 

TAXONOMICAND TROPHICSTRUCTURE 
Copepods dominated the samples con- 
stituting numerically, 80 to 93% of zoo- 
plankton. They were represented by 23 
genera. A few genera and species con- 
tribute to this high abundance (Fig. 4). 
Among these dominants two genera 
(Calocalanus and Clausocalanus) are 
represented by herbivorous species and 
three (Corycaeus, Oncaea and 
Oithona) by predominantly carnivorous 
species (Greze, 1984; Vinogradov & 
Shushkina, 1987). The abundance of 
other genera is relatively small as 
shown in the diagrams. 

SIZESTRUCTURE 
Two types of copepod biomass spectra 
are found in the material: the more or 
less monotonic spectra and the bimodal 
spectra (Fig. 6). The bimodal less 
numerous spectra are associated with 
the frontal zones of eddies and mean- 
ders of the Interpassat Counter-current. 
The second maximum in the different 

bimodal spectra was usually formed by 
the same size group of 0.8 mm. This 
group is mainly represented by the gen- 
era Pseudocalanus and Clausocalanus. 
Some of the spectra had a bimodal 
curve with maxima at 0.7 and 0.9 mm. 
The first peak was usually formed by 
Calocalanus, Pseudocalanus and 
Calocalanus species, the second by 
Acrocalanus and Calanus species. 

The size and genera diversity struc- 
ture appears linked to mesoscale 
dynamical processes. A linear relation- 
ship between the size and genera diver- 
sity indexes was found during both sur- 
veys (Fig. 7) in biotopes located within 
current flows where the unimodal-type 
spectra are found. In regions with 
enhanced genera diversity, the maximal 
size diversity also occurs; e.g. within 
the Interpassat Counter-current the 
increase of genera diversity is accom- 
panied by increased size diversity. No 
such relationship was recorded in the 
frontal zone areas. 

ibfULTIDIMENSIONAL LINKS WITHIN A COM- 
MUNITYANDA BIOTOPE 
The multidimensional relationships 
between physical, chemical and biolog- 
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Fig. 6. Size spectra of copepod biomass. 

ical characteristics were assessed by Among the factors forming the first 
principal component analysis (Table 1). principal component (the most “power- 
The contribution of the first, the second ful” one determining nearly half of a 
and the third principal components to variance), the main stress has been put 
the total variance was 47%, 13% and on the temperature and salinity from 
23%, i.e. these three components deter- various depths. The latitudinal changes 
mine over 80% of the system variance may also have an influence. 
associated with incorporated factors. Consequentially, this principal compo- 
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Fig. 7. The relationship between the genera and size 
diversity indexes of copepods. 

nent might be entitled as “the thermo- 
saline factor”. In the second principal 
component, the genera diversity index 
and the total plankton wet biomass play 
the key role; this may be called the 
“diversity-biomass factor”. In the third 
principal component, the total biomass 
of herbivorous and carnivorous cope- 
pod species have the main influence; 
this component can be entitled “the 
trophic factor”. 

DISCUSSION 

The eastern tropical Atlantic is a region 
with high energy supply, due to 
macroscale kinetic structure of water 
dynamics (Wyrtki et al., 1976). The 
meanders of the Interpassat Counter- 
current and their interaction with 
adjusting currents generate many 
mesoscale eddies and frontal zones. 
The frontal zones are usually located 
on the edges of eddies (Fedorov, 1983). 
The vertical and horizontal gradients of 
temperature in frontal zones, especially 
between two eddies are well developed. 
This can be considered one of the fac- 
tors causing the enhanced copepod 
biomass (local peak) in the region. The 
phenomenon of zooplankton aggrega- 
tion in layers with enhanced tempera- 
ture gradients has also been reported 
from various regions (Boyd, 1973; 
Boucher et al., 1987). 

The convergence of water-masses 
also leads to accumulation of plankton 
along convergence zones (Franks, 
1992; Vinogradov & Shushkina, 1987). 
From the ecological point of view two 
events should be distinguished: a front 

formed within the same water-mass 
(interacting eddies within the same 
water-mass) and fronts formed by dif- 
ferent water-masses. In the latter case 
different biotopes with different com- 
munities interact. 

Zooplankton species also respond to 
enhanced primary production at the 
anticyclonic eddy edges by high graz- 
ing rates and high egg production with- 
in a time scale of 10 days. However, 
this is only been recorded for Gulf 
Stream warm core eddies (Cowles et 
al., 1987). The biological implications 
of these events is reflected in changes 
of community size spectra. It is shown 
above that copepod biomass spectra of 
frontal zones differ from those within 
the centre of the current. Similar zoo- 
plankton spectra differences were 
reported for a community from the 
Indian Ocean (Piontkovski et al., 
1995). 

The community reacts to the frontal 
zone not only by change of size spectra 
but also by enhanced values of size and 
genera diversity. Considerable differ- 
ences between taxonomic, size and spa- 
tial structure of zooplankton communi- 
ties within and outside rings were 
reported for the Gulf Stream and the 
East Australian current (Tranter et al., 
1983; Ring Group, 198 1). However, 
these type of rings have a different ori- 
gin in comparison with the open ocean 
mesoscale eddies. Rings are usually 
formed by cutting off of meanders from 
a main flow (Richardson et al., 1978), 
whereas the open ocean eddies form as 
the result of low amplitude barotropic 
current oscillations (Robinson, 1983). 
Physical and biological processes in 
such eddies change much more rapidly 
than in rings so that biological proper- 
ties for specific oceanic eddies were 
supposed to be less pronounced than in 
rings (Mann & Lazier, 199 1). 

The statistically sustainable link (see 
Fig. 7) between genera- and size diver- 
sity indexes (when size diversity is pro- 
portional to genera diversity, in log- 
scale) is interesting. However the fea- 
ture will exist on a temporal scale of 
several weeks and decay when the 
biotope gets new interactions with 
other water-masses, eddies, or mean- 
ders (Artamonov et al., 1987; Marti- 
nenko, 1990; Kosnyirev & Shapiro, 
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198 1). For the tropical epipelagic 
plankton communities (from the Peru 
coastal upwelling to the open ocean) it 
has been shown that total biomass val- 
ues of phyto-, microzoo-, and various 
trophic groups of mesozooplankton 
achieve their maximums after a fixed 
period (a day of drifting from the 
upwelling area). A more or less mono- 
tonic decrease occurs within a period of 
3 months approximately (Vinogradov 
& Shushkina, 1987). The data present- 
ed here on mesoscale differences in 
community structure show that the 
classic concept of planktonic communi- 
ty succession in mesoscale oceanic 
eddy fields is too simple. By selecting 
stations along the main geostrophic 
flow (i.e. the Interpassat Counter-cur- 
rent) we were trying to monitor any 
trends comparable to those described 
for the East Pacific of zooplankton 
community changes, but no such trends 
were observed. Changes of biomass 
values, genera diversity and size diver- 
sity indexes had random-like fluctua- 
tions along the current. A complicated 
pattern of meandering currents, inter- 
acting with mesoscale eddies were typi- 
cal for the studied area. One could 
interpret these patterns as part of the 
macroscale turbulent process made up 
of meanders, eddies and geostrophical 
flows, disturbing “classic” patterns of 
community succession on the meso- 
scale. Perhaps normal patterns are 
rarely found in the open ocean where 
eddy fields and meandering of currents 
are well developed, and where the 
above described differences in commu- 
nity structure are commonly found. 

The principal component analysis 
confirms in general the above described 
qualitative differences in a zooplankton 
community responding to mesoscale 
water-mass dynamics. It is shown that 
genera (and perhaps species) diversity, 
in association with total plankton 
biomass might act as one of the main 
ecological factors determining the vari- 
ability (the variance) in a plankton 
community. Together with the “trophic 
factor” (mirrored in the total biomass 
of herbivores and carnivores species) 
they explain up to 35% of mesoscale 
variability in epipelagic planktonic 
communities of the east tropical 
Atlantic. 
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ABSTRACT 

Five distributional patterns of Antarctic 
diatoms are presented. The significance of sea- 
sonal variations of species distributions are 
emphasized. In biogeographical studies the best 
results can be obtained when some similar 
species ranges are brought together. To avoid 
misinterpretation, the seasonal variations of 
distribution patterns must be taken into 
account. 

INTRODUCTION 

The flora of the Southern Ocean 
includes species endemic to this ocean 
and species common to other oceans as 
well; the number of endemic species is 
fairly high. A number of authors have 
used different principles for classifica- 
tion of the phytoplankton of the 
Southern Ocean. Hendey (1937) found 
the boundary between warm-water and 
cold-water floras of diatoms coinciding 
with the Subtropical Convergence 
(SC). Hart (1942) established his own 
system based on seasonal and geo- 
graphic distribution. Beklemishev 
( 1958; 1969) discussed the relationship 
between phytoplankton distribution and 
hydrographic conditions in the 
Southern Ocean. Hasle (1969) present- 
ed the detailed distribution of the six 
distinct groups of algal species in the 
Southern Pacific and emphasized the 
seasonal variations in their distribution. 
The revision of the flora on the basis of 
modern methods, including electron 
microscopy, calls out the revision of 
phytogeographic characteristics in- 
evitable (Balech, 1970; Semina, 1979). 
Almost all of the Southern Ocean 
investigations were very limited in 
space and time. In the open sea, almost 

all of the surveys lasted for not more 
than two to three months. There are 
many contradictions with regard to the 
biogeography of the Southern Ocean, 
based on the data of such limited sur- 
veys. To understand the sources of 
these contradictions we collate the data 
on the diatom distribution in the 
Southern Ocean, available from the 
published data and the data of some 
antarctic surveys of our Institute. 

BIOGEOGRAPHIC PATTERNS 

A few northern Antarctic species are 
distributed between the SC and the 
South Polar Front (SPF) (Rhizosolenia 
curvata Zacharias) or the Antarctic 
Divergence (AD) (Rh. simplex Karsten) 
(Fig. IA). 

There are some oceanic Antarctic 
species (Asteromphalus hookeri 
Ehrenb., Chaetoceros bulbosus 
(Ehrenb.) Heiden, Eucampia antarctica 
(Castr.) Mangin, Fragilariopsis curta 
(Van Heurck) Hust., Thalassiosira 
Zentiginosa (Janisch) Fryxell). These 
species may be entrapped into the ice 
during ice formation, but typically 
flourish in the ice-free regions. They 
are distributed throughout the region 
between the continent and the SPF 
(Fig. 2A). 

A lot of the oceanic Antarctic 
species (Chaetoceros neglectus 
Karsten, Ch. criophilus Karsten, 
Thalassiotrix antarctica Shimper, 
Fragilariopsis kerguelensis (O’Meara) 
Hust.) are widely distributed between 
the continent and the SC (Fig. 2B). 

The centre of the ranges of these 3 
groups of species is situated in the 
Antarctic Circumpolar Current (ACC). 
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Fig. 1. Diatom species distribution in the Southern Ocean. A; Rhizosolerria Gzplex, B: Odorlrella weissjlogh. 
I : station position; 2: spring (October-December); 3: summer (January-March); 4: April-September). 
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Fig. 2. Diatom species distribution in the Southern Ocean. A: Asterornphalus hookeri, B: Chaeroceros criophilus. 
1: station position; 2: spring (October-December); 3: summer (January-March); 4: autumn-winter (April-September). 

The ice-neritic species inhabit the 
waters to the south of the northern 
boundary of ice coverage (Actinocyclus 
actinockilus (Ehrenb.) Sim., Coscino- 
discus bouvet Karsten, Fragilariopsis 
sublinearis Heid. and Kolbe, Odontella 
weissflogia (Janish.) Grun.) (Fig. 1B). 
The centre of the ranges of these 
species is situated in the ice-covered 
part of the Ocean to the south of the 
AD. 

Neritic Antarctic species develop in 
shallow waters near Antarctic islands 
or the continent (Ampkiprora kjellmanii 
var. subtilissima Van Heurck; Amphora 
antarctica Hust., Melosira spkaerica 
Karsten). Some of them may have very 
narrow ranges. The centre of the ranges 

of these species is situated in the 
inshore water circulation and some are 
partly related to the bottom. 

SEASONAL CHANGES IN DISTRIBUTION 

The algal species ranges changed 
markedly during the seasonal progres- 
sion in the Southern Ocean. 

The ice-neritic diatoms were most 
widely distributed in spring. The north- 
ern boundary of ice-neritic species 
ranges retreated to the south after ice 
melting (Fig.lB). In spring some of the 
oceanic species developed only in the 
northern part of the Antarctic 
(Ckaetoceros neglectus, Ck. crio- 
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philus), and in summer they moved to 
the south. 

Oceanic Antarctic species replaced 
ice-neritic Diatoms in the central part 
of the Southern ocean after ice retreat. 
The abundance of some oceanic 
Antarctic species shifted from the north 
to the south: some of the species 
became less abundant (Tkalassio 
antarctica) and others more abundant 
(Ckaetoceros criopkilus). The species 
with low abundance can be easily 
missed from the samples. The peculiar- 
ities of the species ranges, being taken 
from the data of a single survey, were 
in close agreement with all these sea- 
sonal trends. For example in December, 
Cassie (1963) found Rkizolenia simplex 
exclusively in the Subantarctic zone 
and later in the season Hasle (1969) 
found this species extended southwards 
to about midway in the Antarctic zone. 
To avoid misinterpretation, the seasonal 
variations of distribution patterns must 
be taken into consideration, when the 
species ranges are evaluated based on 
limited data. The best results can be 
obtained when some similar species 
ranges are brought together, as has been 
done with zooplankton and nekton by 
Beklemishev (1969). Shared patterns 
are more suitable for biogeographical 
studies than single species distribu- 
tions. 

ACKNOWLEDGEMENTS 

This study was supported by the Russian 
Foundation of Fundamental Sciences N 95-05- 
15443a. 

REFERENCES 

BALECH, E., 1970. The distribution of some 
Antarctic microplankters. In: M. W. Holdgate 
(ed.). Antarctic Ecology. London, Cambridge, 
1: 143-146. 

BEKLEMISHEV, C.V., 1958. Latitudinal zon- 
ing of antarctic phytoplankton. Sov. Antarct. 
Exped. Inf. Bull., 3: 35-36 (in Russian). 

BEKLEMISHEV, C.V., 1969. Ecology and bio- 
geography of the open ocean. Nauka, Moscow: 
l-291. 

CASSIE, V., 1963. Distribution of surface 
phytoplankton between New Zealand and 
Antarctica, December 1957. T. A. E. Sci. Rep., 
7: l-l 1. 

HART, T.J., 1942. Phytoplankton periodicity 
in Antarctic surface waters. Disc. Rep., 21: 
261-356. 

HASLE, G.R., 1969. An analysis of the phy- 
toplankton of the Pacific Southern Ocean: 
abundance, composition and distribution during 
the “Brategg” Expedition, 1947-48. Hvalrad. 
Skr., 52: l-168. 

HENDEY, N.I., 1937. The plankton Diatoms 
of the Southern Seas. Disc. Rep., 16: 15 1-364. 

SEMINA, H.I., 1979. The geography of 
plankton Diatoms of the Southern Ocean. Nova 
Hedwigia, 64: 341-355. 



IOC Workshop Report No. 142 
Page 310 

41. Are observed changes in the plankton of the North 
Atlantic and North Sea linked to climate change? 

Philip C. Reid & Harold G. Hunt 
The Alister Hardy Foundation for Ocean Science, Plymouth, UK. 

KEY WORDS: Continuous Plankton Recorder, zooplankton, north-east Atlantic, North Sea, long-term 
changes, climate, Principal Componenet Analysis. 

ABSTRACT 

The Continuous Plankton Recorder (CPR) is 
the only ocean-wide, upper layer plankton sam- 
pling programme in existence that contains in- 
formation on changing patterns of plankton dis- 
tribution, at monthly intervals, for more than 60 
years. A total of approximately 400 taxa of 
zooplankton and phytoplankton are routinely 
analysed on samples representing 10 nautical 
miles of tow. The Survey now operates 21 
routes in the following sea areas: North-east 
Atlantic, European-Shelf, off the north-east 
coast of the USA and Canada, and in the North- 
west Atlantic between Iceland and Newfound- 
land. An atlas of the mean distribution of 255 
species or groups of organisms from the plank- 
ton averaged for the years 1958 to 1968 was 
published in 1973 (The Oceanographic 
Laboratory, Edinburgh, 1973). Plans are in 
hand to update this atlas to include additional 
data for the period 1969 to 1994. During the 
period the Survey has operated, large changes 
have been observed in the abundance and dis- 
tribution of some plankton taxa. The long-term 
trend in the abundance of the plankton of the 
North-eastern Atlantic and North Sea parallels 
changes seen in the position of the north wall of 
the Gulf Stream and is believed to be respond- 
ing to hydroclimatic variability. It is possible 
that the Survey may be providing the first evi- 
dence of the effects of climate change on 
plankton at oceanwide scales. 

The CPR Survey is one of the longest 
running marine biological monitoring 
programmes in the world and the only 
one with a spatial coverage that in- 
cludes oceanic, shelf edge and neritic 
seas at monthly temporal intervals, for 
several decades (Gamble, 1994). This 
coverage has been made possible by 
the use of ‘ships of opportunity’, usual- 
ly merchant ships on their normal trade 

routes, to tow the CPR machines. The 
survey started in the North Sea in 
September 193 1, extending its cover- 
age to include oceanic waters by 1939; 
after a break for the Second World War, 
these routes were restarted in 1946. 
Since 1931 CPRs have been towed 
over approximately 4 million nautical 
miles and close to 200,000 samples 
have been analysed (100,000 since 
1958) in a standard and unchanging 
procedure since 1958. As such the sur- 
vey provides a valuable baseline 
against which possible biological re- 
sponses in the plankton to climate 
change may be seen. In the relatively 
clean waters surveyed by the CPR, an- 
thropogenic influences that may have 
impacted the plankton (with the possi- 
ble exception of fisheries effects), are 
likely to be minimal. 

The core area of the Survey covers 
the eastern Atlantic and north west 
European shelf. It is in this area that 
Colebrook in a series of papers (e.g. 
Colebrook, 1978; Colebrook, 1986) 
used Principal Component Analysis 
(PCA) to reveal the dominant patterns 
in year-to-year variations in the plank- 
ton. He applied PCA to a set of plank- 
ton taxa (typically 24), some of which 
were identified to species, some to 
genus and some to higher groupings 
and to a set of ‘Standard Areas’ cover- 
ing the North Sea, the Atlantic shelf of 
the British Isles and the open ocean 
from Iceland to the Bay of Biscay. His 
results demonstrated a declining trend 
in the greater part of the zooplankton 
( 16 out of 24 species) from 1948 and 
14 out of 24 species of phytoplankton 
from 1958 (Colebrook et al., 1984; 
Colebrook, 199 1). 

As the changes observed by Cole- 
brook were found in most of the ‘stan- 



dard areas’ studied and in a large pro- 
portion of the dominant plankton taxa 
he chose for analysis, the changes ob- 
served must be a response to systematic 
and widespread hydrometeorological 
events. What appears to be an integra- 
tion of weather signals by the plankton 
may be a response in the surface waters 
of the ocean to climate change. 

This paper updates the CPR time se- 
ries to 1993, recalculating the PCA us- 
ing a method analogous to that of 
Colebrook. Colebrook’s programmes 
are currently not available due to recent 
major changes in computing hardware. 
Because of the current inability to 
replicate Colebrook’s analysis and 
since there was a major change in the 
level of identification of a number of 
zooplankton taxa in 1958, only the data 
from 1958 to 1993 have been used in 

Table 1. Taxa included in the PCA analysis and the 
number of ‘high’ vector loadings for component 1 
(C I ) and two (C2). 

Taxa Cl c2 

Acartia spp. 2 3 
CalanusJin. jinmarchicus 5 0 
Calanus helgolandicus 2 4 
Total Calanus V-VI 4 1 
Candacia armata 3 1 
Centropages hamatus 0 1 
Centropages typicus 5 2 
Euchaeta hebes 2 2 
Euchaeta norvegica 0 0 
Metridia lucens 5 1 
Neocalanus gracilis 0 0 
Para-Pseudocalanus spp. 9 1 
Pleuromamma borealis 1 0 
Pleuromamma gracilis 0 0 
Pleuromamma robusta 1 0 
Rhincalanus nasutus 1 0 
Temora longicornis 3 3 
Total copepoda 10 0 
Coqcaeus spp. 3 4 
Oithona spp. 6 1 
Oncaea spp. 0 1 
Evadne spp. 2 4 
Podon spp. 0 3 
Hyperiidea 2 3 
Decapoda larvae 2 3 
Total Euphausiacea 2 0 
Chaetognatha >8mm 9 1 
Clione spp. 6 2 
Limacina retroversa 7 2 
Total Larvacea 0 3 

Maximum loadings possible 12 8 
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this study. Comparisons are made be- 
tween the trends observed in the CPR 
data and similar downward trends in 
zooplankton biomass observed in the 
CalCOFI plankton survey that has been 
maintained off the west coast of 
California since 195 1. The extent to 
which these downward trends in the 
plankton may be a response to a 
widespread northern hemisphere cli- 
matic change signal is discussed. If 
there is such a link, attention is drawn 
to the difficulties of detecting whether 
similar changes are occurring in the 
plankton of the southern hemisphere. 

METHODS 

CPRs are towed at a depth of approxi- 
mately 10 m (see Hays & Warner, 
1993) and samples the plankton on a 
continuously moving band of 270 pm 
mesh, silk bolting cloth. The band of 
silk is subsequently cut into samples 
that represent 10 nautical miles of tow 
and approximately 3 m3 of water fil- 
tered. More than 150 taxa each of zoo- 
and phytoplankton are identified and 
counted on the silk, using standard and 
routine procedures. The methods of 
analysis have been described by 
Colebrook (1960) and Robinson & 
Hiby (1978). The information used 
here consists of monthly counts for the 
taxonomic entities listed in Table I for 
the 13 ‘standard areas’ shown in Figure 
1. A log (x + 1) transformation was ap- 
plied to the counts and mean numbers 
per sample calculated for each ‘stan- 
dard area’. Annual mean numbers per 
sample were then calculated; the 
method used involved some interpola- 
tion and is described in Colebrook 
(1975). This procedure will only inter- 
polate missing values if the monthly 
means in a given year include three of 
the months in which the species is most 
abundant. If a further interpolation was 
needed, the long-term mean annual val- 
ue for the taxon was inserted. 

For each area, the data were edited 
to remove those taxa, from the original 
list in Table 1, that were not found. A 
Principal Component Analysis (PCA) 
was then performed on the available 
data for each of the ‘standard areas’ us- 
ing the Factor procedure of the Systat 
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Fig. 1. A chart showing the thirteen ‘standard areas’ of the north east Atlantic and North Sea for 
which data have been averaged in this study. 

statistical package (SYSTAT, 1992). 
Log Eigen Value (LEV) plots for these 
analyses show that most of the variabil- 
ity is explained by the first and second 
components. These components were 
organised in a new data set for 13 ‘stan- 
dard areas’ and a PCA performed on 
them. The first two components of this 
new analysis explained 46.2% of the 
variability which represents 21% of the 
original species variability. The first 
component represents the dominant 
signal that is left. 

RESULTS 

Plots of the first and second compo- 
nents of the PCA carried out on the 
combined data from 30 taxa and 13 
‘standard areas’ are shown in Figure 2. 
The first component sh0ws.a downward 
trend from 1958 to 1980, with levels of 
zooplankton below mean levels for the 
period 1969 to 1993, except for 1985 
when there was a short recovery. The 

second component shows higher levels 
from 1982, again with a peak in 1985. 
Table I lists the taxa included in the 
analysis and gives the number of ‘high’ 
vector loadings for each taxon. The 
numbers shown indicate the extent to 
which a taxon has contributed to the 
different components. From the table it 
can be seen that the majority of taxa 
represent the first component. The fol- 
lowing taxa are most closely linked to 
component 2: Calanus helgolandicus 
Claus, Decapoda larvae, Corycaeus 
spp. and Evadne spp. The first compo- 
nent represents the dominant signal 
within the data, whereas the second 
component is close to the noise and 
thus difficult to interpret and therefore 
is not discussed further. 

In earlier calculations of the long- 
term trend (e.g. Colebrook et al., 1984; 
Colebrook, 1991) the data for 1948 to 
1957 and 1958 onwards were splined 
together. Correlations based on the 
shorter time periods were adjusted us- 
ing a Fisher z transformation multiplied 
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Fig. 2. Long term changes in the zooplankton of the 
north east Atlantic and North Sea over the period 
1958 to 1993. A: The first component of the PCA of 
the first two components of the PCA of the 13 ‘stan- 
dard areas’. B: The second component of the PCA of 
the 13 ‘standard areas’. 

1980 1990 

Limacina retroversa 

1960 1970 1980 1990 

Fig. 3. The mean annual values of Total Copepods 
and Limacina retroversa averaged over the 13 ‘stan- 
dard areas’. 

1960 1970 1980 1990 

Fig. 4. Time series of log-transformed zooplankton 
volume (cubic centimeters of zooplankton volume 
per 1000 m3 of seawater strained). Redrawn fram 
Roemich & McGowan (1995). 

by the ratio of the square root of the de- 
grees of freedom of the shorter and 
longer time periods. This, when re- 
transformed back to a correlation coef- 
ficient, gave a correlation which better 
represented the whole time period. It is 
evident from these earlier plots that the 

zooplankton was even more abundant 
than post 1958 and that there has been 
therefore an almost continuous down- 
ward trend in zooplankton abundance 
since 1948. 

To assess the contribution of indi- 
vidual taxa to the trends, the results of 
the first PCA on the individual ‘stan- 
dard areas’ were reexamined and taxa 
with the highest loadings on 
Component 1 noted. They include the 
following taxa: Paracalanus, Pseudo- 
calanus (all stages), Total Copepods, 
Centropages typicus (Kroyer), Oithona 
spp., Limacina retroversa (Fleming). It 
can be seen from this list that the domi- 
nant downward trend in zooplankton 
abundance is largely represented by 
small copepods. From this group ‘Total 
Copepods’ and L. retroversa were se- 
lected and annual means for these two 
taxa averaged over all thirteen areas. 
Changes in the abundance of ‘Total 
Copepods’ shows the highest numbers 
in the sixties, a second increase to 
above mean values in the mid seventies 
(which coincides with the mid seven- 
ties salinity anomaly; Dickson et al., 
1988) and a large increase in 1985, 
which was short lived. L. retroversa 
shows a less pronounced trend, again 
with a one year recovery in 1985. 

Two different statistical packages 
were used during this study for the 
PCA analyses. In the first method, ar- 
eas with data for less than three months 
in which a taxon was most abundant 
were eliminated, so that only 11 ‘stan- 
dard areas’ were included in the final 
analysis. This paper presents results 
from the second method, where miss- 
ing values were interpolated for all 
years and areas. The results from both 
analyses were similar, giving some sup- 
port to the robustness of the techniques 
used. 

DISCUSSION 

The reality of the observed long-term 
changes in the plankton of the North- 
east Atlantic and North Sea is support- 
ed by its occurrence in a number of in- 
dependently sampled regions and by 
examination of the plots of annual 
changes for some of the individual 
species (e.g. Colebrook, 1986, Fig. 12). 
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At this time it is not possible to convert 
zooplankton numbers to biomass as the 
true volume of water filtered is not 
known. Work is in hand to make this 
possible by attaching a new electro- 
magnetic flowmeter to CPRs and 
through calibrations from twelve 
months of biweekly measurements of 
dry weight of freshly caught, and un- 
preserved, zooplankton off Plymouth. 

There is little doubt that zooplankton 
numbers, and thus biomass, have de- 
clined substantially over the last 35 
years and that these changes are likely 
to have an impact on higher trophic 
levels. Any link between the changes 
and the fishery will be difficult to estab- 
lish as the size of fish stocks and the 
relative species contribution to the 
stocks is so heavily influenced by man. 

