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PREFACE

This series, the Unesco Technical Papers in Marine Science,
is produced by the Unesco Division of Marine Sciences as a means
of informing the scientific community of recent advances in
oceanographic research and on recommended research programmes and
methods.

The texts in this series are prepared in co-operation with
non-governmental scientific organizations. Many of the texts
result from research activities of the Scientific Committee on
Oceanic Research (SCOR) and are submitted to Unesco for printing
following final approval by SCOR of the relevant working group
report.

Unesco Technical Papers in Marine Science are distributed
free of charge to various institutions and governmental authorities.
Requests for copies of individual ritles or additions to the
mailing list should be addressed, on letterhead stationery if
possible, :-o:

Division of Marine Sciences
Unesco

Place de Fontenoy

75700 Paris, France,.



ABSTRACT

The International Conference on Pelagic Biogeography (ICoPB) was held at
Noordwijkerhout, Netherlands, from 29 May to 6 June 1985,

The conference was scheduled around nine topics in a combined symposium/
workshop format, It brought together active workers on phytoplankton, zoo-
plankton, fishes, cetaceans, sclentists from a variety of disciplines,
ecologists, systematists, historical biogeographers, palaeontologist and
physical oceanographers,

The conference recognized a.o. the need:

1, To incorporate modern concepts and theory on biogeography in
pelagic oceanography, such as cladistics and vicarilance, and to
relate modern distribution patterns with patterns and changes read
from the fossil record,

2. To develop adequate sampling techniques.

3. To stimulate systematic studies utilizing both traditional and
recently developed approaches such as genetic/biochemical methods
and studies of living organisms both in situ and in culture,

4, To carry out additional mapping studies, also advocating the use
of existing collections.

5. To study the congruencies of distribution patterns and to test the
hypothesis that closer correspondence between major distribution
patterns and large-scale current patterns is related to marked
changes in productivity.

This report does not consist of polished and finished research documents.
The deliberately short papers are an outpouring of ideas, where we are now
and where we ought to be going.



RESUME

La Conference internationale sur la biogéographie pélagique (ICoPB)
s'est tenue & Noordwijkerhout (Pays-Bas), du 29 mai au 6 juin 1985,

Congue sous la forme d'un colloque/atelier, cette conférence sg'arti-
culait autour de neuf thémes. Elle a rassemblé des chercheurs dont les
travaux ont trait au phytoplancton, au zooplancton, aux poissons ou aux
cétacés et des sclentifiques spéclalisés dans diverses disciplines (eco-
logie, systématique, biogéographie historique, paléontologie e’ océano-
graphie physique).

La Conférence a reconnu en particulier la nécessité :

1. d'intégrer dans 1'océanographie pélagique la théorie et 1les
notions modernes de la biogéographie, telles que ia cladistique
et la vicariance, et d'établir des reclations entre les caracté-
ristiques de la distribution actuelle et 1les caractéristiques
et évolution que 1'on peut déduire de 1'étude des fossiles ;

2, de mettre au point des techniques d'échantillonnage adéquates ;

3. d'encourager la réalisation d'études systématiques utilisant &
la fois les approches traditionnelles et les approches nou-
velles, telles que les méthodes génétiques/biochimiques, ainsi
que 1'étude des organismes vivants in situ et en culture ;

4. d'entreprendre de nouvelles &tudes de cartographie tout en sti-
nulant 1'exploitation des collections existantes ;

5. d'étudier les concordances des caractéristiques de la distribu-
tion et de soumettre & 1'épre:r'e des faits 1'hypothése selon
laquelle 1'étroite correspondance qul existe entre les grandes
caracteristiques de la distribution et celles des courants est
liée i des modifications marquées de la productivité.

Le présent rapport ne prétend pas rassembler des documents de
recherche soigneusement rédigés et mis au point. Les communications,
délibérément courtes, se bornent a énoncer des idées brutes pour tenter
de faire le point sur la situation actuelle et sur les objectifs vers
lesquels on devrait tendre.

(ii}



RESUMEN ANALITICO

Del 29 de mayo al 6 de junio de 1985 se celebrdé en Noordwijkerhout (Paises Bajos)
la Conferencia Internacional de Biogeografia Peligica.

En la Conferencia se examinaton nueve temas y el wmétodo de trabajo asumidé las
formas de un simposio-taller. Participaron en la reunién cientificos dedicados a
la investigacién del fitoplancton, el zooplancton, los peces y cetdceos, asf
como especialistas de una gran variedad de disciplinas, tales como la ecologia,
el andlisis sistémico, la biogeograffa histérica, la paleontologia y la oceano-
grafia fisica.

La Conferencia seffalé la necesidad de llevar a cabo las sigulentes tareas:

1. Incorporar en la oceanografia peldgica la teorfa y los conceptos blogeogra-
ficos mids avanzados -como la nocién de especies vicariantes- y relacionar
los modelos modernos de distribucidén con los modelos y cambios estudiados
en los fgsiles,

2. Crear técnicas adecuadas de muestreo.

3. Estimular la realizacidén de estudios sistemdticos basados tanto en los
enfoques tradicionales como en los de reciente elaboracién -por ejemplo,
1os métodos genético-bloquimicos— y de estudios relativos a los organismos
biolégicos in situ y en cultivo.

4, Llevar a cabo estudios cartogridficos complementarios, fomentando a la vez
la utilizacién de las colecclones cartogrédficas ya existentes,

5. Estudiar las congruencias de los modelos de distribucién y poner a prueba
la hipétesis de que la estrecha correspondencia entre los modelos princi-
pales de distribucién y los modelos de las corrientes en gran escala estd

relacionada con cambios acentuados de la productividad.

En este informe no se recogen documentos de investigacién revisados y definiti-
vos. En cambio, se presentan textos deliberadamente breves, pero ricos en 1deas,
sobre el estado actual y la orientacién futura que deberia imprimirse a las
actividades en esta esfera.

(iii)



PE3IOME

C 29 Mmasa nmo 6 uiwoHa 1985 r. B HopnBukepxayre, HupmepslaHOw, COCTOSINACH
MexnyHaponHaa KoHpepeHUUA no nenarmdyeckoll o6uoreorpaduu (MKIIB) .

B TeMaTHUKy patoTn KoHdepeHUHMM BXOOHJIM NEBATH BOMPOCOB, KOTOpLe
paccMaTpEHBaJINCE B paMKaxXx COUEeTaHHA CHMIIO3HUYMa U ydyeBHO-
npaKkTHyYecKoro cemuHapa. Ha KoHpepeHuHI0O NMpHexalyid cIleuHalnncThH, pabo-
Tawmde B ob6siacTH GHTONMIIAHKTOHA, 300IJIAHKTOHA, PHO, KHTOOOGpPAa3HHX,
YUeHHe no pasJIMYHEM JUCUHMIVIMHAM, DKOJIOH, CclHeuHalucTH IO KJlacCH-
dukauuy, Nno UCTOpUUYECKON OouoreorpaduH, MNAJIEOHTOJIO'H U ClELHaJIMCTH
no ¢U3IHYEeCKON oOKeaHorpadpuH.

Hapsny ¢ gpyruMu Bonpocamu KoHbepeHUUsT npHs3Hala HeOOGXOOHMBLIM:

1. BKJIOYHTHL COBPEMeHHHE KOHUEMNUHH H COBPEMEHHYI0 TEeODHI0

6uoreorpadUy B r[enarHyeckyw oKeaHorpadHw, Kak HamnpuMmep,
THUIMOJIOHKW H BHKAPHOCTb, a4 TakXe CBA3aThb COBPEeMeHHHEe OCO6eHHOCTH
pacrnpenesieHiss BUOOB C OCOBEHHOCTAMM M H3MEHEHHAMH, IIOJIYUYEHHHMH IIpH
KJIACCHOHKALUHH HCKOMaeMux.

2. Pa3BHBATh COOTBETCTByWUIYEe MeTOOH B3ATHA Npob.

3. CTHMYJIHDOBAThb NpOBedeHHe CHCTEeMATHYECKHX HCCJelOoBaHHUR C

HCNOJIb30BAHHEM Kak TPAaIUUMOHHHX, TAK H COBPEMEHHHX I[TOJIXOLOB,
TaKHX KaK reHeTHyeckHe/6HOXHMHUECKHE MeTOMH, a TakKXe HCccJienoBaHHA
XUBHX OPraHM3MOB Kak B cpelle O6UMTAHMA, TAaK H MPH HCKYCCTBEHHOM
BHpPAUHBAHHHU ,

4. OCymeCTBHTDb OOMNOJIHUTEJIbHHE HCCZIegOBaHHA MO KapTHPOBaHUI,
COIEeNCTBYA TaKXe ACMOJIb30BaHUW CYmMEeCTBYONHUX COOPHHUKOB.

5. H3YyYUTb COOTBARTCTBHA OCOBEHHOCTEN paclnperelyiIeHUs H NpPOBEpPHTHb
TCHMOTE3H O TOM, YTO 6JIM3KHE COOTBETCTBUA MEXIOY OCHOBHBEMH

OCOBEeHHOCTSMH pachpejfiejIeHus M LHPOKOMACHMITAGHEMH TeKYmHMH OCO6eH-

HOCTSAMH CBA3aHH C OTMEYEHHHMH H3IMEHEHHAMH B MPOAYKTHUBHOCTH.

STOT HOKJNah COCTOHUT He 113 OTPaboOTaHHHX H 3aKOHUYEeHHHRX HCCcIenoBaHHH.
I[IpenHaMepeHHO KpaTKue palboTH NPEenCcTABJAKNT COOOR H3JIOXKeHHe uneht,

O CYymecCTBYWIEM B HacToAllee BPeMA MOJIOXKEHUH H MNepclleKTuBax
Pa3BUTHUA.

(iv)
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FOREWORD

in early 1983 Sir Alister Hordy was informed
about the plens for the International Conference
on Pelagic Biogeogrophy -ICoPB. With great
enthusissm he encouraged the orgenizers end
accepted membership of the Comittes d'iionneur,
but complained that he probebly would not be able
to attend; we are indeed very sorry that he could
not. Not only did Sir Alister Herdy stimulate the
conference, but also was neer ths cradle of much
of the reseerch discussed during the conferencs, It
is therefore with pleasure that we dedicated this
conference in his honour on behalf of the plensry
meeting of ICoPB.

As host of ICoPB | em gled to thenk also D, R.
Revelle, Resr Admiral J. C. Kreffers, Or. 0. A.
Skorletto, Dr. T. Tokioka and Dr. K. Yerhoeff for
their help as members of the Comittee d'Honneur,
giving the conference its broed sclentific and
international basis.

Thanks are expressed to our collesgues Drs. R.

K. Johnson and B. J. Zehuranec for creating the -

initiatives for ICoPB and to Drs. T. S, S. Rao end 6.
R. Hesle for their stimulating work in the
scientific committes. Dr. A. C. Pierrot-Buits took
cere of the defly organization of ICoPB and
coordinated the editing of the present volume, we
oll are indebted for this great help,

The funding egencies: United Nations
Educational, Scientific and Cultural Organization,
international Association on Biological Ocean-
ography, National Sclence Foundetion USA.,
Ministry of Education and Sciences of the
Netherlends, the Royal Netherlends Academy of
Sciences, Office of Naval Research U.SA.,
Netherlands Council for Sea Reseerch and the
Amsterdam University Socfety sre acknowledged
with sincere thenks for their essentlal support.
Their stimulating advice and cooperative attitude
wes noted with pleasure by the orgoenizing
committee.

September 1986
Dr. S.ven der Spoel



IN MEMORIAM
Professor Sir Alister Hardy, F.R.S.

Alister Clavering Hardy was born in Nottingham,
on February 10th 1896. He died on May 22nd
1985 after a long end distinguished career, first
as a zoologist end marine ecologist. He was uls0 a
religious thinker and he founded The Religious
Experience Research Unit, Manchester College,
Oxford, where he was director, and which now
beerg his neme (The Alister Herdy Research
Unit).

After school at Oundle he went up to Exeter
College, Oxford in 1914. In 1915 he volunteered
for war service, eventually becoming Assistant
Camouflage Officer to the 13th Army Corps in
1918. Returning to Oxford in 1919 he graduated

with distinction in 1921, when he was appointed
Assistant Naturalist atl the Fisheries Laboratory
in Lowestoft.

His research al Lowesloft, especially that
concerned with food relations during the life
history of the herring, supported his selection in
1924 ga Chief Zoologist on the first of the Colonfal
Offices’ "Discovery" expeditions. This wes to
investigete the biology and hydrography relating
to the Antarctic whale fisheries. He returned in
1927 with a mass of data end new idees, notably
on verlical migrations and the exclusion of
animals from dense populations of phytoplankton,
end on those stimulated by hic investigation of



plankton patchiness through trials with his
continuous plankion recorder. These ideas had to
wait, for very soon after his return he was
appointed i3 the first Professor of Zoology in the
newly founded University College of Hull.

There, beside all the work involved in setting up
a new department, he was planning en imaginative
research project, based on an improved mode! of
his continuous plankton recorder. This led in
1931 to the opening of & joint Department of
Zoology and Oceanography at Hull. The aim of the
recorder programme, and Hardy had the charm
and drive to obtain the grents end colleegues to
realiss his plans, was to provida regular (usually
monthly) charts of the distribution of plankton in
the North Sea and adjacent waters. Such qualities
and irgenuity were evident also in his use of kites
to fly nets, which could be opened and closed like
plankton nets, to sample the aerial plankton. The
recorder progranme wes well under way and
showad much promise when the war came.

In 1940 he was elecled Fellow of the Royal
Society, and then in 1942 he was appointed to the
Regius Chair of Natural History at Aberdeen
Univarsity. In 1945 he was invited by Oxford
University o become Linacre Professor of
Zoology. While he was al Aberdeen and Oxford, snd
afte: he retired, he continued to ke a close
futerest in the continuous planklon recorder
surveys. Actually, on his departure for Aberdeen
he was made Honorary Director of Ocean-
ographical Investigations at Hull and he was also
editor- in-chief for the first six volumes of the
(Hull) Bulletins of Marine Ecology, which
wes needed to publish their ever expanding
records. By 1968, thirty-three merchant ships
ond weather ships of seven courtries provided
120,000 miles of sampling with continuous
plankion recorders. More than ever they
appreciated that biogeography gave their studies 8
firm base,

During his three professorships Hardy was also
fnvolved in experimental ecology. For instence,
there was his work with Neil Paton on the vertical
migration of plankton animals, also cut short by
the wor, and his experiments with Richard
Bainbridge (1951 and 1954) using their
plankton whee! to measure the rate of ascent end
descent of the animals. After he retired from his

Linacre Chair in 1961, he became Director of
Field Studies, Oxford, for two yesrs. He was also a
Fellow of Merton College, later en Honorary
Fellow of Exeter College. He was knighted in
1967.

He married, in 1927, Sylvia Lucy, dsughter of
Professor Walter Gersteng. She died soon after he
did, but they leave a son and daughter. He wes a
friendly end courteous man, sbove all with a keen
sense of loyality. His eagerness and enthusissm
wera infectious and he was not efraid to speculats,
ir there seemed to be supporting evidence.
Moreover, he had admirable gifts as an artist and
awriter. His book 8- ~of Walers, which is based
on his antarctic journals, gained him a Phi Beta
Keppa Awerd for science as literature in America.
His religious ideas were developed in his Gifford
Lectures, which he gave in Aberdeen in 1963-65,
later publishedas 74e Living Stresm end Ths
Divine Flame. The former was awarded the
Lecomte de Nouy prize at Yale University. Not long
before he died he leerned that he had been awarded
the 185,000 dollar Templeton Prize for Progress
in Religion. Thus, his work 8s a religious
investigator continues s well as the development
of his scientific endeavours.

N. B. Mershall
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INTRODUCTION

A. C. PIERROT-BULTS
Institute for Taxonomic Zoology, Amsterdem, the Netherlands
B. J. ZAHURANEC
Office of Naval Research, Arlington, Ya, U.S.A.

“Biogeography cannot confine itself simply to
describing the occurrence of living forms,
arranging them regionally, investigating the
ecological causes of distribution. [t must also
proceed historically.” (Ekmen, 1953).

Biogeography is commonly defined as the study
of distribution of organisms on a large scale,
typically on o global scale. Pelagic biogeography
deals wilh these patterns in the pelajic realm of
the world's ocean. The patterns are influenced by
ecological and historical processes on  meny
temporal and spatial scales that are only poorly
understood. Thus, more inclusively, pelagic
biogeography is the study of the origin, change and
maintenance of patterns in the distribution of
pelagic marine orgenisms in space and time. In
this broad sense palagic biogeography is the most
synthetic field of open-ocean biology. It is also,
orguably, the most diffuse, and it is in great need
of advancing through testable hypotheses,
rigorous concept and theory.

Taking the above into account, the “International
Conference on Pelagic Biogeography™ (ICoPB) in
the Netherlands from 29 May - 6 June 1985 was
initiated in order to eddress the status of the fisld.
tighty-five scientists from fifteen nations
(Argentina, Australia, Belgium, Cenade, F.R.G.,
Frence, India, Isreel, dJepen, Mexico, the
Netherlends, Norway, UK., USA.,, USSR.)
attended the conference or contributed to these
proceedings. The participents included ective
open-ocesn researchers embracing the broadest
possible diversity of groups end epproeches:
ecologists, systematists, workers on phyto-
plonkton, zooplenkton, fishes and ceteceans,
historical biogeogrephers, paleontologists, end
physical oceanographers. Specialists who seldom
if ever directly interact were brought together.

The conference programme was designed around
nine topic eress, to be covered in turn by
symposium sessions of presented papers, and in
workshop discussion sections. The main subjects
discussed and reflected in this volume are:
uniqueness of pelagic biogeography (Brinton &
Reid p.25; Hasle p.118; Johnson p. 156 ; McOowan
p.191; Ven der Spoel p.254), the congruency of
epi-, meso- end bathypelegic patterns end
vertical distribution (p.3; Casanova p.42; Cohen
p.54; Godeaux p.104; Harbison p.112; Kikuchi &
Omori p.172; Loeb p.177; Merrett p.201; Parin
p.226; Pugh p.230), the role of populations and
patches (Haury p.126; Katona p.166; Mauchline
p.186; Yenrick p.261), the relevance of genetic
studies (Bucklin p.35; Marcus p.182), the role
of life history stretegies (Caswell p.47;
Cresswell p.60; Dale p.65; John p.149;
Scheltema p.242), varistion and the species
concept (Gibbs p.98; Shih p.250 de Visser
p.266), bounderies and transition zones (Backus
p.9; Boltovskoy p.14; Chendramohan p.51;
Domenski p.73; Olson p.219; Reo & Madhupratap
p.235; Wormuth  p.270),  vicarience
biogeography end palerceanography (Fleminger
p.84; Herman p.141; Nelson p.214 Ress p.237)
ond the role of regional and temporal veriability
in primery end secondery production (Heedrich
p.107; Hayward p.133; Nair p.210; Yentsch &
Gorside p.278).

The orgenizers especially tried to stimulate the
incorporation into pelagic biogeography of modern
viewpoints such as: populetion genetics, eut-
ecology, cladistics, vicariance, plate tectonics snd
paleocirculation patterns and results from the
deep sea drilling programme.

During the first pert, the participents
presented their assessment besed on their own



experiences and on information from the
literature. Forty-five papers were presented in
these symposium sessions. The perticipents were
encouraged to make presentations that would
define, oddress and discuss the outstending
questions of open-ocesn biogeography in en
attempt to determine where we are and where we
ought to be going. Consequently, some of the ideas
presented were controversial and speculative.
This also helps account for some of the diversity
of the presentations. The papers, of neccessity
short, often in sbbreviated form, constitute the
body of this volume. Since the nine topics are
more or less overlepping, the pspers in this
volume are presented in alphabetical order. This
volume indicates the goals which may be reached
with new epproaches and the neccessity of special
techniques, laboratory and museum facilities end
management.

During the second half of the conference, all
participanis took part in series of workshops
discussing the nine topics, which resulted in nine
working group reports. These have been condensed
ond ore edited as the Summery Report snd
Recommendations, Oeneral Conclusions and
Specific Recommendations.

This volume compiled by selected scientists
tries to mark the pathway for pelagic biogeo-
graphy in the neer future, During the last decede a
number of publications adequately pictured the
present stage of the field (Beklemishev, 1969 ;
McOowan, 1972; Charnack & Deacon, 1978; Ven
der Spoel & Plerrot-Bults, 1979; Yen der Spoel
& Heymon, 1981). Discussions should now focus
on the question what to do in the future. We hope
some of these questions will be answered by this
volume.

One of the first results of the Conference was
the establishment of @ non-profit foundetion in
the Netherlands entitled “Stichting International
Conferences on Pelagic Biogeography (ICoPB)".
The aims of this foundation are to:

-organize an Intornational Conference on
Pelagic Blogeography in 1990 and afterwards

-execute activities in the field of pelagic
biogeography including work towards the
publication of this proceedings volume.

-maintain end expand contact  belween
Interestad parties and institutions in the field

-publish and distribute pepers on pelegic
bfogeography and

-participate in activities of a possible SCOR
working group.

Individuals interested in participating in the
accomplishment of the aims of the foundation
should contact one of the editors of this volume.
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VERTICAL DISTRIBUTION : STUDY AND IMPLICATIONS

M.V. ANGEL
Institute of Oceanographic Sciences, United Kingdom

INTRODUCTION

The ocesnic water column is characterised by
vertical gradients in environmental cheracter-
istics, some of which are highly correlated,
whereas others are more or less independent. The
ebiotic properties include a wige renge of
physico-chemical charecteristics, some un-
affected by biological processes (e.g. temperature,
hydrostatic pressure, density, water column
stability and solubility compensation depths), but
others are influenced to some extent by biological
processas (e.g. light intensity and colour balance,
dissolved oxygen, nutrient and certain trace
alement concentrations, dissolved organic con-
centrations, particulate size spectra and fluxes).
Meny abiotic properties have & major influence on
the bictic cheracteristics such &s primery
prodiuction, standiing crops, turn-over rates, food
availability, predetion pressure, micre-orgenism
activity, morphalogical end physiological adapt-
ations, particulate production end recycling,
species richness end diversity. Those biological
properties which are under most direct physical
control can be fairly well modelled, and hence
their profiles predicted with a reasonable degree
of accuracy, given an adequate physical data set,
eg. primory production (Platt, Mann &
Ulenowicz, 1981). But, wherces the gross
patterns cen be predicted, the detatled relation-
ships between species composition snd between
small scale spatial phenomena remain unresolved.

DISCUSSION

Each species is faced with 8 multi-dimensional
matrix of gredients within which it has o find its
niche. Each individual lives within a hypervolume
limited by the conditions for survival which may
shift during its life cycle, but in meny cases there
is a more restricted hypervolume within which it
can successfully breed. Biogeography is the study

of the integration of all the individual
hypervolumes for each species's total population
end its interaction with historical events. A
species may nol occupy the whole of its potential
range because in the past it has been inhibited in
its spread; for example, species endemic to the
Southern Ocoen may be capable of living in Arctic
waters.

Every individual organism needs to achieve four
basic objectives in order to be biologically
successful: 1) it must breed, and hence 2) it must
be able to find enough food; 3) survive in the face
of predation pressure; end 4) live within its
energelic resources. The optimum conditions for
one objective may differ quite markedly from
those for another. This lack of compatibility is
evident in the water column, in which a species
may find optimum feeding conditions in the
nesr-surface layers, wheress predation pressure
may be much reduced deeper down, where also the
cooler water temperatures may result in meta-
bolic processes being more efficient (lwasa,
1983). Natural selection can be expected to have
resulled in each species evolving @ near unique
example in the spectrum of solutions to the
problem of balancing the irade-offs; competition
occurring where two sympatric species have
arrived at similar solutions. These solutions, in
essence, underlie all eutecological studies
involving aspects of life-histories (e.g. onto-
genetic migrations and diapause), morphological
and biochemical adeptations (e.g. pstterns of
coloration end types of bioluniinescence) and
behavioural charecteristics (e.g. diel vertical
migrations).

Any particular species may have a critical stage
in its life history at which the limits for its
survival are more restricted then at others. These
limits will then define the core of its distribution;
the periphery of this core-range will be extended
by diffusion end advection in passive species and
by migrations in more mobile species.

Long-term climatic variations

in water



structure may have left persistant imprints on
the paltern of species distributions and
cummunity structurs. The CLIMAP progremme
(Cline & Hayes, 1976) illustrated just how
dramatic the changes have been in the North
Atlantic pelegic communities since the peek of the
last glaciations, relative o the North Pecific
where the effect seems to have been restricted to
longitudinal shifts in the biogeographic 20nes. In
the long term, the pattern of continentel drift end
the opening and closing of deep channels have been
major influences in determining inter-oceenic
distributions, and the maintenance of these
patierns is related to the vertical renges of the
species. For example the opening of the deep
chennel belween Austral-asia and Anterctica
which was followed by a general cooling of the
deep waters (Shackleton, 1982), hes resulted in
the progressively greater segregetion of werm-
water species wherees the deep cold weter faune
has probably become steadily more pan-oceanic.
The vertical gradients in environment para-
meters can lead to the evolution of physiological,
morphological and behavioural adeptations which
increase an organism's chance of survival within
a restricted depth range yst reduce its fitness
beyond that range. Shifts in the vertical profile of
a limiting paremeter will bring a perallel shift
in the species's vertical rangs; unless this
vertica) shift results in another feclor becoming
limiting, in which case a boundery to ils
horizontal range will occiir. An example of such
odepiations is provided by the mirror-sides of
many mesopelagic fishes. These appesr to provide
an effective camouflage within the depth range,
limited et the shallow end by the depth et which
the light field becomes totally syminetrical in 8
vertical sense, and at the deep end by the depth at
which  bioluminescent  emissions  become
significently bright relative o in silu daylight
intensity (Denton, 1970). Such morphological
adapliations often become progressively expressed
during larval development and are associated with
ontogenetic migrations (e.g. Badoock & Larcombe,
1980). Such adaptations which have morphol-
ogical or anatomical expressions are accessible to
study through sempling strategies designed to
study vertical distribution, but where the
odaptation is physiological or behavioural

experimental studies are needed to establish the
ceusal factor. In the latter case identification of
correlations between biotic and abiotic factors in
vertical distribution paiterns will provide
guidelines for designing the experimental stategy.
As the numbers and geogrephical coverage of
comprehensive vertical studies increase, they are
beginning to provide considerable insights into the
understanding of horizontal distribution patterns,
particularly if the deta ere properly erchived
(e.g. Domenski, 1981). Thus two species which
are sympatric in a horizontal sense, may prove to
be allopatric in a vertical sense. In addition where
two similar species overlap in their horizontal
renges, cheracter displacement may lead to their
vertical segregation, at lesst et certain steges of
their life cycles (e.g. Angel, 1982). Full vertical
coverage of the water column can reveal anomal-
ous geogrephical patterns which need explanation.
An examgle is seen in the halocyprid ostracoed
Halocypris globoss which off Bermuda
dominates the neer-surface layers although adult
males only occur at deep mesopelagic depths
(Deevey, 1968; Angel, 1979). In the N.E.
Atlantic it has not been taken pelegically north of
40°N despite quite extensive geographical cover-
age, but a series of benthopelagic semples teken

within 10-100m of the sea-bed on the con-
tinental slope at depths of 1000-1600m to the

south of the Porcupine Sesbight (around 49°N
13*W) contained large numbers of adults (Ellis,
pers. comm.). Assuming the Bermuden and
Seabight specimens are conspecific, questions
orise 8s to whether the lsiter are either
expatriates possibly cacried northwards in the
flow of Quif of Oibrallar water, or if the
distributions are distinct or not.

Comprehensive knowledge on vertical distrib-
utions at all stagus of the life cycle is essential to
understending how the faunas of Mediterranean
type sees originate and are maintained (e.g
Alcaraz, 1977; Furnestin, 1979; Yives et al.,
1975; Weikert, 1982). For example the
occurrence of some of the glacial relict species in
the Mediterraneen (e.9. Msgsnycliphanes
norvegica el Benthosems gleciale) cen be
understood by extrapolating present distributions
to the conditions shown to have occurred 15,000
BP by the CLIMAP programme (Cline & Hayes,



1976). These Mediterranesn populations may
have become reproductively isolated from the
other stocks now found in boreal waters and in the
NW. Africen upwelling region, through their
adaptation to the werm deep water of the
Mediterranean. Then if either climatic conditions
were lo fluctuate again so that the populations
would become sympstric, or shifts in the larval
ecology should occur which could then allow the
passage of stocks into or out of the Mediterranesn
via the currents systems in the Straits of
OGibralter (OGascard & Richez, 1986), the sibling
slocks would become sympatric but fail o
interbreed; such a mechanism may help to explain
the high species richness of pelagic communities.
Apart from the land masses, the main potential
borriers to geographical ranges are ocesnic fronts
at which there are major changes in the
physico-chemical and biological structure of the
water column. Too little attention has been paid to
the role of fronts in determining distribution
patt-rns & all scales of interaction (e.q the
influence of mesoscale feetures, see Angel &
Fesham, 1983). So long &3 the conditions do not
become lethal across a front, the length of the
orgenism's generation time relative to the
persistence and the predictability of a front will
vetermine whether its response is bry popuiation
growth or behavioural. Wiebe and Boyd's (1978)
observations on ANemaloscelis megalops
illustrate how a species's vertical range may
gradually shift within a decaying ring, so that it
pcrsists only as an expatriate non-breeding
population. However, the degree of chenge in
physical characteristics across & front may
determine ils influence on the community
structure. For example preliminary data from a
front to the south-west of the Azores (Gould,
1985, Fasham, Plalt, Irwin & Jones, 1985)
show that although the specific composition of the
pelagic community chenges very little (Pugh,
1975; Angel, 1979), there were major chenges
in the pattern of dominance end in the vertical
structuring of the community biomass (Ange!,
1985). In this example the physico-chemical
chenges across the front must have been too minor
to limit the renges of the vast majority of species
examined. This raises the question ss to how
well-defined a front has to be to become a major

biogeographic boundary.,

The clearest signal is probably generated at the
subtropical convergences, where permanent
stratification and persistently high nesr-surface
stability of the weter column occur on the
low-1atitude side, and there is a seasonal cycle of
stratificstion ond water column stebility
(Robinson, Baver & Schroeder 1979), and hence
primery production, on the high latitude side.
Associated with these changes, which produce
sharp shifts in the degree of seesonal pulsing of
production, are mejor quantitative and qualitative
shifts in the structure and function of the pelagic
ecosystems. This influence probably extends,
albeit attenuated, right down to the sea bed. Some
idea of the speed &t which signals of events at the
sea surfece can be trensmitled down through the
waler column and hence the degree to which the
boundary effect may be blurred or displaced by
diffusion and advection, 13 given by the recent
results from sediment {reps (e.g. Deuser, Ross &
Anderson, 1981) and {ime-lepse camerss
deployed on the sea floor (Billett, Lampitt, Rice &
Mantoura, 1983). Even so, there are sproies
which are sufficiently adeptable to cross the
boundery by adjusiment of their vertical range
(by submergence) while others are not (Fig. 1).
Deeper-1iving species seem able {0 cross such
bounderies more reedily than the shallower-
living. However, this may be simply because
deeper-- living species tend to have more extensive
depth ranges, and merely have o restrict their
range to be able to cross the frontal 2one.

CONCLUSION

Detailed vertical distribution studies are not only
useful in trying to understend biogeographic
distributions, but are essential to explain many
aspects of these patterns and to give pointers to
their mode of development.
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C). C.imbricala encther species associated with NACW and showing even greeter changes in its intensity
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sbundence scales vary between profiles.
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BiOGEOGRAPHIC BOUNDARIES IN THE OPEN OCEAN

RICHARD H. BACKUS
Woods Hole Ocoanographic Institution, U.S.A.

INTRODUCTION

It {s assumed that the distribution of plants and
animals in the pelagial is directly related to the
physical properties of the ocesn or indirectly to
them through so-called biotic factors: the effects
of species upon one enother. Thus, biogeogrephic
boundaries ere teken to be actual physical
boundaries such as lie between water masses and
their subdivisions; | meen the term “water mass”
to be interpreted in a very general way.

The search for the factor (or the few factors)
that explains the distribution of a species or
nerrow group of species of pelagic plants or
animals hes rarely, if ever, been succesful.
Surely it is 8 complex of factors that exerts the
control, the whole suite of properties that a
column of water possesses acting in concert, the
individual elements being scarcely separable from
one another.

BIOGEOGRAPHIC REGIONS

What we really cere about knowing is why a
certain species is distributed in the way that it is,
or conversely, why a certain homogeneous part of
the ocesn supports the complex of plents and
animals that it does. The simple description of the
range of this or that plant or enimel, a necessary
preliminary in which maty of us engage, is of
limited interest in itself.

One rarely hes adequate biological collections
for describing the renge of a pelegic orgenism
well on the basis of those collections alone. But if
the rangea of organisms are controlled by physical
factors, then physical description of the oceen
(which fs more extensive then biological
description) can be enlisted in the service of
biogeography. The distribution map of an abundent
species (Abundent species ore the species from
which we bast learn), is often suggestive of the

physical basis of the distribution in weater-mass
and circulational terms (Fig. 1), and extra-
polation of the orgenism’s occurrence from the
sainpled to the unsampled parts of a physically
homogencous body of water i3 a reesonable
procedure in tentatively describing its renge
when such a description is needed.

The sudden appeerance, disappeersnce, or
radical change in sbundence of en abundant
organism in collections made along a transect
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Fig. 1 Dislribution of the myctophid fish
Lepidophanes gauss/, an inhabitant of the
subtropical sess of the Atlentic. The diameter of
the fiiled circles is proportional to catch rate.
Re-drofied from Backus et al. ( 1977).



indicates a boundery, biogeographic end physical,
ond its basis in physical terms often cen be
assigned. By such procedures physical bounderies
thet are also biogengraphic bounderies have been
identified and from these physical bounderies a
general framework for pelagic plant and animal
distribution can be constructed.

it cannot be expected that a biogeographic
boundery in the open ocesn will be very sharp.
Not only are the physical boundaries upon which
the biogeographic ones depend not very sharp, but
also o spectrum of responses to a physical
boundery by orgenisms would be expected even
were the physical boundery sherp. Nevertheless,
it is convenient when speeking of plent and animal
distribution to think of a boundery &s a line and
not to spesk of a boundary as an area within which
en orgenism cen range. (An indivisible area is
delimited by bounderies; it does not contein
bounderies; and the range of an orgenism cannot
be said to be boundery-less).

It is my belfef that the tentetive patterns of
distribution for pelagic orgenisms have been
proliferated too much. Often this comes from
teking too seriously differences in distribution
whose origin actually lies in the imperfection of
the data. This is an especial hazerd when one uses,
not his own data, but the published data of others.
The absence of a species in an expected place is
sometimes merely the want of the right sort of
collecting effort there. The presence of & species
in an unexpected place is sometimes merely the
result of a few expatriate specimens (waifs) that
would have been disregerded had the dete set that
was used expressed relative abundance. There are
many other sources of difficulty including mis-
identification and taxonomic confusion end some
not so simple as these.

| believe thet there may be general enough
agreement about the bold outlines of plant end
enimal distribution in the pelagial so that there
can be erected a fairly simple fremework to which
individual plant and animal distributions can be
rigorously compered. By “rigorously” | meen

_'o_

cerefully teking into account all the imperfections
of the date. Only when the framework cennot
accomodate a set of deta compared in this wey
should the framework be elaborated. Such a
fremework is presented for the world ocesn as a
mep (Fig. 2) end as a diagrem (Fig. 3). It is
purposely kept very simple for the time being.

In figure 3 solid lines represent the boundsries
of biogeographic regions; broken lines divide
regions into provinces. Few of the latter have been
sttempted and, for the moment, definitions ere not
given for “region” end "province” save to say that
the latter is a subdivision of the former. North is
at the top of the diagrem. Beginning there, the
diagrem is divided latitudinelly into nine regions :
Arctic, Subarctic, northern Temperate (or
northern Trensitional), northern  Subtropical
(or northern Central), Tropical, southern
Subtropical (or southern Central), southern
Temperate (or southern Trensitional), Sub-
antarctic, and Antarctic. An Arctic region might be
omitted, 8s the Arctic Ocean appears not to have a
requiar pelegic biota. The term “"Transitional”
should be sbandoned as it is both ambiguous and
insufficiently descriptive. | feel perticulerly
uncertain about arrangements at the southern end
of the disgram.

The only latitudinal division of the biogeo-
graphic regions into provinces is the division of
the northern and southern Subtropical regions
into poleward ond equatorward halves. These
pravincial bounderies, which in some oceens have
been called Subtropical fronts (Roden, 1975),
divide the westwind part of each of these regions
from the tradewind part of eech. The Subtropical
front in the North Atlantic often has been called
the "northern Subtropical Convergence” ( "nord-
liche subtropische Konvergenz", Wiist, 1928),
but it is not the homolog of the subtropical
convergence of the southern hemisphere, which is
the regional boundery between the southern
Subtropical and southern Temperate regions
(Yeronis, 1973).

The biogeographic regions cen be divided

Fig. 2 Mep of biogeogrephic regions of the world oceen. The bounderies drawn ere epproximete. | -
arclic, 2 - subsrctic, 3 - northern temperate, 4 - northern subtropical, 5 - tropical, 6 - southern
subiropical, 7 - swuthern temperate, 8 - subenterctic, 9 - antarctic.
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Fig. 3 A partial diagram of the biogeographic
regions and provinces of the world ocean. Some
detail has been omitted, but in any case knowledge
is insufficient for drawing an even approximately
complete diegram. Regional designations are &t the
left, oceans across the top. Certain more or less
permanent fronts teken lo be bounderies are
shown at the left. About the last there is much
uncertainty. See text.

meridionally into eastern and western provinces,
although no such division is made for the regions
of the Southern Ocean, which is viewed as
comprising the Subantarctic and Antarctic ones. It
might be argued that the southern Temperate
region should also be included in the Southern
Ocesn and that the division of this sea into Pacific,
Atlentic, and Indien regions should not be
maintained. The east/west division of regions isa
gross simplification and simply acknowledges thet
there are differences in the physics of the east and
west sides of oceens (Wooster & Reid, 1962).

The fremework of biogeographic regions ond
provinces given here is purposely kept simple. A
possible scale of subdivision is suggested by the
scheme of regions end provinces given by the
author end colleagues for the Atlentic Oceen
(Backus et al., 1977). In addition to the Atlantic
regions given in the present work two special
regions were established - the Guif of Mexico and
the Mauretenion Upwelling. The most divided
region, the North Atlantic Temperate, was
spportioned among six provinces - Slope Water,
Northern Oyre, Azores/Britain, Mediterranesn
Outflow, Western Mediterrenean, and Eastern
Mediterrancan ones.

BIOGEOGRAPHIC PATTERNS

It is obvious thst the units of geographic
distribution ( regions and provinces) are not to be
equated with renges or distribution patterns.
(When a range is occupied by two or more species
of plents or enimals, it can be called a pattern.)
Rether, the regions and provinces aie elements
from which, by their varied occupancy by species
of plants and animals, diverse ranges and patterns
come into existence. Not all combinations are
possible - meny of the ranges, got simply by
variously combining the 23 provinces of figure 3,
are inconceivable. No organism would occupy the
combined western Pacific Subarctic and western
Indian tropical provinces, for instance. Never-
theless, the number of actual or probable
cimbinations seems large.

The paint hes often been made that the patterns
of distribution shown by one group of plants or
animals cen be quite different from the patterns
shown by another group. This is quite so.
However, it appears that the system of units of
geographic distribution, that is, the regions and
provinces, does not change from one group of
species to another. Thus, David C. Judkins
(unpubl.) saw certain distribution patterns
among the decapod crustacesns that were not seen
by me and my colleagues among the Myctophidee
coming from the seme collections (Backus et al.,
1977), although the system of biogeographic
regions and provinces worked out from the
Myctophidee eppesred to be equally useful in
describing the distribution patterns of the
decepods. Similerly, | and my collesgues see
distribution patterns among the Oonostomatidee
(sensu lato) not seen emong the Myctophidee but
which conform well to the system of regions and
provinces derived from studying the latter.
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BIOGEOGRAPHY OF THE SOUTHWESTERN ATLANTIC;
OVERVIEW, CURRENT PROBLEMS AND PROSPECTS

DEMETRIO BOLTOVSKOY
University of Buenas Aires and Conicet, Argentine.

INTRODUCTION

The Soutwestern Atlantic ( SWA) is one of the least
studied aress of the world Ocean (see D.
Boltovskay, 1979). Therefore, much basic
descriptive work is needed before this area cen be
subject of more or 1ess ample and comprehensive
biogeographic studies. However, a retrospective
glence at the advences over the past decades and
comparison with the results achieved elsewhere
can yield some reflections on the implications of
the methods used, the aims of the investigetions
perfermed, end the biogeographic significence of
the results achieved. The review and discussions
that follow are based on an ecological prospective
inssmuch the divisions analyzed are assumed to
seperate discrete communities or ecosystems.

Figure 1A outlines the general hydrologicel
setting of the area. Figure 1C illustrates the water
mass2s present in the area 8s recognized by
distinctive TS curves (Fig. 1B). A review of the
biological features of the SWA is given by D.
Boltovskay (1978, 1981).

OYERVIEW OF THE BIOGEOGRAPHIC MODELS
PROPOSEDL FOR THE SOUTHWESTERN ATLANTIC

One of the first biogeographic charts of the cceens
which included the SWA, based on zooplankton,
was published by Meisenheimer in 1905 (Fig.
2A). Stever modified Meisenheimer's pattern
(Fig. 2B). The chart published by Hentschel 15
yeers later (1938; 1942) already included all
the areas that are usually distinguished todey
(Fig. 2C).

Subsequent studies, both biological and
physico-chemical, contributed to describe the
bounderies and assess their sessonal displace-
ments, and further charecterize the main zones by
their abiotic parameters and typical biological

assemblages. But the drafl proposed over 40 yeers
ago did not undergo radical changes. On the other
hend, figures 3 and 4 show that, as fer as the
locations of the boundaries are concerned, the
agreement i3 rather poor, and this lack of
coincidence does not seem to decrease with
successive studies (Fig. 3).

These biogeogrsphic patterns are similer inas-
much they all distinguish warm-water from cold-
water essemblages, end several further divide
each of these into two sectors. The limits between
aress, however, very widely (Figs. 3 & 4).
Furthermore, the Transition is absent from over
half of these schemes.

SPECIES' DISTRIBUTION PATTERNS, WATER
MASSES AND B10GEOGRAPHY

In occenography, biological indicators have been
used in iwo different ways: es tracers of water
movements, and 83 sensors of oceanographic para-
meters. The difference between these {wo
applications is subtle: sometimes they are closely
interwoven or even overlapping. E. Boltovskoy
(1967) concluded thet, emong other require-
ments, en adequate tracer should be fairly - but
not extremely - sensitive to ecological pera-
meters: it should be sensitive enough rot to
inhabit more than one of the currents or water
masses thet are under study in a particuler area,
but not es sensitive as to dissppeer from its
habitat as soon as environmental conditions chenge
slightly.

The “biological tracer method” hes been used
regularly for biogeogrophic purposes, thus
susuming tecitly that the end of a given current
(that 1s, of its tracers) is coincident with a
bitgeographic boundery. However, this may or
may nat happen, end the underlying assumptions
can he valid in some arees, but not in others. The
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Fig. 1 Currents (A) and water masses (C) with their corresponding typical T5 curves (B) in the
Southwestern Atlantic. BC : Brazil Current; OCE : cold-core eddies; CHC : Cape Horn Current; EWD : East
Wind Drift; OC : Guiana Current; FC : Malvines (=Falkland) Current; PCC : Patagonian Coastal Current,
SACG : South Atlantic Central Oyre; SEC : South Equatorial Current; WCE : warm-core eddies; WWD : West
Wind Drift. (A: compiled from different sources; B & C : from Gorshkov, ed., 1977).

criterion of the goodness of a tracer is usually
derived from hydrological patterns esteblished on
the basis of physical studies. In other words, an
organism is considered & good tracer if its
distributional range matches adequately the known
or suspected course of a current, and it still
survives in its waters when these are no longer
distinguishable by their physical parameters.
Thus, its distribution indicates the influence of a
current, the extension of a physical phenomenon,
bt;l nat necessarily a major biological breek (Fig.
5).

On the other hand, the species that are snugly
restricled to a single water mass are considered
biological indicators (=sensors) of the latter. As
opposed to trocers, the environmental tolerance of

sensors hes to be relatively nerrow; their
distriution should match a more or less
homogeneous TS envelope, rather than a current
whit!i can undergo wide temperature and salinity
changes along it route.

In eddition to water mass-relaled conclusions,
work with tracers and sensors inlerleaves
intimately with biogeography. Thus, indicator
species initially selected for their fidslity to e
current or to certain temperature and salinity
ranges end up being the main inaterial for defining
biogeographic ereas. This happens so frequently
ond to such an extent that it often is difficult to
discern whether a particuler report is dealing
with water masses or with biogeographic aress.

in many of the investigations which include a1l






or most of the species belonging to one or more
higher level taxa (as opposed to those that deal
with indicators only), a mejor point is mede of
snalyzing closely the relationship between water
masses ond planktonic distributions. Thus,
individual species’ ranges arc examined "from @
water mass point of view" ahd the conclusion is
commonly reached that water masses account for
the genera) patterns adequately.

A tacit, and sometimes explicit, implication of
these results is that since most species show clesr
affinilies for given water masses, ergo their
distribution boundaries match water mass limits.
There are meny exemples 1o support this
assumplion. However, a closer look at this
relationship shows that, although there is an
evident tendency for the species’ boundary lines
to be denser at the waler mass limils, most of
thern fall actually within water messes, rather
than on boundaries between them (e.g., planktonic
Foraminifera in the SWA, cf. {. Boltovskoy,
1981b, Fig. 163; Euphausiacess in the Pecific,
cf. Brinton, 1962, Fig. 101). Figure 6 suggests
that these mismalches are especially obvious
when detailed cherts (rather than schematic
simplifications) ere available.

Figure 7 shows thet, when total renges ere
compared, the great majorily of the species are
not found in all sectors of the water mass that they
inhabit, very few extend throughout an enlire
water mass, and even fewer are effeclively
restricled to a waler mass. There are some
endemics ( especially in the Subarctic sarea), but
practically none is an endemic and is found
throughout the enlire water mass .

Reviews of the information available suggest not
only thal most species cross waler mass
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Fig. 3 Approximale limils of distinctive faunal
planklonic assemblages in the Southwestern
Atlantic (peiagic waters). 1 : Foraminifera (E.
BoMtovskay, 1970s;1981a,b); 2 : Tintinnina
(Souto,1981); 3 : Siphonophoree (Alvarifio,
1981); 4 : Hydromedusse (Ramirez & Zamponi,
1981; based on Kramp, 1957); 5 : Pleropoda
(Yan der Spoel & Boltovskay, 1981); 6
Ostracoda (Angel, 1981); 7 : Copepoda
(Bjornberg, 1981); Euphausiecea (Antezana &
Brinton, 1981). NS : limils between zones not
specified.

boundaries regularly, but thet plankters evidence
aclear tendency to inhabit inore than one water
mass. Table | shows an example of the distribution
of the species of some faxa between the
cosmopoliten, moderately broad and endemic types
(s¢e also Venrick, 1971; Reid et al., 1978; Yan
Soest, 1979).

In the light of these considerations, table || end
figure 8 summarize the distribution types of

Fig. 2 Major biogeographic zonations of the southwestern Atlantic Ocean according to different authors.
Zones: A= Antarclic; AC= Argenline coasltal; Ar= Argentine; B= Brazilian; CT= circumtropical; E=
Equatorial; |= intermediale; N= nolslian; No= northern limil; S= Southamerican; SA= Subantarctic; SAb=
Subantarctic boundary; SAN= Subantarclic neritic; SAO= Subantarctic oceanic; So= southern 1imit; ST=
Subtropical; STN= Subtropical nerilic; STb= Subiropical boundary; STO= Subtropical oceanic; T=
Tropical; TE= Temperale; TN= Tropical neritic; TO= Tropical oceanic; TR= Transitional; TRN=
Transirional neritic; TRO= Transitional oceanic; WT= western Tropical.

Sources: A= Meisenheimer ( 1905); B= Steuer ( 1933); C= Henschel ( 1938); D= Boltovskoy ( 1959); E=
Bogdanov (16G1); F= Mcinlyre & Bé (1967); G= Nesis (1974); H= Pierrol=Bults & Yan der Spoel

(1979); 1= Dadon & Boltovskoy ( 1982).
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Fig. 4 Composite skelch of the biogeographic
bounderies illustrated in Fig. 2C-1.

oceenic plankters in terms of water masses end
their bounderies. The fidelity concept is that of
Boltovskoy, 1967 (as referred to water mass
indicators), and of Fager, 1963 (as referred to
communities), with the additional restriction thet
the species must effectively occupy all the erea
concerned. Feger' s (1963) ‘“vitality" end
"periodicity” criteria are, in this context, iwo
aspects of the abundence concept.

The results reported (see reviews in Johnson &
Brinton, 1963; Beklemishev, 1959; McGowen,
1971), echieved after the enalysis of thousands of
samples leave little doubt that there effectively is
a strong affinity of most of the species treated for
specific ereas of the oceen. However, their
individual sensitivity to the bounderies
established by meens of physical studies is fair at
best.

IHYDROL OGICAL INDICATORS

| IRACERS ] SENSORS

| Plankionic
| Nectoaie
i | Serthicete

Type of arganism 1 Plenttonic
1

Sensillyity lo {Fairly, bul not

| Yery sensilive
environmentat foctors | exlremely sensitive ]

Other requirements | Novertical migrations | --

Filness s indicator Assamed basic ronge, | Assumed Nidelity 1o 0 given

qet tred from wnab 317 ite and sterite | sel of environmental pors-

expatvislion rangs | metars (ia practics, n 178
) envelope)

Analog | or it botties

S

) Thermoacters, salinometers

Schematic #1stribylion

1 ¥ Water messes, arrowy currents O plarkiers

Fig S Summary of the basic differences between
hydrological tracers and sensors.

BIOGEOGRAPHIC ZONATIONS, TRANSITION ZONES
AND COMMUNITIES

Starting in the 1950" s, enalyses of the vast
information asccumulated on the distribution of
oceanic plankton showed that recurrent biological
assemblages are linked to specific segments of the
ranges of veriation of some parameters other then
temperature end salinity. Among these are
phytoplenkionic primsry production, 2zoo-
plenktonic stending stock, vertical stratification
and migration patlerns, endemism, equitsbility,
particle size, food web characterisics, sessonal
production veriations, metabolism, turnover rate
(Yinogradov, 1968; Koblentz-Mishke et al.,
1970; Bogorov, 1974; McGowen, 1971; 1974,
Conover, 1979; etc.). Thess distinctive functional
features gave grounds for concluding that the
essemblages in question are feirly independent
ecological units: communities or ecosystems.
Co-occurrence is & necessory, but not
sufficient, requirement for the community
concept. The co-occurring orgenisms must be also
functionally interrelated. A cutoif value con be
given by the condition that relationships within a
community are closer than those with members of
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Table | Approximate numbers of species of some zooplsnktonic groups present in the surface waters of the
southwestern Atlantic (modified from Boltovskoy, 1978).

Antsrctic | Subsntarctic | Subtropical®  |Cosmopeliten W

& Trepical (at least Subant.| Tots)

and Subtropical)| spp.

P R P R p R
Feraminifera 9 1] 12 2 30 10 2 N
Pterepeda®® 3 - 9 2 S0 46 4 62
Chaatugnaths 6 0 11 2 20 12 Juns 26
Salpides 3 2 S 2 17 15 2 20
Appandicularia 23 7 14 0 30 14 14 39
Tetals 49 9 ] ] 147 97 29 178

X of total in SWA 22 S5 29 4 a3 - 16 -

% Almost all these spacies inhabit both sress

** Subspecies, formae and morphae computed separately
%#% All meso snd bathypelagic at mid and low latitudes
P= present; R= restricted (endemic)

Table || Some attributes of the distribution types of planktonic organisms illustrated in figure 8.

Fidelity te Fitness s indicater of
Distributisn type Fraguency in
in figure 8 pisnkten
8 C B C B/C limit
1 + - + - + -
2 - + - ~{+) -(+) -
3 - - - ~(+) - -
4 - - - - + -
S - - - - —{+) -
6 - - - - - -
? - - - - ~{+) *
8 - - - - - "
9 - - - «+) )
10 - - - - -(+) +
1" - - - - - -

~(+): Not adequate, but can be used
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Fig. 7 Percentages of taxa (1lotals, Euphausiacee:
38, Chaelognatha: 18) present in part of the
water mass (white, A), in the entire water mass
(black, B), and restricted to the water mass (not
occurring in other waler masses, but not present
in all parts of this one ( hatched, C). 1 : Subarctic;
2 : Weslern North Centrsl; 3 : Eastern North
Central; 4 : Trensition; 5 : Equatorial; 6 :
Western South; 7 : Eestern South. (Based on
distribution cherts by Brinton, 1962; Biert,
1959).

other communities. In most major ocesnic
sysiems semi-closed recirculating patterns allow
the orgenisms to maintain their ranges, reproduce
and, probably, evolve jointly (see, however,
Margalef, 1967; Heedrich & Judkins, 1979; Yan
der Spoel & Heymen, 1983). In conirast,
Transition zones seem to be quite different in this
respect.

in the Trensition zone of the SWA most
Subtropical and Subsntarctic species consistently
occur in the orea. Some show incipient adeptations
to these local condilions (see Yen der Spoel &
Boltovskoy, 1981); but have their distribution
centers elsewhere; and a few species with broader
totsl ranges have maximum densities in the
Transition, for exemple, the foraminifera
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Fig. 8 Schemalic disgram of the distribution
ranges of plenklonic orgenisms es referred to
water masses (see also Table 1),

Oloborotalie truncatulinordss od G
Inriats( E. Boltovskoy, 1981b).

But Subenterctic and Subtropical expatriates
meke up anywhere from 70-80 to »90% of the
overall inventory. Oiven the fact that they ore
expatriales from other systems it is safe fo
assume that they are not adepted to the Transition.
Semples collected in this area usually have very
high proportions of juveniles (Pteropode),
sexually immature (Chastognatha), and deformed
(Foreminifera) specimens; this strongly suggests
that the expatriales do not reproduce here
(Morgalef, 1967). Therefore, there most
probably is not genetic specialization and one can
assume that their interrelationships are neither
a3 frequent nor o3 specialized ss the ones they
maintain with members of their original
communities, within the latter. Even the ties
between orgenisms of identicel procedence cen be
expected to be looser here then in their original
media: environmental differences and mixture
with en heterotopic assemblage cen modify the
physiological and ethological responses consider-
ably (e.q., lack of mating).

Fig. 6 Distribution ranges of 26 euphausiid taxa (thin 1ines) and water mass boundaries ( hatched aress) in
the Pecific. The species limits coincident with water mass boundaries ere not shown. (Redrewn from
Brinton, 1962).



On the other hend the relationship among
endemics and of the latter toward the immigrants
are probably more firmly esteblished. Figure 9,
based on these speculations, suggusis that, for
overall relationships in the Trensition to be
comparably close end specialized as in typical
communities, endemics and " semi-endemics”
should be numerically totally dominant over
pooled expatriates; in the SWA this certsinly is
not the case.

These considerations incline me to conclude that
the Trensition assemblage is not comparable with
full scale communities, although it has a precisely
definable biotops, and also some peculisr species.
Some of the changes that take place in this type of
oreas resemble replacements of entire commun-
ities, rather than variations within a single
community (e.g., Yenrick, 1971). Beklemishey
(1969) pointed out that Transition erees sre in a
state of dynamic equilibrium being continuously
generated ot one end and destroyed at the other.

CONCLUDING REMARKS

Throughout this review | tried to point out end/or
furnish evidence of the following:

1. That biological tracers and sensors are adequate
tools for some hydrological aplications, but their
use can be misleading when working on the
biogeography of ecological units. Biologists tend to
use indicator species for hydrologic (current and
water maess) studies and for biogeographic
purposes interchangeeble, to the point that in
somes cases it is not clear whether a particuler
zonation proposed refers to water types or to
biogeographic arees. These two concepts are not
Synonymous.

2. That the distribution of most planktonic species
ond pelagic communities is associeted with, but
hedly ever restricted to o spread throughout an
entire water mass. The malch “species
distribution - water mess™ is poor for the greet
majority of the plankters.

3. That TS-defined water masoes and currents are
related with the position and bounderies of pelagic
communitiss, but water mass patterns are not
coincident with the patterns of the communities.
4. That trensitional assambiages have important
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Fig 9 Hypothetic scheme of the relationships
between organisms in planktonic communities (A,
B) and in @ Transition 20ne (T). Specialized
interactions (thick arrows) are dominant in the
former; when members of the communities
becoms expatriates in a Transition , their mutual
ties, and especially those with the expatriates of
different origin end with local inhabitants become
looser ond circumstantial (thin arrows).
Assuming that the Tronsition hosts ‘equai
proportions  of endemics and expatristes of
different communities, 2/3 of the interactions
ore here non-specialized.

functional differences with non-transitional
essemblages.

For the SWA, with the exception of “Meteor's "
work, exlensive and thorough distributions!
investigations were cerried out only with
Forominifera. However, these were aimed at the



study of circulation petterns, rather than at
ecologically oriented biogeographic analyses. Most
other schemes seem to have been defined on the
basis of " unnatural bounderies” inasmuch the
latter exist though an a priori definition (i.e.,
current and water mass patterns). In con-
sequence, with a few exceplions the coincidences
Letwesn the latter seem to erise from the
acknowledgement of the divisions derived from
physical studies, rather thsn from proven
dissimilerities between the distributions and/or
abundences of the groups concerned. In fect, for
most taxe the information is simply not yet
aveilable for any more or less meeningful end

thorough analyses.
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ON THE EFFECTS OF INTERANMUAL VARIATIONS IN
CIRCULATION AND TEMPERATURE UPON THE
EUPHAUSIIDS OF THE CALIFORNIA CURRENT.

EDWARD BRINTON & JOSEPH L. REID
Scripps Institution of Oceanography, U.S.A.

INTRODUCTION

Physical characteristics of ocean water-notably
temperature snd currents- differ from place to
place within a zooplankton species' distributional
range (Reid et al., 1978). However, significant
departures from temporal regularity in these
charecteristics within the total system upon
which the species depends for reproduction and
growth, would, in the course of time, be expected
to initiate departures from existing renge end
from the adaptations normally employed in
maintaining range. We have studied the euphausiid
crustaceans end their physical environment in the
California Current since 1950 and propose, here,
to provide examples of chenges which have taken
place. A recent environmental veriation, El Nifio
of 1983 to 1985, has been as extreme as any
observed so far,

The California Current is recognized as being
particularly complex biogeographically, encom-
passing its own warm-~temperate eand subtropical
biotas together with intrusions from the eastward
flowing North Pecific Drift, the anticyclonic
Pacific Central Gyre, and, to a lesser extent, the
zonally maintained equatorial water mass. For
this resson, and also because of its variable,
meandering nature and, typically, a seasonal
reversal of nearshore flow, thiscurrent is known
8s a "system” - the California Current system
(Reidet al., 1958). System implies order, haw-
ever complex.

THE TIME SERIES

For most of this century there are records of
temperature, salinity, density, and sea level from
the Scripps pier near San Diego, 33°N. These are
expressed here as onomelies which are the

monthly means minus the long-term monthly
mean (Fig.1). These temperatures are generally
well correlated with temperatures in at least that

ASL(CI)

-05

LU SLRUSLINURLINUE L L
1910 ‘20 "30 40 'S0 ‘60 ‘70 ‘80
TIME (yrs)

Fig.1 Six-months running mean time series of
temperature, salinity, density and sea-level
anomaly at the Scripps pier. Prior to 1925, the
sea level data are from the San Diego tide gauge.
Sea level was corrected for secular rise and
inverse barometer. From Simpson ( 1985).



part of the California Current which extends along
the southern Californis coest.

The temperature record shows that between
1915 and 1945 there were more warm episodes
and of longer duration than cool ones. The recent
period, 1945 to present, has been generally
cooler than the mean, but with three prominent
periods of higher then average temperatures, 1)
late 1957 through 1959, 2) 1976 into eerly
1978 (Brinton, 1981) and 3) 1981 to 1984,
possibly into 1985,

THE SPECIES

Four euphousiid species ere considered of
narticular importance in the California Current:
1. £uphausie pacifics extends southward from
the subarctic zone, almost to the tropics along
Baja California during cool periods (Brinton,
1962).

2. The more southern species ANycliphéanes
simplex tends to exhibit a range complernentary
to thal of £ pacitice in the California-Baja
California coestal environments.

3. £Luyphsusis eximis, in this system , is
adapted to "cool productive waters marginal to the
equatorial water mass™ (Brinton, 1979). These
three species migrate vertically between the
surfec;e layer and 200 or 300m depth (Brinton,
1967).

4. MNemaloscelrs difficilis occupies the
narrow zone of the oceenic North Pacific Drift 40
to 45°N, but, also, nearly the full extent of the
California Current, 23* to 43°N; hence it is of
limited interest biogeogrephically within this
current.

The porticularly extensive range in the
Celifornia Current occupied by N.dif7iecilis end
also by another cool-water species, 7/Aysa-
noesse gregoria may be due to their inhabiting
depths in and beneeth the thermoctine (Brinton,
1967). On the other hend, £. pacificaenters the
mixed layer ot night end, therefore, also may be
limita? towerd the south by mixed layer
temp-=alures - as may be the warm-water
vertlical migrators et their northern limits.
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BIOMASS OF EUPHAUS!IDS IN SYSTEM

During the 1983-1984 period of high water
temperatures in the California Current, it
appeared that cuphausiids constituted a higher
than usual proportion of the fotal catches.
Therefore, & comparison was made between
certain coo) and werm periods, using existing
eupheusiid biomass data (lIssacs et al., 1969;
1971). January 1955 to April 1957 encom-
passed the cool period of mid- 1955 through 1956
(Figs. 1,2a), and mid-1957 through 1959
covered the period which, until 1982-84, was
known to us es the "warm years” (Figs. 1, 2b).

In winter (January), summer (July), end
autumn (October), there was little difference
between cool end warm years in eupheusiid
biomass (all species combined) (Table ).
January in both cool and werm periods haed the
lowest concentration. In April, essociated with
spring growth 1o reproductive condition, there
was an increase in euphausiid biomass in both
cool end warm periods; for the cool period,
individua) April values were up by factorsof 5 to
15 over Jonuary, and individual values for the
warm period by 3 to 4. Also, the proportion of
euphausiid biomass to the total 2ooplankton indeed
was greater in warm periods then in cool periods,
by averages of 14, 21 and 218 for January, July
and October, respectively, and by 6% in April.

Are the individual species all responding in
concert with increases end decreases in biomass,
or are there yeor-to-yeer differences in
proportions of species having different biogeo-
graphical affinities- as one would expect? To this
end, some events of the recent 1983 to 1984
warm period wil} be compered to cool 1952 end
1956 (Fig.2a). The 1983 Scripps pier temper-
atures were sbove the meen, except in June, while
in 1984 they were above the meen except in
December (Fig. 2c). Along & line of stations
extending wesiward through the southern
California bight pest Point Conception (Fig.3a),
cool-water £fuphsusia pacifice eppeered
strongly dominent in April 1956, and wes
important, even in January (Fig.3b). At the seme
time, the more southern coastal species
Nycliphanes simplex wes scarce end the
southern, more ocesnic species £Luphausis
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Fig. 2 Scripps pier temperature. Long-term
monthly mean (1917-1980) and means for A.
1952 and 1956; B. 1957, 1958 and 1959; C.
1983, 1984,

eximia wes sbsent - evidently not reaching this
far north from its usual density center off

mid-Baja California, 25-30°N.

In contrast, during 1984 (January, April)
Nyvcetiphanes simplex was the dominant
euphausiid, particularly inshore (Fig. 3c), while
£.6ximis penetrated the area from the south, as
during 1983.

BIOMASS AND DISTRIBUTION

When exemining a shift in the limits of
distribution of a species, it is useful to consider
whether there hes been a change in tha population
density (e.y., as with the Pecific sardine, CalCOF|
Rep., 1960: 8-1). High abundance might lead to
spreading beyond limits exhibited during times of
low abundance. January distributions from 1969,
an undistinguished yesr with respect to
temperature, will be compared with the warm
Januaries of 1978 and 1984 (Fig. 4).

£.pacifica, in Januery 1969, extended south-
ward to 30°N, near Guadalupe Island, evidently
occupying the main streem of the California
Current. In the brief werm periodof esrly 1978
the southern, offshore limit of range had retracted
from the 1969 limit onty by sbout 200km, while
overall biomass remained nearly the same a3 in
1969, 1.99/m2. In the longer 1983-84 warm
period, the Janusry range limit differed little
from that of similarly warm 1978, but 1984
mean biomess wes much less, 0.2g/m2, after
more then a full year of above-average
temperature.

In contrast, biomess of A s/mplex was about
five times higher during the two werm Jsnuaries
(1978, 1984) thon during January 1969. It
should be noted that, during midwinter, northerly
flow along the coest is a typical feeture of the
Californie Current (Reid et al., 1958). Such flow
extends the northern limit of A, s/mp/ex beyond
our sampling grid (Fig.4), while variation in the
offshore limit is better documented.

Evidence that the interannual differences in
biomass ere largely a consequence of changes in
abundence rather then in age structure of the
population is to be seen in figure 5. For all body
lengths of both species thsra wes, roughly, &
tenfold difference in abundance between 1969 and
1984, although in 1984 A.s/mplex seems to
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Table | Euphausiid hiomass ( welweight)*, as a proportion of total zooplankton biomass, California Current cool
pariod (Jan.1955-April 1957) compared with warm period (July 1957 through 1959)

WEIGHT OF EUPHAUSIIDS WEIGHT OF EUPHAUSHIDS AS X OF
PERIOD gm/m WEIGHT OF TOTAL ZOOPLANKTON
X X RANGE X X X% INCREASE,
WARN PERIODS
JANUARY COOL 2.1. 3.2, 1.1 2.1 17-27 29 14
WARH 1.1, 1.8 1.5 24-44 34
APRIL  COOL 9.9, 21.0, 16.7 15.9 42-51 48 6
WARM 46,55 5.0 50-57 5S4
JULY cooL 32,29 3.1 7-12 9 21
WARHM 1.9, 3.1, 4.2 3.1 13-46 30
OCTOBER COOL 3.1, 46 38 13-18 15 21
WARH 2.5, 1.3, 3.1 2.3 29-40 36

®Values have been adjusted for: 1) observed night/day proportions (CalCofi Atlases Nos. 10, 14, 21),
and 2J 1m ring net/ Bongo net catch ratio for Euphsusiid biomass, X= 1/2 (Brinton & Townsend, 1981).

have age groups &t 6 and 10-11mm body length
which were indistinct in 1969.

Euphausia eximio is not often en important
member of the zooplankton off California, usually
being south off 30°N in Mexican waters. However,
we considered (Fig.3) that its presence off
southern California during 1983-1984 was
significant evidence that there was northward
transport of ocesnic as well as of neritic waler.
£.eximis \ended to be concentrated seaward of
coastal A.s/mplex off Beja Celifornia, and
exlended northward, though not neerly as fer as
N.simplex, during the werm periods of early
1978 end 1984 (Fig. 6). There were cor-
responding increases in biomass (over January
1969) in the zone north of station line 110
(29°N).