It was suggested by Colebrook 
( 199 1) that differing overwintering 
strategies by certain plankton species 
are likely to be the key to the processes 
behind the long-term changes. He at- 
tributed a progressive reduction in the 
overwintering success of a set of key 
species to an observed reduction in the 
frequency of westerly weather in the 
North-east Atlantic which was seen to 
be closely corre1ate.d with the first com- 
ponent of the zooplankton. He was not 
able to suggest any mechanism to ex- 
plain this empirical correlation. 
Progress towards an understanding of 
the processes involved has been made 
by Taylor (1995), who has shown that 
the position of the north wall of the 
Gulf Stream where it separates from 
the shelf of the USA changes with time 
and is closely correlated with the trend 
in ‘Total Copepods’ from the CPR, and 
more recent1.y (Taylor pers. comm) with 
North Sea stratification. Since any time 
lag between shifts in the north wall and 
changes in the plankton of the North- 
east Atlantic is less than one month, 
any connection must be via the atmo- 
sphere. This has been confirmed by the 
discovery of equally striking correla- 
tions between the position of the north 
wall, zooplankton abundance ‘and 
spring thermal stratification in Lake 
Windermere, UK (George & Taylor, 
1995). The correlations imply that an 
important climatic process is control- 
ling stratification and the biological 
productivity of the north-east Atlantic 

and North Sea and at least one lake in 
western Europe. It is evident that the 
plankton is responding in a systematic 
way over a large area and integrating a 
climatic signal that is not clearly shown 
in standard meteorological statistics. 

On the eastern margin of the Pacific 
the only other large-scale and long- 
term plankton monitoring programme 
in the world (CalCOFI) has measured 
zooplankton biomass on a set of tran- 
sects out from the coast of California 
since 195 1. Over this period zooplank- 
ton volume (in this survey zooplankton 
are not identified and counted, but mea- 
sured by volume in a flask) decreased 
by about 80% (Roemmich & 
McGowan, 1995). In this region of the 
eastern Pacific the changes in zoo- 
plankton show an inverse relationship 
to sea temperature in the upper 100 m 
and appear to be linked to reduced ver- 
tical displacement of nutrient rich water 
with the development of a sharper ther- 
mocline in more recent years. 
Roemmich & McGowan (1995) sug- 
gested that the complex of observed 
changes may be caused by observed 
basin scale changes in wind forcing, es- 
pecially in the winter months of the 
year. It is not known if the decline in 
Californian zooplankton is part of a 
natural cycle or a response to a longer 
trend that could be climatically forced. 

The similarity in the downward 
trends in the only two long-term plank- 
ton monitoring programmes in the 
world is of concern because of the im- 
portance of zooplankton to higher 
trophic levels and the fish yields of the 
northern hemisphere. Are these two 
eastern margin data sets providing evi- 
dence for a major decline in the zoo- 
plankton of the northern hemisphere? 
Evidence is accumulating to link the 
trends to changes in pressure gradients 
and associated alterations in local 
winds and weather that may be a conse- 
quence of climate change. There is an 
urgent need to research the mechanisms 
behind the observed trends and in par- 
ticular the effects of winter on the sur- 
vival of zooplankton. New long-term 
monitoring programmes for zooplank- 
ton need to be established in other parts 
of the world to establish the extent of 
the observed changes. In a review of 
long-term plankton data sets presented 
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by P.C. Reid at the International confer- 
ence on ‘Long term changes in Marine 
Ecosystems’, Arcachon, in 1995 it was 
shown that the few existing plankton 
time series, most of which are at single 
locations, are almost entirely restricted 
to the northern hemisphere. If zoo- 
plankton is declining in the southern 
hemisphere it is not possible at this 
time to quantify the rate of any change. 
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ABSTRACT 

Bioacoustics offers a way of obtaining a suite 
of qualitative and quantitative biological data 
without interference and on the same time and 
space scales as other environmental parameters. 
ADCPs are now routine oceanographic instru- 
ments which can provide quantitative data on 
biomass, distribution patterns and rates of verti- 
cal migration in addition to current vectors. 
When used concurrently with towed hydro- 
graphic sensors e.g.. the IOSDL SeaSoar vehi- 
cle, these biological data can be collected at the 
same sampling rates as physical and chemical 
data. The resultant data provide insights into 
biological variability in time and space, due 
directly to behaviour, and to interactions with 
hydrography, topography and combinations of 
all three. The data can. be obtained routinely in 
real time, in survey mode or on long term 
moorings, and can be used to target conven- 
tional sampling. Examples of data are described 
and discussed. 

INTRODUCTION 

Biological distributions in the sea are 
patchy over a range of spatial and tem- 
poral sc,ales (Haury et al., 1978; 
Dickey, 1990), and this patchiness 
results from interactions between phys- 
ical and biological factors with the 
dominant forcing function changing 
with scale. Resolution of these interac- 
tions and the ways in which biological 
and physical structure and processes 
are coupled are crucial to our un- 
derstanding of the dynamics of marine 
ecosystems (e.g.. GLOBEC, 1991), fish 
stocks (Rothschild, 1991) and the role 
of biology in modifying climate via air- 
sea flux of CO, (Watson et al., 1991) 
and the biological pump (Woods & 
Barkmann, 1993). Resolution requires 
that we sample biological data at the 

same spatial and temporal rates as other 
environmental variables. Conventional 
net and pump samples cannot resolve 
even the mesoscale (horizontal scales 
of 10 - 100 km) (Nival, 1990), data are 
invariably aliased and results oversim- 
plified. Acoustic methods provide a 
non-intrusive sampling technique capa- 
ble of providing a variety of high reso- 
lution quantitative and qualitative bio- 
logical data in real time over a range of 
time and space scales (see e.g. Smith et 
al., 1992; Roe et al., 1994; Holliday & 
Pieper, in press). These acoustic data 
can be carried out simultaneously with 
other underway sampling programmes 
(e.g.. the IOSDL SeaSoar vehicle) 
when the resultant data sets are combi- 
nations of biological, physical and 
chemical data collected over the same 
time and space scales (Roe et al., 1994; 
Roe et al., in press). 

Many of the acoustic systems devel- 
oped so far for biological oceanography 
are highly specialised one-offs. In con- 
trast Acoustic Doppler Current 
Profilers have, since the 198Os, become 
routine instruments for physical 
oceanographers and are now fitted on 
many oceanographic and naval vessels. 
Awareness of the ability of ADCPs to 
generate biological data has increased 
rapidly since this was demonstrated by 
Flagg & Smith (1989) and Pluedde- 
mann & Pinkel (1989). More recent 
papers have examined the relationships 
between biomass and backscatter, have 
used interdisciplinary moored long 
term arrays, hull mounted systems, and 
have collected ADCP backscatter data 
together with conventional CTDs or 
towed hydrographic sensors in both 
restricted areas or in wide area survey 
mode (Heywood et al., 1991; Roe & 
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Griffiths, 1993; Griffiths & Roe, 1993; 
Fischer & Visbeck, 1993; Zhou et al., 
1994; Flagg et al.,1994; Ashjian et al., 
1994; Roe et al., in press. However the 
possibilities of using ADCPs concur- 
rently with towed hydrographic sensors 
to provide real time biology and hydro- 
graphy in routine survey mode over 
tens of thousands of kilometres are not 
well established. Such data provide 
considerable insights into the variabili- 
ty of both biology and physics and the 
interactions between them, and they 
allow targeting of conventional sam- 
pling in areas of interest. 

Care is needed in the interpretation 
of ADCP backscatter data. ADCPs are 
not purpose built biological sonars and 
to maximise their usefulness to biolo- 
gists it is necessary to pay careful atten- 
tion to calibration and data handling 
(Roe et al., in press; Griffiths & Diaz, 
in press). Calibration difficulties have 
meant that many previous authors who 
have presented biological data from 
ADCPs have presented data on relative 
backscatter. These relative data are use- 
ful for semi-quantitative distribution 
patterns but they are not comparable 
over different hydrographic regimes, 
because of the variation in sound 
absorption a with temperature and 
salinity, they cannot be used to com- 
pare backscatter at different depths, and 
they will inevitably provide extremely 
generalised backscatter/biomass rela- 
tionships. To improve these relative 
data various recent studies have used 
the manufacturer’s calibration data to 
provide measurements of absolute 
backscatter (mean volume backscatter- 
ing strength MVBS), and have used in 
situ salinity (Zhou et al., 1994), and 
temperature and noise levels (Weeks et 
al., 1995) to improve the data. Roe et 
al. (in press) have gone further and 
used concurrent temperature and salini- 
ty data from SeaSoar to calculate 
directly the sound absorption coeffi- 
cient a and then used this in their cal- 
culation of MVBS. 

This paper provides examples of our 
current work using hull mounted RDI 
1 SOkHz ADCPs concurrently with 
SeaSoar to illustrate the possibilities of 
this technique. 

MATERIALS AND METHODS 

Processing of ADCP data to provide 
relative and absolute backscatter are 
described in Roe & Griffiths (1993) and 
Roe et al. (in press). Relative data are 
processed after the technique described 
by Plueddemann & Pinkel (1989) in 
which each depth layer is treated 
independently; absolute data are calcu- 
lated using the manufacturer’s calibra- 
tion (RDI, 1990) modified to include 
the equation developed by Francoise & 
Garrison (1982) for the variability of a 
with temperature and salinity. We use 
SeaSoar to provide concurrent tempera- 
ture and salinity data for the direct cal- 
culation of a. We also apply a correc- 
tion for the non linearity of ADCP data 
with increasing range (see Roe, in 
press). These new techniques allow us 
to produce quantitative backscatter data 
which are directly comparable vertical- 
ly, and also horizontally where surveys 
cover areas of significant change in 
water mass e.g. fronts and eddies. 
SeaSoar is a towed undulating hydro- 
graphic sensor package typically carry- 
ing a CTD, fluorometer and light sensor 
(e.g.. Allen et al., 1994). At a speed of 
8 knots undulation is typically between 
the surface and 400 m with a spatial 
resolution at the surface of ca 4 km. 
Data are averaged to profiles every 4 
km (ca 15 minutes corresponding to the 
ADCP averaging) and in depth over 8 
dbar or 4 dbar (again the same as the 
ADCP bin depths) (see Allen et al., 
1994). 

RESULTS 

Fig. 1 shows sections of MVBS cor- 
rected for variations in a and for non 
linearity in range - and concurrent tem- 
perature from SeaSoar. The sections are 
over 96 hours as RRS Charles Darwin 
steamed northwards in the NE Atlantic 
towards and across the Polar Front at ca 
51”N. The temperature section shows 
two large eddies of cold water at ca 
44’N and 47”N and the N Atlantic cur- 
rent jet running west to east along the 
Polar Front between 48”-5 1”N. The 
MVBS section shows two distinct die1 



ICX M’orkshop Report Ko. 142 
Page 3 18 

Absolute 
backscatter (dB) 

100 -75.25 

2 
- 77.25 

200 - 78.25 s 
5 300 - 78.75 
a -81.00 

400 -83.25 
b 

- 

5oo ~ /I m-86.50 
42.0 44.0 46.0 48.0 50.0 52.0 

Latitude (‘N) 
Temperature 

(“C) 
0 

13.50 100 
12.50 

-2 e 200 11.50 
AZ 5 300 10.00 
c. 7.00 

100 5.75 
500 5.00 

12.0 44.0 46.0 48.0 50.0 52.0 
Latitude (‘N) 

Fig. 1. MVBS from ADCP (top) and concurrent temperature from SeaSoar. The sections cover 96 hours and show 
variability in backscatter due to behaviour and the modification of this at a major front. 

migrations at ca 44”N and 46”N with 
some indication of a column of en- 
hanced backscatter associated with a 
cold eddy at ca 47”N. The third die1 
migration between ca 48”-49”N is less 
distinct, followed by conspicuous vari- 
ations in MVBS with significant levels 
remaining at shallow depths by day and 
night in the region of the current jet and 
the front, i.e. acoustic variability is due 
to biological behaviour (die1 migration) 
which is modified by the frontal sys- 
tem. 

Fig. 2 shows sections over 21 hours 
from Charles Darwin in the vicinity of 
the Iceland Faeroes Front, a dynamic 
eddy region (Allen et al., 1994). The 
top panel shows MVBS, the middle and 
lower panels show concurrent tempera- 
ture and salinity from SeaSoar. The 
MVBS record shows (from  the left) a 
layer moving downwards during dawn 
(die1 migration) followed by vertical 
columns of enhanced backscatter at ca 
0900 h, 1200 h, 1330 h, ca 1600 h and 
2000 h. The features at 0900, 1200, 
1330 and around 1600 h do not corre- 
spond to normal die1 vertical migration 
patterns, but they mostly become expli- 
cable when compared with the temper- 
ature and salinity records. The Iceland - 
Faeroes Front was crossed at ca 0900 h, 
and south of this there are mesoscale 

eddies of warm, saline water with 
boundaries at 1200, 1600 and 2000 h - 
corresponding to the columns of en- 
hanced backscatter. The column at 
1330 h remains anomalous, but overall 
acoustic variability here is a combina- 
tion of normal die1 biological behaviour 
and responses to eddies by concentrat- 
ing in columns at the edges of eddies 
and fronts where vertical water motions 
are relatively high (see e.g. Pollard & 
Regier, 1992). 

Fig. 3 is MVBS taken over a 2 hour 
period from Discovery off Oman. It is 
the most dramatic layering of backscat- 
ter which we have yet seen from our 
observations in the Atlantic, Southern 
and Indian Oceans. There are approxi- 
mately 16 distinct layers in the upper 
350 m , varying in thickness from ~10 
m  to ca 100 m . MVBS varies dramati- 
cally between layers, e.g. at ca 75 m  
there is a layer of ca -82 to -84 dB 
sandwiched between layers of ca -68 
dB (above) and -72 dB (below). We 
currently have no explanation for these 
layers, but their occurrence is remark- 
able and far exceeds the normal two or 
three biological layers which are com- 
monly seen on sonar records in the 
Atlantic (e.g. Griffiths & Roe, 1993). 

The previous figures illustrate 
results for MVBS based upon our mod- 



IOC Workshop Report No. 142 
Page 319 

time 0300 0600 0900 1200 1500 1800 2100 
I 

Absolute 
backscatter 

(dB) 

- 63.25 
- 68.25 
-71.25 
- 74.25 
- 77.25 
- 81.25 
- 90.25 

3461 3498 3536 3573 3610 3647 3684 3722 3759 

Distance run (km) 

0 

100 

g 200 
c 
3 300 
a 

400 

500 ,, ,,. .,, 0.0 I B 
J361 3498 3536 3573 3610 3647 36W 3722 3759 

0 

100 

E 200 

5 

2 300 
a 

400 

500 i,,, .,#A, ..I.). \I 
j w34.6” 

3461 3498 3536 3573 3610 3647 3684 3722 3759 

Distance TM (km) 

Temperature 

Distance run (km) 
Salinitv 

Fig. 2. MVBS with concurrent temperature and salinity in the vicinity of the Iceland Faeroes Front. Columns of 
enhanced backscatter correspond to the IF Front and to the margins of mesoscale eddies. 
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ification of the manufacturer’s calibra- 
tion. To establish confidence in the 
technique it is important to consider 
how accurate and stable these MVBS 
data are. We have compared the ADCP 
with the 200 kHz channel of a Simrad 
EK.500 sounder (Griffiths & Diaz, 
1996). Fig. 4 shows that the calibrated 
ADCP MVBS at 15OkHz is highly cor- 
related (R2 of 0.989) with the EKSOO’s 
200 kHz channel over a range of 
MVBS from -88 to -68 dB. The slope 
differs from unity, probably because of 
the frequency difference, but the stan- 
dard error of the difference between the 
average of the 4 ADCP beams and the 
200 kHz EK500 individual data points 
was 0.7 dB, encouragingly low. 
Variability in individual beams of the 
ADCP was present, due primarily to 
variable noise levels (see Griffiths & 
Diaz, 1996), but the overall agreement 
between the ADCP and a well calibrat- 
ed scientific echo-sounder is very 
encouraging, giving us confidence that 
the MVBS data from the ADCP are 
reasonably accurate. 

DISCUSSION 

The results given here demonstrate the 
enormous potential that concurrent 
ADCP/SeaSoar operations have for 
providing real time, concurrent data on 
biology, physics and chemistry in rou- 
tine survey mode. The acoustic data are 
processed on board allowing conven- 
tional sampling at specifically targeted 
areas. 

These results demonstrate the possi- 
bility of routine wide area backscatter 
(biomass) mapping coupled with 
hydrography. Using MVBS corrected 
for in situ temperature and salinity 
allows us to directly compare backscat- 
ter levels in different depths and in dif- 
ferent areas, such comparisons are im- 
possible using relative backscatter data. 
ADCP survey data can be plotted areal- 
ly at particular depths (Roe & Griffiths, 
1993) as well as the vertical sections 
shown here. Biological accumulation at 
fronts is well known, less well docu- 
mented are concentrations in the mar- 
gins of eddies seen here in Fig. 2. 

Other biological applications for 
ADCPs include the acquisition of long 
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Fig. 4. Scatter plot and linear regression of the beam 
average ADCP at ISOkHz against the EK500 at 
200kHz for depth layers of IO-50m (upper cluster) 
and 50-90m (lower cluster). The outliers in the lower 
cluster were due to interference signals at 200kHz. 

term data from moorings (e.g. Flagg et 
al., 1994; Fischer & Visbeck, 1993), 
direct measurements of vertical migra- 
tion rates (Roe & Griffiths, 1993; 
Fischer & Visbeck, 1993), and in pro- 
viding biomass/distributional data in 
rugged slope areas where conventional 
sampling would be impossible (e.g. 
Roe et al., 1994). 

Various authors (see earlier refer- 
ences) have provided ADCP backscat- 
ter/biomass regressions from net sam- 
ples taken with ADCP data. These rela- 
tionships can only be general, both 
because of the variability in target 
strength and acoustic backscatter with 
biological characteristics (see e.g. 
Stanton et al., 1994a; 1994b), and 
because ADCPs cannot be practically 
calibrated at sea by users, their tempo- 
ral and spatial resolution is relatively 
broad because of the time averaging 
needed for accurate current measure- 
ments, and because they are only single 
frequency systems. Despite these draw- 
backs, direct comparisons between 
ADCP backscatter and a well calibrated 
EK500 sounder (Griffiths & Diaz, 
1996) have shown that residual differ- 
ences between the two systems are less 
than 1 dB. There are also distributional 
correlations between observed ADCP 
backscatter and biological populations. 
For example, Weeks et al. (1995) found 
that patches of backscatter were related 
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to patches of phytoplankton and to 
hydrography, and were well correlated 
with adjacent net samples. 

ADCPs can never replace purpose 
built multifrequency well calibrated 
echosounders for biological purposes. 
They can however, provide routine syn- 
optic data which with appropriate con- 
version to MVBS and coupling with 
appropriate hydrographic sensors can 
be used to map quantitative biology on 
the same scales as hydrography. They 
are readily available, they are relatively 
easy to process, and the data can be dis- 
played in real time and used to target 
conventional programmes. They can 
also be used for long term, in situ, 
monitoring and direct measurements of 
vertical migration rates. 

ACKNOWLEDGEMENTS 

We thank the Defence Research Agency UK, 
for their support of this work. 

REFERENCES 

ALLEN, J.T., D.A. SMEED & A.L. CHADWICK, 
1994. Eddies and mixing at the Iceland - 
Faeroes Front. Deep-Sea Res., 41: 51-79. 

ASHJIAN, C.J., S.L. SMITH, C.N. FLAGG, A.J. 
MARIANO, W.J. BEHRENS & P.V.Z. LANE, 1994. 
The influence of a Gulf Stream meander on the 
distribution of zooplankton biomass in the 
Slope Water, the Gulf Stream, and the Sargasso 
Sea, described using a shipboard acoustic 
Doppler current profiler. Deep-Sea Res., 41: 
23-50. 

DICKEY, T.D., 1990. Physical-optical-bio- 
logical scales relevant to recruitment in large 
marine ecosystems. In: K. Sherman, L.M. 
Alexander & B.D. Gold, (eds). Large marine 
ecosystems; patterns, processes and yields. Am. 
Ass. Adv. Sci., Washington, D.C.: 82-98. 

FISCHER, J. & M. VISBECK, 1993. Seasonal 
variation of the daily zooplankton migration in 
the Greenland Sea. Deep-Sea Res., 40: l547- 
1557. 

FLAGG, C.N. & S.L. SMITH, 1989. On the 
use of the Acoustic Doppler Current Profiler to 
measure zooplankton abundance. Deep-Sea 
Res., 36: 455-474. 

FLAGG, C.N., CD. WIRICK & S.L. SMITH, 
1994. The interaction of phytoplankton, ZOO- 
plankton and currents from 15 months of con- 
tinuous data in the Mid-Atlantic Bight. Deep- 
Sea Res., 41: 41 l-435. 

FRANCOISE, R.E. & G.R. GARRISON, 1982. 
Sound absorption based on ocean measure- 

ments. Part II: Boric acid contribution and 
equations for total absorption. J. Acoustic Sot. 
Ameiica, 72: 1879- 1890. 

GLOBEC, 199 1. Global Ecosystem 
Dynamics. Initial Science Plan Report No. I, 
Joint Oceanographic Institutions, Washington 
D.C.: 93pp. 

GRIFFITHS, G. & H.S.J. ROE, 1993. Acoustic 
Doppler Current’Profilers - a tool for both 
physical and biological oceanographers. IEE 
Conf. Acoustic Sensing Imaging, 1993, 
London: 5pp. 

GRIFFITHS, G. & J.I. DIAZ, (in press). Com- 
parison of acoustic backscatter measurements 
from a ship-mounted Acoustic Doppler Current 
Profiler and an EK500 scientific echo sounder. 
ICES J. mar. Sci., 53. 

HAURY, L.R., J.A. MCGOWAN & P.H. 
WIEBE, 1978. Patterns and processes in the 
timescales of plankton. In: J. Steele (ed.), 
Spatial patterns in plankton communities. 
NATO Conference Series IV: Marine Sciences, 
Plenum Press: 277-327. 

HEYWOOD, K.J., S. SCROPE-HOWE & E.D. 
BARTON, 199 I. Estimation of zooplankton 
abundance from shipborne ADCP backscatter. 
Deep-Sea Res., 38: 677-691. 

HOLLIDAY, D.V. & R.V. PIEPER, (in press) 
Bioacoustical oceanography at high frequen- 
cies. Proceedings of the ICES Symposium on 
Zooplankton Production. August 1994 
England. 

NIVAL, P., 1990. Mise en evidence des 
structures spatiales en mer. Oceanis, 16: 75-89. 

PLUEDDEMANN, A.J. & R. PINKEL, 1989. 
Characterisation of the patterns of die] migra- 
tion using a Doppler Sonar. Deep-Sea Res., 36: 
509-530. 

POLLARD, R.T. & L. REGIER, 1992. Vorticity 
and vertical circulation at an ocean front. J. 
Phys. Oceanogr., 22: 609-625. 

RD INSTRUMENTS, 1990. Calculating abso- 
lute backscatter. Technical Bulletin ADCP-90- 
04, RD Instruments, San Diego, California, 
24~~ 

ROE, H.S.J. & G. GRIFFITH& 1993. Biologi- 
cal information from an Acoustic Doppler 
Current Profiler. Mar. Biol., 115: 339-346. 

ROE, H. S. J., G. GRIFFITHS, M. HARTMAN & 
N. LANE, 1994. Bioacoustics: a remote in situ 
measure of biological variability. In: 
Conference Proceedings, Oceanology Inter- 
national ‘94. The Global Ocean, Vol. 2, 1994, 
Brighton, UK: I lpp. 

ROE, H.S.J., G. GRIFFITH& M. HARTMAN & 
N. CRISP, (in press). Variability in biological 
distributions and hydrography from concurrent 
acoustic Doppler current profiler and SeaSoar 
surveys. ICES J. mar. Res., 53: in press 

ROTHSCHILD, B.J., 1991. On the causes for 
variability of fish populations: the linkage 
between large and small scales. In: K. 
Sherman, L.M. Alexander & B.D. Gold, (eds). 



IOC Workshop Report No. 142 
Page 322 

Food Chains, yields, models and management 
of large marine ecosystems. Westview Press, 
Boulder, San Francisco, Oxford: 263-273. 

SMITH, S.L., R.E. PIEPER, M.V. MOORE, 
L.G. RLJDSTRAM, C.H. GREENE, J.H. ZANON, 
C.M. FLAGG & C.E. WILLIAMSON, 1992. 
Acoustic techniques for the in situ observations 
of zooplankton. Archiv Hydrobiol. Theor. 
Angew. Limnol., 36: 23-43. 

STANTON, T.K., P.H. WIEBE, D. CHU & L. 
GOODMAN, 1994a. Acoustic characteristics and 
discrimination of marine zooplankton and tur- 
bulence. ICES J. mar. Sci., 5 I : 469-479. 

STANTON, T.K., P.H. WIEBE, D. CHU, M.C. 
BENFIELD, L. SCANLON, L. MARTIN & R.C. 
EASTWOOD, 1994b. On acoustic estimates of 
zooplankton biomass. ICES J. mar. Sci., 51: 
505-5 12. 

WATSON, A.J., C. ROBINSON, J.E. ROBERT- 

SON, P.J. LE, B. WILLIAMS, & M.J.R. FASHAM, 
1991. Spatial variability in the sink for atmo- 
spheric carbon dioxide in the North Atlantic. 
Nature, 350: 50-53. 

WEEKS, A.R., G. GRIFFITHS, H. ROE, G. 
MOORE, I.S. ROBINSON, A. ATKINSON & R. 
SCHREEVE, 1995. The distribution of acoustic 
backscatter from zooplankton compared with 
physical structure, phytoplankton and radiance 
during the spring bloom in the Bellingshausen 
Sea. Deep-Sea Res., 42: 997- 10 19. 

WOODS, J. & W. BARKMANN, 1993. The 
plankton multiplier - positive feedback in the 
greenhouse. J. Plankt. Res., 15: 1053- 1074. 

ZHOU, M., W. NORDHAUSEN & M. HUNT- 
LEY, 1994. ADCP measurements of the distri- 
bution and abundance of euphausiids near the 
Antarctic Peninsula in winter. Deep-Sea Res., 
41: 1425-1445. 



IOC Workshop Report No. 142 
Page 323 

43. The annual mean mesozooplankton biomass 
distribution in the upper layer of the Pacific and 

Indian Oceans. 

J. A. Rudjakov & V. B. Tseitlin 
P.P.Shirshov Institute of Oceanology, RAS ,23, Krasikova Street, 

Moscow 117218, Russia. 

KEYWORDS: zooplankton, biomass, geographical distribution, biogeography. 

ABSTRACT 

The distribution of annual biomass of meso- 
zooplankton (animals in the size range 0.2 to 20 
mm) in the upper layer (0- 100 m) of the Pacific 
and Indian Oceans was mapped. The maps are 
based on the results of biomass determination 
at 57,656 oceanographic stations, from the 
Russian archive records (P.P. Shirshov Institute 
of Oceanology, All-Russian Institute of Marine 
Fisheries and Oceanography), from the 
National Oceanographic Data Center, Washing- 
ton, and from published sources. A set of con- 
version factors was applied which made it pos- 
sible to pool the data obtained by: a) nets with 
different mesh sizes (from 0.1 to 0.65 mm), b) 
different sampled layers (from surface down to 
300 m), c) different methods of biomass evalu- 
ation (seston displacement volume, seston wet 
or dry weight, or zooplankton biomass calculat- 
ed from individual weights or size), and d) dif- 
ferent seasons. The overall mesoplankton 
biomass stock in the O-100 m layer of the 
Pacific was evaluated as 2.7.109 tons, and for 
the Indian Ocean as 1 .O. lo9 tons (wet weight). 

INTRODUCTION 

The goal of this paper is to compose 
maps of annual mean zooplankton 
biomass distribution in the upper layer 
of the Pacific and the Indian Oceans. 
Understanding of biological processes 
in the upper layer demands knowledge 
of quantitative characteristics of vari- 
ous groups dwelling in this layer, and 
the biomass of the mesozooplankton 
(comprising the size range of 0.2 to 20 
mm) is one of the most important prop- 
erties. 

To map the biomass distribution, 
one has to use data obtained on many 
oceanographic expeditions. As a result, 

compatibility problems arise related to 
the differences in the collecting tech- 
niques. Plankton samples can be taken 
with nets of different mesh sizes, from 
different layers, in different seasons 
and time of the day, and the biomass 
can be evaluated in many different 
ways (displacement volume, wet or dry 
weight, or zooplankton biomass calcu- 
lated from individual weights or size). 
These obstacles were noted by the 
authors of earlier versions of biomass 
distribution maps eg. by Reid (1962) 
and Bogorov (1967) for the Pacific, and 
by Bogorov et al. (1968) for all oceans 
(the latter was somewhat modified by 
Vinogradov & Shushkina in 1985). 
Overcoming these obstacles was an 
indispensable part of this project. Our 
aim was to map measured values as 
objective as possible. So we did not use 
any hypotheses pertaining to distribu- 
tional patterns or any correlations of 
biomass values with physical or chemi- 
cal water parameters. 

MATERIALS. 

The data on the zooplankton biomass at 
57,656 (54,920 and 2,736) oceano- 
graphic stations (from this point 
onward, the first figure refers to the 
Pacific, and the second to the Indian 
Ocean) were taken from three main 
sources: a) archive materials of the 
P.P.Shirshov Institute of Oceanology 
and of the All-Russian Institute of 
Marine Fisheries and Oceanography, 
Moscow, Russia (2,138 and 822 sta- 
tions); the majority of samples were 
collected with nets of 0.178 mm mesh- 
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size, and a limited number with nets of 
0.57 mm meshsize; the volume filtered 
was estimated from the mouth area and 
the length of wire paid out; tows were 
taken from O-100 m or by the layers O- 
10, lo-25 (or O-25), 25-50, 50- 100 m, 
b) archive materials of the National 
Oceanographic Data Center, Washing- 
ton, USA; the overwhelming majority 
of the data were derived from the 
region off California (35,090 stations), 
the other Pacific stations (1,778) being 
from the Chuckchee and Bering Seas, 
from the Gulf of Alaska, and from the 
Indian Ocean - 285 stations; the sam- 
ples were taken with different nets of 
0.21, 0.33, and 0.5 mm meshsizes (the 
latter was the most usual); vertical or 
oblique hauls were made down to 300 
m; the volume filtered was predomi- 
nantly estimated by calibrated flowme- 
ters; c) data taken from the published 
literature; predominantly Japanese, 
were taken with 0.33 mm nets fur- 
nished with flowmeters. The more 
detailed description of the data used 
can be found in Tseitlin et al. (in press) 
and Rudjakov et al. (in press). Two 
thirds of the all observations were done 
with the 0.5 mm meshsize nets (nearly 

all of them off the coast of California) 
and 95% with the meshsize larger than 
0.24 mm. Thus, the biomass observa- 
tions are distributed over the ocean 
very unevenly, not only by numbers but 
by devices used as well. 

The sites of the oceanographical sta- 
tions where the biomass was measured 
are given in Figs 1 and 2. The quantita- 
tive estimates of the level of knowledge 
can be derived from the number of 
biomass determinations per 5” square. 
The maximum density of mea- 
surements was achieved near California 
(more than lO,OOO), in the Bering Sea, 
and in the Malacca Peninsula area. 
About 30 percent of the Pacific area is 
covered with squares which have no 
measurements at all, mostly in the 
Southern hemisphere. The coverage of 
the Indian Ocean is much better: 
unknown area is about 8 percent of the 
total. 

METHODS 

In order to use to the maximum amount 
of available data, we used a set of con- 
version factors which made it possible 
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Fig. 1. Distribution of observations in the Pacific Ocean. 
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to express all data in the form of only 
one unit - the annual mean biomass 
(mg x m-3, wet weight) of animals of 
the size range 0.2 to 20 mm in the O- 
100 m layer. We give here only the 
conversion formulas. Their derivations 
can be found in the earlier papers 
(Rudjakov et al., 1995; Tseitlin et al., in 
press). 

Dry and wet weights: 
w, = 6.25 w, (1) 

where W, = wet weight of the sample 
and Wd = dry weight; 

Zooplankton biomass and seston 
wet weight: 

B, = k, S, (2) 
where B, = zooplankton biomass, cal- 
culated from the animal counts and 
their individual weights; S, = sample 

wet weight; k = factor equal 0.65 (for 
values derive h with meshsize less than 
0.3 mm) or 1 for meshsizes 0.3 mm and 
larger); 

Zooplankton biomass and seston 
volume: 

B, = k, S, (3) 
where S, = displacement volume of the 
sample ; k, = factor equal to 0.48 for 
values derived with meshsize less than 
0.3 mm or 1 for meshsizes of 0.3 mm 
and larger; 

Mesozooplankton and zooplankton 
biomass: 

B,, = 4.6 1 xB,/ln(4/d) (4) 
where B,, = mesozooplankton biomass 
(animals in the size range 0.2-20 mm), 
B, = zooplankton biomass estimated 
with the meshsize d (d<l mm); 
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Biomass in the 0- 100 m layer and O- 
L m: 

B( 100) = (100/L)-0.52 B(L) (5) 
where B(lOO) = biomass (mg.m-3) in 
the layer O-100 m; B(L) = biomass in 
the layer O-L m (mg x m-3); L < 300 m; 

Seasonal biomass oscillations: 
lo&B,.& = (log B),,, + b(L) cos(~xt/6) 

+ c(L) sin(nxt/6) (6) 
where L = latitude in degrees, antiloga- 
rithm of (log B) is annual geometric 
mean biomass va ue, t = time in months T 
(midnight of December 3 1 roughly cor- 
responds to 0), b and c = cosine and 
sine amplitudes, whose dependences on 
latitude are given by: 

b = 0.0504 - 3.934.10-3xL - 
5.1.10-5 x L2 (7) 

c = -4.216x10-2 + 3.198.10-3 x L + 
1.03x10-4x L* - 1.085.10-6x 
L3 - 1.786.10-s x L4 (8) 

Square root of the sum of b* and c* is 
the oscillation amplitude (half of the 
oscillation range); whose antilog is the 

factor by which the maximum or mini- 
mum biomass value exceeds the annual 
mean biomass level; b and c are invari- 
able with biomass unit. 

For every station, arithmetic mean 
of all converted sample values was cal- 
culated, sampling results inside the 
layer 0- 100 m assumed to be of equal 
value. Then, for every 5-degree square 
of the ocean area, the arithmetic mean 
of all station values was calculated and 
grid values were computed using the 
method of “minimum curvature” 
(Briggs, 1974). 

RESULTS AND DISCUSSION 

The map of the annual mean mesozoo- 
plankton (animal size range 0.2 to 20 
mm) biomass distribution in the upper 
O-100 m layer for the Pacific is given in 
Fig. 3, and the same for the Indian 
Ocean in Fig. 4. In accordance with 
formula (4), biomass of zooplankton 

1 ‘L--2.5 25.50 5*0- 1 (j-0 1 oo-?OO 2OCj-JO(j 

Fig. 3. Distribution of mesozooplankton biomass in the upper 100 m of the Pacific Ocean. 
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Fig. 4. Distribution of mesozooplankton biomass in the upper 100 m of the Indian Ocean. 

taken with a net of 0.33 mm meshsize 
is 1.85 times smaller, and that taken 
with a net of 0.178 mm meshsize is 1.5 
times smaller than the values mapped. 

All in all, the maps derived look 
much like the earlier versions con- 
structed by Reid (1962) and Bogorov 
et. al. (1968) or like the maps of prima- 
ry production values (Koblenz-Mishke, 
198-5; Berger & Wefer, 1992), or like 
the pictures of median pigment values 
observed by the coastal. zone color 
scanner (Banse & English, 1994). 
Higher values are common in the high- 
er latitudes of the Northern and 
Southern hemispheres, in the equatorial 
area, and in the coastal regions; lower 
values are common in the centers of the 
cyclonic oceanic gyres. The two most 
important features of the present maps 
are the higher biomass values in the 
Antarctic region than believed previ- 
ously, and the asymmetry of the 

biomass depletion in the northern and 
southern Pacific gyres, the southern 
being greater in area and poorer in zoo- 
plankton values (less than 25 mg.m-3). 

The overall mesoplankton biomass 
stock in the O-100 m layer of the 
Pacific was evaluated as 2.7.109 tons 
(wet weight) which is close to the value 
calculated from the results of 
Shushkina & Vinogradov (1988). The 
biomass stock of the Indian Ocean was 
estimated as 1 .O. 109 tons (wet weight). 
Hence, the annual mean biomass values 
equal 15 1 mg.m-3 for the .Pacific and 
13 1 mg.m-3 for the Indian Ocean. 
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ABSTRACT 

Protecting the world’s biodiversity depends on 
reliable species identification and readily acces- 
sible documentation. To study biodiversity and 
to monitor changes in our biological environ- 
ment high quality taxonomic and distributional 
data are imperative. At present access to species 
information and identification keys is limited 
because literature is scattered over a vast range 
of sources. Exchange of biodiversity data 
between various researchers is hampered by the 
lack of compatible documentation tools. 

ET1 developed a standard computer tool 
(Linnaeus II) that combines the functionality of 
an interactive multimedia database, and comput- 
er guided identification and geographic informa- 
tion systems, This software package is distribut- 
ed to taxonomists and ecologists worldwide. It 
allows the specialist to create computer based 
biodiversity information and species identifica- 
tion systems on their own PC and exchange the 
standard datasets. 

Most Linnaeus II users are organized in 
international networks. Their data are stored in 
the World Biodiversity Database (WBD). 
Finished sections are released on CD-ROM, and 
concern typically taxonomic monographs or 
regional information systems and form the back- 
bone of a modern digital library. An overview of 
the WBD contents will be made accessible on a 
World Wide Web site. 

INTRODUCTION 

All biodiversity studies have to be based 
on good taxonomy and reliable species 
inventories. Only reliable identifications 
will render high quality datasets on 
species diversity. Compared to the ter- 
restrial biotope, marine biological sci- 
ences are still far from- having a com- 
plete overview of ocean biodiversity and 
ecosystem structures. In general what is 
known about species is scattered among 
a huge amount of literature and access- 
ing these data is time consuming. There 
is an increasing need for accessible and 

reliable information on all known 
species and a strong desire to strength- 
en user-friendly biodiversity databases 
(Braatz et al., 1992). A universal tool 
for biodioversity documentation is 
needed to promote marine biodiversity 
science and make existing knowledge 
(fast) accessible on a worldwide basis. 

The only answer to this growing de- 
mand for directly accessible biological 
data is a universal standardized computer 
based biodiversity information system. 
This system must be flexible enough to 
cope with, and incorporate, the many 
small limited scope, databases in exis- 
tence and must have the potential to pro- 
duce (regional) master species databases 
(Bisby, 1993). To determine the fauna1 
composition of any given area, fast, stan- 
dardized, and universal identification 
tools are needed, based on expert’s 
knowledge to ensure high quality of data. 
Only when a good inventory is made, 
monitoringstudies can start, to follow and 
document changes. For monitoring stud- 
ies it is evident that good and reliable 
identifications are imperative to be able 
to compare datasets of different working 
groups and geographicalareas, especially 
when one aims at comparing biodiversity 
values (Raven & Wilson, 1992). A new 
computer approach for biodiversity sur- 
veys is the answer. By using computer 
tools and modern interactive multimedia 
technology it is possible to create easy to 
use and cheaply updatable identification 
and information systems (Estep et al., 
1989; Estep et al., 1993, Schalk & Los, 
1995) that can be distributed to biologists 
worldwide. By including simple GIS sys- 
tems that run on PC’s, species distribu- 
tion data can be stored and compared as 
well. In this paper we discuss the possi- 
bilities and application of such a sys- 
tem, as a basic tool for biodiversity doc- 
umentation. 
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THE EXPERT CENTER FOR TAXONOMIC 
IDENTIFICATION 

Taxonomy and systematics form the 
basis for most biological sciences. 
Especially in the context of biodiversity 
studies and biomonitoring of ecosystem 
changes good taxonomy is an absolute 
necessity for obtaining reliable results. 
Despite this, the number of taxonomists 
is decreasing (May, 1990) and the doc- 
umented species information and iden- 
tification keys are difficult to access as 
they are scattered over a huge amount 
of literature (Schalk, 1992). Computer 
tools are an answer to preserve and 
exchange knowledge (Pankhurst, 199 1, 
Schalk & Los, 1995). 

TheExpertcenterforTaxonomic Iden- 
tification (ETI) is a non-profit UNESCO 
associated organization at the University 
of Amsterdam. The center was founded 
in 1990 with financial support from the 
Dutch government, UNESCO and the 
University of Amsterdam and works to- 
getherwithmajor taxonomic intstitutions 
worldwide. ET1 has three main aims: 1. 
to develop novel interactive multimedia 
software for biodiversity documentation 
and species identification, 2. to stimulate 
international networking of taxonomic 
specialists, and 3. to build up a World 
BiodiversityDatabasecontainingdetailed 
records of presently described and ac- 
cepted species and disseminate this 
knowledge using modern electronic pub- 
lishing tools. ET1 has developed a user- 
friendly, easy-to-handle, universal bio- 
diversity software shell (Linnaeus II) 
that allows specialists to store informa- 
tion on species in. text, pictures, videos 
and soundsin a standard and exchangable 
format using their own PC (Schalk, 1992; 
Estep et al., 1993). More important, this 
shell enables theuserto construct “smart” 
(expert) identification systems giving 
both specialists and laymen fast access 
to the multimedia species information, as 
wellastraditionalinteractivekeys. A geo- 
graphic information system is incorpo- 
rated for storing and interactive use of 
biogeographic information.TheLinnaeus 
II system has various support functions 
on-line, such as glossaries and method- 
ology sections and a literature database. 
The easy use of the system will open up 
taxonomic keys also to laymen or stu- 
dents and these programs may also be 

used as a modern teaching tool. 
The Linnaeus II system can be used 

on Macintosh and Windows PCs. It is 
an excellent and user-friendly tool for 
biodiversity documentation. It allows 
the user to concentrate on the science 
instead of how to operate the program. 

A BIODIVERSITY INFORMATION SYSTEM: 
LINNAEUS II 

The Linnaeus II program contains six 
major sections (Fig. 1): databases for spe- 
cies information and higher taxa, three 
programs for identification, a geographic 
informationsystem,areferencesdatabase 
with all relevant literature, a glossary 
section (with all terms) and an introduc- 
tion section (with general information on 
the group and methodology). All parts are 
fully multimedia and may contain texts, 
photo’s, sounds and videos. The simple 
graphic user interface and hyperlink 
system guarantees easy point-and-click 
navigation through the various parts of 
the program. 

Thespeciesdatabase can be accessed 
by amouse click on its button on the nav- 
igatorcardof the program. It looks like a 
filecard with an overview picture of the 
species on the right and an abstract de- 
scription on the left (Fig. 2). From this 
point it is easy to page through the spe- 
cies cards for quick comparisons. A click 
on the detail “button” leads to the “detail 
card”of the species database, from which 
the various information fields can be ac- 
cessed (Fig. 2). There are fields for the 
description (with chapters for taxonomic, 
description, diagnosis, reproduction, 
ecology,practicalimportance),taxonomy 
(listing all higher taxa names which are 
hyperlinked to give access to the higher 
taxa database), synonyms (allowing 
searches on old names or common 
names), references (specific to this spe- 
cies), and multimedia clips (listing all il- 
lustrations,soundfiles,videos,which can 
beaccessed by a simple mouseclick). The 
higher taxa database is similar to the spe- 
cies cards with the same functionality but 
storing information on higher taxa such 
as family, order, class etc. Both these 
databases can be aproached directly 
from the navigator section, but also 
through free text search functions or 
from the Identification program. 
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LINNAEUS II SOFTWARE For Macintosh and 
W indows computers 

1 

Species Cards Introduction Higher Taxa 

Traditional Key identify It” Pictorial Key 

MapltTM Time ltTM 

Glossary SpeciesList References 

Welcome to Linnaeus II” 
from  ET1 - Version 1_ 1 

Li nnaeus I I is designed to let you enter 
information about biological species. The 
program includes functions that will not be 
active in the entry version, and other 
functions that will be active only in the entry 
version. 

The three main sections of the program are 
the Species Cards, IdentifyltW and MapIt’“. 
Other icons on the left of this screen lead to 
additional information about your group of 
species. 

Please carefully read the manual that came 
with the program to insure that the text and 
other information that you enter complies 
with the formats that are standard for ETI. 

Fig. l.The “navigator card” serves as a central place in the Linnaeus I1 interactive multimedia biodiversity docu- 
mentation software. From here various parts of the information and identification system can be reached with the 
point and click method. The parts of the program are also hyperlinked to each other. 
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Cliopyremi~~8Linnaeus. 1767forma Q 
~yr8#?/&~8Llnn%e”s, 1767 I- 

Overview 

This is % shelled pelagic snail, up to 2 cm long, 
with a transuarent uncoiled shell. The shell IS 
slender and iriangular. The cross-section is 
triangular and the lateral sides are not gutter 
shaped. The reddish, dark brown visceral mass 
is seen through the shell. It is % good swimmer 
that feeds on phytoplankton and protozoa. It 
lives in the N-Atlantic in the upper water 

L 

:i:q ;j$/j/ 
layers where 11 can occur in mass blooms 
( m Chhp pg/zmi&&dr%wi ng), 

This 15 a shelled pelagx snail, up to 2 cm long, with a transparent uncmled shell. The shell IS 
slender and triangular. The cross-section is triangular and the lateral sides are not gutter shaped. 
The reddish, dark brown visceral m%s IS seen through the shell. It is % good swimmer that feeds 
on phytoplankton and protozoa It lives I” the N-Atlantic in the upper water layer3 where It c%n 
occur in mas blooms (m IZlin/r fl.v,xvAludrawlng) 

Taxonamic Description 

The shell IS hyaline and sometimes has a reddlsh hue, It is thin, $trBlght, pyramidally shaped 
(a I%i>p ~q/vnA&Tha two lateral ribsarethlckanedandonlysl~ghtlydiverg~ngand bent. 
Trdnsverse striation %nd growth Ii nes %re disti net. Cross-sectlon triangular in all parts except 

swlmm~ng specimen ,n ventral “~%w,colour photo 
m l’h p /?v,Y#,iLfirkdrawi ng 

drawing of shell in ventral view 
fE3 C/Alp y.ffrv~~~~~(mantle) 

diagram with the following muxles a= mouth, l= columellnr muscle, Z-3= mantle 
muscles, 4= wing muscle, 5= postermr foot muscle, 6= mantle muscle, 7= muscles of 
buccal m%~, 8- 1 0= wrng muscles] 

m I’/mp ~.u?vnv&&growth lines 
ventral shell side prepared to show the growth lines, microphoto 

Fig. 2 . The species database of the program exists of various “cards”. The overview card (top) is for quickly 
comparing species by browsing through the stacks. The “detail card” (midlle) can be reached by a button push and 
gives access to different data fields (button icons on the right side): full description (with chapters on taxonomy, 
distribution, reproduction, ecology, practical importance), taxonomy (bottom) (giving systematics and access to 
higher taxa information), synonymy and common names, species specific literature, and media clips. The latter 
presents a listing of pictures, sounds and video files that can be accessed by clicking. 
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The IdentifyIt section (Fig. 3) is a mul- 
tiple entry approach to identification us- 

linked to descriptive texts, pictures, vid- 

ing the computer’s power to search and 
eos or sounds where appropriate, which 
can be called up by a button click. Once 

compare. Instead of a rigid binary choice a choice has been made, the program sorts 
system that one has to follow step by step, 
in IdentifyIt a data matrix is used to iden- 

the species list in order of probability, 

tify a species. The user has a free choice 
shown as hit percentages. A click on the 
species name leads to the species data- 

to select any character. Every character base for a quick check, after which one 
has a number of states, one or more states can return to the identification program. 
may be choosen, or even “unknown” may It is also possible to compare species in 
be selected. Characters and states are the “hit list” for both common and ex- 

100 Pterosoma planum 
50 Atlanta tokiokai 
50 Rtlanta turriculata B 
50 Cardiapoda placenta 
50 Atlanta t. turriculata 
50 Rtlanta peroni 
50 Atlanta plana 
50 Atlanta rosea 
50 Cardiapoda richard! 
50 Carinaria galca 
50 Carinaria I. challengeri 
50 Protatlanta souleyeti 
50 Carinaria c. japonica 
50 Carinaria c. clthara 

Cam~are Examine 

39 
Cl io cuspidata 
Cl io orthotheca HI 

0 Shell, straight more/less pyr ‘a 
Shell, CCIICW~OUS H 

Cl io p. antarctica HI Shell, greatest width above m 
Clio convexa 
Clio andreae 
Clio campylura I II 

;/;:j/i Shel I sculpture, with growth I ines 
$(;l// Whorls of shell, absent 
:.._.,. 

Clio p. excisa 
Cl io piatkowski i 
Clio recut-w 
Clio scheelei 

.::.:/: jj$jji 
:;j:j;i 

I I/ 

Clio P. ~.~ramidata .., 1 4 ,.. ..,,..,,..,,..,, 
:$$ Shel I aperture, triangular 
:y::/: Shell loteral side. diveraina 

Cl10 p. sulcata 
x Cl io p. lanceolata 

Cl io p. martensi 
x Cl io p. pyramidata 

Cavolinia a. flaw 
lq Beaked la& .c!ioP,lqp~~p!qta 35 

(Compare) 
Spines of she1 I, projecting lateral c> 
rib 

C Done I 
Spines of shel I, pro j ec t i ng dorsa I //j ;/; 
rib 

/jjAi: 

She I I aperture, notch absent 

Fig. 3 . The ldentifylt part of the Linnaeus II program simplifies the identification process (left top). The user may 
select any character from the scrolling list on the right hand side of the card, for instance: color. Clicking on the 
character leads to a card (not depicted) listing all its states (e.g. black, brown. yellow, red etc). One or more states 
may be selected and illustrations accessed. After the choice the program updates the species list (left side of the card) 
in order of probability (percentages in front of species name). In the compare mode (right, top) two species can be 
selected and compared for common and unique states of all identification characters. It is also possible to have the 
software list all characters and states for each species (right. bottom). 
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elusive characters. This way of identify- 
ing has great advantages compared to 
the conventional, printed, and rigid dig- 
otomous keys, as it allows the user to 
start with any known or available char- 
acter. Thus, even damaged specimens 
may be identified as the system also 
works with incomplete character/state 
sets and answers with a list of probable 
species. 

The geographic information section 
(MapIt) stores biogeographic data in a 
grid system (Fig. 4). Data can be stored 
and viewed on a worldscale level or in 
several (linked) more detailed large 
scale maps. MapIt is fully interactive, 
meaning that the user can select one or 
more squares and do a query for 
species occurring there. It is also possi- 
ble to compare distributions between 
species or search for patterns. MapIt 
also can present species diversity by 
giving an account of the number of 
species under a square (on any scale) 
and depicting this in a color pattern. 

There are several supportprograms in 
Linnaeus II. The glossary part (Fig. 5) 
was built in to allow to define and de- 
scribe specific terms used within a taxo- 
nomic group or to explain about special 
methods. This help function increases 
users facilities for relatively unexperi- 
enced workers in a certain taxonomic 
group. The terms database has fields for 
the term name and synonyms, descrip- 
tion, and a multimedia field for illustra- 
tions. All text in Linnaeus II is “hot” 
through hyperlinking: clicking on an un- 
known word starts a search in the glos- 
sary section of the program. Also special 
methods for e.g. conservationormeasure- 
ments can be detailed in this illustrated 
glossary. The reference section (Fig. 4) 
is a literature database with fields for 
keywords, title, author, journal etc. 

The introduction section has also a 
supporting function.It allows the special- 
ist who constructs the program to explain 
about the taxonomic groups covered, its 
systematics, but also to provide the user 
with information on methodology. As 
videos can be included it is possible to 
giveshort lectures or instructions. These 
features add to the electronic monograph 
a very versatile teaching tool and there- 
by broadens its use and enhances the 
applicability of the information. 

All sections of the Linnaeus II pro- 

gram are linked, enabling the user to 
move back and forth through the program 
whenever needed. Entering data is con- 
troled from a pull down menu and key- 
board commands. Special functions 
like “cloning” allow the user to duplicate 
a species record and a selected number 
of fields; this is very handy in making a 
new species record of an almost similar 
species. Like all other database programs 
Linnaeus II has a number of search func- 
tions for access to textual information in 
any number of fields or program sections. 

Linnaeus II was built using extensive 
feed back from ETI’s international tax- 
onomy networks. It has been released for 
Macintosh and PC Windows platforms. 
ET1 also aims for incorporation of exist- 
ing databases. The whole system is 
structured in such a way that data can 
be transported to other formats when 
needed. This also guarantees sufficient 
flexibility for the future. 

INTERNATIONAL TAXONOMY NETWORKS 

Creating this type of electronic identifi- 
cation and information systems is a job 
for specialists. To build biodiversity 
databases ET1 works together with 
UNESCO to set-up and support both re- 
gional and international networks of spe- 
cialists who use the Linnaeus II software 
shell for local database building. The net- 
works ensure standardization and quali- 
ty control of the data. ET1 support the 
users with digitizing services and, when 
data sets on a taxonomic group or geo- 
graphic region are completed, with elec- 
tronic publishing of the data on CD- 
ROM. All data are submitted to a peer 
review procedure before publishing. The 
authors who composed the programs re- 
ceive the resulting CD-ROM free of 
charge, while others pay only costs of 
production. ET1 taxonomic programs 
can be run with simple Macintosh and 
Windows PC’s on site and provide an 
efficient compact information and iden- 
tification tool for e.g. biomonitoring 
studies. 

ET1 also offers technical support in 
portingbiologicaldatafromexisting spe- 
cies databases to the Linnaeus II shell, or 
general support with scanning and enter- 
ing data in printed form. The resulting 
basic program can then beupdated by the 
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ET1 L.1. orjertr 
Expert SyStml So,rwae 

Fig. 4. The MapIt section of Linnaeus II offers the possibility of storing biogeographic data. Data can be stored and 
viewed on a worldscale level or in several (linked) more detailed large scale maps. MapIt is fully interactive, 
meaning that the user can select one or more squares and do a query for species occurring there. It is also possible to 
compare distributions between species or search for patterns. Maplt also can present species diversity by giving an 
account of the number of species under a square (on any scale) and depicting this in a color pattern. 
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The Class Turbellaria comprises the free-living flatworms. Because it has been shown that 
the Turbellaria are a paraphyletic group (Ehlers 1985) the class name Turbellaria does 
not feature in modern classifications. However, for convenience the name Turbellaria is 
still used frequently to designate the free-living, non- helminth flatworms. 

Turbellarians are acoelomate, bilaterally symmetrical animals with a blind gut and a 
cellular, ciliated epidermis Usually, turbellarians are free-living but there are some 
commensal and parasitic species. Most turbellarians are hermaphrodites, but asexual 
reproduction is common in several groups. In most turbellarians the sperm has two 
flagellaa, each flagellum generally containing a circle of nine peripheral doublet 
microtubules with in its centre only one electron dense core. Cleavage and cell lineage are 
very similar to the spiralian pattern. 

Turbellarians are softbodied worms livina in aauatic or marine environments. 

stem Software 

bers after the names refer to the 
s in the map shown in the illustration. 

van derm S. & Schal k, P.H., 1988. Unique 
deviations in depth distri bution of deep-sea 
forms. Deep Sea Res. 35 (7): 1185- 1193. 

Group Pelagic Moll usca 
Vertical migration 
Zoogeography 
mu umfreue 
coi?pik k. kronni 
Fruwielle ,M?Lu& 
SCh&?br8oWan ,m~gcdy?&w? 
Thh@dm u?kphnm 

Fig. 5 . Top: a card from the higher taxa program. Database fields are set up in a simular way to the species 
database.(see Fig. 2). Higher taxa are hyperlinked to the species cards. The glossary program (middle) can be 
accessed directly from the navigator card or by clicking on a word anywhere in the program. Illustrations are listed 
in the media clip field on the right hand bottom side. A reference section (bottom) contains a complete list of all liter- 
ature entered in the program. The keyword field allows for fast searches on the contents of the article. Other normal 
database search facilities are also present. 
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specialists before publication on CD- 
ROM. The datasets will be regularly 
updated by the international taxonomy 
networks. At present ET1 works with 
about one thousand specialists all over 
the world, who together build a marine 
biodiversity database that is published 
literally “bit by bit” on CD-ROM. ET1 
stores all information in one big World 
Biodiversity Database in Amsterdam. 
This database will be available on-line 
to all scientists in a later stage. 

MARINE BIODIVERSITY INFORMATION 
SYSTEMS ON CD-ROM 

ET1 applies the Linnaeus II shell to 
electronically publish and distribute 
species monographs or topic-oriented 
subsections. At present the following 
CD-ROM titles on marine species are 
available: Fishes of the Northeastern 
Atlantic and Mediterranean (+1300 
species), Sea Cucumbers of Northern 
Australia (f90 species), Marine 
Planarians of the World (f80 species), 
Pelagic Molluscs of the World (f280 
species), Marine Lobsters of the World 
(&150 species), Marine Mammals of 
the World (f130 species). In prepara- 
tion are Marine, Brackish and 
Freshwater Ostracods of NW Europe, 
Copepods Family Aetideidae, and 
Sharks of the World. In addition to 
these monograph type of CD-ROM 
there are also background information 
CD-ROMs for students: Protoctista 
Glossary and Marine Ranching (in the 
press). 