Examples of flow in the Californfu Current
during E1 Nifio of 1983 to 1984 show thet in
early 1983 (Fig.7a), northerly flow from the
southern California bight was directed westward,
then northward beyond Point Conception. Such
flow is cleerly associated with the westward bulge
of the distributions of species in that region (Figs.
4, 6) observed during eerly 1984. The southern

species, A.simp/ex and £.éximia, having
shifted northwerd as the waters woarmed, then
spread broadly toward the west &t the break in the
coastline at Point Conception.

The 1983 warming off southern California
continued into 1984 (Fig.2¢c). This was associated
with a large, stuggish, oblong eddy situated in and
off the bight (Fig.7b). In April 1984, strong,
southward flow resumed along central California
(35-38°N), but not off southern California
(Fig.7c). Anomalies of steric height for cruises
during the warm periods 1983 and 1958 belter
illustrate deviations from means. In early 1983
(Fig.8a) messurements of steric height were
above the seasonal meen from central Californian
waters to northern Baja Californic. Highest
snomalies were generally nearest to shore,
reaching 14 dynamic centimeters to the north of
Point Concption and off southern California. Such
northward coastal flow resembled thal of 1958
(Fig. 8b).

In the above discussion, the relatively
numerous euphausiid species ( e.g. 7hyssnopods
astylats, Fupheusia hemigibbs, Nemalo-
scelis tenella, Stylocheiron carinetum)
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. Fig. 3 Station by station proportions along, A.
— 30 station line 90 off southern California of the
northern, cool water euphausiid Fuphausis
pacificad and the southern, warm water specles
- Nyetiphanes simplex and Eupheusis
A exImi8. B. cool January 1956 compared with C.
warm 1984

of the central waler mass have been ignored. This
is because they rarely contribute significantly to
the California Current community. During the
warm periods, temperatures in the offshore nart
of the current did not show incresses relative to
seasonal meens. The eestwerd limit of their ranges
lies along lines of fastest flow, well to the west of
the coastal region in which warming was pro-
nounced. Thus, species’ range limils tend to lie
along, not across, isolines of temperatures or
steric height.

Mention must be mede of distributions in a
month other than January. In April, upwelling is
often strongast, particulerly off central
Catifornia. Southwerd flow is then strenghened ,
compared with January. During warm Aprils of
1958 and 1984 £.pacifica extendsd southward
into southern California waters, but little beyond
(Fig.9). In the cool April of 1962 the ronge
extended to 27°N off mid-Baja California, and
biomass was twice that of the two warmer Aprils.

Conversely, N.simplex wes well established
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Fig. 4 Opllfornla Current distributions during January of northern ( Fuphausia pacirics) snd southern
( Myctiphanes simplex) euphousiids. The ordinary yeer 1969 compered with the warm years 1978 and
1984, Average biomass values are indicated for the area of station line 110 northward.

off central and southern California in April of
worm 1958 end 1985, but not in cool 1962
(Fig.9). Overall biomass was low in 1962,
0.01g/m2 north of }ne 110 and 0.13g/m2 when
the full renge to the south was included. This
latter is still far lower then 3.989/m2 recorded
for April 1984, which included new population
centers in the southern California bight end

Montery Bay (36°N).

An animal which is more pessive and short-
lived then the eupheusiids, the typically offshors,
warm-subtropical, pelagic tunicale Do/iolum
denliculetum exomined by Berner & Reid
(1961), showed Ilillle  seasonal change in
distribution during coo! yeers, prior to 1957,
thereby resembling the euphausiids. Seesonal
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LENGTH - FREQUENCY DISTRIBUTIONS FOR
CALIFORNIA CURRENT, 27—38°N ORDINARY YEAR {969
COMPARED WITH WARM YEAR 1984

Nyctiphanes siri'en

3

X N~ 7{000m

BODY LENGTH (mm)

Fig. 5 Lenglh frequency distributions for the
California Current, co. 29-38°N, for £ pscifics
and N.s/mplex, ordinery yeer 1969 compared
with warm 1984. (cf. Fig. 4).

temperature changes were interpreied as being of
too short @ term to bring  ebout much
distributional response. However, during the
extended warm period of mid-1957 through
1959, this doliolid penetrated a previously cool
part of the California Current north of Point

Conception and thereby broadened its distribution
to include much of the California cosst. In 1984,
this appesrs to have happened to the southern
euphausiid A.s/mp/sx, but not to the Pecific
central euphausiids.

We have seen that snnusl shifts in renge limits,
hers, have been no more then about 200 to
400km. Seasonal shifts have been somewhat less.
This extent of shift is of the same order shown by
euphausiids which occupy even those systems
where currents undergo seasonal reversal, as
under monsoon regimes in the South Chine Sea
(Brinton, 1975) and the Arabisn Sea (Brinton &
Gopalokrishnen, 1973). Like certain calenid
copepods species which undergo diepause st depth
during unfavorable conditions (Alldredge et al.,
1984), meny euphausiid species exploit a water
column having a temperature range of S to 10°C ,
generally a greater span then is encountered
across their renges. Their capecity to orient
vertically may then be used when upper-level
temperature becomes unfavorable.

Thus, while showing conservative biological
responses o recent veriation in ocean climate,
individual eupheusiid species can lozally undergo

THE SOUTHERN OF FSHORE SPECIES fuphausia eximia

ORD'NARY YEAR (1969} AND WARM YEARS (1978,1984)
T T T T T T T

L | T T

3gef

010g/m?

250 1— -

T LN I VUL T T 1

JANUARY 1978

| JANUARY 1984

—]25

Fig. 6 California Current distributions and average biomass values for the southern eupheusiid £Fuphausis
eximia, ordinery yeer 1969 compared with warm 1978 snd 1984.
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Fig. 9 California Current distributions during April 1958, 1962 and 1984 and average biomass values
(Line 110 northward) for the soutiisrn eupheusiid Nycliphanes simplex end northern Fuphausie

pacirica.

five o ten fold interannual changes in biomass,
with southern species dominating in warm times
and northern species in cool times.
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THE GENETIC STRUCTURE OF ZOOPLANKTON
POPULATIONS

ANN BUCKLIN
College of Marine Studies, University of Delaware, Lewes, U.S.A.

INTRODUCTION

Extensive biogeographic ranges are character-
istics of zooplankion species (Van der Spoel &
Heyman, 1983). Some oceanic species'
distributions include both the Atlentic end Pacific
Ocesns and/or both hemispheres. However, an
individual's dispersal capabilities may be limited
relative to the species’ range. Rendom inter-
breeding across the species is consequently either
improbable or impossible, and il becomes useful
to determine the extent and size of the "local
populations” (i.e. groups of randomly inter-
breeding, conspecific individuals) that comprise
the species. Reslricted gene flow (reproductive
isolation) among local populetions may allow
divergance in their genelic cheracter, so that the
species consists of a patchwork of genetically
differentiated local populations. The division of
the species into reproductively isolated,
genetically differentiated sub-units is termed
genetic structure.

Potential basrriers to dispersal in terrestrisl
environments may be obvious, including mountain
ranges, rivers, or haebitel patchiness, end
genetically structured species populations may be
readily explainable. However, barriers to the
disperssl of 2o0plankton in the open ocean are less
evident. The most probable barriers for
plenktonic orgenisms are strong end persistent
hydrographic features (e.g. fronts, pycnoclines,
rings, gyres). However, the ability of individuals
to cross waler mass bounderies is unclear.
Additionally, the distance an individual may trave!
and still be integrated into & new population (the
maximum dispersal range) is difficult if not
impossible to estimate for open oceen plankton.
The degree to which populations may bhe
reproductively isolated by simple distance is thus
difficult to calculste. This question is theo-
retically interesting, but predictive tvypotheses

ond qusntitative solutions require estimates of
migration rates among populations.

Given the subtle and changesble nature of
potential barriers to gene flow in planktonic
environments, it seems fruitless to attempt to
exactly delimit the spatial extenl and size of a
local population of a zooplankton species. Rather,
descriptions of structure must rely on statistical
enalyses of geographic patlerns of genetic
varisbility scross a species’ range.

| will briefly review here previous
descriptions of genelic variability in zooplankton
populations. Although breeding studies ere
mentioned, | have focussed this review on studies
of biogeographic patterns of allozymic variability.
Allozymes are forms of enzymes differing in
electrophoretic mobility. Allozymic variability is
presumned to reflect genetic differences (allelic
veriants of the encoding locus), but variability of
enzymes with exogenous substrates may result
from induction or other non-genetic processes
(Gillespie & Kojima, 1968; Johnson, 1974).
Geographic patterns of morphological variation
mey provide similer evidence of & genetically
structured population, but morphological traits
are presumably more strongly influenced by
environmental conditions. Since sllozymes are
discrete, quantitative traits, they lend themselves
well to statistical treatments.

STATISTICAL ANALYSES OF GENETIC STRUCTURE

Describing the genelic structure of zooplanklon
populations end inferring patlerns of gene flow
from spatio-temporal patterns of genetic varia-
bility is a somewhat intricate slatistical probiem.
Tests of allozyme frequency heterogeneity,
heterozygote deficiencies and measures of genetic
distence are conventionelly used s indicators of
the degree of genetic differentiation among natural



populations. Following these descriptions, it is
useful to consider the relationship between
genetic differentiation and geographic separation.
The rate and smoothness in decay of genetic
similarity of local populations separated by
incressing distences may reveal the position of
berriers to gene flow end, by comparing retes of
decay for many taxa, suggest relative dispersal
capabilities.

Traditionally, population genetic structure has
been described usiny F-statistics based on the
amount of inbreeding sssocisted with pertial
reproductive isolalion of local populations
(Wright, 1951, 1965). Calculations of F-
statistics for multiple loci (Nei, 1977) rely on
comparisons belween helerozygosity observed
(the freguency of helerozygoles averaged across
8ll loci) in individual and pooled collections and
heterozygosity expected with random mating
across all populations sampled (Levenee, 1949).
Population structuring decresses heterozygosity,
as described by the Wehlund Effect (Wahlund,
1928): Aa=2pqg-Y, (whereV, isthe
veriance of the less common allele emong local
populations, and p and G ere meen allele
frequences for the poo’ed collections). Thus,
heterozygote deficiencies across numerous loci
ere indicative of genetic structure (Wright,
1969).

Other statistical meens of describing populatien
genetic structure ere based on comparisons of
allozyme frequencies among all collections. As 8
first epproximation, frequencies may be
compared by a statistical test of heterogeneity, the
O-test (Soka! & Rohlf, 1961). More powerful
statistics have been developed specifically for
genetic data, including an array of genetic distence
measures. A frequently used distence measure 2
(Nei, 1972) has been used for a wide variety of
iaxa, and values have been epproximatsly
correleted with taxonomic seperation (races,
subspecies, species) ( Thorpe, 1983).

An edditional meens of describing genetic
structure is by comparison with predictions of
theoretical models of gene flow. One of the
simplest models of population genetic structure,
end ona thet is eppropriste to the planktonic
environment, 18 the "stepping-stone™ model of
Kimura (1963), with quentitetive enalysis by

Kimura & Weiss ( 1964). According to this model,
correlation of allele frequencies smong local
populations in one-, two- or three-dimensional
arrays (with fisotropic migration between
adjacent local populations) will decrease with
distance between local populstions &l a rate
dependent upon migration rate. The evidence
presented sbove suggests that zooplenkton exhibit
two-dimensional arrays of pertially isolated
populations. If so, Kimura & Weiss (1964)
predict thet the correlation of allozyme
frequencies amorg local populations will decay
logerithmically. This prediction has nol been
widely tested, but a single study is discussed
below.

CAUSES Of DIVERGENCE

The causes of genetic divergence of local
populations are verious, and include differential
selection on lecal populstions and genetic drift
(the accumulation of rendom changes in genetic
cherecters). The driving forces behind genetic
differentiation end the relative contributions of
selection and drift may be difficult or impossible
{o establish.

The magnitude of drift is a statistical function
(derived from the expected verience in allele
frequency) determined primarily by the size of
the offspring generation, according to the
function: V.= p q/2N (where ¥, i the variance in
allele frequency after one generation, p and q are
the frequencies of the alternate alleles at a give
locus, and N is the size of the offspring
generation). For populstions of 1000 or greater,
drift is negligible regardiess of aliele frequancies.
Bottienecks end other events during which drift
may strongly aller allele frequencies would seem
unlikely for 2coplankton populetions, making
them largely immune to rendom genetic
fluctustions. Thera {s, however, one situation
when drift may be significent even for large
populations. When individual contribution to
recruitment is highly verieble (es is typicel of
meny invertebrate, Including planktonic
crustacea), the effective population size is very
small ( Weight, 1969) and Vg may be
considerable regardless of the number of



potentially reproductive individuals.

A second primery force driving genetic diverg-
ence of populations is selection. Differential
selection in different portions of a species’ range
may result in regional differences in a species. It
i3 unlikely that selection on a single enzyme locus
might struclure a species, oand allozymic
variability may be considered to track, not drive,
differentiation. ( For this reason, allozymes are
frequently trealed as selectively neutral and are
regerded s “markers” of population phenomena).
The selective neutrality of the traits used to
describe population genelic structure is of
considerable importance, since estimates of gene
flow and migration may then be derived directly (
Wright, 1969). Alternatively, the selection
coefficients of non-neutral traits must be
determined, which may be impossible. However,
difficulties in establishing causes of differen-
tistion do not interfere with description of
populetion genetic structure.

EVIDENCE OF GENETIC  STRUCTURE IN

ZOOPLANKTON SPECIES

Studies of allozymic variation in 2ooplenkton
populations have demonstrated that plankion taxa
ore highly genetically verisble, including
copepods (Batlaglia et al., 1978; Burton et al.,
1979; Bucklin & Marcus, 1985) and euphousiids
(Valentine & Ayala, 1976; Aysla & Yelentine,
1979; Fevolden & Ayala, 1981; Bucklin & Wiebe,
in the press). High veriability provides numerous
allazymic varisnis for potential indicators of
genetic divergence.

Experimental studies of interbreeding of con-
specific bul distently separated individusls have
provided evidence of genetic differentietion.
Leboratory crosses between eastern end weslern
Atlentic conspecific individuals yielded viable
offspring for four species of the herpactacoid
copepod, /77sbe, but crosses between individuals
of another species, 7. c/odiensis, produced no
offspring (Batlagiia & Yolkmonn-Rocco, 1973).
Similerly, crosses between Atlentic and Pacific
individuals of the calanoid copepod, Acéeriis
clousi, were unproductive ( Carillo et al,
1974). Clesrly, what are now considered o be
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species are distinclly structured on the lergest
scale, ond perheps consist of distinct,
geographically isolated species.

Sludies of geographic veriability of allozymic
frequencies have also provided evidence of ganetic
structure in zooplenkton populations. Sub-
division of the species into local populations,
which are only partially reproductively isoleted
oand may correspond to distinct races, usually
occurs on smaller geographic scales then the
inter-ocean differences demonstirated by breeding
experiments. Inlertidal tide pool populations of
the herpaclacoid copepod, Jigriopus
californicus, show strong differentiation
(divergence of allozyme frequencies at several
enzyme loci) among neerby pools (Burton et al.,
1979; Burton & Feldman, 1981), indicating
structuring on a very small geographic scale.
Allozymic frequency differences also indicated
racial differentiation of geographically distrinct
populations of the copepods 77sbe holothurras,
I.clodiensis and I.reticulata in Mediter-
raneen and N. Atlantic coastal waters ( Baltaglia &
Bisol, 1975). Breeding studies confirmed some
degree of differentiation among /.reliculale
populations, since viability weas reduced in
crosses belween individuals from different
Mediterronean localities (Batteglia, 1957).
Differentiation at the level of genetic races may be
an adaptive response to environmental variation
acros3 a species’ range.

Neritic copepod species are also genetically
structured. The geographic scale of structuring is
not known, but divergence has been demonstrated
&l the mesoscale ( periodic variation on the order
of weeks to months and tens to hundreds of km:
Stommel, 1963). In a study of allozymic
variation at loci encoding four enzymes in the
calenoid copepod, Labidocera aestiva, the
species was demonstrated o be highly genetically
varisble (Bucklin & Mercus, 1985). Further,
samples collected in three regions from Cepe Cod
to Florida along the easst coest of the USA.
exhibiled significant genetic differentiation.
First, there were almost fixed differences in
allozyme frequencies at one enzyme locus, which
were highly significent by a O-test (Sokal &
Rohlf, 1981). Second, values of the statistic of
genetic distance, 2(Nei, 1972), averaged 0.20 s_



stenderd devietion of 0.08, reflecting divergence
to at lesst reproductively isolated local
populations (Ayala, 1975). And third, there were
highly significant helerozygote deficiencies,
compared to heterozygote frequences expected
with rendom mating (Levene, 1949), at five loci.
Differentiation at this scale may be best explained
by geograpic separation resulting: in isolation by
distence (Wright, 1943). Gene flow among the
three regions must be limited to allow genetic
divergence of the populstions. Genetic divergence
may be driven by differential selection in the
three regions along the species’ extensive
latitudinal range.

OENETIC  STRUCTURE
POPULATIONS

OF EUPHAUSIID

Studies of patterns of sllozymic variability in
euphausiids, a prevalent planktonic taxon in
coastal and oceanic waters, have also revealed
evidence of genetic structure. Several species of
fuphseusia have been sssayed for allozymic
variability emong populations: £ d/stingusnds,
a tropical species, showed some differentiation
between somples separated by three degrees
latitude ( 2= 0.056) (Ayala & Yalentine, 1979).
Ancther species, £. superbs, the large Antarctic
species, exhibits little allozymic variability
(Ayala et al., 1975; Fevolden & Ayala, 1981).
Perhaps as a result of low variability, there were
no differences in allozymic frequencies among
several collections (Fevolden & Ayala, 1981),
ond thus no apparent genetic structuring.

Structuring of oceenic 2ooplankton populations
sugoests that hydrogrephic features (such as
eddies, fronts or current bounderies), geographic
distance or other biological or physical
phenomena may prevent random interbreeding
ecross planktonic species. Determination of the
scale of structuring will require appropriately
designed sampling programs.

Outlines of the resulls end conclusions of two
descriptions of the genetic structure of euphausiid
populations follow. These are attempts to
determine the spatial and temporal scale of genetic
structure in 2zooplankton populations end to

examine theoretical predictions of gene flow using
allozymic data.

EUPHAUSIDS OF THE NORTH ATLANTIC SLOPE WATER
Allozymic analysis of seven samples of the
euphausiids,  fuphausia  krohnii  end
Nemaloscells megalops, collected between
October 1981 and October 1982 in a 300 by 700
km area of the western North Atlantic Slope water
revealed high level of genetic varisbility (Bucklin
& Wiebe, in the press). Based on deta from eight
loci encoding five enzymes, both species were
highly polymorphic end heterozygous. Allozymic
{requencies differed significantly among the seven
collections by the G-test (Sokal & Rohlf, 1981),
indicating significant heterogeneity of successive
samples of each species [0 (y30) = 791.5 for £
krohniiend By (yo5) = 533.8 for N.megalops,
P<0.001 for bo(hfs Genetic distances ( O, Nei,
1972) among semples of each Species were
typical of distences tetween local populations
(mean £ between samples of £. krohnir wes D=
0116 + 0.112 and belween samples of
N.megsalops D= 0.203 + 0.073). Intraspecific
genelic distances were not the result of sampling
error: spurious genetic distance from sampling
error (O, Nei, 1973) was J,= 0.037 for
Ekrohnirand 0.032 for N.megalops.

The sempling pattern unfortunately does not
allow discrimination of spatial and temporal
couses of genetic divergence of conspecific

populations.  Allozymic frequencies varied
randomly among the seven collections of eech
species (Fig. 1).

Random variation may be explained by spatial
patchiness in both species populations, by
temporael fluctuations in the genetic cheracter of
the populations, or both.

EUPHAUSIA PACIFICA IN THE CALIFORNIA CURRENT
The euphausiid, £upheausia pacifics, is
frequently the most abundent euphausiid of the
California Current, 83 well as the predominant
200plenkter in terms of biomess (Brinton,
1962). )

Dense aggregations, which may correspond to
local populations, occur in submerine cenyons
along the California coast. Recruitment is tied to
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Fig. 1 Differences in frequencies of the most common allozyme (allele) of eech locus between successive
collections of the euphausiids, £uphausia krohnit end Nemaluscelis megalops, from the western
North Atlantic Slope Water. Seven collections were made in 1981 and 1982, with an additional collection in
August, 1984. Allozyme frequency chenges at each enzyme locus for successive samples were calculated s
P(t+1) = P(1), where p is the allozyme frequency in each sample, andt is the sample number. Collection
date corresponding to esch number ere: 1) 27 October 1981, 2) 24 November 1981, 3) 12 December
1981, 4) 15 December 1981, 5) 8 Februsry 1981, 6) 16 August 1981, 7) 5/6 October 1982,
8)10/11 August 1984. Numbers along the abcissa indicate allozyme frequency changes belween samples 1
and 2, etc. Missing sample numbers indicate absence of the species from that collection.

upwelling intensity end is apparently local, with
multiple centers of recruitment along the
California coest (Brinton, 1976). The persist-
ence and geographic stebility of aggregetions
suggests thal the species might be genetically
siructured.

Semples of Fuphsusie pacifica  were
collected along a north-south transect from just
north of Point Conception to Sen Diego in October
1984.

Collections at six sites were made in association
with the California Cooperative Fisheries
Investigations (CalCOFI), which samples a grid of
stations querterly. Eight of nine loci encoding
eight enzymes essayed for allozymic varisbility
were polymorphic. Oenetic distances were
calculated for pairwise comparisons emong all

collections by techniques of Nei ( 1972). Dvalues
averaged 0.175 + standerd deviation of 0.107.
This reflects significent genetic differentiation of
samples collected over a short geographic range.
Clearly the species is genetically structured, and
it now becomes interesting {o look for statistical
relationships between allozymic frequencies and
geographic seperation. Decrease in the correlation
of allozyme frequencies between samples over
distence wos determined o3 a test of predictions of
the stepping-stone model of gens flow (Kimura,
1952; Kimura & Weiss, 1964). The decrease in
correlation was epproximately logerithmic with
distence (r = - 0.77, P<0.05) (Fig. 2),
suggesting that £ pacifica local populations
epproximale @ two-dimensional errey with
{sotropic migration between adjecent populations.



250 357
DISTANCE (wh)

Fig. 2 Regression enalysis of allozymic veria-
bility of the euphausiid, £Fuphausra pacifics,
in six samples collected along a 400km
north-south {ransect in the California Current.
The value of the correlation coefficient for each
comparison of allozyme frequencies in two
samples is graphed against distance separating the
collection siles. The line is the function best
fitting the data (r= -0.77, P<0.05). Such &
logerithmic relationship conforms to the
theoretical expectations of Kimura & Weiss
(1964) for genetic structuring of a species
distributed as a two-dimensional array of local
populetions with isotropic migration between
adjacent populations.

CONCLUSION

Although causes of differentiation cannot be
determined, the allozymic deta indicate that
200plankton species may be structured on small
spatial and temporal scales. Evidence of genetic
structuring of neerly all of the species studied
suggests that panmixis across zooplankton species
is not usual. The most importent conclusion from
these studies is that the genetic homogeneity of
200plankton populations over even short distances
cannot be assumed. There may be barriers to
dispersal in plankton environments, including
physical or hydrogrephic features, biological
differences among conspecific populations, or
geographic distances between populations may be
too great to be spanned by individual dispersal.
Any or ell of these factors may resull in

restricted gene flow among conspecific popul-
ations, and give rise to genetically structured
species populations.
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SIMILARITY OF PLANKTON DISTRIBUTION PATTERNS
IN TWO NEARLY LAND-LOCKED SEAS: THE
MEDITERRANEAN AND THE RED SEA.

Jean-Paul CASANOVA
Universita de Provence, France.

INTRODUCTION

Although the plankton populating the Red Sea hes
not been studied as thoroughly as thet of the
Mediterranesn, numerous similerities have been
pointed out between them. Indeed there ere strong
analogies between the physical and hydrological
conditions prevailing in these two sess. The
Mediterranesn is connected to the Atlentic by a
norrow strait about 300m deep. Repid
evoporation in the Esstern besin  whose
southesstern shore is o desert results in a deficit
which fs not offset by river drainage end leads to
an inflow of water from the Atlentic. in the
Mediterraneen, salinity is about 36 9/00 in the
Strait of Gilbraltar end registers 8 progressive
eesterly incresse to about 37 %/00 off Tunisia and
38 /00 at the latitude of Neples. Below 300m,
salinity end temperature ore constant at 39 %/¢0
and 13°C respectively. Salinities and tempers-
tures are slightly higher in the Esstern Basin. The
outflow of these deep waters forms the Lusitanian
current in the Northeast Atlantic.

The smaller Red Sea is connected to the Indian
Oceen by a shallow (100m) sill. It consists of &
long nerrow basin lying between two arid,
tropical land masses. Eveporation is thus great
and salinity is high especially in the northern
part. Surface currents depend on monsoon winds
south of 20°N (Morcos, 1970). During the
winter months, these winds blow south south-
casterly and push superficial waters north from
the Gulf of Aden. As the water moves northwerd,
its salinity increeses from 36 to 41 %o in the
north. In the south, deep waters flow out into the
Indian Ocesn. In May, the wind reverses and blows
north northwesterly until September. So both the
superficial waters end the deep waters flow out of
the Red See balanced by en inflow of water at
intermediate depths. At depths greater then

200m, salinities end temperstures stay sround
41 %00 and 22°C respectively.

Given their physical similerities, it is not
surprising to find parallel similarities in the
patterns of plankton distribution. This report
focuses on comperison of four aspects of these
biological processes: quantitative, geographical
and bathymetric distributions and faunistic relat-
fons with adjacent oceans.

QUANTITATIVE DISTRIBUTION

Jespersen (1923) published the first compre-
hensive study on Mediterrenean plankton based on
samples collected during the Danish cruises. He
showed that planktonic stending crops steadily
dwindle from west to east: Bay of Cadiz (Atlantic),
Alboran Sea, central sector of the Western Basin,
Tyrrhenien Sea and Easlern Basin.

The only exceptions to this pattern are the
enriched 2ones at the mouths of rivers (Gulf of
Lion, north part of the Adriatic See) and the
Ligurien divergence. The mein reason for this
pattern is a shortage of nutrients, especially
phosphates (Sournia, 1973) even in the doep
water.

Thus, escending currents, divergences and
upwelling do not enhance surfece nutrient
concentrations, except in the Alboren Sea and off
the North African coast where the Atlentic inflow
has relatively high nutrient concentrations. Gsudy
(1985), however, recently showed that the
temperate walers of the Atlantic were not sign-
fficantly richer in plankton then those of the
Mediterranean, even in the Eastern Basin.

Measurements made in the Red Ses suggest &
similer situation. In a recent report, based on 8
series of hauls extending from the Guif of Aden to
the centre of the Red Sea, Beckmann ( 1984) noled



on overall decresse in plankton from south to
north except in the shallow waters overlying the
Hanish Sill where mixing of pelagic and neritic
communities resulted in exceplionally high
concentrations.

In both seas the biomass of plankton decresses
repidly with depth below 200 to 300m, os
observed by Oreze (1963) in the lonien Sea and
Weikert ( 1982) in the centre of the Red Sea.

GEOGRAPHIC DISTRIBUTION OF ORGANISMS

0Oeographical distributions are better documented
for the Mediterranean. The influx of Atlentic
species into the southwest of the Western Besin
was recorded long ago, notably through the
presence of the euphausiid 7hysanosssé
gregariga and the siphonophore 2ip/iyes
drspar(Ruud, 1936 ; Bigelow & Seers, 1937).

Accurate data concerning the distribution of
numerous plankton species are available
(pteropods, chestognaths, euphausiaceens end
decapods crusteceans) for the Mediterranean Ses.
For all groups, distributions can be classified into
four similar categories; for example, in
cheetognaths  (Fig.1), Furnestin  (1970)
described: 1. "Ubiquitous” species, present in all
sectors (e.g. Sagitta enflats), 2. "AMlantic"
species, found along the axis of the inflowing
oceanic walers (e.g. Plerosagitis draco which
can be found in the Alboran Sea and off the North
African and Italian coasts to a latitude of Naples),
3. “Oriental” species, sbundent not only in the
eastern part of the Mediterranean Basin but also
in the Tyrrhenian Sea which is fed by the warmer
and sallier waters from the east. They are rare
west of a line through Corsica and Serdinia which
constitutes the border belween the Esstern and
Western Mediterranean water (e.. Sag/ila
serralodentata) ond 4. ‘“Bores)” species,
namely Sagitta seloss whess southernmost
limit in the northeast Atlantic is the Bay of
Biscay. This boreal relict is ebundent throughout
the northern sectors of the Mediterranean where
the waters have low salinities and temperatures
i.e. Ouif of Lion, Ligurisn Sea, Adrietic Sea,
Aegean Sea and in the Black Sea.

For the southern waters of the Red Sea several

authors have reporied the occurence of many
immigrant species from the Gulf of Aden (in
Halim, 1969), and Beckmann ( 1984) correlated
the seasonal presence of copepods such as
Eucalanus with influxes of oceanic water.

The first data on the distribution of an entire
planktonic group throughout the Red Sea were for
chaetognaths (Casanova, 1984). Apart from the
absence of a boreal group, the distributions of the
chaetognath species in the Red Ses can be
categorised similarly 1o those of the
Mediterranean (Fig.1): 1. "Ubiquilous" species,
present throughout, from the Strait of
Bab-~el-Mandeb to the Qulfs of Suez and Agaba
(eq. Sagrita enrlatg), 2. "Meridional” species
which live in the superficial layer of the southern
quarter of the Red Sea where the oceanic influence
maintains salinity at or below 38 %00 (e.q.
Plerosagrite dreco), and 3. "Seplentrional”
species, halophilic species which thrive where
salinity is 38 to >41 %o in the sectors north of
17-18'N (e.q. Sagitts pecifica).

Thus, both sess have “ubiquitous” species;
halophilic species with the "orienlal” species of
the Mediterranean corresponding to the
“septentrional” species of the Red Sea and oceanic
species with the “Atlentlic" species in the
Mediterranean and the "meridional” species in the
Red Sea indicating the penetration of oceanic
waters. Thess oceanic species may be represented
by either permanent or transient populations in
areas where the influence of oceanic inflow is the
greatest. However, the specific composition of the
plankton of these two seas is very different since
the Mediterranean fauna originates from the
Allantic and the Red Sea fauna from the Indian
Ocean.

DEEP WATER PLANKTON

In both seas, the deep water planklon i3 much
sparser than in the adjecent oceans. The most
probable explenation for this is the effects of the
very werm deep temperatures. In the Red Sea,
where the deep water temperatures ere 22°C,
Wishner ( 1980) claims that most of the available
food i3 decomposed before it reaches the bottom;
furthermore oxygen contenl is abnormatly low. In



Sagrtts enflele
° Plerossgitts draco
o e sercatatntae
=—= JSagills selosa
Fig.1. Distribution of some chaetognaths

illustrating the four categories of distribution
pattern. Boreal: Sagrtts selosa (Mediterranean
only); ubiquilous: Senslats, halophilic:
S.serralodentsta  (Mediterrenesn)  and
S.pacifica (Red Sea); ocesnic: APlerosagitte
araco. Oceanic waler currents are indicated by
arrows.

addition, at these iemperatures, the metabolism of
{he organisms is repid end so their food
requirements are higher. Nevertheless, in the
Mediterraneen there sre & few balhypelegic
species such as the scyphomedusen Periphylle
periphylls, \he mysidacean £Fucopra hansenl
end the decapod crusteceen Gsnnadss 6/egans,
but none of these occur in the Red See. Sagitle
lyra, a meso-bathypelagic cheetognath species,
lives in the Mediterraneen but not in the Red Sea,
although it inhabits the Guf of Aden where it may
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occur as shallow as 200m.

The shallow sills at Gibralter (300m) and
Hanish ( 100m) may be a barrier to the spreed of
meny purely bathypelagic species (eg
Eukrohnia spp.), but many species do gain
access to the Mediterranean at soma time in their
lifecycle during onlogenelic, seesonal or diel
vertical migration and the resl berrier i3 the



change in hydrology (Casanova, 1977). For
example, the chaetognath Sag/tts plencionis is
meso-hathypelagic in the Bay of Cadiz, but a few
specimens, usually young, can be carried in by
the Atlantic current during their diel migrations.
Once inside the Mediterranean, they are restricted
to the stream of Atlantic water (0-300m) and
being unable to migrate back down to their normal
bathymetric level they disappesr quickly
(Furnestin, 1970). This poses the problem of the
fate of those ocesnic orgenisms carried into either
the Mediterraneen or the Red See.

FAUNISTIC RELATIONS WITH ADJACENT OCEANS

It has been known for some time that certain
species cannot survive in these nesrly
lend-locked sess. Ruud ( 1936) claimed this to be
the case for /Jhysanoesse grégarig in the
Meditei'ranean and Stubbings ( 1938) correllated
the numerous shells of pteropods on the southern
floor of the Red See to their desth after entering
the Erythrean zone. Recently, Beckmann ( 1984)
described the sequence of changes ending in deeth
which occur in the Copepod Fucalanus crassus
a3 it is carried into the Red Sea via the Strait of
Bab-~el-Mandeb.

Thus oceenic species advected into the
Mediterraneen or the Red Ses disappesr more or
less rapidly the forther they are carried in from
the ocean, depending on the varying strictness in
their ecological requirements, but it is generally
thought that in time the stock of species able to
adapt to conditions in these sees will become
increasingly richer because of the continual
influx of enimals from the oceen.

However, there are morphological differences
between Atlantic and Mediterraneen populations in
thecosomes (Rempal, 1975) and decapod
crustaceans (Casanova, 1977), and no specimens
with intermediate cheracteristics have been
observed in the vicinity of Gibraltar where the
oceanic and mediterranean populations inter-
mingle, thus they appeer fo interact as separate

species.
Likewiss, the emount of eye growth undergone

by the Red Sea population of the chaetognath
Sagitta decipiens by sexual maturity is much

greater than its counterpart in the Gulf of Aden
(Casanova, unpubl.); this difference would not
persist if there was free gene flow through the
Streit. Similerly Beckmenn (1984) concluded
from samples collected at a line of stations
running from the Oulf of Aden to the middle of the
Red Sea that the copepod Haloptilus longr-
cornis i3 a species rare in the Strait of
Bab-el-Mandeb; according to his data, it is a
“septentrional” species with populations from the
Gulf of Aden and from the Red Sea avoiding the
Strait.

CONCLUDING REMARKS

Thus faunistic exchanges beiween the Atlantic
Oceen and Mediterranean Sea, and the Indian Ocean
and Red Sea sppear only lemporerily to enhance
the populations close to the straits. Such
exchanges do not have lasting effects since the new
immigrants neither survive nor interbreed with
the local population, at least for truly open-ocean
species. Two lines of profitable lines of research
can be suggested:

1. the study of copepods species occuring on both
sides of the straits to investigale if there are
morphological differences in tegumentary organs
between the populations (cf. Fleminger, 1973).
2. sssessment of the rate at which speciation has
token place in the different species and plankton
groups, using thecosome shells (eg. 12.000
yeers for Cavolinia inflexs in the Western
Mediterraneen) lo date the sppearance of present

day species.
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THE DEMOGRAPHIC AND EVOLUTIONARY CONSEQUENCES
OF PLANKTONIC DEVELOPMENT

HAL CASWELL
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INTRODUCTION

Over half of all merine invertebrate species have
incorporated a planktonic larval stege into an
otherwise benthic life cycle (Thorson, 1950).
The biogeographic implications of this life history
pattern are profound (eg. Scheltema, 1978;
Jablonski & Lutz, 1983). Species with long
planktonic larval steges tend to have greater
geographical ranges and longer geological durat-
ions then those with restricted larval duration
(e.g Scheltems, 1978; Jablonski, 1982 for data
on gestropods). The relation of dispersol and gene
flow elso has importent implications for patterns
of local adeptation and speciation (Scheltems,
1978). Hensen (1983), for examplie, finds that
tropical neogestropods with non-planktotrophic
development heve exhibiled greater specfation
rates than those with planktotrophic development,
presumebly because the grester dispersal
abilities of the latter make geographical isolation
more difficult.

There is both inter- and intra-specific varist-
ion in plenktonic development. This variation
raises the question of the selective fectors that
favor the incorporation of planktonic stages in an
otherwise benthic life cycle, and whether those
factors can explain geogrephical (e.g. the rarity of
planktonic larvee in the Arctic) end environ-
mental (e.q. the rerity of plenktonic larvee in the
deep sea) patterns?

This poper reviews three types of models which
have been or could be used to investigate the
adaptive value of planktonic larval stages:

1. demographic trade-off models which assume
the existence of negative correlations between the
number of offspring produced end some measure
of their size or provisioning,

2. niche shift models based on differential
habitat utilization by lervee and adults, and

3. dispersal models based on the contribution of
dispersal to fitness.

DEMOGRAPHIC TRADE-OFF MODELS

Models based on demographic trade-offs have been
studied by Yence (1973), Pechenik (1979),
Caswell (1981), Christiansen & Fenchel( 1979),
and others. The approach is lo describe some
portion of the life cycle, to derive from it a
measure of fitness, to evaluate the sensitivity of
fitness to chenges in planktonic development, and
to conjecture that those changes which increase
fitness will be those observed in nature. The
predictions of such models depend critically on the
choice of a measure of fitness and on the
inter-trait correlation pattern (Caswell, 1981).

For example, consider the allocation of
resources to larval provisioning. This problem
was examined by Vance (1973) a3 a way lo
distinguish planktotrophic (i.e. low level of
provisioning) end lecithotrophic (i.e. high level
of provisioning) feeding behaviours. Assume that
total development time T is fixed; it is partitioned
into & non-feeding (e.g. lecithotrophic) stage of
duration x and a feeding stage of duration T-x. The
greater the degree of provisioning of the larva,
the larger the value of x. The probabilities P, and
P, of surviving the two stages are given by:

Py =exp(-pyx)
Po = exp [~ (T-x)]

where p1; and p, are the mortality rates in the
two stages. The probability of surviving to
seitlement is then ¢= PP, Assume that there is
some negative correlstion belween offspring
number (F) and provisfoning (i.e. the more
energy invested per offspring, the fewer of them
can be produced). This produces a cost function
releting F and x (Fig. 1).

Teke a3 a measure of filness (W) the expected

number of offspring surviving to settlement: W =
FP P, = F9.This assumes thal x does not effect the

life cycle efter settlement. Then the selective
pressure on x is given



aw/ax = ¢(x) [F' (x) = (py=np) F (x)]
The maxima and minima of W occur when F' (x) =
(4y-1o)F(x), at which point 2W/ax=0. When
F(x) is concave dowward [F"(x)<0], a stable
maximum of W exists, with the optimal value of x
varying directly with (p,-p,) (Fig. 1a). In this
case, one would expect to find "mixed” life

(o) P (pg-pg) FX)
-F(X)
FiX) RNV
X2 X
(b
(p2-m)F(X)
Fix)
-F'(X)
0 T o X—»T
X X

Fig.1a Left: a concave downward cost function
relating fecundity (F) and the duration (x) of the
first slage (e.g.) lecithotrophic of a larval life
cycle. Right: the intersection of -F' (x) ard
(uo-py) F(x) defines the optimal value o. *

indicated by i'. Decreasing i, or increasing ji | 0
produce the deshed curve changes the optimal
valus of x to )‘(2. That is, as plankiotrophic
mortality decreases or lecithotrophic mortality
incresses, the optimal life history spends less
time in the lecithotrophic stage.

Ib Left: As in Fig.1a, but now the cost
function is concave upward. Right: As drawn in
this example, (py-y,) F(x) fs siways grester
than -F'(x). As a result, selection leeds to an
optimal value of x at the extreme x = T, producing
a life cycle without the second stege. If (j1,-p1,)
F(x) <-F'(x), selection results in x = 0, and the
first stage disappeers. Given such a cost function,
mixed life cycles are not possible.

histories, with a planktotrophic, feeding stage
following @ lecithotrophic stege supported by
perental investment. On sn interspecific basis,
one would expect a continuous spectrum of life
history types. On the other hand, when F(x) is
concave upwerd [i.e. when F'(x) is sufficiently
greater then zero], &s in Yance (1973); see
Caswell (1981), only the extreme valuss of x are
stable (Fig.1b). In this case, only the extreme
life history types are stable, and one expects to
see planktotrophic end lecithotrophic life cycles
83 discrete alternalives. In both ceses, the
relative mortalities in the two stages are
important in determining the optimal strategy,
but must be evaluated in relation to the constraint
function.

NICHE SHIFT MODELS

Many species, including tiwuse under discussion
here, utilize iwo distinct niches during their
ontogeny. Istock ( 1967)(cf. Slade & Wasserburg,
1975; Wilbur, 1980; Istock, 1984) introduced
the first model to consider the effects of shifts
from one niche to another during development.
However, this model incorporates little of the
biology of the species in the two habitats, and is
based on questionable essumptions (to me, et
least) about the action of selection.

A recent and very promising approach is that of
Werner & Gilliam (1984)( see Gilliam, 1982;
Werner, 1986). Their work is directly concerned
with fish end amphibian life cycles, but has great
potential application to marine invertebrates.
They consider a-life cycle passing through iwo or
more distinct  habitats.Each  habitat is
characterized by {wo curves, which give the
growth rate [g(x)] and mortality rates [u(x)] as
functions of size (x). The overall fitness (the
intrinsic rate of increase) depends on the size at
which the individual switches from one habilat to
another. Depending on the details, it might be
advantageous to sacrifice potential repid growth in
a hebitet with high mortality, or vice-versa.

Gilliam (1982) shows that, for populations
near equilibrium, and in which metamorohesis
occurs before sexual maturity, fitness is
maximized by choosing the habitat which, at every



size x, minimizes the ratio p(x)/g(x). If
mortality is uniformly lower and growth higher
in one habitat than the other, only that habitat
should be utilized. If one hebital has a higher
mortalily rate bul also supports faster growth,
the shapes of the growth and mortality functions
can mandate a transition from one to the other at a
particular size. This model is a promising
approach 1o transitions which reflect trade-offs
between growth rate and mortality, and should be
investigated in the context of planktonic larval

stages.

DISPERSAL MODELS

One obvious consequence of  planktonic
development is dispersal. However, neither of the
models considered so far has explicitly included
the possible benefits of having offspring settle in
different locations from parents.

The analysis of dispersal strategies is
complicated because the benefits of eny given
strategy are frequency dependent, i.e. they depend
on the strategies adopted by the rest of the
population. For example, suppose that & fraction D
of offspring disperse, while 1-D do not. If a whole
population has adopted a sedentary strategy
(D=0), a mutant with D>0 will be eble to invade,
since it takes advantage of locations which the
sedentary strategy leaves vecant. On the other
hand, a mutent with D<1 can invade a population
in which D=1, because the types which disperse
oll their offspring leave behind vecant sites in
which a more sedentary lype can flourish. An
evolutionarily stable strategy (ESS) is one
which, once edopted by the populetion, is proof
against invasion by other strategies. It may not be
“"best” in the sense of maximizing eny measure of
fitness, but it is the strategy which is expected to
result from selection.

Hemilton & May (1977), Comins et al.
(1980), and Levin et al. (1984) snalyze ESS's
for dispersal in detail. The models are too complex
lo discuss here, but their conclusions point to two
different situations which favour dispersal.

Scenario 1. Consider an environment composed
of many sites, varying in time and space because
of sbilotic variation end local differences in
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density. Levin et al. ( 1984) have shown that the
ESS for the fraction of offspring dispersed (D) in
such situations increases with the probability of
surviving dispersal («); D goes to one as « goes {0
one. Thus, if there were no cost tn dispersal, the
t£SS is to disperse all offspring. For small values
of «, on the other hand, the ESS depends on the
probability of extermination of local populations.
Unless this probability is zero, the ESS for D is
positive (and usually quite large) even as o qgoes
to zero. Thus, given spatial varistion and the
chance of local extinction, some degree of
dispersal is always favored.

Scenario 2. That environmental helerogeneity
can lead t{o selection for dispersal is not
surprising. Hamilton & May (1977) and Comins
et al. (1980), however, show thal dispersal is
favoured even in a homogeneous environment.
They assume a large set of identical patches, each
supporting a limiled number of adulls. The
undispersed offspring of the local edults and the
offspring which settle in the patch compete for the
space in each generation. A sedenlary strategy is
not an ESS because an invading stralegy with D>0
decreases its competition with itself and increases
that with the sedentary strategy by dispersal. As
long as stochastic settlement patterns generate
inter-patch variance in genetic composition,
there is an advantage to dispersal.

CONCLUSIONS

tach of these classes of models predicts the
evolution of planktonic larval stages under some
circumstances. However, each does so for a
different reason; the treds-off belween offspring
number and provisioning, the trade-off between
planktonic and benthic growth and mortality rates
and the advanteges of dispersal in spreading the
competition for adull sites. Given the multipticity
of potential causes revealed by the models, it
seems unlikely that any single feclor sctually
determines the evolution of planktonic life cycles
in nature. The serious consideration of more
general models, including those developed by
population biologists concerned with other types
of organisms, would probably meke a major



-50-

contribution to understending planktonic life
cycles.
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ESTUARIES AS TRANSITIONAL ZONES WITH REFERENCE
TO PLANKTON IN THE NEAR SHORE WATERS

P.CHANDRA MOHAN
Andhra University, Waltair, india.

INTRODUCTION

The present investigation was carried out from
November 1981 to June 1982 in one of the big
river estuaries in south India (17°20' - 18°*00'N
& 81°31' - 82*20°'E), the Godavari estuery, 8
normal type estuery in which due to river
discharge salinities ere reduced. as one noes
upstresm (Emery & Stevenson, 1957). It
receives rain during SW and NE monsoons. The
maximum rate of discharge is about one and a half
million cubic feet per second. it hes three main
branches namely, Osutemi, VYasista and
Yainateyam and has extensive backwaters with
dense mangrove vegetation neer their outlets into
the Bay of Bengal. Broadly three periods of water
condition can be distinguished: the SW monsoon
period from July to September, during which the
entire estusry is freshwater: a postmonsoon
period from October-Jenuary when there is
considerable sea water penetration into the
estuery establishing cleer vertical stratification
of the water column end & premonsoon period from
February to June when typical marine festures
predominate and saline waters extend to 44 km
above the mouth. In this latter period the upper
resches of the river dry up due to lack of
freshwater flow.

METHODS

The CGodaveri estusry has a semidiurnal tidal
cycle. The maximum range of tidel oscillation is
1.5m. In the entire stretch of 44km of the
estuarine orea three stations were set for periodic
plenklon sampling: station I, loceted nesr the
mouth where the width of the river was 650m and
the depth sbout 13m: stetion I1, situeted about 19
km from the mouth where the width was 1400m
ond sbout 10m depth: station 11l at the extreme

end of the brackish water zone, about 44 km from
the mouth. The width of the river was 900m and
the depth sbout 10m. Plenkion sampling and
determination of the surfece temperature and
salinity were conducted during the dey twice a
month. A conical net, (SOcm diameter) end
143um in mesh size, was towed vertically from a
depth of about Sm. The displaecement volumes were
measured and the ebundance of the msajor 200-
plankton species was estimeted (Fig. 1).

Fig. 1 Oodavari Estuery with station locations

TEMPERATURE

Monthly mesn temperature variations in surface
water at station | renged from 26°C in January 1o
8 maximum of -32.2°C recorded in May. The
temperatures were always highest between 14.00
end 15.00 hours, indicating the varistion wes
caused by diel irredation, not by tides ( Table 1A).

SALINITY

The veriation in salinity was governed by the
effect of tide end precipitetion. During the
monsoon period when the river is in spale the
entire estuarine area was fresh and highly turbid.
Tongues of saline weaters could be detected only
after October at ststion |, when penetration
intensifies and extends further into the upstresm
aree. At the heed of the estusry, saline waters
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Table | Monthly varistions in the Godsveri Estuary

A. Monthly mean surface temperatures (°C)

Nov. Dec. Jen. Feb. Mer. Apr. May June
Station | 25.80 2550 25.00 26.20 2980 3030 3220 31.50
Station 1| 26.70 2543 25.16 26.32 2896 3093 32.10 31.00
Station 1IN 25.00 25.80 26.10 27.80 30.00 31.50 33.00 30.00
B. Monthly mean surface salinities (°/00)
Station | 14.24 2350 26.17 28.05 3254 33.33 3431 31.00
Station 11 5.61 10.22 1460 20.70 26.63 29.31 29.34 27.00
Station 11i Fresh water 5.01 11.31 12.63 8.19 *
C. Displacement volumes of zooplankton (mi/m3)
Station | 1.90 3.00 2.00 9.00 16.50 8.50 3.75 3.30
Station i 270 2.30 5.25 11.50 40.00 35.00 41.20 48.70
Station 111 * ® ® 200 3.00 9.00 4.00 ®
D. Abundence of zooplankton numbers/m>
Station | 433 4230 1221 242 9375 4110 1310 3140
Stution I 185 1181 2973 14357 5966 15760 4965 7130

had ® ® 165 1200 900 400

Meifon I
‘.t'

* No sampling due to prevalance of freshwater conditions

could be found only from Februery to June.
Maximum salinilies were recorded during
summer (April-June) (Table 1B).

markerdly high. Comparing stations | and lil, to
stetion number 11 the latler had fairly stable
conditions for most_of the year and therefore
maintenance of populations seems possible here

Z00PLANKTON BIOMASS (Table i C, D).

Zooplankton biomass showed a conspicuous pesk in

November - December wherees phyloplenkton was PLANKTON SPECIES

most abundent in March-April. Corresponding Hydromedusee, represenled by Ahialidium

with the post-monsoon period orgenisms start to
enter the estuary from September onwards. The
eorly immigrents were mostly euryhaline
crustaceens. Later, wilth incressing salinity
typical littorel groups become estsblished in the

hemisphaericum, Liriope telraphylls, end
Bougainvillie fulve were presenl, almost
constently, during the period of study. Copepods
were very abundont, dominant species were:
Eucalanus elongsatus, Parecalenus parvus,

estuary. In Merch end April when steble Acrocelanus grécilis, Pseudodigplomus
hydrographical conditions prevailed, the 2o00- binghami, Labidocers eculs, Pontells
plenkton biomass and numerical abundence were fers, Acartis  clsusi,  A.erythres,



A.sewellr, corycaeus SpEcIosus,
Macrosetells gracilis end  Fulerping
geultrfrons. Among the adult crustaceans mysids
were seen in fairly high numbers in the samples
collected at night. The common species
encountered were Rhopalophthalmus kempi,
Mesopodopsis orientslis, 0astroséccus

mulicys  ond  Palemomysis 8ssimrlis.
Except for Lucifer hansenr which was present
in large numbers for most of the year, all decapod
cruslaceans were in lerval stege. Sag/tla

enflsts snd Ssgitls robusts were common
among cheelognaths. Non-crustacean invertebrate
lervee, seen in the samples inviuded members of
Echinodermata, Mollusca, Brachiopoda and
Polychaets. Soon after the start of the monsoon due
lo large scale flooding of the rivers, the inshore
waters of the Bay of Bengal register a marked
drop in salinity to about 17900 (OGanepati &
Murthy, 1954). The migration of plankton
populations is facilitated by the regular sequence
of high tides which {ends to carry these orgenisms
from the nearshore area into the estuary. The
extensive back walers near the mouth of the
Godavari River saffords good shelter for many
organisms during the flood sesson and prevent
them from being washed out of their normal
habital. Panikker (1951) studied the physiol-
ogical adaptation of estuerine organisms and made
a note on the role of backwaters in maintaining
stocks of planklonic forms, as & refuge during
unfavourable conditions. From the studies made
(Chandramchan, 1983) on the biology of the
mysid Rhopalophthalmus kempr, it wes
obvious that the juveniles of this species enter the
estuary during November from the backwaters, es
this species 1s not normally found in the inshore
eres. The same is observed for Polemomysis
assimilis Surely estueries are more productive
then adjoining bodies of freshwater or sea (Abbott
& Dawson, 1971). Since there i3 a nel seawsrd
movement of water, most of the plankton with
nutrient rich waters from the estuaries ere
pushed into the neritic zone, during flood season.
Only fifteen species out of sixty copepod species
recorded in the present study were endemic to the
esluary inhabiting euryhaline aress. We found
freshwater species from the upper regions and
also nerilic species entering the estusrine

_53_

environment. Occasional migrants from the
neritic waters were also seen in the estuaries
(Chandremohan, 1977).

The estuaries bordering the Bay of Bengel ere
peculiar in their ecological neture since they
contain a rich variety of orgenisms ari contribute
to the enrichment of populations in the near shore
area. They also transport large quantilies of
nutrients downstreams towards the see, during
monsoon periods.
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LATITUDINAL VARIATION IN DIVERSITY AND BIOMASS
IN IKMT CATCHES FROM THE WESTERN INDIAN OCEAN

D. M. COHEN
Naturatl History Museum of Los Angeles County, U.S.A.

INTRODUCTION

It is widely stated thet in genera) there are more
species of plents and animals at low latitudes then
at high and that biomess and/or productivity are
the inverse of diversity (Fischer, 1964; Planks,
1966; Pielou, 1975;1979). The epplicability of
these hypotheses is exemined with reference to
dete derived from catches, porticulerly of
midwater fishes, taken by sn IKMT during two
North-South trensects in the western Indian
(Ocean.

METHODS
Collections were made during cruises 3 and 6

J
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Fig 1 IKMT stations occupird during cruises 3 and
6 o3 part of the U.S. Pregram in Biology of the
International indian Oceer) Expedition.

(Fig.1) of the R.Y. ANTON BRUUN es part of the
US. program in Biology of the International
Indian Oceen Expedition in 1963 end 1964
(narrative and final cruise reports containing
siation deta are presented in Anonymous 1964a,
1965a for cruise 3 end Anonymous 1964b,
1965b for cruise 6). Diversity is based on
species richness, numbers of midwater fish
species in each total calch and/or calch fraction;
limitations of the data prevent consideration of
species evenness. Semples were sorted in the
laboratory and examined by specialists who
distinquished species classified in more than 35
families (deta in the author's files)

Sources of error include verisble lengths of
tows, unequal absolute species pools, unequal
population densitiss, variable availability to geer,
patchiness, catch contamination, incomplete
information on net time &l various depths,
variation in relative vessel speed during trawis,
and incompletely known texonomy.

RESULTS

In this connection data are presented on numbers
of species caught, biomass, primary productivity,
and hydroghephy.

SPECIES DIVERSITY

Letitudinal veriation in absolute number of
species cought is illustrated in figure 2 A measure
of diversity that tekes into account fishing effort
is number of species per hour, {)lustrated in
figure 3.

Oreatest diversity appesrs to occur between
7.5°N latitude and 12°S latitude for catches
between the surface and 1000m and between the
surface and depths between the surface and
greater than 1000m, both dependent upon and
independent of fishing effort. Catches independent



¢i effort from the deep fraction of trawlis fishing
between the surface and depths grester then
1000m do not vary notably with latitude.

Fig. 2 Numbers of species of midwater fishes
caught during two north-south trensects in the
western Indien Ocean. Solid dots and syuares
connected by solid lines ere catches between the
surface end 1000m during cruises 3 end 6,
respectively. Solid dots and squares connected by
dashed lines ore catches between the surfece and
depths greater then 1000m during cruises 3 and
6, respectively. Open squares end circles ere the
deep frection (a veriety of depth intervals
between 150-3500m) of traewls fishing between
the surfece and depths greater than 1000m during
cruises 3 and 6, respectively.

Nhr
/4

UL Y

30

Fig. 3 Numbers of species of midwater fishes
caught per hour of trewling during two north-
south trensects in the western Indien Ocean. Dots
end squares connected by solid lines are catches
between the surface and 1000m during cruises 3
ond 6, respectively. Dots and squares connected by
dashed lines ere catches between the surface and
depths greater than 1000m on cruises 3 and 6,

respectively.
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BIOMASS

Milliliters per hour caught of fishes and

inveriebrates combined is illustrated in figure 4.
For shallow tows a biomass pesk occurs at 1.5*

S latitude. Biomass tends to be low between 12° S

latitude and and 23* S latitude.

200

100

Fig. 4 VYolumes of midwater fishes and
invertebrates combined expressed as milliliters
per hour of trawling during iwo north-south
transects in the western Indien Ocesn. Dots and
squares connected by solid lines are catches
between the surface and 1000m during cruises 3
ond 6, respectively. Dots and squares connected by
dashed lines are catches between the surfece and
depths greater then 1000m during cruises 3 and
6, respectively.

PRIMARY PRODUCTIVITY

Data on primery productivity during seven I10E
cruises (including 3 and 6) of the ANTON BRUUN
in the western Indian Oceen have been presented
by Ryther et al. (1966) from whom figure 5 of
this paper 18 teken. Along the tracks of cruises 3
end 6, productivily is generally higher in the
north, decresses to minimal amounts between
sbout 15°S latitude and 27°8 latitude, and then
increases slightly.

HYDROGRAPHY

Several water masses were sampled at the various
depths fished along the cruise tracks
(Wyrtki, 1973). Surface wealer may be
discounted, as epipelegic forms ere excluded from
this analysis and midwaler fishes lsken from
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Fig. S Chart of the western Indian Ocean showirg
the positions of ocesnographic stations occupied
during Anton Bruun Cruises 2, 3, 4 A, 5, 6, 7,
and 8 and the general level of primary orgenic
production (Fig. 1 from Ryther et al., 1966).

surface layers during the night reside by day in
deeper waters. From the northern ends of the
{ronsects to 8° - 10*S latitude shallow tows vere
mainly in  North Indian  High--Selinity
Intermediate water of complex sessonal origin
(Wyrtki, 1973). Deep tows throughout the
transects fished partly in Deep water. South of
sbout 10°S to about 40'S at the Subtropical
Convergence shallow tows in the great subtropical
enticyclonic gyre that has alsp been called the
Indian Central water mass. At the fer southern
ends of the transects several stations were taken
in the Subtropical Convergence.

DISCUSSION

Some possible ceuses, maintainers, and correletes
of diversity (from an oxtensive sampling of the
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literature) are listed in Table |. It is unlikely that
any are mulually exclusive. Correlates, posilive
or negative, are not necessarily causes but may
contribute to maintenence. Knowledge about the
biology of midwater fishes in general and
limitations of the present date in particular
preclude consideration of all the listed fectors,
but some can be addressed.

in general, mid-depths diversity and biomass
are intermediale in the north with high
productivity; @ seasonally changing regime of
monsoon winds (northeast in the winter;
southwest in the summer) drives secondary
variation in the pelagic environment; the deeper
fauna, little influenced by the monsoons. lives in @
more constent environment. Diversity at
mid-depths is highest in equatorial waters,
although somewhat offset to the south of the
Equator, coinciding with the South Equatorial
Current and the interface between Equatorial end
Central water masses (hydrothermal front of
'Wyrtki, 1973), which is characterized in part
by a shallow thermocline. In en interesting paper
on seabird distribution in the Indian Ocean,
Pocklington (1979) found highest bird diversity
over the same area, with a similar pattern for
certain copepods, euphausiids, end flying fishes,
as well as highest albacore and yellowfin: tuna
abundance. He interprets his data in the light of
environmental stability. But lowest diversity end
biomass for midwater fishes occurred in low
variability, high predictability Ceniral water
which has very low productivity and & deep
thermocline. Diversity in very deep water did not
vary notebly with latitude; both in the north and
south this feuha is in o slable and predictable
environment; although early life history stages of
some deepwater species pass time at shallower
depths. Biomass, but not species diversity
increeses & the far southern ends of the
transects, where the environment becomes less
sleble and the thermoctine shoals.

With reference o table |, the environment is
physically pertitioned horizontelly and vertically
by density (defined with the temperature-salinity
relationship) end vertically by temperature (as
it relates to thermocline formetion). The origins
of these physical bounderies might have served as
vicariont events and possibly date from the



Table |
combinations are not included.
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Some possible causes and correlates of species diversity taken from the literalure. Various

FACTOR

CAUSE CORRELATE

Recruitment rate

Number of niches
Niche size partitioning
Ecosystem complexity
Stability -predictability
Time

Area

Selection

Competion

Predation

Sympatric speciation
Energy

Latitude

Temperature
Productivity
Population eguilibrium

(speciation+immigration-extinction)

+*

+

S T B R S S Y
D I S S O

* o+

mid-Miocene (van Andel, 1976) in the present
western Indian Oceen. Biological partitioning of
the physically pertitioned midwater environment
is indicated by meny end diverse species
behaviors with some species resident above the
thermoclina, some resident in it or below it,
some migrating to it or through it, some
non-migratory, with varigtion in meny individual
species patterns related to size, sex, seeson and
other veriables. The vertical distribution of
temperatures in the oceens was apparently
important for speciation in past times (Lipps,
1970), as it is todey (Angel, 1968). A grawing
litersture on many aspects of midwater fish
biology including space sharing (Badcock, 1970;
Clerke, 1978; Karnella & Oibbs,1977; Legrand
et al., 1972; Merrstt & Ros, 1974 ond Pearcy,
1964 are only a few examples) contains inform-
ation that can be used to define niches, and several
altempts have been made to do %o formally. It
seems likely thet classical niche theory will go
for towards explaining midwater fish diversity
end distribution patterns meking it unnecessary
to invoke sympatric speciation or energy states

(Wiley & Brooks, 1982) toexplain the diversity
of the midwater ichthyofauna.

The merine latitudinal diversity gredient 8s an
expression of a species area curve has been
propased by Schopf et al. (1977); hawever well
this explenation may serve for nearshore
erivironments, it does not explain diversity in the
midwater fish feuna, which occupies the most
space of eny in the world but is the least diverse
(Cohen, 1970; Horn, 1972).

Productivity may be in some instences a
significont correlate, but it is not on its own a
cause.

An attractive explanation is thet of Huston
(1979). Within 1limits, competitive dis-
equilibrium of populations {which may be driven
by a veriety of causes, in the present instance
physical disturbances in the northern Indien
Ocean) promotes disequilibrium of these
populations, which inhibits competive exclusion
and thereby maintains high diversity. The
environment in the southern gyre is stable
allowing a closer approach to populetion equi-
librium, which allows competitive exclusion and



lessens diversity. A situation that is quile to the
contrary and nol easily explained hes been
described for the highly diverse plankton
community living in the central gyre of the North
Pscific Ocean, an old and stable msss of water
(McGowan & Walker, 1985 and papers cited
therein). Diversity in plankton and in midwater
fishes may be determined and maintained by
different causes.

Il is premature o speculate further on the
signifience of interactions of various of the
tabulated faclors. Mulli-species-environment
models constructed by fishery biologists are far
from perfection, notwithstending relatively few
species and reletively large dele bases.
Comparable knowledge of the midwater fish
community is in an even more primitive
condition.

In summeary, midwater fishes in the Indian
Ocesn do demonsirate higher diversity at low
latiludes, bul the overall pattern is modified by
the physical end chemical regime. Isolation and
aiche diversification, suggested by Marshall
(1963) are possible causes. Competitive dis-
equilibrium of populations deserves further
investigation. The lalitude-diversity-biomass
relationship is not clesr.
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THE ROLE OF THE LEEUWIN CURRENT IN THE LIFE
CYCLES OF SEVERAL MARINE CREATURES

6. CRESSWELL
CSIRO Division of Oceanography, Tasmenia, Australia.

INTRODUCTION

Are the life histories of pelagic creatures adapted
to ocean dynsmics? To address this question the
description of a current system having distinctive
spatial and temporal characteristics was chosen to
serve &s a fremework upon which to arrenge the
patterns of behaviour of several- pelagic forms.
Are there, for exemple, regions of correspondence
in space and time to reveal that creatures metch
their activities to the properties of a current
systein?

THE LEEUWIN CURRENT

The Leeuwin Current (Fig.1) hes its source in the
warm, low-salinity tropicel waters off
northwestern Australia and sessonally flows
southwerd psst western Australia and then
esstward across the Oreat Australian Bight
(Cresswell & Oolding, 1980; Legeckis &
Cresswell, 1981). The Current frequently
interacts with offshore eddies and the resultant
mixing produces e progressive decresse in its
temperature end increase in its salinity along its
path.

On its southward passage the Current is confined
{u the upper two hundred metres and flows above
the continental slope with ‘excursions onto the
continental shelf. Its existence was first inferred
by Saville-Kent (1897) from the tropical
merine fauna ond woarm waters that he
encountered at the Abrolhos islends (28°30'-
29°5). Other biologice) evidence for the Current
was summearized by Maxwell end Cresswell
(1981). It reaches the latitude of Perth, 32*S, in
late April (eutumn) and can be detected there by
its werm, low-salinity waters generally until
October (spring). As it approaches Leeuwin
it commonly accelerates o | m.s™' and then

turns to theeast with part of it spreading across
the continental shelf. It has a distinct offshore
front of several degrees Celsius and there its
speed can exceed 1.5 m.s~ 1. Farther eastward its
passege across the Great Australian Bight is at a
lower speed end not confined to the continental
shelf. The overall progression of the Leeuwin
Current waters is not rapid because of the form-
ation of eddies and because of veriations in flow
rate. Satellite drifier data suggest that the fastest
transits from North West Cape to Cape Leeuwin
end then across the Bight are roughly 60 and 90
days respoctively.

THE PELAGIC SPECIES

THUNNUS MACCOYI

Shingu (1967,1978) pointed out that the
members of a species select their environment
according to their size and maturity. Juvenile
southern bluefin tuna prefer surfece waters and,
after spawning from September to March in the
“"Oka" fishing ground northwest of Australia, they
move southwerd along the western coest of
Australia to the Albany fishing ground. The
distribution of larvae obtained on a recent survey
of the "Oka" grolind by the Fishing Agency of Japan
is shown in figure 2. Comparing this distribution
with figure 1 shows that the "Oka” ground lies
within the source region for both the Leeuwin and
South Equatorial Currents.

The Leeuwin Current could provide the
reference frame and transport medium for the
young fish as they migrale from the "Oke"
spawning ground down to Albany. Inflow of the
water and the juveniles into the Leeuwin Current
could be expecled to start in Februsry. The
errival at Albany should be around May/June.
Fish in their first and second yeers are caught of
Albany in May/June with the smallest recorded
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Fig. 1 A schematic picture of the Leeuwin Current drawn from information collected by resesrch vessels,
satellite tracked drifters, and satellite infrered sensors. The current hes its source off northwestern
Australia and consists of a shallow streem thet is warmer and less saline than the surrounding waters. It
mixes into eddies along its path end this leads lo 8 progressive decreese in temperature and increese in
salinity. The region off northwestern Australia also serves as a source for the South Equatorial Current.

fish (31.8 cm.) caught on March 25, 1951
(Serventy 1956), perhaps the result of en
unusually early Leeuwin Current. The young fish
may stay in the Albany region because of the
availebility of a food source which Serventy
(1956) reported was mainly the pilcherd
( Sardinops neopiichards). Tha Leeuwin
Current cen serve to {ransport young tuna eest-
ward on the next step of their migration: they are
found off South Australia in their second and third
yeers. Their decrease in numbers en route mey be
by losses into eddies offshore.