All these information and identifi- 
cation programs are disseminated on 
compact disk (CD-ROM) for both 
Macintosh and Windows platforms. As 
they all have the same “Linnaeus II” 
format, their user interfaces and pro- 
gram structures are similar, warranting 
the same easy access to every program 
for users. Moreover, as the data are 
stored in a standard format combina- 

tion of the datasets is possible and users 
can construct an elctronic library that 
fits their needs.. 

We believe that through the use of 
this modern computer based biodiversi- 
ty documentation tool, species informa- 
tion can be made available and directly 
accessible on a.worldwide scale. It will 
enhance fast data exchange amongst all 
scientists involved with the study of the 
marine environment. It is only through 
getting the taxonomic basis right that 
we can start to understand and value 
distribution patterns and species diver- 
sity. 
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ABSTRACT 

The species composition of Calanidae in the 
Indian Ocean was studied from zooplankton 
collections taken between 24’N to 40’S and 
20”E to 120’E. Nannocalanus minor was 
widespread with high density along the African 
and Arabian coast. Calanus australis was con- 
fined to the vicinity of the subtropical conver- 
gence and the maximum population was 
encountered from South African waters. 
Undinula vulgaris and Cosmocalanus darwini 
were abundant in the productive upwelling 
zones off Arabia, Somalia and Sumatra, the for- 
mer being totally absent in the south central 
Indian Ocean. Canthocalanus pauper was 
widespread and abundant in the northern Indian 
Ocean. Neocalanus gracilis was well represent- 
ed in the equatorial Indian Ocean and also at a 
few stations in the northern Arabian Sea. N. 
robustior was found to inhabit the equatorial 
and southern region, and N. tonsus was dis- 
tributed in the southern provinces especially in 
the South African waters. Calanoides carinatus 
the copepod which is associated with upwelling 
was encountered along the Arabian and Somali 
coasts. This study also indicated occasional sur- 
facing behaviour of C. carinatus. The hydro- 
graphical features that restrict the distribution 
of the above species are highlighted in this 
paper. 

Variability among species of Calanidae 
in the northern and southern hemi- 
sphere has been well documented from 
the Atlantic and Pacific Oceans since 
the classic work of Brodsky (1959). In 
the studies of Mullin (1969), Frost 
(1974), Mullin & Evans (1976), 
Fleminger & Hulseman (1977) geo- 
graphical distribution of different 
species were discussed. Bradford & 
Jillet (1974) redefined the genera defin- 

ing geographical limits to the species in 
the world oceans. Zoogeography of the 
Calanus (helgolandicus) group from 
the Pacific and Atlantic was reviewed 
by Bradford (1979). Apart from the 
reports of Sewell (1947), De Decker & 
Mombeck, ( 1964), De Decker, (1973) 
and Grice & Hulseman, (1967) distri- 
bution of Calanidae in the Indian 
Ocean has not been studied in detail. 
The more recent regional investigations 
on copepods (Smith, 1982; Madhup- 
ratap & Haridas, 1986; 1990; Stephen 
1992) did not concentrate on geograph- 
ic distribution. Stephen et al. (1992) 
give the distribution of Undinula and 
Culanoides in the Indian Ocean. This 
paper deals with the geographic distri- 
bution of species of Calanidae in the 
Indian Ocean from 24”N to 405, 20”E 
to 120”E based on samples collected 
during the International Indian Ocean 
Expedition (1960-65) and forms the 
first comprehensive study on the family 
from this ocean. 

MATERIAL AND METHODS 

Calanid species from the upper 200m 
were studied from the IIOE zooplank- 
ton samples collected using the Indian 
Ocean Standard Net, with 113 cm 
mouth opening and 330 pm mesh size 
(IOBC, 1969). Calanidae were studied 
from 342 selected standard samples 
which include representative stations 
from each 5” Marsden square (between 
24”s to 40”s and 20”E to 120”E). For 
the preparation of distribution maps 26 
non-standard samples (horizontal sur- 
face hauls), collected on board R.V. 
Patanela were also included since they 
represent the sub-tropical and sub- 
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antarctic provinces of the Indian 
Ocean. 

The generic definition given by 
Bradford (1988) is followed in this 
paper in which Calanidae is redefined 
to include 8 genera of which Nunno- 
calanus, Calanus, Cosmocalanus, 
Undinula, Canthocalanus, Neocalanus 
and Calanoides were encountered in 
the Indian Ocean. Distribution maps 
were prepared based on numerical 
abundance. 

RESULTS AND DISCUSSION 

Nannocalanus Sars, 1925 (Fig. 1) 
N. minor was widespread, though 
numerically not very abundant. High 
densities were noted (>200 
ind./std.haui) along the African and 
Arabian coasts. Around the Indian 
Peninsula the species was rare and 
observed mostly off the west coast. The 
species is tolerant to a wide tempera- 
ture range, from 30°C to 13.4”C (sur- 
face). 

Calanus Leach, 18 19 (Fig. 1). 
C. australis was limited to the southern 
Indian Ocean with high densities near 

the coast of Africa. Maximum popula- 
tion ,(>400/std. haul) was noted in the 
vicinity of the subtropical convergence 
where temperature variation between 
the surface and 200m is only 22°C to 
11°C. The analysis of the Patanela 
samples showed that the species was 
well represented in the south Central 
Indian Ocean also. 

Cosmocalanus Bradford & Jillet, 1974 
(Fig. 2). 
Cosmocalanus darwini (Lubbock, 
1860) is widespread with high density 
(>400 /std. haul) in the Somali Arabian 
coast and also in the equatorial region. 
Distribution is well extended in the 
central and southern sectors though in 
very few numbers. The species is toler- 
ant to wide temperature range but 
showed affinity to areas of high salinity 
(>35%0) 

Undinula Scott, 1909. (Fig. 3) 
U. vulgar-is (Dana, 1849) is abundant in 
the coastal environments. Highest 
numerical abundance (>400/std. haul) 
was encountered in waters adjacent to 
the continents and it tolerated wide 
fluctuations in temperature and salinity. 

nn~u wzznor 

20” 40” 60” 100” 120” 140’ 
Fig. 1. Distribution of Nnnrzoca/anus minor and C&~ZLLT urrsrtdis in the Indian Ocean. 
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Fig. 2. Distribution of Cosmocahnus durwirzi in the Indian ocean. 
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Fig. 3. Distribution of Undinulu vugaris in the Indian Ocean. 

Canthocalanus A. Scott 1909 (Fig. 4) 
C. pauper (Giesbrecht, 1892) was 

Malay Archipelago. In the southern 

widespread and abundant in the north- 
Indian Ocean this species was observed 

ern Indian Ocean. High densities 
only from areas adjacent to land mass- 

(>400/std. haul) were observed in the 
es. C. pauper showed preference to the 
productive coastal environments. 

coastal regions of Somalia, Arabia, and 
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Fig. 4. Distribution of Canthocalunus pauper in the Indian Ocean 
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Fig. 5. Distribution of Neocalanus gracilis and’Neoculanus tonsus in the Indian Ocean. 

Neocalanus Sars, 1925 (Fig. 5 & 6) equatorial belt and another in the area 
N. grac.illis (Dana, 1849) (Fig. 5) was between Java and Australia. Except for 
well represented in the tropical and a few stations .in the .northern Arabian 
subtropical regions of the Indian Sea the species was absent around the 
Ocean. High densities (>400/std. haul) Indian Peninsula. Surface temperature 
were encountered at one station in the of most of the positive stations was 
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Fig. 6. Distribution of Neocalanus robustior in the Indian Ocean. 

below 27.5”C. N. robustior (Gies- 
brecht, 1888) (Fig. 6) was observed 
mostly in the equatorial and southern 
Indian Ocean. Only a few stations in 
equatorial and southern central Indian 
Ocean showed high numerical abun- 
dance (>200/std. haul). In the Arabian 
Sea the species was observed at three 
stations, in the Gulf of Aden, near the 
Arabian coast and the central Arabian 
Sea. The distribution map shows the 
preference of the species to the area 
south of the equator where compara- 
tively lower temperature (26°C to 
21°C) for the surface is observed. N. 
tonsus (Brady, 1883) (Fig. 5) occurred 
in the subantarctic part of the Indian 
Ocean. This species was found in high 
densities (>200/std. haul) on Agulhas 
Bank and adjacent waters. The surface 
collections taken by R.V. Patenela also 
showed the presence of the species. 

Calanoides Brady, 1883 (Fig.7) 
Occurrence of Calanoides carinatus 
(Kroyer, 1849) was mostly noted from 
the Arabian and Somali coast (Fig. 7) 
and mariy stations sustained high densi- 
ties (>800/std. haul). The distribution is 
extended up to 24”N and 54’E, during 
the south west monsoon period when 
the temperature of surface water is 

reduced to 24” to 17°C. In the southern 
Indian Ocean the species is confined to 
the coastal regions of Africa and 
Australia. A bloom of 9225 speci- 
mens/std. haul was observed near Java. 

The family Calanidae remains one 
of the well studied group of marine 
copepods, but most of the earlier infor- 
mation deals with species from the 
Atlantic and Pacific. During the present 
analysis, in the Indian Ocean the genus 
Nannocalanus was represented by only 
N. minor and Calanus by C. australis. 
N. minor is widespread in the tropical 
and subtropical regions of the world 
oceans. The Calanus specimens in 
South African waters were described as 
C. agulhensis by De Decker et al. 
( 199 1). The Calanus specimens 
encountered in the IIOE collections 
were confirmed as Calanus australis 
(.Fleminger, pers. comm.). A number of 
species and varieties of Calanus spp 
have been recognized from the Atlantic 
and Pacific Oceans (Brodsky, 1959). 
Variations are not encountered in the 
Indian Ocean, which may be due to the 

~absence of arctic mixing in the northern 
Indian Ocean which prevents the intru- 
sion of C. jinmarchicus and the prolif- 
eration of sibling species in the norih- 
ern Indian Ocean. The present study 
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Fig. 7. Distribution of Calanoides carinatus in the Indian Ocean. 

shows that N. minor is common in the 
north Indian Ocean and also intrusion 
of C. australis towards the south 
occurred. The circumpolar distribution 
of C. australis was suggested by 
Brodsky (1959). Fleminger (pers. 
comm.) also expressed the view that C. 
australis should be found in the boreal 
region of the southern hemisphere, 
mainly in the vicinity of the subantarc- 
tic convergence. This study confirms 
that C. austrulis is present at southern 
latitudes, south of 30’S in the Indian 
Ocean. 

The genus Neocalanus includes 6 
species of which N. gracilis, N. robus- 
tior and N. tonsus were encountered in 
the Indian waters. N. gracilis and N. 
robustior are widespread in the equato- 
rial and southern Indian Ocean, the for- 
mer had a wide geographical range in 
the northern latitudes. Mullin & Evans 
( 1976) showed that N. gracilis and N. 
robustior are sympatric in tropical and 
subtropical waters of the Pacific and 
that the distribution’ of the former 
extends further to the north and south. 
In the Indian Ocean the distribution 
pattern is also apparently similar for 
these species with N. gracilis showing 

wider distribution in northern hemi- 
spheres and N. robustior more towards 
the southern hemisphere. N. tonsus is a 
subantarctic species and in the present 
study this species was observed south 
of 30”s. De Decker & Mombeck 
(1964) considered C. tonsus as a deep 
water form, occurring occasionally in 
surface layers. High concentrations of 
the species are also encountered in sur- 
face waters. 

Previous records of Calanoides cari- 
natus are given for the Malay 
Archipelago, African Waters (De 
Decker, 1973) and Arabian Sea 
(Sewell, 1947). During the present 
study high densities of C. carinatus 
specimens were observed from many 
stations along the Arabian and Somali 
coast during August and for Australian 
and African waters in October and 
January. De Decker & Mombeck 
(1964) reported the swarming of 
Calanoides stage V in south African 
Waters, Calanoides carinatus was also’ 
observed in deeper collections from the 
northern Indian Ocean (Stephen, 
unpubl.). This study shows the extend 
of the geographical coverage of calanid 
species in the Indian Ocean. 
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ABSTRACT 

The composition, distribution and abundance of 
pelagic copepods was analyzed as related to 
seasonal upwelling in the Yucatan Shelf and 
the Mexican Caribbean Sea. Zooplankton was 
sampled at fifty-seven stations with a standard 
Bongo net (0.3 mm mesh-size). From a total of 
113 species identified, a group of the 45 most 
abundant was used to perform quantitative 
analyses which included calculation of diversi- 
ty, dominance and percentage of similarity 
indexes. The upwelling area was hydrologically 
divided into a primary and a secondary subarea. 
Highest copepod densities (over 15,000 
ind.1000 m-3) were observed in areas of sec- 
ondary upwelling. Station clustering indicated 
the presence of four distinct assemblages in the 
surveyed area. Each of the three assemblages 
directly related to upwelling were featured by 
the dominance of one or two species: Temora 
styfifera in the first one (coastal area), Undinula 
vulgaris and Calanus minor in the second (cen- 
tral shelf area), and Subeucalanus pileatus in 
the third (shelf border area). In these three 
cases, diversity values were low. Upwelling 
effect on different environments seemed to pro- 
mote distinct faunistic sectors in which a select- 
ed species is dominant; this was probably relat- 
ed to the affinity of each representative species 
to coastal, shelf and outer shelf conditions. The 
fourth group showed a strong oceanic affinity 
and high diversity values, and it appears to be 
isolated from the influence of upwel1in.g. 
Similar copepod numbers in day and night col- 
lections could be attributed to low diurnal 
migration rates because of behavior related to 
food availability in enriched upper layers. 

INTRODUCTION 

Zooplankton communities associated 
with areas of oceanographic disconti- 
nuity (eddies, upwelling) have been 
scarcely studied in the Tropical 

Northwestern Atlantic Ocean. Pelagic 
copepods have been surveyed recently 
in the area of the Campeche Shelf and 
the Mexican Caribbean Sea (Suarez, 
1992; Suarez & Gasca, 1989; 1991; 
Campos & Suarez, 1994), describing 
mostly non-quantitative aspects of the 
group. This area is hydrologically fea- 
tured by a highly productive seasonal 
upwelling (Merino-Ibarra, 1992). It has 
been described as a factor determining 
the community structure of different 
zooplanktic groups (Gasca & Suarez, 
199 1; Segura-Puertas & Ordofiez- 
Lopez, 1994; Sanchez-Velasco & 
Flores-Coto, 1994). Suarez (1990; 
1992) reported the anomalous presence 
of meso- and bathypelagic copepod 
species in this upwelling area and gave 
a species list of the local copepod com- 
munity. However, the relation between 
copepods and the local hydrology of 
the Yucatan Shelf has not been studied 
sufficiently (Suarez & Gasca, 1991). 
The aim of this study is to quantitative- 
ly analyze the local community of 
pelagic copepods as related to the pecu- 
liar oceanographic features of the 
Yucatan Shelf and the Mexican 
Caribbean Sea, during the spring of 
1985. 

STUDY AREA 

The Yucatan Current enters the Gulf of 
Mexico through the Yucatan Channel 
(Fig. 1). Winds from the southeast and 
a high current speed (ca. 9 km/h), 
favour upwelling in the northeast edge 
of the Yucatan shelf (Cochrane, 1969; 
Ruiz-Renteria, 1979; Merino-Ibarra, 
1992). During spring the upwelling is 
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Fig. 1. Studied area showing location of sampling stations during the spring upwelling period (April, 
1985) at the Yucatan Shelf. 

strongest, with the 22.5”C isotherm 
over the 20 m layer (Espinosa-Carreon, 
1989). EspinosaCarreon ( 1989) and 
Merino-Ibarra (1992) described the rise 
of colder subsurface water masses as a 
dome entering the euphotic zone, 
favouring a higher local primary pro- 
ductivity (Fig. 2B). Two main upwel- 
ling areas have been distinguished: a 
primary (depth of 22.5”C isotherm: lo- 
20 m), and a secondary (20-60 m) (Fig. 
2A). 

MATERIAL AND METHODS 

Zooplankton was collected during the 
oceanographic cruise PROIBE III, of 
the National University of Mexico, on 
board of the R/V “Just0 Sierra”, during 
April 1985. Fifty-five samples were 
taken within the epipelagic layer (O-200 
m, or from 10 m over bottom in shal- 
lower localities), using Bongo nets with 
0.3 and 0.5 mm filtering meshes. Only 
data from the 0.3 mm-mesh have been 
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Fig. 2. A) Topography of the 22.X isotherm; showing the primary and secondary zones of upwelling. 
B) Distribution of mean chlorophyll a concentration (mg.m-3) (after Merino-lbarra, 1992). 

included in this study. A calibrated 
flowmeter was attached to the mouth of 
the net, to estimate the amount of water 
filtered during the haul. Samples were 
fixed and preserved in a 4% formalin 
solution, buffered with sodium borate. 
Copepods were sorted from a 25 % 
aliquot, and then identified and counted 
(Omori & Fleminger, 1976). Densities 
were standardized to ind.lOOO m-3. 
Stations were grouped using the Bray- 
Curtis index. Diversity (Shannon- 
Wiener) and dominance (Index of 
Importance Value: I.I.V), were also cal- 
culated (Brower & Zar, 1977; Ludwig 
& Reynold, 1988). 

RESULTS 

A total of 113 pelagic copepod species 
were identified (see Suarez, 1990), but 
only the 45 species with a relative 
abundance over 1 % have been used for 
index calculation and clustering pur- 
poses (Table 1). Highest total copepod 
densities (over 20,000 ind:lOOO m-3) 
were recorded at stations 4, 12, 13, 17 
and 28, along the southern portion of 
the shelf. Lowest values (< 4000 
ind.lOOO m-3) occurred along the east- 
ern coast of the Peninsula (Fig. 3). The 
most abundant species were: Remora 
stylifera, with a mean density of 2281 
ind. 1000 m-3, and a relative abundance 
of 28.99 %, followed by Subeucalanus 
pile&us (1329 ind.lOOO m-3; r.a. 16.91 
%), Undinula vulgaris (846 ind.lOOO 

m-3; r.a. 10.76 %) and Calanus minor 
(751 ind.lOOO m-3; r.a. 9.56 %). All 
these species were most abundant over 
the Yucatan Shelf, but they also 
occurred along the Caribbean coast. 
The remaining species showed lower 
densities (~500 ind.lOOO m-3) (Table 
1). Results from the I.I.V. confirmed 7: 
stylifern as the dominant species with 

90” 88” 86” 
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I 10 001-20 000 24” 
n 4001-10 000 April 1985 
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U 
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Fig. 3. Distribution of total copepod densities (ind. 
1000 m-3) in the surveyed area. 
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Table 1. Mean abundance (org. 1000 m-j/St.) and relative abundance (%) of copepod species in each assemblage. 
Overall Index of Importance Value (I.I.V.) of each species. 

Assemblage I Assemblage I1 
Abundance % Abundance % 

Assemblage III 
Abundance % 

Assemblage IV Overall 
Abundance % I.I.V. 

Calanus tenuicornis 0.0 0.0 
Neocalanus gracilis 0.0 0.0 
Calanus minor 1453.6 5.77 
Undinula vulgaris I 114.3 4.42 
Cosmocalanus datwinii 333.0 1.32 
Eucalanus elongatus 0.0 0.0 
Subeucalanus mucronatus 0.0 0.0 
S. subcrassus 28.0 0.11 
S. pileatus 2747.6 10.9 
Pareucalanus sewelli 95.0 0.4 
Rhincalanus cornutus 166.8 0.6 
R. nasutus 0.0 0.0 
Paracalanus aculeatus 47.8 0.18 
Clausocalanus arcuicornis 71.4 0.28 
Euchirella amoena 0.0 0.0 
Euchaeta marina 99.4 0.42 
E. media 119.2 0.47 
Scolecithrix bradyi 0.0 0.0 
S. danae 0.0 0.0 
Temora stylifera 16352.6 64.9 
Pleuroma abdominalis 0.0 0.0 
P. gracilis 0.0 0.0 
P. piseki 0.0 0.0 
P. xiphias 0.0 0.0 
Centropages violaceus 0.0 0.0 
Heterorhabdus papilliger 0.0 0.0 
Haloptilus fertilis 0.0 0.0 
H. longicornis 0.0 0.0 
Candacia pachydactyla 0.0 0.0 
C. varicans 0.0 0.0 
Paracandacia bispinosa . 47.6 0.18 
P. simplex 23.8 0.10 
Lubidocera acutifrons 0.0 0.0 
L. aestiva 0.0 0.0 
Pontellopsis perspicax I 12.2 0.4 
P. villosa 91.6 0.41 
Calanopia americana 2134.4 8.47 
Oithona setigera 0.0 0.0 
Sapphirina angusta 47.6 0.18 
S. nigromaculata 0.0 0.0 
S. opalina 44.0 0.17 
S. stellata 23.8 0.10 
Copilia mirabilis 0.0 0.0 
Corycaeus la&us 0.0 0.0 
C. speciosus 28.0 0.1 I 

17.0 0.17 7.22 0.21 4.39 0.12 0.641 
52.5 0.54 47.26 I .37 36.7 0.98 3.568 
824.2 8.56 404.74 I I .73 216.4 5.80 15.28C 
1004.6 10.44 277.26 8.04 243.7 6.53 17.161 
24. I 0.25 0.91 0.03 0.0 0.0 0.896 
3.72 0.04 10.09 0.29 12.2 0.33 0.901 
13.5 0.14 2.87 0.08 13.5 0.36 0.907 
48. I 0.49 41.83 1.21 0.0 0.0 2. I35 
2749.6 28.57 141.57 4.10 2388.4 63.98 20.898 
77.0 0.80 102.57 2.97 36.7 0.98 5.600 
93.5 0.97 66.26 I .92 68.2 1.83 4.265 
17.2 0.18 29.78 0.86 14.0 0.37 1.853 
18.3 0.19 I.61 0.05 8.9 0.24 1.233 
176.9 I .84 54.87 1.59 26.5 0.71 5.338 
0.0 0.0 21.61 0.63 0.0 0.0 1.569 
106.3 1.10 237.13 6.87 51.3 1.37 7.622 
24.4 0.25 211.30 6.12 13.7 0.37 4.953 
62.5 0.65 57.52 I .67 50.6 I .35 3.899 
58.4 0.61 82.26 2.38 35.8 0.96 4.838 
3390.5 35.23 68.87 2.0 280.6 7.52 35.305 
75.8 0.78 464.3 13.46 20.1 0.53 4.893 
100.8 1.04 336.1 9.74 39.7 I .06 4.704 
26.3 0.27 24.39 0.71 10.2 0.27 I.321 
4.5 0.04 63.83 I .85 5.2 0.14 1.692 
26.0 0.27 12.39 0.36 6.4 0.17 1.889 
0.0 0.0 27.78 0.81 1.1 0.02 1.607 
19.2 0.19 19.43 0.56 1.3 0.03 0.773 
18.7 0.19 81.91 2.37 14.5 0.39 3.392 
9.5 0.09 12.70 0.37 5.4 0.14 1.863 
13.2 0.13 13.00 0.38 13.9 0.37 2.003 
5.0 0.052 8.83 0.26 5.0 0.14 1.582 
26.4 0.27 26.43 0.77 5.7 0.15 2.920 
3.1 0.032 0.0 0.0 4.2 0.11 0.513 
18.6 0.19 47.7 1.38 18.6 0.49 4.784 
0.0 0.0 0.0 0.0 0.0 0.0 0.264 
25.4 0.26 0.0 0.0 0.0 0.0 0.240 
374.4 3.89 253.0 7.34 42.6 I.14 8.237 
I.8 0.02 18.09 0.52 0.0 0.0 1.422 
15.8 0.16 42.26 I .22 3.1 0.08 3.337 
0.0 0.0 21.52 0.62 0.7 0.01 2.345 
17.4 0.18 11.70 0.34 0.7 0.01 1.516 
13.5 0.14 5.78 0.17 13.3 0.35 1.460 
23.1 0.24 42.17 I .22 6.2 0.16 3.052 
9.9 0.10 19.43 0.56 11.2 0.30 2.335 
31.7 0.33 29.74 0.86 2.2 0.06 3.194 

Total 25180.5 9623.16 3450.1 3733.0 

an I.I.V. value of 35.3, fdllowed by S. 
pile&us (20.89), U. vulgaris (17.16), C. 
minor (15.28), and Calanopia ameri- 
cana (8.23) (Table 1). 

Four groups of stations (I-IV) were 
defined (Bray-Curtis Index) (Fig. 4A): 
The first assemblage was located along 
the southern portion of the shelf, and 
showed the highest copepod density 
values (over 20,000 ind.lOOO m-3). It 
was dominated by T. stylifera, with 

densities between 12,000 and 21,979 
ind.lOOO m-3. Almost 65% of the total 
numbers of IT: stylifera occurred in this 
group of stations; this species repre- 
sented 61% of total copepod numbers 
in this assemblage, with low densities 
of C. americana, U. vulgaris, S. pilea- 
tus and C. minor. Lowest diversity val- 
ues (< 1.6 bits/ind.) were also charac- 
teristic of this group. 

The second group (II) was located 
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Fig. 4. A) Dendrogram with station clusters from data of the Bray-Curtis Index. B) Distribution of the resulting 
assemblages in the surveyed area. 

over the central portions of the Yucatan 
shelf. Mean copepod densities were rei- 
atively high (8,123 ind.lOOO m -3). 
Diversity in this group was relatively 
low (0.740 to 2.2 bits/ind.), with a 
mean value of 1.51. This assemblage 
was dominated by the neritic C. minor 
and U. vulgar-is, which together 
accounted for more than 40% of total 
copepod numbers in these localities. 
Temora stylifera, Labidocera aestiva 
and C. americana also occurred as sec- 
ondary neritic species in this assem- 
blage. 

A  third group (III) was distributed 
mainly along the oceanic front off the 
Yucatan shelf and the Caribbean Sea. It 
showed the highest diversity (over 2.3 
bits/ind.), and the lowest density values 
(3,567 ind.lOOO m -3); stations with 
overall lowest copepod numbers were 
included in this group. Species richness 
was highest in this assemblage (aver- 
age: 20 species, versus 7.9 in remaining 
stations). Representatives of neritic 
(Euchaeta media, Scolecithrix danae, 
Pleuromamma gracilis, Corycaeus 
SPP), oceanic (Euchirella spp, 
Heterorhabdus papilliger, Haloptilus 
spp), and neritic-oceanic (Pareucalanus 
sewelli, Euchaeta marina, Sapphirina 
spp) affinities occurred jointly in this 
group. 

Half of the stations included in the 
fourth group was located over the main 
area of the upwelling. This small sub- 
group of stations (st. 2.5, 27, 37, 38, 49) 
showed high densities (9,300- 17,000 
ind.lOOO m -3)., which contrasted with 
the low densities (1,400-3,500 ind. 
1000 m -3) of the sub-group located on 
the eastern side of the primary 
upwelling area. In all cases within this 
group, the neritic S. pileatus was the 
dominant species, mainly with densities 
between 2300 and 14457 ind.lOOO m -3. 
Diversity in stations over the primary 
upwelling area was low (<I .22 
bits/ind.); outside the upwelling, diver- 
sity values increased (1.6 to 2.3 
bits/ind.). Subeucalanus pile&us occur- 
red jointly with low densities of neritic 
species (C. minor, Pleuromamma 
abdominalis, P. gracilis, C. americana, 
Clausocalanus arcuicornis) and neritic- 
oceanic (Paracandacia spp, Scoleci- 
thrix bradyi, E. marina, U. vulgaris) 
species. No differences were observed 
between copepod numbers in day and 
night collections. 

DISCUSSION 

During the studied period, upwelled 
waters constituted a predominant 
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hydrologic feature of surface layers, 
modifying the horizontal and vertical 
hydrologic structure (Merino-Ibarra, 
1992) and also the composition, distri- 
bution and abundance of pelagic cope- 
pods. The studied area included neritic, 
oceanic and upwelling environments, 
which appear mixed in confluent areas. 
Different environments could be related 
to distinct copepod assemblages. The 
local copepod fauna is mainly tropical, 
with subtropical and even temperate 
derivates, as found in adjacent areas 
(Suarez, 1992; Campos & Suarez, 
1994). The structure of the local cope- 
pod community seemed to be a conse- 
quence of the conditions of local 
upwelling, with high densities of her- 
bivorous species in and around the 
upwelling area, where food concentra- 
tions are highest (Gamble, 1978; 
Arinardi, 199 1; Suarez & Gasca, 1991). 

Highest densities of copepods 
(mainly of 7: sQl!fera) in assemblage I 
were related to the southern-coastal 
areas secondarily influenced by 
upwelling. As noted by Merino-Ibarra 
(1992) and by Sanchez-Velasco & 
Flores-Coto (1994), the direction of the 
entering flux of the Yucatan Current 
produces a westward drifting of the 
upwelled nutrient-rich waters causing 
the highest copepod densities on the 
west side of the main upwelling area. 