ARRIPIS TRUTTA

The western subspecies, Arripis trutte ssper
Whitley, ranges from southwestern Australia to
southern Tasmania (Malcolm, 1960). In a pre-
spawning phase the adults migrate westward ( Fig.
3) travelling very close inshore. They are heavily
fished by besch netting. Malcolm concluded that
their spawning occurred in the Geographe Bay
orea in April and May becauss fully ripe fish were
only found in that aree end because the western
migration appeared {0 terminate there. Munro
(1963) found that the eggs hatched in a little
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Fig. 2 The distribution of southern bluefin tuna
larvae in the "Oka" fishing ground from October to
December, 1983. The date combine bath surface
ond subsuiface tows of 20 minutis duration.
(Reproduced from Fig. 12 of Fishing Agency of
Japan, 1984.).

under 40 hours. The spawning, either fortuit-
ously or by plan, is synchronized to the arrival of
the Leeuwin Current and this would then take the
larvae and juveniles eastward. The progression of
the creatures to the eestern side of the Bight could
teke only 90 days if they remained in the waters
of the Lesuwin Current. One yesr old fish are
found s far esst as Tasmania. The adult salmon
return eastward after spawning (Fig. 4) and give
rise to a second fishing season in the Albany
region.

ARRIPIS GEORGIANUS

The time end location of spewning of this species
is similar to thet of the Arripis trulls esper
Whitley. The spawning takes place north of Cape
Leeuwin from February through June and so these
larves, too, will be carried off by the Leeuwin
Current in the direction of South Australia where
one and two yeer olds are found (Malcolm, 1973).

PANULIRUS LONGPIPUS CYGNUS

The eggs of this species hatch from November to
Morch along the western coast of Australia
between Morth West Cape end Cepe Naturaliste
(Phillips, 1981). The larvee rapidly disperse
offshore, possibly due to wind-driven surface
currents. Studies in 1976 showed that, although
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Fig. 3 The pre-spawning weslward migration of
salmon as indicated by tagging. Only movements of
25 miles or more are shown. The numbers denote
the receptures at £ach locality. (Reproduced from
Fig. 12 of Malruim, 1960).

the lorves were widely distributed offshore, few,
if ey, larvae remeined on or neer the continental
shelf from April to September. This period
corresponds to the time when the Leeuwin Current
flows southward intruding between the coest and
the high salinity waters farther offshore.
Rochford (1968) reported that larvee were
salinity-dependent in their distribution: they
were absent in waters of salinity less then 35.45
070095, such s found in the Leeuwin Current, and
they were most abundent where the salinity wes
35.80-35.85 %00S. A yeer in which the Leeuwin
Current continues to flow through into the normal
settlement period could result in a failure of
lervae to return to the cosstal nursery aress.
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Fig. 4 The post-spawning easiward migration of
salmon 83 indicated by tagging. The numbers
denote recaptures at each locality. (Reproduced
from Fig.13 of Malcolm, 1960).

SUMMARY

The southern bluefin tuna (Thunnus maccoyif)
may be adepted to spawn et & time thet releases
their young into the source waters of the Leeuwin
and South Equatorial Currents. In the case of the
Leeuwin Current the young fish are carried in its
warm waters, down to the Albany fishing grounds
where they reside up to one year before moving
eastward, possibly also in the Leeuwin Current.
Spawning of the Australian salmon and herring
(Arripis trutta and A.georgianus) may be adapted
to place their young off southwestern Australia
just prior 1o the arrival of the Leeuwin Current.
The presence of one year old fish on the eastern
side of the Oreal Australian Bight suggests that
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they ere carried there by the Leeuwin Current.

The migration of the weztern rock lobster
(Panuluris longpipes cygnus) is likely to be
interrupted by the Leeuwin Current.
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LIFE CYCLE STRATEGIES OF OCEANIC
DINOFLAGELLATES

BARRIE DALE
Department of Geology, University of Oslo, Norway

INTRODUCTION

Biologists have long recognized the importance of
dinoflagellates as major primary producers in the
oceans. New there is increesing ewareness thet
dinoflagellates are responsible for toxicity
seriously threatening public health and commerc-
18! fisheries (e.g. Anderson, While & Baden,
1986).

Mesnwhile, dinoflagellale studies heve become
established 8s en importanl research field in
paleontology over the past 25 yesrs. Fossil dino-
flagellates have proved particularly ussful in
biostratigraphy and they are now one of the most
important groups of microfossils used routinely
in oil exploration. Both Dbiological end
paleontological inlerests in the group have
concentrated on life histories since the
reglization, in the early 1960's, that il is the
non-motile resting cysts in the life cycle (see Fig.
1) thet fassilize (e.q. Dale, 1983).

Biogeography is an aspect of dinoflagellate
studies of increesing interest for biologisis ond
paleontologists. Biologists are concerned with
factors reguleting the distribution of toxic
species, end reports suggesting that certain of
these toxic phenomens may be spreeding lo
hitherto unaffected ereas of the world (Dale &
Yentsch, 1978) have introduced an elemont of
urgency in biogeogrephical studies. Paleontol-
ogists are inlerested in the biogeographical
distribution of living dinoflagellate cysis as a
model for interpreting paleobiogeogrephy and
palecenvironments from the enormous amount af
data accumulating from the fossil record.

Leboratory cultures are essential for detailed
life history studies, but until recently only a few
{reshwater end neritic species had been cultured;
information concerning oceenic species was
resiricled to traditional planklon studies. This
paner resulls from new methods of cuituring and

observing oceanic dinoflagellates, for the first
time allowing consideration of their life cycle
strategies.

LIFE CYCLES IN FRESHWATER AND NERITIC
DINOFLAGELLATES

Details on life histories of freshwater and neritic
dinoflagellates have been summarized (Dale,
1983; Walker, 1985) and will not be repested
here. Although based on comparatively few
observations these details suggest the generalized
life cycle illusirated in figure 1, in which both
asexual and sexusl phases are recognized. It should
be noted that this represents the free-living
dinoflegelletes; comperable information for
benthic, symbiotic, and parssitic forms is scarce
and outside the scope of this peper.

ASEXUAL LIFE CYCLE

Under optimal conditions dinoflogellates repro-
duce asexuglly by simple binary fission. Depend-
ing on the species end the environmental
conditions, division may occur every 1-16 days.
To withstand temporary adverse conditions (e.g.
ropid shifts in temperature) cells may shed
flagalla and lhecas to form non-motile cells
referred to here as temporary cysts. Character-
istically these form ropidly (within a few
minutes to a few hours) and are of a more limited
duration (probebly days rather then months)
compared with resting cysts produced in the
sexual phase (taking days to form and able to
survive for yeers).

SEXUAL LIFE HISTORY

For a long time sexual phases in dinoflageliates
were not generally recognized, but it is becoming
increasingly evident thet sexual phases are
probably much more widespread then previously
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Fig. 1 Schematic disgram of basic dinoflagellate life cycles based on 20 freshwater and neritic species
(modified from Dale, 1983; Walker, 1985). A= asexual phase with matile, planktonic vegetative cell (1)
dividing by binary fission (10) and sometimes forming non-motile temperary cysts (11) to withstand
environmental change. B= sexual phase with motile planktonic vegetative stage (1), producing gametes (2)
pairs of which fuse to give planozygots (3). This eventually (3a) produces plenktonic vegetstive stege by
reduction diviston (9) or loses motility and cyst formation begins (4) end may proceed (5) by expansion of
cyst, producing resting cyst (hypnozygote) (6). Excystment (7) may produce a plenozygote (8h),
comparable with (3), which by reduction division (9) reestablishes planktonic vegetative stege (1), or in
other species (8a) the reduction division is completed during encystment, allowing direct esteblishment of

stage (1).

considered. That so fer such phases have been
documented from only 23 species is thought to
reflect the difficulties of inducing the sexual life
cycle in cultures and the painsteking demands of
observing these in natural populations.

Known sexual cycles include gamete production,
ond ullimate fusion of pairs of these to produce &

motils zygote (plenazygote) (Fig. 1). The plano-
2ygote may develop in two different ways. in some
species the plenozygote undergoes meiosis
producing the normal plankionic dinoflageliete
(38 in Fig. 1). Although' such planozygotes may
cheracteristically have a somewhet larger size,
double longitudinal flagella, derker colour, end



large intercalsry bands they often remain
unnoticed in routine microscopic observations. In
other species the planozygate loses motility and
forms a resting cyst (hypnozygote), pecked with
food storage products such s starch and lipids,
and often enclosed in 8 special resistant cell wall
(3b-6 in Fig. 1). It is these resistant cyst walls
that form the dinoflagellate fossil record. A few
living cysts have been described with calcareous
cyst walls (most likely calcite), and 8 group of

fossil cysts with siliceous walls is known from
tocene sediments, but the majority of known

living cysts have nonmineralized walls thal may
be strengthened by sporopollenin-like material
(a unique class of biopolymers formed from
carotenoids and/or carotenoid esters).

LIFE CYCLE STRATEOGIES

“Life cycle strategy” is here used to denote the
complex interreactions between life cycles and
environments thet allow the individual (and
thereby the species) to survive. Within the basic
life cycles summarized in figure 1, resting cysts
offer at least three functions that are important
for survival sirategies: protection, propegetion,
and dispersion.

In temperate regions the “protective” role is
illustreted by some species producing resting
cysts that routinely averwinter at low temper-
atures which the motile cells cannot tolerate. The
normal overwintering phase may lest for up to 10
months (e.g. the warmer water element of
summer plankton in Norwegian fjords), end cysts
are able to survive el low temperatures for many
years if not returned to conditions favourable for
the motile stages. This also illustrates the
"propagative" value of cysts acting as seeds; a
resting period and dormency ensures that a new
plonkion population can be esteblished during
favourable intervals in a fluctusting environment.
In this way species may extend their ranges
beyord the climetic bounderies in which motiles
alone could survive yeer round.

Cysis generally function as benthic resting
slages in freshwaler end neritic weters, bul es
“fine silt particles” they presumsbly are
sometimes {ronsporied by currenls eand
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"dispersed”. They may thus help to extend a
species range through Invasion of new territory
by dispersed cysts that leter esteblish a motile
population. Other steges in the life cycle also may
be dispersed this way, but the greater resilience
of cysts meke them ideally suited lo certain types
of long transport and dispersal. Of particular
concern to the problem of toxic species is the
possibility thal human egents may contribute to
this type of dispersal, for example through ships
(ballest, bilge water, on the hull, sediment on
dredging gear) and through trensplanted shelifish.

RECENT ADYANCES IN OCEANIC DINOFLAGELLATE
STUDIES

Paleontologists are especially interested to see
whether cysts, comparable to thess routinely
produced by freshwater and nerilic dino-
flagellates, ere produced by oceenic forms,
thereby suggesting the potential for an oceanic
fossil record in deep sea sediments.

-To meny workers this seemed an unlikely
possibility, but resting cysts clearly represent
only one of two alternative sirategies, and one that
seems most suiled to sessonally changing
environments on a scale not considered typical for
the pelagic realm. Furthermore, available
evidence suggests that even within neritic
dinoflagellates exposed to the lerge sessonal
chenges of temperate regions, less than S0 of
the species produce resting cysts. Dale (1976)
found 26 cyst types in boltom sediments from o
Norwegien fjord where 57 species of motile
dinoflagellates were recorded in long term
plenkton records. Most species are generally
presumed to survive extensive perfods of
unfavourable conditions by a few vegetative cells
providing a residual populstion (eg. temperate and
boreal lakes in winter), and this would seem a
more likely strategy for oceenic species. Walker
(1985) suggested that oceenic species, in
particular, may not have a sexual phese of may
have en ebbrevieted sexual phase which lacks a
hypnozygote (resting cyst).

Nevertheless, Wall et al. (1977) classified
several cyst types as oceenic, based on their
distribution in bottom sediments from a series of



transecls spanning coeslal to deep ses
environmenis. These cysis were found almost
exclusively from the outer shelf to the deep ses,
increesing as a proportion of the tolal assemblege
seawards inlo abyssal depths.

The suggested presence of oceanic dinoflageliate
resting cysls raised important questions
biologically. These concern the function end
strategy of cysts in the life cycles of oceanic
dinoflagellates. Oeologically, the main questicns
concern which types of cysts are produced, in
what smounts, their degree of preservability, and
their ultimate contribution to the sediment flux.

Traditional biolegical and geological studies
were inadequate to investigele these questions.
However, improved culturing” methods have
produced the first cultures of oceenic species
(Tangen et al., 1982), and large sediment traps
placed at different depths in the deep sea provided
the first opportunity to sample living cysts and
other stages sedimenting out through the deep sea
water column (Dale, in the press).

OBSERVATIONS ON THE LIFE CYCLE OF
THORACOSFHAERA HEINII

One of the first oceenic forms to be studied in
cullure was Thoracosphaera heimir (Tangen
et al., 1982). This species is commonly recorded
from plenkton in most oceens es distinctly smell
(10-25um diemeter), spherical, non-motile
cells thal ore enclosed in o relatively massive
calcareous wall. Most biologists have clessified
Thorécosphaera together  with  coccolitho-
phorids, whereas micropaleontologlsts huve
veriously regerded them as “non-voccolithophore
nannoliths* (Haq, 1978) or dinoflagellate resting
cysts (Fiitterer, 1976). Tangen et al. (1982)
showed that 7horacospheere s s dinoflegellate
with a life cycle unlike sny other known for the
group.

The life cycle is not yet completely known, but
Tongen et al. (1982) showed that it includes o
biflagellated motile phase identical with dino-
flagellates, esteblishing the truc identity of
Thoracospheera es adinophyte. The role of this
motile stage in the life history remains unknown,
but of porticuler interest here is the esexual

division phase 11lustrated in figure 2.
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Fig. 2 Schematic diagram of part of the asexual
phase in the life cycle of 7horacosphscrea
hermi7 (redrawn from Tengen et al., 1982).
The uninuclesr, non-motile vegetstive stags,
enclosed in calcareous shell (1) becomes
binucleer (2), emerges from the calcisphere
through opening (pylome) (3), divides (4) to
give two cells (5) thel quickly produces
calcareous shells (6). The whole sequence was
completed in about 10 mins in laboratory
cullures.

Comparison of the esexual division phase ip
Thoracosphaera (Fig. 2) with its equivalent
phase in other dinoflagellstes (A in Fig. 1) shows
binery fission as a basic similerity. The so fer
unique feelure of 7/horacosphsers is that the
dominant planktonic stage (the vegetative stege)
consists of a non-motile cell completely enclosed
in a calcarsous sphere (stege 1, Fig. 2). This
contrasts sherply with the equivalent stege in
almost all other dinoflagellates (i.e. a typical
biflagellated motile stage enclosed by a cellulesic
wall (stegel, Fig. 1).

RESULTS FROM DEEP SEA SEDIMENT TRAPS

Semples, from large sediment treps placed at
different depths in the deep see, during the
PARFLUX project, provided & unigue opportunity
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to supplement previous nonquantitative inform-
ation from the two extremes ¢f near surfece
plenkton tows and bottom sediments. For the first
time, on altempl was made tc document the
remains of cysts and other life cycle stages of
dinoflagellates sedimenting out through the deep
sea water column end to coinpare them with cysts
previously described from Recent deep-ses
s:diments (Dale, in the press).

Production of dinoflagellate resting cysts and
thoracospheerids ( calcareous spheres referable to
the genus Thoracospheers) is of main interest
here. Station dete end sample date ere shown in
Teble 1. Three calegories of remains of
dinoflegellate life history steges: calcareous cysts,
organic cysts (1.e. non mineralized resting cysts),
end thoracospheerids were counted (Teble I1).

Sediment trep semples yielded many cysts,
supporting earlier observations by Wall et al.
(1977) thet cyst formation is not restricted to
neritic dinoflegellates but includes ocesnic types.
The most siriking feature of the recorded cysts
was the overwhelming dominance of calcareous
forms.

Calcareous cysts are unknown from freshwater,
and in neritic environments they have attracted

much less attention than the organic-walled cysts
thet are thought to dominate most regions studied.
Prior to this work, evidence regerding the
relative amounis of calcareous cysls varsus
orgenic-walled cysts was restricted to just a few
studies from neritic environments. These
suggested that calcareous cysts are relatively
more important in tropical rather then temperate
regions. Dale (1976) reported only one to two
percent in a Norwegian fjord, whereas Wall &
Dale (1968) found ebundent calcareous cysts in
tropical sediments, though never dominating the
assemblage {o the extent seen in the deep sea. At
least six types of calcareous cysis were recorded
from the sediment traps, but by far the must
common type (accounting for over 90%) is only
known from the desp asea. Abundances ond
distribution of these cysts strongly suggest they
are regularly produced by oceanic dinoflagelates.

Very few orgenic-walled cysls were seen in
sediment trep samples. Only one axample was seen
of the oceanic cysts cited by Wall et al. (1977).
This was surprising since elstwhere they are
commonly recorded from deep sca sediments and
occasiunally from siope water plonkion. This may
be explained if relatively few ogenic cysts are

Table | Surmmary of sistion dete and samples used for deep sea dinoflegellsle studies

STATION PARFLUX Sy 5 PARFLUX E PARFLUX Py,  PARFLUX PB
LOCATION 31°%2.5N 13°30.2'N 15°21.1N 5°21'N8
55°55.4W 54°00.1'W 151°28.5W 81°53W
OCEAN/BASIN Sohw: sbyssal Demerara E.Howal} Por.oma
plain obyasal plain abyssal plain basin
TERM 10/76-1/77 11/77-2/718  7/78-11/78  8/79-12/719
DURATION 75 doys 110 doys 98 days 112 doys
TRAP DEPTH (m)  (372) ® 389 378 ® 567
* (976) ® 988 978 1,268
*3 694 ®3 755 2 778 (2,265)
5,206 *5,068 %*4,280 *2.869
*5,369 *5,582 ®3 769
"3, 791
(ICEAN DEPTH (m) 5,581 5,288 5,792 3,856
SEDIMENY *Box core

*Samples used for dinoflagellate studies. Trap samples represented size frection <63pm (<250um in

S5369)-
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Table I Dinoflageliate cyst and thoracosphaerid fluxes per m2/day for trap samples documented in Table l.

Stat. Trap-depth Dinoflogeliate cysts:  Thoraco-
orgonic calcareous sphaerids

S 1000m 6002 *®
4000m 8704 i
5350m 2560 *®
E 389m 14 5537 *
960m 48 5809 ®
3755m 48 13169 *
5065m 38 14546 fad
P 3000m 1968 1939}
4500m 1567 14125
5500m 401 2352
P8 667m 30 2392 30797
1268m 152 2438 29399
2869m 335 2591 33818
3769m 290 3626 35624
3791m 330 2337 24049

* not counted

produced, on a scale not covered by this type of
sampling. Organic~walled cysts were seen in only
two stations, represenled almost entirely by
unidentifishle spherical brown protoperdinioid
cysts. Proloosridinium species ere probably
heterotrophic which correlates with the fect that
the two stetions mentiored ere significantly
nearer to continental land messes than are the
other stations. These proloperidinioid cysts may
be reflecting hitherto unrecognized concentrations
of heterotrophs below the euphotic zone in such
regions.

Most of the thoracospheerids recorded (Teble
II) were small calcareous spheres of /7./eimii
or 7.granifere. At stations P ond PB (Teble 1)
they were roughly ten times more abundent than
dinaflagellats cysts. Though thoracosphaerids
were not counted for ststions S end E, meny were
chserved incidentally and they ere presumed to be
similarly shundent at those stations. Distribution
of thoracospheerids in trep samples suggests e
steady flux of these through the water column,
Their much greater rete of production compered
to dinoflagellate cysts is consistant with obsery-
ations by Tongen et al. (1982) that they ere
vegetative stages ( produced more often by esaxual

division) rathar than resting cysts ( produced less
frequently by sexunl division).

BIOMINERALIZATION AND SINKING STRATEGIES

Studies of sedliment trep semples end 7horaco-
sphaers in culturs both suggest the somewhat
surprising conclusion that routine production of
non-notile steges 1s an importent feature in the
life cycles of ssveral oceenic dinoflagellates.
Observations froi material in culture show the
non-iolile pheses of Jhoraecosphssrs to be
normal vegetative cells. The cysts recorded from
the deep sea sediment treps have never been
studied in culture. However, they are morphol-
ogically similar to other dinoflagellate resting
cysts. They are presumed to serve the seme basic
function of hypnozypies in 8 sexual cycle, though
obviously not as banthic resting stages at abyssal
depths. Alternstive suggestions for.their mode of
functioning ere: 1) Jheir buoysncy may allow
them {o remain suilobly pleced in the waler
cotumn (significently, only empty cysts were ses
sedimenting deeper In trep semples), or 2) they
may complete their sexual function et a rate



allowing excystment before the cyst sinks to &
depth from which the emerging motile stage can no
longer reestablish contect with shallower
planktoi (Dale, in the press).

Another surprising feature of oceanic life cycles
was the heavy mineralizstion of non-motile
stages. Biomineralization 1s known in only & few
other dinoflagellates, mostly restricted to a few
forms with siliceous internal skeletons, (e.g.
Teppan, 1980: 250-256) ond some other
calcareous cysts (e.9. Wall & Dals, 1968). Thick
calcareous walls suggest a possibility for a
sinking strategy, least expected in oceenic
dinoflagellates. Nevertheless, particulerly since
heavily mineralized non-motile stages figure in
two different life history stages (vegetative and
sexual) of two different groups of dinoflage!lates,
this may well represent a common sinking
stretegy coupled to biomineralization. Such
strategies are found in other planktonic groups.

The mejor phyloplankton groups, diatoms,
dinoflagellates, and coccolithophorids are geo-
logically old, extending back through the Mesozoic
Ere. They have maintained their seperate
identities while presumably sharing the same
environments because of basic, strong, equally
viable differences within their tolal biologies;
almost certainly including factors such as
biomineralization and life cycle stretegies.
Considered frem this point of view the groups may
be cheracterized thus: distoms utilize bio-
minrzralization a: the basis for a non-motile
sinking strategy, tinoflegellates generally do not
utilize biomineralizetion but employ flagella in 8
swimming strategy, and coccolithophorids
possibly utilize a combination of the two with both
mineralization end motility combined, though the
sinking stralegy may predominate.

Smetacek ( 1985) summarized those features of
diatorns that mey be interpreted as constituting
the basis for a sinking strategy, thus offering
comparisons with the oceanic dinoflagellates. Of
perticular interest is the obvious value of the
heavily mineralized frustule as balast for helping
the diatom to sink. The heavily mineralized shells
of thoracosphaerids end calcareous dinofiagellste
cysts are here considered probebly to serve a
simflar function, though the extent to which these
cells cen regulate their own buoyancy &3 do
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dietoms remains unknown. |f messive bio-
mineralization in thoracospheerids and calcareous
cysts does represent a perallel sinking strategy to
that of the dialoms, other dinoflagellates with a
combination of mineralized skeletons and flagella
may be similerly paralleling the combined
sinking/swimming strategies of e.g. cocco-
lithophorids.

Smetacek ( 1985) also suggested other sinking
mechanisms for diatoms thet may have analogies
with some other types of cysts known frrom neritic
dinoflagellates. He noted “increased mucous
secretion in conjunction with the cell pro-
{uberances cheracleristic of bloom diatoms leads
to entanglement and aggregale formation during
sinking; the “sticky" aggregates scavange
minerals and other particles during decent which
further accelerates the sinking rate”. Many cysts
posses a variely of spines hat certainly lead to
entangleinent (both witlh other cysts end debris)
and aggregates, while several cysts are known that
are coated with a8 mucous layer which scavanges
minerals and other particles (e.g. Dale, 1977).
Such mechanisms may alsd serve to help benthic
resting cysts in maintaining their posilion in
bottom sediments during the resting period,
resisling possible washing out by Loltom
currents.

The advantages of the sinking strategy for
oceenic dinoflagellales are nol known bul
presumably they are similar tn those forming the
basis for diatom strategies. These may include
removing the cell from nutrient poor weters of
the euphotic zone at times of particular depletion
to nutritionally richer waters usually found a
little deeper in the water column, and advantages
of long distence lateral trensport (&ssuming a
degree of buayency) to other regions of improved
nutrients (e.g. upwelling).
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THE AZORES FRONT: A ZOOGEOGRAPHIC BOUNDARY ?

P.A.DOMANSKI
Institute of Oceeanographic Sciences, U.K.

INTRODUCTION

The zoogeography of the mesopelagic fauna of the
N.E.Atlantic is ressonably well understood only
for a handful of texonomic groups (Ostrecods:
Angel & Fasham, 1975; Fasham & Angel, 1975;
Fish: Backus et al., 1977; Decapod crustaceans:
Foxtcn 1972; Casenova, 1977; Fashem & Foxton,
1979). Fasham & Foxton ( 1979) showed that the
2onation of decapods sampled at 10°* intervals
from 10°N to 60°H elon) the 20°W meridien,
oould largely be explained in terms of the ocean’s
kydrogrephy. Their >1000km spacing yielded
feunal regions with spperently clesr boundaries
between them but on this scale the precise nature
of the transition eress could not be determined. In
this peper the boundary between twy water
masses is exemined in greater detail with respect
to the decapod crustaceen feunal assemblages.

The area under consideration here is a region to
the S.W. of the Azores on the eastern flanks of the
Mid Atlantic Ridge {Fig. 1). Through this ares
runs an extension of the southerly return brench
of the Gulf Stream ond this gives rise to a
permanent oceanic frontal region, referred to as
the Azores Front (Gould, 1985).

PHYSICAL BACKGROUND

During 1980/81 the Institute of Oceanogrephic
Sciences mounted 8 programme to investigete the
Azores Front. It wgs found to be a meendering
feature 20-50km wice, characterized by repidly
changing isotherm dapths across it and high neer
surfece currents of <40cm s~ along it. On one
side of the frent luy Eastern Atlentic Weter
(EAW) typified by the 16°C isotherm depth of ¢
150m, on the other side lay Western Atlentic
Water (WAW) with the 16°C isotherm >300m.
Fesham et al. (1985) reported that the WAW was
gencrally poorer in nutrients ond hed only

50-60% of the chlorophyll levels of the EAW.
However, despite the potential for grester mixing
in the front there was no evidence of consistently
higher phytoplenkton productivity levels in the
frontal region. During May and June 1981 the
front propageted westwards by some S5km, at the
same time a 100km diemeter EAW eddv wes
pinched off from a meander and moved westward at
2.2kmd"!.

NET SAMPLING

Five stations were occupied: in the WAV, in a
WAW meander, in the front, in the EAW and in the
newly formed EAW eddy. At each station aday onda
night series of hour long net hauls were fished
over 100m depth horizons to at leest 12C0m
depth using an opening/clesing multiple RMT 1+8
system (Roe & Shale, 1979).

RESULTS

A total of 56 species of decapods were identified
from 126 hauls. Of these 34 spp. were cosmopol-
iten, seven occurred only et one station and, of the
remainder, only two or three species showed any
semblance of an EAW-WAW cline in terms of
presence/sbsence. The ebundance of the 15
dominant species from each station are given in
Teble |. Cleerly the majority of abundent species
wers most numerous in the Front end scarcest in
the WAW. This pattern is repeated in biomass as
indicated by the displmment volume of snimals
conteined under 10m?2 of oceen surfece from
0-1200m depth range averaged over day and
night: WAW (4.2cm3), €AW _(6.5cmd),
wneandem 7cm), E.Eddy (8.3cm®) and Front
(9.4cm3).

Kendalls Renk Correlation was used to derive
dendrograms of similarity between stations using
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Table | is compiled using the 15 most ebundant species from eech station. Values given ere numbers of
enimals under 10m? of sea surfac. Bethypelagic species whose population ranges have not been fully
sampled are denoted by an asterisk.

Species WAW  W.Meander Front EAW  E.Eddy
10380 10378 10376 10379 10382
Coridoe:
Acanihephyra purpurea 1.37 5.68 4.77 3.17 S.21
Acanthephyra pelagica 0. 0.19 0.61 0.69 0.03%
Acanthephyra stylorostratis 0.65* 0.15% 0.56 0.26* 0.12%
Systellaspis debilis 1.23 1.63 .27 1.09 1.46
Oplophorus spinosus 0.36 0.51 0.6S 0.66 0.70
Parapandalus richardi 048 0N 0.54 1.0 0.45
Parspasiphaca svicalifrons 0.14 035 0.77 0.67 042
Hymenodora grecilis L12%  0.71% 3.19% 469% 0.40*%
Hymenodora glacialis 0.28* = *® 0.08* *
Sergestidoe:
Sergesies (Sergia’robustus 0. 0.06 1.77 0.05 0.24
Sergestes splendens 0.45 107 0.68 1.04 120
Sergesles japonicus 0.25 170 6.50 .79 1Lt
Sergestes lenuiremis 0.13 0.52 0.28 0.16 0.72
Sergestes (Sergestes)vigilax 030  0.33 0.98 1.57 1.0
Sergesles sargessi 0.12 1.27 1.89 .36 0.62
Sergestes henseni 0.12 0.17 0.56 0.05 0.06
Sergestes curvatus 0.13 0.61 0.25 0.79 0.55
Sergestas allanticus 006 0.12 1.95 .31 0.83
Petalidium obesum 0.42% 0.10% 0.37* 0.16* 0.13*
Penoeidee:
Bennadas elegans 0.01 0.23 3.76 191 0.96
O.valens 0.39 451 2.58 195 2.26
Bentheogennema intermedie 0.99 6.58% 3.18 5.18 4.05*
Funchalia villose 032 0.24 0.05 0.26 0.18
Luciferidoe:
Lucifer sp.(1arval
stages) 290 0.25 0.08 0.28 0.14

the stenderdised totals of the 20 most abundant
species (Fig. 2). For both adult and non-adult
animals the WAV stends apart from the others and
the EAW and E.Eddy ere linked together in both
cases. Although greatest overall similarity occurs
between Frontal and W.Mesnder adult fauras this
relationship is of less significance for non-adult
stages.

Figure 3 shows the distributions of a selection

of species typifying the main palterns of
abundance across the front. Among the three
mejor decapod taxa the robust diel migratory
carids exhibited the lesst diminution toward the
WAW. Acanthephyra purpures, Oplopho-
reus spinosus, Parspandslus richardr
and Systellasprs debilis, whose vertical
ranges ore largely confined to the top 1000m of
the water column,all deepen slightly towerd WAW



in & trend common to the >9°C isotherms, this is
most pronounced in the nighttime distributions
which are shallower. Certain bathypelagic carids
also change across the front, A.pe/agica, which
at these latitudes displays only slight diel
migration, shoals and becomes more numerous
toward the EAW. Conversely, the non-migratory
A.stylorostratis shoals and becomes numerous
in the WAW, these latter two species appear to be
mutually exclusive. All three Acanthsphyrs

species are abundant in the front although they
ore segregated by depth.

Unlike the study by Oriffiths and Brandt
(1983) in the East Australian Current, an
analysis of length/frequency of carapace length
for the most common cerids revealed no
significant differences in size structure between
the five stations. Likewise the size and ratios of
gravid to non-gravid females indicale that the
same populations were sampled at each of the five
stations.

Gennsdss elegans adeep mesopelagic species
and exhibiling no diel migratory habil at these
latitudes was the most drastically affected of the
Oennsdas group by the transition from EAW to
WAW. Poorly represented in the W.Meander, it
was virtually absent in the WAW proper.
0.valens, however, displayed extensive vertical
migrations, was scarce in the WAW, but very
abundent in the W.Meander. The bathypelagic
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Fig. 2 Similerily relationships belween the
feunas of the five stations derived from Kendalls
Rank correlation.
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species Bentheogennema inlermedia wes also
scarcest in the WAW but most abundent in the
W.Meander.

Apart from several of the larger Sergse spp.
the sergestids also were scarce in WAW. Two
species, Sergra robustus and S. japonicus,
a migrator and non-migrator respectively were
markedly more abundent in the Front then
elsewhere.

DISCUSSION

During the past two decades il has become
increasingly clesr that the traditional view of
stable and homogeneous oceans cen be quile
erroneous. Mesoscale festures on a scale of 10s o
100s of km and months to years in duration have
been reported in all the oceans, and the N.E.
Atlentic is no exception (e.g. Madelain & Kerut,
1978; Oould, 1985). Horizontally, feunal
{ransitions may be brosd averaging out the effects
of any mesoscale activity or narrow bul exhibit
variability on similar scale to the hydrography.
In studies of both the Gulf Stream Rings (e.q.
Wiebe el al., 1976) and the Easst Australia
Current (eg. Oriffiths & Brendt, 1983)
biological veriebility hes been observed on a
similer scale to that of the hydrography.
Mesascale variability hes also been strongly
suspected when there have been unexpected faunal
discontinuities during otherwise routine sampling
(Angel, 1977). The decopod essemblages
considered here provide evidence for both slow
end rapid response o such mesoscale activity.
Depth(s) of habitetion and vertical mobility
may, to en exient, delermine geographical
distribution as differences in the current sheer
with depth cen aeffect patlerns of dispersal
(Miller, 1970). The vertically migrating carids
ore physiologically adapted to cope with a wide
1/S rengs so, to these animals, the front
represents no major obstacle. Faunal chenge for
them, if eny, ecross the front is only gradual.
Yertical migration, however, is modified as there
is & slight downward trend in the upper depth
limit following the petlern in isotherms; this hes
been noted elsewhere (8.0 Acanthephyra spp.
Foxion, 1972 and more generally; choetognaths,
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Acanthephyra purpurea
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Acanthephyra pelagica
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Gonnadas valens
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Sergla japonicus
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Systellaspls debilis
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Pierrot-Bults, 1975; euphsusiids, Wiebe &
Flierl, 1983). As non-selective carnivores,
(other then for size of prey; Foxton & Ros, 1974;
Roe, 1985) the vertically migrating carids may
be particularly trophically adeplable across the
front.

There are examples in which the migratory and
non-migratory hebits ere exhibited by species
which are congeneric and it is the deeper,
non- migratory species that are most restricted in
distribution across the front. Acanthephyrs
pelegice only a partial migrator and A
slylorostratis a8 non-migralor, are more
abundent in the EAW and WAW respectively, both
reside mainly below 800m. A. purpures,
however, which undergoes extensive vertical
migrations is more evenly distributed between the
five stations; note that in the front all three
species thrive but ere vertically segregated.
Amongst the Oennsdss type species, O.véalens
occurs in all five stations (although scarce in
WAW) and performs vertical migrations similar
to those of A purpurea G.elegéns, however,
which dwells below 800m and does nol migrate in
this area, is scarce in the W.Meander and absent
from WAW. It is noticeable that faunal differences
across the front ere most evident below 800m
despite only very small differences in T/S
relationships at this depth.

One could speculste that the scarcity of
Oennadss in the WAW may be in part due to
their high degree of detritivory (Foxton & Roe,
1974; Heffernan & Hopkins, 1981; Roe, 1985).
Detritus, high in feecal material may be
particularly lacking in WAW because of the
generally lower productivity of these walers. The
scorcity of sergestids, particulerly small
Sergesiss spp. in WAW and W. Meander is not
easily accounted for. Most species are diel vertical
migrators and thus able o cope with a consider-
uble T/8 range. Gut analyses are few but indicate a
diet of small micronekton and plankton with &
degree of detritivory (Ros, 1985).

The greater abundence in the front and the two
other stations belween EAW and WAW is difficult
fo account for on available evidence alone.
Oriffiths & Brandt (1983) reported greater
numbers of some decapod species and higher C:N
ratics in the edge region of an eddy, ceused

possibly by the enhanced primary productivity in
the edge region (Trenter et al., 1983). This
higher productivity, they eorgued, could be
trensmitled through to higher trophic levels
(Boyd et al., 1978). In this study no such
enrichment was found in the region of the front
(Fasham et al., 1985), however, it is unlikely
that the increased micronekton resulted from a
past phytoplankion enrichment in the immediate
vicinily as advection in the relatively swift
frontal currents would tend to be dispersive. The
time taken for decapod's, which are close to the top
of the food chain, to respond lo an increase in
phytoplankton will be congsiderable. Assuming
entrainment in the front and an average current of
10cms™ !, ¥500 km could be covered in 2 months,
nearly the same length of time taken to sample the
five stations. The general trend of the front is NW
o SE (Mann, 1967; Gould, 1985), it is very
likely, therefore, that species of high sbundance
in the front (e.9. Sergia japonicus and S.
robustus were advected from more productive
oreaslo N.W.

Altempts {o identify zoogeographical regions and
to relate them to water masses have met with
varying degrees of success and il is now cleer
that, whilst the distribution of many species can
broadly be explained in these terms, the limits of
species ranges rarely coincide execlly with
physical boundaries. This present study is in
acreement with this view as, the Azores Front
which is a merked physical festure between
distinct water masses, represents the boundary
of only & few species. In terms of presence/
absence, therefore, there is little to distinguish
the five decapod assemblages. However, a patlern
does emerge from the cumperison of renked
abundances which shows that the EAW and EAW
eddy stations ere closely linked while the WAW
one stends apart.

The existence of structured pelagic communities
that ere distinct from one enother hes been
questioned more than once (e.g. for Diatoms:
Williams et al., 1981; and Fish: McKelvie,
1985). Differences in the environment on either
side of the front will, not unnaturally, favour
some species more than others and thus lead to
differences in relalive sbundance, the significance
of which aredifiicult {o interpret. The study area



i3 subject to quite pronounced mesoscale varia-
bility which is in addition {0 eny seasonal
influences and 50 il is likely that in the region of
the front, at least, the relative sbundences are in
a slate of constant flux.

The role of trophic relationships may well be
very important (e.g. Pugh, this volume) although,
a3 yet, lhey are only poorly understood for this
region. In their study of thermal fronts Backus et
al. (1969) postulated that some species of meso-
peloagic fish were particularly well odapled to
arees of eilher high or low productivity, perhaps
the same i3 true for other taxa. In the WAW, the
lowest biomass was recorded in most other
micronektonic and planktonic taxa as well as the
decepods, this was most probably due to the low
levels of primary productivity. The decepod fauna
is especially lacking in detritivorous species. By
this measure the WAW could be said to have alow
productivily fauna, the fact still remains, how-
ever, that the species complement is substantially
{he same a3 the other four series, distinguished by
the lack of some species rather than the addition of
others.
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APPENDIX

Station Position of centre
10376 Frontal 33'20'N 33*20'W
10378 WAW Mesnder 32'20'N 29'S0'W
10379 EAW 35°00'N 33°10'W
10380 WAW 30°00'N 33°50'W
10382 EAW Eddy 32°33'N 32°33'W

Abbreviations: EAW (Eestern Atlentic Water)
WAY ( Western Atlantic Water)

Dates 1981

26/5-30/5

7/6-10/6
11/6-15/6
16/6-20/6
21/6-24/6

Depth of the 16°C
isotherm (inm)
295

254

146

318

194
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THE PLEISTOCENE EQUATORIAL BARRIER BETWEEN THE
INDIAN AND PACIFIC OCEANS AND A LIKELY CAUSE
FOR WALLACE'S LINE

ABRAHAM FLEMINGER
Scripps Institution of Oceanography, U.S.A.

INTRODUCTION

Between Miocene end Pliocene time 15 to S
million yeers ago, the Australien/New Guinea
plate end the Asian plate collided (Audley-Cherles
et al., 1981; Audiey-Cherles, 1981) end
established the contemporery alignment of land
ond see in the indo-Australisn region. Subsequent
eastwerd dispersal of some oriental terrestrial
plents and enimals end westward dispersal of some
Australian / New OGuinesn terrestrial species
acress the collision boundery epparently failed.
The imperfect dispersal of the two biotes became

the besis for a series of proposed biogeogrephical
bounderies (Fig. 1) thet extend north to south
across esstern Indonesian seas between the east
coast of Borneo and the western end of Yogelkop
Peninsula off western-most New Guinea (Cerr,
1972; Raven & Axelrod, 1972; George, 1981).
The extreme boundaries are Wallace's line lying
east of the Philippines and passing south between
Borneo and Celebes end Lydekker‘s line, a dogleg
lying west of New Guines and east of Ceram and the
Kai and Tenimbar Islands. The two lines delineate
an area of biotic trensition between Asian and
Australian/New Guinesn feunas and floras some-
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times referred to as Wallecea (Mayr, 1944).
Wallacea encompasses the eastern Indo- nesisn
sess, the major tropical seaway connecting the
Indien and Pecific Ocesns and the only tropical
connection during Pleistocene glacial stages.

In this peaper | consider several lines of
evidence that Wallacea was the likely site of
profound, vicariant events during Pleistocene
glecial steges. These events influenced the
distribution and speciation of pelagic, equatorial,
Indo-Pacific stenothermal species inhabiting the
mixed layer. Support for the hypothesis thet
Wallacea has been & geogrephical barrier during
Pleistocene glacia! stages derives from several
Sources:
1.Evidence of annual coastal wind driven up-
welling off western New Quinea.

2. Presence of an upwelling species endemic to the
Indo-Australian region, Ca/anoides philip-
p1nensis.

3. Estimates of reduced surface water temper-
atures in Pleistocene glacial periods.

4. Speciation palterns of pontellid copepods in-
hebiting surfece walers of the Indo-Australien
region.

S. Presence of an epparent hybrid zone across
Wallecea in copepods of the genus Undinu/s.

UPWELLING OFF NEW GUINEA

Upwelling in Wallacea first came to my attention
in midyear of 1979, in the course of & biological
collecting expedition sboard R/Y Alpha Helix
working coastal waters in eastern |ndonesian sess.
Figure 2 shows the track of the expedition.

To fecilitate comperisons, the track has been
divided arbitrarily into sectors labeled A, B, C, D
& E. Median surfece temperatures and mean
2ooplankton biomess, sector by sector, are shown
in the table above the cruise track (Fig. 2).
Circled slations had zooplankion biomass,
measured as displacement volume, sbove 150cc
per standard tow; half-filled and filled circles are
stations at which upwelling species of copepods
were collected.

Sector C showed the most pronounced effects of
coastal upwelling. Surfece temperatures were as
low as 25°C, mean 2o00plankton biomass and the
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proportion of high biomass stations were the
highest of the cruise, and almost all the samples
contained upwelling species. Furthermore, the
sector C samples contained few if any of the 40
stenothermal species of Pontellidee thal were
collected in the course of the expedition. High
values in sector D eppeer 1o be the consequence of
advection from sector C. Sector A also hed low
temperatures, few pontellids, ond sufficient
phytoplankton to discolor the net, but, in view of
the low zooplankion biomass and the scarcity of
upwelling copepods, the upwelling was clearly in
an earlier phase of development. The cause of the
upwelling appeared to be the SE Trade Winds
blowing 15 to 25 knots, day and night, during this
phase of the southern hemisphere winter.

A series of histogrems (Fig. 3) allows one to
compare surface temperatures with (1) biomass,
(2) the occurrence of the upwelling copepods,
Calanoides philippinensis and Rhincalanus
nasutus and (3) the abundance of stenothermel
copepods belonging to the family Pontellide.
Station numbers ere shiown at the bottom of the
figure. Semples were taken with a 1m plankion
net fished horizontally at the surfece for twenty
minutes at dewn or dusk. Stations 40 to 60 located
south and west of New Guinea produced the lowest
temperatures, the highest biomass, the largest
numbers of upwelling species, snd the lowest
ebundance of stenothermal pontellids. Typical
surfece temperatures at cosstal water stations,
sampled at dewn and gusk, measured 28°C. At
midday they tended to rise to 30°C. Minimum sea
surface temperatures of 25°C were apparently
depressed about 3°C by the upwelling.

Although phytoplenkton biomass was not
measured, it should be noted that stations
producing high zooplankton biomass and low
surface temperatures (<27°C) tended to have high
quantities of phytoplankton contributing to the
green, turbid qualities of the water observed at
these localities. Furthermore, at these stations
and many slations of sector A the zooplenklon net
usually came aboard coated with a thick green
layer of phytoplankton. The highest concentrations
of upwelling species, highest zooplaenkton biomass
measurements, and the lowest temperatures
occurred just west and north of the Aru

Archipelago.
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Fig. 2 Cruice treck, Moro Expedition 31 May to 24 July 1979, aboerd RY "Alpha Helix". Im net, 505
mesh, towed et surfece for 20 minutes &t dawn or dusk at numbered stetions. Biomass, messured and
reported 8s displacement volume per 20-minute surface tow, exceeded 150cc st stations marked by a
circle. Circles half filled and filled also indicate presence of one or two upwelling species of copepod,
respectively. Sectors A to £, determined arbitrerily, provide means for highlighting area of low surface
temperature, high biomass and frequent occurrence of upwelling copepods.

COPEPOD  UPWELLING SPECIES IN THE
INDO-AUSTRALIAN REGION

Biogeographically, the two upwelling species are
very different. Rhincalanus nasutus sppesrs
to be circumglobal and occurs primarily in
temperate boundery currents and in tropical
upwelling. My unpublished deta on Calanidee
which include a cledistic analysis of phylogeny and
a biogeogrephic study of Ca/anoidss supports the
hypothesis that O philippinensis evolved
relatively recently within the Indo-Australian
region and probably at a time when upwalling wes

much more widespread in this region. Most Indo-
Malayan records of R.nasutus end C philip-
pinénsistaken by the two previous expeditions
in Indonesian waters, Siboga (Scott, 1909) and
Snellfus (VYervoort, 1946), were also oblained
from west and south of New Guinea (Fig. 4). | heve
also found C.phr/ippinensis in this region in
surface collections teken off southwest New Guines
in midyeer, 1976 and 1977, by an SI0 expedition
called INDOPAC. Thus, there is eample reason to
accept two facts with significant historical
implications for Walleces, 1. Upwselling is an
annual midyear event in the southern hemisphere
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winter prompted by the winter-intensified SE
Trade Winds.
2. C8lanoides philippinensis appears to have
evolved in the vicinity of Wallacea and probably
during a period when the cool waler conditions,
ond the dense phytoplankton populations it
favours, were much more extensive than they are
now. Compared to the huge populations of its
congeners off Africa, South America, South
Australia and the Antarctic, C philippinensis
appears to be barely surviving at present.
Extrapolating from available sampling records
(Figs 3, 4)(deep tows from Siboga and Snellius
Expeditions produced only late ~copepodites,
surface tows in winter months from Moro and
INDOPAC Expeditions produced adults and young

Fig. 3 Moro Expedition, 31 May to 24 July 1979.
Histogrems of temperature, biomass (cc) as
displacement volume per 20-minute surface tow,
abundonce of upwelling species, Ca/anoides
p/nhppmans;s and Rhincslenus nasulus,
no. adults/m3 shown by tick to left of vertical
line, no. juvenilw/m shown by tick to right of
vertical line; lowermost histogram shows sum
total of stenothermal species of copepod family
Pontellidee represented in semples of expedition
by 15 species of APonitelis, \4 species of
Labidocers end 11 species of Ponlellopsis.
Station numbers shown on scale et bottom;
stations 40 to 60 with lowest temperatures,
highest biomass, largest numbers of upwelling
species and lowest numbers of stenothermal
pontellids. Subsamples were obtained with the aid
of a Folsom plankton splitter for large, highly
varied samples and a Stempe! pipette for smail
samples dominated by copepods. Counts, usually
based upon micrescopic examination of 5& of the
total sample, the range varying from 2% to 103.

copepodites), £ philippinensis appesrs to
behave as do its allopatric congeners. They tend to
enter the mixed layer during seasonal periods of
enrichment where they mature and reproduce.
Late immature individuals (ie. stage VY
copepodids) of the next or some subsequent
generation store large quantities of lipids. They
leave the mixed layer opparently when food
supplies decline precipitously (Smith, 1982) to
enter diapause at about 300 to S00m or deeper.
The diapausing stocks rremain as late juveniles at
depth until the onset of the next upwelling period
a3 described for Ca/anoides carinalys and
Calenus pacificus californicus (Binet &
Suisse de Saint Claire, 1975; Petit & Courties,
1976; Alldredge et al.,1984).
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Fig. 4 Composite stations of the Siboga Expedition ( 1899), the Snellius Expedition ( 1929) end R/Y “Alpha
Helix" Moro Expedition ( 1979). Stations ere indicated by smali filled circles, Ca/anaides records by
open diamonds, and Rhincalenus records by & lerge filled circle. Nole how positive records are

concentrated off southwestern New Guinea.

SURFACE TEMPERATURES DURING PLEISTOCENE
OLACIAL STAGES

Figure 5 considers Indo-Australian sea surfece
temperatures in the present interglacial and
estimated temperatures prevailing during
Pleistocene glacial stages. OGeneral features of
figure S are from Webster & Streten ( 1972) and
the CLIMAP Project (1976). Neither source,
however, allows for the influence of coastal
upwelling.

The top two penels in figure S show present
conditions prevailing in the two halves of the
year. The botlom {wo pensls spproximate
conditions thought to exist during Pleistocene

glacial stages, when sea level was lowered by 100
to 200m. Dotted shading in the erea of Wallacea
represents special local conditions that would
have lowered surface temperatures on 8 seasonal
basis.

Quinn (1971) argues for increesed upwelling
in equatorial latitudes of the westernmost Pacific
during Pleistocene glacial steges. He notes the
existence of fossil gueno deposits on equatorial
islands lying west of the Gilberts, which.indicates
the past presence of large colonies of sea birds on
islands now lacking such colonies. Presumebly
during Pleistocene glacial periods, equstorial
upwelling in the West Pacific provided the
resources to support the now extinct bird
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Fig. 5 Sea surfece temperature isotherms, *C, surface currents (slender arrows) and Northeast Trade
Winds (thick arrows) in eastern Indo-Australian region. Top two panels show conditions in southern
hemisphere winter and summer conditions in the present time and hypothesized for past interglacial stages.
Bottom two panels show conditions thought to prevail during Pleistocene glacial stages. Oblique line shading
in bottom wo panels show eress in which unusually cool (<21°C) surfece temperatures may have
predominated seasonally and acled as & barrier to the passage of mixed layer stenotherms; land srea
extended to 200m isobath to approximately lowered eustatic sea level during glacial stages. ( modified from

Webster& Streten, 1972; Brinton,1975).

colonies. In general over the past 75000 years,
fluctuations in the intensity of the {rade winds has
been concurrent or preceded fluctuations in the
amount of ice stored on conlinents and wind
velocily of the winter trades intensified during
cool climatic stages of the esrth and diminished
during werm stages (Molina-Cruz, 1977).
Pleistocene glaciel stages appear to have persisted

for periods of tens of thousands of yeers. Bé &
Duplessey (1976) show that the half-
million-year record fer the western !ndian Ocean
ond the quarter-million-yeer record for the
eastern Indian Ocean had cold conditions
prevalling for more than half of their respective
periods. Yen Andel et al. (1967) and Webster &
Strelen (1972) believe that cool water entered
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the Timor Sca during Pleislocene glacial stages
based on en intensification of the cool, west
Australian boundery current end its more
northwerd penetration. Chenges in current
intensity during Pleistccene glacial stages have
been recorded off South Africa ( Hutson, 1980).

In the northern hemisphere during Pleistocene
glacial winters, the NE Trades probably intens-
ified sufficiently to induce coastal upwelling off
norihwest New Guinea and the eestern Moluccas.
Webster & Streten (1972) suggest thet surface
temperatures off northwest New Ouinea ranged
from 22 to 24°C, while the CLIMAP Project
(1976) indicates 25 to 27°C in the southern
hemisphere winter for this aree. Reducing these
values by 3°C, the extent surface temperaturas
are lowered in upwelling plumes off New Guines,
would depress winter Pleistocene surfece
temperatures (o a range of 19 to 24°C, i.c., well
below present-day winter conditions. Assuming
that tie median, 21.5°C, is close to actual surface
temperatures in upwelling plumes of the
Pleistocene glacial winter, the northern and of
Wallacea would be inhospitable to tropical
stenotherme roughly from Oclober to March. In
the southern hemisphere's winter, the West
Australia Boundery Current would intensify end
the SE Trodes might cause cosstal upwslling along
the Sehul shelf. It is reasonsble to expect winter
surface temperatures of about 20°C {n the Timor
end Bande, Scas, as shown by Webster & Streten
(1972), rendering the southern end of Wallaces
inhospitable to surface-bound stenotherms
roughly betwcen April and September.

The hypathesized glacial-stage conditions shown
in the lower t\vo panels of figure 5 would enhance
C.philippinensis and R.nasutus population
expansions, while depressing populations of
stencthermal pontellids. Stratigraphic evidence
by Bé & Duplessy (1976) indicates that the
glacial stages persisted for tens of thousands of
yeers several {imes during the million years of
the Pleistocens. For stenothermal species ranging
across Wallacea, each glacial sequence would
interrupt their distribution end provide en
opportunity for the allopatric subpopulations to
divergs,

PONTELLID SPECIATION PATTERNS

If Wallaces was a long-term harrier to passage of
stenothermal species of the mixed layer, we
should expect to see evidence of its vicariant role
in speciation patterns of locally distributed
species groups. That is, sisler species may be
expecled to have allopatric or parepatric
distributions extending from Wallacee.

Pontellid copepods are abunden! and species rich
in the Indo-Australian region. | have recorded to
date 69 species in the three principal genera,
Labidocera, Pontells end Pontellopsis, 48
being endemic to the region. Most are or appeer to
be stenothermal, and all live in the upper few
meters of the mixed layer. Up to now | have
examined the systematics and distribution of five
species groups of these pontellids. With few
exceplions, thass species ere short ranging end
inhabit coastal or neritic waters. | have assumed
from their morphologic and geogr&phic
relationships that allopatric specistion is the
principal, and likely the sole, process of
cladogenesis in this family. Hypothesized phylo-
cenetic relationships for each group based on
sexually modified apomorphies are shown in
figure 6. Circled nodes represent hypothesized
speciation events that appeer, on the basis of
present distributions, to have occurred in the
vicinity of Wallacea. Every group has at least one
apparent speciation event associated with
Wallaceo. About 30% of cladogenesis in the five
groups appears to indicate a past Wallacean
barrier.

The lack of a fossil history precludes direct
dating of copepod speciation events. However, two
sources of inferential evidence provide a
yardstick for estimating speciation rates in
coastal to slope-water copepods. Oine source is @
study of geogrephical variation in Calenus
helgolandicus s.). (Fleminger & Hulsemenn,
unpubl.). The second ( Fleminger, 1975) is from
speciation patterns in American lineeges of
Labidocers. C.helgolandicus s.). in the Black
Sea has diverged behaviourally and morph-
ologically from the Mediterrenean ancestor and
oppears to have induced reinforcement of
reproductive berriers in the Aegean end Adriatic
populations. The Black Sea has had a complex
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history verying through Pleistocene time from
brackish merine to freshweter-brackish
(Caspers, 1957). When the Black Ses assumed ils
present marine-brackish quality to support e
Calanus population is not established. Never-
theless, Ca/anvs could not have survived the
freshening at the beginning of Wirm 100,000
years 800. Indeed, the most recent successful
colonization from the Sea of Marmera may have
begun after the end of the most recent glaciation,
less than 12,000 yeors ago.

Labidocers in the Americas is represented by
18 species divided among four distinctively
different species-groups (Fleminger, 1975).
Two groups are restricted to Atlantic-Caribbean
coastal-neritic waters and two to Pecific
coestal-neritic waters. The species have
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relatively restricted geographical ranges (i.e.,
short-ranged) and tropical or subtropical
temperature  requirements. Their present
distribution relative to closure of the isthmus of
Panama about 3,5 million yeers ago ( Woodring,
1966) sugoests thal these species groups,
virtually the equivalent of genera in
better-studied taxa, may have evolved in less then
3.5 million yeers. This is similar in duration to
more femiliar estimates of rapidly evolving
genera. For example, all evolution in the
Galapagos Islands, including radiation of 13
species of Darwin's finches, occured within 3 to 4
million years (Hickman & Lipps, 1985). Thus
the Calanus and (ebidocers dals suggest
speciation rates falling between 106 and 104
years.

The geographical distribulion of each of these
five groups ere sufficiently similar that anyone
can serve as an example of the others. Figure 7
shows the disiribution of the [Labridocera
pectinata qroup (Fleminger et al., 1982). It is
the most coastal of the five groups, typically being
confined to waters inshore of the 100m isobath.
The extent of shading offshore in the figure is, in
most cases, merely for illustrative purposes, and
not intented 1o depict the aclual offshore
distribution of individual species. Two sets of
sister species converge on Wallecea, £. papuenis
aend [L.carpentsriensis, north and south
relative to Wallaceas, and species #3 and
L.carpentseriensis, esst and west of Wallacea. A
prolonged temperature barrier in Wallacea would
have divided a continuous population into two or
more allopatric subpopulations. Similar observ-
ations can be made for the other four pontellid
species groups that have been studied.

Considering the sequence of Pleistacene glacials
and interglacials, reduction of eustatic sea level
by about 200m, and surface cooling by coastal
upwelling, the history of the [&bidocers
pectinata group may have been roughly &s
hypothesized in figures 8 A-D. Accepting that the
cold, surfece-water barrier in Wallacea, 8&s
discussed above, persisted for thousands {o tens of
thousends of years, the opportunity did exist for
speciation of the isolated populations.
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Fig. 7 Presenl geographical distribution of the
Labidocera pectinate species group, based on
localities cited in Fleminger et al. (1982) and
new unpublished data. Extent of shading offshore
is merely for illusirative purposes and not
intended to depict actual offshore distribution of
individual species; in most cases offshore
distribution is confined to waters inshore of the
100m isobath. Cledogram in lower lefl shows
hypothesized phylogenetic relationships of species
end shedings representing renges of individuel
species. Circled nodes are hypothesized speciation
events that appear 1o have occurred in the vicinity
of Waellaces.

UNDINULA HYBRID ZONE IN WALLACEA

Undinula vulgarisis a species complex within
the family Calanidee that hes a Ca/anus -like
role, ecologically, in equatorial neritic waters
circumglobally. The systematics of Undinuls
vulgaris s.). at the species level ere largely
incomplete. Preliminary studies by Yervoort
(1946) that were expanded by an unpublished
study of Fleminger & Hulsemenn indicate a zone of
high varisbility in ¢, vu/garis in the erea o,
Wallacee.

Three subspecific forms of Undinule
vulgaris s.\. have been recognized in the Indo-
Pacific: 1. U.v.2zey/enice inhebiting coastal
waters around oceenic islends; 2. U v.{ypice
occurring in continentel neritic waters in the East
Pacific, off Asia, end Esst Africa; and 3.
U.v.giesbrechtr , s varisble population largely
concentrated in Wallecee end more or less
intermediate to &, v.zey/anicasnd U.v.lypics.

140° 16CE
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These irinomen ere current in the copepod
literature and are retained in the present paper
since 1t is not a suitable vehicle to propose
nomenclatoral changes.

Figure 9 is a preliminery summary of three
female sexual cheracters that differ in the three
forms. The scatterdiagrem shows the distribution
of one varying character, the length of the right
side of the last thoraric segment, plotled sgainst
stendard (prosome) body length. The two topmost
clusters of open squares and crosses represent
U.v.zeylanice from the Mershalls and Semos.
The cluster of open circles below represent
lypica , the continental form from Indian and
Eest Pacific coastal localities. The intermediate
U.v.giesbrechti is represented by filled
squares, filled circles, and filled triangles lying
intermediate to" ¢/ v. {ypicaend U.v.zey/lanics.
The Atlantic population also assigned 1o
U v.lypica by previous euthors, though in
error in my judgement, is represented by the
open, inverted triangles below.

The drawings on the left depict the adult female
right fifth pediger-beering thorecic segment, and
the distribution of cuticuler glends associated
with one of the sites on which the male
spermatophore s cemented. U v.zey/lanics o
the top left hes columner cells erranged
perpendiculer to the articulation with the fourth
pediger-beering thoracic segment. ¢ v.gres-
brechti, second from the top, hes numerous
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EARLY PLEISTOCENE
OLACIAL STACE

EARLY PLEISTOCENE
INTERGLACIAL STAGE

MID PLEISTOCENE
GLACIAL STAGE
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Fig. 8 Hypothesized sequence of speciation in the Zsbidocere pectinets group. Continental barriers are
based on major land drainage systems that would interrupt distributions of cosstal water species during
olacial steges and melt periods leading into en interglacial stage. Sessonal barriers refer to the cooling
effects of probable seasonal upwelling during the northern hemisphere winter and the cooling effects of the
West Australia Boundery Current, as well as possible coastal upwelling in the southern hemisphere winter
@s discussed in the text. Shedings are identified in figure 7, except that the vertical lines in panel A refer to

an ancestral precursor of £.pectingls.

glands scattered across both the fourth and fifth
pediger-beering thorecic segments. Indo-Pacific
U.v.tlypica, third from the top, has a few glands
scattered over the fifth pediger-bearing segment.
The Atlentic form of ¢ v./ypice , bottom left,

pediger -beering thoracic segment and

has columnar glands distributed along the dorssl
border of the fifth pediger-beering segment. The
smaller figures on the right show the fifth

genital

sagment in the left leteral and dorsel views,



U.v.zeylanica atthe top, U.v.gresbrechtr in
the middle, and the Indo-Pacific . v. lypice
below.

It is tempting to regerd U v.giesbrechti as a
hybrid population, the consequence of secondary
contact between the ocesnic (U v.cey/lanice
transported westward by the North and South
Equatorial Currents and the Asian U.v. {ypice.
In Wallacea, hybridization between U, v.typics
and U.v.zeylanica probebly would have spread
after warming of surface waters in the present
interglecial period.

DISCUSSION AND CONCLUSION

To summarize, Wallacea, the Pacific-Indian
tropical seaway lying belween Celebes and New
Guinea, was greatly reduced in area during
Pleistocene glacial stages when eustatic sea level
fell 100 to 200m. Coastal upwelling prevalent
loday in highly localized areas off western New
Guinea was probably more sxlensive during
Pleistocene glacial stages and apparently pravided
conditions suitable for the evolution of an endemic
upwelling species of Calanoides. Paleo-
temperature estimates of surface waters in the
glacial steges modified by 1ikely upwelling effects
suggests a low of about 21°C in the northern half
of Wallacea during the northern hemisphere
winter and about 20°C in the southern half of
Wallacea during the southern hemisphere winter.
Stratigraphic evidence indicates that these glacial
steges persisied for as long as tens of thousands of
years.

Five pontellid species groups show speciation
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patterns suggesting thal Wallaree constituted e
geographic harrier in the course of their
cladogenesis. The barrier is conceived in terms of
extensive chilling of Wallacean surfece waters
during Pleistocene glacial stages and is based on
the avoidance of upwelling plumes by present-dey
stenothermal pontellids.

Further bislogical evidence is provided by the
apparent hybrid swarm of {ndinu/es in Wallaces.
Though the Undinule study would benefit from
odditional data that may suggest an interpretation
other than the one suggested above, the available
results provide noteworthy support for the
Wallacea hypothesis. This singular example of an
east-west gradient of morphological change in
sexually modified characters centers direclly on
Wallacea. Moreover, similer patterns of
morphological diversity have nol been observed
elsewhere in Undinu/a or in any other genus of
calanoid copepods.

Biological evidence is also provided by the
otherwise unexplained failure of many lowland
terrestrial plant and animal species to disperse
across Wallacea either from Asia esstwerd or
from Ausiralia / New Ouines westward, the
original basis for proposing the biogeographical
boundaries between Borneo and New Guinee.

This hypothesized Wallacean tarrier completes
the sequence of geographical barriers in
equatorial latitudes that began in Miocens-
Pliocene time to interrupt Tethyan pelegic
distributions end generate the present-day
biogeographic patterns of equatorial pelagic
species of the mixed layer. The Wallaces barrier
hypothesis may be tested by stratigraphic studies
in eastern Indonesian seas, and by feeding,

Fig. 9 Undinuls vulgeris s\, adult female. Scatter disgram showing length of the right fifth
pediger-bearing thoracic segment (ThY) plotted against standard body length ( prosome) in six geographical
populations. Open squares and crosses represent subspecies <&)/anica from Pago Pago and the Marshall
Islands, respectively. Filled triangles, filled circles and filled squares represent subspecies gigsbrechti
from Wallacea north and south of equator, respectively. Open circles represent subspecies /ypics from
Indian Ocean and eastern Pacific. Inverted open triangles represent subspecies /yp7ca from Atlantic Ocean.
Small figures on the left are right leteral views of ThY and genital segment; distribution of cuticuler glands
and openings shown as columnar structures and dots. Shaded area indicates storage of glanduler products.
Small figures on right are left lateral and dorsal views of ThY and genital segment. From the top down,
subspecies 2gy/anics, giesbrechts end typics, the fourth figure down on the left is subspecies /ypice

from the Atlantic.
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reproductive and growth sludies of pontellid
stenotherms at temperatures ranging below 26°C.
The evolulion of tropical copepods species that
have been analyzed in detail, i.e., the genera
Cleusocalanus, Fucalanus, selected species of
cenlropages and Temors, Pontellins,
Calenidee, and the ponlellid genera Ponte/ls,
Pontellopsis end Labidocere (Frost &
Fleminger, 1968; Fleminger, 1973; Fleminger &
Hulsemann, 1973, 1974; Fleminger, 1975 and
unpublished) may be understood in the context of
these low-latitude berriers interrupting the
Tethyan Ses, i.e., the Panamanian Isthmus, the
juncture of Asia Minor and northeast Africs, and
Wallacea. These examples also emphasize the
likelyhood that speciation in mixed-layer calenoid
copepods can be accounted for by conventional
geographical specistion processss.
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THE STOMIOID FISH GENUS EUSTOMIAS AND THE
OCEANIC SPECIES CONCEPT

ROBERT H. GIBBS JR
National Museum of Natural History, U.S.A.

INTRODUCTION

We cannot study biogeogrephy, even in the
simplest way, unless we know what species we are
working with. It is even better, of course, if we
know their phylogenetic relationships. It is my
contention that we are a long way from knowing
what species reelly exist in the ocesnic
environment. Workers are teking existing taxon-
omic works for granted, and this is a misteke. We
must look harder at the orgenisms that we work
with, examine more cheracters, and meke an
attemp* to recognize the several species that so
often are hiding under a single neme. There are
more species out there then we realize.

THE GENUS EUSTOMIAS

I will illustrate my point by a consideration of the
mesopelagic, predatory fishes of the genus
Fustomras The species of fuslomiss ere
seldom teken in numbers in the gear most
commonly used for sempling the oceanic mid-
waters, and it has taken @ long time to obtain
series that ere sufficient to show veriation or
consistency in morphological cheracters. As it
turns out, while groups within fustomiss cen
be recognized by a number of different kinds of
characters, the species within these groups are
recognized almost entirely by the structure of the
barbel that hangs from their chin.

In the 45 ysers from 1888, when the genus and
first specles were described, until 1933, 64
nominal species of £fwstomios were described,
all of them from the Atlentic. Then, in 1939,
Beebe & Crane questioned the validity of a8 number
of the species and reduced several of them into
synonymy. | followed suit in 1964, not believing
thet so many minor voriations in barbel structure
could indicate species status, end | recognized as

valid only 37 of the 66 nemes that had been
decribed ( Morrow & Gibbs, 1964). It would seem
that workers were convinced that it was unwise to
describe new species, for in the 50 years from
1933 to 1983 only ten were described, all from
the Indo-Pacific and all valid.

In 1983 the bubble burst when the first of &
series of pepers was published by myself and
co-workers besed on our realization that the
conservative approech had been wrong. In one
subgenus, Aominositomiés, where eight species
previously had been recognized as valid, we
restored five species from synonymy and
described 25 new ones (Gibbs, Clarke & Gomon,
1983). Papers now in press or contemplated soon
will bring the number of Fustom/ss species to
well over & hundred.

Whet has heppened is that subtle differences
that we once believed were variations in a single
species are being found to be repeeted, to occur in
both sexes, and to have geogrephic integrity.
Figure 1 shows the barbels of four Atlantic and
six Pacific specles of AMominostomiss, all of
which have two terminal bulbs end & single,
simple terminal filament. In 1964, | would have
recognized these &8s only one species (A
bibulbosus), sceptical that such minor differ-
ences could be more than intraspecific variation.
Five more species, three Atlentic end two Pacific,
of the same subgenus are shown in figure 2. These
also have a single central filament, but with side
branches well developed. in 1964 | considered
them to be the seme species ( N b7bu/bosus) es
the previous ten. A third group of two-bulbed
species is shown in figure 3. These have several
filaments arising together from the terminel
bulb. | considered the two described Atlentic
species to be one in 1964. Now we recognize three
Atlantic end five Indo-Pacific species, and one that
occurs in both the Atlentic end the Indo-Pecific,
the only species in the subgenus to do so. Thus,



Fig. 1 Barbels of £fustomias( Nominostomiss) species with simple terminal filaments. Lefl, Atlentic
species —- top to boltom:  £.47bu/bosus, E.micraster, £.8ustratlanticus, £.01tuberatus. Right,
Pecific species -- top to botlom: £ imconstans, £.apposiius, E.orrentalis, £ brbulboides,
E.australensrs, £.bituberoides.



Fig. 2 Berbels of fustomias ( Nominostomiss) species with brenches from e central filament Left,
Allantic species -- top to bottom: £ arborifer, £.grandibulbus, E.bimergsritetus. Right:
Indo-Pacific species -~ upper, £.crossotus ; \ower, £.bimargaritoides.
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Fig. 3 Berbels of £fustomias( Nominostomiss) species with seversl filaments arising together. Left,
Atlentic species -- top o bottom: £ .melanonema, £.melenostigme, E.kreffts, £.postr. Right,

Indo-Pacific top to bottom: £ melsnostigmoides,

Emultifilis, F.meduss,
E.vertelseni, £.suluensis



what | would have considered to be two species in
1964 are recognized todey s being 24.

We were able to show that eech of the well-
represented forms differed from each other in
relative growth end size of the barbel and/or one
or more of its parts, including each of the bulbs,
the distence between them, and the terminal
filament. By inference, the poorly represented
forms that showed such differences were also
considered species. The fect that the Atlentic
species turned out to heve almost entirely
separate geographic renges (Fig. 4) reinforced

100° 80° 60° 40°
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the taxonomic decisions based on barbel morph-
ology. Some, but not all the Pacific species appear
to have separate renges, (but the Pecific hes not
been sampled nearly s well as the Atlentic).

It should be noted thet only one (A
melanostigms) of the 38 species in the
subgenus ANominostomiss occurs in both the
Atlentic and the Indo-Pecific. In fact, of the
sppraximately 110 species of Fusfomias that
we currently recognize, only 12 (including
N.melanostigms) have not yet been shown to
have slight, but consistent differences in the

20°

Y 40°

Fig. 4 Distributions of the 11 Atlentic speciesof £ustomias( Nominostomias). \. £.bibulbosus ;2.
E.micraster ;3. £.brtuberatus; 4. £.austratianticus ; 5. £.bimargaritalus ;6. £.arborifer ;
7. E.grondibulbus ; 8. £.melenostigmea ;9. £.melanonema ; 10. £ kreffir; \\. £ positi. The only
species with a range broedly overlepping that of other species is £ arbarirer(6).
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Atlantic and Indo-Pacific. We have not exemined
11 of these species carefully, and | predict that
inter-ocean differences will be found in all or
most of them. Even within ocesns, we are finding
complexes of similar species where only one was
recognized before. Circum-central tropical
species would appeer to be rare or non-existent.
The only truly circumglobal ocesnic species of
fustomias mey be £ trewsvasse which
inhabits the southern Subtropical Convergence.

A taxonomic decision to call similer forms
species is essier to accept, at lesst in prectical
terms, for allopatric forms then for syntopic
forms. A case in point involves two Atlentic
species, Ffustomigs [filifer end £ mono-
asely/us which | synonymized in 1964 end now
consider valid egain. They ere obviously closely
related, differing slightly but consistently in
barbel structure (see Morrow & Gibbs, 1964),
and both have been teken in the same areas in the
Atlantic frem 40°N to 40°3S. Off Bermuda, the two
have been teken in the same net haul, together
with a third, undescribed species. This situation
suggests the possibility of intrespecific poly-
morphism, but all three forms are distinct, and |
prefer to call them species until evidence to the
contrary is forthcoming.

The species concept expressed here is
typological, based entirely on morphology. No
genetic, biochemical, or physiological evidence is
available. As fer as | know, no live specimen of
£ustomias hes ever been teken, end no breeding
or other experiments have been underteken. The
modus operandi is to teke character variation into
account as well a5 possible, and when morph-
ological gaps remain, the distinct entities are
considered species. If a gap involves only a single
character, the decision should be the same. When
the different morphologies are allopatric, such
decislons are not too difficult to eccept, but when
they are syntopic, there will be more scepticism.

Whether or not this simple criterion is
accepteble lo others, it works, and | believe thet
the entities that it defines should be recognized
formally and described as species. Unless a name
is available, workers are unlikely to pay eny
attention to the entity in question or to look into
the reasons or circumstances for the occurrence
of such entities. | know that environments) factors

can affect the phenotypic expression of
choracters. | know that polymorphism occurs.
Until these things can be demonstrated, however,
we should recognize discrete morphological
entities as species. in doing 90, | believe we will
be right most of the time.

CONCLUSION

The genus £wsfomras is not an isolated case.
Most oceanic orgenisms ere in need of
discriminating taxonomic study. We should be
suspicious of the many so-called species that have
circumglobal or circum-central tropical distrib-
utions. In all probebility they are complexes of
subtly distinct species. Even species that have
broad distributions within ocesns should be
suspect. We should teke our clues from the
restricted distribution petierns that more and
more taxonomists are describing for their finely
discriminated species. What one set of organisms
displays can be expected and should be sought in
others.
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THE GULF OF 'AQABA, A ZONE OF GREAT BIOLOGICAL
INTEREST

J. E. A. GODEAUX
Laboratory of marine Biology, University of Liége, Belgium

The Red Sea, a rather young see, is connected to
the Indian Ocesn through the strait of Bab el
Mandab at 12°40'N. It is entirely located in &
very arid, hot end dry area. Owing to the increese
in salinity, life conditions become harder in its
two northern appendages, the shallow Gulf of Suez
(depth < 60 m) and the deep Gulf of ‘Agaba. At the
entrance of this Gulf, the nerrow sill of Tiran
(252m) rises between two >1200m deep
trenches, with steep slopes.

Ecological conditions prevailing in the Guif of
‘Aggba are known thanks to the Data Collecting
Program in the Gulf of Elat ('Ageba) (D.C.P.E.)
initisted by the Heinz Steinitz Marine Biology
Laboratory in 1974 (Reiss & Paperna, 1975;
1976, Shilo & Cohen, 1979; Shilo & Paperna,
1977). Surface temperature varies between 20*C
in the winter and 27°C in the summer sesson; at
about 150m temperature is 21°C. Salinity in-
creases from the entrance owing to evaporation,
reaching 40.8%00 and more in the depth (below
500m). There are no significant thermocline and
helocline. Waters ere oligotrophic but well
uxygenated; the primary production is low.

Thaliacea, although collected at all depths, are
mainly caught with closing nets in the upper
leyers, from 200m o the surfece (>21°C).
Doliolums and salps sre only found, as pyrosomas
were never recorded from the Red Sea. The
thaliscean faunae is @ mixture of Indo-Pacific and
ubiquitous species (Table 1). Although devoid of
endemic species, this fauna exhibits original
features.

1) Dwerfism shown by meny species: e.g. the
phorozoids end gonozooids of  Doliolum
denticulatum reech a length of 3-4mm ( instesd
of Smm and more in Atlentic specimens)( personal
observation).

2) The remerkeble presence of salp species
rather uncommon in other seas (Qodeeux, 1978;

1979; 1985). Ritteriells amboinensris is
usually a rare species but it can be considered as
characteristic of the Gulf, and Brooksria ros-
{rals with a low catch frequency in the equator-
fal zone is rather abundant here. 2Jo/ioline
/ndicum, en |ndo-Pecific species, is regularly
observed in the samples. On the contrary, S&/p8
cylindrica, the commonest species in the ocesnic
tropical waters, is found in the Red Sea proper
but it is prectically absent in the Guif (a single
catch). The same is true for Sa/pg maxime (S.
tuberculata) often collected by the Menihine
Expedition (1948-49) (Yan Neme, 1952) end
now very rarely found. 7/8//8 rhomboides is
rare, except locally.

3) The occurrence of ecological races: Three
species of Cladocera are known from the northern
pert of the Red See: £vadne tergesting(Oulf of
‘Agebe), Fvadne opinifers (main besin) and
Penilia avirosiris (Gulf of Suez). The
specimens of these three species are in external
morphology strictly similar to the specimens
from other paris of the world, as proved by the
scanning microscope (Meurice, 1983; Meurice &
Dauby, 1983). Probably, the differcscus are
limited to the physiological level. As fsi* as the
Thaliacea are concerned, the same considerations
may be evoked eg. the morphology of the
specimens of Jhalie cicar and Doliolum
denliculatum are fully identical to those from
both Atlantic end Indian Oceans.

Some species are truly tropical ( 74a//is
cicar, Ritteriella amboinensis). Others,
rather tolerant to tempereture verietions, ( /as/s
z2oneris, Brooksie rostrats) beceme edepted
to severe ecological conditions. Some species were
not successful, as they occur only rarely, e.g.
Salpa cylindrics snd Salpa moxims while
Thalio democratica ond Salps fusiformis
ere complately lacking.
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Table | The thaliacean fauna of the Red Sea, Gulf of ‘Agaba, Gulf of Aden, and the Arabien Sea

Thaliacea Red See Guif of Guif of Arsbion
N § ‘Agaba Aden Sea

Cyclosalpa pinn.sewelli fod had

Cyclosailpa floridana *

Cyclosaipa bakur™ *

Orooksia rostrats® = = *®

Salpa maxims* * *

JSa8lpa cylindrica " = » * *

Ritteriella amboinensis | * * » * *®

Ritleriells picteti had

Metcalrina hexagona * *

lasis zonarie® = * *

Thalia rhomboides* ® % » *

Thalia cricar ® = b * *

Thalia orientalis * *

Pegea confoederals » » »

Daolialine muelleri

Doliolina krohnt * = ol *

Dolioline inltermedium ?

Doliolina indicum L * ® *

Doliolum denticulatum R * * *®

Doliolum nationalis ® ® * *

Dolroletta gegenbauriy * ? *® *

tritonis
Pyrosoma spinosum bl *
Pyrosomas agassizi *

(Compiled from different sources, Godeaux, 1985)

The fauna of the Red Sea is different from that of
the Eastern Mediterraneen; as a matler of fact
there is no proof of former connections between
the two sess. From the beginning, the fauna of the
Red Sea was of Indo-Pacific origin but it is
somewhat impoverished: eq. 7/4a8/18 orientalrs,
PMelcalline hexsgons eond the pyrosomas
present in the Gulf of Aden and the surrounding
areass are absent in the Red Sca. Peges
conlosderale is present only in the southern
part of the Red Ses.

Obviously, the fauna of the northern Red Ses,
exemplified by the Thaliacea living in the Guif of

‘Agaba, 18 the result of selective ecological
pressures.
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SIZE SPECTRA IN MESOPELAGIC FISH ASSEMBLAGES*

RICHARD L. HAEDRICH
Memorial University of Newfoundland, Canada.

INTRODUCTION

The utility of allometric scaling of biological
processes hss long been obvious to physiologists
(Calder, 198), but opplication in ecology has
only been sppreciated rather recently (Peters,
1983). Size spectrs have shown significant
promise over texonomically based approechies
(Sheldon et al., 1977; Sprules & Holtby, 1979;
Corover & Huntley, 1980), so much so that a
SCOR working group hes recommended this &s an
important resesrch area (Matthews et al.,
1984).

Studies of size spectra in the ocean emphasize
the small particles that are readily measured
using a Coulter Counter (Platt & Denman, 1978).
Liltle work has been done involving pelegic
orgenisms much lorger then copepods. The
biomass in different size classes is said tc be
approximately equal across the full spectrum,
even though regional differences have been noted
(Sheldon et al., 1972). Studies in 1akes (Sprules
& Knoechel, 1984) show a pattern which 13 quite
“spikey”, i.e. there is far more biomass in certain
size classes than in others. The assumption
continues to be that size spectra in oceanic
assemblages are quite flat and that the biomess
distribution is relatively uniform from class to
cless (Conaver, 1979).

The purpose of the present study, part of a
larger work on size structure in marine
communities, is to compare size spectra based on
the mesopelagic fish assemblages of faunal regions
proposed for the Atlanlic Oceen (Backus et al.,
1977). Our concept is that pulses of production
by the smaller size classes in a system propagate
along the size spectrum as spikes of varying
amplitude (see Silvert & Platt, 1980). By
extension we argue that the more pronounced the
pettern of seasonal primery production, the more
"spikey" the spectrum will be. A second objective
is to calculate the potential midwater fish

* NICOS Contribution No. 90, supported by a
grant from NSERC.

production for the different areas using rules
derived from considerations of allometric scaling.

METHODS

The dala were derived from mesopelagic fish
samples laken in over 1,000 Isaacs-Kidd mid-
water trewls made throughout the Atlentic Oceen
from iceland to the Southern Ocean (Backus &
Craddock, 1977). Species lists were generated for
each of 19 faunal regions, and the aggregate
weight of each species wa3 divided by the total
number of specimens in each region to give the
mean size for that species, expressed as log to the
base two. Estimates of primary production for
each faunal region were obtained by overlaying
the regions on the primary production chart of
Koblentz-Mischke et al. (1970) and integrating
using a Hewlett- Packard digitiser.

Size spectra are usually expressed graphically
a3 o frequency distribution, end ere not easily
quantified. To overcome this difficuity, the
biomass spectrum 13 here expressed as a fractal
(Mandelbrot, 1977), a meesure useful for the
analysis of complex structure (Bradbury et al.,
1984; Morse et al., 1985). To calculate the
fractal, the log of the distance along the curve of
the spectrum is divided by the log of the distance
along the abscissa over which the curve is plotied.
No special ecological mesning should be attached o
this use of a fractal; applied to size spectra it is
an index only.

The fractal dimension of & spectrum is
conceptually appesling. The dimension s
independent of scale, ie. the same fractsl
dimension is obtained whether one looks at a very
small portion of a range or the entire range itself
(Mark, 1984). This means that the fractal
dimension of a spikey distribution will indicate
spikeness whether a small portion (e.g. meso-
pelagic fishes) or the entire spectrum (e.0.
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Fig. 1 Spikey and smooth biomass spectra based on
ocesnic mesopelagic fishes. Top: Atlentic Subarctic
region, 53 stations (fractal dimension = 1.41).
Bottom: Northern Sergasso Sea province in the
fall, 47 stations ( fractal dimension = 1.15).

nannoplankton to whales) is examined. We have
determined empirically thal & purely spikey
biomass spectrum (all biomass in one size class)
will have a fractal dimension of two, and a purely
smoath one ( biomass the same in all size classes)
will have a fractal dimension near one.

There is no allometric reletionship that
equates production directly o size, so the
production:biomass (P/B) relationship was
calculated instead. For fishes, this relationship is:
P/B = 0.44 W0-26 (Banse & Mosher, 1980).
The equaelion is reorronged ond sepoerate
calculations sre made for each size class and
summed to give relative annual production per
stetion. Production i3 also expressed a&s en
absolute value, gm fish/he/yr, errived at by
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Fig. 2 Intermediate biomass spectra based on
ocesnic mesopelagic fishes. Top: Azores-Britain
province, 105 stations (fractal dimension =
1.30). Bottom: Guinesn province, S5 stations
(frectal dimension = 1.26).

dividing the calculated production figure by the
lotal area swept by the trawl in each region.

RESULTS AND DISCUSSION

Biomess size spectra for mesopelagic fishes in the
Atlantic range from the extremely spikey one
characleristic of the Subarctic region to the very
smooth ore of the northern Sergesso Sea in fall
(Fig. 1). The pattern follows that described for
much smaller particles, with the flattest spectra
occurring in the tropics and the most spikey
towards the poles (Conover, 1979). As with the
small perticle spectra, aress intermediste in
condition between the central gyre and the higher
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Table | Faunal regions based on mesopelagic fish distributions in the Atlantic Ocean: number of stations
(IKMT), estimated primery production (gm C/m?/yr), frectal dimension, relative mesopelagic fish
production based on the allometric relation, estimated absolute ennual mesopelagic fish production
(gm/ha/yr), end ares ( 10°km?).

Province sta prim fractal rel abs oree
prod dimension prod prod
Subarctic 53 426 1.41 2306 71.1 459
Western Mediterranean 31 270 1.37 1685 394 3.7
BGuinesn 55 189 1.26 62.7 179 774
Slope Water 54 278 1.36 85.5 16.1 49
Azores-Britain 105 200 1.30 408 144 298
Ceribbesn 52 210 1.29 696 127 18.8
N.North African $3 129 1.22 348 11,3 154
Amozon 73 215 1.28 39.2 99 420
S.North Africen 72 186 1.22 26.4 7.6 37.4
Northern Sargesso 86 17 1.32 27.6 7.2 32.8
Mediterranean Outfiow 42 200 1.25 15.3 5.6 12.3
Eastern Mediterranean 35 200 1.34 35.4 5.6 1.7
Antillean 47 215 1.19 19.3 5.9 124
South Atlantic 94 70 1.24 12.0 5.2 1016
Southern Sargesso 77 155 1.21 12.3 3.2 29.0

latiludes show intermediate spectra (Fig. 2). The fractal dimension can be used &s a predictor

Thus, biomass spectra are not flat everywhere in
the ocean; in fact, they are liltle different from
the spectra shown for plankton in lakes (Sprules
& Knoechel, 1984).

Based on the results of other studies (eg.
Bradbury & Reichelt, 1983), it was expected that
the fractal dimensions of the biomess spectra
would display either one or only a few discrete
values. This situation would have been in keeping
with the traditional charecterisation of tropical,
subtropical, temperate and poler oceans. This is
not the case. There is a smooth range of fractal
dimensions from 1.2 in the South Atlantic end
southern Sergesso Sea to 1.4 for the Subarclic
(Table!). In regard to the ecological relationships
implied by the verying sizes of enimals
inhabitating them, the faunal regions grade rather
uniformly from the central gyre condition to that
of the highly seasonal northern ocean. The
spproach de-emphasizes clear distinctions
between faunal regions, a3 does the recent faunal
study of McKelvie ( 1985).

of fish production, although the relationship is not
linear (Fig. 3, Table ). Both this relationship and
the regression for the linear semi-log
relationship (log P = 9.08 F - 7.88) are
gignificant (p<.01). This result meens, es is
observed, thal spikey biomass spectra
characterise regions of high seasonal production.
The fractal dimension offers an approach to the
difficult problem of determining levels of
production for an assemblage, and is particularly
useful for comperative studies. It could also be
used to predict production over the entire size
spectrum in an area.

A fundemenial concern is whether the
production values based on the allometric relation
have eny basis in reality. This is difficult to test,
beceuse measurements of actual production have
not been made. It is encouraging that mesasured
values of primary production track thase for fish
production very well (Fig. 4, Table ). The chart
of production based on size spectra (Fig. 5)
resembles the femiliar chart of primery
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regions with more than 30 station.

production for the Atlantic. Lowest values are
found in the central gyres, and the highest values
ore in high latitudes and special areas such as the
Mauritsnian upwelling.

The sabsolute values of mesopelegic fish
production (Table ) are unrealistically low, with
a totel annual production of only about 50,000
tonnes predicted for the entire North Atlantic
bssin. But the calculations are based on the
stending stock biomas as determined from the
Woods Hole IKMT surveys, and independent
estimates from the same regions suggest these data
are low by ot least two orders of magnitude
(Gjosaeler & Kewaguchi, 1980). If the absolute
production values are multiplied by 100, the new
values seem much more in line. For exsmpls, the
average annual catch of lanternfish in the South
Africen purse seine fishery (9,450 tonnes)
would then be about 9% of the snnual mesopelagic
fish production calculated here for the somewhat
comparable Msuritenian Upwelling region, end
about 128 of the production calculated for the
Slope Water.

REFERENCEY

BACKUS, R. H. & J. E. CRADDOCK, 1977 (unpubl.
m.s.). Dats report for Allantic palagic zoogeography.
Woods Heole Ocean. Inst. Techn. Rep.,

3 & &
3 3 3
3

PRIMARY PRODUCTION, GM C/M*/YR
2
.

1 i i 1 1 " i 1 L 2
40 82 120 160 20¢ 240
RELATIVE FiSH PRODUCTION

)
o

Fig. 4 Scetter plot of the relationship between
relative mesopelagic fish production and primary
production, gm C/m?/yr; r=0.83, p<.0l.
Includes only regions with more than 30 stations.

10Ws80 60 40 20 oE 20 40
[ ] HEH E E N ENEN N
80
70
- 60
- - Mso
[ |
Ml 40
o L
g 30
- 20
|
*10
E i e ; o
4!6 gm/haryr T TH) B
R R S22 f---lO
\\\\b 12 gm/halyr
\
= ) ) : 4 ’ 20
=7 18 gmrharyr 2 SAIANIIC SUBTROP)
oI SN ey 7 - 30
% >18  gm/hasyr < L
R R s R e ey RN e by

Fig. S Absolute mesopelagic fish production, based

on the allometric relation .of Banse & Mosher

(1980), by feunal province in the Atlantic ocesn.

l()ata fm))m table |; boundaries from Beckus et al.
1977).



WHOI-77-4 . 85 pp.

-BACKUS, R. H., J. E. CRADDOCK, R. L. HAEDRICH &
B. H. ROBISON, 1977. Allenlic mesopelagic zoo-
geography. /fem. Sears Fdn mar. Res., I1(7) .
266-286.

-BANSE, K. & S. MOSHER, 1980. Adult body mass
end annual production/biomass relalionships of field
populations. £col. Monogr., 50 (3). 355-379.
-BRADBURY, R. H. & R. E. REICHELT, 1983. Fraclal
dimension of a coral reef at ccological scales. //ar.
£Ecol. Prog. Ser., 10:169-171.

-BRADBURY, R. H., R. E. REICHELT & D. G. GREEN,
1984. Fraclals in ecology: methods and inter-
pretation. /ar. £col. Prog. Ser., 17 :295-296.
-CALDER, W. A.. Ill, 1984. S/zs, Funclion, and
Lire Histery. Harvard Univ. Press, Cambridge, MA.
-CONOVER, R. J., 1979. Secondary production as an
ecological phenomenon. In:  S. van der Spoel & A. C.
Pierrot-Bulls (eds). Zoogsography and Divsrsily
of" Plankton. Bunge Scient. Publ., Utrecht: 50-66.
-CONOVER, R. J. & M. E. HUNTLEY, 1980. General
rules of grazing in pelagic ecosystems. In: P. G.
Falkowski (ed.). Primary Productivity in the Ses.
Environ. Sci. Res., 19 .Plenum Press, New York
: 461-4895.

~GUPSAETER, J. & K. KAWAGUCHI, 1980. A review
of the world resources of mesopelagic fish. FAQ
Fish. Tech. Pap., 193 1-151.
—KOBLENTZ-MISHKE, 0.J., V.V.VOLKOVINSKY& H. G.
KABANOVA, 1970. Plankton primary production in the
world ocean. In: W. S. Woosler (ed.). Scisnlific
Exploration or the South Facific. Nal. Acad.
Sci., Wash, : 183-193.

-MANDELBROT, B., 1977. Fraclals: [rorm,
chance, and Jimension.Freeman, San Francisco.
MARK, D. M., 1984, Fractal dimension of a coral
resf al ecological scales: discussion. MMar. £col.
Prog. Ser., 14:293-294,

MATTHEWS, J. B. L., A. L. ALDREDGE, R. L.
HAEDRICH, J. PALOHEIMO, L. SALDANHA, G. D.
SHARP & E. URSIN, 1984. Carnivory. In: M. J. R.
Fashem (ed.). Flows of Energy and Malerials in
Marine Ecosystems: Theory and Practice. NAT0
Conference Series IV: MNarine Sciences 13.
Plenum Press, New  York : 695-706.

-MCKELVIE, D. S., 1955. The discreleness of pelagic
faunal regions. Mar. Biol., 68(2). 125-133.
-MORSE, D.R., J. H.LAWTON, M. M, DODSON & M. H.
WILLIAMSON. 1985. Fractal dimension of vegstation
snd the dislribution of arthroped body lengths.
Nalure, J14:731-733.

PETERS, R. H., 1983. 7he (£cological
Implications of Body Size. Cambridge Univ.

Press, New York.

-PLATT,T. & K. L. DENMAN, 1978. The structure of
pelagic marine ecosyslems. Rapp. Proc.-verd.
Reun. Cons. inl. Explor. Mer, 173 :60-65.
-SHELDON, RW., A PRAKASH & WH.SUTTCLIFFE, Jr.,
1972. The size distribution of particles in the ocean.
Limnol. Oceancgr., 17:3271-340.

-SHELDON, R. W., W. H. SUTTCLIFFE, Jr. & M. A.
PARANJAPE, 1977. Structure of pelagic food chains
and relationship between plankton and fish produclion.
J. Fish. Res. BS Canada, 34 2344-2353,
-SILVERT, W. & T. PLATT, 1980. Dynamic
energy-flow model of the particle size distribution
in pelagic ecosystems. In: W. C. Kerfool (ed.).
Evolution and Ecology orf Zooplankton
Communrtrss. Univ. Press New England : 754-763.
-SPRULES, W.G. & L. B. HOLTBY, 1979, Body size and
feeding ecology as allarnatives to taxonomy for Lhe
sludy of limnetic zooplanklon community structurs.
J. Fish. Res. Bd Canada, 36 (11). 1354-1363.
-SPRULES, W. G. & R. KNOECHEL, 1984. Lake
ecosyslem dynamics basd on functional represent-
ations of trophic components. In: D. G. Meyers & J.
R. Strickler (eds.). Trophic Interactions Within
Aquatic Ecosystems. Amer. Ass. Adv. Sci. Sel.
Symp. 85 : 383-403.



-112-

TOWARD A STUDY OF THE BIOGEOGRAPHY OF PELAGIC
CTENOPHORES

G.K.HARBiISON
Woods Hole Oceanographic Institution, U.5.A.

INTRODUCTION

Ctenophores are one of the most difficult of all
groups of pelagic enimals to study. They are
represented only sporadically in net collections,
so that the majority of the large oceanographic
expedition reports do not even mention them, and
those few reports that do deal with them (Chun,
1898; 1900; Moser, 1903; 1909; Mortensen,
1912; 1913) report the collection of only a
handful of specimens. One gains the impression,
based on the results of these “"quentitative"
sampling studies, that ctenophores represent an
insignificant fraction of the fauna of the open sea.
Over the past decade, however, collections made
by SCUBA divers have revealed that only & small
fraction of the epipelagic species can be collected
with nets (Harbison et al., 1978). The reason for
the discrepancy between the results of net
collections and the results of SCUBA collections is
obvious - most species of ctenophores are simply
too delicate to be collected with convential
plenkton sempling techniques. Of those few species
that can be collected with nets, only a smell
fraction can be preserved in recognizable
condition. Therefore, most of the species
commoniy collected by SCUBA divers are never
seen by most zooplankton ecologists. Six common
epipelagic species are shown in figure 1. Many
more could be shown, of course, such as the most
ubiquitous of all of the epipelagic ctenophores,
Cestum veneris Lesueur, 1813 (Harbison et
al., 1978). It is obvious that the towed net is not
the technique of choice in studying the
biogeography of epipelagic ctenophores.

DISTRIBUTION PATTERNS

On a recent cruise (October to November 1984)
in the Bahamas, where we used the submersible,

the DSRY JOHNSON-SEA-LINK 11, to collect
mesopelogic orgenisms, it soon beceme apperent
that the epipelagic ctenophore fauna is extremely
sparse, when compared with the midwater fauna
(see Youngbluth, 1984a for a description of the
collecting devices). We collected six species by
SCUBA diving -  Ocyraopsis maculats
Immaculate  Herbison & Miller (1986);
furhamphaes vexilligers Gegenbaur, 1856;
Bolinopsis vitres Mgessiz, 1860; AHormi-
phora sp.; Cestum veneris,and Beroesp. At
depths of shout 600m, however, we collected at
lesst 22 different species of ctenophores, of which
only five have been previously described. (Figs
le, 2). Of these five species, only two, Batho-
cyroe foster; Madin & Herbison, 1978a and
Bathyctens chuni (Moser, 1909) had been
described as deep-sea species. Two of the others,
Kiyvohimes eurite Komai & Tokioka, 1940
ond Jhalassocalyce inconstens Medin &
Harbison, 1978b, are occasionally advected into
surface waters. The last specles, furemphaes
vexr/ligera, sppeors to be a truly epipelagic
enimal, since we collected only a single specimen
with the submersible, while numerous specimens
were collected with SCUBA. Since over 75% of the
species of ctenophores that we collected with the
submersible were undescribed, and there were
three times as many species at 600m then in the
upper 30m, the most ressoneble conclusion thet
con be drawn is that the vasst majority of
ctenophores live in the deep sea, and that they are
undescribed.

In a recent paper (Herbison, 1985), |
suggested that ctenophores evolved in the open
ocean , since all but one specialized order ore
pelagic, and ctenophores are found in their
greatest diversily in the open sea. | would like to
modify {his speculation even farther, and suggest
that it appeers likely that most of the evolution
within the group has taken place in the deep ocean.
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Ctenophores appeer to be extremely well-adepted
to live there. Their large food-collecting

apporatuses, their sbility o “"degrow™ when
starved, and their delicacy strongly suggest thet
they have evolved in en environment free from
hard surfaces, turbulence, mechanical stresses,
and low in food. Almast all species of ctenophores
are strongly bioluminescent, a cheracter shared
with meny other mesopelagic groups. |If
ctenophores did indeed evolve in the deep ocean,
then we are faced with a paradoxical situation that
reveals how litlle we reelly know sbout life in
this region of the ocean - this group of pre-
dominately midwater animals is known almost
entirely from collections made close to shore or in
the epipelagic!

| did not expect to be confronted with such a
great number of undescribed clenophores, and
P.R.Pugh (Institute of Oceanographic Sciences),
who studied the siphonophores we collected with
the submersible, had results similar to mine. He
found that of the thirty species of siphonophores
we collected, fifteen are probsbly undescribed.
Most of these undescribed species were physo-
nects, and one of them wes over ten meters long!
That such a great number of previocusly unknown
large animals could be collected in only three
weeks of diving with 8 submersible in a small
ares in lhe Bahomes indicetes, | think, that the
study of thess diverse, and potentially important
groups of mesopelegic orgenisms i3 only
beginning.

In terrestrial biogeogrephy, it is well-known
that the distribution of many organisms is
dependent on both physicel end biotic fectors.
However, in pelagic biogeography, most workers
concentrate on the physical factors, giving only
slight attention to the potential importance of

biotic factors in determining distribution
patterns. For example, in terrestrial biogeo-
grephy, the importance of plant hosts in
determining the distribution of insects fs
well-known, yet in pelagic biogeography only a
few analogous examples can be cited. | think that
this does not imply that biotic factors are of little
consequence in the pelagic environment, but
merely reflects our present ignorance. Figure 1f
shows a pelagic relationship analogous to that
between insecls snd plents. The hyperiid
amphipod, QGlossocephalus milné-eawards.,
Bovallius, 1887, is a highly specific perasite on
species of the ctenophore, Bolinopsis. Many
other hyperiid amphipods are also found in
association with large gelatinous organisms, and
often these s3sociations are obligate ( Harbison et
al., 1977). Since biological ocesnographers were
unaware of these relationships (see Shulen-
berger, 1979 &s an example), they attempted to
correlate the distribution patterns of hyperiid
amphipods only with waler masses or other
chemical-physical parameters, rather than with
the presence of their gelatinous hasts (see Laval,
1980 for a discussion of thig).

CONCLUSIONS

It is becoming more and more apparent, as we
learn more about the behaviour and physiology of
oceenic orgenisms, that very few animals are
planktonic in the classical sense (that is, simply
passive drifters), and il is elso becoming
apparent that bictic factors are probsbly as
important in determining distribution patierns of
pelagic orgenisms as they are in determining the
distribution patterns of terrestrial organisms.

Fig.1 Widely distributed epipelagic ctenophores, rarely if ever reported from net sampling studies. (a)
The lobete, Zsucothea multicornis(Quoy & Gaimerd, 1824), photogrephed in situ in the western North
Atlentic (0.5x). (b) Haeckelia rubra(Oegenbeuer etal., 1853), asmall cydippid whose tentacles lack
tentilla (11x). (c) The tiny blue cydippid, 7/nerfe cyanes (Chun, 1889), was described from the
Canaries, but this specimen was collected in the Coral Sea off Australia (16x). (d) The cydippid,
callianira bialats Chisje, 1848, is usually collecled by SCUBA divers et night, and thus may be 8
vertical migrator ( 1.2x). (e) The lobate, furhamphaca vexilligera, iscommon in oligotrophic regions
of the tropical and subtropical Atlantic and Pacific. Phatographed in situ in the Coral Sea (0.5x). (f) The
\obate, Bolinapsis vitres, is often found nesr coral reefs in both the Atlentic and Pacific. An hyperiid
amphipod, Glossocephalus milne-edwardsi, cen be seen on the orel lobe of this animal (0.8x).
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text to this figure see previous page
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Fig. 2 Four mesopelagic ctenophores, all collected in the fall of 1984 in the Bahamas with a submersible.
(a) The lobate, Bathocyroe fosteri, has been collected below 400m. in both the Atlentic and Pacific, and
may be the most sbundant of all presently known ctenophores (1.5x). (b) The cydippid, Bathyctens
chuni, wes previously known from the Indian Ocean and eastern Allantic (4.5x). (c) 7Aa/lassocalyce
inconstanswas thought to be a rare epipelagic species, but submersible collections have revealed that it
is common at depths below 400m. ( 1x). (d) The lobate, A'7yohimes aurita, is ofien found &t mesopelagic
depths (0.4x). See Youngbluth ( 1984b) for other submersible records from the Bahamas.

Progress in pelagic biogeography will only come must be mede to collect orgesnisms such ss
through an improved understending of all the cltenophores, and to concenirale more on the
factors responsible for the distribution end observation of midwater orgenisms in the field. At
abundance of pelagic orgenisms. Increased efforts present, very few submersibles ere available that



are adequate for the study or collection of snimals
in midwater. Elucidation of the distribution
patterns of large gelatinous organisms and of the
animals that depend on them for some part of their
life histories will only be achieved by improving
our ability 1o study them in situ. We need to
develop techniques to quantify these "uncollect-
able" organisms, and we need o be able to spend
more time in the field.

The development of an undersea research vessel,
lorge enough {o carry submersibles and support a
scientific team of about len people, would greatly
accelerate progress ( Harbison, 1982). With such
a research vessel, we could spend extended periods
at depth, comparing visual counts with sub-
mersible and net collections. We could also
develop techniques for the study of midwater
aniinals similar to those used by terrestrial
ecologists and biogeographers. Until we are able to
do this, pelagic biogeography will continue to lag
far behind terrestrial and nearshore bio-

geography.
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PROBLEMS IN OPEN-OCEAN PHYTOPLANKTON
BIOGEOGRAPHY

GRETHE RYTTER HASLE
Departiment of Biology, Marine Botany, University of Oslo
Norway.

INTRODUCTION

The phytoplankton consists of single-celled
primary producers mostly belonging to the
smallest size-fraction of the marine plankton
(0.2 - 2000um). Asexual, vegetative repro-
duction predominates in all taxonomic groups, and
the reproduction rate is high, 0.2 - 2 divisions
per day or more. These characteristics place the
phytoplankton in a unique position compared to
other inhabitants of the open ocean. The small size
qualifies the phytoplankton as passive drifters in
8 vest environment although as primary
producers, restricted to the euphotic zone. The
predominance of vegetative reproduction and
probebly also the short reproduction time enable
the species not only to survive but also to
reproduce outside their "range bases” as defined
by Semina ( 1979). The overwhelming dominance
of the smaller individuels of the nanoplanktonic
dietom A/fzschie psevdonsns in the open
waters of the Norwegian Sea and the Subantarctic
illustrates the ebility to survive by vegetative
formation with a gredusl diminution of the cell
size; an ebility which may be responsible for the
global distribution of this species (Hasle, 1976).
Althaugh the cheracteristics mentioned probably
influence the latitudinal range of phytoplankton
species, they mey have consequences for the
longitudinel distribution as well, i.e. cosstal
species may drift into ocesnic waters and continue
to divide and vice verss.

CHARACTERIZATION OF OCEANIC ASSEIIBLAGES

By the successful culturing of planktonic algee
isolated from the open ocesn physiological and
ecological ettributes of the oceanic phytoplenkton
have now been investigated. Algee with primarily

oceanic distribution were shown to be
particularly efficient in utilizing the smell
nitrogen concentrations of the oceanic waters
(Eppley et al., 1969), and furthermore to have
generally lower requirements for zinc and iron
than species living in coastal waters with much
higher concentrations of these micro-nutrients
(Brand et al., 1983).

Study of phytoplankton collected in the open
waters of the Norwegian Sea, the Subantarctic and
the Pacific Ocean by water bottles, preserved in
neutralized formaeldehyde and exasmined in the
inverted microscope (Halldal, 1953; Hesle,
1969; Fryxell et al., 1979) has indicated further
characteristics of oceanic assemblages: firstly
high cell numbers of small unidentified flagel-
lates, secondly a coccolithophorid flora rich in
species and often numerically predominant, and
finally a dinoflegellate flora rich in species but
not particularly ebundent. Moreover, recent
research has shown that the picoplankton (0.2 -
2um), including blue-green salgee, forms e
significant component of the open-ocean
ecosystem (Platt et al., 1983).

The most abundent coccolithophorid in the
investigation from the central Pecific by Fryxell
et al. (1979) was £milisnia huxleyr (by
Fryxell et al., recorded under the synonym
Gephyrocspss huxleyr). Oceanic clones of this
species were used by Eppley et al. (1969) a3
representative of ocesnic plankton to test
physiological and ecological attributes with the
result mentioned above. However, £ Ahuxleyi
occurs regulerly in mass concentrations in
Norwegian fjords during summer. The diatoms
Niteschie closterium end N.bicspitete and
the dinoflagellate Oxyfloxum verisbrle salso
belonged to the ten most sbundent taxe in the
investigation by Fryxell et al., (1979); the
former is most probably an ubiquist while the



other two eppear to be true ocesnic species.
Another, extensively studied, oceanic species is
Thalessiosira ocesnrcs , a diatom distinct
from the allied neritic 7A4#/assiosire psevdo-
nane by ecological and physiological properties
a3 well 3 morphological characters (Brand et al.,
1983; Hasle, 1983), but, in the past regarded as
belonging to 7. pseudonsns 8s a suggested
oceanic “rece”.

BIOGEOGRAPHY OF THE OPEN OCEAN

The classification of the plenktonic algee as
neritic (including inshore and coastal), oceanic
and panthalassic (present in neritic and oceanic
waters) necessarily depends on the extent of the
information aveilable on the frequency of
occcurrence in particular aress. It is also very
much dependent on accurate identifications of taxa
and on the personal opinions of planktologists. For
instance, meny of the species classified as oceanic
by Gran (1912) occur regularly in the Oslofjord
and are thus unacreptable to the present author as
"oceanic”.

However, & review of more modern pertinent
literature tends to add to the confusion rather than
to reveal a possible paitern differentiating
between coastal and oceanic species. For instance,
Umbellosphaera irregulsris shows the more
common coccolithophorid distribution, being
better represented in the open ocean than in
coastal areas end restricled by temperature
boundaries (Mcintyre & Bé, 1967), while the
few coccolithophorids present in colder waters of
the open ocean occur inshore as well (eq.
Emilisnie huxleyi, Cslciopsppus caude-
{us). Moreover, Hallegreeff (1984) in an
investigation of 42 coccolithophorid species in
Australian waters, recorded three species from
oceanic and three from cosstal stations while the
rest were present in both habitats.

ceralium is an autotrophic, widely distributed
dinoflagellate genus with the highest species
diversity in the warmer seas. A study of 58
species recorded from the Pecific and the North
Atlentic Oceans revealed a predominance of oceanic
and panthalassic species (Graham & Bronikovsky,
1944). Seven species were recorded north of
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60°N whereas most of the remaining species were
recorded only south of 40°N. The species with the
widest latitudinal distribution were abundant in
coastal waters and scarce, if recorded at all, in the
open ocean (e.q. €. /urca ). The tropical species,
on the other hand, were abundant in the open ocean
and absent from the coastal stations (eg.
C.eugreudtum ). Cerstium arcticum 1is one
of the few species of the genus cherecteristic of
cold waters. As recorded by Orsham &
Bronikovsky ( 1944), it appears to be oceanic.

The distoms Nitzschia bicapitets, Roperia
lesselataand Nilzschis americang occour in
temperate and tropical zones, N .bicapitale
being recorded betweeen 66°N eand 62°S,
R.lesselata between 66°N and 57°S, and
N.americans between 54*N and 44*S (Hssle,
1976). Nitzschis americens is & coastal
species whereas the {wo others have not been
recorded inshore (e.g. in Norwegian fjords) and
may well be regarded as oceanic species often
drifted into coastal waters, R. fesse/als more so
then M bicaprtsts. The distoms 7halsssiosirs
poroseriatsend Nitzschis( Fragilariopsis)
kerguelensis may also be clessified 8s oceanic,
though cold waler, species. The former has been
recorded belween 80°N and 49°N in the North
Atlantic Ocean and between ca. 76°S and 40°S in
the Southern Ocean and fairly close to the coasts of
South Americe. ANitschia kerguelensis is
widely distributed in the Subantarctic and partly
also in the Antarctic Zone and in addition has been
found "to be scarce but nearly always present”
from 40°S to 30°N in the Atlantic Ocean (Ven der
Spoel et al., 1973 : 540).

DISCUSSION

This paper was started with the intention to give 8
characlerization of the open-ocean phyloplankton
in order to reveal possible unique features. To do
s0, it seemed necessary to use species which in
their distribution could be classified as oceanic
and to compare them with taxonomically relaled
coastal and inshore species. The study showed,
however, that the number of exclusively oceanic
species present in the open ocean is surprisingly
low compsred to the number of panthalassic
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Fig. 2 The distribution of the panthalessic, cosmopolitan (?) dinoflegellate Ceratium furca(1), the
oceanic, tropical dinoflagellate Ceratium eusrcusium (2), and the ocesnic, cold-water dinoflagellate

Ceratium arcticum (3).

phytoplenkion species. In other words, a
panthalassic species may have the properties
necessary for life in the open ocean.

The open ocean, with no land barriers and the
comparatively stable chemical and physical
parameters, offers the ideal possibilily for wide
distribution ranges of the mainly passively
drifting phytoplankion species. Moreover, to be
panthalassic a8 species has to be lolerant of
environmental fluctuations and could therefore in
general be expected to have a wider biogeo-
graphical range lstiludinally than en oceanic
species. Inside the oceanic biogeographic zones,
however, the oceanic as well as the panthalassic

species would be expected to be more widely
distributed than would the species present in the
coastal zones.

The coccolithophorid £milianie huxleyi and
probebly also Ca/ciopgppus caudstus may
serve as examples of phytoplankton species
present in the cpen ocean tolerant enough to
survive in coastal waters and in various
biogeographical zones, thus being panthalassic and
cosmopolitan although C.csudsius has so far
been recorded only at lower latitudes of the
southern hemisphere (Fig. 1)(Mcintyre & Bé,
1967: Fig. 8). The dinoflegellate Clerafivm
furce (Fig. 2) sand the dislom ANitzschis

Fig. 1 The distribution of the oceanic, tropical-subiropical coccolithophorid Umbellosphoera
irregularis (1) end the panthalassic, cosmopolitan (?) coccolithophorid Ca/ciopappus caudatus(2).
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pseudonans (Hesle, 1976: Fig. 37) have a
distribution pattern similar to that of the two
coccolithophorids although C.7urcs is probably
more abundant in the open ocean and
N.pseudonans may well be classified as oceanic.
The records of the coccolithophorid  Umbello-
sphaers irreguleris (Fig. 1), the dino-
flagellale Ceratium evarcustum (Fig. 2) and
the diatoms ANrtzschlis Dicdprtats and
Roperis lessalets (Fig. 3) signify an ocesnic
distribution  pattern. But, whereas the
coccolithophorid end the Ceralium species are
restricted to the tropical-subtropical zone &s is
usual for these groups, the two distoms haye such
a wide latitudinal distrihution thal it may be
questioned whether they  are {ropical or
cosmopolitan. Ceratium arcticum eand the
diatoms 7halassiosira poroserigls and
Nilzschra kerguelensrs as cold-waler oceanic
species exhibit three different biogeographic
patterns. Ceratium arcticum is restricted to
the northern hemisphere (Fig. 2 which includes
var. /ongipes, see Oreham & Bronikovsky,
1944). 7halassiosira porosserials hss been
recorded from both hemispheres but not from the
tropical- subtropical zone (Fig. 4). Nitzschis
kerguelensis hes its main distribution ares in
the Southern Ocean, and its presence as far as
north a3 30°N illustrates the ability of an
oceenic/panthalassic species to survive outside
the basis of its species range (Fig. 4). Finally, the
distribution of the three tropical-subtropical or
cosmopolitan diatoms illustrates the more limited
range of a coastal than of ocesnic/panthalassic
species (Fig. 3).

CONCLUDING REMARKS

These examples demonstrate a highly complex
mosaic of biogeographical patterns, snd a not very
distinct trend for species present in the open
ocean to have wider latitudinal renges than coastal
species. Except for this, no really unique features

of the open-ocean phytoplankton biogeography are
discernible. This may be true: the open ocean
phyloplankton distributions mey be much more
complex than those of the coastal waters. Another
reason for the leck of more definitive results isa
lack of relevant data. 1t is therefore desirable that
agreater interest in this underdeveloped field of
biogeography can be stimulated in the near future.
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PATCHES, NICHES, AND OCEANIC BIOGEOGRAPHY

LOREN R. HAURY
Scripps Institution of Oceanography, U.S.A.

INTRODUCTION

After early emphasis on taxonomy and ocean-wide
biogeography, the interests of most plankton
ecologists turned towards sampling smaller and
smaller spatial dimensions until today much work
deals with the micro-scale (centimeters to
meters). This focus on small scales has evolved,
in part, in an effort to understend such things ss
competition, resource utilizetion, end the
“paradox of the plankton”. As a result, the study of
the spatiel limits end temporal varistions of
plenkton distributions hes been neglected, even
though these features are not well understood. The
recent resesrch, however, is of biogeographic
value in that it has given us & reasonably clear
picture of distributional variebility (i.e.
patchiness) of many species over scales from
meters to 1000's of kilometers. This information
can provide a besis for ideas about the possible
mechanics controlling species limits and the
design of field sampling needed to test hypothesis
arising from these ideas.

HORIZONTAL DISTRIBUTIONS

One of the features of patchiness that is evident
from @ synthesis of these studles is the
hierarchical nature of the veriebility (Haury et
al., 1978; Mackes et al., 1985). This results in
distributions at the smallest scales sppearing
sImost exactly like those messured over 100's to
1000's of kilometers. To fllustrate this point,
figure | replots onto compareble scales a few of
the data collected over the past 25 yeers. The date
selection emphasizes thet, for meny species over
most of their ranges, there are very few or no
“holes” (zeroes) in their distributions. These end
much other data suggest that most heterogeneity in
the plankton can best be described by frequency
distribution models such as Cassie's (1963)
varying mesn hypothesis; patches with discrete

boundaries (swarms) are rare.

Figure 1 does not present details of community
aspects of such distributions; recent work,
g 8a
3 \__

0 T I 1 T

b — m
200 ~R/\/_// ~—_

100

No /asmple

Ho 7S

0 T R— T T T T T T )
1500 ¢ 100m
1000

: 500 -
i 0 J T o T T r—'“xm
1000
100 ﬂ"\/\/"\/\/\_\/\,\/\/\/\/\m
1 T T T T T T 1

Nox 10%/m
~N
g

Fig. 1 Horizontal distribution of various
zo0planklon species al scales ranging from one
meter to 100 kilometers plotted lo emphasize the
similarity belween profiles regardless of scale of
sampling and the apperent lack of “holes”
(zeroes) in distributions. No adequate deta were
found 1o illustrate the 10m scale; the 1000km
scale can be represented by the data of
Barraclough et al. (1969) for \ayers of Calenus
cristglus bul ere nol shown because of
difficulty in plotting. Data sources and ancillary
information: a) Cassie (1959), Polydors
larvee, pump samples from S0cm; b) Heury et al.
(1983), Calanus rinmarchicus copepodites,
Longhurst-Hardy Planklon recorder samples
from 15m; c) Smith et al. (1976), Acartis
clausrmales, pump samples from 7m; d) Cassie
(1960), Paracalanus parvus, pump samples
from Sm ; e) Mackas (1977), mixed species,
pump samples from 3m passed through electronic
counter. A considerahle number of other sources
describing distributions of other species at other
depths using different collection technigues could
have been used to illustrate the same points.
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however, has shown that much of the patchiness is
multispecies in cheracter (e.g. Houry & Wiebe,
1982), or at lesst mede up of homogeneous faunal
assemblages (e.g. Ster & Mullin, 1981; Mullin &
williems, 1983). Where a particuler species
may be ebsent in a trensect probably depends
more in interactions of its vertical distribution
and rerity with ssmpling technique (e.g. Haury et
al., 1983; Wiebe & Holland, 1968; McOowan &
Fraundorf, 1966) then from any extended region
of zero sbundence. This continuity of distribution,
coupled with the potential for the ambits of
individual organisms to be large enough to bring
species together in the same volume to interact,
meons that over a wide range of scales members of
many species are not isolated from competitors,
predators, and each other. Thus their environment
mey be fairly predictable over their lifetimes
from the standpoint of community structure. This
generalization may hold for much of the open
ocean, but perheps not for places like the
California Current, which is an ecotone
(McOowen, 1974; 1977).

YERTICAL DISTRIBUTIONS

The above considerations can be extended to
vertical distributions as well; several studies

COHERENCE (SUMHER)

(e.g Boxshall, 1977; McGowan & Walker, 1979)
have provided evidence that species do not divide
the water column into 8 multiplicity of niches,
defined fn the simplest way as separation by
depth. This lack of vertical separation can be
illustrated in two ways:

1) distributions of species reveal that meny have
a similer characteristic pattern, i.e. note there
are only a few generalized patterns v~ many
species (Fig. 2);

2) individual species of a group having a similer
pattern greatly overlap in their distributions
(Fig. 3).

When vertical distributions are sampled with
gregter resolution, considerable overlap is still
evident, indicating the sbsence of vertical niche
separation (Fig. 4). Yertical mobility, especially
diel vertical migrations, coupled with vertical
variations in horizontal current structure, would
be expected to have an even more imporiant
integrating effect on potential species interactions
{han the horizontal component of ambits.

BIOGEOGRAPHIC IMPLICATIONS

The motivation for much of the recent work on
small-scale distributions of zooplankton is the
hope that by looking at distributions on spatial
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Fig. 2 Example of the extensive overlap in vertical distributions of copepods of the North Pacific central
gyre. A lotal of 70 species grouped into 7 patterns, two-thirds of them (48 spp) into only 3 patterns
(From Fig. 6 of McGowsn & Walker, 1979).
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Fig. 3 Individual copepod species depth curves for
the 24 species of Group 1 of figure 2. (From Fig.
19 of McGowan & Walker, 1979).

seales relevant 1o individua) organisms, patterns
may be seen that show species divide living space
into discrete units that allow coexistence and thus
explain the persistence of stable community
structure. Within pettern at these scales,
separation is sought in lemporal partitioning of
resource utilizalion and in specialization upon
individual types of limiling resources or upon
small portions of a resourch gradient (e.qg.,
Boxshall, 1981). By extension, il cen be ergued
that such specialization within hsbitats would
provide a mechanism for creation of species
distribution limits through the lack of flexibility
to adapt to chenging (or different) conditions
within or between habitals. Few data are available
{0 test this argument, but studies of copepods in
highly diverse communities ( for example, in very
old, stable ecosysiems like the North Pacific
Central Gyre: Hayward & McOGowan, 1979;
Hayward, 1980; McOowen & Walker, 1979;
1985) show that they have not evolved temporal
or spalial specialization in their patterns of
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Fig. 4 High resolution (Lenghurst-Hardy Plank-
ton Recorder) sampling in the North Pacific
ceniral gyre and California Current showing the
absence of separation by depth of morpholagically
similar species of the copepod genus Pleuro-
mammas. Station positions are: 90.30, cosstal
Southern California (33°25'N, 117°54'W);
90.60, offshore California Current (32°25'N,
11958'W); Climax, North Pacific central gyre
(28°N,155*W).(Haury, unpub!. deta).

resource utilization.
As a consequence of this lack of separation
and/or specialization at the micro-and fine-scale
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Fig S Co-occurrence of closely related copepod
species charecteristic of various water masses
within a small rejion of well~mixed water
between North Atlantic Slope waler and a Gulf
Stream warm core ring. Semples collecled with a
Longhurst-Hardy Plankton Recorder at a depth of
35(+ 1m), temperature of 20.33 (+ 0.03°C),
and salinity of 34.37 (4 0.01). &) Horizontel
distributions of species over about 1800m of tow;
b) histograms of total sbundence of iwo groups of
related species. Species affinilies are denoted by:
SW= North Allantic Slope waler; SS= Sargasso
Sea; 6S= Qulf Stream. (Haury,unpub). data).

of the resulting water mass. That physical mixing
and slirring cen bring diverss plankionic
communities together into horogeneous biological
structures is shown in figure S.

| believe the proper scale of studies to under-
stand biogeographic boundaries and their stability
should be kilometers to 100's of kilometers
horizontally and 10's to 100's of meters vertic-
ally. These studies should be conducted in two
general erees: 1) within the core regions
(McOowan, 1974) of the principle ocesnic
communities and 2) across the transition zones
between those communities that are characterized
by ressonably sharp physical gradients but
generally  indistinct  communily  (species
replacement) gradients.

The concept of biogeographic core regions is
directly related to the idea that several
fundamentatly different oceanic ecosystems exist.
In core regions it is probable that the long-term
average character of processes (including the
variance and probability of extrema) provides the
control, eand not the small-scale temporal and
spatial features. Understanding the regulating
processes in core regions and how they differ
belween oceanic ecosyslems, then, is a
prerequisile to obtaining an understending of
fectors which medisle community gradients
between core regions. Such studies should there-
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fore be of a long-term nature, concentrating on
variability in communily structure sssociated
with things like the meso-scale eddy field and
inter-annual variations in the large-scale
physical/chemical field.

In the transition zones between core regions and
in large ecotones like the California Current, it is
not at all clesr what the structure of community
gradients is really like. As Boltovskoy and Angel
(both in this volume) end McGowan (1971;
1974) have pointed out, the species meking up 8
biogeographic unit in one place (core region) do
not uniformily drop out across obvious physical
gradients. That is, many species do not react in the
same way to physical bounderies. Because most
sludies of biogeographic gradients at core region
boundaries have been done al scales too large to
resolve distributional changes in relation of
physical features, it is not at all clear whether all
species distributional limits cen be correlated
with front-like features or whether sharp
community boundaries that have been observed at
places like fronts are the exception, not the rule,
when entire ecosystems are considered. Detailed
studies of the relationships of community
structure to physical structure on the coarse- to
meso-scale would thus seem essential to resolve
processes within gradient regions. Temporal
aspects may also be important here, especially to
address questions about the vartability of
boundary structures.

SAMPLING IMPLICATIONS

Within biogeographic core regions, it is probably
at the meso-scale that the important interactions
between species and between the community
members themselves and physical feetures and
processes will occur. The continuous nature of the
patch structure within core regions suggests it is
essential o sample as continuously as possible
over scales ranging from several Kilomelers to
100's of kilometers. In transition zones, without
prior information on the location or intensity of
physical/chemical gradients, continuous sampling
to scales of 100's of meters would be required to
insure adequale resolution of the structure of
community gradients.

A wide size range of organisms should be
sampled as well, since the polential biological
interactions between size classes are just as
important as biological/physical interactions. It
is essential to include nekionic organisms because
they are less dependent upon physical features and
are important predators upon the smaller size
classes.

Other types of studies will be necessary, but are
probably not possible on sny scale approaching
thal recommended above. Knowing distributions
(presence/absence or relative abundance) and
associated environmental parameters alone will
not lead to an understanding of mechanisms.
Coarse-and meso-scale variabilily in fecundity,
growth rates, behavioral traits, potential for
genelic exhange (Bucklin, Marcus; this volume)
etc., may reflect the mechanisms determining a
species success in a particular environment or
particuler environmental and biotic gradient.

ANl these sampling goals ere nct new to
biological oceancgraphy and have been used to
study other problems. The challenge to biogeo-
graphers is to employ them on the large scale
necessary to bring progress to the field. | hope the
arguments presented here help direct limited
resources towards those scales which may produce
the greatest advances in understanding.
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VARIABILITY IN PRODUCTION AND THE ROLE OF
DISTURBANCE IN TWO PELAGIC ECOSYSTEMS.

THOMAS L. HAYWARD
Scripps institution of Oceanogrephy USA.

INTRODUCTION

Environmental heterogeneity and the resulting
variability in primery production end in the
standing stocks of phytoplankton and zooplankton
in pelagic ecosystems may have an importent
effect upon planktonic species structure and, trus
indirectly, upon biogeographic - patterns. . @
intensity and scales of heterogeneity (in the: 1 72
of Pielou, 1974) and the biological response tr, it
are o particuler interest here. The magnitude of
patchiness in populetions is an index of the
strength of the biological response of the system
to environmental perturbations; the scale of the
response determines what fractions of the
populations are affected and what the ecological
consequences may be. Environmental hetero-
geneity may effect the outcoms of interspecific
interactions (DeMott, 1983) end it may
determine the relative importance of physical end
biological processes in effecting species
structure. The question to be dealt with here is
whether  biological processes (interspecific
interactions) or physical processes (variations in
environmental structure) ere likely to be of
greater importence in affecting species structure.
Interspecific interactions are assumed to be of
relatively greater importance where the
environment is “sufficiently” steble. This may
lead to insights into the extent to which the range
of & species and its patterns of sbundence (end
thus biogeographic patterns) are influenced by
interspecific interactions.

Perturbations on certain spatial end temporal
scales con a-priori be expected to have @
disproportionate  affect upon  community
structure. The most significant scales in the
regulation of species structure are set by the
biological charecteristics of a species rather then
by physical processes. The importent temporal
scales are related to critical periods in the life of

on individual; such ss the generation time
(Hutchinson, 1961), the time from hetching to
first feeding (Lasker, 1975), or the time from
last feeding to stervetion (Degg, 1977). The
importent spatial scales reflect the ambit of an
individual over these critical periods (Richerson
et al., 1970). These scales depend upon the size
ond trophic status of the taxon, and they thus
differ greetly for phytoplankton, macrozoo-
plankton and nekton. Physical scales that roughly
correspond to the mesoscale (tens to hundreds of
kilometers) ere likely to be especially important
for mecrozooplenkton end nekton because this
scale is of the seme order as thefr ambit.

The intensity of environmental heterogeneity is
also importent. Central to this argument is the
hypothesis that interspecific interections will be
the major determinant of species structure when
end where the environment is sufficiently stable
to permit this. That is, o "steady-state” set of
species proportions should be reeched in a
inveriant environment; although this need not be a
unique set and a limit cycle could be reached. The
question is whether heterogeneity in the
environment perturbs the expected "steady-~state”
species proportions fester than the rate at which
the actual species proportions spproach “steady-
state”. If the environment veries in spece or time
faster than the biotic system cen respond, then
steady state with possible local extinctions will
not be reached (Ceawell, 1978). The potentially
great importence of interspecific interactions in
planktonic ecosystems is supported by obsery-
ations in lakes thet competition and predstion cen
dramatically alter species proportions and even
result in local extinctions over the course of a
single season (Sprules, 1972).

In this paper | compere patterns of production
ond standing stocks in the central North Pecific
and California Current ecosystems in order to esk
whether these environments are sufficiently



stable so thet interspecific interactions are likely
to have 8 mejor role in determining species
structure. The discussion focuses upon macro-
2ooplankton and nekton populstions because the
sampling scales were too lerge to assess the
affects of environmental heterogeneity upon
microplankton. The pelagic biogeography of the
North Pacific and the roles of advective and
in-situ processes in the regulation of species
proportions have been reviewed elsewhere
(McGowan, 1974; 1977).

METHODS

The dala shown here were collected, using
standerd methods, on & number of different
cruises (Haywerd el al., 1983, Scripps
Institution of Ocesnography, 1985). Data from
the May 1981 CalCOFI cruise are considered in
detail because a set of within-station replicate
semples was token. Chlorophyll, extracted in 90%
acelone, was measured with a fluorometer,
Primery production was measured as '4C uptake
in half- day (local apperent noon o sunsset),
simulated in-situ incubations. These deta ere
presented as vertical integrations through the
upper 200m and the euphotic zone (surfece to
~0.5%8 light level) respectively. Macrozoo-
plankion was sempled witlh either a Im diameter
ring net or a8 70cm bongo net. In both cases the
mesh size was 0.505mm, and the nets integrated
the upper 200m of the water column. Biomass
dala ere presented as wel displacement volume.
The same {echniques were used in both ecosystems
in order lo allow comparison of the absolute
values of these properties as well as the levels of
variability.

OBSERYATIONS

THE CENTRAL NORTH PACIFIC

Variability in the given biolic properties is low
on al) spatial and temporal scales in the central
North Pecific (Haywerd et 6l, 1983).
Within-station variability over two or three days
i typically a fector of iwo or lhree. Meso and
large-scale spatial variations and interannual
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lemporal veriations ere seen, but they are
scorcely yreater in intensity then small-scale
variability (Table ).

We con also ask if the spatial and temporal
veriations in these properties are intercorrelated
and, if so, on what scales. A lack of correlation
should emplify the offects of petchiness.
Chlorophyll and primary production are
intercorrelated over large spatial scales within a
single cruise (Hayward & Venrick, 1982). The
lerge-scale spatial patterns of chlorophyll,
primary production ond macrozooplankton
biomass in the central North Pacific are generally
similer (Haywaerd et al., 1983; unpubl. data).
Mesoscale variations in chlorophyll end macrc-
zooplanklon biomass, however, do not appear to be
correlated. This letler observation can not be
stalistically tested due to the design of the
sampling scheme.

The interennual variations in chlorophyll,
primery production, or macrozooplenkion &t a
single station are all uncorrelated (Fig. 1). This
is surprising given the good correlation between
the spatial distributions of integrated chlorophyll
and primery production. However, other dala
(Bienfeng & Szyper, 1981; Bienfang et al.
,1984; Ohman et al., 1982) also show thal, in
the area neer Hawaii and in the eastern tropical
Pacific, the vertically integrated values of
chlorophyll end primery production ore
uncorrelated on a time scale of months or on the
mesoscale. These observations imply that the
system is at least slightly removed from trophic
steedy--state on ennual to interennual time scsles.
However, perturbations from steady-state are
small, at least in terms of production and stending
stocks.

THE CALIFORNIA CURRENT

The small-scale, within-station variability in
primery production and stending slocks in the
California Current is similer to that in the
central North Pecific (Table 1). Yariability on
meso end lerger spetiel scales is much greater.
The contrast with the central North Pecific is
greatest in the intensity of the mesoscale
patchiness. Seasonal and interannual veriations
ere also greater in the California Current than in
the Centra) North Pacific.
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Table | Estimates of the biological variability on various spatial and temporal scales in the Central North Pacific and
California Current. Within—station varisbility is that at a single station (<10 km) over a few days. Mesoscale is tens
to hundreds of kilometers, and large scale is hundreds to thoussnds of kilometers. These are subjective estimates
based upon an examination of the available data. Insufficient data exist to estimate the interannual variability in

chlorophyll and primary production in the California Current.

CENTRAL NORTH PACIFIC

Chlorophyll Primary Macrozoo-
Preduction plankion Biemass
Space
Within statien | <2 2-3 1.9-2
Mese-scale 2 2-3 2-3
Lasrge-scale 2 2-3 3-4
Time
Disl 1 - 1.5
Seasensl <1.9 <135 <19
Interasnnusl 2 3 15
CALIFORNIA CURRENT
Space
Within statien! <2 2-3 2-3
Meseacale ) 10 50
Large-scele 10 10 10
Time
Diel <2 —— 1.9-2
Seasens! 34 2-3 3
lnteronnual ? ? 5

The meso ond lorge-scale spatial distributions
of chlorophyll, primary production and macro-
200plenkton biomass are intercorrelated within a
single cruise, but there is considerable verie-
bility with this relation, especially for macro-
zooplonkton biomass (Fig. 2). Chlorophy!l and
primery production, spatially integrated over the
Southern California Bight, are uncorrelated on a
time scale of months (Fig. 3). Mecrozoopiankion
biomass end production are correlated on this
time scale (Smith & Eppley, 1981).

Mesoscale patchiness in the California Current
is the dominant feature. The conirast between
patches and the area surrounding them may be a
factor of SO or more in the given properties (Fig.
4). Most of the stending stocks of phytoplenkton
ond macrozooplankton are eggregated in a small

fraction of the total erea of the Calitr. iia Current
(Fig. 5; Haywerd, in prep.). There is a large erea
outside the patches that can be thought of as a
"background”. This background contains most of
the area of the California Current but only a small
fraction of the total stending stocks. The
background area has standing stocks that are often
not enriched with repect to the central North
Pacific, and this erea thus may itself be much
closer to a trophic steady state.

DISCUSSION
What effects are these patterns of variability in

production and standing stocks likely to have upon
planktonic species structure in these ecosystems?
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Is the environment sufficiently stable, and on
what scales, so that interspecific interections
have an importent effect upon the species
struclure?

Heterogeneity in the relation between the
distributions of the given properties shows that
environmental veriability i3 grester then
indicated by patchiness in eny single property.
Patlerns in an individual property are thus
insufficient to fully describe the biological
response of these ecosystems.

The low overall variability in the central North
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Fig. 1 Plots of the interannusl variability in the
relation between  vertically integrated
chlorophyll, primery production and mecrozoo-
plankton biomass at & single location in the
central North Pecific (28°N, 155°W). Each point
represents the mean value of the given property
on a single cruise. None of these properties are
correlated at the 0.05 level.

Pacific implies that the system is close to trophic
steady state. This also suggests that the expected
"steady-state" species proportions do not vary
greatly. This, in turn, suggests that interspecific
interactions play the dominant role in
determining species proportions. The greal
slability observed in the species proportions of
trophic levels including phytoplankton (VYenrick,
1982), macrozooplenkton (McOowan & Walker,
1979; 1984), and neklon (Barnett, 1983) is
consistent with strong regulation of species
slructure. However, the processes which maintain
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Fig. 2 Scatter plots of the spatial variability in
intergrated - chlorophyll versus integrated
primery production end macrozooplankton bio-
mass in the California Current on cruise 8105
(May 1981). Both reletions are significently
correlated at the 0.05 level.
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Fig. 3 Scatter plots showing the temporal
veriability in integrated chlorophyll and
integrated primary production in the Southern
California Bight region. Each point is a spatially
averaged cruise mesn. There is no correlation at
the 0.05 leval.

this stable species structure remain unclesr
(McOowan & Walker, 1984).