The high values of chlorophyll a 
(0.25 mg.m-3) on the southern-coastal 
portion of the survey area (Espinosa- 
Carreon, 1989), seemed to favour the 
occurrence of the highest copepod den- 
sities and the dominance of the neritic- 
coastal i? stylijera in this area. The sec- 
ond assemblage (II), featured by high 
densities of shelf species: C. minor and 
U. vulgaris also reflects the secondary 
influence of the main upwelling site in 
the central portions of the shelf caused 
by the westward drift of the upwelled 
waters. The integrated distribution of 
these two assemblages represented the 
zone of richest zooplankton around the 
upwelling and also coincide with the 
area of highest siphonophore densities 
(Gasca & Suarez, 1991), and with the 
Eastern Neritic Assemblage of 
Sanchez-Velasco & Flores-Coto (1994) 
during the same period, also featured 
with high densities of fish larvae. 
Circulation of ocean upwelling waters 

over the shelf occurs in the Yucatan 
Shelf as has been demonstrated with 
zooplankton surveys in other tropical 
upwelling areas (Kuipers et al., 1993). 

The third group showed a strong 
oceanic character as it was represented 
mainly by genera and species with 
oceanic affinities. This group showed 
the highest species richness, with a 
composition typical of the adjacent 
oligotrophic oceanic waters of the Gulf 
of Mexico and the Caribbean Sea 
(Suarez & Gasca, 199 1; Campos & 
Suarez, 1994). This oceanic assem- 
blage has been described for siphono- 
phores (Gasca, 1990), medusae 
(Segura-Puertas & Ordonez-Lopez, 
1994), and for fish larvae (Sanchez- 
Velasco & Flores-Coto, 1994). 

Part of the fourth group was located 
over the area of primary upwelling, 
showing relatively high copepod densi- 
ties, but not as high as in the first (I) 
group. The typical species of this fourth 
assemblage was S. pilentus, mixed with 
other neritic and neritic-oceanic 
derivates. The occurrence of species 
with different affinities in this mixed 
group is related with at least two envi- 
ronments: shelf and shelf border, recog- 
nized by Fleminger (1956) as distinct 
copepod environments in the 
Campeche Bank. This assemblage 
showed a certain degree of oceanic 
influence; however, the low numbers of 
oceanic species in a group almost sur- 
rounded by the “oceanic” assemblage 
suggest some isolation of this assem- 
blage, probably with low mixing rates 
with adjacent oceanic waters at this 
stage. This group represents a transition 
between shelf-upwelled waters and the 
oceanic environment. 

Differences in the structure of cope- 
pod assemblages I, II and IV, and their 
confluent distribution over the zone of 
primary upwelling (Fig. 4B) suggest 
distinct conditions in the upwelling. 
This was probably the effect of coastal 
and oceanic environments on the south- 
ern and northern limits of the 
upwelling, respectively. Gelatinous 
predators (siphonophores and medusae) 
were found to be scarce or absent in 
this same area of primary upwelling 
(Gasca & Suarez, 199 1; Segura-Puertas 
& Ordofiez-Lopez, 1994), a factor 
which probably favoured local copepod 
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populations. 
There were no differences between 

copepod numbers in night and day col- 
lections in the areas of upwelling on the 
Yucatan Shelf. This could be related to 
the low migration rates of the main 
copepod species in upwelling areas, 
which seems to be a behaviour related 
to food availability (Arinardi, 1991). 
So, the most abundant copepods as 7: 
sty&era, C. minor and U. vulgaris have 
a tendency to remain in the phytoplank- 
ton-rich surface layers in and around 
the local upwelling. 

Food condition has been considered 
as a causal factor of zooplankton distri- 
bution (Paffenhiifer, 1983). Copepods 
are the main prey for marine fish lar- 
vae; the availability of copepods as 
preys depend -among other factors- 
upon the horizontal patchiness and 
overlapping with phytoplankton-rich 
areas (Poulet & Williams, 1991). On 
the Yucatan Shelf, the area with highest 
fish larvae density during the same 
period as the present study (Sanchez- 
Velasco & Flores-Coto, 1994), corre- 
sponds to the area of copepod assem- 
blages I and II, with the highest cope- 
pod densities. In this areas, copepods 
seem to be a food source for fish larvae, 
which is abundantly available, probably 
influencing fish larvae distribution in 
the area (Munk et al., 1989). 
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ABSTRACT 

To understand the character of prey partitioning 
in a low latitude oligotrophic region, a compos- 
ite picture of the trophic structure of a 
mesopelagic fish community was made from 
the eastern Gulf of Mexico. 

Two hundred and twenty three species were 
collected in the area of which I61 species were 
abundant enough for analyses. Fifteen major 
categories of prey biomass are identified for di- 
et analyses: viz. copepods, ostracods, am- 
phipods, euphausiids, decapods, larvaceans, 
salps, coelenterates (primarily siphonophores), 
unidentified gelatinous prey, polychaetes, gas- 
tropods, cephalopods, chaetognaths, fish, other 
food. 

Prey partitioning is minimal across major 
prey categories as the vast majority of meso- 
pelagic fishes are primarily either copepod or 
fish predators. Those fishes utilizing other prey 
groups to a significant degree are either few in 
number and/or rare in abundance. Decapods are 
numerous in the area and the apparent lack of 
decapod predators might be caused by inade- 
quate sampling of the larger oceanic fauna. 

To address the question of the influence of 
trophic relationships on the structure and main- 
tenance of oceanic communities we need to 
know the predation impact of other fauna1 
groups (e.g., coelenterates) besides that of the 
mesopelagic fishes. 

Prey partitioning in an oceanic commu- 
nity is the end product of millennia of 
competition among past and present 
forms. This is especially true of low 
latitude oligotrophic regions as they are 
the earth’s oldest type of ecosystem. 
Understanding the character of prey 
partitioning allows for better under- 
standing of present-day oceanic com- 

munity structure and the factors impor- 
tant in shaping it. 

Historically, trophic ecology studies 
of mid- and upper trophic level oceanic 
fauna have been restricted to family 
level or lower. Some micronektonic 
fish groups have been well studied, 
such as myctophids (e.g. Tyler & 
Pearcy, 1975; Clarke, 1978; 1980; 
Hopkins & Gartner, 1992) and gonos- 
tomatids (e.g., De Witt & Cailliet, 
1972; Gorelova, 1980), while others 
have received little attention, such as 
alepisauroids (Johnson, 1982) and 
stomiids (Borodulina, 1972; Clarke, 
1982). A composite picture of the 
trophic structure of midwater fish com- 
munities, integrating results from dif- 
ferent studies at various locations, 
would not likely represent a true sce- 
nario as regional and temporal variation 
in the diets of midwater fishes are 
known phenomena (Parulekar & Bal, 
197 1; Cailliet, 1972; Young & Blaber, 
1986; Shevchenko, 1986). In this paper 
we will provide a description of trophic 
diversity in a complete mesopelagic 
fish community from a single biogeo- 
graphic province. 

METHODS 

Data were generated from analysis of 
specimens collected over a twenty year 
time frame (1970-1990, 1155 trawl 
samples) at a site in the eastern Gulf of 
Mexico (Fig. 1). This site has physical 
and biological features typical of olig- 
atrophic, low latitude oceanic ecosys- 
tems (Backus et al., 1970; Vinogradov, 
1970; McGowan, 1974). In total, 223 
primarily mesopelagic fish species have 
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Fig. 1. Sampling site (e) in the eastern Gulf of Mexico. 

been catalogued from this site, ranking 
the Gulf of Mexico (hereafter as Gulf) 
mesopelagic fish assemblage as one of 
the world’s most species-rich. Several 
species were extremely rare, so trophic 
analysis was conducted on 161 
species. Sample size was sufficiently 
large for analytical comparison of 121 
species (7200 specimens). Numerical 
abundances of the dominant fish fami- 
lies of the eastern Gulf are given in Fig. 
2. To account for ontogenetic shifts in 
diet, species with adequate sample size 
were divided into 10 mm size classes, 
with all species and size classes being 
treated as distinct entities (referred to 
hereafter as “taxonomic units”). In to- 
tal, 163 taxonomic units were analyzed. 

Diet analysis was conducted using 
standard methodology (see Hopkins & 
Gartner, 1992). Prey-item data were 
converted to undigested biomass using 
length/dry weight regressions. To facil- 
itate discrimination of trophic patterns 
among taxonomic units, clustering pro- 
cedures were employed based on per- 
cent prey biomass in 15 major cate- 
gories [cop.epods, ostracods, am- 
phipods, euphausiids, decapods, lar- 
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vaceans, salps, coelenterates (primarily 
siphonophores), unidentified gelatinous 
prey, polychaetes, gastropods, cephalo- 
pods, chaetognaths, other food]. 
Trophic patterns were discriminated at 
the 50% diet dissimilarity level. 

TROPHIC PATTERNS: SMALL ITEM 
PREDATORS 

Copepod predators 
Planktivory centered on copepods was 
shown by 56 of the 163 taxonomic 
units examined, making it by far the 
dominant trophic pattern among fish 
predators. Myctophids were the largest 
group of copepod predators, with 25 
taxonomic units from 13 species, in- 
cluding all of the numerically dominant 
Gulf species (Gartner et al., 1987). 
Thirteen taxonomic units of six gonos- 
tomatid species clustered here, includ- 
ing all of the abundant Cyclothone 
species. Five taxonomic units each of 
melamphaids (Melamphaes and Sco- 
peloberyx spp.) and elongate sternopty- 
chids (Valenciennellus tripunctulatus 
and Maurolicus muelleri) clustered in 
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this pattern. The ceratiids Cryptopsaras 
couesi, Ceratias holboelli, and C. ura- 
noscopus as well as the phosichthyid 
Vinciguerria attenuata were the final 
members of this pattern. Copepods rep- 
resented 72% of total prey biomass in- 
gested by these fishes. 

Euphausiid predators. 
The second largest pattern of small 
item predation was planktivory cen- 
tered on euphausiids. In this case, eu- 
phausiids accounted for 40% of the 
prey biomass ingested by the 46 taxo- 
nomic units of this guild. Myctophids 
again were the dominant component, 
with 24 taxonomic units from 12 
species, mostly larger size classes of 
the abundant species (see Gartner et al., 
1987; Hopkins & Lancraft, 1984). The 
gonostomatids preying principally on 
euphausiids were Cyclothone pallida, 
Gonostoma atlanticum, G. elongatum, 
Bonapartia pedaliota, Margrethia ob- 
tusirostra and Diplophos taenia. Two 
sternoptychids (Maurolicus muelleri 
and Sternoptyx pseudobscura, two 
phosichthyids (Vinciguerria poweriae 
and Pollichthys mauli) and two breg- 
macerotids (Bregmaceros atlanticus 
and B. macclellundi) comprised 13 tax- 
onomic units of this pattern. 
Representatives of the stomiid genus 
Astronesthes contributed the remaining 
members of this pattern. 

Larger crustacean predators 
A mixed diet composed mainly of eu- 
phausiids and decapods (43% of prey 
biomass ingested) characterized the di- 
ets of seven taxonomic units of meso- 
pelagic fishes. This pattern was exhibit- 
ed by the myctophid species (Diaphus 
lucidus, D. splendidus, Hygophum hy- 
gomi, Ceratoscopelus cf. warmingii 
[see Gartner, this volume]) and the 
sternoptychid Argyropelecus aculeatus. 

Polychaete predators 
Polychaetes were the principal food 
category of two size classes of the 
sternoptychid Sternoptyx pseudobscura 
(39% of prey biomass ingested). 

Ostracod predators 
Ostracods were the principal food com- 
ponent of the smallest size classes of 

Fish Family I I , 
Gonostomatidae 

Myctophidae 
Sternoptychidae 

Stomiidae 
Phosichthyidae 

-1,143.3 I : 

:,,.8 ; i j i 
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Bregmacerotidae 18.2 : 1 i 1 : 
Gempylidae i 8.1 I I I I i 
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Bathylagidae 12.5 : 1 : : 1 
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I I I , I I I 

Abundance (s 10” kni’) 

Fig. 2. Numerical abundances of primary meso- 
pelagic fish families of the eastern Gulf of Mexico. 

the sternoptychids Argyropelecus hemi- 
gymnus and A. aculeatus (57% of prey 
biomass ingested). 

Gelatinous zooplankton predators 
A high percentage of gelatinous prey 
(37-70%) biomass characterized the di- 
ets of the melamphaids Poromitra gibb- 
si and Scopelogadus mizolepis mi- 
zolepis and the myctophid 
Ceratoscopelus cf. warmingii. 

Amphipod predators 
Amphipods were a significant diet 
component of seven taxonomic units of 
mesopelagic fishes. A high percentage 
of amphipod prey biomass (72%) was 
exhibited by the myctophid Gonichthys 
cocco. A lower percentage of amphi- 
pod prey biomass (38%) was exhibited 
by the myctophids Lampanyctus linea- 
tus and Lampadena luminosa, the 
sternoptychid Sternoptyx diaphana, and 
the smallest size classes of the melam- 
phaid Scopelogadus m. mizolepis. 

Gastropod and gastropod/salp preda- 
tors 
Gastropods comprised 100% of the 
prey biomass ingested by the myc- 
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tophid Centrobranchus nigroocellatus. 
A mixed diet of gastropods and salps 
comprised 85% of the prey biomass in- 
gested by all size classes of the bathy- 
lagid Dolicholagus longirostris and the 
largest size class of Scopelogadus m. 
mizolepis. Not included in clustering 
procedure due to small sample size, the 
phosichthyid Zchthyococcus ovatus also 
appeared to fit this pattern. 

Diverse prey item predators 
A mixed diet with a significant fish 
component (25% of prey biomass in- 
gested) characterized the diets of the 
largest Argyropelecus aculeatus and the 
smallest Sternoptyx diaphana. 

TROPHIC PATTERNS LARGE ITEM 
PREDATORS 

Fish predators 
Fish predation was by far the most 
common pattern exhibited by fishes 
preying on large food items (84% of 
prey biomass ingested). This pattern 
was dominated by the Stomiidae with 
42 species represented (Aristostomias, 
larger Astronesthes, Bathophilus, 
Chauliodus, Echiostoma, Eustomias, 
Leptostomias, Melanostomias, and 
Stomias). The principal fish prey of 
these genera were myctophids. Six tax- 
onomic units of gempylids (Nesiarchus 
nasutus, Diplospinus multistriatus) 
clustered here, with juvenile scom- 
broids being the principal prey. 
Elongate sternoptychids and chaetog- 
naths were the principal prey of the 
scopelarchid Scopelarchoides danae. 
Sternoptychids were also common prey 
of the paralepidids Lestidiops affinis, 
Lestidium atlaticum, Lestrolepis inter- 
media, Pontosudis advena, Stemono- 
sudis gracile, S. intermedia and Sudis 
hyalina. Stomiiform fishes were the 
principal fish prey of the evermannellid 
Odontostomops normalops and Cyclo- 
thone spp. were the principal prey of 
the ceratioid Melanocetus johnsoni. A 
broad spectrum of fish prey types were 
exhibited by the phosichthyid Vin- 
ciguerria nimbaria, the chiasmodontids 
(Chiasmodon, Kali, Pseudoscopelus ), 
and the largest size classes of the gono- 
stomatid Margrethia obtusirostra, the 

myctophid Diaphus leutkeni, and the 
sternoptychid Sternoptyx pseudobscura 

Cephalopod predators 
Cephalopods were the principal diet 
component (84% of prey biomass in- 
gested) of the evermannellid Coccorel- 
la atlantica, the omosudid Omosudis 
lowei, and the ceratiid Cryptopsaras 
couesi. Identification of prey items re- 
vealed that teuthoids were the most 
common cephalopod prey. 

Decapod predators. 
Decapod shrimps, primarily penaei- 
deans (Aristeidae, Sergestidae), were 
the principal prey component (73% 
prey biomass ingested) of the stomiids 
Photostomias guernei and Malacosteus 
niger and the largest size class of the 
myctophid Diaphus lucidus 

DISCUSSION 

Our data on the feeding of the con- 
stituents of the eastern Gulf of Mexico 
mesopelagic fish community generally 
agree with individual reports from oth- 
er regions. It is readily apparent that 
prey partitioning is minimal across ma- 
jor prey categories (e.g. copepod, deca- 
pod, etc.), as the vast majority of 
mesopelagic fishes are either primarily 
copepod predators or fish predators. 
Those fishes utilizing other prey groups 
to a significant degree are few in num- 
ber and/or rare in abundance. For ex- 
ample, ostracods comprise a major diet 
component of only 2 of 115 eastern 
Gulf mesopelagic fish species, while 
the principal cephalopod predators, the 
omosudids and evermannellids, are 
rarely taken in midwater trawls. The 
dominance of copepods in the diets of 
small item predators reflects the domi- 
nance of copepods in the l-5 mm range 
of the oceanic particle size spectrum 
(Hopkins, 1982). Surprising is the ap- 
parent lack of decapod predators in the 
eastern Gulf mesopelagic fish commu- 
nity, given the numerical dominance of 
decapods in the micronekton standing 
stock of this region (Hopkins & 
Lancraft, 1984). Decapods may serve 
as chief forage for larger oceanic fauna 
which may be poorly sampled with 
standard midwater trawling methods 
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(Kashkin & Parin, 1983). 
What is n$ readily apparent is the 

degree of prey partitioning within ma- 
jor prey categories. The mesopelagial, 
especially its low latitude component, 
has historically been referred to as a 
“food-poor environment” (Marshall, 
1954). However, the degree of food 
limitation, ergo trophic competition, in 
the meso- and bathypelagial is un- 
known. Data are not available to ad- 
dress this question at present, as few 
studies permit even a first-order ap- 
proximation of the predation impact of 
mesopelagic fauna1 groups on their 
principal prey (see Hopkins & Gartner, 
1992; Hopkins et al., 1994). We are in 
the process of providing an estimate of 
the predation impact of an entire 
mesopelagic fish community on its zoo- 
plankton food resource (Hopkins et al., 
in prep.). However, inherent in the 
oceanic community concept is the no- 
tion that the interaction of all fauna1 
components has and does guide the 
evolution of communities. Therefore, 
predation impact estimates of other fau- 
nal groups (e.g., coelenterates) are 
needed before we can address the ques- 
tion “What is the role of prey partition- 
ing in the structure and maintenance of 
oceanic communities?‘. 
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ABSTRACT 

Meso- and macroscale distribution patterns 
were analysed from a data set consisting of 155 
zooplankton species from 9 taxonomic groups 
collected during a synoptic survey of a region 
between 34”s and 55”s in the southwest 
Atlantic. 44 stations were sampled using two 
types of net. The first, an RMT8 net (4.5 mm 
mesh), was deployed obliquely between the 
surface and either 200 m onshelf or 300 m off- 
shelf whilst the second, a Bongo net (335 urn 
mesh), was deployed at the surface only. The 
position of water masses during the sampling 
period was determined through temperature- 
depth profiles obtained at each sampling sta- 
tion. Classification analysis of the RMT8 sam- 
ples produced four station groups which 
showed distinct geographic integrity and fur- 
ther analyses revealed that the biotic patterns 
were most strongly correlated with a combina- 
tion of water mass position and latitude. Group 
1 was related to the Falkland shelf found at the 
highest latitudes, Group 2, the Polar Frontal 
Zone (PFZ) at the next highest latitudes, Group 
3, the Subantarctic water mass (SAZ) at inter- 
mediate latitudes and Group 4, the Subtropical 
water mass (STZ) at the lowest latitudes. 
Classification analysis of the Bongo samples 
produced 3 station groups which also showed 
distinct geographic integrity but had different 
distribution patterns to the RMT8 station 
groups. Further analysis showed that these pat- 
terns correlated most strongly with a combina- 
tion of surface temperature and latitude. Group 
A was associated with surface temperatures 
between 5”and 7°C found at the highest lati- 
tudes, Group B, with temperatures between 6’C 
and 15°C at intermediate latitudes; and Group 
C with temperatures above 15”C, at, the lowest 
latitudes. Species/developmental stages were 
also clustered and their relative strength of 
association to station groups determined. It was 
found that for RMT8 and Bongo station groups 
of comparable latitudes, the associated 
species/stage clusters differed in composition 

between the RMT8 and Bongo samples. This 
was especially seen in those species/stage clus- 
ters that contained euphausiid species, which 
were a dominant component in the zooplankton 
fauna of this survey. The RMT8 species clus- 
ters that contained neritic euphausiid adults 
were associated with Group 1 (the RMT shelf 
station group) whilst Bongo species/stage clus- 
ters that contained their larvae were associated 
with Group B (the Bongo intermediate station 
group). This pattern may be a result of different 
vertical ranges in the developmental stages of 
these species interacting with a series of verti- 
cal shears in the water column. The implica- 
tions of these differences between surface and 
mesopelagic distributions is discussed both in 
terms of the maintenance of populations in the 
region and with respect to the dual role of 
fronts as fauna1 boundaries and as advective 
agents. 

INTRODUCTION 

The southwest Atlantic is a dynamic 
oceanographic region containing two 
western boundary currents and an ener- 
getic convergence zone where 
mesoscale hydrographic features such 
as warm and cold core eddies are 
numerous. There has been compara- 
tively little study of zooplankton ecolo- 
gy in the southwest Atlantic (Angel, 
1979; Boltovskoy, 1986) although 
interest has increased with the emer- 
gence of fisheries in the area 
(Rodhouse & Hatfield, 1990; Rodhouse 
et al. 1992; Hatfield, 1’992). Describing 
zooplankton assemblage distribution 
patterns in the region may not only 
have a commercial value however, 
since the area contains features such as 
fronts and boundary currents which 
have been the subject of much recent 
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theoretical debate in pelagic biogeogra- 
phy. Study of the southwest Atlantic 
provides an ideal case study for exam- 
ining fronts and boundary currents 
since their limits can be easily distin- 
guished as a result of the sharp physical 
contrasts in the hydrography. Insights 
into the importance of these features 
with respect to the zooplankton ecology 
of the region can be gained through 
determining the correspondence 
between these features and distribution 
patterns in zooplankton assemblages. 

METHODS 

A region was surveyed between 34”to 
55’S covering the Falkland Shelf and 
an oceanic region adjacent to the 
Patagonian Shelf during a 3 week peri- 
od in the Austral Spring of 1990 (7 
October-5 November).. A total of 44 
stations were sampled with two types 
of net being deployed at each, the first 
an RMT8 net (4.5 mm mesh) was 
trawled obliquely between 0 and 200 m 
onshelf and 300 m offshelf and the sec- 
ond, a Bongo net (335 urn mesh) was 
trawled at the surface only. 
Temperature depth profiles were 
obtained at each station and were used 
to identify the location of water masses 
and associated fronts. Bucket surface 
temperature values were also obtained. 

Species identification was carried 
out on 9 taxonomic groups including 
euphausiids, chaetognaths, hyperiid 
amphipods, siphonophores, salps, fish 
(mostly myctophiids), decapods and 
hydromedusae. Larval stages were also 
identified where present. Abundance 
was determined from whole samples 
through direct counting or by subsam- 
pling with a Folsom splitter. Net fil- 
tered volume was calculated by multi- 
plying mouth area and distance traveied 
(Clarke, 1969; Pommeranz et al., 1982) 
and these values were ised to determine 
zooplankton densities. 

Relative abundancies were trans- 
formed [ln(l+x)] and the entire 
REMT8 and Bongo data sets were sub- 
jected to separate Hierarchical 
Classification analyses using the Bray 
Curtis similarity coefficient and aver- 
age linkage to identify station groups. 
The identification of species clusters 

was carried out using the same analyti- 
cal methods but the data sets were 
restricted to species occurring in 3 or 
more stations. Separation at a number 
of different similarity levels were 
applied to the resulting station and 
species dendrograms with the ultimate 
aim of finding a suitable compromise 
between the number of groups and the 
strength of group association. The 
validity of species clusters was subse- 
quently verified by determining 
whether member species showed sig- 
nificant differences in abundance 
between station group regions. The 
association of species clusters to station 
groups was determined through further 
application of the Bray Curtis similarity 
coefficient to the individual members 
of each species cluster and, in most 
cases, members of the same species 
cluster showed the same station group 
associations. 

Biotic multivariate patterns were 
related to environmental variables 
through the BIOENV procedure 
(Clarke & Ainsworth, 1993) which 
makes minimal a priori assumptions 
about the nature of the relationship 
between biotic and abiotic data sets. 
The biotic similarity matrix was related 
to all combinations of abiotic variables 
at every level of complexity using rank 
correlations and the abiotic variable or 
combination of variables that had the 
highest correlation to the biotic matrix 
was identified. The same seven abiotic 
variables were related to both the 
RMT8 and Bongo similarity matrices, 
those being: (1) water depth (2) in situ 
spot surface temperature (3) latitude (4) 
distance from shore (5) distance within 
or outside shelf break (6) water mass 
(7) surface thermal zone derived from 
satellite image analysis. 

RESULTS 

A t,otal of 155 species were identified 
from the taxonomic groups considered 
in the RMT8 analysis, whilst 62 species 
were found in the Bongo analysis. The 
majority of species were not found at 
more than 15% of the stations in the 
RMT8 sample set, with the few species 
that were widespread also being the 
most abundant at individual stations. 
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Even fewer species were found fre- 
quently in the Bongo samples with the 
widespread species not always being 
the largest contributors to station abun- 
dance. 

Separation at the 50% similarity 
level was applied to the RMT8 station 
dendrogram obtained from hierarchical 
classification and this produced 4 sta- 
tion groups which were subsequently 
found to have distinct geographic 
integrity (Fig. 1). A combination of 
water mass and latitude were identified 
as having the strongest correlation to 
the biotic similarity matrix and this was 
seen to correspond with the geographic 
distribution of station groups. Group 1 
was related to the Falkland shelf found 
at the highest latitudes, Group 2, the 
Polar Frontal Zone (PFZ) at the next 
highest latitudes, Group 3, the Sub- 
Antarctic water mass (SAZ) at interme- 
diate latitudes and Group 4, the 
Subtropical water mass (STZ) at the 
lowest latitudes. 

Separation at the 39% similarity 
level was applied to the Bongo station 
dendrogram and this produced 3 station 
groups which again showed distinct 
geographic integrity although the distri- 
bution pattern was evidently different 
from that of the RMT8 station groups 

(Fig. 1). A combination of spot surface 
temperature and latitude were found to 
have the strongest correlation to the 
biotic similarity matrix and distinct dif- 
ferences in the values of these parame- 
ters were observed between station 
groups. Group A had surface tempera- 
tures between 5”and 7°C and a distribu- 
tion restricted to the highest latitudes, 
Group B, had temperatures between 
6°C and 15°C and a distribution at 
intermediate latitudes and Group C had 
temperatures above 15OC, and a distri- 
bution limited to low latitudes. 

Eight out of the 9 species clusters 
identified from the RMT8 analysis 
were found to show significant differ- 
ences in abundance between station 
group regions. The majority of clusters 
were most strongly associated with sta- 
tion group 4 (STZ group) wilst the 
other station group region were limited 
to 1 associated species cluster each. 
Only 5 out of 9 species clusters were 

: found to show significant differences 
between station group regions in the 
Bongo data set and the associations of 
these species clusters was equally dis- 
tributed between station groups. 2 of 
these species clusters showed a major 
association to one station group and a 
minor association to another. Table 1 
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Table 1. RMT8 and Bonga species clusters and their respective station group affiliations. 

RMTS ANALYSIS 

Station group 1 Station group 3 

SDecies cluster 2 SDecies cluster 3 
Sagitata gazellae Diaphus hudsoni 
Euphausia lucens Argyropelecus 
E. vallentini hemigymnus 
Themisto gaudichaudii Lampanyctus pulsillus 

Station group 2 Station group 314 

Species cluster 1 Species cluster 7 
Protomyctophum bolini Sagitta planctonis 
Primno macropa S. hexaptera 
Salpa thomp&i Hippopodus hippopus 
fwvgate~ Chelophyses 
Salpa thompsoni appendiculata 
(solotary) 
Stylocheiron maximum 
Euphausia similis 
E. triacantha 

Station group 4 

SDecies cluster 4 Species cluster 6 
Vinciguerria powerie Nematobranchion 
Scopelosaurus spp. jlexipes 
Iasis zonaria Euphausia spinifera 
Lampanyctus pulsillus E. recurva 
Sio nordenskjoldii Stylocheiron 
Scina spp. abbreviatum 

Phronima 
Suecies cluster 5 sedentaria 
Hemityphis tenuimanus 
Brachyscelus crusculum SDecies cluster 8 
Phrosina semilunata Anguilliformes 
Platyscelus armatu.s larvae 
Streetsia challengeri Paraphronima 
Phronima bucephalata gracilis 
Thysanopoda monocantha 
Argyropelecus aculeatus 
Valencienellus tripunctulatus 

BONGO ANALYSIS 

Station group A Station group B Station group C 

SDecies cluster 2 Species cluster 1 SDecies cluster 5 
Sagitta tasmanica Fish larvae Sagitta serratodentata 
S. gazellae Thysanoessa gregaria S. hexaptera 
Themisto gaudichaudii (total furcilia) Phrosina semilunata 
Thysanoessa gregaria T.gregaria (furcilia I(i)) Phronima sedentaria 
(adult) T.gregaria (jurcilia I(ii)) Stylocheiron spp. 
T.gregaria (furcilia II) Euphausia recurva 

Species cluster 3 
Euphausia vallentini (total furcilia) 
E. vallentini (total calytopes) 
E. vallentini (calytopes II) 
E. vallentini (calytopes III) 

Species cluster 4 
Thysanoessa gregaria (post larvae) 
T.gragaria (furcilia III) 
Euphausia lucens (post larvae) 

presents the station group affiliations as 
well as frequency and abundance 
parameters of significant species clus- 
ters in either the Bongo or RMT8 
analuses. 

DISCUSSION 

Although the nets were fished simulta- 
neously, they sampled zooplankton 
communities that were distinct both in 

terms of size composition and vertical 
range as a result of their different mesh 
sizes and deployment depths. The 
RMT8 nets mostly sampled macrozoo- 
plankton and nekton with vertical 
ranges that were characteristically 
epipelagic or mesopelagic whilst the 
Bongo nets sampled mesozooplankton 
that were mostly restricted to the 
epipelagic layers. Differences between 
sample sets were not only observed in 
species composition but also in stage 
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composition with Bongo samples con- 
taining a mixture of small adults and 
larvae, particularly of Euphausia val- 
lentini (Stebbing, 1900), E. lucens 
(Hansen, 1905) and Thysanoessa gre- 
garia (Sars, 1883), whilst the RMT8 
samples were restricted to adult speci- 
mens only. A more thorough evaluation 
of the effect of sampling systemdesign 
on sample composition and subsequent 
analysis is presented in Tarling ( 1995). 

Despite the fact that two different 
types of zooplankton community were 
sampled by the RMT8 and Bongo nets, 
species distributions in both sets distin- 
guished similar geographic zones with- 
in the sample grid. For instance, both 
data sets highlighted one group limited 
to stations in the extreme north and 
another group located over the Falkland 
Shelf. The integrity of a northern group 
corresponds to previous work carried 
out on the biogeography of the south- 
west Atlantic region, most notably that 
of Boltovskoy (1970; 1981a; 1981b) 
and Dadon & Boltovskoy (1982) who 
both found a transition between sub- 
Antarctic and sub-tropical fauna at 
approximately 35”s. The integrity of 
the Falkland group may be related to 
the shelf excluding certain species 
which migrate to depths in excess of 
100 m, as found by Atkinson (1990). 

Between the northern and Falkland 
regions the RMT8 and Bongo analysis 
results differed with two distinct zones 
being distinguished by the RMT8 anal- 
ysis and only one being apparent in the 
Bongo analysis. Within the RMT8 data 
set, the separation of the two “interme- 
diate” zones broadly correlates with the 
position of the Subantarctic Front 
(SAF) which separates Polar Frontal 
Zone (PFZ) water from Subantarctic 
(SAZ) water. This front was found not 
to have any correlation with the distri- 
bution of Bongo species groups in this 
region. This difference is to be expect- 
ed from the abiotic multivariate analy- 
sis since the Bongo samples were most 
highly correlated to a combination of 
surface temperature and latitude and 
surface temperatures either side of the 
SAF differed very little at the same lati- 
tude (+/- 2°C). The physical transition 
between the PFZ and SAZ is seen more 
at depth, where the 4°C isotherm is 
seen to deepen rapidly from the PFZ 

towards the SAZ and so any physical 
influence on species distribution is 
more likely to be observed in deeper 
living organisms. Nevertheless, even 
though RMT8 distributions were found 
to correlate most closely with a combi- 
nation of water mass and latitude, this 
does not necessarily imply that water 
mass boundaries such as the SAF are 
physically limiting barriers to the distri- 
bution of organisms caught by these 
nets. Fronts also represent the limits to 
zones of distinctly different nutrient 
and chemical concentrations and the 
observed correlation between an organ- 
isms distribution and water mass loca- 
tion could alternatively be a reflection 
of an organisms preference for one 
region over another. The most influen- 
tial factor determining distributional 
patterns in this instance would there- 
fore be an organism’s ability to coun- 
teract advective forces acting to expa- 
triate it from its preferred distributional 
range which may be achieved through 
direct or indirect behavioural respons- 
es. 

One indication that the SAF and 
possibly a shelf-break front does not 
present a direct physical barrier to the 
distribution of organisms in this region 
is illustrated by the different regional 
affiliation of adults and larvae of the 
same species. This is especially seen in 
the euphausiids, where the adults of 
Euphausia vallentini, E. lucens and 
Thysanoessa gregaria are principally 
associated with the shelf region in the 
RMT8 samples, but their larvae in the 
Bongo samples are members of clusters 
that have strongest associations to the 
Group B region in the Transitional 
region located offshelf and either side 
of the SAF. This distributional differ- 
ence may be related to the fact that 
developmental stages exhibit different 
degrees of diurnal vertical migration, as 
was observed by a number of other 
studies (Angel & Fasham, 1973; 
Williams & Lindley, 1982; Pillar et al., 
1989). The complex advective forces in 
this region which differ markedly with 
depth may well interact with the 
behaviours of adult and larval stages 
producing different distributional pat- 
terns. One of the principal forces may 
be Ekman transport which was found 
by Pillar et al. (199 1) to advect larval 



organisms found at the surface in an 
offshelf direction. Adults, which are 
able to migrate out of the surface layers 
may not be as affected by this mecha- 
nism. The transport of large amounts of 
larvae into the Transition region pre- 
sents a problem in terms of population 
maintenance for, as discussed by Olson 
(1986) and Boltovskoy (1988), this 
zone has a unidirectional flow east- 
wards and there is no known mecha- 
nism of repatriation for organisms 
swept into it. One feature that is com- 
mon to both sample sets is that the fau- 
nal nature of the northern group (Group 
4 in RMTS analysis and Group C in 
Bongo analysis) differs markedly from 
the other groups. This is illustrated 
when considering certain parameters 
such as the species richness and num- 
ber of species showing strongest fideli- 
ty to a region (defined as the station 
group in which a species shows its 
highest average abundance) illustrated 
in Table 2. In the RMT8 samples, the 
species richness is slightly higher than 
Group 3, which was mostly influenced 
by vertically migrating mesopelagic 
species, and much higher than Groups 
1 and 2. The most marked difference 
was seen in species fidelity however, 
with there being almost double the 
number showing strongest fidelity to 
the Group 4 region compared to other 
groups, an observation further con- 

Table 2. RMT* and Bongo station group values for 
species richness and the number of species showing 
strongest fidelity (defined as the station groups in 
which species show hihest average abundance. 

RMT ~ANALYSIS 

Total spp No. of spp. with 
present strongest fidelity 

Group I 19 14 
Group 2 67 24 
Group 3 103 47 
Group 4 104 82 

BONGO ANALYSIS 

Total spp No. of spp. with 
present strongest fidelity 

Group A 19 3 
Group B 36 36 
Group C 48 48 
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firmed by the much larger number of 
species clusters associated with this sta- 
tion group. The same trend was 
observed in the Bongo samples but 
with markedly higher numbers in 
Group C for both species richness and 
species fidelity. Analysis of the raw 
data showed that a considerable num- 
ber of the species showing strongest 
fidelity to the Group 4 and Group C 
regions were virtually absent from the 
rest of the survey grid. It is more com- 
mon for polar and subpolar species to 
be found in tropical regions than the 
reverse because cold water species may 
survive in colder sub-surface water 
masses when carried to lower latitudes, 
so the absence of Group 4 species in 
other regions is to be expected. It must 
also be noted that the number of sta- 
tions in the Group 4 region is smaller 
than in other regions and this may 
slightly bias a strict comparison of 
fidelity values. Nevertheless, it would 
seem from the RMT8 samples, the 
Subtropical front (STF) represents a 
distinct fauna1 barrier and effectively 
limits the southerly distributions of 
subtropical zooplankton found within 
the epi- and mesopelagic layers. The 
same distinct southerly limitation of 
sub-tropical species is also true in the 
Bongo samples, but in this case the bar- 
rier is with respect to near-surface zoo- 
plankton and is defined by a surface 
temperature thermocline rather than a 
front. 

The STF exhibits some of the 
strongest temperature gradients in the 
South Atlantic (Pahkmonov et al., 
1994) and so it is distinctly feasible that 
the STF is a strong physical barrier. 
However, there are a number of expa- 
triating features in this region such as 
mesoscale eddies that would be expect- 
ed to extend the distributional range of 
subtropical organisms beyond the front 
as was shown by Wishner & Allison 
(1986) in the Gulf Stream and Tranter 
et al. (1983) in the East Australian 
Current. The fact that very few are 
found would suggest that physiological 
limitation rather than advective restric- 
tion is the main irifluence on the distri- 
bution patterns observed within this 
region. Physiological limitation cannot 
be inferred further south where distri- 
bution patterns are characterised more 
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by variations in abundance than by 
presence or absence. The differences 
observed in the larval and adult distri- 
bution patterns of euphausiid species 
would suggest that the main influence 
in this region is the interaction between 
advective forces and the behaviour of 
organisms. The SAF and possibly the 
shelf break front would not appear to 
have any direct physical influence on 
the distribution of organisms but may 
have an indirect effect in marking the 
limits to zones of different nutrient and 
chemical content within which organ- 
isms with some degree of control over 
their distribution act to maintain their 
distribution. 
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ABSTRACT 

Cosmopolitan distribution common to ances- 
tral, descendant and transient morphospecies is 
a remarkable feature of evolution in some 
pelagic organisms. This accounts for a para- 
doxical situation when remote sites display the 
same pattern of change. The reliability of usual 
explanation assuming a localized origin of new 
species (whether allo- or parapatric) and its 
subsequent rapid dispersal is undermined by 
the fact of a wide distribution of transients. A 
different explanation suggesting a diffuse 
emergence of a new species over the entire 
area of the ancestral one (pantopic speciation), 
is presented. 

INTRODUCTION 

Evolution in world-wide distributed or 
rather pantropical species of pelagic 
organisms, reveals an interesting class 
of speciation events which were only 
rarely discussed in literature. The 
observed situation was best described 
by Shaw (1969), who emphasized that 
the ancestral species was here world- 
wide distributed, the descendant 
species was likely to be world-wide 
distributed, and what is most impor- 
tant, the transients were also world- 
wide traceable. Shaw (1969) recog- 
nized this pattern of change in 
Devonian “platform” conodonts, which 
were parts of the oral apparatus in 
pelagic nektonic animals (Conodonto- 
phoridia, an extinct group of lower 
vertebrates), however, most cases refer 
to fossil plankton (graptolites, radiolar- 
ians, diatoms). 

DEFINITION OF THE PROBLEM 

From the theoretical point of view such 
cases imply a non-conventional pattern 
of origin of new morphospecies, name- 

ly their almost simultaneous emer- 
gence over the entire range of the 
ancestral species. Such pattern was 
named “collateral evolution” by Shaw 
(1969), but the term “pantopic specia- 
tion” or “pantopism” seems more 
appropriate and has priority (Paczoski, 
1933). By this term Paczoski meant a 
diffuse appearance of a daughter 
species in the entire area occupied by 
the parental taxon as opposed to mono- 
topic or localized speciation, limited to 
a small initial area (center of origin). 
Arnold’s (1983) idea of “phyletic grad- 
ualism” in the speciation of oceanic 
microzooplankton is similar in assum- 
ing transformation within the popula- 
tion of an entire species, but puts too 
much emphasis on its slow and 
constant rate. Empirical evidence 
speaks rather in favour of evolution 
combining periods of stasis with short 
intervals of a rapid change (see below). 

While conventional ideas on specia- 
tion emphasize the local origin of new 
species and their neo-endemism, the 
concept of pantopism sees wide distri- 
bution as a primary feature of a newly 
formed species, inherited from its 
widely distributed ancestor. Transition 
between species may be best visualized 
along the line suggested by Shaw 
(1969), that is due to homologous 
mutations appearing in different popu- 
lations over the entire range or a large 
part of the range of the ancestral 
species. They were favoured by selec- 
tion acting more or less uniformly over 
the whole area occupied by the species 
in question. This may explain a para- 
doxical fact that transient populations 
might be recorded in many, frequently 
distant areas. 

The pantopic concept of the origin 
of species is perfectly suited to explain 
a number of so far enigmatic phenome- 
na in the evolution of pelagic organ- 
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isms, namely the isochronic appear- 
ance of the descendant species over 
vast areas of the ocean. Such phenome- 
na cannot be explained within the 
current conceptual framework of speci- 
ation, as developed on the basis of the 
neo-Darwinian theories of evolution. 
All current concepts assume the local- 
ized, monocentric (and only exception- 
ally polycentric) origin of new species 
and their further spreading due to 
migration. 

REVIEW OF SOME EMPIRICAL DATA 

The recent theories of speciation are 
based on an imposing body of facts 
and inferences (Mayr, 1942, 1970, 
1982; Eldredge, 1989). Yet, most of 
these sophisticated models of specia- 
tion events fail to use the characteristic 
parameters of the open sea. The aim of 
the present paper is not merely to criti- 
cize or replace the neo-Darwinian 
synthesis, but to complement it by 
exposing the facts and realities 
concerning the pelagial realm. A  
review of some features of speciation 
in fossil pelagic organisms may serve 
this purpose. Devonian conodonts 
display a gradational evolutionary 
series from the lobed condition (L), 
observed in stratigraphically earlier 
representatives, through transitional 
stages, into the unlobed condition (U). 
However, Shaw (1969) provides 

aperture 

Fig. 1. Phyletic transition between Morzograpfus 
praehercyicus (A) and Monogrqms hercynicus (B) 
was expressed by a rapid widening of the sicular 
aperture. Sicula housed the first zooid of the colony 
(after Springer & Murphy, 1994). 

evidence that German U-type 
conodonts have arisen from the 
German L-type while Australian U- 
type conodonts descend from 
Australian L-types. 

“Conodonts without lobes exist 
around the world. All are everywhere 
traceable back into ancestral conodonts 
with lobes” (Shaw, 1969: 1097). 
Transient populations are “bitype”, as 
they comprise both morphotypes. 
Although some minute details of tran- 
sition may differ, collateral evolution 
resulted in an essentially identical tran- 
sitional series and identical descendant 
characters producing identical morpho- 
species (Shaw, 1969 argued against the 
species concept in palaeontology and 
termed them “character collections” 
instead). 

The case of the Monograptus 
hercynicus Perner, 1899 lineage is 
perhaps most instructive among plank- 
tonic graptolites (graptoloids). This 
important Early Devonian index grap- 
tolite was studied by Jaeger ( 1959) on 
the basis of the material from 
Thuringia. His studies revealed that the 
diagnostic feature of M . hercynicus, the 
trumpet-like sicular aperture had devel- 
oped rapidly from the standard condi- 
tion recognized in its immediate ances- 
tor, M . praehercynicus Jaeger, 1959 
(Fig. 1). W illefert (1963), when study- 
ing some material from Central 
Moroco arrived at an opinion that this 
shift, although rapid, had nevertheless 
been gradual. She inserted between 
both the above mentioned species an 
intermediate link, M . subhercynicus 
W illefert. Porebska (1982) when trac- 
ing the evolution of the M . hercynicus 
lineage in Sudeten Mounts., recognized 
numerous transient morphotypes 
including M . hercynicus subher- 
cynicus. Springer &  Murphy (1994) 
described the phyletic transition: M . 
praehercynicus - M . hercynicus from 
central Nevada and subjected the mate- 
rial available to a morphometric and 
statistical scrutiny. The pattern recog- 
nized was termed “punctuated stasis”, 
as it is composed of “two longer peri- 
ods of stasis separated by transitional 
populations of shorter duration 
between them”. Moreover, Springer &  
Murphy ( 1994) emphasized that the 
same pattern of change had been 
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observed in several widely separated 
regions: within the Saxo-Thuringian 
Basin (Jaeger, 1959; Porebska, 1982); 
in Central Morocco (Willefert, 1963), 
in Pai Khoi (Ural Mounts) and espe- 
cially in Fergana (Central Asia), 
(Koren’, 1971; 1978) as well as in 
central Nevada (Springer & Murphy, 
1994) and might be best interpreted in 
the light of Shaw’s (1969) concept of 
collateral evolution. The entirety of the 
material studied demonstrates that “the 
widening of the aperture occurred in a 
pantropically distributed, planktic 
taxon, simultaneously throughout its 
range” (Springer & Murphy, 1994: 
127). That is why the M. pruehercyni- 
cus - M. hercynicus phyletic transition 
may be traced in sediments of remote 
basins, and reveals everywhere the 
same pattern of change (Fig. 2). 

Thanks to the advances in the study 
of planktonic microfossils (coccoliths, 
foraminiferes, radiolarians, diatoms 
and silicoflagellates) from the deep-sea 
cores (within the framework of the 
Deep Sea Drilling Project, DSDP) an 
exceptionally rich material has become 
available for the study of evolutionary 
processes within the pelagic realm 
(Herman, 1986; Sorhannus et. al., 
1988; Fenster et. al., 1989; Kitchell & 
Hoffman, 1991). A common feature of 
these studies is the recovery of the 

isochronous first appearances (FA) of 
many new species over the equatorial 
Pacific. The case of the Pliocene 
diatom Rhizosolenia praebergonii 
Mukhi\na, 1965 described by Sor- 
hannus et al. (1988) is of special inter- 
est in the context of the present paper. 
This species originated from R. 
bergonii due to a sympatric rather than 
allopatric speciation as evidenced by 
numerous transients preserved in situ. 
Moreover, the pattern of observed 
morphological change “is essentially 
the same at all sites studied even 
though they are fairly distant in space 
and sampling intervals vary between 
them” (Sorhannus et. al., 1988; 198). 
Such a situation resembles strongly the 
case of a wide distribution of transient 
forms in graptoloids described above. 
An interesting point is that in the 
Indian Ocean, where R. praebergonii 
probably migrated after its origination, 
intermediate forms are absent (Sor- 
hannus et al., 1988: 199). Hence, one 
could infer that both the sympatry of 
speciation and the wide distribution 
within the Pacific Ocean of the descen- 
dant species, as well as of the transient 
forms were primary, occurring without 
migration. Researches of deep-sea 
drilling cores has provided evidence 
similar to that obtained from the study 
of conodonts and graptolites. They 

Fig. 2. Phyletic transition in the M. praelzercyicus lineage may be traced in numerous sites (denoted by an asterisk) 
and reveals a world-wide distribution. 
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point to the fact that in pelagic (plank- 
tonic and nektonic) animals new 
morphospecies frequently emerged 
simultaneously over wide areas occu- 
pied by the populations of the ancestral 
species. Until recently, students were 
inclined to take either an agnostic atti- 
tude in respect of the problem posed 
(Fenster et al., 1989) considering it un- 
resolved, or preferred the conventional 
explanation assuming a localized 
(usually allopatric) origin of the new 
species followed by a rapid (in geolog- 
ical sense!) dispersal (Buzas & Culver, 
1986). However, the wide distribution 
of the transient forms, equal to that in 
both the ancestral and descendant 
species makes these alternative views 
untenable. The deep-sea core material 
is indicative of the simultaneous origin 
of the new species over vast areas, or, 
in our terminonology, their pantopic 
origin. 

LOCALIZEDVERSUSDISPERSEDSPECI- 
ATION 

From the conventional point of view, 
assuming a local origin of the new 
species, the world-wide distribution of 
descendant forms (morphs, varieties, 
chronosubspecies etc.), would demand 
a very active mixing of the oceanic 
waters. Thus Sorhannus et al. (1989) 
emphasized that new species of pelagic 
radiolarians and diatoms were rapidly 
dispersed over the Pacific Ocean. As 
the estimated time of total mixing of 
the Pacific waters (some 1,000 years) 
is shorter than the minimal interval 
recognizable by modern high resolu- 
tion statigraphy, the whole effect of 
allegedly isochronous origin over 
broad geographic areas may be 
explained within the orthodox para- 
digm. However, in cases where also 
the transients between the species are 
equally broadly distributed, we need an 
entirely new approach. This provides 
evidence for the sympatry of phyletic 
transitions. To my mind this evidence 
suggests: (1) generation of homologous 
or quasi-homologous mutations in 
populations of the ancestral species 
over broad geographic regions, (2) 
uniform responses of conspecific popu- 
lations to similar selection pressures, 

and in effect (3) fixation of the same 
genes and simultaneous appearance of 
similar phenotypes over the entire 
range of the ancestral species 
(pantopism) or at least in numerous 
places (polytopism). 

If we ascribe, to my mind unrealisti- 
cally, the broad distribution of tran- 
sients, to intense mixing of the pelagic 
waters, we must assume a rapid 
homogenisation of the genetic compo- 
sition of the entire ancestral species. 
Such an effect would contradict the 
neo-Darwinian paradigm that widely 
distributed species display a distinct 
“geography of the genes”, and that the 
differences in the genetic structure of 
remote populations cannot be obliterat- 
ed by the gene flow (migration). The 
conclusion that such differences 
present a prelude to geographical 
speciation, is the corner stone of the 
contemporary theory of geographical 
speciaion based on the ‘synthetic theo- 
ry of evolution’ (Mayr, 1982). 

On the contrary, the situation where 
a homogeneous genetic structure of 
population in a broadly distributed 
species is attained in a short time inter- 
val (shorter than the duration of a 
single chronosubspecies! ), produces a 
quite different logic. We are forced to 
treat such a species as a certain indivis- 
ible whole, responding uniformly to 
similar selection pressures and giving 
an essentially identical phylogenetic 
product. There is no need to ascribe the 
whole effect of the uniform structure 
and uniform evolutionary response of 
the pelagic species to the intense 
mixing/migration. A generation of 
homologous mutations among popula- 
tions of a certain species, situated in 
remote parts of its distribution area, 
would produce a similar effect. This 
problem was discussed by Shaw 
( 1969). Moreover, recent studies 
(Cohan, 1984; Futuyma, 1992) indicate 
that homologous characters in related 
species frequently have a different 
genetic basis. Similar phenotypes may 
appear due to the expression of nonal- 
lelic (or only partially overlapping) 
genes. The morphological evolution in 
the graptoloid lineages might have 
resulted from the changes in the 
expressivity of a single major gene 
against the background of numerous 



IOC Workshop Report No. 142 
Page 370 

and little specific modifiers varying 
from area to area. Such facts increase 
the probability of the appearance of 
identical or almost identical phenotypic 
traits and characteristic morphs, which 
provide a basis for the erection of new 
morphospecies, originating almost 
simul-taneously over broad areas. 

CONCLUDING REMARKS 

The hypothesis of a diffuse (pantopic), 
isochronous emergence of the new 
species provides probably the best 
explanation for the isochronous emer- 
gence of new taxa recognized in many 
groups of fossil pelagic organisms. 
This mode of speciation played an im- 
portant role in their phyletic evolution 
(Simpson, 1944), when progressive 
changes occur within a single lineage, 
without its splitting and where the 
anagenetic component of evolution 
prevails over the cladogenetic one. 
This implies a great cohesion of the 
genetic system of evolving species. 
Such processes were frequent among 
fossil pelagic organisms, e.g. grapto- 
lites (Urbanek, 1995). Whether 
pantopism was also involved in other 
modes of speciation, remains an open 
question. It is clear, however, that 
pantopic speciation may be responsible 
only for a certain fraction of evolution- 
ary changes in the organisms of the 
pelagic realm, and that other modes of 
speciation, involving the localized 
origin of taxa (such as para- and 
allopatric, see Van der Spoel, 1983; 
Pierrot-Bults and Van der Spoel, 1979), 
played an important role in their evolu- 
tion. 
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50. The Sternoptychinae of the Somali Current region 
of the western Indian ocean: An introduction to Somali 

current mesopelagic fish studies. 

James H. Wessel, III & Robert Karl Johnson 
Grice Marine Biological Laboratory, University of Charleston, 

Charleston, SC 29412, USA. 

KEY WORDS: Somali Current, Indian Ocean, mesopelagic Fishes, Sternoptychinae. 

ABSTRACT 

In July-August 1992, and January-February 
1993, the Dutch R/V Tyro, as part of the 
Netherlands Indian Ocean Programme (NIOP 
1990/1995) obtained 87 RMT 1+8 discrete- 
depth samples of mesopelagic fishes between 
4”s and l3’N off Kenya and Somalia in the 
western Indian Ocean, with 69 additional sam- 
ples from the Gulf of Aden and the southern 
Red Sea. Some I6 stations were occupied on a 
24 hr basis with day/night hauls in the upper 
1000 m. A total of 156 discrete depth hauls 
with associated hydrological and biological 
data was obtained. To date (July, 1995), some 
I 1,452 specimens representing 56 species have 
been identified from these hauls, constituting an 
estimated 2/3 of the total non-larval fish catch 
and about l/2 of the estimated number of 
species represented in the material. The present 
paper introduces our work on these collections 
by reporting preliminary results for 6 species 
(809 specimens) of Sternoptychinae (Sternop- 
tychidae). 

The Tyro results constitute, by far, the 
largest collections of mesopelagic fishes 
obtained from this area with seasonal coverage. 
A comparison of pelagic fish community struc- 
ture during the peak of upwelling-induced high 
productivity in summer vs. the trough of olig- 
atrophic stabilization in winter provides a 
unique opportunity for study of the dynamics 
of pelagic ecosystem boundaries. In this case 
the “boundary” is predicted to be a temporal 
seasonal shift in community composition and 
structure. 

However, the results from the sternoptychi- 
nae do not show marked seasonal differences, 
neither in distribution nor in abundance. Also 
the size frequency distributions show no 
marked seasonality. All six species show con- 
sistent aseasonal differences in temperature at 
depth of “average” capture. 

Survey efforts in the Indian Ocean have 
resulted in an extremely uneven distri- 
bution of sampling effort, with most 
attention having been given to the 
northern and far-western regions. Much 
of the available data for mesopelagic 
fishes of the Indian Ocean as a whole 
comes from the 1960-65 IIOE (Inter- 
national Indian Ocean Expedition) 
(Gibbs & Hurwitz, 1967, and refer- 
ences therein), other more recent 
efforts, in some cases quite intensive, 
have been much more regional in scope 
(see: Johnson, 1982; US GLOBEC, 
1993). 

A huge gap in sampling effort for 
midwater fishes is present in the south- 
ern and southeastern Indian Ocean. 
This gap in sampling results in consid- 
erable uncertainty concerning subtropi- 
cal (= central-water area) distribution 
patterns in the Indian Ocean. 

The data from the NIOP cruises are 
a welcome addition to our knowledge 
of the distribution patterns of meso- 
pelagic fishes in the Indian Ocean. 

METHODS 

The Dutch R/V TYRO conducted a 
pair of pelagic cruises (Figs. 1, 2) in the 
Somali Current, Gulf of Aden, and 
southern Red Sea during the peaks of 
the opposing monsoons, in the summer 
of 1992 and the winter of 1993 respec- 
tively. In addition to hydrographic data 
obtained by rosette and CTD, a RMT 
1+8 provided a total of 156 discrete- 
depth samples split nearly equally 
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Fig. 1. Cruise Bl (including “BO”) with subregions 
Monsoon, July-August, 1992). 

between the two cruises. Depths of cap- 
ture ranged from 0 to 1500m, with the 
majority of tows occurring in the upper 
1000 m . 

After the return to the Netherlands, 
the fishes were sent to Grice Marine 
Biological Laboratory of the University 
of Charleston, SC (USA), for identifi- 
cation and analysis. The RMT 1+8 
tows yielded a collection of 6 species 
of sternoptychines, Argyropelecus affi- 
nis, A. hemigymnus, A. sladeni, 
Polyipnus omphus, P. sp. a, and 
Sternoptyx obscura. They were taken 
on both cruises at 8 of the 16 stations 
(absent in the Red Sea) in 65 hauls by a 
total of 809 specimens. For each 
species the data matrix consists of 
number caught by haul, length-frequen- 
cy by haul, capture data (day/night; 

0” 

S 

indicated by shading of station symbols (Summer 

depth), and associated hydrographic 
data. 