The way in which environmentel veriebility
affects species structure in the California Current
may be more complicated. Yariability on small
(within station) scales is similar to that in the
central North Pecific., and this is probably well
within the ronge of individual edeption of the
macrozooplankton and nekton. Yariability on meso
and larger scales is much greater then in the
central North Pecific. Patches on these scales
likely constitute different environments, and each
patch could have a different expected "steady-
state” species structure. Thus, the system as a
whole is probably far from steady-state species
proportions. The observed species proportions
vary greatly from sample to sample (McOowan,
1974). This variebility should decresse the
relalive importance of interspecific interactions
in regulating the overall species proportions of
this system.

The low correlation between the spatial
distributions of chlorophyll and macrozooplankton
biomass suggests that the area within patches is
often far removed from trophic steady state. It is
unknown whether the species structure within
patches is close to steady-state. In order to assess
the effects of meso and larger scale physical
forcing processes it will be necessary 1o know
more about the persistance of patches and the
exchange rate of individuals end properties
between them.

The background in the California Current may
constitute an environment which is distinct from
thet in patches and which itself may ba closer to
trophic steedy -state. The very low values of
production and stending stocks suggest that this
orea has not recently been perturbed. If this is the
case, the background in the California Current
may be sufficiently stable so that interspecific
interactions have a significant effect upon species
proportions. It i3 thus also necessery to know
more of the history of the water parcel from
which samples ere collected.

The low-frequency, large-scale veriebility in
the California Current is associated with physical
events such as El Nifio (Chelton et al., 1982).
Chenges on this very lerge scale tend to be
spatially coherent throughout the system.
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Yariations in the abundance and distributions of
taxonomic groups (Colebrook, 1977) and
individual species (Brinton, 1981) sare also
associated with environmental variations on this
scale.

The species proportions in the California
Current thus repond to both the in-situ structure
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Fig. 4 Spatial distributions of integrated
chlorophyl, integrated primary production, and
macrozooplankton biomess in the California
Current on CalUOF| cruise 8015 (May 1981).

of the gystem and external processes. A detailed
examination of a single place or time i3 unlikely
to represent the range of environmental
conditions that the populations are exposed to over
evolulionary time. Studies of in-situ structuring
processes must consider the range of environ-
mental variability in the California Current.
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Fig S (a) Summery of patchiness iIn the
Californis Current on cruiss 8105. The
cumulative percentage of erea is the fraction of
the total ares in the sampling grid (Fig.4) that
has chlorophyll concentrations at or below that
shown on the x axis. The cumulative chlorophyll
is the fraction of the total integrated chlorophyll
in the grid at or below that chlorophyll
concentration. If chlorophyll is evenly distributed
the curves will overley. The difference in the
curves shows the intensity of patchiness. For
example, the SO% of the cumulative area with the
lowest chlorophyll concentration hes only about
20% of the total chlorophyll. To reach SO% of the
total chlorophyll tekes about 80% of the total
area. This meens thet the other S0% of the total
chlorophyll is found {n the 208 of the area with
the highest concentrations.

(b) Seme es figure S5 (8) except for macrozoo-
plankton biomass.
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MODES, TEMPOS AND CAUSES OF SPECIATION IN
PLANKTONIC FORAMINIFERA

YVONNE HERMAN
Departiment of Geology, Washington State University, U.S.A.

INTRODUCTION

Calcareous shells of planklonic Foraminifera
preserved in continous sedimentary sequences on
the sea floor in areas of rapid sedimentation,
gbove the calcile compensation depth (CCD)
provide an excellent opportunity to test various
hypotheses of plankton speciation including
phyletic gradualism and punctualed equilibria
(Mayr, 1963; 1970; Gould & Eldredge, 1977).

CAUSES OF EYOLUTIONARY DIYERSIFICATION

Bursts in evolutionary radialion have been
attributed to the development of diverse habitats
by continental fragmentation (Valentine &
Moores, 1972), changes in land geography and in
oceanic circulation, incressed climalic zonation
and decressed temperatures (Valentine, 1968;
Lipps, 1970) 8s well as to higher and more
uniform oceenic temperatures (Fischer and
Arthur, 1977; Thunnell, 1981) more stable
physical conditions ( Teppan and Loeblich, 1973)
and reversals in the Eerlh's magnetic field
(Simpson, 1966).

The uvailable geologic record provides evidence
that in planklonic Foraminifera evolutionary
diversification occurred when temperatures were
fluctuating over extended time intervals, surfece
waler {emperatures were either increasing or
decreasing, latitudinal temperature zonation was
incressing or high, sea level wsas changing
grodually and when continental fragmentation was
proceeding at a slow and even rate (e.g. Herman,
1979; 1981 and references therein)( Fig. 1,
Table ).

PLANKTONIC FORAMINIFERAL RECORD

Planktonic Foreminifera are unicelluler marine
protozoens possessing calcitic tests ~30mp -
=1000mpu in diameter. Their abundance in
marine sediments in depths from aproximately
200m to >4500m and the repid evolution of some
species make planktonic Foreminifera important
in biostratigraphic zonation (e.g.Herman, 1979).
Present-day distributional patterns show that
most species are extremely sensitive to
water-mess properties such es {emperature,
salinity and oxygen content, hence their
usefulness as oceanographic and paleocesnographic
indicators (e.qHerman, 1979 and references
therein).

GEOLOGIC DISTRIBUTION

Rare occurrences have been noted since Middle
Jursssic, when small, globular forms,
Olobuligerins, were first recorded in marine
sediments (Caron & Homewood, 1983). Evolving
goradually, planktonic Foraminifera reached their
peak in the Late Cretaceous, whence several low
and high diversity cycles are recorded; today they
are represented by sbout 50 species (eg.
Hermen, 1979). Following the terminal
Cretaceous meass extinction, the morphologically
simple globigerines survived giving rise to
turborotaliids and globorotaliids (Cifelli, 1969),
which diversified through the Paleocene reaching
8 pesk by Lale Paleocene (op.cit.; Table 1),
epproximately 57.5my eg0. The 62-57my
period, was a time of fluctuating and warm deep
and surfece waler temperatures, with #6-7°C
differences between surface and boitom water
values (Fig. 1). A decline in species diversity is
recorded in Early-Middle Eocene (Cifelli, 1969;



Table ! Causes of evolutionary diversification in planktonic Foraminifera

PLANKTONIC,
TIME TECTONIC EVENTS CLIMATIC EVENTS OCEANIC EVENTS FORAMINIFERAL EVENTS GENERAL
in my
)

0.9— Orogeny peak
intsrglacial cycles
Cenozoic Threshold IV

Antarctic & Sub-

0.9-0 Major glacial-— Arctic becomes———-— —In the Arctic initisl---—--Onset of large amplitude—
pereniszlly ice covered appesrance of present

1.6 Northward shifts of---— PF diversity maximum

antarctic watermasses Arctic PF has no analog
Arctic CCD depressed.
38 Arclic flooded with-———2.38-0.9 Arctic

meltwater; devalop-
ment of low salinity SW taxs

climatic fluctuations
day sssemblages

in present oceans

dominated by subpolar

2.4-0.9 Arctic Ocean--—- Inilis]l major NH———--— —
mostly oligotrephic glacistion followed
by deglacislion

2.4 Cenozoeic Threshold i)
Initia)l major NH
glacistion

3.5— Uplift of Panams --6radual temp_decline

Isthmus

Q
9

Cooling of global DOW-—- PF diversity increases
S5-2.4 Arctic SOW &
DOW oxygensted. CCD

glaciation

Devslopment NH-——--—

slevated
3.5--Isolation of- Regression———~—--—-- — Temporal reduction in
Mediterranean Sea PF diversity
6 Strong global cooling HMsjor expansion of ————
6—4 Expansion of Aniarclic ice
Antarctic ice-cap
1 11-1 6radual increass
in diversity cf PF
14 14-12 Major Ant—-—-14-11 Dissolution
arctic ice build-up Climax
175 17.5-15: 111 315€ pegk-—]

-Zri-



18 18-0 Numerous ranid ——-—— 18-14 DF diversity————— 18-14 Short-term wide
large amplitude fluc- fluctuates amplitude temp. oscil-
tustions of SOW & DOW; lations of SOW & DOW:
warming trend of SOW gradusl incresse in
& cooling trend of DOW contrast between B & S

water temp.; =38 cold-
warm changes in 4 my

22 Development of Antarc
tic convergence

24--Drake Passage———---24-14 Increased—-—-- 24-5 Transgressions;-—--—- 24-14 Gradus! increase

opens glacistion of 24-18 Ninor changes in PF diversity
Antarctics; intensi- in SOW & DOW temps. Major change in global
fication of glabal planktonic biogeography
climsatic gradients to form latitudinal belts
of sssemblages from
tropics to poles

25 25-22 Development of:
unrestricted circum-

Antsrctic current cres-
ting the thermal iso-
Iation of Antsrctica;
expansion of sea-ice:
increased vert.& horiz.
ocesnic circulstion

31 31-29 Hajor extinctions

followed by evolutionary
appesrances

35 35-18 SOW & DOW stasble

36_6-Greenland separa—— Anisrctic glaciation—-Abrupt cooling of DOW————— 36.6-24 Stcble species—-36.6-23.7 Lowest————;

tes from Europe; Cenozoic Thresheld {1
Tasman Ses-way

opens

regime

diversity: gradus)
increase

Reduction of PF
diversity: diversity
minimum; destinctive
Antarctic faunal pro-
vinciality develops.
Globigerines dominste

oceanic fsunal & florsl
diversity for entire
Cenozoic in Oligecens:
low diversily gradien
between low & high
Iatitudes.

Regression, end of
warm polar climate

_“'_



Table | (continued)

TIME TECTONIC EVENTS CLIMATIC EVENTS
in my

PLANKTONIC,

OCEANIC EVENTS FORAMINIFERAL EVENTS GENERAL

Short.conspicuous temp—-—Diversily decreases-

37-35: 1 313C peak—

40-37 Diversity high,

seversl msjor extinc-
tions followed by
evolutionary sppesrances

44-40 Gradual cooling of——- 44-40 Diversity maxims
DOW. warming of SOW few major extinctions
& appearances

Diversity maxima,

Flooding of Atlsntic———---—Rapid decresse starts

37
fluctuations; DOW temp.
drop;: SOW incresse; initia-
tion of thermohaline circu-
lation; rapid drop of CCD;
regression; SH sea ice
375 Abrupt, major DOW cooling,
SOW warmirg
40 6redual cooling
44
32
S3I—S53-36 Labrador Sea &
Baffin open Ocezn with Arctic water
35 ~—55-38 Australia moving S535-37 DOW & SOW——————
nerthward gradusl cooling underway:;
Atlantic DOW circulation;
DOW X SOW cooling
commences
57

Diversity maxima
S57-53 Declins in
species diversity

e 4 4 &



60 60-59: 1 3'3C peak:—
biological production
msxismum

62 62-57 Fiuctuating warm
DOW & SOW temps.

65—Tasman Sea———— 65-62 Gradus) ———— 65-62 Gradusl warming———— Gradusl evolutionary

spens; Central warming diversification of PF
Tetkys narrows, commences
S.L. drops
67—-Contineals reach——Ceonezeic Threshold 1.- Presumed change in———————K/P boundary svent; Ssleclive mass sxtinc]
polar psasition Abrupt, lsrge ampli- water chemistry; mass extinctien of tions
tude cogling regrsssion; sbrupt taxs st the pesk of
1srge amplituds coel- their evolutionsry
ing dovelopment
70 Transgression

* Ages of events are approximate

Abbreviations:

BOW= bottom ocean water; DOW= deep ocean water: SOW= surface ocean water; NH= northern hemisphers; SH=
southern hemisphere; CCD= carbonate compensatior. depth; PF= planktonic formaninifera; SL= sea leval
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Fig. 1. Cenozoic oxygen and carbon isotope data of benthonic and planktonic Foraminifera, South Atlantic

Ocean (from Shackleton et al., 1984).

Berggren, 1971) centering around 58-50my
B.P., and following a 2'3C maximum, which
presumably indicates high surface water
biological production (Fig. 1). Another rediation
is recorded belween x44 and =37 my age,
interrupted by extinctions 40mya, 38.2mya and
37.3mya (Keller, 1983). Recent foraminiferal
studies indicate that with the exception of the
Eocene/Oligocene (E/0) boundary, these major
faunal extinclions & abrupl evenis being
followed by first appearances (Keller, 1983).
This time interval is cheraclerized by a gradual
cooling of surface and deep water (Fig.1, Table 1);
the trend is interrupled by a& werm pulse
centering around 38 my. A sudden major cooling
event of the botlom water has been recorded at
about 37my B.P. (Kennett, 1978; Keller,
1983)( Fig.1), but the opposite trend océurs in
surface water (Fig. 1). Sharp, short-term
temperature fluctuations, by approximately 7°C
were measured belween 37-35 my B.P. (Fig

1). The gradual E/O extinctions are much less
severe lhan the {erminal Crelaceous mass
decimation of the calcarcous  microplankton
(Keller, 1983). As in the Paleocene
morphologically simple globigerinids survive and
diversify (op.cil.). The next mejor radiation
commenced in Miocene culminating by Middle
Miocene, =#1tmy ago. However, 8 number of
flucluations in foraminiferal diversily were
recorded belween =17 and 12my B.P. By the end
of Early Miocene fully-keeled globorotalids were
diverse, orbulines and hasligerines had also
evolved; the pulleniatines appear in !.ole Miocene
(op.cit.) From Middle Miocene on, the planklonic
foraminiferal faunas are essentially modern.
During the last 1.7my, numerous temperature
fluctuations are recorded ( Fig.1)( Keller, 1978;
Herman, !979 and references therein).
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MODES AND TEMPOS OF EYOLUTION

Several modes of speciation have been suggested
for oceanic microplenkton, they include: 1.
Phyletic gradualism, whereby new series arise
through gradusl and continuous phyletic
transformation within the population of an entire
species. This process is believed lo proceed al a
slow and constant rate; 2. Puncluated equilibria,
whereby evolulion is concentrated in very rapid
events, considered instanianecus in terms of
geologic time. This second model is believed to
occur in genetically isolaled or semi-isoleted
populations at the outer fringes of the geographic
range of ancestral species, followed by migration
to other areas (allopalric speciation of Mayr,
1963; 1970; see also Gould and Eldredge, 1977);
and 3. Punctuated gradualism, described by
Malmgren et al. (1983). According to these
suthors, evolulionary steps could lake place
within 8 bioseries in one region, without
migration of newly evolved species (op.cil,
Malmgren and Kennetl, 1981). Furthermore, new
species evolve nol through lineage branching as
required by punctuated equilibria through periods
of rapid, but nol instenlaneous, phyletic
transformation of entire populations (Malmgren
et al., 1983). In an interesting study Malmyren
and his collaborators (ibid ) have analyzed the
lineage of warm waler @/ebortslia (umids
through the tlest ten million years of s
evolutionary history in a southern Indian Ocean
core. This lineage is believed to be predominantly
of Indo-Pacific origin end distribution (op cit ).
The evolutionary sequence leads from
g merotumids -> O.plesiatumida ->
@ tumids, with no evidence of divergence in this
lineage (op.cit.). The malerial studied, from DSDP
Site 214 in water depth of 1665m was selected
because of the shallow waler, well above the
lysocline, consequently these dissolution resistant
species were very well preserved. Sempling
interval was between 5x10° yrs and 15x10° yrs
across the Miocene/Pliocene boundary (S5.3my)
and 2x10° yrs in the remainder of the section.
Yarious morphological characters were measured.
The resulis indicate thal during the Late Miocane
the G .plesiotumids populations were in stasis
for ~Smy. About 5.6my ago the test shape began o

change gradually completing the {ransformetion to
0. tumidsin about 0.4my, remaining essentially
unchanged since that time. These authors have
demonstrated that al least in the 8. meratumids

- O lumids lineage “puncluated gradualism” is
the speciation mode. In enother investigation,
Malmgren & Kennetl ( 1981) recognized a case of
phyletic gradualism, without branching in the
evolutionary linesge of Oloborotslis conordes
=Y@ranamiozeés -> O.punclriculste -
2 inflsls. Scoll (1983) disputed this linesge
end suggesled thal O conordes split and one
branch gave rise o & /n//als in a relatively
short time thus supporting the “punctustional”
mode) of speciation (op.cit.).

Still a somewhat different ancestral-descendant
relalionship in these and relaled taxa is suggested
by Berggren ( 1977 and references therein). To
further complicale matters Arnold (1983) used
the evolution of & crasssformis from its
ancestor O.crtaoensrs via G puncticulata s
an example of “phylelic graduslism™ Different
opinions concerning ancestor - descendant
relationships exist in may linesges, however, lack
of space precludes a detailed discussion of this
problem. The stale of taxonomic chaos is
exemplified by Glebigerins pachyderms
referred to by verious other generic nemes
\ncluding Aristeraspirs, Neogloboguadring,
Globoratslra, Turborolalie end Olobo-
quadring This species is believed by seven
pachyderma experls to have evolved either from
the Glaborotalie opima-meyeri group, or
from Globrgerinag sngustiumbilicata, or O
conlinuosa, or a8 turborotalid encestor (in
Kennelt & Srinavesan, 1980 and references
therein).

Before the chellenging problems of causes,
modes and rales of speciation can be addressed we
need lo sort out questions concerning taxonomy,

phylogeny, paleoceanography and paleogeography.
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ON CURRENTS OFF NORTH-WEST AFRICA AS REVEALED
BY FISH LARVAE DISTRIBUTIONS

HANS-CHRISTIAN JOHN
Taxonomische Arbeitsgruppe der Biologischen Anstalt Helgoland

INTRODUCTION

Displar anent by currenis mey affect the esrlv
life history of fish (see eqg. John, 196%s;
Norcross & Shaw, 1984; Power, 1984; or
literature cited there).

Investigations off Northwest Africa during the
past twenty yeers provide enough knowledge to
fulfill part of the requirements defined by John
(1984a) for the sssessment of larval drift for
several species.

The broed scheme of German ichthyoplankton
surveys off NW Africa is shown by figure 1. The
subaree of particuler interast (the “Mauritenian
province™; Beckus et al., 1977) has been
thouroughly sampled (178 stations) from the
surface to 150m depths. Additional samples
outside of the Meuritanien province, applying
identical methods, prove that peculierities
encountered are not due te sampling. Deteils of
the cruises cen be found in the literature (John,
1985; Andres & John, 1984). Unpublished
results for selected species from "Meteor” cruise
no. 64 (Januery- Februery 1983 off Morocco and
Meuritenia) end cruise no. 69 (October -
November 1984, open subtropical NE Atlentic)
ore included here. Horizontal end vertical
distribution patterns for fish larvee off
Mauritania were presented by John (1985). The
term “neer-surfece occurrence” refers here to
vertical distributions shallower than 30m,
"extended vertical distribution” to species ranging
from neer the surfece to at leest 60m, and "deeper
distribution™ to 8 maximum below 60m.

The existing cherts of surface currents (e.g.
Angel, 1979) generally show a flow towards the
south-southwest for the aree along Northwest
Africa. The southwerd extension of renge for the
woarm-temperate ichthyofsuna along the coest to
tropical latitudes (e.g. Maurin, 1968; Sedlets-

F.R.6.

kaya, 1983a) resuits from these currents. in the
open oceen the Cenary Current probably
transports large numbers of Macrorhemphosus
scolopex (Fig. 2) and lesser numbers of Syno-
dontidee, Mullidee and Gadinee to the south and
west of their bathymetrically and geographically
confined birth places (John, 1973; Andres &
John, 1984).

Detailed charts (e.g. Dhi, 1967) also show
surfece currents along the NW Africen coestal
oarea south to Cape Blanc or, during the winter, to
Cope Yerde. Several exemples show that near-
surfece taxa drift along the coast (John, 1984a);
e.q. off Morocco during winter neritic species
such as Belone sreloridori end Sordine
pilcherdus were confined to a zone less than 60

Fig. 1 Location and seasons of plankion sampling
1967-1984. Lines denole transecls, hatched
areas repeated sampling. Wi= winter Sp= spring
Su= summer Au= autumn.
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Fig. 2 Occurrences of planklonic stages of
Macrorhemphosus scolopsx. Sheded: known
or bathymetrically possible (50-400m)
spawning grounds. Interrupted: spawning grounds
20°N-23°N represent a southward exiension of
spawning 1975-1983.

nautical miles (n.m.) from the shore (John,
1979), while oceanic Scomberesocides resched
into this range (Fig. 3; see also John, 1979). Off
West Sehera Scomberesox ssurus wes rare
above the slope (John, 1973), but 70n.m. from
the shore on average 3.2 larvee/1000m? were
caught ( “Meteor” cruise no.64).

Seasonal and regional changes in the direction of
that current component normal to the coastline
ore known (e.g. Wooster ot al., 1976). A shift of
the trade winds results in offshore surfece flow
and an upwelling of cold water during late spring,
summer and sutumn of Morocco, where during the
winter and eerly spring transport at the surface
is either parallel to the cosst or shoreward.
Upwelling persists throughout the year between
25°N and 20°N, but only during winter end
spring off Mauritenia. During summer the cosstal
surface flow off Meuritenia is northward and
onshore, Data on the interannual verisbility are
described by Sedykh (1978) end Michelchen
(1984). The effect of a reversal of surface flow
off Mauritenia on the distribution of lervee was

\vfff j“;;‘;_}i&"“\\‘\tiit AN AN T “fr7 77777 1'
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Fig. 3 Occurrences of surface larvee of the family
Scomberesocidae (diagonally hatched). Solid lines
denole limits of distribution, broken lines area
where family was absent. Question marks refer to
areas where data are nol available.

shown by Hamann et al.(1981).

Seasonal snd interannual chenges influence the
species composition and ebundence of ichthyo-
plankton (Sedletskaya, 1983s; John, 1973;
1985). Evidence for the effect of the reversal of
surfece transport normal to the coast upon the
ichthyoplankton off Morocco is indirect. During
upwelling sardine eggs are abundent even offshore
of the spawning grounds, and en offshore and
southwerd drift of sardine lervee occurs
(Sedletskaya, 1983b). Off West Sehera, two
exemples for offshore drift in the surfece layer
are known (John, 1984a). Absence of S, saurus
sbove the slope also must be due to the same effect
(the species may occur above the slope off Cape
Blenc, when water temperatures sbove 17°C are
found, i.e. outside of the upwelling regime- see
Hartmann, 1970).

More information about the Mauritanien coastal
upwelling has now become available (John,
1985). These dota allow &n interpretation of the
literature and preliminary results from a recent
cruise, even though final hydrographic date ere
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not yet available. The horizontal patterns of some
species with extended vertical distribution (Figs.
4, 5) will be compared, 8s they represent almost
all the mechenisms involved. Within this group,
Trachurus tréchurus spawns above the mid-
shelf. Vertically, consistently more then 508 of
the larvae occurred in the upper 30m and neuston
tows yielded high numbers. These lervae should be
most affected by drift of surface waters.
Consequently, larvee occurred above the
spewning places when upwelling was low (data by
Kalinina & Sedletskaya, 1979, see Fig. 4), and
closer to the spewning grounds, when, during &
season of intense upwelling, the surfece flow was
reversed ( 1977 - 18°N compared with the other
transects). From a multitude of distribution data
for the years 1963 to 1983 on 7rachurus
(Wiktor, 1971; Kiliachenkova, 1970; Sedlets-
keya, 1975; Bendixen, 1977; Kalinina & Podo-
sinikov 1978; Fig4 for 1983), the above
mentioned two patterns represent the extremes of
neershore and offshore occurrences so far
described - and they come from years with very
different upwelling intensities (Sedykh, 1978).
Myctophum punctetum is an ocesnic to
slope- spawning species, the lervee have a fairly
even abundence from near the surfece to 60m
occurring also below 60m.  During strong

Novembter 1972

in/Feb 1977
atler BENDIXEN 1977 Janste

upwelling the deeper living lervee are cerried
onshore by water masses feeding the upwelling
(Hemann et al., 1981), while during weak up-
welling, shelf waters ore devoid of larvee
(Bendixen, 1977)(Fig. 4 for 1983). Another
example has been given by John(1985) for deep
Bathylagus larvee.

While both nesr-surfece neritic (see as well
other exemples by John, 1984a; 1985) and deep
living slope or oceenic lervee reveal transport
normal to the coast correlated with upwelling
intensity, no such transport became evident for
those lervee spewned ebove the shelf edge or
upper slope and which have a8 maximum
occurrence in the upper part of the undercurrent
(eq AMerluccius senegslensis and soleid
genus /7icrochirus ; Figs 4, S5). In the
literature edditional date exist only for
M.senegsalensis (Kalinina & Sebletskaya,
1979) and Soleidue, and 11 these agree ( Wiktor,
1971; Kalinina & Podosinnikov, 1978). it is
therefore concluded that the distributions of
lorvee with known ond restricted spawning aress
are good indicators for currents. It is further-
more speculated that in the Mauritenien area
larvee spawned at the shelf edge and upper slope
which have an intermediate vertical distribution
suffer little removal from adult habitats.

Soledce
{ n/tm2
-
aec
Laa A
A
>

Februcry 1983

Fig. 5 Horizonta distributions of larvee of deep- spawning soleids during three surveys.
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Considering removal of plankton from its
adequate environment, biologists have suggested
recirculation mcdels (e.g. Richert, 1975).

Mesoscale gyras (<120n.m. diemeter), such as
proposed by e.g. Mittelsteedt ( 1974) and Sheffer
(1976), would help to explain recirculation even
of orgenisms with & rather short planktonic
phese, like that of some of the fish larvee
encountered, but no biological evidence exists.

On the besis of repeated measurements of
northward flow off the Mauritenian shelf,
Mittelsteedt ( 1983: Figs 3, 4) proposed a gyral
current which is partly supported by Stramma
(1984). Though this gyre has too large a scale
for & recirculation of fish lervee and the actus!
knowledge of hydrography might equally well be
interpreted by & near-shore polewerd and the
ocesnic southwerd Canary Current (Hagen, 1981;
Hagen & Schemainda, 1984), it shows some
striking congruence with ichthwogeography. The
boundaries of the Mauritenien upwelling province
agree fiirly well with the extremes covered by
this gyre, so that the existence of the province
would eesily be explained by a nearly sslf
cotained system in the epipelegic zone. The
problem to identify lervee of the two myctophid
species cheracteristic for this province
(Lampadens pontifex and Disphus holtr)
did not yet allow study of this question, but Krefft
(pers. comm.) considers both the above to be
slope specles, whose reproduction might be
favoured by the current system.

The distribution of neustonic Scomberesocidae
has been given in figure 3, end revesls a
consistent “scomberesocid hole” off Meuritania
during the winters of 1970, 1977 and 1983 83
well as the spring of 1968. The essternmost
occurrences off Cape Blanc and at 16°N represent
single larvee, suggesting only extreme limits of
distribution. None of the other surfece lervae
considered typical for the tropical end waerm-
temperate open Atlentic (John, 1983) were found
during these surveys, but during sutumn 1972
plankton tows unlikely to catch surface species
reveul)ed the presence of some of them (Bendixen,
1977).

Surprising is the alssence of larvae of the genus
Cyclothone (Fig6), since edulls are regulerly
caught from the depths of the open oceen a3 well as

Fig 6 Occurrences of larvaee of the oceanic genus
Cyclothone. Daots: Occurrences disregarding
seasons. Open triengles: Occurrences only in
autumn.

above the deeper slope. Some few larvee, however,
were caught in this "Cye/lothone hole” during
autumn 1972. As the larvee were always among
the regulorly caught taxa in adjacent eress, a
seasonal cycle in reproduction off Mauritsnia
seems less likely. Contrary to Scomberesocidee,
Cyelothons lerves belong to the group with
vertically exlended distribution and a subsurface
maximum (John, 1984b and literature there).
The larvae should therefore be less affected by
surface drift and occur farther to the esst than
Scomberesocidee. This is demonstrated by Cyc/o-
thone lervee above the shelf (abaove bottom
depths of only 90m) between 31°N and 32°N
(Fig.6), where upwelling took plecs. Contrary to
this expectation however, off Mauritenia, the
easternmost occurrences were even farther to the
west than for Scomberesocidae.

While several surface species ore excellent
indicators for surface drift, Cyelothone \arves
in the Mauritanian province should be indicators
for advection of near-surface (10? - 60m in
eutrophic aress?) oceanic waler masses. Palterns
of relative abundance in the material under
investigation (16°N - 21°N, coast lo 20'W),
combined with information on relative age, may
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prove if a8 connecling link exisls between the
Canary Current and the slope off Cape Verde. The
offshore link proposed for south of Cape Blanc is
nol evident, unless offshore defleclion of
M.punctstum (Fig. 4 for 1983) is so inter-
preled. The latter conclusion s not convincing, as
M.punctalum is en “ocesnic” species.

The Mauritsnian province is a promising ares
for Lhe investigation of the effect of larval drift on
ichthyogeography, it offers distinct peculiarities,
adequate indicator species, good hydrographical
data and biological material especially obtained to
test existing Lheories.
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POLYTYPY, BOUNDARY ZONES AND THE PLACE OF
BROADLY-DISTRIBUTED SPECIES IN MESOPELAGIC
Z0OGEOGRAPHY

ROBERT KARL JOHNSON
Field Museum of Natural History, U.S.A.

INTRODUCTION

For those mesopelagic species whose distribution
lies entirely within the warmwater regions of the
ocesn (ca. 40°N to 40'S), it is heuristically
useful to distinquish two msjor distribution
patterns (e.g. Brinton, 1962; Ebeling, 1962;
1967 ; Johnson, 1974; 1982):
1. species relatively restricled in distribution,
limited to one ocean besin and generally limited to
all or part of one water mass region (refers to
geographic area underlain by & principal upper
water mass as depicted by Sverdrup et sl., 1942:
740).
2. species more widespread, with disiributions
crossing water mass boundaries, typically in two
or three ocean basins, exhibiling varying
approaches to warmwaler cosmopolilanism (see
Johnson, 1982: 185 for subcalegories; also see
Ebeling, 1967; Fleminger & Hulsemann, 1973).
Most altention in pelagic bicgeography has
focused on species relstively restricled in
distribution and such focus has resulted in
discovery of distinct and discrele opcnh-ocean
species assemblages, recognized by concordance in
relatively restricled distribution of species from
diverse taxonomic groups and irophic levels
(Parin, 1970; McOowan, 1971; 1974; 1977,
Johnson, 1982; Brinlon & Oopalakrishnan,
1973; Backus et al., 1977). Such sssemblages
constitule the open-ocean equivalent of the
"biotas” of the vicariance biogeographers (Croizat
et al., 1974), bul their study by open-ocean
workers has been almost entirely ecological in
orientation (Johnson, 1982: 174). The number
of patlerns (“ecosystems" in McOowan, 1971;
1974; 1977, “sssemblages” in Barnelt, 1983;
“provinces - regions - distribution-patierns
arcas” in Backus et al., 1977) is apparently both
finite and rather small.

BROADLY-DISTRIBUTED SPECIES

While there are broadly-distributed species that
show within-ocean concordence with recognized
species assemblege aress (Johnson, 1982;
Johnson & Olodek, 1975), there are many
broadly-distributed species thal in contrast are
widely-distributed throughout most of the
tropical-subtropical area of all three ocesn
basins. For example Yan Soest ( 1979) tallied data
for 957 oceanic zooplankton species and showed
broad o very broad distributions (cressing water
mass boundaries) for two-thirds or more of the
mesopelagic species for which he had dats.
Johnson (1974; 1982) showed that among 17
warm-waler scopelarchids and evermannellids,
six species, all in the Pecific, are restricted in
the sense used above; three species, all equatorial,
occur in just the Indian and Pacific Oceans
(paralleling results of Fleminger & Hulsemann,
1973; Judkins, 1978; and others); and ten
species occur in all three oceans. This proportion
of three ocean species is by no means to these two
families (see Gibbs el al., 1983: 119 for
exiensive documentation). It is sufficiently
common that Ebeling (1967) recognized a
catchall  "Circumcentral-Tropical” Primary
Zoogeographic Region incorporaling all oceanic
warm-water areas except the Mediterranean and
eastern {ropical Pecific. McOowan (1974: 15)
lumped species broadly-distributed in the Pacific
into @ "Cosmopolite Fauna”, broadly overlapping
other recognized warmwater faunal regions.

Such “"waste-basket” trealment lypifies the
“"place” of broadly-distributed species in discuss-
ion of pattern in open-ocean distribution: they are
essentially ignored. This results from at least
three factors: lack of material, dearth of syn-
oplic syslematic studies world-wide in scope, and
lack of conceptual framework, a set of working
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hypothesis regarding the "fit" of broadly-
distributed species.

Barnett ( 1975: 36; 1984: 207) presents a
plausible framework of ecological / biogeo-
graphical hypotheses relevant to broadly -
distribuled species and ciles possible examples
(Table 1). In the present paper only the
“eucosmospolite” category is considered. Here the
working hypothesis is that broadly-distributed
species are comprised of separable, genelically-
distinct populations, the differences reflecting
adaptation, and, that replacement of these
populations occurs at the boundary of species-
assemblage areas. This concept is not new (e.g.
Brinton, 1962; 1975; McGowan 1971 ; Johnson
& Barnett, 1975; Badcock, 1981; Johnson,
1982), but iwo major difficulties have precluded

thorough documentation: lack of adequate sampling
coverage-horizontally, vertically and temporally;
and secondly frequenl inabilily to distinguish
ecophenolypic effects from differences related to
genetic divergence (Brinton 1962: 178; 1975:
210).

THE HYPOTHESIS OF POLYTYPY

Reflecting these problems is a study of meristic
character variation in broadly-distributed mesc-
pelagic species, selected on the basis of
occurrence throughout the broadest possible range
of warm-water oceanic habitats (Johnson &
Barnett, 1972; 1975). Values for selecled
meristic characters and three measures of "food

Table | Calsgoriss of broadly-distributed species, with pulative examples of each category (modified frrom Barnett,

1975, 1984)

1 ECOLOGICAL OPPORTUNISTS

Build up large populations only in acotonal areas

2 SPECIES "BUFFERED" BY DISTANCE FROM PRIMARY PRODUCERS
High trophic level carnivore, filter = trophic distance
Chauliodus sloani, Echiostoma barbatum, Leptostomiss haplocaulus,
Odontostomoeps normaleps, Slemonosudis macrura, Avocelling infans
Bathypelagic zeoplanktivers. filter = vertical distence
Poromitre crassiceps, Scopeloberyx robustus, S. opisthoplerus,
Taaningichthys bathyphilus, Lampanyclus niger

NEXT

Gonostemna atlanticum

3  SPECIES EXHIBITING HARKED VARIATION IN ABUNDANCE FROM ONE ECOSYSTEN TO THE

Abundant in gyres, present bul rare st equator
Stornophyx disphana, Argyropelecus hemigymnus, Cyclolhone
pallids, C.albs, Argyropelecus sladeni, Lisphus elucens. D. schmidli.

Abundant at squator, present but rare in gyras

Hygoephum proximum, Cyclothone scclinidens, Lobianchis
urolsmps, Dansphos oculalus, Nemichlhys scolopaceus

4 CEUCOSMOPOLITES™ BROADLY-DISTRIBUTED SPECIES NOT SHOWING MARKED VARIATION

IN ABUNDANCE FROM ECOSYSTEM TO ECOSYSTEN

Notolychnus valdiviae, Lampanyctus sleinbocki, Diogenichthys
atlanticus, Ceratoscopelus warmingi, Symbolophorus evermanni,
ITriphoturus nigrescens, Vinciguerria Rimbaria




availability” were correlated negatively, but no
relationship with temperature, salinity, or
dissolved oxygen could be found. Ecophenotypy was
argued against but could not be totally ruled out.
Johnson & Barnett ( 1975) hypothesized that the
observed varistion is the result of adaptation of
egg size, fecundity, and larval size 1o differing
productivity conditions. They possessed only
limited and indirect evidence for the last of the
three predictions.

Relevant to the present paper is the hypothesis
that the observed meristic variation reflects
genetically distinct, allopairic populations of
broadly-distributed midwater species and that the
distribution of such populations is congruent with
areas defined by the “generalized tracks” of
assemblages  of  distributionally-restricted
species. While the concept of polytypy is hardly
novel by terrestrial slandards, better evidence
for il among oceanic populalions would have
imporiant consequences for open-ocean zo0-
geography (eg McOowan, 1971 ; Badcock, 1981).
It would tend to negate the apparent and
unexplained distinction belween  broadly-
distributed vs. restricled species. Division of
broadly-distributed species into allopatric
populations restricted to described faunal regions
is consonant with the recognition of such regions
based on concordantly restricted, rather narrow-
ranging species. Such intraspecific populations
may differ in aspects of their biology such as life
history "strategy” (egg and larval size, fecundily,
seasonalily, etc.) ieflecting differences in
biological and/or physical paramelers belween
regions (e.g. McGowan,1971; Johnson & Barnett,
1975; Reid et al., 1978). The point is well made
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by Badcock (1981: 1488), (while) the
importance of recognizing distinct intra-specific
populations and comprehending the nature of their
differences can not be overstressed... intraspecific
variation in most { mesopelagic) species is (very)
poorly documented.” To my knowledge Brinton's
(1962: 178) classic demonstration of the
“forms™ of S&tylacheiron afrine is un-
paralleled by any mesopelagic fish study.

YINCIGUERRIA NIMBARIA: A CASE STUDY

Partly filting this gap (for fishes) is work in
progress on variation in  Vincirguerris
nimbarita (Johnson & Felles, 1984; and in
prep.). There are al least four criteria o
establish candidele species for study of polylypy:
wide distribution (Fig. 1); apparent “eu-
cosmopolitanism” , sensu Table |; abundantly
and synoplically represented in collections; and
evidence of deleclable and quaentifiable inler-
regional varialion. Vinciguerria nimbaris
was chosen for sludy because it fils well each
criterion. ¥.n/mbaria, exhibits demonstrable
region to region variation in morphometric and
meristic cheracters. Especially in gill raker
counts there exists evidence of difference between
equatorial vs.central populations (Fig. 2).
Minimal criteria for esteblishment of polytypy
for ¥.nimbaris (in the sense of the compound
hypothesis advanced above) include:

1. evidence of consislent differences belween
specimens grouped by species-assemblage aress;

2. evidence that boundaries between “forms”
(exact taxonomic stalus to be determined) are

Fig. 1 Distribution of samples of Vinciguerris included in this study. All specimens are V.n/mbarrs
except those labelled RDS (= V.mabahiss Johnson & Felles, 1984) and LUC (= V. /ucetis Garman,
1899). Stippled bands denote areas {ransitional between water mass regions as depicted by Sverdrup et al.
(1942). Solid lines (Allantic only) indicate boundaries between regions recognized as mesopelagic faunal

regions by Backus et al. (1977).

Atlantic areas include: CNA = subtropical North Atlantic (including Caribbean Sea and Gulf of Mexico); EGA
= {ropical Atlantic including Mauritanian Upwelling Region; CSA = subtropical South Atlantic.

Closed circles are V.nimbaria stations in central water mass regions (= “Central”). Open circles are
V.nimbaria \ocalities in equatorial water mass regions ( = “"Equatorial™), excepl Atlantic and South China
Sea (see Johnson & Felles 1984). Closed squares are V. mabs/iiss \ocalities. Open squaeres are V. /ucelis

localities.
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concordant with boundaries between described
species assemblage areas; note that "boundaries”
are in fact transition zrnes that may very from
narrow and sharp (Johnson 1982: 225) to rather
diffuse and broad (McGowan 1977: 425);

5. evidence that differences wused in
distinguishing "lypes” are not ecophenotypic in
origin.

Material from 1wo {ransects involving the
crossing of known faunal boundaries, with
Y.nimbsris asbundantly teken on each, has
provided limited data relevant to these criteris.

The ANTIPODES transect (Johnson & Barnett,
1975) of August-September, 1970, offers
limited supporl. V.nimbsrrs was teken at 19
slations in the Philippine Seaand at 6 stalions in
the South China Sea. A sharp model shift in
photophore and vertebral counts and especially in
gill raker counts (Johnson & Barnett 1975: Fig.
4, Tables 6,7,9) distinguishes specimens from
the {wo areas while counts appear within-area
homogeneous. The shift coincides geographically
with a well-eslablshied faunal “boundary"
separating equatorial (tropical) species (South
China Sea) from central (subtropical) species
(Philippine Sea) (e.g. compare the distribution of
the euphausiid 7/4ysanopoeds obiusifrons wilth
thal of the Indo-Ausiralian “forms™ of
Stylocheiran arfine  in Brinton, 1975).
Overlap in characler values and relative lack of
South China Sea material preclude certain
identification of specimens in the apparent zone of
sympalry al stations 21 and 22 ( Johnson &
Barnett 1975)(fig. 4) - muddying the picture.

More convincing is newly-obtained evidence
from the Atlantic. Specimens of V.nimbaria
were studied from throughout the Nori Atlantic
Subtropical Region (CNA, Fig. 1), most of the
Atlantic Tropical Region (EQA) end & stations
from the South Atlantic Subtropical Region (CSA)
as drawn by Backus et a.(1977). In gill reker
counts (Table I1) there exists absolute difference,
north and south central specimens have 17 to 21
gill rakers (lotal, first arch), equatorial
specimens have 22 to 26. This diffsrence applies
throughout the CNA, EQA and CSA areas, salisfying
the criterion of consistent difference betwean
aress.
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Fig. 2 Total body pholophores lallied by gill raker
numer (lotal on first gill arch) for specimens of
Yinciguerrig . Explanation of “"Central” vs
“"Equatorial” given in legend o figure 1.

Subslantial overlsp occurs in all other
examined cherecters although some hint of
equatorial/central separalion is sugoested by
principal components analysis of a 21 character
morphometrics data matrix (Fig. 3).

In November, 1970, the Woods Hole vessel
ATLANMTIS 11 ran a double {ransect from central to
equatorial and back into central. Three recognized
Atlentic faunal regions (sensu Backus el al.,
1977) were sampled (Fig. 4): the North Atlentic
Subiropical Region (CNA: CNA6, TC1, TC2,
CNAS), the Mauritanian Upwelling Region (MUR:

TE) and the northeastern boundary region of the
faunally-associaled Atlantic Tropical Region
(EQA:TE). On the srulthward leg ( CNA6 to TC1 1o
TE) the shift belween central vs. equatorial
“types", as established by gil) raker counts (Table
3), coincided exactly (Fig. 4) with the boundery
between CNA and MUR, as drawn by Backus et
al.(1977) Agreemenl wes nol as sharp on the
northward leg, TE to TC2 to CNAS. Al two stations,
RHB 2076, RHB 2077, both "types” were taken



Table Il Number of qill rakers (total, first arch) for Atlantic specimens of Vinciguerria nimbaris. Area

designations keyed to figure 1.

6!LL RAKERS ON FIRST GILL ARCH
Lecstion Nr.Statieas|17 18 19 20 21 22 23 24 25 26| N X 2 @
CNA-1 (6) 320 7 2 32 19.25 26 .78
CNA-2 (4) 2 3 3 1 9 18.33 .77 1.000
CNA-3 (10) 4 8 1 13 18.77 36 599
CNA-4 (4) t 3 4 & 1938 62 .744
CNA-5 (6) 2 2 8 1 13 1862 53 870
CNA-6 (5) 10 3 13 19.23 26 439
CNA-7 (2) 2 6 15 7 1 31 1897 33 912
CNA-8 (1) 2 8 10 18.80 .30 .422
CNA-9 (1) 1! B 1 10 19.10 52 .733
TOTALS 6 22 83 24 4 139 18.99 .13 .789
TC-1 (9) t 317 9 1 31 19.19 29 792
TC-2 (9) 4 9 23 43 9 84 1862 .18 .820
________________________________________________________________ e S ——
TOTALS 10 26 60 18 1 115 18.77 .16 .849
TE (23) 26 44 23 3/102 23.91 .18 913
EQA-1 (1 313 3 1| 23 24.22 32 .736
EQA-2 (1) 3 6 10 1| 20 24.45 39 826
EQA-3 (1) 1 6 4 11 24.27 .43 647
EQA-4 (1) 6 5 1 12 23.58 42 .669
EQA-5 (1) 4 8 4 1| 17 24.12 44 857
TOTALS 6 43 82 48 6/185 24.03 .13 .869
CSA-1 (1) 317 &8 28 19.18 24 612
CSA-2 (1) 6 4 10 19.40 .36 516
CSA-3.4.5 (3) 1 2 7 4 14 19.00 .51 .877
TOTALS 1 S5 30 16 52 19.17 .19 .678

in the same net haul.

The fit of the equatorial “types” to MUR and EQA
appears better in the north than in the east (Fig.
4) but this is elso true for the MUR endemic
myclophid, Lsmpadens pontifex (Nafpeklitis
el al.,, 1977: Fig.120). H most likely reflects the
seasonal hydrographic varisbility of MUR, known
lo be greater in the south MUR (Wooster et al.,
1976; Badcock, 1981). A plot of ATLANTIS I
records for V.nimbsris against temperature at

200m (Fig. 5) demonstrates the association of the
equalorial "type” with cooler MUR water.
Accumulsting feunal evidence (Krefft, 1974;
Backus et al., 1977; Bedcock, 1981; uvohnson,
1982) has established the CNA, EQA and CSA &s
comparable to species-assemblages aress (eco-
systems of McGowan, 1977) in the Pacific. The
stalus of MUR is unusual, for, as noted by Badcock
(1981: 1485), it is the only North Atlentic
region inhabited by species with northern (sensu
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Fig. 3 Relalive position of S1 specimens of
Vinciguerria nimbaris in the projection of
the first two principal componenis of a
21-morphometric character correlstion matrix
(characters used expressed as proporiions of
standard length; characters and methods as in
Johnson & Feltes, 1984). Squares= equatorial
specimens. Circles= central specimens.

Table [Il Number of gill rakers (total, first arch) for specimens of Vinciguerria nimbaris from ATLANTIS II,
cruise 59, November, 1970.

TOTAL 6ILL RAKERS OM FIRST GILL ARCH
171819202122232425 26 TOTAL HNEAN %

2021 8 3 C*1119.27+ 0.31
2024,2025 1 3 21 C 7 19.29: 1.16
2028,2029,2030 161 C 8 19.00: 0.45
L1’034.2035 286 C 16 19.251 0.36
2037,2044,2047 2 21 E S 23.0011.04
2048,2049,2050 165 2 E 14 23.57: 0.49
2051 4 412 31 E24 23.711 0.44
2056,2057,2058,2059 373 E 13 24.00+ 0.43
2060,2062 1 47 E12 24501 0.43
2065,2066,2070 353 E 11 24.00: 0.52
2071,2073 1373 E 14 23.86% 0.50
2075 2111 E S 2420t 1.62
2076 2 37 4 2 glg 18.812 0.52
2077 1671 1 { g 125 18.532 0.41
2080,2081 36 21 C 12 18.081 0.57
2082,2083.2064 37 201 C 3t 18.6110.26
2085 17 2 C 10 10.101 0.41
2088 1 41 C 6 18.83x 1.03
CENTRAL TOTALS 11267222 1 132

EQUATORIAL TOTALS 6264423 3 102

# Station positions given in Fig. 4 (C= Central, E= Equatorial).
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Backus et al., 1977), sublropical and tropical
distribution patterns. For V.n/mbsriass for the
pair Coccarells stlsntica vs. Scopelsrchus
quentheri (Johnson 1982: Fig 54) MUR is
faunally associated with EQA. Thus the available
dala show that V. 2imbaria salisfies lhe crileria
of difference and boundary concordance.

Evidence for the criterion of genetic distinction
is, as usual, limited. gill raker counts (TableIl)
are homogeneous throughout the quite large CNA
vs EQA vs CSA areas, but shift dramatically (Table
I1I) al the boundaries crossed by the ATLANTIS 1l
{ransect; the material examined from CNA was
collected throughoul the yearly cycle; end the
ATLANTIS II transect material for both CNA and
EQA+MUR contained specimens from throughout
{he size- frequency spectrum.
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Fig 4 Distribution of semples of Vinciguerria
nimbaristaken by the ATLANTIS II, Cruise 59,
November, 1970. Four digit numbers are Richard
H.Backus (RHB) station numbers (Woods Hole
Oceanographic Instilution). Area designations &s
in figure 1. The wide stippled band indicates the
2one of transition belween the North Atlantic and
South Allantic Cenlral Waler Mass Regior as
depicled by Sverdrup el al.(1942). The solid
lines indicate the houndary between the North
Atlanlic  Subtropical  Region, Mauritanian
Upwelling Region and Allanlic Tropical Region as
depicled by Backus et al. ( 1977). Closed circles
= “"Central" specimens; open circles indicate
“Equalorial” specimens. The partly closed circles
indicate the two stalions where both "types” were
caplured in the same haul. See text for
exnlanation. '

COMCLUSIONS

I conclude thal in the Allantic, al least,
Yinciguerris nimbsaris is polytypic and sur-
mise that this is true throughoul its range. |
predict thet additional study will show this lobe a
more general condilion among mesopelagics than
now known, whalever the taxonomic status of the
“"types” recognized (see Gibbs, this volume), to
the extent that this prediction is true, will the
apparent disparily belween broadly-distributed
and narrowly-resiricled open ocean midwater
species diminish.

Fig.5 Plol of temperature at 200m by "type” of
Vinciguerria nimbsris teken during Cruise
59 of the ATLANTIS |1 while occupying the stations
depicted in figure 4. Circles = "Central”,
squares= “"Equalorial”, closed circles indicate the
two stations (2076+2077) where both “types”
were taken in the same net haul.
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BIOGEOGRAPHY OF THE HUMPBACK WHALE, MEGAPTERA
NOVAEANGLIAE, IN THE NORTH ATLANTIC

STEVEN K. KATONA
College of the Atlantic, Bar Herbor, U.S.A.

INTRODUCTION

Current studies on the humpbeck whale
Megspters novsesnglise offer insights into
baleen whale biogeography end show great
contrasts to the other orgenisms treated in this
symposium. Each of the epproximately SS500
humpbeck whales (Balcomb et al., 1985) in the
North Atlantic Ocean commands, on average , about
54,000km> of water and 13,740km? of oceon
surface. Each individual is lerge (up to 19m
long), potentially long-lived (up to SO years or
more), fast (up to 10 knots) end able to swim
through the verious water masses of en entire
oceon basin. Large size, long lifelimes and large
potential renges buffer individuals and the
population from sessonal end other short-ierm

environmental chenges.  Considering  such
capabilities, what factors limit the distribution of
this species and other baleen whales ?

THE HUMPBACK

Trecking whales individually-identified by
photographs of distinctive markings, hes revo'ut-
fonized study of their distribution and ecology. All
individuals are potentially recognizeble by this
relatively inexpensive, benign (Payne, 1983)
technique . Humpbacks are distinguished by
individual verietions in the black and white
pattern of the ventral side of the flukes (Katona &
Whitehead, 1981). Populetion size con be
estimated by epplying merk -recapture techniques
(Seber, 1972; Balcomb et al., 1985) to the
photographic collection.

As do nesrly all baleen whales, humpbacks
migrate annually between productive high latitude
summer feeding renges, mainly on or along
continental shelves, end lower latitude winter
breeding ranges. Their flexible diet includes

schooling fish (herring, Clupea harengus,
cepelin, Afallotus villosus; end send lance,
Ammodytes americanus in the North Atlantic)
plus krill, especially Meganyctiphanes nor-
vegics. Prey type, abundance and distrib- ution
influence local feeding behaviour (Hein et
al.,1982; Beker & Hermsn 1985) and
distribution on the summer renge. For example,
short term and yeer-lo-year chenges in
Newfoundiend humpback distribution are related
to changes in capelin abundance and distribution
(Whitehead & Carscedden, 1985), but many
individuals remaln throughout the summer at
Stellwagen Bank, Massachusetts, lo feed upon a
resident population of sand lance currently in
high ebundence (Mayo, 1982). Fine-scale
distribution is also affected by the whales’ ability
to recognize individuals and respond to them
differentially. Some humpbacks have been seen
togatler over much of a feeding seasson, and
occasfonally during several feeding seasons
(Beker & Hermen, 1985; Weinrich, 1983;
D.Matilla, pers. comm.). Fectors underlying such
associations could be as mundane 8s similar sizes,
swimming speeds, diving capabilities, or
physiological states, but kinship could also be
involved.

Humpbacks do nol eal during winter while
gathered to calve and mate within 20 degrees of
the equalor in clear, poorly-productive, shallow,
warm waler (about 25°C) al banks or bays
protected fror heavy surf by coral reefs or other
geologic features. Lerge whales may occasionally
overwinter in cold water, but the Sm long
newborn calves are born in the warmest walers
known o be used for breeding by eny baleen
whale. Perhaps the long flippers, each sbout one
third of the body in length, would in colder water
drain heat from the thin newborn at an inlolerable
rate. Later in life the flippers will be used to
manoeuver, herd fish, guide calves, pound
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aggressively on the water or on other whales,
possibly clasp a partner during mating (not yet
observed) and, ironically, o dump excess heat
while in warm waters (Brodie, 1975). Concentr-
ation of female humpbacks at tradilional calving
sites atlracts males for mating. "Rowdy" groups of
males vie for dominance, competing physically
and with sound for access to females (Tyack &
Whilehead, 1983; Baker & Herman, 1984).
Males may select smooth boltom topography to
oplimize sound propagation ( Whitehead & Moore,
1982).

Analysis of pholographs of over 3500 individual
humpbacks from the North Atlantic (Table |) and
over 900 resightings of idenlified individuals
(Table 1) reveal that this population comprises
al least four, and probably five, separate feeding
subslocks (lcelend-Denmark strail; weslern
Greenlend; Newfoundland-Labrador; OGulf of St.
Lawrence; and Gulf of Maine - Nova Scotia) lo
which high percenleges of individuals return
annually (Table 111). No interchange has yet been
observed belween the first three units and only
one whale has bren seen in both Newfoundland and
the Oulf of Maine. Less clear is the situstion in the
Gulf of St. Lawrence. Some humpbacks return
there annually (Table 111), bul ten whales have
been seen in both the Gulf of St.Lawrence and in
Newfoundland; and nine different whales have

Table | Distribution of photographs of humpback
whale flukes contained in Atlantic Humpback
Whale Catalogue as of May 15, 1985.

EUROPE 10
NE ATLANT 0
|CELAND 18
OREENLAND 149
NFLD/LAB 1413
G.ST.LAWR 97
O0M/N.S 340
U.S5.COAST 3
BERMUDA 73
SILVER BK 976
PRTO.RICO 474
YIRBINS 10
total 3963

recently been seen in bolh the Guif of St.Lawrence
and the Gulf of Maine.

Table 11 also shows that individuals from all five
of the feeding substocks migrate lo the Antilles
during winter for breeding (Katona el al.,
1985a). Chi-square analysis shows that a
constant proportion of whales from each of the
five northern regions visits the winter range

Table 1| Oeographical distribution of resightings of individually-identified humpback whales from the
Nor-th Atlantic. Within-region resightings are for intervals of one yesr or longer.

I 68 N L u B § P VY A E
ICELAND o - - - - - = - - - -
GREENLAND 0 43 - - - - = = - - -
NFLD/LAB 0 0 205 - e
0.5T.LAWR. 0O 0 10 20 - - - - - - - -
O0M/NS 0O 0o 111 9 2000 - - - - - - -
ECOASTUS. 0 0 O 0 o - - - - - -
BERMUDA 0 2 10 1 ! 19 - - - - -
SILVER BK 1 15 142 7 O 8 40 - - - -
PTO.RICO 3 1 63 LR 0 3 40 24 - - -
VIROIN 1S. 0 1 0 0 o o 0 + o - -
N.ATLANTIC 0 0o 0 0 0O 0o 0 0o o0 o0 -
EUROPE 0o 0 0 0 0O o 0 o0 o o0 o




Table |1l Within-region year-to-yesr resightings
of individually-identified humpback whales.

Location Returns Total No. Percentege
ICELAND 0 18 0.00
OREENLAND 43 149 28.86
NFLD/LAB 205 1413 14.51
A.5T.LAWR 20 97 20.62
G0M/N.S. 201 340 $9.12

BERMUDA ! 13 1.37
SILYER BK 40 976 4.10
PRTO.RICO 24 474 5.06

(Silver Bank, Puerto Rico, Yirgin islands and
further south) and also the major breeding
location, Silver Bank, which may now hast up 1o
858 of western North Atlantic breeding hump-
backs (Winn et al., 1975). However, whales from
both Iceland and the Gulf of St.Lawrence appeared
o be significantly over-represented al Puerto
Rico. Further studies on the Antillean breeding
range ore needed to discover whether whales from
the different feeding substocks or individuals of
differant ages or classes use different portions of
the habitat. Sterting in late March, humpbacks
migrate north, passing Bermuda (Table I).
Sighting of an lceland whale al Bermuda during
April, 1985 (6.Stone & S.Katona, unpubl. data),
shows Lhal some whales from each feeding
substock migrate past that island.

Payne & Kalona ( 1985) presented evidence to
suggest that each ocean basin, including the North
Atlantic, is inhabiled by one genetic stock of
humpbacks. This aprwars true for lhe weslern
North Atlantic, at least, where outl of eight "rowdy
groups” observed al Silver Bank thel conlained
two or more whales known from the northern
rengs, six conlained individuals from {wo
different feeding substocks (Katona et al.,
1985b). Additional photogrephy of humpbacks
from the eastern North Atlentic is needed in order
lo discover whether those whales breed in the
western North Atlentic (Chrislensen, 1984) or at
some location in the eestern seclor, such as the
Cape Yerde |slands.

Long term observations should reveal whether

currently depleted or abandoned portions of the
historical renge (Mitchell & Reeves, 1983) can
be recolonized. Feclors such es preemption by
human activities; overall population trend; habits
of site-fidelty displayed by individuals; extir-
pation of groups meking tradilional use of
particular locations; and {transmission of
information about migration paths from mother to
calf will certainly be involved.

BRIEF BIOGEOGRAPHICAL COMMENTS ON OTHER
BALEEN WHALES

Ten species of Mysticeli exist. All six members of
the family Baleenopteridee ( Ba/genopters
musculus, blue; B. physalus, finback; 8.
boreslis, sei; B. edeni, Bryde's; &b.
aculorostrals, minke; plus /Megspters
novessanglias, the humpback whale) inhabit the
North Atllantic, North Pacific and Southern Ocesn.
Each ocean basin probably conlains a separate
populstion of eech species. Inter-ocesn gene flow
must be high enough to prevent spectation, but
low enough to promote sub-apecific morphological
differences within nearly all species. The
Balaenopleridee may have originated from
Miocene Celotheres (Bernes el al., 1985),
evolving and radiating in warm walers of the
North Atlantic, probably in the Middle Miocene,
then crossing the equator to the Southern Ocean
and the Central American seaway o lhe North
Pacific (Oeskin, 1982: 238). All species but 4.
edeniresponded favorably to climatic cooling and
exiended their ranges o high latitudes. None of the
species in the genus 84/8énoptersere known to
aggregale for mating or calving. The low frequency
calls of blues, finbacks and minkes, at leest,
potentially carry for great distances and would be
suitable for communication belween individuals
scotle;ed on @ breeding range (Payne & Webb,
1971).

Distribution is restricted for the other three
species. The gray whale (Zschrichtivs
robustus), the monotypic representative of the
family Eschrichtidee), is unique in several
respects. Its fossil history can only be traced back
lo the lale Pleistocene (Barnes et al., 1985).
Living gray whales are known only from the North
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Pacific. The presence of sub-fossil Atlantic
remains (Mead & Mitchell, 1984) and the lack of
pre-Pleistocene fossils in California suggest
colonization from the Atlantic via the Arctic Ocean
during the last woerm period (Oaskin, 1982:
238). No record of the species exists from the
Southern Ocean. The gray whale's annual 4000
mile journeys belween Bering Sea feeding grounds
and Baja California breeding lagoons are the
longest known for any mammal. H is the only
baleen whale known {o feed primarily by sucking
up benthic infeuna {Nerini & Oliver, 1983), a
feature that may limit it largely to soft, shallow,
productive feeding locations.

The family Baleenidae, the oldest of the modern
mysticele families (Lipps & Mitchell, 1976),
displays a curious mixlure of biogeographical
distributions. The right whale (fuwbalsens
glacialis) is distributed in the balsenopterid
paltern, and is the only species besides gray
whales and humpbacks known lo aggregate for
breeding in cosstal walers (Payne, 1976). The
bowhead ( Balasne mysticelus) is Arctic and
circumpoter, with no known Southern Ocean
remains. But the poorly known pygmy right whale
( Caperea marginals), is circumpolar in cold-
temperate waters ( 5°* to 20°C) through out the
Southern Ocean, with no known northern remaine.
Some authors give this species family stalus as
Neobaleenidee (Barnes et al., 1985). Baleenids
are specialized to eal small 2o0plankton at the
surface, at depth, and sometimes at the bottom.
Right whales and bowheeds require paiches of high
productivily to survive (Kenney et al., in the
press) and these species may be tied more closely
to productivily-enhencing oceanographic features
than is the case for fish-eating baleen whales.

Strong ecological end morphological differences
seporale the three living families of mysticetes.
The thres baleenids feed in similar fashions, but
are separaled geogrephically. The six balee-
noplerids are not so clearly separated, but
ecological and geographical differences do exist. As
summarized by Nemoto (1971) end Pivorunas
(1979) the blue specializes on krill, and the
others feed with varying flexibility or preference
on fish, krill, copepods and occasionally squid.
Several species may feed in the same general area,
sometimes with whales from another family, but

the different species feed in different manners
(Watkins & Schevill, 1979) except perhaps in
the Antarctic when all feed on krill. Actual
mixed-species groups are rare. Appreciable
interspecific separation, as well as intraspecific
separation of differenl sizes or classes of
individuals, have been observed in the southern
oceen (Laws, 1985) and whaling- relaled changes
in pregnancy rate and age of first reproduction for
some species suggest decreased competition for
krill. Mitchell (1974) hypothesized that compet-
ition by sei whale's for copepods may limit the
recovery rate of North Atlantic right whale
populations, but fish, basking sharks and some
invertebrates could be equally strong coinpetitors.
Recent studies using individual photo-
identification suggests thal minke whales
(Dorsey, 1983) , blue whales (R. Sears, pers.
comm.) end finback whales (M. Prall, pers.
comm.) return snnually to habitual feeding areas.
Some of the minke whales studied by Dorsey
(1983) apparently patrolled home ranges. So far
no evidence exists for interference-type
competition.

CONCLUDING REMARKS

The first cetaceans (Archaeoceli) appeer to have
evolved from a group of early Eocene condylarths
(family Mesonychidee) thal graduslly invaded
shallow productive bays of the eestern Tethys Sea
to feed on fishes (Gingerich et al., 1983; Bernes
& Mitchell, 1978)). By the middle Oligocene the
Mysticeti mode of feeding was already fully
evolved end the group was probably present in all
oceans ( Whitmore & Sanders, 1976). Radiation of
both Odontoceti ond Mysticeti occured in the
Miocene, by which time both groups were fully
adepted to aqualic life (Whitlmore & Sanders,
1976), and may have occured in response lo
increased ocean productivity stimuleted by
increased upwelling (1.ipps & Mitcheil, 1976).
Eerly mysticetes must have crossed the Equator
during dispersal, bul modern mysticetes
apparently do nol. Behavioural traits, rather then
physiological ability, may prevent modern
mysticetes from crossing hemispheres. Many
aspects of mysticele behaviour, including
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migration, seem to reflect ancesiral affinity with
ungulates. Mysticete ancestors were probably
sufficiently large and powerful to avoid random
dispersal by storms or currents. If early
anceslors showed group cohesion and fidelily to
feeding and breeding sites, it is not likely that
Equator-1ike “barriers” would have been crossed
anty more reedily then they ore today, suggesting
that dispersal must have occured along favourable
paths. | so, detailed palececologic knowledge of
surface waters would shed light on eerly
dispersals and redistions. Knowledge of early
dispersal patterns would help explain major
evolutionery divergences al the family level. A
series of {isolating mechenisms {is needed 1o
explain evolution of the haleenoplerid species
flock if all six species arose in the North Atlentic.
Possible factors could include the behavioural
balance belween site-fidelty, home renging and
migratory straying; range expansions and
contractions related to warming or ice formation;
expansion end contraction of upwslling systems;
and inter-species competition at easily accessible
productive sites.
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ONTOGENETIC VERTICAL MIGRATION PATTERNS OF
PELAGIC SHRIMPS IN THE OCEAN; SOME EXAMPLES

TOMOHIKO KIKUCHI
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MAKOTO OMORI
Tokyo University of Fisheries, Japan

INTRODUCTION

In many pelagic shrimps, the larvee, juveniles,
and adults ere seperated vertically and
horizontally. For example, the principal larval
population of & sergestid, Sergestes similis,
always occurs between 30 and 80m depth both day
and night off southern California, but adults
extend to depths of 50 to 600m, through extensive
diel vertical migration {Omori & Gluck, 1979).
Horizontal distribution is largely affected by the
ontogenetic migration. The total adult distribution
i{s often much broader then the reproductive
(viable) renge (eq. Calsnus cristatus,
Omori, 1967). The picture of biogeography for &
species significantly chenges depending on what
developmental stage is studied.

Omori (1974) reviewed ontogenetic migration
of pelagic shrimps and concluded that there are
three distributional types, as follows:

1. Species usually living in the epipelagic and
upper mesopelagic zones and discharging their
eggs in the euphotic zone where lervee hatch and
remain f{nitially. The amplitude of diel vertical
migration increases with growth,

2. Specles living In the lower meso- and
bathypelegic 2ones. Their spawning or helching
tekes place in the uppermost part of the vertical
renge of adult females; the eggs or larvee move
upward to the euphotic zone. The juveniles and
adolescents gradually move into deeper water.

3. Species whose spawning, larval and adult life
teke place in the bathypelagic zone. No steges
occur in the surface or sub-surface zone.

In order to verify this conclusion, and to
evaluete significence of ontogenetic migration,
relationships between vertical distribution end
growth of 8 number of shrimps were analyzed
from samples obtained in the northwestern

Pacific off Japan. The sampling method was not the
best for the purpose of the present investigation,
as the mesh size (5.6mm) was too coerse to
sample larvee and small immatures. Although the
analysis was thus restricted to juveniles and
adults, the vresults provide {nformation
concerning ontogenetic rigration and vertical
distribution.

METHODS

Sampling methods have been described in our
previous report (Kikuchi & Omori, 1985).
Pelagic shrimps were collected at Station B
(30*00'N, 147*00't; sounding ca. 6200m)
during a cruise ahoard the R/Y Kaiyo-Maru from
June 1 to 25, 1982. Discrete horizontal sampling
was carried oul using the KOC sampler with
5.6mm in mesh size (Anonymous, 1980) at night
or daytime, avoiding twilight hours. In sll, 28
tows were made from 17 layers between 150 and
6100m depths. The shrimps were sorted,
identified and counted immediately after being
caught. The carapace length (CL) from the post-
orbital mergin to the medien posterior edge of the
carapace, was measured to the nearest 0.5mm in
all specimens, except in five species which were
either small in size or numbers.