INDIAN OCEAN CONDITIONS 

Of major importance in Indian Ocean 
biogeography (Wyrtki, 1973; US 
GLOBEC, 1993 and references therein) 
is its complete closure to the north by 
the Asiatic land mass and the conse- 
quent establishment of climatically 
dominant, seasonally shifting mon- 
soonal wind fields of the northern 
Indian Ocean. The .monsoons drive 
both coastal and separate pelagic 
upwelling regimes that are both highly 
seasonal and at times highly intense, 
with marked bloom situations separated 
by an intervening oligotrophic situa- 



IOC Workshop Report No. 142 
Page 374 

0’ 

40” 50” 60" E 
N 

10” 

0” 
4u 3U 

Fig. 2. Cruise B2 with subregions indicated by shading of station symbols (Winter Monsoon, January- 
February, 1993). _ 

tion. This produces marked contrasts 
among habitat types both spatially and 
temporally. 

In the tropical and subtropical Indian 
Ocean two major and distinct circula- 
tion systems are recognizable: the 
unique monsoon gyre that changes sea- 
sonally, and the southern hemisphere 
subtropical anticyclonic gyre. Dividing 
these two is a prominent hydrochemical 
front (Wyrtki 1973) at ca. 10’S, sepa- 
rating the low nutrient, high oxygen 
water of the south from the nutrient 
rich, oxygen-poor water of the north. 
The hydrochemical front is strongly 
evident even at its near-western termi- 
nus, and is stable seasonally. 

TRIPARTITE DIVISION 

It is clear, that distribution patterns 
exhibited .by ‘Indian Ocean midwater 
organisms are more numerous and 
complex th.an a simple equatorial vs 
central dichotomy, Brinton & 
Gopalakrishnan ( 1973) recognized (for 
euphausiids) five major, zonally dis- 
tributed boundary regions at lOoN, O”, 
10’S, 25-30’S, and 40-45”s. 

For fishes there is no evidence for 
two of the boundary regions found by 
Brinton & Gopalakrishnan (1973), that 
at 25 to 30’S nor at the equator. The 
other boundary zones, 10”N and 10’S 
are well-supported, dividing the Indian 
Ocean into three main pelagic biogeo- 
graphic areas (Fig. 3) (e.g. Johnson, 
1982). 

To the south lies the Indian Ocean 
Central Water Mass Area, to the north 
the oxygen minimum area, comparable 
in many ways, differing most instruc- 
tively in others, from the low oxygen 
domain of the Eastern Tropical Pacific. 
In between lies the intervening equato- 
rial zone, “The Mix Master” (Appli- 
cation of this term is in the sense desig: 
nated for “Proprietary Names”, page 
xvi, in Compact Edit. Oxford English 
Diet.). 

Indian Ocean Central Wbter Mass 
The Indian Ocean Central Water Mass 
Area is a typical subtropical oligotroph- 
ic anticyclonic gyre. Biogeographically, 
this area is the largest virtually unsam- 
pled area in the world (eg Dietrich, 
1973), but it seems likely that the south 
central Indian Ocean will exhibit typi- 
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The South Central Water Area 

Fig. 3. Tripartitite zoogeographic division of the Indian Ocean, illustrating 
the Central Water Mass Area (“The South”), the oxygen minimum areas of 
the Arabian Sea and Bay of Bengal (“The North”), and the equatorial zone 
(“The Mix Master”) as described in the text. Arrows depict putative east/west 
transport of mesopelagic organisms in and at the boundaries of “The Mix 
Master”. Demarcation of northern and southern zone edges based on Gibbs & 
Hurwitz (1967), Johnson (1982), Wessel & Johnson (1996) and Wyrtki 
(1973). 

cal ecosystem characteristics described 
for such systems as the north and south 
gyre systems in the Pacific, viz relative- 
ly high diversity and equitability, low 
productivity, low biomass, and high 
stability. It also seems most likely that 
there is considerable fauna1 similarity 
with the South Atlantic and South 
Pacific Central Water Mass areas. 

Northern Indian Ocean 
Characteristic of the northern Indian 
Ocean are regionally-distributed high 
levels of productivity with strong sea- 
sonal pulsing, strong and seasonally 
switching (western to eastern bound- 
ary) upwelling, and an intense oxygen 
minimum layer in the Arabian Sea. 
This layer is second in size and intensi- 
ty only to the oxygen minimum areas in 
the eastern tropical Pacific. The intense 
continuous Southwest Monsoon (sum- 
mer) produces strong upwelling condi- 
tions off Somalia and Oman, with less- 
er effects on the east coast of the Indian 
subcontinent. The upwelled nutrient 
rich waters, in turn, trigger an increase 
in production. A considerable amount 
of this primary production is not uti- 
lized by higher trophic level organisms, 
and sinks into the dysphotic layer. As 

respiration and oxidation take place, 
the formation of a marked O2 minimum 
layer takes place. If the oxygen mini- 
mum layer is defined as subsurface 
waters in which dissolved oxygen val- 
ues are 51.0 ml/L, the layer is more 
than 1,000 m thick in parts of the 
Arabian Sea, with values less than 0.1 
ml/L occurring vertically over an extent 
of several hundred meters in some 
areas. A similarly, if somewhat less 
pronounced oxygen minimum layer is 
present throughout the Bay of Bengal. 

This combination - upwelling and 
the generation -of an O2 minimum - 
has two major effects, at least, on the 
mesopelagic biogeography of the area: 
a degree of species-level endemism, 
and a latitudinal trend of decreasing 
species richness and equitability, with 
relatively few mesopelagic fish species 
overwhelmingly dominant on a 
biomass basis in the northern and 
northwestern areas. 

The Intervening Equatorial Zone: “The 
Mix Master” 
The intervening equatorial zone acts as 
both a corridor for east-west species 
dispersal and as a zone of seasonal 
entrainment of what we envision as a 
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major temporal shift in community 
structure between the two dominant 
monsoon regimes. 

A vehicle for the transportation of 
mesopelagic fauna from Indonesian 
seas across the Indian Ocean may be 
provided by the relatively shallow (c 
500m) westward flowing equatorial 
subsurface current centered on the 
South Equatorial Current of the Indian 
Ocean (Gordon, 1986). As this current 
reaches the east African continental 
shelf it still retains its characteristic 
lower salinity from its origin in 
Indonesian waters, when compared to 
the more saline Arabian Sea waters to 
the North and central gyre waters to the 
southeast. This possible dispersal corri- 
dor then veers south and continues 
through the Mozambique Channel to 
join with the Agulhas Current. Upon 
reaching the Agulhas retroflection, a 
small portion continues westward into 
the south Atlantic providing a means 
for mixing Indo-Pacific and Atlantic 
midwater faunas. 

Current, is that the boundary, i.e. 
between more inshore, Somali-current- 
associated upwelling-influenced water 
vs offshore oligotrophic water com- 
pletely disappears. That is, the bound- 
ary is created and destroyed predictably 
and seasonally each year - the shift is in 
time, not in space. A predictable shift 
of comparable magnitude is otherwise 
only true of polar systems, but there the 
switch is off vs on, not from communi- 
ty structure 1 to community structure 2. 
Our notion of temporal community 
switching, if true, is in magnitude and 
extent unique to the Indian Ocean 
among global pelagic ecosystems. In 
this preliminary paper we offer results 
from our study of the Sternoptychinae 
relevant to these predictions*). 

RESULTS 

For some of the species we report and 
illustrate here seasonal differences or a 

The northwestern corner of this 
“Mix Master” corridor is seasonally 
warped along the Somali Current due 
to physical forcing by the Southwest 
Monsoon. We believe this subregion, 
including its extension to the upwelling 
off Oman, presents an unparalleled 
opportunity for study of the dynamics 
of mesopelagic community structure. 

We predict that the assemblage of 
mesopelagic fishes and other organisms 
in the Somali Current will “toggle” 
(switch) between the Southwest and 
Northeast Monsoon regimes. This is a 
switch between a structure reflecting 
upwelling and high productivity vs. a 
structure reflecting non-upwelling and 
relatively oligotrophic conditions. This 
will be not unlike,Fleminger’s (1986) 
findings for the copepod assemblage 
characterizing upwelling in Wallacea in 
Indonesian seas. If this switching 
occurs between regimes, it will signal a 
temporal boundary to ecosystem 
assemblage composition and structure 
in many ways similar to spatial bound- 
aries now described as separating such 
assemblages in other areas. Unlike the 
situation in the Mauritanian upwelling 
where the boundary is seasonally shift- Fig. 4. Geographic and seasonal distribution of two 

ing in space (Johnson, 1986), the situa- species of Pofyipnus (Symbols: 2GAD = stations 

tion, as we perceive in the Somali 
GAI, GA2; 3SWL = SI, SB2; 4USI = USI, US2; 
SLSI = SBO, SB I, USO). 
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lack thereof in abundance, geographical 
distribution, temperature, depth of cap- 
ture, day vs. night vertical distribution, 
and length-frequency analysis. 

Polyipnus sp. a and I? omphus are 
nearly exact opposites (Fig. 4), geo- 
graphically and in seasonal distribution 
in the catch. R sp. a is a Gulf of Aden 
localized species, much more abundant 
in the winter catches. R omphus, as 
found in previous studies is more 
southerly in geographic distribution, 
more abundant in the summer catches. 
Their advection into the low latitudes 
of the Bl cruise is possibly related to 
the Somali current jetting them north- 
wards along the East African coast. 

As expected from other studies (e.g., 
Hopkins & Baird, 1985), Sternoptyx 
obscura appears to be the modally 
deepest dwelling species (Fig. 5) of the 
six hatchetfishes collected, but the 
available data suggest a rather broad 
range of all six species in the upper 
600-700m, the depth limit for the 
majority of the available samples. Our 
data fail to show die1 vertical migration 
for any species perhaps due to the lim- 
ited vertical coverage of the sampling. 
Apparently, except for Polyipnus, there 
is no difference in the overall abun- 
dance of each species by cruise and 

hence season. 
Length-frequency data for Argyro- 

pelecus afinis and A. sladeni exhibited 
no apparent difference in size class by 
cruise (Fig. 6). The only change was in 
relative abundance between seasons. 
This species typifies results for all six 
species of hatchetfishes, none of which 
showed a demonstrable size shift by 
season. In comparison, the gonostom- 
atid Gonostoma elongatum displayed a 
marked change in size seasonally, pos- 
sibly reflecting seasonal repro5ductive 
effort. 

A  capture-temperature histogram 
(Fig. 7) of all six species shows distinct 
temperature preferences with species 
differing (minimally) by half a degree 
to nearly a whole degree in weighted 
mean capture temperatures 

We believe that the temperature dif- 
ferences (which are aseasonal in rank 
comparison, Table 1) indicate yet to be 
determined differences in the hydrogra- 
phy and, water type, uniquely typifying 
each species. 

CONCLUSIONS 

Contrary to our assumptions the six 
species of sternoptychines included ir 

p,“” 

z 
a Species (d/n) 

Fig. 5. Capture of sternoptychine species by depth stratum, both seasons.(Symbols: aa= 
Argyropelecus affinis, ah= A. hemigymnus, as= A. sladeni; pa = Polyipnus sp, a, PO= P. 
omphus; SO= sternoptyx obscura Depth Codes: A= 0 - 100 m; B= IO0 - 200 m; C= 200 - 300 
m;D=300-5OOm;E=500- 1000m;F=>1000m) 
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.4. affinis: Bl vs. B2 (all) 

A. sladeni: B2 vs. Bl (all) 

G. eloneahun: B2 vs. Bl 

Fig. 6. Composition of seasonal length-frequency data 
for two species of Argyropelecus compared with that 
for the gonostomatid Gonostoma elongatum.. 

this preliminary study do not appear to 
exhibit marked seasonal changes in dis- 
tribution or abundance in the Somali 
Current system. Most of them were 
taken in both seasons throughout the 
region with the two obvious excep- 
tions: as expected, none were taken in 
the Red Sea, and the two species of 
Polyipnus differ in regional occurrence: 
P sp. a occurs in the Gulf of Aden, and 
I? omphus is more southerly and per- 
haps more oceanic. 

Similarly the sternoptychine data 
exhibits no marked seasonality in 
length-frequency distribution, unlike 
the marked shift in Gonostoma elonga- 
turn as well as other stomioids. We 
strongly suspect that, where found, 
length-frequency shifts index seasonal 
differences in reproductive effort. This 
needs to be corroborated by study of 
groups better represented in the Tyro 
collections, viz Gonostomatidae, 
Myctophidae and Photichthyidae. To 
us, the most interesting feature of the 
Somali sternoptychine data are the con- 
sistent, i.e. aseasonal, differences 
between each of the six species in tem- 
perature at depth of “average” capture. 
We strongly suspect that the tempera- 
ture differences indicate differences in 
response to seasonally, geographically 
and bathymetrically varying signals in 
the physics and biology of this dynamic 
ecosystem. 

Poly7pnrrs omphrrs 

Weighted mean 
capture temperature 

20 19 18 17 16 1.5 14 13 12 11 10 9 8 7 

Fig. 7. Weighted mean capture-temperature histogram for six sternoptychine species, see text 
for details. 
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Table 1. Comparison of Weighted Mean Capture Temperatures by Season for Six Speclch oi Cternoptl c,hdar 
--- 

Species Bl SW Rank 
Monsoon 1) 

B2 NE 
Monsoon 

Polyipnus sp. a 14.402) 1 15.52 1 15.47 
Argyropelecus sladeni 13.73 2.00 14.26 2.00 14.06 
Argyropelecus afinis 12.87 3.00 12.89 3.00 12.89 
Argyropelecus hemigymnus 11.39 4.00 11.75 4.00 1 1.62 
Pow~rlir~ 1W[~1111\ 1085 5.00 1 1.47 5.00 1 1.44 
Srernoptyx obscura 9.42 6 00 9.62 6.00 9.56 

Significance of Comparison T6=1 .OO, p = O.Ol** 

1) Includes “BO” stations 
2) Captured in only one haul on this cruise 

Rank Cclmbined 
Welghted 
Mean 
Capture 
Temperature”C 
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51. Working groups report 

A.C. Pierrot-Bults 

compiled from the reports by 
M.V. Angel, D. Boltovskoy, J. Bradford-Grieve, R. Haedrich, 
R.K. Johnson, P. Nival, M. Omori, j7. Smetacek and J. Thiede 

The biogeography of the pelagic biota 
reflects many properties of the global 
environment. In many cases, informa- 
tion of biogeographic distributions has 
a direct bearing on the economy, envi- 
ronmental management, human safety, 
and risk assessment. 

Time-related changes of the species 
composition and ranges may have a 
tremendous importance for a variety of 
issues of major concern in association 
with Global Change perspectives, 
whereby long-time series ofplankton 
data are especially important. 

It is essential that we clearly 
describe the relevant time and space 
scales for processes that may interact 
with anthropogenic forcing to either 
mask or amplify the effects of global 
change in the coming 50 to 100 years. 
This requires that we document and 
understand the natural variability of 
systems which occur over the time 
scales (and associated space scales) of 
interannual periods (l- 10 years), inter- 
decadal periods (lo- 100 years), and 
multi-centennial periods (100-1000 
years). 

In principle, pelagic sediments con- 
tain remains of biota from the overly- 
ing water masses if they are not dis- 
solved and/or otherwise destroyed prior 
to or after burial. However, because of 
their temporal resolution and/or region- 
al distribution only selected sites are 
suited to provide the type of informa- 
tion needed. 

Also after giant coring tools have 
been developed, it is possible to estab- 
lish long(millennial)- and mid(centen- 
nial)-term - in special cases even inter- 
decadal and interannual - variability of 
carbonate storage in the ocean floor. 

Recent planktonic distributions in dif- 
ferent oceanic areas show large dissim- 
ilarities. Data gaps of particular impor- 
tance have been identified and concern 
plankton distributions in the Southern 
Ocean, in the southern gyres of the 
Pacific, Indian and Atlantic Oceans, 
and in the Arctic Ocean. Also the inter- 
mediate and deep ocean show signifi- 
cant biogeographic data gaps. 

We are encouraged by recent progress 
being made in : 
a. Development of global and regional 
inventories of marine pelagic taxa such 
as the ETI/IOC Register of Marine 
organisms. 
b. The extensive world-wide compila- 
tion of existing knowledge on the iden- 
tification and distribution of biological 
species and standardisation of taxo- 
nomic data being achieved by the 
Expert-centre for Taxonomic Identi- 
fication ETI. 
c. The possibility of standardisation of 
sample treatment and data collection 
which will hopefully get an extra stim- 
ulus by the production of the working 
group’s manual. 
d. The potential improvements in infor- 
mation on the availablity of existing 
material in collections. 
e. Incorporation of modern theories 
into the studies of pelagic biogeogra- 
PhY. 

Advances have been limited by opera- 
tional and scientific factors, including: 
1. Lack of financial support (biogeogra- 
phy and taxonomy have not received 
high priority from funding agencies). 
2. Inadequate sample coverage both in 
space and time (seasonal and long-time 
series are especially scarce). 
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3. A lack of a strong theoretical basis 
whereby fragmentary data sets can be 
extrapolated to give fuller coverage. 
4. A lack of standardisation in sampling 
and taxonomic protocols. 
5. The diminishing pool of taxonomic 
experts. 
6. An absence of experimental 
approaches. 
7. The slowness with which new infor- 
mation is disseminated within the com- 
munity. 
8. The inappropriateness of applying 
some of the concepts developed for 
biodiversity in terrestrial ecosystems to 
the oceanic environment. (Even the 
species concept may need to be 
reviewed in view of the molecular bio- 
logical evidence of the occurrence of 
cryptic species). 
9. The inadequate knowledge of mech- 
anisms whereby inter- and intraspecific 
competition may be operating in the 
oceans, especially the possible impor- 
tance of chemical signaling now being 
demonstrated in freshwater ecosystems. 
10. Our inability to sample intensively 
enough at time and space scales appro- 
priate to biogeographical problems 
(See paper by Haury & McGowan, this 
volume) which renders purely descrip- 
tive approaches to process-related 
questions inadequate. 
11. A lack of adequate multispecies 
modelling. 

SPECIAL CONCERNS 

An international programme is needed 
to establish how patterns of pelagic 
biodiversity are maintained across one 
or more of the biogeographic regions 
and how sensitive these homeostatic 
mechanisms may be to abiotic change. 
We envisage that the programme will 
be multidisciplinary, focussing on how 
the diversity is regulated throughout the 
year and throughout the total water col- 
umn within each regime and across the 
boundaries. 

Modelling 
We see modelling as a core activity, 
integrating the information being gen- 
erated and refining the sampling 
regimes and targets. One aim must be 
to identify the maximum number of 

pelagic taxa, to characterise their eco- 
logical roles and to establish the life- 
history characteristics of as many of the 
dominant species as possible, including 
the mode of drift and life cycles of 
meroplanktonic larvae of benthic 
organisms. One such model could be 
coupled to the iteratively improved 
Longhurst-model of global pelagic bio- 
geography consisting of 4 biological 
domains and 56 provinces. A task for 
the new SCOR WG should also be to 
select sites and criteria for biological 
monitoring in the ocean within the 
GOOS (Global Ocean Observing 
System) context relevant for answering 
the above questions. 

Data aquisition and time-space scules 
It is important to recognize that diverse 
kinds of data should be assembled and 
integrated into coherent regional sets of 
historical information which can be 
analyzed as continuous time series to 
discern the natural modes of variability 
from the interannual through the cen- 
tennial scale. New possibilities to 
obtain additional time-series are emerg- 
ing. GOOS is being designed with mul- 
tiple aims to encompass local and inter- 
national objectives, to be funded by 
individual states on a permanent basis. 
The design team for GOOS has met 
only once so there is a good opportuni- 
ty to make sure that biological aims 
will be incorporated where these meet 
the needs of individual countries and 
produce operational benefits for them. 
The regional data sets should then be 
built into a global data base. The value 
of retrospective research is consider- 
ably enhanced by close collaboration 
and integration with monitoring and 
modelling efforts. Likewise the moni- 
toring and modelling efforts gain 
immense value from the retrospective 
research. 

Long time-scales 
Evaluation of changes in pelagic bio- 
geography over long time-scales can be 
approached only by extrapolating from 
existing knowledge. Our extensive 
knowledge of the distribution of phyto- 
plankton (chlorophyll) from remotely 
sensed sea surface colour could be 
combined in a mathematical model 
with our knowledge of ecosystem func- 
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tioning in typical regions of the world’s 
oceans. This in turn could be coupled 
with GCMs to evaluate the potential 
impact of climate change on biogeo- 
graphic patterns. These modelled pat- 
terns would need to be evaluated 
against actual data. These data should 
come from established long-term moni- 
toring programmes and a network of 
stations which would be recording the 
occurrence and quantities of specific 
selected planktonic species. 

Data: 
1. Repetitive observations from earth 
orbiting satellites: e.g., AVHRR SST 
data from the past 15 years, CZCS 
color comprising a 7-year series 
2. Serial ocean surveys of complemen- 
tary in-situ biological and physico- 
chemical data: e.g., the Continuous 
Plankton Recorder (CPR)-Survey in the 
North Atlantic; the California Coopera- 
tive Oceanic Fisheries Investigations 
(CalCOFI) in the East Pacific ; the 
Benguela Ecology program of South 
Africa; distribution of zooplankton 
biomass in the Northwestern Pacific 
Ocean, 195 1-1988. Mean wet weight of 
collections by year, month and l-degree 
square. 
3. Historical records of changes in ani- 
mal populations: e.g., these are mainly 
from fisheries data and marine bird and 
mammal censuses. 
4. Time series reconstructed from pale- 
oecological data from marine sedi- 
ments: e.g., anaerobic sediments from 
well known sites such as the Santa 
Barbara Basin off southern California. 
Comparable records are known from 
the Peruvian and SW African coastal 
upwelling regions, from the Cariaco 
Trench (which has recently been drilled 
by ODP), a number of fjords and 
potentially also from small and isolated 
basins of the mid-Atlantic Ridge sys- 
tem which contain well preserved natu- 
ral archives of biological processes and 
pattern in the waters above. 

Anthropogenic impact 
Examples of anthropogenic short-term 
change can be broadly categorized into 
physical, chemical and biological com- 
ponents. Firstly, physical structures that 
disrupt pathways and physical impacts 
occurring via shipping such as the 

transport of toxic dinoflagellates and 
gelatinous plankton. Also altering the 
nutrient inputs by damming rivers, for 
example the construction of the Aswan 
High Dam has led to the oligotrophica- 
tion of the Eastern Mediterranean and 
subsequent deterioration in both the 
fisheries and planktonic biomass in that 
area. 

The second major category of 
impact is chemical. Pollutants may in 
many cases reduce the distribution of 
certain species; excessive nutrient 
inputs and imbalance in nutrient ratios 
(e.g. nitrogen/silica) leading to eutroph- 
ication may alter food webs and biodi- 
versity such as occurrence of unusually 
high biomass of gelatinous plankton 
and unchecked growth of many 
dinoflagellate species which, via red 
tides, caused wide-spread anoxia and 
acute reduction of biodiversity of both 
pelagic and benthic communities. 
The third major category of impact is 
biological, e.g. the removal of selected 
key-stone species from the natural 
environment via fishing or the input of 
large numbers of fingerlings into that 
environment to enhance fisheries, the 
logistics of monitoring the effect of 
fisheries are still at a rudimentary stage. 
The effects of enhancement of fisheries 
by adding very large numbers of simi- 
lar sized, often genetically very similar 
individuals into a confined area may 
lead to predatinl. r.essure on a similar- 
sized. fi II I LL, natural prey resource. 
Where reitocking is actually success- 
ful, it may also undermine the genetic 
composition of the wild stock. 

These marked changes in distribu- 
tion patterns and structure of pelagic 
food webs due to human activities have 
not yet been documented in the off- 
shore oceanic environment. Although 
contamination by human products 
(plastic, oil etc.) is indeed visible, we 
have not yet recorded direct, large-scale 
effects on biota in the open ocean. Why 
not? Is this simply because of the vast- 
ness of the open ncean and/or greater 
c~4tanc~c~ 11bL11 L,,L urce of distur- 
bance? Or is it because observations in 
the open sea are too scarce and too far 
apart to pinpoint the changes? 

Public expectation and societal 
demands for the prediction of short- 
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term anthropogenically mediated 
change is much greater than that of 
long-term climate change. We need to 
systematically examine what is happen- 
ing to the marine ecosystems. 

RECOMMENDATIONS 

1. Efforts should be made to collect, 
organize, and disseminate previously 
archived, but unavailable biogeo- 
graphic data. 
- An example of such an effort is the 
“South Atlantic Zooplankton” volume 
(D. Boltovskoy, ed.) covering all plank- 
ton groups. 

2. Data sharing and exchange should 
increase. 
- Take immediate steps to increase the 
pool of taxonomic expertise by running 
international courses on identification, 
especially in those regions where there 
is limited access to collections and tax- 
onomic literature. 
- Increase the support given to databas- 
es such as ET1 to improve the dissemi- 
nation of taxonomic knowledge of 
oceanic groups. 

3. Increase the use of molecular bio- 
logical techniques to distinguish 
cryptic species and to establish rates 
of divergence and gene flow. There is 
a need to calibrate the genetic dis- 
tance between and among taxa. 
- The spatial distributions of the 
genome of key species should be stud- 
ied and the rules whereby selection 
operates established. 
- Experimental effort should be concen- 
trated to measure the intensity of gene 
flow under model simulation and in 
real time. The models will identify the 
parameters to measure in the ocean 
environment. 

4. In order to ascertaitl short-term 
changes, long-term, titlke-series sur- 
veys need to be carried out, 
- That conIlnuai,tin of the CPR and 
CalCOT. 1 data 2ts is urged and sup- 
ported, and nc v initiatives to nl,lain 
long time-se1 1~:s in other part - of the 
globe should be made. The Gxpansion 
of CPR surveys is suppot-lG:d as is the 
incorporatlun of biolorical objectives 

into the relatively new Global Ocean 
Observing System initiative. 
- That a detailed study is founded to 
examine what can be done with proxy 
data. 
- Establish an inventory of “biological 
indicators”. 
- Concentrate sampling and distribu- 
tional analysis efforts in selected 
marine areas and environments, like the 
South Atlantic, South Pacific, Arctic 
and Indian oceans, as well as the inter- 
mediate and deep water masses. 
- Study extreme environments such as 
polar oceans, hydrothermal vent areas 
and the interface of oxic-anoxic layers. 

5. Large-scale synoptic measure- 
ments using remote sensing should 
be increased. The continued avail- 
ability of sea surface colour (chloro- 
phyll) is supported. Chlorophyll is 
the only biological variable for which 
there is adequate detail in space and 
time. 

6. Refine the concept of biological 
niche in oceanic environments. 
- Distinguish between divergent forces 
(predation, competition, genetic drift 
and selection) and homogenising forces 
(physical mixing). 
-Develop standardised life history cycle 
graphs (vie graphs) of individual 
species nested in the physico-chemical 
environment. 
- Some species could prove to be more 
sensitive indicators of global change 
than any of the chemical and physical 
factors presently being monitored. 
- The significance and role of rare and 
infrequent species in pelagic ecosys- 
tems needs to be studied. 
- Note that anthropogenic influences 
(via over-exploitation, habitat deterio- 
ration and the spread of exotic species) 
may disturb the normal interactions 
b+rrPen species and result in changes 
In comm, city structure and function. 

7. Compare Ttructure of food webs 
and taxonoml, composition between 
anthropogenic;Uy affected and not 
affected water m lsses to understand 
the role of short-b rrn human impact 
and separate thest from long-term 
climate change. 
- Emphasis should bt on taxonomic 
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analyses at selected fixed stations along 
the coast and on the shelf to monitor 
invasions of exotic organisms, changes 
in species distribution patterns and food 
web structure, and their causes. 

8. Expand knowledge of sedimentary 
records in anoxic basins, including 
open ocean settings which provide an 
annual or near-annual to decadal 
temporal resolution (data bank need- 
ed). 

9. Expand the use of multispecies 
ecosystem modelling coupled to 
GCMs for the generation of testable 
hypotheses, with realistic physical 
forcing and spatial dimensions which 
will need to be refined by dedicated 
observational programmes. These 
can be expected to improve the phys- 
iological characterisation of the 
species and to improve descriptions 
of ecosystems at relevant scales. 

10. A network of observing stations 
should be created to collect data to 
compare with the models. 

11. Establish a new SCOR Working 
Group 
- to examine the relationships between 
biodiversity and ecosystem function, 
with regard to the Convention on 
Biological Diversity. 
- to determine whether there is redun- 
dancy in marine ecosystems. 

- to determine the extent to which 
diversity effects the fragility and 
resilience of oceanic ecosystems. 
- to examine the feasilibity of develop- 
ing red data lists. 
- to identify those regions which are at 
greatect .-’ :- of anthropogenically- 
induced change. 

12. The development of the full sci- 
ence plan for such a programme 
could be one of the first tasks of the 
new SCOR Working Group. 

- to understand the cause of short- and 
medium term changes in food-web 
structure, 
- to monitor and study effects of inva- 
sions of exotic organisms. 
- to monitor changes in species distri- 
bution patterns. 
- to initiate studies of the sediment sig- 
nals of plankton by a group of biogeog- 
raphers, systematists, ecologists and 
palaeontologists, the study of feedback 
mechanisms in the pelagic system 
should form part of this effort. 
- to include a modelling component 
which aims at predicting variation and 
change 3-5 years ahead, to be com- 
pared with monitoring results. 
- to identify those regions which are at 
greatest risks. 
- to propose biological monitoring pro- 
grammes for GOOS which should pro- 
vide data to answer the above ques- 
tions. 
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IOC-FAb Workshop on 
Recruitment in Tropical Coastal 
DemersaI Communities, Submitted 
Papers; Ciudad dd Carmen, 
Campeche. Mexico, 21-25 April 1986. 
IOCARIBE Workshop on Physical 
Oceanography and Climate; 
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E (oui of stock) 
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11 
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12 

13 

14 

15 
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Tine Languages 

E (out of stock) 

NO. Title 

IOC/UNESCO Wcfkshop on 
Syllabus for Training Marine Syllabus for Training Marine 
Technlaans: Miami, USA, Technlaans; Miami, USA, 
22-26 May 1978 (UNESCO repxls I repxts 
m manne suefxes. No. 4 in marine sciences. No. 4 
published by the Division of Marine 
Sciences, UNESCO). 
IOC Workshop on Marine Science 
Syllabus for Secondary Schcds; 
Llantwit Major, Wales, U.K., 
5-9 June 1978 (UNESCO reports in 
marine sciences, No. 5, puNshed 
FNthe&$sion of Marine Sciences, 

Second CCOP-IOC Workshop on 
IDOE Studies of East Asia Tectonics 
and Resources; Bandung, 
Indonesia, 17-21 October 1978. 
Second IDOE Symposium on 
Turbulence in the Ocean; 
Li&ge, Belgium, 7-18 May 1979. 
Third IXXVMO W&shop on 
Marine Pollution Monitoring; 
NewDdhi.ll-15Fdruafy1980. 
WESTPAC Workshop on the 
Marine Geology and Geophysics 
of the North-West Pacific: 
Tokyo, 27-31 March 1980. 
WESTPAC Workshop on Coastal 
Transport of Pollutants; 
Tokyo, Japan, 27-31 March 1980. 
Workshop on the Intercalibration 
of Sampling Procedures of the 
IoC/ WMO UNEP Pilot Pro&t on 
Monitoring Background La&s of 
Selected Pollutants in Open- 
Ocean Waters; Bermuda, 
11-26 January 1980. 
I0C Workshop on Coastal Area 
Management in the Caribbean 
Region; Mexico City, 
24 September-5 October 1979. 
CCOPtSOPAC-IOC Second 
International Workshop on 
Gedogy, Mineral Resources and 
Geophysics of the South Pacific; 
NoumC, New Caledonia, 
9-15Octobar 1980. 
FAO/IOC Workshop on the effects 
of environmental variation on the 
survival of larval palagic fishes. 
Lima, 20 Apt+5 May 1980. 
WESTPAC Workshop on Marine 
Biological Methodology; 
Tokyo, 9-14 February 1981. 
International Workshop we Maline 
Pdlti~on in the South-West Atlantic; 
Montevideo, lo-14 November 1980. 
Third International Workshop on 
Marine Geoscience: Heiddberq. 
19-24 July 1982. 
UNU/IOCAINESCO Workshop on 
International Co-operation in the 
Development of Marine Science 
and the Transfer of Technology 
in the context of the New Ocean 
Regime; Paris, France, 
27 September-1 October 1982. 
Papers submitted to the 
UNUIIOCNNESCO W&shop On 
International Co-operation in the 
Devdooment of Marine Science 
anb thb Transfer of Techndogy in 
the Context of the New Ocean 
Rwime: Paris. France. 
27 $ept&&-1 October 1982. 
Workshop ~1 the IREP Component 
of the IOC Programme M Ocean 
Science in Adation to Living 
Resources (OSLR); 
Halifax, 26-30 September 1963. 
IOC Workshop on Regional 
Co-operation in Maline Science in 
the Central Eastem Atlantic 
(Westem Africa); Tenetife. 
12-17 December 1963. 
CCOP/SOPAC-IOC-UNU 
Workshop on Basic Geo-scientific 
Marine Research Required for 
Assessment of Minerals and 
Hydrocarbons in the South Pacific; 
Suva, Fiji, 3-7 October 1983. 

Languages 

E (out of stock), F. 
S (out of stock). R 
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41 

43 

44 
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45 

46 

47 
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49 

50 

51 

CCOP-IOC. 1974, Metallcgenesis, 
Hydrocartxxs and Tectonic 
Patterns m Easterr Asia 
(Report of the IDOE Workshop on): 
Ba-gk&. Thailand, 24-29 Septmix 
1973 UNDP (CCOP), 138 pi. 
CIGAR IchthyoplanMon Workshop. 
Mexico City, 16-27 July 1974 
(UNESCO Technical Paper in 
Marine Sciences, No. 20). 
Report of the IOC/GFCt&lCSEM 
International Workshop on Marine 
Pollution in the Mediterranean; 
Monte Carlo, 9-14 September 1974. 
Repoft of the Workshop on the 
Phenomenon known as ‘El Nifio’: 
Guayaquil, Ecuador, 
4-l 2 December 1974 
IDOE lntematicnal Workshop M1 
Marine Gedogy and Geophysics 
of the Caribbean Region and its 
Reswrces; Kingston, Jamaica, 
17-22 February 1975. 
Report of the CCOP/SOPAC-IOC 
IDOE International Workshop on 
Gedogy. Mineral Resources and 
Geoohvsics of the South Pacific: 
Sub, hji, l-6 September 1975. 
Report of the Scientific Workshop 
to Initiate Planning for a Co- 
operative investigation in the North 
and Central Western Indian Ocean, 
organ&c within the IDOE under 
the sponsorship of ICZIFAO 
(IOFCWNESCOIEAC; Nairobi. 
Kenya, 25 March-2 April 1976. 
Joint IOCIFAO (IPFQAJNEP 
International Workshop on Marine 
Pollution in East Asian Waters; 
Penang. 7-13 &xi1 1976. 
IOC/CMGlSCOR Second 
International Workshop on 
Marine Geoscience; Mauritius, 
9-13 August 1976. 
IKXXWMO Second Workshop 
on Marine Pollution (Petroleum) 
Monitoring; Monaco. 
14-18 June 1976. 
Report of the IOC/FAO/UNEP 
International Workshop on Marine 
Pollution in the Caribbean and 
Adjacent Regions; Pot? of Spain, 
Trinidad, 13-17 December 1976. 
Collected cc0tftbutions of invited 
lecturers and authors to the 
IKXYFAO/UNEP International 
Workshop on Marine Pollution in 
the Caribbean and Adiacent 
Regions; Port of Spain, Trinidad, 
13-17 December 1976. 
Report of the IOCARIBE 
Interdisciplinary Workshop ~1 
Scientific Programmes in Support 
of Fisheries Projects: 
Fwt-deFrance, Martinique, 
28 November-2 December 1977. 
Repoct of the IOCARIBE Workshop 
on Environmental Geology of the 
Caribbean Coastal &a; Pot-l of 
Spajn, Trinidad, 16-18Janwy 1978. 
IOC/FAO/WHO/UNEP International 
Workshop on Marine Pdluticn in 
the Gulf of Guinea and Adjacent 
Areas: Abidian. C&e d’lvcire. 
2-9 Miy 19iE. 
CPPSIFAOIIOCXJNEP 
International Workshop M Marine 
Pollution in the SotihiEast Pacific; 
Santiago de Chile, 
6-10 November 1978. 
Workshop on the Westem Pacific, 
T&yo, 19-20 February 1979. 
Joint IOC/WMO Workshw on 
Oceanographic Products and the 
IGOSS Data Processing and 
Services System (IDPSS): 
Moscow, 9-l 1 A@ 1979. 
Papers submitted to the Joint 
IOC/wMD Seminar on Oceano- 
graphic Products and the IGOSS 
Data Processing and Services 
System; Moscow, 2-6 npill979. 
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E (superseded 
by IOC Technical 
Series No. 22) 
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E 
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E (out of stock) 
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Catageia Cdcntia 
19-22 Auaust 1986. 
Reuniixl 2eTrabajo para 
Desarrollo dd Programa ‘Ciencia 
Dcetiica en Relaci6n a 10s 
Recursos No Vivos en la Regiixl 
dd Atlentico Sud-occidental”: 
Port0 Alagre, Brazil, 
7-11 de aMI de 1986. 
IOC Symposium on Marine 
Science in the Westem Pacific: 
The IndoPacific Convergence; 
Townsville, 1-6 December 1966. 
IOCARIBE Mini-Symposium for the 
Regional Development of the IOC- 
UN (OETB) Programme on ‘Ocean 
Swnce in Relation to Non-Living 
Resources (OSNLR)‘; Havana, 
Cuba, 4-7 December 1986. 
AGU-IOC-WMO-CPF’S Chapman 
Conference: An International 
Symposium on ‘El Nina’; 
Guayaquil. Ecuador, 
27-31 Cktoti 1986. 
CCALR-IOC Scientific Seminar on 
Antarctic Ocean Variability and its 
Influence on Marine Living 
Rescurces, particularly Ktill 
(ra-ganized in cdlaboratiort with 
SCAR and SCOR); Paris. France, 
2-6 June 1987. 
CCOP/SOPAC-IOC W&shop on 
Coastal Processes in the South 
F?&fi;;;zd Nations; Lae. Papua- 

l-8 October’1 987. 

E 

E, S 
E, F 

E 

E (out of stock) 
E 

E, F, S 

E 

E, F. R 
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Y3 
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67 
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69 
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70 

71 

72 

73 

me 

SCOR-IT-1 INESCO Sympowm 
on Vertical Motion in the Eauatorial 
Upper Ocean and its Effects upon 
Living Resources and the Atmco- 
dwe: Parts. France. 6-10 Mav 1935. 
iCC Workshop on the Bid&al 
E%-+s 1‘ Pollutants; O?.lo. 
11-29 August 19% 
Workshop on Sea-Lev@ tvli -*we- 
ments in Hostile Conditions; 
Bidstcn, UK, 28-31 March 1988 
IBCCA Workshop on Data Sources 
and Comprlation. Boulder, 
Colorado, 18-19 July 1988. 
ICX-FA0 Workshop on 
Recruitment of Penadd Prawns 
in the Indo-West Pacific Region 
(PREP); Cleveland, Australia, 
24-36 July 1988. 
IOC Workshop on International 
Cooperat ion in the Study of Red 
~ds5aldoceEnBkJUn%T~, 
Japan, 16-17 November 1987. 
Intonational Workshop on the 
Technical Aspects of the Tsunami 
Warning System; Novosibirsk, 
USSR, 4-5 August 1989. 
Second International Workshop on 
the Technical Aspects of Tsunami 
Warning Systems, Tsunami 
Analysis, Preparedness, 
Observation and Instrumentation. 
Submiffed Papers; Novosibimk. 
USSR, 4-5 August 1989. 
IOC-UNEP Regional Workshop to 
Review Priorities for Marine 
Pollution t&nit&g Research, 
Contrd and Abatement in the 
wider Caribbean: San Jose, 
Costa Rica, 24-30 August 1989. 
IOC Workshop to Define 
IOCARIBE-TRODERP proposals; 
Caracas, Venezuela, 
12-16 September 1989. 
Second IOC Workshop on the 
Biological Effects of Pollutants; 
Bermuda, 10 September- 
2  October 1988. 
Second Workshop of Participants 
In the Joint FAO-IOC-WHO-IAEA- 
UNEP Project on Monitoring of 
Pdluticn in the Mar%x Enviraxnmt of 
theWestandC&&AhfCanRegiOn: 
Accra. Ghana. 13-17 June 1988. 
IOCtiESTPIiC Workshop M  
Co-operative Study of the 
Continental Shdf Circulation in the 
We&em Padfic; Bangkok, Thailand, 
31 October-3 November 1989. 
Second IOC-FA0 Wcrksho~ on 
Recruitment of Penaeid Prawns in 
the Indo-West Pacific Reoion 
(PREP); Phuket, Thailand: 
25-31 September 1989. 
Second IOC Workshop on 
Sardine/Anchovy Recruitment 
Prc+sct (SARP) im he Southwest 
Atlantic: Montevideo. Uruguay, 
21-23 Auqust 1989. 
ICIC ad hoc Expert Consultation on 
Sardine/Anchow Recruitment 
Programme; La jdla California. 
U.S.A., 1989. 
Interdisciplinary Seminar on 
Research Problems in the KXXRIBE 
Region; Caracas, Venezuela, 
28 November-l  December 1989. 
International Workshop on Marine 
Acoustics; Beijing, China, 
26-36 March 1990. 
ICC-SCAR Workshop on 
Sea-L& Measurements in the 
Antarctica: Leningrad, USSR, 
28-31 May 1990. 
IOC-SCAR workshop on Sea-Level 
Measurements in the Antarctica; 
Submitted Papers; Leningrad, 
USSR, 28-31 May 1990. 
l0XAJXGUNEP-FAO.LAE&WHO 
Worksfib~ on Reaional AsDects 

I  

of Marine Pollution; Mauri& 
29 October - 9  November 1990. 
IOC-FA0 Workshop on the 
Identification of P&aeid Prawn 
La&a and Postlarvae; Cleveland. 
Aus r?:ra. 23-28 Septa~lber 1990. 
IOC/WESTPAC Sc&tific Steering 
Group Meet ing on Co-Operative 
Study of the Continental Shdf 
Circulation in the Western Pacific; 
Kuala Lumpur; Malaysia, 
9-11 October 1990. 
Expert Consultation few the ICC 
Programmeoncoastalocean 
Advanced Science and 
Technology Study; Liege, Belgium. 
11-13 May 1991. 
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E 

E 

E 

E. F, S 
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70 
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05 

86 

07 

88 
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90 

91 

92 

93 

94 

95 

IOC-IINEP Rewvs Meetmg ,- 
Oceanographic Processes of 
Transocrt and Drstribution of 
Pollutants in the Sea; Zagreb, 
Yugoslavia, 15-18 May 1989. 
IOC-SCOR Workshop on Global 
Ocean Ecosystem Dynamics; 
Sdomons,  Maryland, U.S.A., 
29 April-2 May 1991. 
IOCAVESTPAC Scientific 
Symposium on Marine Science 
and Manaqement  of Marine Areas 
of the W e & m  Pacific; Penang, 
Malavsia. 2-6 December 1991. 
IOC-$AREC-KMFRI Regional 
Workshop on Causes and 
Consequences of Sea-Level 
Changes on the Westem Indian 
Ocean Coasts and Islands; 
Mombasa.  Kenva. 
24-28 June 1991.’ 
IKX-CEC-ICES-WMO-ICSU 
Ocean Climate Data Workshoo 
Goddard Space Flight Center: 
Graenbsit. Maryland, U.S.A. 
18-21 February 1992. 
IOCMlESTPAC Workshop on River 
Inputs of Nutrients to the.Marine 
Environment in the WESTPAC 
Region; Per-rang. Malaysia, 
26-29 November 1991. 
IOC-SCOR Workshop on 
Programme Development for 
Harmful Algae Blooms; Newport, 
U.S.A. 2-3 November 1991. 
Joint IAPSO-ICC Workshop 
on Sea Level Measurements 
and Quality Cc&d; 
Pans, France, 12-13 October 1992. 
BORDOMER 92: International 
Convention on Rational Use of 
Coastal Zones. A Preparatory 
Meet ing for the Organization of an 
International Conference on 
Coastal Change; Bordeaux, France, 
30 September-2 October 1992. 
ICC WorkshoD on Donor 
Cdlabwation’in the Deve+opment of 
Marine Scientific Pesearch 
Capabilit ies in the Western Indian 
Ocean Region; Brussels, Belgium. 
12-13Octcber1992. 
Workshop on Atlantic Ocean 
Climate Variability; 
Moscow. Russian Federation. 
13-17 July 1992. 
CC Workshop on Coastal 
Oceanography in Relation to 
Integrated coastal zone 
Management;  
Kona, Hawaii. 1-5 June 1992. 
International Workshop on the 
Black Sea: Vama. Bulaaria 
30 September - 4  octkef 1991 
Taller de trabajo sobre efectos 
bioltiicos dd fan6meno mEI NiAw 
en &sistemas costeros dd 
Pacifico Sudeste; Santa Cruz, 
Galapagos, Ecuador, 
5-14 de cctubre de 1989. 
IOC-CEC-ICSU-ICES Regional 
Workshop for Member  States of 
Eastern and Northern Europe 
(GODAFI Project): Obninsk, Russia, 
17-26 May 1993. 
ICC-ICSEM Wwkshop on Ocean 
Scialces in Non-Uving Resa~rces; 
Perpignan. France, 
15-20 October 1990. 
IOC Seminar w1 Integrated Coastal 
ivranagement; New Orleans, 
USA, 17-18 July 1993. 
HyUroblack’Sl CTD lntercalibratron 
Workshdp; Woods  Hole, U.S.A., 
l - lODecember1991. . 
Reunion de travail IKXXA-OSNLR 
sur le Projet. Budgets 
sedimentaims le long de la tote 
occidentale d’Afnque ” Abidjan, 
Cote d’lvoire. 26-28 juin 1991. 
IOC-UNEP Workshop on Impacts 
of Sea-Level Rise due to Global 
Wating. Dhaka, Bangladesh, 
16-19 November 1992. 
BMTC-IOC-POLARMAR 
International Workshop on 
Training Requirements in the 
Field of Eutrophication in Semi- 
Enclosed Seas and Hamful Algal 
Bloms. Bremerhaven. Germany, 
29 September - 3  October 1992. 
SAREC-IOC Workshop on Dona 
Collaboration in the D&efopment 
of Marine Scientific Research 
Capabilit ies in the Westem Indian 
Ocean Region: Brws&, Belgium, 
23-25 November 1993. 

Languages 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

s only 
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. 1  

E 

NO. Title 

96 IOC-UNEP-WMO-SAREC 

96 
SUppI. 1  

96 

Planning Workshop on 
an lnteorated Approach 
to Cc&al Eros&, Sea Level 
Changes and their Impacts; 
Zanzibar, 
United Republic of Tanzania. 
17-21 January 1994. 
IOC-UNEP-WMO-SAREC 
Planning Workshop on 
an Integrated Approach 
to Coastal Erosion, Sea Level 
Changes and thetr Impacts: 
Submitted Pabers 
1. Coastal Erosion; Zanzrbar, 
United Republic of Tanzania 
17-21 January 1994. 
IOC-UNEP-WMO-SAREC 

Suppl. 2  Plannrng Workshop on 

97 

98 

99 

100 

101 

102 

103 

104 

105 

105 
SuPPI 

106 

107 

108 

108 
S”Pd 

‘09 

110 

an Integrated Approach 
to Coastal Erosion, Sea Level 
Changes and their Impacts: 
Submitted Papers 
2. Sea Level: Zanzibar, 
United Republic of Tanzania 
17-21 January 1994. 
IOC Wo&hop  on Small Island 
Oceanography rn Relation 
to Sustainable Economic 
Development and Coastal Area 
Management  of Small Island 
Di?velopment states; 
Fort-de-France, Martinique, 
8-10 November. 1993. 
CoMSBlack ‘92A Physical 
and Chemical Intercalibration 
Workshop; Erdemli, Turkey, 
15-29 January 1993. 
IOC-SAREC Field Study Exerdse 
on Nutrients in Tropical Manne 
Waters: Mombasa,  Kenya, 
5-15Apri l1994. 
IXXOA-NOAA Regional 
Workshop for Member  States of 
the Westem Pacific - GODAR-II 
(Global Oceanographic Data 
Archeology and Rescue Project); 
Tianjin, China, 8-11 March 1994. 
IOC Regional Sdance Planning 
Workshop on Harmful Algal 
Blooms: Montevideo, Uruguay, 
15-17 June 1994. 
First IDC Workshop on Coastal 
Ocean Advanced Suence and 
Techndcgy Study (COASTS); 
Liege. Bdgium, 5-9 May 1994. 
IOC Workshop on GIS Applications 
in the Coastal Zone Management  
of Small Island Devdoping States; 
Barbados, 2@22 April 1994. 
Workshop on Integrated Coastal 
Management;  Dartmouth, 
Canada. 
19-20 septemtw 1994. 
BORDOMER 95: Conference 
on Coastal Chancre: Bordeaux, 
France, 6-10 F&wary 1995. 
Conference on Coastal Change: 
Proceedings; 
Bordeaux, France, 
6-10 February 1995 
IOC/WESTPAC Workshop 
on the Paleographrc Map; Bali, 
Indonesia. 20-21 October 1994. 
IOC-ICSU-NIO-NOAA Regional 
Workshop for Member  States of 
the Indian Ocean - GODAR-III; 
Dona Paula. Goa India. 
6-9 December 1994. 
UNESCO-IHP-IOC-IAEA 
Workshop cm Sea-Level Rise 
and the Multidisciplinary Studies 
of Environmental Processes in the 
Casoian Sea Reoion: 
Pa&, France, - 
9-12 May 1995. 
UNESCO-IHP-IOC-IAEA 
Workshop M  Sea-Level Rise 
and the Multidisciplinary Studies 
of Environmental Processes in the 
Caspian Sea Region: 
Submitted Papers; 
Paris, France, 9-12 May 1995. 
First IOC-UNEP CEPPOL 
Symposium; San Jose, 
Costa Rica. 
14-15 Afxil’1993. 
IOC-ICSUCEC Ragicna! 
workshop for 
Member  States of the 
Mediterranean - GODAFI-IV 
(Global Ocaanograpi-ric Data 
Archedogy and Rescue Prcject) 
Foundat ion for International 
Studies, University of Malta, 
Vailetta, Malta, 
25-28 April 1995. 

Languages 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 
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111 

2 

114 

115 

116 

117 

118 

119 

?  

W e  

Ch,, plan Conference 
on the ‘circulation of the Intra- 
Ameflh Sea; 
ta Pargwa, Puerto Rico, 
2-26 Jan. ?ry 1995. 
II ‘C-IAEA-IJNEP 
CM ?up of Experts 
M  itandards dnd Reference 
Mawvials (GEbqEM) Workshop; 
Miar U.S.A., 
7-6 Drenber .593. 
IOC lkyxal Wwitshopon Marine 
Debris a’ d  Was+ Management  
in the Gu of Gwea; Lagos, 
Nigeria, 1~1 16 December 1994. 
Intemationd Wwhshop on 
Integrated Ccastai Zone 
Managemen:  XZM) 
Karachi, Pakw an; 
10-14 Octo& 79” 
IOC/GLOSS-IA, ‘r 
Workshop on 
Sea Levd Variate nd 
Southern Ocean D) 1. tics; 
Bordeaux, France, 
31 January 1995. 
ICC/WESTPAC Inten,. , 4  
Scientific Symposium 
on Sustainability of Marine 
Environment: 
Review of the WESTPAC 
Programme, with Particular 
Refwence to ICAM 
Bali, Indonesia, 
22-26 November 1994. 
Joint IOC-CIDA-Sida (SAREC) 
Workshop on the Benefits 
of Improved Relationships 
between International 
Development Agencies, 
the IOC and other 
Multilateral In’ --Tenta 
Organizations II I 
the Delivery of Ocean, 
Manne Affairs and 
Fisheries Programmes; 
Sidnw B.C.. Canada. 
2626’Septembsr 1995. 
IOC-UNEP-NOAA-Sea Grant 
Fourth Caribbean Marine Debris 
Workshop; 
La Romana,  Santa Domingo. 
21-24 August 1995. 
Ioc wolkshop 
on Ocean Colour Data 
Requirwnents and Utilization; 
Sydney B.C., Canada, 
21-22 September 1995. 
lntematicnal Training Workshop 
on Integrated Coastal 
Management;  

vpa, Florida, U.S.A. 
I 7  July 1995. 

Languages 

E 

No. 

121 

122 

123 

124 

125 

126 

127 

126 

129 

130 

131 

Atelier r&gional sur la gestlon 
Int@grC des zwes llttorales 
(ICAM); 
Conakiy, Guin&, 
12-22 dCembre 1995. 
IOC-ELI-BSH-NOAA-(WDC-A’ 
International Wtishop on 
Oceanographic Biological ana 
Chemical Data Management  
Hamburg, Germany, 
20-23 May 1996. 
Second IOC Regional Science 
Planning Workshop on 
Harmful Algal Blocms 
in South America; 
Mar del Plats, Argentina. 
30 October 1  November 1995. 
GLOBEC-IOC-SAHFOS-MBA 
Workshop on the Analysis 
of T ime Series with Particular 
Reference to the Continuous 
Plankton Recorder Surw$ 
Plymouth, U.K.. 
4-7 May 1993. 
At&r sous-r&gional de la COI 
sur les ressources marines 
vivantes du Golfe de GuinC ; 
Cotoncu. B&in 
1  -I juillet 1996. 
IOC-UNEP-PERSGA-ACOPS- 
IUCN Workshop or 
Oceanographid lnpur to 
Integrated Coastal Zone 
Management  in the FI& Sea and 
Gulf of Aden 
Jeddah. Saudi Arabia, 
6Octobw1995. 
IOC Regional Workshop ! 7~ 
Member  States of the Cannbean 
and South America GODAt V 
(Globa) Oceanographic Data 
Axhedogy and Rescue Projell; 
Cartagena de Indias. Colon%% 
8-l 1  October 1996. 
At&w I0C-Banque Mondlale 
Sida/SARECXINE sur la Gestion 
lnt@e des Zones C&i&es ; 
Nosy B6, Madagascar.  
14-18octobre 1996. 
Gas and Fluids in Marine 
Sedments. 
Amsterofl the Netherlands; 
27-29 Januaw 1997 
Atelier @ional de la GUI wi 
I’oc&nographie c&i&e et la 
gestion de la zOne c&l&e ; 
Moroni, RFI des Comwes. 
16-19dCembre 1996. 
GOOS Coastal Module Planning 
WOkShOp; 
Miti, USA, 
24-26 February 1997. 

Languages 

F 

E 

E, S 

E 

F 

E 

E 

E. F 

NO. 

132 Third IOC-FANSA Workshop; S/E 

133 

134 

135 

136 

137 

136 

Punta-Arenas, Chile, 
28-30 Julv 1997 
Joint ICC:CIESM Training E 
Workshop al Sea-level 
Observations and Analysis for the 
Countries of the Mediterranean 
and Black Seas; 
Birkenhead, U.K., 
16-27 June 1997. 
IOCNVESTPAC-CCOP Workshop E 
on Paleogeographic Mapping 
(Hdocene Optimum): 
Shanghai.  China, 
2! 29 May 1997. 
%gmal  W&hop  on Integrated E 

lastal Zone Management:  
L, doahar, Iran; 
Februdry 1996. 
IOC Regional Workshop fw E 
Member  States of Westem Africa 
(GODAF-VI); 
Accra Ghana, 
3’ 25 April 1997. 
GOOS Planning Workshop 
for Living Marine Resources, 
Dartmouth, US& 
l-5 March 1996. 
GestitKl de Sistemas 
Oceanogtif iws dei Paclfico 
Oriental Concepti6n, 
^,hile, 96 Abril 1996. 
sistemas Oceanogr~ficos dd 
Atldntico Sudccddental,  
railer, TEMA 
Furg, Rio Grande, Brazil, 
3.11 Novlembfe 1997. 
IOC Workshop on GOOS 
Caoacltv Builalnq for 
the M&e-raw& Reqiw 
Vialletta. Malta. 
“6-29 November 1997. 
I ‘CMIESTPAC WorkshW, M  
Cc lpwatlve Study In the Gulf 
?f .)Piland. AScience Plan, 
Bangrqk, Thailand, 
75-2? %bruafy 1997. 
I’ %glc -3iogecgraphy ICoPB Il. 
PI jll eedlngs of the 2nd Inter- 
nat iona Conference. Final Report 
of SCOwloC Wti ing Group 93. 
Noordwijkwhwt, 
The Netherlands, 9-14 July 1995 
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