RESULTS AND DISCUSSION

Among the 17,440 individuals collected, 57
species, representing seven genera of Penaeidea
ond twelve genera of Carides, were identified.
Acanthephyrs guadrispinoss and Sergia
prehensrlis were the most abundant species and
comprised 34.2% and 12.9% respectively of the
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Fig. 1 Schematic illustration of four types of ontogenetic vertical migration of pelagic shrimp.

total number of specimens. Fourteen other species
contributed between 7.9 and 1.0%. Pelagic
shrimps could be divided into the following S
lypes according to their adult diel migration
patterns (Kikuchi & Omeri, 1985):

1. Yertical migrants living mainly in the upper
mesopelagic zone;

2. Extensive diel vertical migrents living in &
wide range of the mesopelagic 2one;

3. Yertical migrants living in the lower meso-
pelagic zons;

4. Non- or slight diel migrants of which the
principal population lives in the upper bathy-
pelagic zone by both night end day;

5. Non-migrents living in the lower bathy- and
abyssopelagic zones. (Table |).

Relationships between vertical distribution and
growth of twenty species showed existence of four
petterns of life history end ontogenetic migration
(Fig.1; Teble |). &e3ed on the general body shape
of pelagic shrimps and size frequency distribution
of the catch, we found that all individuals smaller
than 8.0mm CL were not quantitatively collected
in the present sampling. Line "a" in figure 1
means 8.0mm CL, and in data interpretation we
have assumed that shrimps smaller than line “a"
were undersampled.

TypeA - The amplitude of diel vertical migration

increases and the shrimps gradually shift to
greater daylime depths with increasing size. The
size frequency histogram consists of a single mode
(one year class).
Type B - Aduits occur in deeper water than larvee
and juveniles. The size frequency histogram
consists of two or more modes. Diel vertica)
migration is limited or non-existent.
Type C - Ontogenetic vertical migration similar to
Type A, but the size frequency histogram consists
of iwo or more modes, indicating a life span of two
years or more.
Type D - Larvee and adults live at the same depth.
Size frequency histogram with {wo or more modes.

In the present study, all species of type A were
smaller then 17mm CL. Their larvee and
juveniles are smaller than 8mm CL. Thess species
are mainly epi- and upper mesopelagic sergestids
and peneeids such a3 Sergestes armstus and
Sergig scintillans (Fig. 2). Their life span is
1.0 %o 1.5 years as shown in Sergestes similis
and Sergra lucens (Omori, 1969; Omori &
Gluck, 1979). The amplitude of the adult's diel
vertical migration covers the grester part of the
vertical range of their ontogenetic migration.
Spawning and/or hatching takes place in the upper
layers and larvae feed in the euphotic zone.

Type B represents the pattern of typical lower
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Table | The characteristics in vertical distribution of pelagic shrimps.

Specles:

Minimum size (CL) of the aduit female (mm)
Relative abundence in total number of species (%)

Sergestes armatus
Sergestes sargassi
Sergestes seminudus
Jergla japonica

Sergia laminato

Sergis prehensilis

Sergia scinitillans
Bennadas incertus
Gennadas parvus

Oennadas propingquus
Bentheogennema borealis
Bentheoagennema intermedie
Oplophorus spinosus
Acanthephyra guadrispinoss
Natostlomus japonicus
Systellaspis Jebilrs
Hymenodorea frontalis
Hymenodora glacialrs
Hymenodorea gracilis
Parapasiphae suicatifrons
Parapandealus richardr

Ontogonetic migration pattern (Type)
Diel vertical migration pattern (Type)

5.4 8.1 |2 A
2.1 6.6 1 A
1.7 11.4 |1 A
4.2 111 4 C
2.5 76 |3 A

129 8.1 1 A
1.9 7.5 | A
6.7 nd. |2 A
2.5 nd. (3 A
79 nd. |2 A
0.8 124 | 4 C
+ nd. |4 B
2.1 13.8 1 c

34.2 158 |3 D
+ nd. |3 C
0.4 11.0 1 C
2.5 9.1 | 4 C
1.3 13.7 |5 B
2.1 84 |5 C
0.8 19.0 | 4 C
6.3 9.1 1 n.d.

+ = relative sbundance < 0.3%; n.d.= not deter'nined

meso- and bathypelagic species. To explain this
patiern, there seem lo be two possibilities, eq.
eggs float to the upper layers of their vertical
range before hatching, or hatching occurs in the
deep layer and lervee move to the upper layers.
Although movement of eggs or larvee lowards
shallow layers has not been confirmed in the
present study, we consider the species such 83
Hymenodora glscralis wich perform non- or
limited diel vertical migrations have this pattern
(Fig. 2). Vinogradov ( 1968) reported this type of
ontogenetic vertical migretion in Aymenodora
frontalis ed . glacislis in the Kurile-
Kemchatka Trench. A similar pattern of migration
is shown in @ number of other pelegic organisms
such a3 the euphausiids, 7/4ysanopods egrégis

(Brinton, 1962), and four go..0stomatid species
of the genus Cyclothone (Badcock & Merrett,
1976).

Type C includes both diel vertical migrant, such
as dplophorus sprnosys, and non- or slight
diel migrant such 8s Benlheogennema
borealis (Fig. 2). These species incresse lheir
renge of verlical distribution with incressing
body size and presumably locomotive power.

Nolostomus japonicus i3 tentalively
included in type C (Fig. 2), but questions about its
growth need 1o be resolved to define ils life
history. Although Krygier & Pesrcy (1981)
reported the presence of an intermediale size
class, 24-29mm CL from off the Oregon coast, the
present size frequency hislogram shows only two
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Fig. 2 Yertical distribution and size frequency histogrems of five pelagic shrimp species al station B.
Broken horizontal bar - daylime distribution, solid bar - night distribution. |\. Sergestes armelus
(ontogenetic migration type A); 2. Hymenadora glacialis (type B); 3. Bentheogennemes borealis
(typeC); 4. Notostomus japonicus (typeC); 5. Acanthephyra quadrispinoss (lypeD).

classes, i.e. immatures of 5-10mm CL end adults
of 40mm CL, with & large separation between
them. This suggests that the former class is able
{o grow to the latter size within one yeer, which
is much faster than the generally accepted
estimates of growth rates for mesopelagic and
bathypelagic species ( see Mauchline, 1972).

Type D is represenled by Acanthephyrée
quadrispinoss (Fig. 2). This species spuwns
from April to November, hatches from December
to May, and grows to 6mm CL within one year and
to 15- 18mm CL (edults) within two yesrs of sge
(Aizawa, 1974). The specimens in the present
sample are mainly of one year class. Because
0-yeor class are less than Smm CL, (he range of
their vertical distribution could not be clarified.

CONCLUSION

The present analysis indicates no epparent
association between diel migration pattern and life
history/ontogenetic migration pattern. It mesns
that, although many species have broadly
overlopping depth ranges, each has a different
adeptetion end biological strategy in relation to
depth distribution. Within depths of co-
occurrence of species, the difference of size
between species is considerable, suggesting that
differences in feeding habits and seasonsl
veriations in abundence permit their co-

occurrence.

In general, the size frequency histogram of epi-
and upper mesopelagic species consists of one to
two clear modes, indicaling that their spawning
and/or hatching is seasonal, growth is repid, and
life span is comparatively short. in contrast the
size frequency distribution of lower meso- and
bathypelagic species is often composed of a
number of unclear modes. This phenomenon can be
explained by the trend in the less varisble
environment for reproduction to occur whenever
circumstances become favourable, growth is slow,
ond longevity considerable.

The present four types must be the only
examples among many more different ontogenetic
migration patterns. In fect, some species of the
Oplophoridee produce relatively few large yolky
eggs and others carry a large number of small
eggs (Omori, 1974), and &s in the case of the type
C, both diel and non-diel migrants are dealt with
in the same group. Even in the bathypelagic
species in the type B, some may spend the larval
stage in the epipelagic zone but others may stay in
the meso- or bathypelagic zone. These species
having different life stralegies and behaviour
would have been different in ontogenetic patterns
which need to be defined as more dala become
available.

Larval vertical distribution may be determined
by the pattern of depth distribution and migration
of the adults; by the type of embryonic
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development; and by the relative amount of yolk
present in the embryo at the time of hatching
(Ziemenn, 1975). Further studies ere needed on
the vertical distribution of eggs and lervee, and
hence, more delailed {axonomic sludies of
developmental stages are necessary.

Clarification of the ontogenetic migration
patterns will allow determination of its biological
meaning and funclion, and therefore, of the
relaticnship between physical process and pelagic
biogeography and of evolutionary relstionship
between food competition/predation and onto-
genelic migration.
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INTRODUCTION

Biogeographic studies of mesupeleagic fishes
traditionally have been based on distributions of
juvenile and adull stages relative to large scale
hydrographic and biological features (e.g, water
messes and productivity levels). Enhanced
understanding of factors possibly affecting the
composition end structure of fish assemblages
within different Zzoogeographic regions might
result from an examination of both larval and
adult steges relative lo finer scale distributions of
physical and biological conditions. As an example
are the results of a comperative study of 0-100m
ichthyoplankton  assemblages sampled by
replicated 25m depth stratified bongo tows at
28°N 155'W in the North Pacific central gyre
(CO) and near 13°N and 130°W in the Eastern
Tropical Pacific (ETP) during lete summer (Loeb
& Nichols, 1984).

RESULTS

Doubled estimated abundance and lower diversity
of ETP vs CO ichthyoplankton (Table |} cen be
related o overall higher primary produclivily
and hydrographic complexily and variabilily of
the ETP ecosystem relative to the CO. Despite
similar inixed layer temperatures and depths (ca.
26°C, 40m) the assemblages had significantly
different (Kolmogorov-Smirnov test, P<0.01)
vertical distribution patterns (Fig. 1): 70% of
0-100m CO larvee occurred within the upper
50m (mixed layer), while 668 of ETP lervee
were below this layer.

The overall depth distribution differences of
ETP and CO larvee have associaled species
composilion differences. Gonostomatids and
myctophids contributed >90% of tolal larvee in
the wo aress, however, both femilies had
significantly deeper distributions in the ETP than

Table |. Comparisons of ichthyoplankton collected in nighttime stratified bongo samples in the North Pecific
central gyre and easlern tropical Pacific during late summer. Mixed layer tempersture (ca. 26°C) and

depth (ca. 40m) was similar in both cases.

CENTRAL 6YRE EASTERN TROPICAL PACIFIC

DEPTH MEAN NO. NO. NO. MEAN NO.  NO. NO.
INTERYAL  1000m-3 TAXA SAMPLES | 1000m-3  TAXA SAMPLES
0-25m 312 41 (10) 242 28 (15)
25-50m 676 60 (10) 642 32 (13)
50-75m 254 49 (10) 1034 35 (14)
75-100m 166 50 (10) 177 38 (14)
TOTAL 1408 83 (40) 2695 56 (56)
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Fig. 1 Nighttime vertical distribution profiles

for ichthyoplenkton in the North Pacific central
gyre (CG) and Eastern Tropical Pecific (ETP)
during late summer. Distribitions represented as
percentage of total O-100m abundance present
within each of four 25m depth intervals.

00 (Fig. 2; Kolmogorov-Smirnov tests, P<0.01 in
both cases). Dominant central gyre gonostomatids
Cyclothone spp. (27% of totel larvee) end
Vinciguerria nimbsarirs (9%8) had meximum
abundances at 25-50m. In the ETP shallow living
Cyclathone spp. larvee were rare (<18 of
total); dominant Vincrguerria lucetia (11%)
had maximum abundance at 50-75m and was
significantly deeper (P<0.01) then its central
gyre congener. In both areas larvae of myctophid
subfamily Lempanyctinae occurred significantly
shallower (P<0.01) than those of subfamily
Myctophinee. in the CO lerval lampanyctines
outnumbered myclophines by 4:1; in the ETP
larval myctophines outnumbered lampanyctiness
by 4:1. Additionally, beth subfemilies had
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Fig. 2 Nighttime vertical distribution profiles
for major ichthyoplankton components in the
North Pacific central gyre and Eastern Tropical
Pacific during late summer. Distributions are
based on percentage of total 0-100m abundance
present within each of four 25m depth intervals
end ere presented for (a) total gonostometids
(dotted line) and numerically dominent
gonostomatids species and (b) total myctophids
(dotted line) and myctophid subfamilies
Lampanyctinae and Myctophinae.

significantly deeper distributions in the ETP than
CG (P<0.05 in both cases; Fig. 2).

The laryal composition and vertical distribution
differences between the CG and ETP are associated
with different migratory habits of the dominant
adult populations. Cyclothone spp., the central
gyre dominanis, are non-migrators; Vincr-
querris lucelrs, the ETP dominant, migrates
into the upper 100m at night (Robison, 1973).
In the central gyre, myctophine adults generally
migrate to the surface or the mixed layer, while
lempanyctine adults generally have nighttime
distributions below the mixed layer (Clarke,
1973; Loeb, 1980)(Fig. 3).In the ETP, adults of
six uf the seven myctophine species and two of the



four lampanyctine species represenled in the
ichthyoplank ton migrate to the surface (neuston)
layer at night to feed (Robison, 1973; Wisner,
1976; Loeb & Nichols, 1984)( fig 4).

These distributional, compositional and
behavioral differences reflect fundanental
differences belween environmental conditions
affecling both larval and adult stages in the ETP
and CO. The extreme lateral heterogeneity of the
ETP mixed layer compared with the latera)
homogeneity of the CO mixed layer may in part
explain larval rdepth distribution differences
Lalerally continuous isothermal layers (i.e.,
15-20°C) and density surfeces within the ETP
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Fig. 3 Larval (upper bar) and juvenile and adult
(lower bar) nighttime depth distributions for the
more abundant lampenyctine and myctophine
(Myctophidee) species teken in the North Pecific
central gyre during late summer. Hatched larval
depth range indicates depth intervals where >90%
of the estimated 0-600m water column abundance
occurred. Adult depth distributions from Clerke
(1973).
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thermocline may provide lervee with more
suilable uniform physical environmenis not
present ir the mixed layer. Also, the shallow and
more inter,.2e oxygen minimum layer in the ETP
may exclude spawning populations of some
species. Large differences in the verlical
distribution of primary productivity and macro-
zooplankion concentrations could effect both the
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Fig. 4 Larval (upper bar) end adult (lower bar)
nighttime depth distributions for the more
abundent  lampenyctine end  myclophine
(Myctophidee) species taken in the esstern
tropical Pacific during late summer. Hatched
larval depth range indicates depth intervals where
>80%8 of estimated 0- 100m sbundance occurred.
Dashed lines for both larvee and adults indicate
probably deeper distributions. Adult depth
distributions from Rebison (1973) and Wisner
(1976).



larval and adull stages. In the ETP large
macrazooplankton concentrations occur both day
and night within the mixed leyer and often at the
surface in conjuction with high primary
productivity rates; macrozooplankton abundance
is relatively low at depths >150m (Longhurst,
1976). These concentrations could directly affect
the adult assemblage by providing a selective
oventege to predatory species migreting into
surfece layers lo feed end could affect larval
distributions through increased competition for
food and/or predation relstive to deeper aress.
Nocturnal predatory activities of the migratory
odults could also provide a seleclive advantage for
deeper living larval stages. In contrast, overall
low water column productivity and more evenly
chstributed mecrozooplankton biomass through the
upper 600m of the C3 (McGowan & Walker,
1979) probably offer a selective advantege to
moderate or low energy migrators end non-
migrating species with larvae in the lower mixed
layer below depths of modestly increased night
2o0plankton biomass and above adult predatory
activities.

DISCUSSION

These observalions on larval and adull fish
vertical distributions and species compositions
relative to overall values and vertical
distribution of primary productivity are
supported by the resulls of mullidisciplinary
studies made across the eastern equatorial Pacific
(97'W to 155*W) by Soviet scientists during
Cruise 17 of the R/Y "Akademik Kurchatov".
Sorokin et al. (1977) reported highest primsry
productivity rates in the east (97'W) with
maximum chlorophyll concentrations, phyto-
plankton biomsss and photosynthesis rates within
the shallow mixed layer and upper thermocline.
Progressing westward, the mixed layer deepened,
nutrient levels end primary productivity values
decressed, end chlorophyll and phytoplankion
biomass values became more evenly distributed
through the upper weater column (0-100m).
Assaciated with east to west changes in primary
productivity were: 1. decreasing, deepening and
more evenly distributed values of nel- and

macrozooplankton biomass (Timonin & Yoronina,
1977; Perin, 1977); 2. decressing vertical
migration activity by net- and mecro-zooplankton
and mesopelegic fishes (Timonin & Yoronina,
1977; Parin, 1977); 3. increasing myctophid
species diversity due to increasing numbers of
nonmigraling lempanyctine species (Parin,
1977); end 4. increasing proporticns of total
(0-250m) larval fishes occurring in the mixed
layer relative to thermocline and deeper waters
(Gorbunova, 1977).

CONCLUDING REMARK S

These comparative studies indicate the value of
vertical distribution information for both larval
and adull stages in understending geographic
differences in the composition of mesopelagic fish
assemblages. They also indicate the necessily of
coincidental information on the vertical
distributions of other biological and physical
paramelers and similarity or standardization of
sampling techniques to permit interregional
comparisons of data sets.

At present there are few oceanic ichlhyo-
plankton sssemblage studies on which to base
ecosystem comparisons. This is in part due to past
species fdentification problems, bul recent
advances in larval fish texonomy (Blaxter,
1984) have greatly reduced this problem.
Similarly, there have been few multidisciplinery
studies relaling adult and lerval fish vertical
distributions to other biological and physicsl
parameters. This is attributed o the lack of
adequate and reliable depth stratified sampling
devices. Development of the Manta neuston net has
made possible quentitative sampling of the at
times very important surface layer. Additionally,
recent development of electronically controlled
net systems such as MOCNESS end BIONZSS
(Wiebe et al., 1976; Sameoto et al., 1980) have
resolved problems of loking replicated
quantitative semples al known and controllable
depths intervals. Attached environmental sensing
systems permit simullaneous collection of
important physical data. Additional attached
devices (e.g., photometers, acoustics sounders,
particle counters, fluormeters, and net relesse



triggered niskin bottles) will allow quantitative
description of other environmentally important
factors sssociated with nel calches. With thesa nel
systems we have the abilily to adjust verlical
sumpling inlervals to biologically importiant
parameters (eq., mixed layer and thermocline
depth, chlorophyll maxima, isolumes etc.) based
on real-lime shipboard displays rather than
relying on fixed and srbitrary sampling intervals
which often overlap and obscure their
significance. The largest problem now facing such
descriplive  biological  oceanography/pelagic
biogeography sludies is cblaining necessary
funding.
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GENETICS, LIFE HISTORIES, AND PELAGIC
BIOGEOGRAPHY

NANCY H. MARCUS
Woods Hole Oceanographic Institution, U.S.A.

INTRODUCTION

Biogeography is the study of the distribution and
abundance of organisms. Studies of ancient
patterns revealed through snalyses of the fossil
record provide insight into present day patterns
of higher texa (e.q. femilies). Contemporery
distributions at the species level can be used to
provide insight into evolutionaery processes and
the mechanisms of speciation in the sea.

Present day putterns of distribution end
abundance of species represent the outcome of
interactions between inlrinvic and extrinsic
factors. The intrinsic component lies in the
genetic structure of the species, and reflects
adaptation to the current envi-onment, as well as
the genetic constitution of the spusies' ancestors.
Extrinsic factors include physical and chemical
features of the environment such as temperature
and salinily, and biological features such as
competitors and predstors. The distribution and
abundance of a species is not a static property The
changes that occur reflect variation in the
intrinsic and extrinsic factors.

The aim of this paper is to emphasize the
importance and connections belween the genetics,
life histories, and biogeogrephy of marine
holoplanktenic organisms. | have chesen to limit
my discussion here to the group that | am most
familiar with, namely the copepods. Whenever
possible | will extend my arguments to include
other groups as well. Most studies which deal with
the population dynamics of marine planktonic
copepoads involve the examination of only a small
spatial or temporal subset of the species. The
extent to which such data are representative of the
whole species is rarely considered. Such research
has primerily involved cohort analyses of field
populations (Colebrook, 1982; Landry, 1978;
Corkett & McLaren, 1978; and many others), and
laboratory studies of the influence of environ-

mental factors (e.g. temperature, salinity, food
quantity end quality) on biologicel traits (e.g.
growth, development, reproduction, life span,
excretion, respiration and feeding) (Degg, 1978;
Yidal & Whitledge, 1982; and many others). Yery
few sludies have eddressed the relative
importence of genetic factors in regulating the
population dynemics of holoplanktonic taxa .

DISCUSSION

The two major approaches used to gain insight into
the genelics of marine species have been
electrophoresis  and  quantitative  genetics.
Clectrophoretic analyses of enzyines have
provided insight into the population genetics of a
veriely of narine organisms including
echinoderms, crustaceans, polycheetes, molluscs,
ceelenterates, and fish. Reviews by Burton
(1983), Koehn (1984), and Nelson & Hedgecock
(1980) provide excellent summar ies of the work
on invertebrates. The majority of these studies
however, deal with benthic animals that have 8
meroplanktonic larval stege. Relatively few
studies have involved holoplanktonic organisms. A
weakness of electrophoresis is thal the adaptive
significance of the different electromorphs (i.e.
mobility varlants) is seldom known, so that their
importence in the evolutionary process and
speciation is difficult to assess. Moreaver, the
relevance of different electromorphs to population
growth is not clear.

A few studies have addressed these problems in
recent vyears. For example, biochemical studies
have shown that the functional properties of
allozyme variants are different (Hoffman, 1981
for Melridium seni/e asea anemone; Burton &
Feldman, 1983 for 7/griopus californicus an
harpacticoid copepod; Hilbish & Koehn, 1985 for
Mytilus edulis a bivelve). Moreover, for



Tigriopus (Burton & Ffeldman, 1983) and
Mytrlus (Hilbish et al., 1982) respectively, it
has been demonstrated that allozyme variants of
glutamate-pyruvate transaminase and amino-
peptidase- | differentially affect cell volume and
thus tolerance to osmotic stress via the regulation
of intrecellular amino ecid concentrations. Other
evidence relevant to this problem comes from the
apparent relationship belween heterozygosity and
growth rates in oysters (Koehn & Shumway,
1982) and mussels (Koehn & Gaffrey, 1984).
Although it has been arqued that the high growth
rates are due to the increased metabolic efficiency
of heterozygotes, the mechanism underlying the
relationship has not yet been clarified.
Quantitative genetics is designed to show levels
of heritable variation for traits related lo
population growth ie. fecundily, development
time, mortality, age at maturity, life span, body
size (Falconer, 1981). This is an approach that
has been used for decades by breeders of
domesticated plents and animals. It provides an
estimate of the heritabtlity of a trait, which is the
ratio of the edditive genetic variance to the total
phenotypic variance for the trait. Knowledge of
the heritability of a trait cen be useful in
predicting the response of the trait to selection,
and thus the potential for evolutionary change. The
rate of change may, however, be subject to
constraints relating to pleiotropy, linkege, and
environmental interactions (Falconer, 1981).
Since this spproach requires the breeding of
individuals under controlled conditions, relatively
few marine species heve been analyzed. Most
studies have involvyed smsll crustaceans with
relatively short life spans, and mollusc species
that are important in squaculture. Studies by
MclLaren, Corkett, and Bradley and colleagues on
marine planktonic copepods indicate the existence
of large amounts of heritable variation for traits
that are closely related to population dynamics
(e.g. body size, physiological tolerance, age at
maturity) (see review Bredley 1982; McLaren,
1976; Marcus, 1985). The maintenance of high
levels of genetic variation suggests that selection
may assume an important role in determining tha
expression of these traits under natural
conditions. The maintenance of high levels of
variation could be due to temporally or spatially
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verying selection pressures, coupled with short
ceneration times, since the abundance of many
marine zooplankters fluctuetes seasonally, and
rmeny spesies have very extensive geographic
distributions.

To date genetic studies have led to the
formulation of severul general concepts concern-
ing the maintenance of genetic variability, and
how species cope with environmental hetero-
geneity on temporal and spatial scales (see
references in Beattaglia & Reardmore, 1978;
Nelson & Hedgecock, 1980). In regard to the
pelagic merine environment theory predicts that
the genetic variability of neritic species should
generally be low wheress the genetic variability
of oceanic species should be high. The predicted
difference is aitributed primarily to the greater
instability of coastal waters due to waves,
currents, tides and seasonal chenges. By
maintaining only a frw broadly functioning alleles
it has been proposed that species are better able o
cope with such environmental variability. Within
regions the different life history patterns of
species probably contributes to different levels of
genetic variability. For example in lemperate
coastal waters which undergo marked seasonel
variation some species may respond to the
temporally changing environmenial conditions
with long lived individuals that are able to
tolerate the changes with a few broadly
functioning alleles. Other species with short
generation times end high genetic veriability
might respond with different individusls (i.e.
genelic  combinations) favoured in each
generation. Thus, short lived copepods such as
Acartis spp. which underqo several generations
during one year should be more variable than
longer lived species such es Ca’enus spp.

It has long been recognized that many marine
planktonic organisms have very broad spatial
distributions which often encompass an extensive
horizontal end verticel gradient (see Yen der
Spoel & Pierrot-Bults, 1979). Broad hor izontal
distributions have largely been attributed to their
potential for dispersal across great distances in
ocean currents. Despite evidence of phenotypic
differences in morphological, physiologicel, and/
or behavioral traits between populations from
distent aress, it wes inilislly believed that



holoplanktonic species .were genetically homo-
geneous due to the potential for considerable
panmixis. Consequently, the observed phenotypic
differences were often ascribed to environmental
modification, and phenotypic plasticity The
results of several studies on benthic in-
vertebrates with long lived planktonic larval
steges (recent review by Burton, 1983) and a
few studies of pelagic copepods end euphausids
(see references cited above; Marcus, 1984,
1985; Bucklin & Mercus, 1984; Fevolden,
1984) indicate that this assumption is not valid;
temporal and spatial genetic variability have been
documented in these groups. Further work is
necessary to quantify and establish the
significance of this variation.

CONCLUSIONS

Revealing the genetic basis of this phenotypic
variation is necessery to wunderstend the
mechanism(s) which enable species to adjust to
envirormental change, the potential importance of
emigration in the re-population of foreign aress,
and the evolutionary steps thet ere bssic to
speciation. Genetic studies sre of fundamental
importence to biogeogrephy. There are many
problems that need to be addressed. These include:
1. the relationship of life history, population
structure, and genetics to speciation;

2. the reletionship of dispersal and genetic
structure of species;

3. the relative importance of population size
(drift) end selection in effecting evolutionary
change;

4. the funclional properties of different allele
products;

5. the relstionship between genetics and
bioenergetics to delermine whether genolypes are
differentially adapted to food regimens.

Although genetics probably plays only a small
role in directly determining changes at higher
levels of organization (e.g. communities and
ecosystems), it assumes an important role at the
level of populations (Anderson, 1983). Short
term changes are recognized as adaptation;
long-term changes appear s evolution and are
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evenlually reflected at the higher levels of

organization.
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WHAT CONSTITUTES AN OPEN-OCEAN POPULATION?

JOHN MAUCHLINE
Dunstaffnage Marine Ressarch Laboratory, U.K.

INTRODUCTION

Angel(1977), in assessing limitations to the
measurement of ecological pcrameters in the
mesopelegic environment, concludes: Thus in
ecological studies for which long time series are
required, there may be insuperable temporal
limits to processes that can be observed in situ.
There have, however, been a number of successful
demographic studies made using samples taken in
time series. The growth rates of Sergestes
similis and Fuphsusie pacifice heve been
determined off Oregon and Southern California
(Pearcy & Forss, 1969; Smiles & Pearcy,
1971; Brinton, 1976; Omori & Gluck, 1979).
Genthe ( 1969) also obtained a valid time series of
samples of S.s/im/i/is but from the. more
prescribed Santa Barbara Basin, as did Omori et
al. (1973) of & /ucens within Suruga Bay,
Japan. Comparable studies of fish included those
on the myctophid Benthoseme glsciale by
Helliday (1970) to the south of Nova Scotia end
by Kewsguchi & Mauchline ( 1982) in the Rockall
Trough in the North East Atlantic.

Thus time series of samples extending over a
year or longer and resulting in meaningful
demographic analyses can be obtained in some
oceanic regions, at least in the proximity of
continental slopes. This peper examines sample
time series from one such slope region, the
Rockall Trough in the northeastern Atlentic, and
discusses some potential implications in

biogeography.

THE TIME SERIES OF SAMPLES

Semples were collected by Combination
Rectengular Midwater Trewls 1+7m? mouth

arees ( Beker etal., 1973; Roeet al., 1980). The
nets were fished open to depths between 2000 and
2600m where they were towed horizontally for
four hours. This horizontal fishing transect is
deeper than the bathymetric distributions of the
euphausliids and mesopelagic fish discussed here.
The hauls, therefore, provide oblique samples of
these organisms. Samples were collected at two
monthly intervals between July, 1973 and
March, 1974 and between March, 1975 and
February, 1976 clese to 55°N 12*W (Mauchline
& Kewaguchi, 1982) Supplementery samples
were collected throughout the rest of the Trough
and on the Scollish continental shelf and the
Rackall Bank.

RESULTS

Body length—frequency histograms for the
euphausiid 74yssnopods sculifrons and the
myctophid Benthosema glacisle sre shown in
figure 1. Two time series of samples are re-
presented in each species. Coherent histograms
extend for four months, July to November, 1973
in both species. There is evidence of coherence in
l.acutifrons from March 1975 to February,

1976, a period of 11 months. In Benthosems
g/actale the histograms of July to November,
1975 are coherent but that of February 1976 is
different.

Similar histograms have been obtained for
Lampanyclus  macdonsldi and  Prolo-
myclophum srcticum by Kaweguchi &
Mauchline  (1982) eand for /7aurolicus
muelleri and also for the euphausiids
lleganycliphsnes norvegica, Thyssnoesse
longicsuadats, Nemaloscelis  megslaps,
Nemalabrachion boopis and Stylocheiron

Fig. 1 Length/frequency histograms from time series of samples from the Rockall Trough of the euphausiiu
Thysanopods sculifrons end the myclophid Benthasems glaciale. Those of B.glscisle after
Kawaguchi & Mauchline ( 1982). Juvenile and fernale euphausiids above the line, males below the line.



10+

Thysanepods sculifrons

JuL 73

;

SEP 13

10—

NOV 73

.

MAR 75

+

MAY 75

. SEP 75

NOV 75

+

-187-

Yo
30 —

30 —
20
10 —

Benthosems glacrale

Ju 3

SEP 73

NOV 73

L-A.-____

1k

MAR 74

30-_
20—
10

20
10 —
0 —
20

40
30 —
20 1
¥

10

20

30

JUL 75

SEP 75

NOV 75

10 — II I
0~

FEB 76

40

S0

60 mm



meximum. Histograms of Luphsusre krohni
and Stylocheriron longicorne, although
frequently presenting cleerly defined modes, are
irregular and defy interpretation.

Plotting of the numbers of individuals of
Thysanopods aculifrons end Benthoséms
glacrale occurring in the oblique hauls produces
curves that correspond with regular seesonal
changes in population numbers expected from the
szasonal periods of breeding (Fig. 2).

DISCUSSION

Modes con be followed through the time series of
samples of euphausiids and fish. The regularity of
seasonal changes in numbers of individuels
correspond with seasonal periods of reproduction
and lack of reproduction. Such features in time
series samples infer that the same populations of
the species are being repetitively sampled. This
repelitive sempling seems to be effective in the
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Fig. 2 Seesonal changes in the mean numbers of
Thysanopoda cutirrons (dots and solid line)
end Benthosema glaciale (triengles end
hatched 1ine) in samples from the Rockall Trough.

Stsnderd devistions are shown where three or
more samples are availablo.

Trough over periods of six or more months.

Are there hydrogrophic features within the
Rockall Trough that can confer a residence time on
a group of organisms of a species such that they
con form a population? There is a general
northeestward drift through the centre of the
Trough (Fig. 3) at a velocity of 2 to Scm sec™
(Booth & Ellett, 1983). A passively carried
organism would therefore require 2.5 to 6 months
to travel from the proximily of 54N to the Anton
Dohrn Sesmount. There are opposing slope
currents extending to depths of 700m on either
side of the drift (Booth & Ellett, 1983). The
currents are some 10km in width and have
velocities of 16 +5cm sec™'. Mixing takes place

e /l i
q
Fig. 3 Present concepts of the hydrography of the
upper 700m of the Rockall Trough. The directions
of the slope currents on the east and west sides and
that of the general north-easiward drift are
shown. Arrows on the slope currents indicate
mixing and those on the deep-water side of the
currents ww. ‘o possible shedding of eddies. The
anticyclonic circulation around Anton Dohrn
Sesmount is over its slope end eddies are shed
eastwards. Hatched lines show less permanent
features such as possible current paths as
detected by sub-surface drogues. (Booth, Ellett &

Meldrum, unpubl.)




along the edges of these currents and eddies can be
shed from them into the Trough.

A sub-surface drogue (at 116m depth)
meandered southwerds through the Trough,
presumably in a series of eddies, against the
general northesstward drift (Fig. 3) (Booth &
Meldum, 1984). There are thus mechanisms for
the formation and retention of populations within
this region, certainly for periods of three to six
months, the duration of coherence commonly found
within the histogrems (Fig. 1).

Populations of myctophids and euphausiids
eggregate, some species very strongly at certain
seasons. Aggregated individuals, as opposed to
dispersed, are more likely all to experience the
same hydrographic circumstiances in a mixed
region such as the Rockall Trough. Their
expatriation could occur irregulerly but would
result in movement of populetions (lerge
numbers of individuals) rather than single

MW’ 10 5 0 5 10E
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Reckall Trowgh Expolrinles Shalf or Boents

Fig. 4 Recognized expatriale areas of oceanic
species from the Rockall Trough. Routes and
trave! times (deys) determined by sub-surface
drogues are indicated. The easternmost segment of
the boundary between the subarctic and temperate
faunal provinces (Backus et al. 1977) is shown
hatched between 59°N, 20*W and 60°N, 5*W.

individuals. Expatriate aress of ocesnic species
from the Trough are defined (Fig. 4) from the deta
of Einarsson (1945) Oestvedt (1955), Dshl
(1961), Fraser (1968) and Wiborg (1968).
Wiborg describes populations of oceanic species of
euphausiids in Norwegian fjords that have been
introduced by influxes of Atlentic water. He
considers that 'the populations are supplied from
outside al more or less regular intervals'. Ths
mechanism by which this will take place is shown
in figure 4.

Backus et al. (1977) draw the eesternmost
segment of the subarctic-temperate boundary
arbitrarily by using the 9°C isotherm at 200m
depth between 59°N, 22*W and 60°N, 5'W (Fig.
4). The northern breeding limits of a number of
species, however, appear to be south of this,
between about 50°N and S8°N. Further, the
relatively large scale expatriation of oceenic
species north and north-easiwards from the
Trough to latitudes as high as 65°N and on a more
or less regular basis suggests some modification
of the concept of the easternmost segment of this
boundary. The northesstward slope current can
act &3 a "pump” to inject temperate ocesnic
species towards the Norwegien Sea and allow
maintenance of populations outside the principal
biogeographic range of the species. Oceanic species
can also be advected in the southward slope
current round the Rockall Bank and reech the
iceland and Norwegian Basins. This situation at the
easternmost segment of the subarctic-lemperate
boundary of Backus et al. (1977) reinforces the
concept of plesticily in some areas of such
projected bounderies.
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THE BIOGEOGRAPHY OF PELAGIC ECOSYSTEMS

JOHN A. MCGOWAN
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INTRODUCTION

During the decades 1950 to 1970 a large number
of wide ranging oceanographic expeditions
explored the Pecific Ocean. These often included
the systematic sampling of macrozooplankton in
the upper 200m or so. The resulting collections of
many thousands of samples provided the basis for
the mapping of species patterns in the epipelagic
zone. Many deeper net tows were also included in
these collections but their sampling intensity was
much less, so thet the determination of pattern for
deeper living organisms 1s considerably less
certain. Although the expeditions and cruises were
often done in different seasons end years in
different aress, it was possible to make composite
maps of species abundence which included both
positive and negative records. Both records are
essential in the mepping of any entity that does not
have a continuous distribution (for example:
species vs. biomass) and whose abundance may be
influenced by environmental processss and events.
It is important in the interpretation of species
pattern to know if blank areas are blank because
of leck of sampling or because an eppropriste
attempt to find the orgenism failed. Thus it is
critical to have & large number of samples
available for analysis. The expedition collections
were also, for the most part, quantitative. This
means that relative abundences can be sestimated
and gradients and smaller scale variations within
the lurger range patterns determined. Because of
this detail it is possible to interpret the resultent
maps of abundence, rerity and sbsence, In
ecological terms and thus help us understend the
conditions under which ocesnic populations vary.
A number of researchers have, fortunately,
teken this quantitative epproach end we now have
a basic fremework of biogeographic pettern for
the Pecific, that is amenable to ecological and
ocesnographic  interpretation (Bieri, 1959;
Bradshaw, 1959; Bowmen, 1960; Alverifio,
1962; Brinton, 1962; Nemoto, 1962; Fager &

McGowan, :963; Brodsky, 1965; frost &
Fleminger, 1968; Beklemishev, 1969; Yenrick,
1971, Okede & Honjo, 1973; Reis et al., 1978;
McGowen & Walker, 1985). | have summarized
these patterns in two earlier papers and so have
Reidet al. ( 1978). Among other attributes, two of
their features stand out;

1) There is a large amount of egreement across
higher taxa as to the shape of the patterns. That is,
there are copepod soecies patterns that look like
those of euphausiids, pteropods or thaliaceans. A
careful statistical analysis agreed with simple
visual observations of the maps, that there is
significant spetial co-occurrence of species
(Fager & McGowan, 1963).

2) The patterns of most species assemblages
strongly ressmble those of the major
circulation-recirculation systems of the Pacific.
The yi adients and major frontal zones deliniating
these circulstion systems were determined
independently of those of the ranges of species
assemblages ond yet there is excellent
correspondence.

Why should evolutionary adaptation have
resulted in such a picture? We cannot investigate
this problem experimentally but there are
observations that may incresse our understanding.

The North Pecific Subarctic cyclonic gyre and
water mass; The Central North Pecific
anti-cyclonic gyre and water mess; The Eestern
Tropical Pecific, part of the great LCquatorisal
circulation-recirculation system of the tropical
Pacific (Fig. 1) heve been studied, as systems,
long enough so that their structure and function
may be compered. We can now ask how these three
provinces differ end in whet ways are they
similar? In other words what is the empirical
evidence for the oceanic habitat characteristics
thet are (were) important in evolution?
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Fig. 1 A: The Subarctic and Subantarctic Pacific
faunal provinces. B: North and South Pecific
Certral Gyre faunal provinces. C: Eastern Tropical
Pacific faunal provinces. (after McGowan, 1974)
Lighter shading indicates boundary zones.
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THE NORTH PACIFIC SUBARCTIC GYRE

This is a cyclonic circulation system (Fig. 2)
with the sslient feature of all such systems;
massive upward movement of deep water in its
centre. Evidence for this process may be clearly
seen in vertical sections of the eastern Subarctic
where the isopleths of density, temperature,
salinity and plant nutrients all bend upwerd
(Dodimead et al.,, 1963; McOowen & Williams,
1973)(Fig. 3).

The salinity structure of this reglon differs
strongly from the waters to the south. The
Subarctic is a climatic region where precipitation
and runoff exceeds eveporation and thus its upper
layers are relatively fresh. But there is a strong
halocline separating this upper layer from the
lower zones (Fig. 3). Becouse of the excess of
precipitation one might expect the upper layers
would become progressively fresher. This does not
occur because of the input of ‘eep solty water
from upwelling in the centre of the system and
because a large fraction of the surface waters of
the southern 1imb of the circulation, the North
Pecific Drift, turns to the south as it nears the
North American continent end contribute its cool,
fresh, nutrient-rich water to the California
Current. This water and its constituents are not
recirculated back into the Subarctic system. The
southern edge of this system is evident in figure 3
where, at sbout 43°N the halucline disappears.
The disappesrance of this chaeracteristic feature is
due to the rapid, spatial change in the climatic
and hydrogrephic  mechenisms that ere
responsible for its maintenance.

There are very strong seasonal cycles in both
hydrography and biology and this sets the region
epert from others in the Pecific. This ¢limatic
seasonality resuits in a large annual excursion in
mixed layer temperatures (about 5°C to 14°C at
SO°N, 145°W). Mixed layer depths vary from
sbout 20m in August to about 100m (the top of
the halocline) in January. At these latitudes there
is also a lerge excursion in the depth of light
penetration, out of phese with that of the mixed
layer. The resuit is a brief period in the spring
when the critical depth exceeds the mean mixed
layer depth (Parsons et al., 1966); this leads to 8
burst of productivity and zooplankton growth end

a large, seasonal change in 2ooplenkton biomass
(Miller et al., 1984). Such lerge scale and
consistent structural end functional features in a

T a0 ! 180° ’ 1a0° B
UPPER LAYER CURRENTS
OXYGEN SATURATION AT SURFACE

Fig. 2 A: The gross circulation of the upper zone
of the Subarctic Pecific (after Dodomead et al.,
1963). B: The trajectories of satellite tracked
drifters showing the large anti-cyclonic gyre in
the eastern half of the central North Pacific (after
McNally et al., 1983). C: The gross circulation of
the upper zone of the Eastern Tropical Pecific and
percent oxygen saturation at the surface showing
upwelling centres (efter Eastropic Atlases vol. 2,
1971 and vol. 6, 1972).
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dynemic system are obviously driven by powerful
forces of climate interacting with the
characteristics of the locale, such as basin shape,
topogrephy and latitude.

Within the terger Subarctic system there are
several cyclonic sub-systems (Fig. 2). Although
they have not been studied as has the Gulfof ' 8
sub-system, we can assume, bccause of the e
of the circulstion and the doming up of prope. ty
concentrations ( Dodimead et al., 1963). that they
also function as upwelling centres. Thus the
Subarctic system is not a simple functional or
uniform unit but consists of several simtilar
sub-units imbedded in the larger regional system.
This, within system, variability in structure may
affect biological processes and aspects of pattern,
for in an earlier study it was shown that there
were several loci within the Subarctic where
there was a substential ebundence concordance
among the individual species populations ( Fager &
McGowan, 1963). But these localized areas do not
harbour unique species essembleges or endemics,
and it is my quess that they are so variable in
their intensity and perhaps locale that they are
too "unpredictable” to have served as habitats or
centres for diversification where selection for
specialized genepools could proceed uninterrupted
for the requisite number of generations.

The Subarctic species differ greatly from others
in their behaviour and life history patterns as
well as morphology. The copepods have been most
intensively studied end their populations have
been shown to have seasonal cycles of migratory
behaviour, reproduction and growth which are
very closely keyed to the large scale ssssonal
hydrographic processes that are so evident in this
area (Miller et al., 1984). Further a substantial
fraction of the populations of all of the Subarctic
plenkton must “emigrate” from the system along
with the southwerd flowing Subarctic water that
becomes part of the California Current. This loss
must he a important source of mortality and a
reqular feature of the population dynamics of the
species; one to which they must have adapted.

The Pecific Subarctic pelagic zone is a rich
ecosystem in terms of annual production ¢nd
sustained high stending stocks but it is poor in
species of plankton (and probably fish and squid)
(Reid et al., 1978). That is; it is a high

productivify, high biomass, strongly sessonal,
low diversity system.

THE CENTRAL GYRE OF THE NORTH PACIFIC

The contrast bstween the North Pacific Central
Gyre and Subarctic could hardly be greater
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Fig. 3 Upper: A north-south transect of the North
Pacific at 155°W (Kodiek to Hawaii) showing
salinity values. North of sbout 44°N a well
developed halocline can be seen at 100m. South of
about 38°N a shallow halocline is present at about
40m. Between these two lies the "Transition Zone"
an area of fronts, inversion and instabilities.
Arrows indicate the inferred direction of vertical
movement, upwelling and sinking.

Lower: The same north-south trensect ac above
showing the phosphate conceniration. Areas of
upwelling in the Subarctic OGyre and vertical
mixing in the Trensition Zone are indicated by
arrows. The upturned isopleths end high surfece
values are consistent with the upper panel. South
of the Transition Zone, low surfece nutrients and
downturned isopleths are consistant with the
expectation of generalized downwelling (after
McOowan & Williems, 1973).



although the two systems are contiguous. The
gross circulation in the Central OGyre is
anti-cyclonic and hence there is & generalized
sinking of waters in the interior regions (Fig. 2).
The mixed layer temperatures are much higher
then those of the Subarctic ranging from about
18*C in winter to 24°C in summer. The mixed
layer depths in the Central Gyre very from a
Februsry mean of about 120m, but with broad
limits to a mid-summer mean depth of about 40m
with narrow limits. There 1s a halocline in this
gyre but the more saline water is.in the upper
layers with fresher waters underneath (Fig. 3)
and there is a seasonal change in its depth. This is
a8 climatic eres where evaporation exceeds
precipitation and there is virtually no runoff. The
nutricline is deep at well over 100m end does not
appeer to change seasonally. Most of the
chlorophyll in the watercolumn is concentrated in
o deep (about 110m) chlorophyll maximum
whose depth seems seasonslly invariant. The
primary productivity maximum {is broad but
pesks at ebout SOm both in winter and summer.
No seasonal changes in productivity have been
detected. Both phyto- and zooplenkton biomass are
very low and, as might be expected, there is no
detecteble seasonality in zooplankton abundance
(Huyw)ard et al., 1983; Hayward & McGowen,
1985).

Biologically, the Ceniral Oyre is highly divers.
It is the most species-rich province in the Pecific
(Reid et al., 1978), its dominance hierarchy is
very persistant and its community structure quite
stable (McGowan & Walker, 1985). The intensity
of patchiness, on all scales, is low (Hayward et
al., 1983). There is no evidence for the type of
within system sub-units that occur in the
Subarctic.

Thus the Central Gyre is 8 low productivity, low
biomass, non-seasonal, high diversity, relatively
homogeneous system.

THE EASTERN TROPICAL PACIFIC

Although this region can be considered to have its
own, unique circulation scheme it was not
cheracterized as a separate entity by Sverdrup et
al. (1942), but rather included a3 merely a part
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of the gigantic Pacific Equalorial water mass. This
may have been due to a lack of appropriale data, at
the time they wrote, or perhaps it was fell that
the continuity between the circulation of this
region and the rest of the Equatorial zone was too
great to warrant it being set off as a separate
system with natural boundaries and distinctive in
situ processes and events. However, we now know
this region does have and indigenous faune and
further, some species found throughout the
Equatorial water mass are sbsenl or rare here.
Thus populations do “recognize” it as a special
habital in the same sense that they “recognize” the
Pacific Subarctic and Central circulation systems.

The region has some highly distinctive physical
processes and hence environmental structure,
that set it apart. For example; the Costa Rica dome
is & massive cyclonic gyre near 9°N 88°W caused
by the reflection of the Equatorial Counter
Current to the west (Fig. 2). Sea surface oxygen
saturation values are low in the cenire of this
region presumably because the water has so
recently welled up that it has not yet equilibrated
with the atmosphere. Hydrogrephic trensects
show the speclacular doming upward of isopleths
of all properties (Fig. 4)(Eastropec Atlases
1970-1975). Chlorophy! and primary product-
ivity measurements show the area to be one of the
most productive anywhere in the worlds tropics
(Owen & Zeitschel, 1970). In addition to this
remarkable dome feature there are episodic but
epparently lerga-scale, coastal upwellings in the
Gulfs of Panama and Tehuantepec. Thus, just as in
the Subarctic, there are important sub-units
within the system.

Yariations in coastal winds are responsible for
the episodic nalure of coestel upwelling. The
intensity of ocesnic upwelling within the Costa
Rica dome is also quile variable, no doubt due to
seasonal and interannual changes in the strength
and position of the trade wind-driven equatorial
circuletion system. These large-scale global
winds do not neccessarily co-vary in intensity
with local coostal winds. A third significant
process, and perhaps a more consistent one, is the
input of water from the south-east; the Peru
Current's cold, nutrient rich extension along the
equator (Fig. 2). These three sources of nuirient
input may vary indepently in respons to forces
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Fig. 4 Upper: The distribution of the three
properiies temperature, salinity end dissolved
oxygen in a section at 88‘W through the Costa
Rica dome 8*30'N. The distribution of all three
properties is consistant with the expectation of
vigorous upwelling in this area.

Lower: A north-south section from 10°S across
the equator and through the Costa Rica dome along
88°W. The complex distribution of nutrients in
the entire euphotic zone is evideni. The upturned
isopleths belween 6° and 10°N are further
evidence for a massive upwelling centre.

which have different cheracteristic temporal
scales of variation and which are themselves
driven by different processes. This mekes it a
very heterogeneous but very rich system. One of
the consequences of the temporal variability in
the rate of nutrient input is short intense but
episodic phytoplankion blooms which “escape”
from the control of grazers. These blooms soon
deplete the nutrienis and the populations crash,
leaving unexploited organic metter. Thus, large
amounts of perliculsle detritus sink out of the
euphotic zone and still at relatively warm
temperatures, are repidly decomposed by
micro-orgenisms. This results in dissolved
oxygen levels sometimes close to zero at depths of
70m or less in the area of the dome. Because of
this process, the entire oxygen minimum layer is
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for shoaler in this province and with generally
much lower oxygen concentrations than elsewhere
in the Pacific (Fig. 4). This peculiar regime must
have had profound effects on iis resident
populations and hes served as a strong selective
force.

The mixed layer depths in the Eastern Tropical
Pacific have a complex topography with a series of
ridges, troughs and domes. The layer ranges in
average depths from aboul 25m near-shore in the
Gulfs of Panama and Tehuantepec to somewhat less
than 80m offshore in the more oceanic regions
(Bathen, 1972). The sessonal amplitude is not
greal ranging from aboul 10 to 30m. The
temperatures of the mixed layer range from 26 o
29°C with liltle seasonality but with strong
spatial gradients. Production, however, varies by
a factor of almost three between seasons. Thera is
8 broad winter-spring productivity maximum
followed by a somewhat briefer, smaller summer
peak. This cycle is more pronounced near-shore
than offshore (Owen & Zeitschel, 1970). Annual
production and zcoplankton blomass may be as
high es in the Suberctic Oyre (Raid et al., 1978).
This region seems {o be only moderately rich in
species bul ils diversily has not been well studied
and this community atiribute may turn out to be
ascomplex as i3 the rest of the system. The entire
ecosysiem may also show large interannual
variations since for surface layers there were
strong indications for this during the 1982-83 E1
Nifio (Berber & Chavez, 1983).

DISCUSSION

In the Pacific, a majority of the epipelsgic,
ocesnic species of euphausiids, pteropods,
heteropods and cheetognaths sirongly agree on
range boundaries. That is, their biogeographic
patterns are very similar. There s strong
evidence that many edditinal taxa of zooplankton,
phytoplenkton, cephalopod, fish and marine
mammals have mony species with similer
patterns. While these large scale distributions
tend to coincide, their smaller scale abundence
voriations may or may nol. The biogeographic
patterns cover regions of the ocesn having unique
hydrographic domains that are characterized by a



continuity of weler movement; thet is they
circulate end recirculate; end by very different
climatic regimes. These circulation systems are
large and few in number and all trophic levels are
present within them. They appear to be
self-sustaining ecosystems.

Why is it that evolutionsry adeptation and
speciation resulted in entire species assemblages
or complete communities whose spatial
dimensions and shapes resemble the large scale
circulalion and mA the smaller scalc
environmental features?

Three of these circulation- or ecosystems are
described here, and it should be evident from even
these brief, superficial accounts of their
physical-chemical functional anatomy thet there
ore vast differences between them but
considerable continuity within them. The first
order differences are due to the circumstances of
latitude, geography, shape of the ocesn basin snd
global &mospheric climatic patterns. The tempo
end mode of internal processes and events in these
regions, such as intensity of nutrient cycling and
recycling, are often brought about in different
ways by different forces c~ they may respond
differently to the same forces. For exemple; &
general global increase in wind speed might be
expected to increase the velocity and mass
transport of the gross surface circulation every-
where. Under our present undersiending this
would be expected to incresse upwelling in the
central regions of the cyclonic Subarctic Oyre.
But this increess in rate of input of nutrient rich
water might have little effect on productivity
since productivity is thought to be primarily light
limited in this region. However, this ssme
increase in circulation would cause stronger
downwelling in the anti-cyclonic Central Gyre and
a decrease in the upward flux of nutrients, thus
decreasing productivity in  this  alresdy
oligotrophic, nutrient limited regime (Epplay et
al., 1973). Increases in the rate of upwelling in
the Coste Rica dome, Oulfs of Penems and
Tehuantepec and thus a greatly enhanced primery
productivity would result from the same general
fncrease in winds. Thus the came forcing function,
o simple increase in global wind speeds, would
increase production in the Eastern Tropical
Pacific, decreass it in the Central Oyre and have
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little or perhaps no effect in the Pacific
Subarctic. One could creste many other plausible,
but untested scenarios (i.e. models) but the point
is; these regions are not only siructurally
different but also funclionslly different and the
nature and timing of their respons to ordinery
climatic  seasonalily or large episodic
perturbations differ as well.

We do not of course, know exactly what it is
ebout the ocesnic physical environment thet
resulls in the appeerance or selection of
subpopulations of organisms with different
degrees of fitness or how these can become
spatially isolated froin one another and the
isolation maintained so that further divers-
ification can happen. Bul whatever the processes
are, they have apparently occurred on very large
scales lo have resulted in the palterns we see
today. That this should be so may be due to the
nature of the habitat. The ocean is stirred and
mixes, thus smaller scale physical features do not
persist, & unique features, for very long
(Stommel, 1963; Houry et al., 1978). Only the
large scale structures have the degree of
differentness and temporal persistance to allow
the evolution to operate in a mobile, moving
medium.

It seems certain that the spatial and temporal
palterns of most important ecosystem properties
are strongly and persistently different in the
three large regions discussed. in order for these
large struclural differences to be maintained
there must be strong functional differences as
well. Some of these funclional differences have
already been documented. Such ecosysiems, along
ith their own assemblage of well adapted species,
should not be expected to respond to climatic
forcing in the seme way; indeed we already have
some evidence that they do not. It follows, then,
that models of pelegic ecosystem function such as
thase analysing the efficiency of energy transfer
as a meens of predicling "yield" at the higher
trophic levels, or those where the attempt is to
determine the processes most importent in
"stabilizing" the system or parts of il, musl teke
into account the profound regioral differences in
structure, function and respons o climate.
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BIOGEOGRAPHY AND THE OCEANIC RIM: A POORLY
KNOWN ZONE OF ICHTHYOFAUNAL INTERACTION

N.R.MERRETT
Institute of Oceanographic Sciences, U.K.

INTRODUCTION

The continental slope both truncates the
distribution of the oceanic meso- and bathypelagic
ichthyofeuna end provides the hesdquarters for a
diverse assemblege of demersal fishes. Parin &
Goloven ( 1976) discussed the peculierity of this
boundary zone between the pelegic and demersal
ichthyofeuna. The broed congruence apparent
between the depths of pesk sbundance of oceanic
pelagic orgenisms and slope dwelling fishes wes
emphasised by Marshall & Merrett (1977), with
its likely trophic significance. The slope contains
a wider range of physical niches than occurs in
the open ocean, provided by the topographical
variety of the sea-bed, together with the
incressed mixing effect of currents impinging
upon it. Nutrient renewel resulting from such
mixing has been shown to enhance phytoplankton
growth along the shelf break (Pingree & Mardell,
1981), which in turn will affect the relative
productivity of the upper slope. At greater depths,
the increase in biomass of benthopelagic plankton
distributed within the 100m stratum closest to
the sea-bed, observed by Wishner (1980),
probebly results from similer physical processes
acting on sedimentary material .

ICHTHYOFAUNAL PATTERNS ASSOCIATED WITH
THE SLOPE

In broad terms much i known aboul the overall
horizontal and vertical distributions of deep-sea
pelagic fishes and their demersal relatives. Many
slope-dwellers among the latler have relatively
narrow bathymetric limits. They comprise en
gssemblage which is often geographically more
restricted and different from those of the
continental rise and abyss. Such long-slope
‘ribbon’ distribution has a pelagic counterpart in

ihe pseudocesnic group of species (sensu Hulley,
1981), which may be sub-divided into:

- 1. Obligatory pseudoceanic species, whose long-
slope distribution cleerly parallels that of meny
demersal forms, are both mesopelagic and bathy-
pelagic fishes wilh affinities to either the epi-
benthic or pelegic communities (sensu Hulley,
1981) (Table |). The majority of mesopelegic
obligalory pseudoceenic species are represent-
atives of predominently pelagic families (eg.
Sternoptychidee, Photichthyidee, Myctophidee,
Melamphaidee) whilst current evidence indicates
that their bathypelagic counterparts tend to have
demersa) relatives (e.g. Alepacephalidee). Pelagic
members of edditional demersal femilies, such
&8 Brolfulslsenia spp. (Cohen, 1974) &
Thalassobathia pelagica (Cohen, 1963)
(Ophidiidee); Sciadonus spp. (Nielsen, 1969)
(Aphyonidee); Odontomecrurus murrayi,
Mecrouroiges Inflaticeps and Sgualogadus
modificatus (Mershall, 1973), Mesobius
berryi ad Nezumis parini (Hubbs &
Iwamoto, 1977) (Macrouridee), could possibly
compliment this list when further distributionel
evidence is oblained.

-2. Fecultative pseudocesnic species are
identifiable a3 a normally oceenic group whose
members adopt a self-maintaining pseudoceenic
disiribution beyond their normal geographic
limits. Benthosems glscigle is an exemple.
According to Nafpektitis et 81.(1977) it is the top
renking myctophid of the subpoler-temperate
region of the Norih Allantic, yet ils disjunct
distribution shows it also to be sbundent in the
Mauretanien upwelling area. In exsmining this
distribution further, Badcock (1981) showed
thet B.glacra/e has ils centre of distribution
over the slope where it breeds and thrives.
Badcock (1981) noted five other species (viz

Stomises boa, Notolepis rissor, Myctophum
punctetum, Symbolophorus verenyi and
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Table | Examples of obligatory pseudoceanic species

FANILY SPECIES SOURCE
MESOPELAGIC:

Gonostomatides 7rivi/ephes hemingi ® 6ray.1964

Sterneplychidae /fsarelicus muelior/ Mekhacheva, 1981
Argyrepelecus gigas Badceck psrs.comm.
Lelyisnus s, __Baird. 1971

Phetichthyidse Pe/ymelime corylhzeei/s ® Gray. 1964
Yarells blacklordi * __Groy, 1964

Alepecephalidae Xemodermichlhys capei * Kreffl, 1985

105 unpubl. dats

Nolosudidse Scepalosavrus spp* Bertslsen at 21.,1975
ftyctophidae Diaphus garmani, D.minax, Nsfpektitis ot a1 1977
D.roei®.,D. teasningi
Disphus cosrvious” Nafpsktitis.1978
Disphus adonemus®, D.gigas Kawaguchi & Shimizu, 1978
D.sagamionsrss,
D.subsrbitalis, D.walasei ®
Disphus dumerili Gjosaster & Kawaguchi, 1980
Lampadons pontifin Hulley. 1981
Lampanyclodes Recloris Hulley, 1981
Zosrcidae MNelonestigma allanticum* Markle & Wenner, 1979,
Hei cott ot sl. 1986
Helamphaidae /felamphses scanthomys Ebeling, 1962
BATHYPELAGIC:
Alspocephalidae Bsgjacalifernia megai/eps * Krefit, 19685
Balhylrecles micrelepis® Kraffl 19835
Photlostylus pycnaplerys Wisner 1977

Xenodermichlhys vipai ®

Nybelin, 1948; Harkle &
Wennrer, 1979; llrefft,

1985, 10S unpubl. data

Zoercidce

MNelanostigms atlanticum®
Parabretuls plagiophtha/mus |05 unpubl. data

Cohon & Pawson, 1977

* Species exhibiting seme #zpendence on the sen-floor.

Noloscapelus bolinr)with similar populations
in this upwelling area, apparently isolated from
northerly and Mediterranesn ones.

it is noteworthy here thal pseudoceanic
distributions may appear misleadingly complex
without reference to broad scale topographical
fealures.Thus meny such species inhabit islend
locations end numerous rises and ridges with
steep slopes at bathyal depths (200-2000m)

which sre separeted from continents by expenses

of ocesnic floor (i.e. the thalassobathyal zone of

Andriashev, 1977 and see Parin, 1984 and this

volume); areas where enriched productivity may

a1s0 occur (cf. Isaecs & Schwartzlose, 1965).
More detailed examination reveals further

patterns among pelagic slope-dwelling fishes:

-1. Yariation in relative depsity.

a Obligatory pseudocesnic species are often
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numerical dominents emong pelagic slope
populetiens. Meurolicus muelleri s a
panocesnic example of a species frequently
dominant in density of occurrence (Ojosseter &
Keweguchi, 1980)(Teble I1). Indeed, in upwelling
aress obligatory pseudocesnic species may occur
in exploitable quentities. Lampanyclodes
hectoris, for example, was the major component
of the South African lenternfish catch of 42,560
tons during 1969-73 (Hulley, 1981).

b Fecullative pseudoceenic species are found in
increesing density in the up-slope direction.
Badcock (1981, Table 7) demonstrated an
increese in density of almost two orders of
incgnitude in Benthosems glacigle among
samples (0-500m depth) over the sounding range
3010 - 100m.

¢ Certain oceenic species abutting the slope
evidently occur in greater densities in slope
regions. Nofoscopelus elongstus kroeyeri,
for fnstence, has a sub-polar temperate
distribution according to Nefpektitus et al.
(1977). I is abundent to the west of the British
Isles (Gjoseeter & Kawaguchi, 1980). Yet recent
preliminary investigations of the neer-boitom
ichthyofauna of the Rockall Trough in this same
area of the eastern North Atlantic to the west of
Britain, using commercial -sized midwater and
demersal trawls by the Institul fir Seefischerei,
Heamburg, showsd mesopelagic densities of
N.e kroeyeri three orders of magnitude larger
over the slope than in the middle of the Trough
(Merrett et al., 1986)(see Table i1).

The influence on the vertical distribution of
oceanic species caused by the slope intercepting
their preferred range is poorly known. Bailey
(1982) hes indicated that blue whiting,
Micromesistivs poutassou, tske up o
demersal hehil as the slope crosses their usual
depth of occurrence ( 300-500m). Among decapod
crustaceens, however, Hargreaves (1984) hes
shown that some, but not all, mesopelagic species
may shift their vertical distribution under the
influence of the slope and may increese in
abundance close to the sea-floor. Bathypelagic
decapod crusteceans appeer to be unaffected.

-2. Maximum body size attained by mesopelagic
pseudoceonic species is often greater than among
their pelagic congeners. According to Kawaguchi &

Shimizu (1978) 'most of the slope water
( Disphus ) species graw larger than the ocesnic
water species and sometimes reach 20cm or
more'. Indeed, 0.walaser aend D.coeruleus
attain 150-300mm end ere among the largest
myctophids known (Gjosseter & Kawaguchi,
1980). Among the sternoptychids, the
pseudoceanic  Argyropelicus giges attains
greatest individual size (120+mm SL ); while
Yarella blackfordi (300+mm SL ) ond
Polymeime corythseols (200+mm SL) are
among the largest photichthyids known, 8s is
Triplophos hemingr(350+mm SL) among the
goncstomatids. Conversely, none of the recognized
bathypslagic pseudoceenic species attain larger
size then their oceenic congeners.

RESEARCH APPROACHES

While endemism hes been demonstrated among
pelagic 8s well 83 demersal slope-dwellers, the
details of congruency of the verious faunal
elements need further investigation. To facilitate
this end, it is worthwhile considering the value
ond limitations of the diversity of approech
employed hitherto.

DIRECT APPROACHES

a Nets

1. A variety of midwater trawls have provided the
basic information on the biogeography of
pseudocoenic species (e.g. conical ring nets -
Kawsguchi & Shimizu, 1978; Issacs-Kidd
midwater trawls IKMT- Jshn & Backus, 1976;
Nafpaktitus et al., 1977; mouth opening/closing
rectenguler midwater trawls (RMT 1+8) -
Badcock, 1981; commercial-sized gesr - Krefft,
1974, Gjosester, 1984; including information on
the occurrence of benthopelagic fish far above the
sen-floor -Heedrich, 1974; Krefft, 1980; Stein,
1985; 1.0.5. unpubl. date). Obviously mouth
opening/closing devices greetly enhance the value
of net collection deta and their use is increasing.
2. Demersal trawls have also contributed to the
know!ledge of pssudocesnic specles (e.q. Yare/ls
spp., Polymetme spp. eod Triplophos
hemingr - Orey, 1964; Scopelossurus spp.
~ Bertelsen et o). 1976; LD/aphus cosruleus



Table || Ranked sbundance of the more numerous fish species (>3R) in demersal (2008T) snd pelagic (1600PT)

traw! ssmples from the siope and middie of the Rockall Trough.

hoo

SLOPE (esst and west combined) MiD TROUGH
SOUMNDING/ 200 BY 1600 PT 1600 PT
DEPTH RANGE SPECIES SPECIES b 4 SPECIES b 1
(n)
(n=443)
Mewrelicas muslleri 488
Benihosems gleciagle 28.4

Argyrepelecus homigymavs 1.7

Argyrepelocus slfeorsi 4.1
Nolescopelas kroeyer/ 36
(x=13.638) (n=102)
ricromesistins powlosson 42.7 /fawrelices muelleri 350.0
s Gadicuius argontovs thari 352 Nicromesistivs paninssow 48 .6
190-220" /Te/anogrammus seglelfians 10.1
8 folicolonuws dacltlysploras 82
(»=228) (n=8461)
Micromesistius poulssses 64.0 Notescopelus krosyeri 30.4
s lopidorhombus whilfiagesus B8 Micromesislinus povtasseon 39.8
200-318® Helice/enus daclyloplorss 6.1 Bonthosoms giaciale 6.5
& Molve meolvs 3.1
»fis/scecephelus /sevis 3.1
(n=563) (n=9439) (n=416)
Micromesistins povlssson 49.6 Noloscepolus krooyeri 82.8 Denilhosema gisciale 233
= Chimoors moastress 11.8 Micromesistins pontassenw MW Lompanyclus crocedilss 20.4
s Glyplecophuius cynoglossus 1.7 Bonthbosoms glsciale 4.6 Stomins bos fereox 113
397-414% Lapiderbombes whilliagesys 46 Lobignchia gomel/srs 9.1
S felvs melvs 3.2 Chsgliodus Ssioani 356
S Helicolonys doctyloplorys 3.1 Xonodorsvichibys copei 3.6

Ssgamichiys schnskenbecti 3.1
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(n=506)

S Chimsoras monstross

S lopidion sgues

s Melicolonws daclyloplorss

(n=1732)
48.3 Nelescepolus trooyrr/ 242
22.% Lompanyclus crocodilus 15.6

4.7 2 Helargyrous jobnsoni (juvs) 125

S Clypltocophalus cyseglessus AT Slomiss bos fersx 8.7
398-0637* £prgoans L(e/escepus 43 Nyclephom puncisiom 6.9
s /felvs dyplorygis 3.2 Benthosomn glacisle 5.7
elsnestigme stisnilicam 0 |
Xoneodormicklhys copeoi 3.7
Lobigachis gomeliar] 3.3
(n=989)
Mewrelicus musllori 526
790 Scopologadus bosnii 10.4
Lampanyclus macdonsidi 73
Denthosems glacisles 6.6
Lampanyclas crecodilns 4.4
Normichlhys speresss 3.2
(n=640) (»=965)
S Coryphoonoides rupestris 36.0 /olsnesiigme sllsnlicox: 328
s lopidion oques 11.3 Nelescepelus krooyery 10.1
S Noxumis soguslis 10.1 Donthosoms glacisle 9.4
794-841 » Gs/ews melaslomes 8.2 *Synsphobranchus dauwpi (juvs) 7.8
S Apbonopus carbe S.2 Lempenyclus creceodilns 35
S Alopocophalus bairdii 3.0 “Coryphaoneides repesiris 32
s 6lyplocophalus cymog/ossus 3.6
(a=1401) (»=539)
S Alepocephaius dairdli 3.7 lampaaycius mocdonsldi 280
& Coryphaonoides rupesiris 202 Scopelogadus bosnii 156
R Aphenepus carde 4.4 Lompanyctles crocedilus 106
S Nelorgyrons jobnsens 39 Boathosema glaciale 6.7
SLepidion sques 32 Normickibys operosss 59
& Trechyrinces morrayis 3.1 Stomias bos forex 48
SNezumis seguslrs 30 Chauiiodus siosnrs 33
Balhylsgus surysps (dork) 32
Lebisachis gomeliari 3.0
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and 0. walsse/ -Nafpaklitis, 1978). The
generally large size of these demersal specimens
of both the latter species was remarked upon by
Nafpaktitis et al.(1977).

3. Near bottom sempling is improving our
knowledge of the congruency of the pelagic and
demersal slope ichthyofeuna. For example, initial
trials of a near-bottom echo-sounder integrated
with the 1.0.5. net monitor for use with the RMT
1+ 8 have already given promising results. While
this gear samples micronekton, the recent
preliminary investigations of the slopes of the
Rockall Trough, mentioned above, sampled a much
lerger size spectrum with a8 midwater {rawl of
mouth opening 30m x 20m high snd a bottom
traw) of 22m x 6m headline height. (Merrett et
al., 1986).

Over a five day period, eleven demersal hauls
were {aken from both sides of the Trough at
epproximately 200m intervals from 200-
1000m soundings, and nine midwater hauls from
similer localities were fished with the footrope

0-10m (1 tow), 3-18m (7 tows) and 60m (1
tow) eabove the sesbed. In addition four

mid-Trough ssmples were taken ( 100,400, 700
and 1000m depth) over 2550-2620m soundings.
The total collection yielded some 40,000 fish
(23,000 mesopelegic and 17,000 demersal)
belonging to 108 species. Nineteen species were
peculiar to the mid-Trough catches and only 27
were common to both pelagic and benthic geers.
However, only 38 species comprised >3% of the
calch in any one sample. The only mesopelagic
species to be ranked among demersal catches wes
Micromesrstivs  poulessou, which is
consistent with its known tendency to impinge on
the slope as this traverses its depth distribution
(Bailey, 1982). Only in pelagic tows over the
slope were demersal species (3) present in
sufficient proportion to werrant inclusion,
despite the close proximity to the bottom of the
pelagic trawl (Table 11). This is the first
substantisl observation, despite obvious sampling
limitations, that the bulk of the demersal and
pelagic fish populations remain separate over the
slope, with the former evidently swimming in
layers very close to the bottom.

b Submersibles.

Reports of pelagic oceanic fishes observed closs to

the ses-bed are scarce, but valusble. Cohen &
Pawson (1977) observed the pseudoceenic
208rcid, /elanostigma atlanticum, at
1960m, while Nafpaktitis et al., ( 1977) remark
on large Lampanyctus macdonsldi swimming
very near the bottom.

INDIRECT APPROACHES

a Feeding studies

Demersal slope fishes have provided considerable
data on the occurrence of pelagic oceenic species
in stomach contents. Assuming that most, at leest,
were alive when eaten, and the condition of meny
seen personally suggest it, this is a useful mesns
of assessing neer-bottom feunal interaction. For
instance, a less than exhaustive examination of the
litersture on Atlentic collections revealed 34
species representing 18 families (14 bentho-
pelagic and 4 benthic) of demersal fishes
containing identifisble remains of 24 species
from 10 femilies of meso-and bathypelagic fishes.
b Parasite ‘tags'.

Merkle & Wenner (1979) demonstrated the
dependence on the sea-bed of /Ye/snostigmes

&tlanticum from a knowledge of its reproduc-
tive biology and temporal changes in ils endo-
parasitic fauns. The value of such parasite 'tegs’,
both internal and external, was further discussed
by Campbell et al., (1980). The implications that
the parasite infection rate among demersal fish >
mesopselegic fishes > bathypelagic fish in the
current context are obviously interesting.

c Eqgs and larvee

Studies of eggs and larvae offer another worthwile
perspective of research. Data are sparse, but
work on Lampanyclodes hecloris from off
southwest Africa and New Zeeland hes identified
eggs and larval steges and shown that both occur
over the outer shelf and slope in 14-15°C water
after spring spawning (Ahlstrom et al., 1976;
Robertson, 1977). The distinctive eggs of
Meurolicus muellers are well known. In the
North Atlentic end off New Zeeland they sre
spring-summer spawners with eggs end larvee
occupying 100-500m levels and temperatures of
8-22*C (Williams & Hert, 1974; Robertaon,
1976). Off Japan Okiyama ( 1971) observed the
majority of eggs in the surfece layers (0-50m),
with few lervee sbove 75m depth. In all three
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exemples distribution was centred over slope
waters, though the North Atlantic observations
were from the thalossobathyal fauns. Hamenn et
al.,(1981) investigated hydrographic effects on
larvel distribution in the Mauretanian upwelling
area and found highest concentrations over the
slope with good correlation between Ayclophum
punctatum lervee end water masses (cf. sbove).
Conversely, ontogenetic descent from the surface
waters of the pelagic larvee of demersal species
Coryphasnoidses spp. has been demonstrated
from RMT 1 + 8 collections (Merrett, 1978).
Extension of the sbove studies to investigate
reproductive patterns would also be beneficial.

d Diet and morphological variation

Clerke ( 1984) postulated the separation of two
sexuslly dimorphic species of snipefish previous-
ly recognised as /Macrorhemphosus scolopax
on these criteria.

Thus, while improved sampling techniques and
increased effort are necessary to elucidate mony
of the complexities of biogeographical congruence
around the oceenic rim, a veriety of ecologica)
pointers are also available to complement this
endeavour substantially.
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MONSOON REGIME IN THE INDIAN OCEAN AND
ZOOPLANKTON VARIABILITY

VIJAYALAKSHMI R. NAIR
National institute of Ocesnography, Yersova, Bombay, India

INTRODUCTION

The effect of the monsoon in the Indien Ocean is
limitad to north of 10°S, the area being defined as
the region of seasonally chenging monsocon gyre
(Wyrtki, 1973). The southwest monsoon (SW) is
prevalent from May to September when the
cyclonic circulation in the surface waters of the
Arabisn Sea and Bay of Bengel results in water
movement from west to eest. The wind direction i3
reversed during the northesst monsoon (NE)
period extending from November to March and the
gyre bezomes anticyclonic leading to a circulation
from eest to west. The monsoonal effects on
2ooplenkton lead to characteristic zoogeographic
patterns in the open ocesn and coestal waters.

Studies of zooplankton veriability were teken up
since the International Indisn Oceen Expedition
(1960-65) and later surveys made by the
National Institute of Oceenaography (Rso, 1979;
Reo et a1.,1981). The various aspects presented
here ere based meinly on the author's
investigations covering a period of about fifteen
yeors. The evaluastion is presented in three
sections to show how the monsoon exerts its
influence on zooplankton from different types of
environment.

OPEN OCEAN

The reversal of the monsoon circulation is one of
{he most important factors affecting the sbundence
ond diversity of zooplankton in the open oceen and
is reflected in the relative sbundance of total
2ooplenkton biomass (I0BC, 1968) and common
groups like copepods (10BC, 1970), cheetognaths
(Nair, 1972), pelagic tunicates (Nair & lyer,
1974), decapod lervee (10BC, 1970), pelagic
molluscs (10BC, 1971) and others. This is true
whether the entire group or a spacies belonging to

the group is concerned. Higher abundence of the
group/species is observed along the north eastern
part of the Indisn Ocean (Bay of Bengal) during
the SW monsoon, when the circuletion is from
west to eest. During the NE monscon period, the
flow is reversed ond the relatively higher
population existing in the esstern side begins to

spread along the west coest of the Indian
peninsula. This is well marked in the

2000eography of Sag/tta beadoti, S.bipunclata,
S.enflata, S.pacifica, S.regularis snd .
robusta (Nair, 1972; 1977)(Table I).

On the western side of the Arabfen See, 8s 8
resull of ils reversal, the Somali current
transports zooplankton meridionally across the
equator both in southern end in northern
directions eccording to the time of yeesr. The
samples collected during the Lusiad Expedition in
July/September 1962, along the equatorial
region of the Indian Oceen with north-south
transects covering the equatorial Current System
show this (Nair, 1976). Common groups and
different species of cheetognaths reach maximum
population density west of 57°E, suggesting &
meridional distribution on the western side and &
2onal distribution along the remaining part of the
equatorial zone (Fig. 1). Upwelling enriches the
Somali waters during the SW monsoon period and
the current carries part of the dense population
seen off Somalia towards the eastern part.

COASTAL WATERS

The coestal waters of the tropics are highly
productive end sustain & rich and sbundent
plankton life. This area 13 also influenced by the
seasonal veriations in rainfall on account of the
monsoon. Here the monsoonal effect is more
during the SW monsoon (June to November) when
freshwater influx from rivers and estusries



Table | Average nurnber of different species in the Arabian Sea with average numerical values of the selecled 5° squares.

Species AREA 1 AREA 2 AREA 3 AREA 4
(10-15"N & S50-55°F) (20-25"N & 65-70°E) (15-20°N & 70-75°E) (5-10"N & 75-80°EF)
NE Sw TOTAL NE Sw TOTAL NE Sw TOTAL NE Sw TOTAL
K.pacifics 27.86 11.13 39.01| 1343 1430 2793 31.24° 4320 7444 2253 32.70 5523
K.sabtilis 2.61 2199 2460 162 --— 1.62 100 -— 1.00{ 1253 S.28 17.81
Pt drace 116.26 780.90 195.17 3354 6350 1004 5861 3070 8931 130.88° 180.07 310.95
S.bodeli 381.90° 21594 597.84) 116.51 3130 14781 7506 2105 96.11| 232.78 505.37 738.15
S.bipunctats 7609 8428 16037 75.71 9.80 8331 16823 22.70 190.93| 8090 1985 100.75
S.onflsts 1865.47" 1423.34 3286.81| 682.77 211 .40 894.17| 905.43 416.75 1322.18 [1315.37 2520.28' 3835.65
S.ferex 289 26.07 2896 0.14 B8.20 8.347 35.66 2380 29.46 8.92° 4.43 13.35
S.hoxsplors 1726 1792 35.18 024 0.10 0.34 420 1.00 5.20| 12.69 1985 3254
S.minims 444 1292 17.36 010 -— 0.10 -— -— -— 1.08 -— 1.08
S.neglocts 8.94 65.29 7423 94.74° 11.40 106.14| 1066 1510 2576| 3253 7597 10850
S.pacificea 16478 27423 43901| 6250 19.10 81.90] 190.00° 1895 208.95| 184.41 42554 609.95
S.puichrs 2165 2245 4410( 1197 030 1227 253 330 583 9.38 2785 37.23
S.reguisris 67.60 71.82 139.42 196 18.10 2006 146.45 2500 17143 4722 15027 197.4
S.rebdasts 98.68° 8482 183.50 771 450 1221 1738 185 1923 8.69 86.11° 9480
TOTAL 2856.54 2411.12 5267.66 {1072 96 343.70 1416 66,1617 91 623 40 2241 31 |2108.11 4053.53 6161.64

' Maximum observed value during the SW monsoon

period

" Maximum observed value during the NE monsoon period

-tz



‘ . . A A pact 18 hr I
150 aSs e
u o Sha ° A a
200

k% § terwcoted H
rju 0 w at a a®
T 2400
5 | S Nparcricta G
a
w 800,
c
Q [ 2 an ! &b Ah ~
E 1500
9 KJ Sreguars F
b4 -
v N e s e aboaa a
o 8oor Pt dtece
o L
2 oii:__“k\
£
5]
z

[ S pacitea C
8001
o]
_
’ Serticta
5000} B
o PO — o

- & =

[
o

Phosphate -Phosphorus (ug at/1}
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Expedition in the Indisn Oceen (a, total
200plankton: b, cheetognath volume ond c,
phosphate phosphorus).

lower the salinity along the coast to 30-34.5%00.

In general, throughout the Indian coastel waters
the annual 2o0planktion distribution is bimcdal
with two peaks - one just before the monsoon and
the other just after the rain. (Reo, 1979, Reo et
81.,1983). The plankton production triggered
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during the SW monsoon period (June -
September) mekes the region an excellent
pasturage for the plankion feeders and in general,
the pesk fishing sesson along the coestal waters
coincides with this period ( Nair, 1982).

Along the east coast there is an increase in the
biomess of zooplankion from north to south
whereas a reverse pailern has been observed
during October to November along the west coest
(Neir, 1977). The incidence of high densities of
chaetognaths along the two cuests also follows &
similar pattern. Along the west coest, off Bombay
the population maximum of cheetognaths was seen
in November-December (Nair et al., 1981),
south of Bombay, off Calicut in October -
November and further south et Trivandrum the
pesk observed was much esrlfer (July -
September). On the east coast, the peek periods
for the chastognath species were found off Madras
during May - August, and towards the South in the
Gulf of Manner it was in November and December
(Reo et al., 1981). The prevailing difference in
salinity, perfods of upwelling and surface
currents may contribute to this paitern of
abundeance. Upwelling along the west coast starts
in March and continues during the SW monsoon
with its maximum effect in August - September.
It sets in eerlier in the south and gradually
extends to the north (Reo, 1979) and concomitant
with this, the movement of peek 2ooplankton
abundence {s also from south to north.

ESTUARIES

The monsoon exerts siress on estuarine fauna by
bringing about s drastic change in salinity, which
was more merked towards the upper reeches.
During the high salinity period zooplankton
maintained a high level of production of awout 3 to
7.5 times that of the relatively low stending stock
of zooplankton observed during the low salinity
period (Nair, 1982).

The low saline fauna replecing the high saline
species ore not at all diverse or rich in
comparison (Reo et o)., 1981). Neritic species
\ike Sagitte bedoti penetrate to the upper
reaches of the esluarine system during the
premonsoon period when a uniform salinity (25.3
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- 33.5%00) prevailed throughout the system
(Neir, 1974). In the postmonsoon period the
cheetognath populstion synchronically followed
the steep gradient in salinity (0.2 to 28.6%00)
along the estuary end becsme restricted to its
seawoard end.

CONCLUDING REMARKS

In the open oceen the semi annually reversing
system of currents exert profound influence on
the shifting of zcoplankion populations. The
sssumption is based on samples mostly collected
from the upper 200m of the Indian Oceon ond the
limit of such influence is yet to be ascertained In
the qastsl waters the time 189 fnvolved in the
north o south or reverse pattern of movement of
species along with associsled factors responsible
for  such verisbility calls for delailed
investigetion Estuaries with the cheracteristic
fluctustions in salinity on account of monsoon and

the theory of repopulation are aspects {o be
studiad in detail
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MODELS AND PROSPECTS OF HISTORICAL
BIOGEOGRAPHY

GARETH NELSON
American Museum of Natural History, New York, U.S.A.

The distribution of organisms may be considered
from various points of view, which reduce to two:
ecology and systematics. Each hss & history of
about 200 yeers, the former beginning with
Humboldt, the latter with Candolle (Nelson,
1978; Browne, 1983). Ecology sees causa)
explenstion in measurable factors of the
environment - elevation, temperature, latitude,
depth, selinity, etc. Systsmatics sees it in
historical circumstance - in evolution in some
sense - hecause the ecologic factors, even in their
totelity, are always insufficient. A species raraly,
if ever, lives everywhere thet is ecologically
suitable.

| focus on the systematic aspect. How do we
discover historical circumstance and acquire the
knowledge needed for satisfactory explenation?
Traditionally it was hoped that this knowladge
would emerge from study of the fossil record. This
has proved a vain hope, not merely because the
fossil record is incomplete, but because data of the
record do not contain the knowledge. To overcome
this deficiency fossils were often viewed as
encestors of recent taxs. This presumed
relationship, reed into the data of the racord, was
sometimes, snd sometimes still is, believed
crucial evidence of historical circumstance. But
this belief, in crucinl evidence, hes also proved
vain. Ancestors and their geographic analogs -
centers of origin - are not empiricel entities that
await discovery (Nelson, 1983a). Rather, they
are constructs - one might even term them
artifects - erising from a particuler view of
systematics (Nelson 2 Platnick, 1984a). These
vanities have become cleer to meny persons for
meny reasons. Cladistic systematics is one attempt
to remedy the problem (Eldredge & Cracreft,
1980; Funk & Brooks, 1981; Wiley, 1981;
Platnick & Funk, 1983). Panbiogeography is
snother (Crofzat, 1958, 1964). Yicariance

bingeogrephy is en attempt, for better or worse,
to marry the two (Nelson & Rosen, 1981 ; Nelson
& Platnick, 1981). These attempts may also
prove vain, but at the moment not yet (Patterson,
1983).

An element common to these attempts is to
vizualize systemetic relationships not in tems of
fossil ancestors and living descendents but s
descendents only. This view is not problematic,
for all ancestors ere also descendents. Yiewed as
such they differ only in degree of relationship.

Thus taxu 3 and 4 (Fig. 1) may be viewed as
related to each other more closely then to taxa 1
and 2. Such s true even if 3 is the encestor of 4,
or vice verse; or if 1 is the encestor of 2, or 2 of
3, or whatever. Geographically the ides is thet the
relationships of taxa might indicate the historical
relationships of the geographic arees. If so, areas
Cand D are related io each other more closely then
to areas A and B, according to the evidence of the
interrelationships of taxa 1-4, where taxon 1
occurs in erea A, taxon 2 in area B, elc. However
simple to understend, this model is not a
description of biological distributicn as we find it.
The model merely illustrates a particular notion
of area relationship. This notion is important, for

Species Areas
1A2B 3C4D A B C D

AYvg

Fig. 1 A: (ladogram of four taxa (species 1-4) in
four erces (A-D). B: Corresponding eree
cladogram (after Nelson, 1982, Fig. 1).
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it is the baesis for the anaiytical procedures of
cladistics and vicoriance.

A different notion is based on similarity of
biote. As an example | mention an analysis of the
distribution of cowries, genus Cyprass ,
occurring in four aress: Japan, Philippines, New
Caledonia, Queensiand (Nelson, 1984a). If we
count the species common to pairs of aress, the
Philippines and Quyeensland have the highest
number. We might believe that these erees are
related on this evidence -- the high number of taxe
common to them. If so, we would have a different
notion of eree relationship, which is independent
of any cladistic information.

Yet another notion is that formalized by Hennig
(1966): the progression rule. Geographic
distributions are treated as characters, and
distributions ere assigned to hypothetical
ancestors, so as to minimize dispersals (Nelson,
1969; Nelson & Platnick, 1984b). Interestingly,
most of the clues, or rules, historically used to
determine 8 center of origin, reduce to this
formalization, which is constrained by cladistic
information (Platnick, 1981). Unfortunately, the
progression rule is biased so as always to resolve
a center of origin, even when no center of origin
need have existed (Nelson, 1975).

Yiceriance biogeography attempts to focus on the
cledistic informstion, in the hope that this
information, when cast geographically, will have
validity ecross tsxa, and across the gulf that
separates biological evolutaion from geological
evolution. in this regerd vicerisnce {skes
inspiration fror Croizat, who tirelessly stressed
that earth and life evolve together; that life is but
the superficial layer of the rocks; that taxoromic
differentietion is life's response to a dynemic
geology.

These slogons are imbued with the wishful
thought, which Croizet stressed es empirical fect,
that 1ife s tightly bound to, and ordered by, the
earth's tectonic history. Croizat did not deal with
pelagic distribution, which is complicated by 8
second level of tectonics - the structured
weter-masses, the bounderies of which frequently
limit the geography of taxa. The processes at the
geotectonic level ullimately determine events at
the hydrotectonic level, and perhaps the relation
is firmly deterministic. On the other hend, the

iwo levels may be lergely decoupled. If so, the
history of pelagic distribution may forever be
elusive to a vicariant interpretation.

if we turn to geotectonics we find conflicting
views. In conirast 1o the classic drift theory,
eorth expansion holds that the modern Pacific
Besin begen, as did the Atlentic and Indian Basins,
by continental rifting in Mesozoic time (Cerey,
1976, 1983). A kind of hybrid theory, of
"Pacifica”, holds, as does the classic view, that the
Pecific 1s the oldest ocean, but that it contained a
continental mass thet rifted into fragments, which
evenlually dispersed around the modern basin
(Nur & Ben-Avraham, 1978). In support of these
views is the known age structure of the world sea
floor - about the same in all three ocesn basins
(Pitmen et al., 1974).

These are themes relevant to Craizat's synthesis
of terrestrial distribution, in which there fis
symmetry of transoceenic relationship ecross all
three basins. In addition there ere boreal and
Anterctic patterns, making a total of five mejor
types of distribution.

These are themes relcvant o pelagic
biogeography, for the question here is the relative
age of origin of the deep ocesn besins and the
open-water habital. If the distribution of pelagic
organisms reflects enything of history, why not
the history of the besins? So, what are the
patterns? and to what history do they testify?

My epproach is not through the study of pelagic
distribution, but through a particuler famiiy of
fishes, Engroulidee (enchovies). Of some 150
species, there is perhaps one that has a pelagic,
rather than inshore or freshwater, habil. It is
widely distributed throughout the Indian and
West-Central Pacific Oceans, end it has the most
widespread distribution of any anchovy. Perhaps
it evidences the decoupling of the pelagic from the
shelf, yet the species, £ncrasicholing
punctifer= Stolephorus bucceneer’ , i3 not
ubiquitous in tropical ocesns. I1s esstern limit is
the East Pacific Barrier; and its western, the Cape
of Good Hope; in these respects it is not unusual.

Anchovies are interesting because they shiw
much the same, eopporently trens-Pacific,
reletionship as meny merine groups, including
the Spenish mackerels (Collette & Russo, 1985),
end the epipelagic sergestid crustacean Aceles
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(Omori, 1975), which is differentiated in the
New World along both coasts of the Americes and
in South American freshwater as well. Anchovies
do much the seme but on a grander scale. Some 70
species ore involved in the New World
differentiation, with more than 20 of them
confined to South American freshwater, which is
unique in this respect. There are few, if any,
freshwater anchovies elsewhere. The details of
relationship seem {o confirm, and possibly
extend, the notion of interocesn connection (Ven
der Spoel, 1983; Yan der Spoel & Heymen,
1983).

The trans- Pacific character of this distribution
was not cleer, for the traditional taxonomy of the
group broke into Old World end New World
sections. Cladistic analysis of the group associsted
some 01d World forms (from the West and Central
Pacific) with those of the New, end the
trans-Pacific  chwerecter  became  evident.
interestingly, the West-Central Pacific section is
a small one, with only five species (one endemic
in Hawaii), in contrast with the New World
section, with a relatively massive radiation in the
tropics, involving & dozen or more species
sympatric, end typically collected together, in
oreas like the Gulf of Panama (Hildebrand, 1943;
Nelson, 1983b).

Seemingly enomalous, ond embedded in this
trans-Pacific distribution, is the genus
Engraulrs, 8 world-wide genus with teraperate
representatives in eress of clessic concern
(Nelson, 1985), occurring there with sardines
and other epipelegic orgenisms (Hedgpeth,
1957).

Bipolarity, or anlitropicality, is interesting.
There are two reviews of note (Ekmean, 1935; Du
Rietz, 1940). Here the Pacific Besin is relevent,
for the distributions of individual taxa, when
considered together, outline the Pacific Besin
fairly exectly, be the taxa terrestrial plants or
maring animals. S0 we are led to ask if bipolarty
is a reflection of the development of the Pecific
Basin. Anchovies testify that such is the case.

As revesled by s'e-floor spreeding dala, the
Pacific is unigue in its extensive north-south
spreading, 63 reflected particulerly in the
Pacifica model. The besin expands redially, in
contrast to the other bssins, which expand

laterally. | do not claim that enchovies prove the
Pacifica model, or esrth expansion, but they seem
an exemple of a group differentiated in response to
a growing rather than shrinking Pecifir Basin.
And they illustrate & vicariant spproech to
biological distribution that if not truly pelsgic, at
least borders on being so0.

Anchovies are inleresting because their
terminal differentiation i3 bound with the
Pliocene closure of the Penemenien isthmus,
suggesting a progressively older history for the
South Americen freshwater, the bipolar
(antitropicel), and the trans-Pacific palterns
(Nelson, 1984b). But how old?

A review of the fossil enchovies (Grande &
Nelson, 1985) was not much help, but showed
that the oldest, from the Upper Miocene of
Cyprus, is very similar to the Mediterranesn
anchovy of today. The group most closely related to
anchavies, the herring family Clupeidee, is known
from abundent fossil remains from the beginning
of the Tertiary. If this relationship is correct,
then asnchovies ere older still, even though their
fossil record is very meager.

Even with few fossils, and from them no
information not already supplied by recent
species, modern taxa eand the distributions of
anchovies and many other groups are ample, on a
world-wide besis, end promise to be richly
informative. The key to the systematic
information - knowledge of the interrelationships
of the species- level taxa (and of the supraspecific
groups) - 1s the promise of cladistics. Suffice it
to say that enough progress hes been achieved,
with anchovies and other groups of plants end
enimals, to justify an optimistic outlook for the
future.

There i3 a historical factor inherent in
geogrephic distribution, in the pelogic as
elsewhere. At present it is lergely confounded
with veriation properly termed ecologic, and our
notions of ecology are, 6s a result, overextended
and on occesion whimsical. Surely it would be
better if this historical factor could be identified
and isolated. It is time thet this tesk be taken
seriously, not only by systematics (who do the
work) but also by ecologists (who profit from it).
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TRANSITION ZONES AND FAUNAL BOUNDARIES IN
RELATIONSHIP TO PHYSICAL PROPERTIES OF THE
OCEAN

DONALD B. OLSON

Rosenstiel School of Marine and Atmospheric Sciencs.
University of Miami, U.S.A.

INTRODUCTION

Trensition zones are defined in the physical
oceanographic literature to be the eress with
mixed water mass properties typically associated
with boundery current extensions and the
boundary between the subtropical gyres and the
high latitude circulation systems. In both the
physical and biological usege these are finite areas
usually differentieted by some hydrographic
definition. For example, the North American Slope
Water represents a transition zone bound by the
15*C isotherm contour at the 200m surface and
the edge of the continental shelf. Biologically,
trensition zones can be delimited by the range of
so-called "tronsition zone” species and an add-
mixture of organisms from both the biogeographic
regions boundin) ths zone. Therefore, translation
zones are region:. . xntified by en admixture of
properties in both a biological and physical sensa,
They also contain unique elements in terms of
endemic species and in the intense fronts and eddy
fields associated with them.

An example of a transition zone in the South
Atlantic and southern Indien Oceens as seen in the
distribution of planktonic foraminifera is given in
figure 1. The distributions of a transition zone
species, Globorotalis inflats (fig. 18) ; a
subtropical species, G/obigerinoides ruber
(Fig 1b); and & cosmopoliten species, G/ob/-
gerinita glutinats, (Fig.1c) teken from the
work of Bé and Tolderlund ( 1971) are shown.

Distributions ere presented in terms of the
abundence relative to the total foraminifera
population. The transition zone across the south-
ern edge of the subtropical gyres in these ocesns
1s centered around the extensions of the Brazi) and
Agulhes currents. The trensitional species extend
equatorward into the upwelling regime off south-

western Africa which is a pattern found in many
faunal forms around the globe. The range of
G ruber (fig. 1b) overlaps the transition zone
to the center of the compositional maximum of
0. Inflats. Subpolar species such as O pschy-
derme (not shown) ere similarly found in this
2one but with a compositional shift to the south.
The cosmopaliten @ g/utinats (Fig.ic) is spread
from the subarctic to the subantarctic but shows a
maximum in its contribution to the total foram-
inifer a abundance along the Brazil cosst and at the
northern edge of the transition zone as it extends
across the southern ocean.

The influence of the physical environment upon
the distribution of life in the world oceen can be
explored by either carefully mepping the
distribution of organisms and physical properties
throughout the ocean, or by outlining the extent of
the regions providing the correct physical and
biological conditions for the existence of a species.
The first route of drawing an empirical picture of
the iink between the physical environnment and
the geographical distribution of phytoplankton,
20o0plenkton, and nekton is limited by a sempling
problem, i.e., the distributions of species within
the sea in relation to the physical feetures of the
ocean circulation are not well enough known to get
a very complete picture. The alternate approach of
determining the physical constraints on the
biology based on a catalog of physical aspects of
the situation and our know!ledge of the influence
they have on organisms is also severely limited by
geps in our understanding of the merine ecosystem
ond the physiology of most merine orgenisms. In
the distributions in figure 1 and most works
dividing the ocean into biogeographic provinces, a
combined epproech is used; faunal zones ere
delineated along sections but physical properties
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of the environment are used to extrapolate over
large areas.

DISIRIBUTION OF  PROPERTIES  ACROSS

TRANSITION ZONES

Transition zones represent regions with strong
latitudinal changes in waler mass properties.
Typically this involves a poleward decrease in the
temperature (approx. 10°C in 1000km) and
salinity (0.5 to 2.0 perts per thousend in
1000km) with an inverse trend towards higher
nutrient levels in higher latitudes as shown in
figure 2 for the Atlantic. The frontal boundaries
also lead to large contrasts in the depths of the
mixed layer and its seasonal cycle. This in
combination with enhanced vertical exchange of
nutrients in frontal zones and the large-scale
gradients in the nutrient distributions produces
high variability in the abundance and species
composilion of phytoplankten in these areas.

The spatial gredients in the phytoplankton
stggest very sharp boundaries across currents
euch a3 the Gulf Stream and the fronts associated
wilh strong eddy features. For an example of this
contrast the reader may look at the CZCS (Coastal
Zone Color Scanner) images of near surface
chlorophyll in Brown et al. ( 1985).

The contrasts in horizontal structure of phyto-
plankton communities along with variations in
temperature and salinity across frontal zones lead
to 1arge variations in higher trophic levels. The
sharpness of faunal boundaries in the zooplankton
and nekton depend upon the ability of organisms to
withstand changes in physical and biological
parameters of their environmeni. In general,
organisms with higher tolerances to variations in
their environment will be dispersed more widely
across frontal zones than those less able to
wilhstand these siresses. A similar pattern is seen
within many species in relation to age, with the
adults having a larger distribution in space than
the viable reproductive range of the species. The
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Fig. 2 The concentration of nitrale &t a depth of
100m from the Atlantic GEOSECS data set. Dots
denote the concentrations on the section down the
wesltern basin while the crosses indicate values
for the legs in the eastern side of the Atlantic.

level of dispersal in any species depend both on
the level of change the organisms-cen tolerate and
the strength of the eddy exchenge processes
associaled with transition zones and the fronts
found in them. This leads us to study the
characteristics of the circulation in transition
zones and the unique horizontal and vertical
mixing typical of these regions.

ADYECTION/DIFFUSION AND TRANSITION ZONES

In addition to direct responses of organisms to
environmental factors such as {emperature,
salinity, oxygen snd nutrient distributions, the
inherent motion of water in the world ocean leads
to a unique environment. The ocean circulation is
a dominant factor in the determination of pelegic
distributions. Advection of plenktonic orgenisms
by the large-scale ocean circulation coupled with
diffusion by turbulent eddy fields plays a role in
the establishment of both the reproductive and
total range of most species. To consider the
influence of advection/diffusion on biogeography
compare the mean circulation and eddy field in
figure 3 with the distribution of Foraminifera in

Fig. 1 The distribution of three species of foraminifera in the South Atlantic and southern Indisn Ocean
teken from Be & Tolderlund (1971). Contours are of percent abundance relative to the total forams in the
upper 30m of the water column. 8) Glaboralslia inflats, b) Olobigerinoides ruber, c)

Olobigerinita glutinats.
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figurel.

The mean dynaemic height field for the surfece
relative to 2000dbar (Fig. 3a) shows the flow in
the subtropicel gyres of the South Atlentic and
southern Indien Oceans. Comparison with the
distribution of the trsnsition species, G/obo-
ratalis inflats ,in figure 1(a) shows the ares
where this foram composes over 208 of the
population; the distribution follows the eestward
flows across the poleward edge of both gyres.

Although the connection between the two basins is
not well represented in figure 3(a) due to the grid
specing end the limitations of the calculation, a
portion of the eastward flow in the South Atlentic
continues o add to the flow across the southern
edge of the subtropical gyre in the Indian Ocean.
Therefore, the zonal petlern in & /nrlatés
distribution is centered on a consistent flow to the
east throughout these basins. This brings forth &
question: How does this species maintain itself ina
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unidirectional zonal flow? There must be some
mechanism to recruit individuals to the upstream
area off South America in order to maintain the
population against advection.

It 13 spparent from the dynamic height field that
this recruitment is not taking place to sny major
degree in the mean circulation around the gyre.
The extension of high relative abundance in the
Benguela Current off the esst coast of southern
Africa follows the mean flow but suggests this
extension of the pattern is a net 10ss to the mean
population, since the species disappears as one
proceeds northward along the dynasmic height
contours. In conlrast, the cosmopolilen and
subtropical species shown in figurel(b,c)
mirror the circulation in the gyre in terms of the
ereas where they make their maximum
contribution. The highest percentage compasition
of both of these species are found in the restricted
closed portions of the South Atlantic gyre along the
South American coast.

A second correlation belween the cheracteristics
of the large-scale circulation and the
biogeographic distribution of transition species is
seen by comparison of figure 1(a) and figure
3(b). The zone of highest relative abundance in
0. Inflats corresponds closely to a band of high
eddy energy across the polewerd edge of the
subtropical gyres. The eddy available potential
energy is a measure of the intensity of the
mesoscale (50 to 200km scale) eddy field.These
components of the eddy field lead to temporal
variations on a time scale of two weeks to several
months. The zones of high eddy energy such as that
across the basins in figure 3(b) are areas with
high horizontal diffusion as well as vertical
exchange. These eddy-induced effects in
combinstion with lateral veriations in other
environmental parameters such as nutrients (Fig.
2), and some rather special processes occurring
in nonlinear fealures of the eddy field discussed
below, make the trensition 2one a unique
environment.

COHERENT EDDIES, RECIRCULATION, AND FRONTS

As part of the eddy field there exist features which
can persist for substantial periods of lime. Rings

are one case of this type of feature. These eddies
have their own inherent capability to drift to the
west. In the situation where the flow around the
ring or eddy is larger than its translation they can
carry fluid with them as they move. |n some parts
of transition zones then, the eddy field may play
en importent role in recruiting individusls
upstream against the mean flow. This can occur in
the case of Qulf Stream rings, for example (Ring
Group, 1981); although, the evolution of the ring
itself in time may limit the effectiveness of this
process. Typically, the ring become effeclive
transport mechanisms only for those few species
which have the ability to exploit the ring
environment (Wiebe & Fliert, 1983).

Western boundary current systems also have
closed recirculations of quasi-stationary nature
associated with them. The best described of these
is the Gulf Stream recirculation in the western
North Atlantic. This feature is nearly a quarter
the size of the enlire subtropical gyre and
therefore has a fairly long recirculation time,
approximately six months to a year. This system
correlates with a relative abundance maximum in
@ glutinats similar to the one observed off
Brazil in figure 1(c). A pair of recirculation cells
are reported off the coast of Brazil by Tsychiya
(1985). The highest percentage of abundance for
G.glutinals overlay the southern of these two
recirculations.

The western extreme for the transition species,
Globorotslrs inflata, occurs in proximity to
the region where the Brazil/fFalklands ( Malvinas)
confluence loops offshore. The trajectories of
satellite tracked ARGOS drifters deployed in the
confluence and upstream in the Brazil Current
from October/November 1984 o June 1985 are
shown in figure 4. These pseudo-Lagrangian
instruments provide a crude measure of the drift
palterns expected in the plankton community.
Over the nine months deployment period all but
iwo of the drifters were swept through the
confluence region and out into the eastward flow
across Lhe southern edge of the gyre. Many of the
trajectories, however, show a region of prolonged
residence time thus indicating a partially trapped
region in the flow centered at epproximetely 39°S
and 49°W. Driflers are retained in the
78,000km? area approximated by the circle in
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Fig. 4 Trajectories of nine ARGOS surface driflers
deployed off South America from October/
November 1984 to June 1985. Circle denotes a
region over which the residence time calculation
discussed in the text was done. Dols indicate the
launch points for the drifters.

figure 4 for an average of 3.8 months with two
units remaining in the region over six months.
This sort of maintenance in the region upstream of
the broad flow extending across the gyre has
sufficient residence time scales to provide
contineous recruitment of individuals to the broad
abundance meximum seen in species such a3
C.inrlats. The effecliveness of recirculation
regions such a3 the one off Argentina in
maintaining a population against a steady lass due
to mean advection depends on lhe reproduction
rate of the organisms compared to their residence
time in a region. As the generation time of the
orgenism increases, a longer residence time in the
recirculaiion is needed to sustain the population
against the net advective loss.

A final physical phenomenon which is associated
with transition zones is frontal activity. The focus
of much of the discussion above has been the
so-called subtropicel front across the South
Atlentic and southern Indian Oceans. This front is
the core of the eastwerd transport end is
responsible for the high eddy energy in this
region. Fronts have important effects on oceen life
from phytoplenkton to large nekton. There is

generally enhanced primery productivity in
fronts for the reasons outlined ebove. Zooplankton
and micronekton which maintain themselves in
prescribed portions of the water column in the
vertical, but restrict themselves to rendom
mations in the horizontal, will be concentrated by
the horizontal convergence tied to the existence of
near surface fronts (Olson & Beckus, 1985).
Free swimming nekton may move themselves into
fronts to make use of the higher concentrations of
food. These positive aspects of the interaction
between biological processes end the flow
environment in fronts must be balanced against
the prablem of recruitment to the front in the fece
of net downstream edvection, s&s discussed
previously, and the stress induced by 1arge change
in physical and biological conditions tied to the
environmental contrast across the front and the
vigorous mixing in the frontal zone.

DISCUSSION AND CONCLUSIONS

Transition 2ones aere areas where the nature of the
large-scale ocean circulation and mesoscale
features in the oceans’ physical structure interact
with biological factors to produce a unique
environment. The contrasts in the environment
between regions bounding trensition zones and the
vigorous eddy fields found in these regions lead to
an admixture of fauna whose major distribution is
either cosmopoliten, subpoler, or subtropicsl.
Trensition zones also have associated endemic
forms which must overcome the net arvective loss
due to the unidirectional mean circulation in these
zones in order to exist. This may be accomplished
by a combination of reliance on the mesascale eddy
field or an ability in eduilts to withstand long
periods in trensit eround the gyres. Tight
recirculations close to the western boundaries
may play en importent role in recruitment of
orgenisms into the upstream portions of the mean
eastward flows. Fronts and an intensified meso-
scale eddy field sssociated with transition zones
ere important in determining the distribution of
enimals and phytoplankton. The nature of fronts as
bounderies between water masses end the
enhancement of mixing along them leads to
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enhanced productivity and higher species
diversity in their proximity.
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DISTRIBUTION OF MESOBENTHOPELAGIC FISHES IN
SLOPE WATERS AND AROUND SUBMARINE RISES

NIKOLAY V. PARIN
P.P.Shirshov Institute of Oceanology, Moscow, U.5.S.R.

INTRODUCTION

Not unlike the vast majority of biogeographers
who have tried to explain peculisrities in spatial
distribution of the open-ocean pelegic organisms,
| consider the present-day distributional ranges
of the individual species as conditioned mainly by
contemporary rather then historic causes.
Recognition thet correlations between the distrib-
utions of plankton (i.e. all orgenisms passively
drifting horizontally together with their con-
tinuously moving medium) snd water masses exist
hes been of utmost importence in open ocean
biogeography. This epproach epplied for the first
time by Haffrer (1952) end elaborated by
Brinton (1962), Ebeling ( 1962) and many other
euthors, has served 8s a base of the well-known
theory (the so-called “water mass hypothesis™)
concerning the essociation of the distributiona!
limits of planktonic organisms with waler mass
boundaries.

DISCUSSION

Among my compatriots, the late Prof. C. W.
Beklemishev (1928-1983) mode the most
valuable contribution to this particulsr field: he
eleboreted in detail the concept of functional
structure of distributional rarges for planktonic
orgenisms in a moving environment, recognizing a
“reproductive base(s) of the renge” of the
species, located within a more or less closed
horizontal circulation(s), and both non-sterile
and sterile expatriation ereas resulling from
expatristing currents (Beklemishev, 1969). The
extent of those expatriation areas is determined
by differing limiting factors including temper-
ature, dissolved oxygen, biological productivity,
etc. The variable tolerance o these factors among
species having the seme bese(s) of range may

result in the great diversity of their overall
distributions in the ocesn.

This approach allows us to recognize species
groups with similar bases of ranges (which can be
called “"geogrephic elements of the feuna and
flora”; ecologically, they are “recurrent groups”)
and use them for the biogeographic division of the
ocean. The mejority of ranges of relstively
abundant mesopelegic planktonic fishes (as well
es inveriebretes), may be reduced to
comparatively few main distribution types
(Beklemishev et al., 1977; Parin, 1984). At the
same lime it should be mentioned that the ranges
of some species do not fit such schemes (Parin &
Bekker, 1981) and it is possible that the bases of
their renges are localized within the vertical
circulation, as has been suggested by Bruun
(1958).

The foregoing discussion relates only o
open-ocean pelagic plankion species (including
macroplanktonic fishes), distributed in the
midwater environment and without any connection
with the botlom end continental shores. It is
known, however, that some species of what are
essentially mesopelegic fish genera (also
belonging to the macroplankton, or micronekton),
live in slope waters and around submarine rises
ond by their habit, may be defined &3
bentho-pelegic forms in a broed sense (Parin &
Ooloven, 1976). These include permanent
neer-bottom dwellers, as well as species that
migrate vertically to far above the botlom at
night. The following exemples may be tentatively
given: Jriplophos hemingi (OGonostomatidee),
Polymetme spp., Yarrelle blscklord,
(Phatichthyidee), 7horophos spp., Mauro-
licus  muelleri, Argyripnus spp.,
Polyipnus spp., (Slernoptychidee), Odonto-
stomias spp. (Melanostomiatidee), /dio-
lvchnus urolesmpus, Diaphus adenomus,
D.walasel, D.suborbrtalis, Lampsnyclodes
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hectorrs (Myctophidee), Melsmphses ecan-
thomus, M. suborbitalrs (Melamphseidee),
Paroneirodes glomerulosus (Diceratiidee),
etc. (see also Merrett, 1986). A similar mode of
existance is typical also for some nektonic fishes
which are not considered in this report.

All the aforementioned benthopelagic macro-
planktonic fish species are members of the
“open-ocean” families widely distributed in the
mesopelagic habitat: releted species dominating in
these families are characleristic for the open
ocean. It seems impossible to explain the
distribution of bentho-pelegic fishes from the
point of view of the water mass hypothesis. In
fact, the suggestion of & connection between the
reproductive bsses of their ranges and the
stationsry and quesi-stationary neer-shore and
islend circulations does not fit with the almost
complete absence of any considerable expatriation
of such species into the edjecent open ocean (as
should be observed according to the above-
mentioned concepts). Like their oceanic relatives
all these fishes have pelagic eggs and larvae.
Nevertheless, even the dispersion of early
developmental steges eppears to be very limited
since they have been recorded in the open ocean
extremely rerely. The eggs of AMavrolicus
muelleri, which are widely distributed in some
oress of the Northern Atlentic (Serebryakov et
al., 1983), sre thought to be the most important
exception. On the other hand, the early stages of
slope dwelling myclophids and stomiatoids are
very rare in the open sea. Therefore a more
appropriate theory should be looked for to explain
the existing distribution of bentho- pelegic fishes.

in my research | have drawn my atiention to
isolated maintaining populations of bentho- pelagic
fishes dwelling on separate seamounts. The rather
large population of a myctophid, D/aphus sub-
orbitalis, inhabiting the Equator Seemount in
the western tropicsl Indian Oceen (0°26'N,
56°01'E) can be regerded as one of the most
striking exemples of this kind (Perin & Prutko,
1985).

As with the majorily of other Myctophidee this
species shows diel vertical migration (Go, 1980).
During these migrations, 63 confirmed by
echogroms, the Equator population rises to a
50-100m distance sbove the seamount at night

and descends nearly to the slope over dawn (Fig.
1). Despite passing through strong (to 2.5 knots)
and contrarily-directed currents during vertical
migration, these fishes apparently always remain
aggregaled over the seamount, none having being
caught at a distance of 2-3 miles from it.

| consider this as unequivocal evidence of the
existence of navigatory orientation behaviour, the
mechanism of which remains o be understood; it
is evident, however, that the visual reception of
the botlom is excluded. Therefore it is speculated
that schools of 2.swvborbilalis are sble to
determine rather exsclly their position in
midwater relative to the gite of their daytime
residence and cen actively counteract
transportation out of the normal species habitat.
Other bentho-pelagic macroplankionic species
that undergo diel vertical migrations seem to stay
over the slope and near submarine rises in a
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Fig. 1 A scheme showing diel vertlical migrations
of the myctophid fish, D/gphus suborbilalis
over the Equator Seemount in the western indicn

Ocean.



similer way. Study of the imitation model
elaborated by Rudyekov & Tseitlin (1985) of an
independent fish population dwelling above a
seamount has shown that such a population is able
to be maintained end reproduce even when esarly
developmental steges are dispersed by turbulent
diffusion. In this case large numbers of lervee
should be found downstream of the mount. This is
not the case for the Equator larval populstion of
D.suvborbitslrs. Development of these meso-
planktonic ontogenetic stages appesrs to proceed
directly over the slope and rises but how they are
contained within the nearshore environment
remains unclear. However, local gyres (hori-
2ontel and/or vertical) of sny spatial scale may
exist - ones not stationary, but ones possessing 8
temporary stability commensurele with the
duration of development time from egg stage to the
actively orientaled juvenile stage.

CONCLUSION

Therefore, one can conclude that two principisl
differences exist between closely-relsted,
ecvlogically and behaviourly similar pseudocesnic
bentho-pelagic and oceanic pelegic mecro-
plankionic fishes. The first difference consists of
an absence of considerable dispersion of meso-
plankionic developmental siages for pseud-
ocesenic forms: the previously suggested hypo-
thesis which tries to explain this difference by
repid development of early stages in local gyres is
not based on relieble facts but some parallels can
be drawn with the situation in upwelling systems
(Peterson et al., 1979). As far as the second
difference is concerned (the absence of ex-
patriation of aduits of bentho-pelagic species into
the open ses), my explanation of this phenomenon
by the active selfholding in the habitat appears to
be more well-founded.

Moreover, this explenation allows the
conjecture that some ocesnic pelagic species as
well, are not always object to simple passive drift
in water circutetions, but rather can ectively
maintain their position within a certain pert of
the habitat. | realize that this conclusion contra-
dicting my earlier views {s paradoxical, but it is
nonetheless quite epplicable, if only to
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macroplenkton (sirictly, only to micronekton),
snd not to mesoplankton.

Finally, | wish lo draw attention to the grest
similarily between the geogrephic ranges of
bentho-pelagic macroplanktonic fishes dwelling
above the slopes and rises and those of nektonic
fishes inhabiting the same habitets. On tiie whole,
the general types of distribution patierns typical
for such fishes as mentioned above have nothing to
do with the types of patterns typical for open-
ocesn species. However, the pattern for both
groups of benthopslegic fishes fit quite well the
division of the world ocean patterned according to
the distribution of the shelf and neritic fauna.
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TROPHIC FATCTORS AFFECTING THE DISTRIBUTION OF
SIPHONOPHORES IN THE NORTH ATLANTIC OCEAN

P.R.PUGH
Institute of Oceanographic Sciences, U.K.

INTRODUCTION

In spite of the general lack of consideration given
to siphonophores and the significant role that they
play in merine ecosystems, there is a ressonable
amount of information on their geogrephical
distribution in the World's oceens, particulsrly
for the North Atlentic. Much of the sorlier deta
has been summerized by Mergqulis (e.g.1972),
who drew up distributional maps of 'total renges’,
ond broedly divided the species into boreal,
tropical and equatorial forms. The patterns of
distribution were considered to be consistent with
those esteblished for other planktonic/nektonic
orgenisms and were related to the basic division of
the oceens into verious weater masses. However,
thesse ‘total renge’ meps give no information on
reglonal differences in the relative abundence of
an individual species, nor do they teke into
account vertical distribution patterns (see Pugh,
1977). The latter situation pertially wes
rectified by Mergulis (1984), but egain the
conclusion were based on first and lest ceplure
principles.

Fesham & Angel (1975), using dets on
ostracods, demonstrated that it was necessary to
consider all aspects of the regional, vertical and
numerical distribution of the verious species in
order to establish feuns! zones. They found thet
such 2ones, several of which could be present in
any water column, were typified by the presence
of certain species that had cheracteristic relative
numarical sbundances, and that it was rere for en
individual species to be wholly confined to one
2ors. Muny of thesa 2ones could be asaociated with
tydrographicel features, but for others the
correspondence was not 0 apparent. A similer
conclusion wes reached by Pugh (1977) for
siphonophores, and Fashem & Foxton ( 1979) for
decepods. The general conclusion from all such
studies, 83 succinctly summerized by Heedrich &

Judkins (1979), was that the faunal change was
not always abrupt, even in the region of major
physical boundar ies (see Domanski, this volume),
and that there i3 not necesserily an absolute
response by an individual species to a change in
water mass. Other more sublle reasons may be
affecting the distribution of pelagic orgenisms.
This possibility is exsmined in relation to the
distribution of siphonophores in the N.E. Atlantic,
using data from ten stetions located between the
equator and 60°N.

DISTRIBUTION PATTERNS

Certain underlying trends appear from these data,
for example:-

1. Species diversity is highest in the warmer,
more southerly waters around 18%N (Fig. 1) and
declines both towerds the equator, snd more
markedly towards the north. This is a general
feature for mamy groups of pelagic organisms.

2. Neither the numerical abundence nor the
biomass (displacement volume) of siphonophores
follows the same trend. The data for the 21 most
abundent calycophoren species (nectophores
only), show two peeks of numerical sbundance,
one between 11°N end 18°N, and the other
between 40* end 50°N (Fig.1). However, biomass
tends to incresse with incressing latitude and,
overall, gelatinous orgenisms are very important
contributors to the tolal biomass of pelegic
organisms at higher latitudes.

3. The great reduction in the number of species
towards the north is largely accounted for by the
disappeorance of neer -surface living forms. These
species, which can occur in lerge numbers in
warm surfece waters, mainly belong to the
calycophoran families Diphyidee end Abylidee, end
Diphyes bojanr is teken 83 en example (Fig.
2A). In contrest, the increase in siphonophore
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Fig. 1 The geographical distribution in the N.E.
Allentic Ocean (see Fig. 3 for exact positions) of
the total number of siphonophore species (0—0)
and the number of specimens m~2 (21 commonest
calycophoren species) (0--0) present in the net
samples collected in the top 1000m of the water
column.

numbers between 40* and SO*N is ceused by large
numbers of a few deep-living species (eg
Rosacea spp.)(Fig. 2 B,C) that mainly belong to
{he calycophoran families Prayidee, Hippopodiidee
and Clausophyidee. These deep-living species,
although commoner &t higher latitudes, generally
have widespresd distributions.

The chenge-over belween the geographical
distribution and numerical ebundence of the
major calycophoren families of siphonophores can
be related directly to the regional differences in
biomass. The near-surface living abylids and
diphyids are mainly small, active predators; the
deeper living families are generally larger and
slow moving. Although these major differences in
the faunal assemblage of siphonophores in warmer
and colder waters cen be essocialed vsith verious
water masses (Pugh, 1977) , there may be other
fectors that play more important roles. One such
factor could be the dietery preferences of the
individual siphonophore species.

Siphonophores ere cernivorous enimals, mainly

feeding on crustaceans especially copepods, and
undoubtedly they play an importent role in the
pelagic ecosystem. Recent studies by Purcell (e.g.
1980; 1981) have shown thet siphonophores are
selective feeders and the preferred diel of en
individua! species can, in general, be relaled to
certain morphological and behavioural character -
istics. Morphologicslly, there sppesrs {o be a
direct relation belween the size of the feeding
polyps (gestrozooids) and the size of the prey
ceplured. Behaviourally, although probably as a
consequence of the morphology, those species with
smaller gestrozooids tend to be more active and
rapid swimmers®. There are also differences in
feeding strategy (Biggs, 1977). Active swimmers
frequenily slternaled between periods of
swimming and ‘fishing’, and set, often complex,
tentacular nels 1o ensnare their prey. Weaker
swimmers tend to spend longer periods ‘fishing',
with their tentacles simply hanging down from the
stem. These behavioural differences may be
related o the fact that the swimming speed and
aclivily of crustacean zooplankion generally
increases with size (Mauchline, 1972). Thus, the
larger siphonophores simply have adopted a 'sit in
wail’ stralegy since the chances of encounteringa
suitable, large prey item are increased by the
latter's greater actlivily. Similarly, the lesser
abundance of such prey can be offset against the
energy savings resulting from the siphonophore’s
lack of swimming activity.

The question thus erises as lo whether these
differences in dietary preference and behaviour,
for the 1{wo sharply distinct siphonophore
assemblages in the warmer and colder waters of
the N.E. Atlanlic, can be correlated with
geographical and vertical differences in the
distribution of their preferred prey? Although,
unfortunately, a fully comparable dala set for
polential prey items e.g. copepods and ostracods,
is not yel availabls, there appears {o be some
general evidenc: lo supporl this supposition.
Within a singlz water column there is a general
trend for the mean body size both of an individual
species (Bergmann's rule-see Matchline, 1972)

%the discussion here is limited to the calycophoran
species, as Lthese are the only ones sampled
quantitatively by nels - see Pugh (1984).
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Fig. 2 A The vertical distribution of 2/phyes bajam by day and night (left and right of ordinete,
respectively). Number of anterior nectophores/109m3, at various localities ( see headers) in the warmer
waters of the N.E. Atlantic Ocean. No specimens of 2. bDjﬁ/)l were found north of 40*N. B - C The vertics!
distribution of Rosacea spp. at varfous localities in the N.E. Atlantic Ocean. Number of
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the headers for each histogram refer to RRS 'Discovery' Station numbers except for Sta.7000 which is an

emalgem of ‘Discovery’ Sts 6662 and 7824.

and of a taxonomic group, particularly crusta-
ceans, lo very inversely with temperslure, at
least within the top 700-1000m of thal water
column. Thus, Roe (1972) found, for copepods in
the top 1000m of the waler column around the
Canary Islands, thal 578 of the tolal displacement

volume occurred within the S00-600m depth
range, while ca. 308 of the total numbers were
present at the shallowest depths (40 and 50m)
sampled. The vertical distribution patterns of
siphonophores (Pugh, 1974), end their projected
dietary preferences, fit in well with this general
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scheme of increasing prey size with depth. The
preponderance of small items, e.g. copepods and
ostracods (see Angel, 1979) in near-surface
warm waters can be linked with the presence
there of small actively swimming siphonophores,
many of which undergo diel vertical migrations
(Pugh, 1977). At deeper depths the larger mean
body size, but lesser abundence, of the prey would
suil the presence of larger, less eaclive
siphorophore species, and these do predominate
there.

In order to explain the dissppearance of small,
shallow-living siphonophore species al more
northerly lstitudes on the same basis it would be
necessary 1o find a concomitant decrease in small
prey ilems. Certainly, as with depth, there is a
trend for an incresse in the mean body size of a
population in the colder, northerly waters (e.q.
Orice & Hulsemann, 1965), bul in the superficial
layers of such waters the situation is complicated
by the moderately large sessonal changes in
temperature. Thus Deevey ( 1960) found that, for
certain copepod species, nol only was there an
inverse relalion between body size and water
{emperature, bul also & direct correlation
between mean size and the quantity of phyto-
plankton material available. This might be related
to the large seasonal fluctuations in primary
productivity, but it is probable that a more
important factor is the seasonal change in the size
distribution and specific composilion of the
phyloplankion population itself (Holligan &
Herbour, 1977). The body size of the herbivore
thus being direclly relaled to the mean size of the
available phyloplankion cells. If this relation also
holds belween the siphonophores and their
polential prey, then one might expecl seasonal
fluctuations in the specific siphonophore
populalion, end ils numerical abundance, but
unfortunately insufficient dela are available in
this context. However, the northward spreading of
certain shallow-living siphonophore species
during the summer months (unpubl. data) would
be consistent with this.

Other data also indicate a merked geographical
change in the size distribution and ebundance of
potenlial prey. For inslence, the osiracod
population in the top 300m of the water column at
30°N 23°W ond at 44°N 13*W (Angel 1977;

1979) were markedly different, with large
numbers of small species being present at the
former position, whereas overall numbers were
very low at the lalter. Below 300m depth, the
population numbers al both stetions were very
similar. These facls con be related to the
distribulion of hippopodiid siphonophores, for
Purcell (1981) found that the near-surfece
Hiving species, Hippopodius hippapus, fed
almost exclusively on ostracods. Thus, il was not
surprising to find that 4 A/opopus was common
at 30°N, but was totally absent at the 44*N site. If
one can extrapolate these dietary requirements to
the closely related species, of the genus Vogi/s,
then the deeper depth distribution of these meens
that they could exploite the larger-sized ostracod
population present at all latitudes.

However, with regard to the potentislly more
important prey, copepods, Roe (1984) found
that, at 44°N 13*'W, small C/ausocalenys spp.
predominated al four depths, between 100 and
600m, whereas in the Canary Islend region these
species were concentrated at the shallowest depths
and were less abundant (Roe, 1972). Never-
theless, the tolal number of copepods wes far
grealer al 44'N than furlher south, the
enhancement in numbers being particularly
marked al the deeper depths sampled, and this
could be associated with the increased number of
deeper-1living siphonophores found at more
noirtherly latitudes.

CONCLUSION

Thus, despite the necessarily superficial nature of
the comparisons, it is concluded that the size
distribution and abundance of the potential prey
population al any one locality and depth plays en
important role in delermining the struclure of the
specific siphonophore assemblage associated with
il. As Headrich & Judkins ( 1979) conciuded, it is
relatively easy to establish correlations between
variations in the hydrological conditions and the
distributions, both vertically and horizontslly, of
certain species, bul other underlying factors,
such &s trophic relations, may be playing @ more
immediate parl in controlling these distributions.
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Z0OGEOGRAPHY OF THE INDIAN OCEAN ZOOPLANKTON :
CONCEPTS AND CONSTRAINTS

T.5.5.RA0 & M.MADHUPRATAP
National Institute of Oceanography, Goa, India

INTRODUCTION

The Indian Ocean is cut off in the north by the
Asiatic land mass. This coupled with the monsoonal
reversal of surfece gyres (see Nair, this volume)
results in the distribution of physical and
chemical properties typifying the northern Indien
Oceon. Known zooplankton distribution patterns
end possible 2oogeogrephic  zonation  were
reviewed by Reo ( 1979) and in the atlas of Yan
der Spoel & Heymen (1983). In the present
contribution knowledge of pattern in the
distribution of indian Ocean zooplankton is briefly
reviewed on a within and between ocean basis.

WITHIN OCEAN PATTERNS

There exists little evidence of biogeographic
difference between the Bay of Bengal and the
Arabian sea. This is despite the fact of known
differences in physical end chemical paremeters
(Sengupta & Neqvi, 1984; Wyrtki, 1973) end in
the strength of the SW monsoon, which is stronger
in the Arabian Sea, (see Nair, this volume).
Despite delimitation of the eastern/western
distributional limits of the copepods /a4 /dvcers
pecting end [.rotunds (Fleminger et al.,
1982) in the Andemen Ses end the apperent
absence of the cephalopod Onychia carribesin
the Arabisn Sea (Yen der Spoel & Heymen,
1983), present knowledge indicates that the epi-
pelagic region of the entire northern Indian Ocean
is a single biogeographic unit.

Despite evidence thet the hydrochemical front at
10*S (Wyrtki, 1973) acts as a barrier in the
case of certain pteropod (Sakthivel, 1973) eand
euphausiid species (Brinton & Gopalekhrishnan,
1973), this is not the case for oceanic
cheetognath or ostracod species (Nair &
Madhupratep, 1984), which show southern

distributional limits between 28°S and 42°S.
There appears to be a decrease in abundance south
of 10°*S for species that occur on either side of the
supposed boundery, presumably related to the
demarcation by the front of nutrient-enrichened
waters of the monsoonal gyre from nutrient -
depleted waters of the subtropical gyre
(Yinegradov & Yoronina, 1961; Timonin, 1971;
Lawson, 1977).

BET''EEN OCEAN PATTERNS

Differences in species composition between oceans
(1ropical and subtropical) may depend in part on
depth of occurrence. Thus for calanoid copepods
there appears to be much higher overlap between
the Atlantic and Indian Ocesns for deep-living
species (92% overlap between North Atlantic and
Arabian Sea, Orice & Hulsemann, 1967) than for
surface- living oceanic forms ( 60% overlap
between Atlantic and Indien, 91 % overlap between
Indian and Pacific). Similar pallerns are seen in
epiplanktonic chaetognathe: (Nair & Madhupratap,
1984). The differences may be related to the
greater effectiveness of the barrier (Africa)
between the Atlantic and Indian than that of the
barrier (Australasian seaway) between the Indian
and Pacific Cceans.

Although biomess equitability emong catanoid
copepod species is higher in the open ocean than in
estuarine or neritic situations (Madhupratsp,
1983), studies on epipelagic calanoid copepods
(Madhupratap & Haridas, in the press) show the
dominance of relatively few species in the open
ocean. Dominance is somelimes considered an
index of ability to disperse effectively (Briggs,
1974). 0f the 22 dominant (those consistently
>1% of the lolal copepod frection) epipelegic
copepod species occurring in the northern Indian
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Ocesn, 13 have circumglobal distributions and all
the rest are Indo-Pecific.

CONCLUSIONS

It i3 obvious from these studies that knowledge of
distribution patterns is limited to species within
a quite restricted sort of groups, among them
Copepoda,  Cheetognethe,  Pteropoda  end
Euphausiacea. Even within these groups knowledge
for most species is typically skelchy, with few
studies approaching the completeness of that on
Pontellrnaby Fleminger & Hulsemann ( 1974).
Much more basic, synoplic systematic work is
prerequisite to discussion of current and past
distribution patterns of zooplankton of the Indian
Oceean.
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VICARIANCE ICHTHYOGEOGRAPHY OF THE ATLANTIC
OCEAN PELAGIAL

THEODOR S. RASS
P. P. Shirsov Institute of Oceanology, Moscow, U.5.5.R.

INTRODUCTION

The history of the formation of the Allantic Ocean
makes it possible to reconstruct the origin of
different vicarious forms of pelegic ichthyofeuna.
There have been several stages in the formation of
the Atlentic Ocean which determined composition,
taxonomic  interrelations and geographical
distribution of the ichthyofauna of this water
body. The seperation of the American and African
continents initiated this formation process. An
equally important phenomenon was the presence
for a long period, including the Cretaceous, of the
Tethys Sea. Settlement in the Atlentic Ocean of
{ropical and wer m - temperate groups of epipelagic
fish of Indo-West Pacific origin was possible via
the Tethys, though extinction of these elements
followed in the Tertiary (Berg, 1955; Briggs,
1974). The development of the ichthyofauna was
strongly influenced by the emergence of the
Central American Isthmus separating the Atlsntic
from the Pacific waters and establishing the
present North end Equatorial Atlantic circulations
(Herman, 1979). A more recent event was the
glacial age with allernating cooler and wermer
periods, terminating in & recent warming up of
North Atlantic Arclic waters. Two other vicarient
events are of significance:

1. the emergence of the Peninsula of Floride
(Miocene) seperating the previously continuous
"Carolinfen” fauna,

2. the drying-up (3-4 million years ago) and
subsequent refilling of the Mediterranean leading
to a relatively recent, impoverished and partly
endemic Mediterrenean fauns.

The epipeleyic fish fauna of the Atlentic Ucean
proper is likely to have been formed during the
later half of the Tertiary, mainly in Oligocene and
Miocene times. Unlike the West Pacific ichthyo-
fauna it contains no Paleocene or Upper Crets-
ceous relicts. The ichthyofeunss of the tropical-

equatorial regions on both sides of the oceens are
somewhat different (Rass, 1980).

greater diversity of climstic zones as compared to
other oceans (Schott, 1942), end it was formed
later than that of the Pecific end Indian Oceens.
Especially the epipelegic ichthyofauna, which
strongly reflects the pattern of climate belts, is
different from that of other basins (Fig. 1).

YICARIANCE

The ichthyofauna of the Atlantic Oceen contains
both purely coldwater cryopelegic genera ond
species in the Arctic and Anterctic, end purely
equatorial-tropical genera and species isolated by
the ichthyofauna of temperate welers. However,
the genera and species which occupy similar
ecological niches in the different regions of the
Ocean cen be considered to replace one another,
representing vicarious groups differing texon-
omically.

Vicariance, when used in connection with the
geological past, e.q. in relation with the Panama
Isthmus, is the phylogenetic concept (sensu
Nelson & Platnick, 1981, bul here it is used in
the original meaning (sensu Mayr, 1963) end
teken to mesn en ecological and topologicel
replacement. Zoogeographic studies would be more
cleer if terms and concepls be used in their
original meenings. The bounderies of (ecolog-
ically) vicarfous, not necessarily taxonomically
related, forms from edjecent climetic regions
generally overlap and competitlive relations are
observed with alternating predominance of one or
another vicerious species depending on climatic
gradients and other factors such as, for instents,
selective fishing.

The recognition of (ecologically) vicerious
species in the pelagial is, therefore, of consider-
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able interest from a theoretical as well as @
commercisl point of view (Rass & Carré, 1980).

Topologically distinguishable ere the epipelagic
and the mesopelagic, the nerito-pelegic and the
oceanic-pelagic ichthyofeunss esch containing
both planktophagous and ichthyophagous species
(Perin, 1968). The basis of ecological vicariance
is the similarity of ecological niches mainly
determined by food habits. The delimitation of the
ranges of vicarious species is due to differences in
temperatures st which reproduction is still
possible. Temperature limits the reproductive
range more than the overall range, since fish are
usually more stenobiontic during reproduction
then during other periods of their life.
Distribution related to environmental tempser-
alures usually parallel lstitudinal climatic
regions. Typical spawning temperstures vary
between -2 and +5-6*C for coldwater Arctic and
Antarctic species, mainly batween +3 and 9~ 11*C
for cold-t{emperate northern boreal and southern
nolal (cold-temperate waters of the southern
hemisphere, SN in Fig. 1) species, between 8-10
and 15-20°C for tropical and between 21 and
29°C for equatoriel species (Ress, 1977).

YICARIANCE IN OCEANIC TAXA

Meridional vicer-ience, always of the ecological
type, can be observed in both oceanic pelagic and
nerilic pelegic species, while smphi-Atlantic
vicariance, which may also be of & phylogenetic
nature, is traceable only in neritic pelagic species
seperaled by open oceen walers. Epipelagic
planklophagous fishes ere particulsrly oceanic
and frequently show meridional vicariance. For
example, the polar cod ( Borsogsdus seids), the
Arctoboreal cepelin ( Ma/lotus villosus), the
northern boreal Atlantic herring ( Clupea
harengus harengus), together with the meso-
pelagic plankiophagous redfish ( Sebastes
marinus), \he saury ( Scomberésox saurus),
and together with the predominantly mesopelagic
blue whiting ( Micromesistivs poutassou)

form a series of ecological vicariants from north
{o south. Continuing in a southward direction, the
flying fishes ( Lxocoetus spp., Cypselurus
spp.) end the Anterctic sidestripe (AP/euro-
grammé 8ntarcticum) meke the series
complete. The last species is ecologically similar
to the polar cod, but its distribution range has not
yet been studied exhaustively.

The ranges of some of these planktophagous
species are closely related to the ranges of
particuler pelagic ichthyophagous species.
Exemples are provided by the distribution range
of the saithe ( Po//achius virens ) correspond-
ing to thet of the herring, by the distribution
aress of mass species of tunas ( 7Ahunnus spp.)
and dolphinfishes ( Corypheens ) corresponding
to those of flying fishes (Exocoetides) in the
tropical.

YICARIANCE IN NERITIC TAXA

The borders of vicarious oceanic pelagic species
sre sometimes similar to patlerns of neritic
pelegic planktophagous species in the temperate
waters of the western and eastern coasts of the
Atlentic boreal and notal zones and to patterns of
the smphi-Atlantic vicerious genera such as
bitemperate( entitrupical) anchavies ( £ngrevlis
spp.) and horse meckerels ( 7rachurus spp.)
Bitemperate genera are represented in waters
of the southern part of the boreal zone by the
North Americen end Europesn anchovies (£,
eurystole, end £.encrasicolus) end horse
meckerels ( 7./athami, 7. (rachurys) which
are replaced in the corresponding waters of the
nolal zone by South American and South African
species (£ anchorts, E.capensis end 7.
lathem/i australis, 7.capensis). These species
ere meridional ecological vicerients and
amphi-Atlantic ecological as well as phylogenetic
vicoriants. An excellent exsmple of the
amphi-Atlantic  phylogenetic vicarience is
provided by enadromous sheds (A/ose spp.)
occurring in the southern part of the boreal

Fig. 1 Climatic-biogeographical regions in the World Ocean and range of their mean monthly temperatures.
A - Arctic, NB - northern Boreal, SB - southern Boreal, T - tropicat walers, E - equatorial region, NN -

northern Notal, SN - southern Notal, ANT - Antarctic.
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walers off western Europe from the Baltic Sea {0
northern Africa snd in the basin of the Medi-
terranesn Sea (five species) as well &3 off North
America from the Gulf of Si.Lawrence o Floride
(six species.).

in the western cosstal weters of the Atlantic
Ocean the species Brevoorlia (yrannus,
B.patronus, B.smithi, B.aures ond 8.
pectinalsof menhaden are meridional ecological
vicariaents. In the esstern cosstal waters of the
Atlantic Oceen meridional ecologically vicarious
distributions are distinctly shown by several
clupeoids: sprat ( Sprattus spratius ) in the
turopean boreal walers proper, pilcherd
( Sardains prichardus ) in the southern boreal
zone, sardinella ( Sardinells aurits ) in the
{ropical-equatorial walers and South Africen
pilchard ( Sardinops ocellsle ) in the northern
notal waters.

Of special interest are phylogenetic vicarious
interrelations between the pelagic ichthyofauna of
the Atlentic Ocean ond the Pecific Ocesn
ichthyofauna (Ekman, 1953; Rosenbiatt, 1967)
In origin these species result from geographic
isolation, bu' 83 we are desling here with a
geological phenomenon affecting 8 whole feuna and
different texonomic groups, it should be
considered & vicarience event. Examples of
amphi-American vicerious relations are found in
clupeoids ( Opisthoneme oglinum, end
0 libertate, Hsarenguls spp. and A
thrissine), enchovetes ( Celengraulis eden-
tvlus and C.mysticetus ) snd carangids
( Chloroscombrus chrysurus and C
orquets, Decsplervs mecarellus and
D.scombrinus )

CONCLUSIONS

The arctoboreal cepelin is represented in the
Allentic end Pecific Oceans by different
subspecies, probebly seperated by glacistion in
Pleistocene time. The northern borea! Atlentic
herring was represented in the Eacene by related
species in Europe and must have generated the
related White Ses - Pacific herring( C pa//asr)
in the Miocene.

The bitemperate subspecies and species of

sauries, snchovies and horse mackerels must have
formed during the Oligocene cooling, diverging
northward and southward of the equator during the
subsaquent warming-up of the Equetorial waters
(Berg, 1933; Hubbs, 1952). For this
phenomenon it is therefore not evident which kind
of vicerience is concerned. The Wesl Atlantic
menhaden species and East Atlantic species of
pilcherd and sprat are also likely to have become
separated in Oligocene and earty Miocene time. The
anadromous shads must have moved from east to
west somewhat laler, probably in eerly
Pleistocene time. Not long before the uplift of the
Central American Isthmus, probably in Pliocene
time, the tropical amphi-American group of
Jprsthonema, Harenguls end Cetengraulis
come into being and supplemented the group of
epipelagic species of Decsplerus snd, passibly,
Chlaroscombrus, which had come with Tethys
waters. And, finally, the most rerent settlers in
the Atlentic Oceen waters, probab.v as recent as
Holocene, are a group of several genera of
Indo-West Pacific genesis - Exocostidee,
sardinells end Sardinops.
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EPIPELAGIC MEROPLANKTON OF TROPICAL SEAS: ITS
ROLE FOR THE BIOGEOGRAPHY OF SUBLITTORAL
INVERTEBRATE SPECIES

RUDOLF S. SCHELTEMA
Woaods Hole Oceenographic Institution, U.5.A.

INTRODUCTION

Epipelajic meroplankters are the lorvee of
benthic invertebrates that have been carried
offshore from the continental shelf or the coast of
oceenic islands either by eddy diffusion or
advective processes. Among the latter may be
included such phenomena &s ‘“rings”, oS
encountered in the Gulf Stream system of the
western North Atlentic (Flier! & Wroblewski,
1985) and quasigeostrophic mesoscale eddies seen
off the Hawaiisn Islands (Lobel & Robinson,
1983; In the press) that affect dispersal both
toward and away from coastlines. The existence of
invertebrate larvee of benthic species far out in
the open oceen has been known sincr. the Piankton
Expedition, the results of which ware reported i
a series of volumes published ncar the end of the
last century (polycheetts ond sipunculans:
Hacker, 1898; gastropod and bivalve molluscs:
Simroth, 1895; echinoderms: Mortensen, 1898).
The possible significance of these eerly
observations apperently wes not considered by
biologists at that time, and it was not unti) the lest
two decades that systematic investigation of the
epipelagic  meroplenkton was  undertsken
(Milelkovsky, 1966; Robertson, 1964;
Scheitema, 1964; 1966; 1968; 1971a; b).
These studies were largely restricted to the North
and South Atlantic Oceens, from which a variety of
invertebrate lerval types heve been described.
Most larvee studied from epipelagic waters retain
their competence to ssttle (Scheltema, in the
press), and it s inferred from such observations
that teleplonic larvee con delay settlement over
long periods of time until they encounter en
adequate cue for settlement.

Teleplenic lervae often show special adeptstions
for a long planktonic life. Among gestropods many
species have long periostracal spines end very

light, sometimes completely uncalcified, shells
(Pechenik et al., 1984; Richter, 1984).
Cymatiidee have perticulerly long velar lobes
used for swimming es well as feeding (Fig. 1), end
there 1s some indirect evidence in older veliger
larvee for metabolic chenges related to their long
plenktonic existence. Other invertebrate groups
with teleplenic lervee also show some morph-
ological modifications seemingly related to a long
larval life.

In this account | propose 10 summarize the
present knowledge about the occurrence of
mercoplankton throughout the tropical weters of
the world end to discuss briefly the possible
overall significence of long-distance dispersal.
Only the larvee of prosobrench gastropod molluscs
will be considered here as an example, since they
constitute one of the most frequently occurring
taxa with teleplanic lervae (Scheltema, in the
press, Table ).

fETHODS

Data on the occurrence of teleplanic
gestropod-veliger larvee were collected in the
tropical Atlantic Ocean over the psst twenty years
mostly on ships of the Woods Hole Oceenogroephic
Institution, incuding R/Y ATLANTIS II, R/Y
CHAIN, R/Y KNORR and R/Y CRAWFORD and
include 412 locations. The Pacific Ocean samples
were obtained by expediiions of the Scripps
Institution of Oceenogrephy over the past 26
yeers and wera augmented by a cruise of the R/Y
ATLANTIS 11 in 1979 between Wellington, New
Zealand end Honololu, Hawaii. A tolal of 337
locations ere represented. Ssmples from the
tropical Indien Ocean are from the Lusiad
Expedition | end |l teken during 1962 by the R/Y
ARQGO of the Scripps Institution of Oceanogrephy
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Fig. 1 Teleplanic veliger larva of 8 cymatiid, referred to Cymatium /labiosum (Wood 1928) from the
Gulf Stream in the western North Atlentic Ocesn. The larval shell may exceed Smm in length and is derk
amber. There is an elgborate pattern of short, soft, periostracal spines givinga hirsute appeerance (see,
Scheltema 1971b, Fig. 32 - 21). Cymalium labiosum is known in the western Atlantic from North
Carolina lo Brazil, the Caribbean, Bermuda and throughout the Indo-Pecific including Hawaii.

and included 48 stations. The samples were taken
by oblique tows from the surface to depths of ca
150 to 200m end were made with nets of either
3/4 or one meter diemeter with a mesh of 240 to
360um (usually the former).

RESULTS

The distribution of veliger lervee of gestropods
are figured on meps of the tropical Atlantic,
Pacific end Indien Ocesns (Figs 2, 3 end 4).
Specifically designated are thase locations where
larvee belonging to the gastropod families
Architectonicidee and Cymatiidee were found. In
the initial surting 18 families of gastropods were
readily recognized end the rank order of their
occurrence in the Pecific is summerized in Teble

I. This order of abundance is largely the ssme as
that in the Atlenlic and Indian Oceens, though
samples from particular expeditions sometimes
showed reversals of the most abundently
encountered families. At least 70% of all open
ocean samples tsken in tropical waters contain
teleplanic gastropod larvee with the exception of
the tropicel region between 120* end 160°W in
the East Pacific.

DISCUSSION

The question erises as 1o the significance of all
these lorvee so widely distributed in the
epipelagic walers over such lerge regions of the
world's tropical ocesns. What role do these larvee
play in the geographic range of the species? This
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Fig. 2 Distribution of teleplanic gestroped veliger larvee in the epipelagic of the tropical Atlantic Oceen.
Data are from 412 plankion tows. Large circles and triangles indicate localities where veligers were found.
The small circles are positions where plankton tows were teken but no gasiropod larvee appeered in the
sample. Lerge, filled circles= Architectonicidee; large, open circles= Cymeatiidee; divided circle
(half-filled and half-open)= stations where both architectonicid and cymatiid veligers were found.
Triengles show points where veligers of other coastal benthic gestropod species were found. Arrows indicate
major surface circulation. (Distributional date modified from Scheltema, 1978; 1979 wiih some
additional dete added.)
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Fig. 4 Distribution of teleplanic gastropod veliger larvee in the epipelagic of the tropical [ndien Ocesn. Date
from 48 plankton tows. All stations included gestropod veliger lervee. Surface current for the month of
August shown by arrows were delermined during the period when plankton was collected. (Currents

generalized from Taft & Knauss, 1967: Fig. 5). Symbols as in figure 2.

question does not have 8 simple enswer; il is
necessary to understend not only how species are
dispersed but also what constraints there are for
dispersal, namely the ecological and biogeographic
berriers that determine where species may
survive and reproduce.

No matter where a teleplanic larva is cerried by
ocesn currents, there are ecologic conditions, viz.
physicel and biological attributes of the
environment, that will limit spatial distribution
of & species both within and also at the limits of
its geogrephic renge. Bheud ( 1984) claims that
the results of larval dispersal coennot be
distinguished from such ecologic constraints.
Notwithstandirg this view, an analysis of the
woarm-temperale prosobranch faune of the

southeastern coast of the United States (Beaufort,
North Carolina) shows that species with
non-planktonic development are with few
exceptions constrained largely to a limited length
of the continental coastline and are all restricted
in geographic range o the western Atlentic.
Excepted are three species presumed to have been
introduced to the eastern Atlantic on oysters. In
contrast, those species from tlhe same region
known to have teleplanic veliger larvee ore all
shown {o have wide latiludinal renges in the
western Atlentic (some over 60°) and 81% are
amphi-Atlentic in their geographic distribution.
These data are set forth in more detail elsewhere.
Any consideration of the conlemporary
distribution of species must also account for the

Fig. 3 Distribution of teleplanic gastropod veliger larvee in the epipelagic of the tropical Pacific Ocesn.
Data from 337 plonkton tows. Arrows show surfece circulation generalized from pilot chorts.
Distributional data for the central Pacific in pert from Scheltema (in the press, 1986) with the addition
of 127 previously unrepor ted locations. Symbols as in figure 2.
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Table | Larvee of subliitoral Gastropoda
common in the epipelagic waters of the
tropical Pecific Ocesn (Based on 337
stations)

TAXON No. Percent
Stations Occurrence
A1l Bastropoda 240 71.2
Architectonicidee 124 36.8
Naticidoe 83 24.6
Cymatiidee 82 24.3
Reritidee 52 15.4
Cypraeidoe 37 11.0
Thaididee 29 8.6
Triphoridee 27 8.0
Coralliophilidee 22 6.5
Bursidae 20 5.9
Tonnidoe 18 9.3
Strombidee 16 4.7
®0ther 176 52.2

% Includes Cassidae, Columbellidas, Cerithiidas,
Turridae, Ovulidae, Conidae and Muricidae each
at less than 3R of stations Data from the
central Pacific (Scheltema, in the press, Table
2) to which has been added 127 additional
samplas from the eastern and far western
Pacific.

dimension of time. Evenls that affect species
distribution may be in the order of decades,
centuries, thousends of years, or over geologic
periods of time. Examples are:
a) climatic chenge which affects the latitudinal
range of species (e.g., Bousfield & Thomas, 1975
describe chenges in the Yirginia fauna since the
Early Hypsithermal, ca. nine thousand yeers ego);
b) transgression and regression of sea level ( Yail
et al., 1977) which alter the amount of available
habitat along coestlines and the number of
"stepping stones” available for dispersal;
c) the opening and closing of seaways or corridors
which can restrict or facilitate the possibility for
dispersal (cf. Hallam, 1973);
d) seefloor spreading which cver geologic time
affects the size of ocean basins that ect as barriers
to the dispersal of coastsl species.

The closing of seaways and corridors markedly
affected the possibility of larval dispersal during

the Tertiary. The Tethys Sea and the psassage
between North and Soulh America provided a
continous circumtropical route by which larvee
could have been transported westward between the
tropical Indo-Pacific end Atlentic Ocean (Fig. S).
Likewise, the corridor belween North end South
America allowerd a connection between the tropical
marine faunas of the western Atlantic and eastern
Pacific. The Tethys See closed at its eestern end at
the beginning of the Oligocene (ca. 36 million
yesrs ogo) thereby separating the {ropical
Indo-Pecific and Atlantic faunas, but there still
remains a large number of families and genera of
molluscs in common between the two regions,
reminiscent of a former seaway connection. The
corridor between North and South America closed
in the Early Pliocene (ca. 3 million yeers ago)
preventing the possibility of any larval exchange
between these two regions, but the period is short
enough so there still exist some species of
molluscs held in common between the western
Atlantic and eastern Pscific.

The mode of development of Terliary fossil
prosobranch gastropods can be inferred from the

Fig. 6 The disposilion of continents and the
inferred surfece circulation of the World Oceens
during the Cretaceous/Paleocene (65my 8go).
Arrows show surface circulation. Na= North
America, Ea= Eurasia, Sa= South America, Af=
Africa, In= Indis, At= Antarctica, As= Australia.
(After: T. H. Yan Andel, Fig. 12, 1976: 18; data
from: Dielz &  Holden, 1973, continental
position; Berggren & Hollister, 1974; Luyendyk
et al., 1972, circulation pattern).
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protoconch or larval shell at the apex of
well-preserved and identifiable juvenile or adult
specimens (Jablonski & Lutz, 1983; Scheltema,
1979; 1981; Shuto, 1974). From what is known
about congeneric or confamilial forms, it is also
possible to distinguish which species have
teleplanic larvae. Such knowledge makes infer-
ences possible about larval dispersal in the
geologic past.

Seafloor spreading in the Atlantic during the
Tertiary hes resulled in the ever-incressing
distance between the African continent and Central
and South America to the west. It is estimated that
if allowence is made for the higher current
velocity (Luyendyk et al.,, 1972) end also the
smaller size of the Atlantic Basin during the Early
Tertiary (Fallow, 1979; Fallow & Dromgoole,
1980), the time required to cross from Africa to
{he Caribbeen by a passively drifting larva would
have been belween ca. two to four weeks, well
within the lenth of the development for most
contemporary species with plenktotrophic larvee
(Scheltema, 1979). Today the time required is
substantially greater, belween {wo and six months
(depending on the current system considered) and
the Atlantic, because of its now greater width, acts
as o filler allowing only the pessage of some
teleplanic larvee.

Ekmen (1953) proposed that the esstern
Pecific ected as a barrier to larval disperal.
Thorson (1961) believed that “under averege
conditions even long-distence larvee have a much
too short pelagic life to survive the critical
distonces ecross the esstern Pacific....”
Zinsmeister & Emerson (1979) discuss the
possibility of larval dispersal across the eastern
Pecific Barrier and conclude that the relative
paucity of Indo-West Pecific species of molluscs
in the eestern Pecific is owing to the "vast
expanse of open water” end “lack of suilable
habitats with available ecological niches ...." Leis
(1984) exemined the possibility of larval
dispersal o explain the high Indo-Pacific element
of coral reef fish that occurs in the eest tropical
Pecific (up to 248), but was unable to arrive at
a definite conclusion owing largely to insufficient
plankton data. The distributional data of archi-
tectonicid end cymetiid veliger larvee (Fig. 3)
show a decrease in their occurrence between 100°

and 160*W and suggest that the Esst Pecific may
also serve 8s an efficient filter for dispersal of
many gastropod species.

The Mollusce of central Pecific islends
represent an altenuated Indo-Pacific fauna and the
endemism, even of the more remote Hawaiian
Islends, is relatively low (ca. 208 Kay, 1979)
compared to terrestrial insects eamong which some
{axa may have 98% endemism ( Carlquist, 1974).
Owing to the geologic origin of tropical central
Pacific islands by volcanic activity from the ocean
floor, colonization by sublitioral gestropod
species necessarily must have resulted from long
distance dispersal (Schellema & Williams,
1983). Texa without  larval development
generally are absent from Polynesian Islands (e.g.
Yolutidee, Cencellariidee, etc.). The widespread
persistence of Indo-Pacific species on central
Pacific islands suggests that there is al least
intermittent gene flow among islend populations
and also between them and other regions of the
Indo-Pacific. To test such an hypothesis,
examination of genetic veriastion of specific
gastropod species is now required (see: Slatkin,
1985) along with data on the larval dispersal of
such species. The latter depends on the description
and subsequent identification of the larvee.
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BIOGEOGRAPHY OF OCEANIC ZOOPLANKTON

CHANG-TAI SHIH
National Museum of Matural Sciences, Ottawa, Canada

INTRODUCTION

Distribution of marine zooplenkton has been
discussed in recent years by a number of authors,
e.g. Yan der Spoel & Plerrot-Bults (1979). The
absence of effective geogrephical barriers and the
paucity of ecological niches in the ocean, as
already pointed out by McGowan (1971), and the
slow process of allopatric speciation are account-
able for the low number of species in oceanic
zooplankton. This paper, by exemining the
distribution of some pairs of morphologically
similar species, proposes a hypothesis that a
unigue type of speciation of plenktonic animals in
the sea may sporadically teke plece in an area
where stability of ocesnic condition is sltered by
the adniixture of waters from different origins.

DISTRIBUTION PATTERNS
SPECIES

AND  ANALOGOUS

L has long been noted that general distributional
patlerns of ocesnic zosplankton coincide with
large-scale closed and semiclosed ocesnic
structures. Beklemishev (1971) and McOowan
(1974), for instence, proposed distributional
regions for the world oceen and ths Pacifc
respectively. Their proposals apperently show 8
high degree of purallelism (Table |). Most oceenic
planklon live in more then one region and/or
more than one ucean. In a survey of 952 species,
Yen Soest (1979) found that 502 species are
widely distributed belween S0°N end 50°S.
Beklemishev (1981) noted that 90 out of the 100
species in his survey are found in the same type of
regions in different oceens.

Identification of oceanic 2coplankton is general-
ly bssed on morphological characters. When
samples of a species from different parts of the
world ocesn are comparad, trivial hut consistent
morphological differences are sometimes noted in
different geogrephical populations of so-called

cosmopolitan or widely distributed species. These
morphological forms are designated at some
taxonomic level from geogrephical forms to
distinctive species, usually at the discretion of the
outhors. It is interesting to note that the
distribution of these varistions exhibits typical
geographical patterns. Yan Soest ( 1975) reported
latitudinal morphological veriations in some salp
species. Yan der Spoel (1967; 1976) showed that
different formae ere usually found in different
waler masses. Shih (1986) regarded thoss
morphological variations which are distributed in
similer latitudes in the same or different oceens
as analogous species, referring to their similer
morphology and parallel distribution, and gave
several exemples of oceenic copepods. Most
analogous species ere epipelsgic and found in
equatorial to central waters (Shih, 1979).

There ere {wo {ypes of analogous species:
interoceanic and intraoceenic. Interoceanic en-
alogous species have each species of the pair
living in a different ocean. Usually they are
distantly separated from each other by a continent
but sometimes they ere close. Several pairs of
interoceanic analogous species have one member
found in the South Atlentic and ancther in the
Indo-Pecific. For instance, the amphipod
crustaceans PAronimé collettr (Atlantic) and
P.bucephals (Indo-Pacific), the cheetognaths
Sagitts  serratodentats (Atlantic) end
S.pacitice (Indo-Pecific), end the copepod
crusteceens Pontellina plumats s). with
Allentic and Indo-Pecific forms. The western
boundary of these Indo-Peacific taxa usually lies
south of Port Elizabeth. The eastern boundery of
their Atlentic counterpert is generally located
south of Cape of Good Hope but occasionally extends
to the cosstal water off southeastern Africas,
sometimes to Durban. The combination of the
African continent end the Aguihes Current system
seems to be an effective geographical bsrrier to
members of these pairs of analogous species
(Shih, 1986).
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Table | Zoogeographical regions of marine zooplenkton according to Beklemishey ( 1971) end McGowen

(1974).
REGIONS

ALL OCEANS PACIFIC CHARACTERISTICS
(BEKLEMISHEY,1971) (MCOOWAN,1974)

Primary oceanic cyclic Subarctic & Subantarctic, Large-scale oceanic gyres,
communities North & Scuth Central, & recirculation present

Equatorial provinces
Secondery oceenic North & South Transitional Transitional zones between

terminal communities provinces

Secondary distant-
neritic terminal
continenlal communities

province

e ot e ] A - e o e o " — - —— o — ]

Eastern Tropical Pacific

large-scale gyres; strong
east west currents present

Area between large-scale
oceanic gyres and

coasts; medium-scale &
stable eddies present

Several pairs of intraoceanic analogous species
are found in McGowan's Easlern Tropical Pacific
pravince. Each pair contsins one species widely
distributed in the tropical end subtropicel
indo-Pecific end enother limited to the esstern
Pacific, with an overlap in the latter region, e.q.
the cheelognaths Sagrite pocifica (Indo-
Pacific) end S.b7ers (E.Pecific), the copepnd
crustacesns  Ponte/ling plumats (indo-
Pacific) end P.sobrins (E.Pecific), end the
amphipod crustacesns Phronima stebbingr
with Indo-Pacific and Easst Pacific forms. The
oceenography of the eastern tropicel Pecific is
complicated by a strong upwelling system and the
convergence and divergence of several ocesnic
currents es well as by the 0, minima (Wyrtki,
1967). The coexistence of both members of
analogous species in this unsisble oceanic
environment does not conform with the general
bellef thet speciation requires geographical
separation or other isolating rechanisms.

PLANKTOPATRIC SPECIATION - A HYPOTHESIS

Cceenic plankionic enimals are sometimes found

outside their normal range of distribution because
they are frequently carried awsy by oceanic
currenis or other moving water bodies. Wiebe &
Boyd ( 1978) and Boyd et al. ( 1978) reported the
deterioration of populations of the western North
Atlantic Slope Water euphausiid, Memaloscelis
megalops, entrapped in Gulf Stream cold core
rings when the cold core waters of the aging rings
gradually sssumed the biological and physical
characteristics of the surrounding Sargasso Sea.
Tumentseva (1981) recorded the change of
planklonic community structure in the aging
upwelling water of the eastern Pecific. These
reports clearly demonstrale how a population of a
species and a communitly in an ecosystem may
react lo a changing environment. Matsuda ( 1982)
exemined changing environmental factors acting
upon Known physiological processes in some
littoral end terrestrial animals, creating new
regulatory genelic changes, and leading o species
evolution.

In & "slable” environmert, speciation cannot
take place if there is no fsolating mechanism to
prevent gene flow between different populations.
In 8 changing environment such as an eddy, a cold
or warm core ring, a meander of a current, an
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upwelling, or an sarea of convergence and
divergence, the biological end physical character-
istics will change as the water travels from one
area {o enother. These changes consequently
modify the community structure and also alter the
number ond kinds of entrepped niches. If a
population cennot adapt to the changing environ-
ment and find a niche, it will face elimination. If
some individuals of a population cen adept to the
new environment and find a new niche, they will
survive ond probsbly proliferate. Some
individuals or segments of a populalion pogsessing
unusual alleles that were repressed in the
original environment may develop in the new
environment in a separate niche. As a consequence
reproductively isolated populations may become
esteblished. This type of species formation
probably does not fit eny particuler mode of
speciation described in the literature and is here
termed planktopalric speciation which seems only
to apply to acesnic plankton.

CONCLUDING REMARKS

Our knowledge of biogeogrephy of ocesnic
2ooplankton is mainly limited to the epipelagic
species. The general patlerns of distribution of
these animels are highly correlated with those of
the major water masses and current systems
(Beklemishev, 1971; McGowen, 1971). While
water masses ae the major biogeographic units
in the ocesn, the mixing of water belween
different water masses is a recurrent event. In
areas where the mixing is pronounced, e.g. rings
ond eddies formed in the western boundery
currents (Backus et al., 1981) and the centre of
convergence and divergencs in the eastern tropical
Pacific (Wyrtki, 1967), individuals of a popul-
gtion or a community are frequently entrapped in
the migrating water and subjected to the change of
their immediate environment. These moving
hydrographic structures are therefore evolution-
ary laboratories of nature. With the high
frequency of mixing in some parts of the oceens
and with the possibility (probably very
insignificont) of the expression of new gene
complexes of a population in a different environ-
ment, planktopatric speciation may teke place.

The hypothesis of plankiopatric speciation may
explain the coexisience of bath members of
several analogous species pairs in the eestern
tropical Pecific where mixing of waters from
different origins {s most thorough and an isolating
mechenism is apperently lacking.
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WHAT IS UNIQUE ABOUT OPEN-OCEAN BIOGEOGRAPHY;
ZOOPLANKTON ?

SIEBRECHT VAN DER SPOEL
Institute for Taxonomic Zoology, University of Amsterdem,
The Netherlands

INTRODUCTION

Specistion end dislribution are freguently
considered to differ in the pelagic environment
when compered to the terrestrial one. These
differences ere explained by the absence of
barriers, the three dimensionality of the ocesns,
the effect of currents meking dispersal a long
term phenomenon and the floating behaviour of
organisms. In this paper special attention is given
to the lsst phenomenon.

In 1887 Yictor Hensen defined ( zo0)plankton &3
(enimals) passively drifted sbout by water move-
ments (Hensen, 1887). Does this passive drifting
cetermine dispersal and distribution. Is the
unique character of zooplankton related to its
behaviour in space snd time? If we have to answer
this question negatively the biogeography of
plenkton is no longer unique, but probably the
definition of plankton is incorrect.

Many examples ere known of different species
showing, in one current system, different
patterns; sometimes, for example, two allopatric
(geogrephically, horizontal as well as vertical,
separated) species are sympetric with a third
species although all three are dependent on the
same current system (Van der Spoel & Heymsn,
1983). This seems to contradict the hypothesis
that passive floating directly determines distrib-
ution. Some species are known to be transported
by one and not by enother current, therefore
passive drifting does not, on its own, determine
dispersal. "Passively drifted about™ certainly
contributes to dispersal of specimens but seems
not to contribute to dispersal of populations and
distribution, consequently not to a unique
biogeography.

The three-dimensionality of the environment of
marine plankton is typical but essentially not
unique as it is also the enviranment of nekton and

is found in the limnic environment, in soil and in
the tropical reinforest. In the open ocesn the
three-dimensionality i3 only more merked then
elsewhere.

Zooplankton lives in seawaler, & constantly
mixed and exiremely large substrate without
gbrupt chenges in conditions like found in
terrestrial environments. A normally vertically
migrating zooplenkion species will in the area
that it comes from, meet no greeter chenges in
most conditions then if it were to migrate
horizontally across all oceens. If this special
characler of the environment induce the unique-
ness of open-ocean zooplankton distribution, then
it has the same consequences for nekton, for
phyloplankion, and probably to a lesser degree,
also for benthos. But does not the present
conference combine plenkton and nekton precissly
because they both show the same typical
phenomena?

TWO POSTULATES

With regard to the large area available we should
realise that distribution is not only the result of
the environment, of the seewater and its basins,
but also of the expression of life; thus
distribution develops by interaction between the
influences of the environment and the behavioural
and physiological expression of life as it is fixed
in genetic structures. Within the range of a taxon
there i3 hermony between animal and environ-
ment; outside it there is conflict. "Arguments”
maintaining this conflict mey be raised by the
environment, by the orgenism or, 8s is usually
the cass, by both at the seme time.

As a first hypothesis it is here postulated that
"in plankton it is not the influences of the
environment but the characters of the organism
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that chiefly determine the range of a species ".
This mekes the biogeogrephy of plankion and
nekion unique. Translated into biological terms it
mesns that population dynamics restrict the
dispersal and distribution of species to a
relatively small erea, smaller then the niche
which is available if a.0. drifting were to controle
distribution (cf. Angel, this volume; Kalona, this
volume). Mayr (1967: 201, 468) summarized
the adaptetions of taxa which enables them to
utilize more of the available niches, and as a
consequence sc.epts the incomplete occupation of a
niche when population dynemics are not fully
adapted.

The biogrography should be studied with the
clear understanding that its is different from
ecological biogeography (Mayr, 1982). The
population density, the number of specimens per
unit of space, is not considered at this place,
rather, the geographic space occupied by the total
of populstions of a taxon. Superimposed on the
fluctustion of the geographic size of populations
are, of course, the usually sinusoid density and
population structure fluctuations (Voronina,
1978). The above hypothesis can only be accepted
if it is coupled with an explanation of why the
process of evolution did not succeed in developiry
species that can occupy the lote) eree availeble to
them.

The {otal available area is considered to be the
entire ocean, or that section of it without relative
sharp discontinuities in environmental factors. In
cases where population dynamics restricls the
occupied srea it is e.g. reproduction, mortality,
maximum distance permitted between specimens
end individual movement behaviour which
restrict distribution and which, therefore, did not
odapt “oplimally” during the process of evolution.
Or should we say adapt “maximally"? Could it be
profitable to be unable to occupy all of the
available area?

Adaptations are usually not maximal when they
ore optimal because “optimal” still entails
response to fluctuating environmental conditions
(Mayr,1967). For plenkton, is the size of the
available range also a fluctuating condition? This
herdly seems to be the case, since the conditions
in the oceen and oceen size do not change strongly,
not even in terms of geological time. Conditions,

expressing themselves as fronis or barriers,
which by fluctuating keep ranges smaller than
possible ere not expected to be limiting either.
One strongly fluctuating condition is the available
nutrient concentration at higher latitudes, in
seasonally mixed waters and in near-shore aress.
However, this fluctuating condition directly
influences the populations and not the geographic
size of the ranges.

A breakdown of the gene pool when the range
becomes very large, when the entire available
space is occupied, can in general be rejected as an
explanation of restricled ranges as there are many
species, oceanic es well as terrestrial, with very
large distributions which one still recognize as
good species.

A solution adopted here is to accept a second
hypothesis: "Evolution in the pelagic environment
(in lerge populations) is too slow to reach optimal
adaptation to the conditions of the large area
available, resulting in smaller ranges than
possible”. Or environmental changes are still too
quick which is the same as evolution is too siow.

Though the ranges sre smaller then the
available space, the individual populations may be
extremely large. In these large populations,
changes of the gene pool are difficult to echieve. It
must be clear that a relatively small number of
large populations in a range also depresses rates
of evolution. Slow evolution implies not only low
speciation rate, inperfection of adaptation to
specific conditions and great potential flexibility
of the gene pool, but also little tendency for new
genetic adaptations resulting in new ranges. With
the great flexibility of the gene pool, the within
pupulation flexibility is meant. It is visible in
meny species as temporary ecological adeptations,
polymorphism or polytypism.

A MODEL

In figure 1 a dynamic model of the major factors
determining population- and range-size is given
for three species |, {1 and |11 considered to be in an
equilibrium state (RANGE IN EQ. STATE). The
effects of population dynamics, evolution and
environment are demonstrated here successively.
In figure 1 as well as 4 the ranges are pictured s
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Fig.1 Dynemic mode! of plankion ranges of three
species: |, with the influences of population
fluctuations; |1, with niche size fuctations; and
I, showing the influences of population
dynemics, evolution and environment. The
populations are grouped to show the influence of
population dynamics as horizontel, and those of
evolution and the environment as vertical shifts
in the space available between barriers. A= local
edaptations, B= new radisting adeplations, C=
climate influences, D= expatriation, E= max.
effective density, EN= environmental influences,
EQ= equilibrium, O= geomorphological effects,
M= mortality, R= reproduction, 8= speciation, X=
population dynamics, Y= evolution effects, Z=
environmental effects, += increass, stimulation,
-= decresse, limiting, —— = veclor of
influence, or dispersal.

{ransformeble quadrangles which may shift up and
downwerds in the availsble environment that
becomes smaller at the underside and wider at \ha
upper side of the model depicting in that way the
effects of environmental factors. The vertical
shift is depicled as determined by effects of
evolution and the size chenges due to population
dynamics are depicted as brosdening end nerrow-
ing of the quadrangles.

For species | in figure 1 the major factors of
population dynemics ere pictured as reproduction
(R), mortality (M), drifting of specimens out of

the renge (D), and maximum density of
orgenisms for effective mating (E). More
reproduction  +), less mortality(-), and larger
maximum distences allowed for effective mating
(+) will result in population incresse. However,
in plankton the result is also range enlargement
(+): the specimens move at rendom so that
ebundence (=concentration) drops in fevour of
range enlargement (=dilution). In plankton,
drifting is usually very strong (+); specimens
find each other as a rule by saccident, so that
nevertheless small distences are required (-)
between individuals. This hus the effect that
populations and ranges of populations tend to stey
relatively small (-). Species finteraction in
plenkton, indiceted in figurel, is never reported
as an important phenomenon (cf. McOowan &
Walker, 1985), perhaps not only by the fact that
it is difficull to document.

Evolution changes the species so that it may live
elsewhere in space or time; this cen also be
expressed a3 ‘evolution alters the niche for a
given line of descent.

The effects of evolution on plankton ere
indicated with species Il. When the range stays
smaller than the aree available, evolution is stop-
ped or slowed down, so speciation (8) is &t a low
level (-), adeptation to specific local conditions
(A) is small (-), genetic fexibility stays high so
that the available niche (arrow on top of spacies
I1) stays or becomes larger (+). New genetic
adaptetions, e.g. in peripheral populetions or
founder populations are not developed (-) so that
no new ranges, indicated by the lower arrow (-)
ore populated.

Effects of selective pressure in plankion are
slowly reelized es the population size is very
lerge in general ( A" stays small). In populations
with high sbundance genetic drift tends to create o
large percentage of homozygetes, thus tending to
reduce radiation and diversity. However. even in
these large plankton populations this reducing
effect is not realised, and probably only the
formae of species (Yan der Spoel,1971) can be
explained by this effect, though the genetic drift
must be large (as “D" is lerge).

in plenkion, moreover, the environment
(depicted at the right side in Fig 1) is
cheracterised by large, not sherply delimited
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climatic belts (C)(+) end gradual transitions in
environmental conditions (EN)(+) which render
lorger (+) available areas. Geomorphology (O)
does not present open ocean plankton with mariy
barriers (-) so thst the niches are in general
very lorge ( +).

In my vien everything combines to make the
available aree larger and the population smaller,
s0 that the second flosts 'uncontrolied’ in the first.

Comparing this with the dynamic mode! for e.g.
terrestrial animals (Fig. 4), drawn along the
same lines es that for plankion, great differences
are obvious, even when only the factors are
considered which were opplied for plankton.
Reproduction and mortality in terrestrial animals
dstermine to a greater extent the range size then
transport of specimens does, while species inter-
action by competition (+) frequently restricts
the population (-). All other factors oare,
however, in favour of populstion enlargement
(+). Evolution has gone much fester then in the
sea and speciation (S) and adeptation (A) ere both
relatively frequent (+) which restricts niche
size but not niche numbers while new adeptations
(B) may enlarge the aree into which a taxon splits
off new populations. The geomorphology of the
terrestrial environment, in particular induces
small niche size, while climate end other
environmenta) factors do not perticularly enlerge

il.

] [

2 _
Z /
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/////////////

Fig.2 A plankion population renge, nc’ restricted
by environmental vectors, but by population
dynamics end evolution (for explanation see
Fig.1).

CONCLUSION

As a conclusion one cen siate that zooplankton
distribution (Fig. 3) is influenced not mainly by
the environment, but by population dynamics
which keeps ranges small. A lack of evolutionery
specialisation towerds nerrow and specific
environmental conditions makes the available
renge large. Therefore, it is almost logicel to
accept thal: population dynamics and evolution

oo
g Y
Z oz
=] 1 Z
Z Wz
Z
z Z
e

Fig.3 A plankion population partly restricted by
environmental vectors and largely by population
dynamics and evolution (for explanation see
Fig.1).

keep the size of the aclual range in a sort of
equilibrium .

In terrestrial animals (Fig. 4) just the reverse
is found. The environment keeps the populations
in a given space and speciation and adaptation,
fius evolution, restrict the area available.
ropulation dynamics alone may work to enlarge
the renge. Newly evolved adeptations may
stirmulate this too. Here environment end
evolution keep the range in a kind of equilibrium
while population dynemics fluctuates to qet
maximal profit out of this equilibrium.

Of course intermediate situations between the
iwo are possible. In plenkion the environment
may have an influence (Fig. 5), but then,
population dynemics also restrict the range. In
terrestrial animals bounderies are known which
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Fig.4 Dynemic model of non-plankion ranges of
three species; |, with the influences of population
fluctuations; 11, with niche size fluctalions; end
11, showing the influences of population
dynamics, evolution snd environment, in the same
manner 83 in figure 1.

ore not induced by the environment or by
species interaction (Fig. 6) but here primarily
evolutionary effects, as dislance barriers,
restrict the range end the population dynamics do
not do so directly.

Accepting the extreme hypotheses given above,
"population dynamics restrict ranges”, "evolution
is slower then on lend" and “there is an
equilibrium between population dynemics end
evolution”, speciation above species level will
hardly be possible and distribution borders of
taxa will usually not be congruent as they are
determined by the individual species and not by a
general external factor. This is exactly what is
found in nature, evolution in the sea is slow , only
40% of all.taxa live in the sea that covers 708 of
the eerth, so the rate in producing numbers of
{axa is 4 times ss slow 8s on land, ond of the small
number of taxs herdly any shows geographic
specigtion above the subspecies level. Usually
odeptations are ecophenolypic, giving rise to
varieties. It s logical that with decreasing
number and increasing size of populations the
evolution rate drops, no polytypy, no geographic
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Fig5. A non-planklon range influenced by
evolution and population dynemics but limited by
environmental conditions (for explenation see
Fig.1).

\

races or subspecies can develop when there is a
lack of separated populations. Also disiribution
limits are usually markedly different for species
occurring in the sume area or province (Fig. 7).
From figures 1 and 2 it is therefore clear that
the uniqueness of zooplankton biogeography is
induced by:
1. the effect on population dynemics, by drifting
aboul of specimens, thus not directly by the
displacement of specimens or ranges, :

)

o

Fig.6 . A non-plankton range influenced end partly
limited by evolution processes but not by
population dynemics (for explanation see Fig.1).
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Fig.7. Ranges of North Atlantic Cold water taxa to show the non-congruency of ranges.
A= Nitzschia cylindrice ; B= Clio pyramicels forma pyremidels ; C= Sslpa fusiformis
coldwater form; D= Calsnus helgolsndicus ;€= Sagitle lasmenica ;F= Limacing relroverss.

2. slow evolution and low speciation rete ( in very adeptations (ecophenotypes), are frequent,
lerge populations which still do not fill the 3. the cheracter of the sea: a lerge substrate
availeble erea) in spite of local and temporary without ebrupt differences or chenges.



As a {inal conclusion and working thesis, a new
definition for 2ooplankton is proposed :

"looplankton comprises species whose speci-
mens ore passively drifted about by water
movements within the steble renge (defined by
population dynemics) occupied by the (lerge,
temporary or permanent) populations”

This definition mekes it possible to apply
normal biogeographical principles to planktonic
taxa as the populstions ere stable units again
(Mauchline, this volume). However, when a taxon
by its own genetic choracters can restrict its
distribution in space, it can for the same reeson
restrict its distribution in time This means that
extinction is determined by the taxon itself, by its
genetics, and explanations of extinction through
catestrophes become unnecessary.-
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PATCHINESS AND THE PARADOX OF THE PLANKTON

E.L.VENRICK
Scripps Institution of Oceanography, U.5.A.

INTRODUCTION

Biogeography is the study of species ranges,
concordence of species ranges and the fectors
which influence these ranges. One approach is to
consider the species whose ranges overlap in some
environment end investigete the mechanisms
which facilitale their coexistence and which
regulate their relative ebundences. The mejor
pelegic habitets support far more species than
expected from the general ecological principle
that competing species in an equilibrium asystem
can not coexist indefinitely. Three types of
hypotheses have been developed to explain the
epparent coexistence of apparent compelitors in
apparently equilibrium  ecosystems.  Niche
diversification hypotheses (Schoener, 1974)
predict that similer species can co-occur because
they have specialized to make use of diffent parts
of the spatial or temporal habitat, thus reducing
competitive interractions. Disequilibrium or
disturbance theories predict that competitors
co-occur  beceuse the ecosystem is not et
equilibrium, but instesd environmentel
fluctuations occur on such a scale as lo prevent
the ultimate exclusion of compsting species
(Hutchinson, 1961; Richerson, et al., 1970;
Paine & Levin, 1981). Predation theories
(Darwin, 1859; Caswell, 1978) predict that
predetion pressure either maintains the
abundences of the prey species below the level of
resource limitation, or occurs in 8 heterogeneous
manner, thereby keeping the ecosystem in a state
of disequilibrium.

DISCUSSION

Yfe now have nearly twenty years of biological and
environmenta! dala from the diverse and stable
ecosystem in the North Pacific Central gyre. We
have used these data to test the predictions of the

theories of niche diversification and dis-
equilibrium/disturbance. Although the predation
hyphotheses are appealing, they have not yet been
formulated in a way thal can be tested in the field
and can not be considered further here.

Niche diversification theories predict that
species sbundance centers should be separated
according to some predictable spatial or temporal
structure in the environment. We heve delected
neither horizontal gradienis nor seasonal cycles
within the Central Pacific (Haywerd et al.,
1983). The primary environmenial struclure
available is provided by the vertical gradients of
light, primery  productivity, nutrients,
temperature, etc. McOowan investigated the
spatial distributions of 123 species of copepods
collected in 62 bongo net semples from six to
eight depth ranges during a ten day period in
August-September, 1968 (McOowan & Walker,
1979). Only seven paiterns of vertical
distribution were detected. The vertical patlerns
were stable horizonlally, and were preseni in
every survey belween 1964 and 1969,
regardless of season (Fig. 1).

The vertical distributions of more then 200
phyloplankton species were determined from
seventy {wo samples collected by water boltles
from eighleen depths at each of four stetions
during June, 1977 and August, 1978 (Venrick,
1982). (nly two essociations of species could be
defined, one above 100-120m, the other below
75-90m. These oppear to correspond to the
nutrient-limiled and light-limited regimes
defined by tppley et al. (1973). The chlorophyll
maximum layer corresponds most closely {o the
region of transition belween the lwo assaciations.
These two associations are consistently present
ard were essentially unaitered by & major
enrichment event that was observed in August,
1980 (Fig. 2). With neither 2coplankton nor-
phytoplankion is there evidence thel niche
diversification has occurred among the species to
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COHERENCE (Average % of Cimax 1 group members present)
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Fig. 1 Mean percent of the number of copepod species per recurrent group present (coherence) at different
depths, on four cruises. Groups ware defined on the basis of the 1968 date. For groups ¥ and Vil, the
memhers of which are vertical migrators, only night data were used. For other groups all times of day

were combined { McGowan & Walker, 1979; Fig. 17).

the extent neccessery to explain the persisient
co-occurance of the lerge numbors of species
observed One might postulates that niche
diversification among zooplankton takes the form
of behavioral diversification rather than
environment partioning. To the extent that this is
true, the feilure of niche diversification
hypotheses is better fllustrated by the pheto-
plenklon which have a very limiled rengs of
“behaviour”.

The  disequilibrium/disturbance  theories
predict that, at some scale in space or time, rere
species should become abundant. The scales
postulated for these environmental fluctuations
very from small scals, short term disequilibrium
fluctuations in the polegic ecusystem ( Hutchinson,
196 1; Richerson et al., 1970) to the massive,
long asting disturhances of tropical forests, coral
reefs and intertide) communities (eg. Paine &
Levin, 1981). McOowan |85 used several analyses
{o test these hypotheses using sbundence data of
175 copepod species collicted during nine cruises
over a 16 year period including three expedition:

which traversed major portions of lhe Ceniral
Pacific. On no scale of space or time did any of the
more than 100 rare species become sbundant
(Fig. 3).

Phytoplenkton data have also been exemined
against the prediclions of disequilibrium
/disturbance in two separate studies. Under the
assumption that congeneric species are most
likely to be competitors, the data from 1977 end
1978 were restricted to congeneric species pairs
(Yenrick, 1982). There was no evidence that
congenei*s co-cccurred less often then expected
were they distributed independently. Indeed, the
tendency was in the opposite direction. Further-
more, among the congeneric pairs in the upper
sssociation, there was a tendency for the
abundances to be positively correlated. Neither
observation is consistent with predictions of
disequilibrium theories.

The predictions of the disturbance hypothesis
were tested by comparing the phytoplenkton
collected during 1977 end 1978 wilth thel
collected during the enriched period of 1980
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Fig. 2 Yertical distributions of species in the first
two recurrent groups of phyloplankton species
defined from dala collected in 1977 ond 1978. A.
Mean abundonces in 1977 (n=3). B. Mean
sbundances in 1980 (n=2).

(Yenrick, in prep.). Atotalof 301,339 cells/m?
were enumeraled in 1980. This comperes with
214,520 cells/m?2 in 1977 and 195,981
cells/m? in 1978, a mean increase of 47%. There
was no delectable change in the rank order of
species abundances. Nor was there any evidence
that the rarer species increased more frequently
than the abundenl ones. Except for the increase in
biomass, the phyloplankton sassocietions were
virtually unchanged. Among neither zooplankion
nor phytoplankion is there evidence that rare
species ever become abundent as predicted by
disequilibrium/disturbance theories.

The strength of our results lies in their
consistency. Observations on {wo very different

types of organisms, collected by different
techniques and on different scales, and analyzed
independently produce the same results. For
neither group of organisms do we find convincing
evidence that processes of niche diversificalion or
of disequilibrium/disturbance are responsible for
the maintenance of species diversity in the North
Pacific Ocean.

CONCLUSION

Teken as a whole, our resulls underscore the gap
between the corcepts of classical ecology and the
reality of the pelagic ecosystem. The problem is
iwo-fold. The first is historical. Modern ecology
has its roots in the natural history observations
of the past. Of necessity, these were observalions
of accessible and visible ecosystems. The tenents
of modern ecology have been formulated for
ecosystemns with physical structure: structure in
the sense of trees and rocks and rabbil holes;
structure that can be hidden in and nested upon
and eaten. Few theoreticlans have focussed their
atlenlion on the relalively unstructured, pslegic
communities.

At the same time, the traditional tools available
to test the theoretical predictions are not
available to pelagic biologists. We can not observe
the system directly; we can not observe species
ambils and interactions, bul must infer them. We
can not manipulate the system, translocate
individuals, remove individuals, or exclude
individuals from a portion of the system. Thus,
pelagic biology does not produce the sorts of
ecological observations that have {raditionally
tested and directed theoretical formulations.

If we are o procede toward understending the
regulation of community structure in the pelagic
ecosystem, this gap belween theorelical and
pelagic ecology must be closed. We need to know
the specific predictions of community regulation
models for the pelegic ecosystem. We need to
know, for instance, on which scales of space and
time disturbances are likely 1o be effective in
preventing competilive exclusion, how large the
resullent abundance fluciuations will be, and how
many species can indefinitely co-occur under the
disequilibrium/disturbance models. We need lo
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Fig. 5 Abundences of copepod species. Data points are the means of saven cruises : Jan. 1966, Sept.1964;
Sept. 1968; Aug. 1969; Oct. 1971; Jure, 1972; Fzb, 1973, Grey bars indicate the range of abundances

(McOowan & Walker, 1985; Fig.3.).

know the specific characleristics of predators
which lead 1o predation enhonced prey diversity.
For our part, we must ettract the attention of
{heorelical ecologists by providing dsta from
pelagic ecosyslems which are suilable for testing
the predictions of their modsls, thus prasenting
clear documentation of the apparent faflings of
their theories in pelagic systems.
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TRANSITION ZONES AND SALP SPECIATION

JAAP DE VISSER

Foundation for the Advancement of Oceanographic Research,
the Netherlands

INTRODUCTION

Salpidee (Tunicata, Thaliacea) ere widespread
over all the ocesn. Some species are almost
cosmopoliten, for instance Ss/pa fusiformis,
S mexims, /ssis zonorie end Thalis
democratice. Some species which are less
eurythermous do not occur in the Mediterrenesn
( Traustedtia  multitentsculats,  Weelia
cylindrice ). There are species whose distrib-
ution area is confined to the tropics of the Indian
end Pecific Ocesns ( Melicosalps  younti,
Ritterislla picteti).

At last there are species with a very restricted
disti ibution eree, for instance Sa/ps thompsoni
having a circumpoler distribution in the antarctic
and subanterctic and Se/ps gerlacher occurring
only on the western edges of Anterctica (cf. Yen
Soest, 1975a: Teble lV).

in some cosmopoliten spectes (cf Yan Soest,
1975a: Table |11) the number of muscle fibers is
varieble. For exemple, S8lps /fusiformis
shows a high number of muscle fibers in the
temperate watermasses and a low number in the
tropical/subtropical parts of the oceens in both
the Atlentic ond the Indo-Pecific. This
demonstrates bientitropicel clinal variation going
from high numbers of muscle fibers at high
latitudes towards low numbers of muscle fibers st
low latitudes.

CLINES AND SPECIATION.

These bientitropical patterns might be smooth
clines, a gradual decresse fn the number of muscle
fibers going from high lalitudes towards low
latitudes, or stepped clines (sensu Huxley 1939):

') AMNAPE proj. 101A rep. no. 24 supported by a
grant of the Netherlands Ministry of Education and
Sclences.

in one or more points in the cline there is 8
sudden drop in the number of muscle fibers (the
step). When we are dealing with a stepped cline
investigetion of the transition zones or bounderies
might give indications for phenetic and/or genetic
differences between the demes 1iving on both sides
of the step in the cline.

Material collected by the Amsterdam Mid North
Atlentic Plenkton Expeditions (1980-1983)
proved {o be very suited 1o show the nature of
these clines in more detail. Stations were made at
relatively short distences and along a North-South
transect at approximately 30* West in the North
Atlantic, ranging from SS°N to 25°N (Fig. 1).
Samples were taken at discrete depths: 0~50m,
50-100m, 100-200m, 200-300m, 300-
400m, 400-500m, 500~ 1000m end occasionely
down to 2000m, in the four sessons of the year.
Subarctic water, Poler front, North Atlentic
Drift, Temperate water, Subtropical water,
Sargesso See water, Canary current end below
depths of 800m deep Mediteranean outflow,
Arctic and Antarctic intermediate water were

Fig. 1 The transect of the Amsterdam Mid-North
Atlentic Expeditions.
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sempled ( see Yan der Spoel 1981, 1985 ; Yan der
Spoel & Meerding 1983) .

S8lps  fusiformrs hes been investigsted
closely for the spring 1980 samples. It shows a
stepped cline with @ high number of muscle fibers
north of 38°N and a low number of muscle fibers
south of 38°N, these low numbers being the same
8s numbers previously reported by ven Soest
(1972) for the tropical Atlantic. In between, at
38'N at the step in the cline, intermediate
numbers of muscle fibers are found (Fig. 2).

8numberg
Lt 1 1111

FrrrrrrrrrrrrTtrvrr rrot

St S0 40’ 30 N

Fig. 2 Number of muscle fibers in Sa/ps
fusiformis in the Mid-North Atlantic Ocesn.

Population density and vertical migration show
a veriation releted to the morphological veristion.
North of 38°N no clear diurnal vertical migration
is found (Figs 3a & 3b). South of 38'N Sa/ps
fusiformis does perform diurnsl vertical
migration. In night samples it is only found in the
upper water layers (0-300m) while during the
day it is restricted to the more profound water
layers (300-1000m).

North of 38°N densities are very high, south of
this latitude they ere low. In between, in the area
eround 35N the abundance is extremely low (De
Visser & Ven Soest, in the press).

There are also differences in the reproduction or
both demes. North of 38°N the retio
oozoids/blastozoids is 1/10 up to 1/100. This
points towerds repid growth of the deme by
asexual reproduction and is reflected in the high
density. South of 38°N the retio oozoids/
blastozoids is 10/1 and in part of the samples
blastozoids are not even found.

The picture that emerges is that of two
populations: a northzrn one with high muscle

fiber counts, high population density in spring
and a small ratio of oozoids/blastozoids, showing
no cleer diurnal vertical migration; a southern
one with a low number of muscle fibers, low
population density and a high ratio of
oo2oids/blastozoids, performing diurnal vertical
migration. In between there is a low abundance
but a restricted geneflow is in existence as their
is evidence of interbreeding at 38°N. Material
from other seasons is in preparation and does not
conflict with the description of the populations
mentioned abave.

Muscle fiber variability in salps seems to be
linked with the genotype of definite populations
(cf. van Soest, 1975 b). These populations can, if
genetic differences accumulate, become separate
species, as might have fairly recently happened in
the closely related S thompsons end S
gerlecher .

Allopatric speciation is nol likely to have
happened because complete isolation of
populations in for example a {iropical or
Carribean warm water and a Mediterranean cold
water population during, for instence, the
Weichselien glacial is hard to imegine. In the
southern hemisphere these processes are even
more difficult to envisage.

True sympetric speciation is also ruled out

7
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Fig. 3 Yertical distribution of Sa/pa fusiformis
in the Mid-North Atlentic. a, daytime; b, night.



because adepletion to different ecological
circumstances cleorly exists along a North-South
gradient. The small transition zone between the
populations of & /usiformis points towsrds
clinal parapatric speciation, & speciation of two
populations while maintaining geneflow. If the
step in the cline becomes steeper an adeptive
discontinuity may be reached which would result
in two separate species (cf. Endler, 1977; White,
1978; Bush, 1981).

The step in the cline, associated with low
population density enables the populations to build
up genetical adeplations strong enough to
distinguish them from each other.

Some kind of stasipatric speciation, possibly not
visible because of cline) parepstric specistion,
can also be involved. This presumes a chromo-
somal rearrangment favorable to selection
mechanisms if homozygote but reducing fecundity
when it appeers in the heterozygote specimens.
The difference with the clinal model of speciation
i3 that the stasipatric one presumes a change in
the karyotype which reduces fecundity in the
heterozygote although the dimunition need not at
all be complete. The clinal perapatric mode) of
speciation presumes chenges in genes (point
mutations) which need not reduce fecundity in the
heterozygotes. To see wether or not therv are any
chromosomal differences involved between the
populations it is neccessary to study the karyo-
types of {hese organisms The low populetion
density in the vicinity of the step in the cline
might point {owards & reduced fecundity of
heterozygates.

Whether or not specietion related to the clines
in muscle fiber veriation of salps occurs depends
on the cepacities of reducing the fecundity of
heterozygotes by the chromosomal reerranaments
in the stasipatric model of speciation and on the
population structure of the species in the clinal
parspatric model. If populetion densities on both
sides of the “step” in the cline become high enough
{o enlarge geneflow between the populations, the
cline might become more smoath.

CONCLUDING REMARKS

in salps this speciation perhaps should be called
Sisyphean speciation. Because of their sexusl/
asexua) breeding cycle salps ere able to multiply
very fast (cf. Heron, 1972). Varistion in
population densities on one or both sides of the
step in the cline depending on, for instance,
seasonal influences may result in a steeper step
one season and a smoother step in another season,
thus resulting in a never ending process of
speciation, 8s long as environmental conditions do
not chonge drastically. If conditions do chenge,
resulting in 8 reduced geneflow for a longer
period, then, due to clinal veriation, speciation
will occur in o relative short period compared to
more homogenous species.
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FACTORS AFFECTING THE BIOGEOGRAPHY OF MID TO
LOW LATITUDE EUTHECOSOMATOUS PTEROPODS

JOHN H. WORMUTH
Department of Ocoanography, Texas A&M University, U.S.A.

INTRODUCTION

Two of the questions asked by biogeographers are:
"What are the main patlerns of species
distribution and abundance?” and "What maintains
the shape of these patterns?” (McGowen, 1971).
To enswer these questions we usually use
geographical distributions which represent a
composite of data from meny years and different
sampling schemes. The quantitative interpretetion
of these distributions cen be difficult due to many
sources of variaticn including both naetural end
sampling variation. In addition, oblique net tows
ore most often used because many more of them
exist ‘n collections then depth-specific samples so
they yield wider geographical coverage. The broad
features of geographical distributions cen
certainly be discerned in this way, but the
quantitative aspects (i.e. where are the regions of
high and low sbundence) are mast likely to be
obscured These quantilative aspects, however,
are most likely to give us insight beyond simple
correlations into those feetures of the
environment which have a cousative effect.

MATERIALS AND METHODS

This paper examines data on euthecosomatous
pteropods collected with a 1m2 MOCNESS (Wiee
et al., 1976) over depth intervals of 100 or
150m to depths of 850m or 1000m and over
intervals of 10-25m to depths of 200m. Somples
were collected in different environments: the
Slope Water Region off the East Coast of the United
States, Qulf Streem Cold-Core Rings, Gulf Stream
Warm Core Rings, e OGulf Stream itself, the
Sargasso Sea and both warm and cold core “rings”
in the northwestern Oulf of Mexico (Fig.1, Table
1). In all ceses in situ temperature and in most
cases salinity were monitored as samples were

collected. The mesh size (0.333mm) wes constent
for all tows. Deep tows extended well below the
vertical range of all common Species. In addition
to these samples, all available pertinent
literature was examined o supplement findings
(Table l1).

For this group of zooplankton, the factor which
most often makes quantitative comparison to other
studies impossible is differences in mesh size.

AREARTUNE K. LI
DY <X

24

GULF STREAM .
arrn mrn) 140
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-~ A 1 __ ... . A,‘,,J

3 “60*

Fig. | The samplirg areas in the northwest Gulf of
Mexico and in the northwest Atlentic Ocean.
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Table | Number of MOCNESS tows (8 samples per tow) by environment used in the data base.

Environments 0 to<300m 0 to >700m
Day Night Day Night
Slope Water Region 2 2 7 6
Oulf Streem Cold-Cor2 Ring Centers 1 3 10 9
6ulf Streom Cold-Core Ring Fringes - - 2 5
Gulf Streem Woarm Core Rings - - 2 2
Sargasso Sea 2 3 8 9
Ouif Stream - - ! -
Oulf of Mexico Cyclonic "Rings” 8 12 1 -
Gulf of Mexico Anticyclonic Rings 7 8 1 -
Totals 20 28 32 31

Work done by Snider (1975) in the Gulf of
Mexico showed tremendous differences belween
the size frequency distribulions of L/macina
Inrlate and L. lrochiformrs collected in the
two sides of a bongo net when different mesh sizes
were used (0.183 and 0.505mm) (Figs 2, 3).
Other investigators have found similar differ-
ences, but this was the first time the samples
were collected simultaneously. Ailhough many
2ooplankton samples used in biogecgraphic studies
probably have been collected for general
reference and may, therefore, have depended on
available equipment, this quantitative incom-
patibility underscores the need for some kind of
standardization of sampling equipment and
techniques in order to derive maximum
information from these expensive semples.
Sample sizes of abcut 1000m3 of water sampled
appear to be adequate 1o collect most species and to
give reasonably congistent abundance estimates.

g 8 8

NG, OF INDIVIOUALS

g

cras=20.503 mm

s
N IBSmmi
Lil L _103%psmm -3
D4 1% 208 260 32 364 46 468 320 372 624 676 720 180 8N
MAX MY PMENSION (mm)

O

Fig. 2 Size distribution of £/mecine inflste
teken simulteneously with "Bongo” nets of
0.183mm end 0.505mm mesh (0-100m, night)
(from Snider, 1975).
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Table Il Summery of previous distributional pteropod reseerch.

Geographic Depths Type Mesh Discrete Depth Investigators
Aree Sempled of Net Size (mm) Horizons
(m) Sempled?
North Pacific 0-140 | meater .650 0Mme McOowan, 960
Western North varisble 70cm Disc—- graded SOMO Moore, Owre,
Atlantic overy net Jones &
Dow,1953
Bermuda variable 70cm Disc- graded yes Wormell, 1962
overy net
Western North surface 0.5 meter .200 no Chen & Bé, 1954
Atlentic
Northwestern 0-150 1 meter .505 yes Myers, 1967
Sergesso Ses
Western North surface 1 meter .505 no Yecchione, 1979
BOulf of Mexice
0-100 70cm .333 yes Snider, 1975
“bongo”
Car {bbean 0-4000 75¢m Disc- graded yes Haagensen, 1976
overy net
Western South 0-137 60cm 333 no Dadon, 1984
Atlantic “bongo”
{ndion Ocoan  0-200 108 net .333 no Sokthivel,1975;
1977
South Chine 0-200mwo | meter .640 no Rottmon, 1978
Sea
RESULTS undergoas fairly repid increeses in weter column

Of all species identified, the most sbundent and
interesting species in most environments was
L.Inflata. This species i3 a warm waler
cosmopolite in the Pacific with highest abundence
in areas of mixing (McOowan, 1971 see
Fig.1.22). Two different Gulf Stream Cold-Core
Rings were sampled twice each during their life
histories. The results show that /L. /n//sls

abundance which correlate with an increese in
food supply (Wormuth, 1985). In the absence of
measured growth rates, one way to demonsirate
the increase i3 to examine size frequency
distributions both inside and outside of the rings
sampled. When this was done the corresponding
Sargasso Sea populations outside of the Gulf
Stream Cold-Core Rings hed significantly smaller
size frequency distributions. This was interpreted



-273-

___ E
% 300 €
p 0
3 o
o - v
pod E (@)
a £ :
z 200 ') '
< o '
u 1
O ? 4'
: a
100 '
H
]
]
r 1 A\
|
P d
| | L4 | N 1 1 ,

0
.I04 156 .208 .260 .312 .364 .416 468 .520 .572 .624 .676 .728 .780 .83
MAXIMUM DIMENSION {mm)

Fig. 3 Size distribution of Limacine (rochiformis 1ieken simullaneously with “Bongo" nets of
0.183mm and 0.505mm mesh (0- 100m, night) (from Snider, 1975).

Table 111 Renk order of abundsnce (ROA) of the top 13 taxa by et.vironment.

ENVIRONMENT (no. of tows)

SWR OSOCR RF 35 6GMWCR OGMCCR
TAXA (14) (20) (7) (22) (7) (6)
Limacina inflata 1. 1. I. | 1. 1.
Limacina trochiformrs 2. 7. 8. 9 1. 2.
creseis virgula virgule 3. 11. 7. 6 12. 6.
Styliola svbula 4. 4. 4. 3 3. 9.
Clio pyramidate 5. 2. 6. 7 S. 10.
Limacina retroverss 6. 15. 20. - - -
Limacing bulimoides 7.5 3. 5. 2 4. 4.
Cavolinia infiexa 7.5 6. 9. 14 19. 21.
Diacria gquadridentata 9. 12. 15. 13 7. 7.
Limacina lesueuri 10. 5. 3. 5 2. 3.
Ccreseis acicula 14. 8. 2. 4 10. S.
Clio cuspidats 1. 10. 1. 8 25. 20.
Cavolinia immatures 18. 9. 10. 16 6. 7.
Kendall's Corcordence .30 .46 .76 77 .56 .81
Probability level <01 .0l <.0l ¢.01 ¢.0l ¢.01

SWR= Slope Water Region; 6SCCR= Bulf Stream Cold-Core Rings; RF=Ring Fringe;
53=3Sargnsso Sea; GMWCR=0uilf of Mexico Warm-Core Rings; 6MCCR= 6ulf of Mexico
Cold-Core Rings.



as indicating a slower growth rate in the Sergesso
Sea then in the OGulf Stream Cold-Core Rings
(Wormuth, 1985). When the food supply in the
rings decreased, so did the water column
sbundence anomaly of L./nf/als. This
“opportunistic” species can exploit Gulf Stream
Cold-Core Rings and is common in the Slope Water
Region apparently through seeding from Gulf
Streem Warm-Core Rings (Table |Ii1). It
maintains a population in the Slope Water Region
except that it apparently cannot survive the
colder winter months (Yecchione, 1979; Myers,
1967). No other species of euthecosomatous
pteropoos show this type of population dynamics,
not even ils congeners. £./n//als hes a unique
type of reproductive behaviour in that it broods
embryos end eerly veligers in its mentle cavity,
relessing them at 0.066 to 0.068mm (Lalli &
Wells, 1973) This behaviour may enhance the
survival of young and is not found in ils con-
geners. This could account for its rapid response
to rings.

Limacina lrochiformis exhibits adifferent
distribution pattern. Although it is a widespread
warm water spicies, it is very low in sbundance
and quite patchy beyond the influence of boundary
currents (McGowen, 1960). It survives in Gulf
Streem Cold-Core Rings (while the rings are
physically, chemically and biclogically more like
the parent Slope Water Region then the Sargesso
Sea) for a much longer period of time than the
cold water species [.refroverss, but at much
lower sbundences - it renks second in the Slope
Water Region and seventh in Gulf Stream
Cold-Core Rings based on meen sbundance (Table
[11). In the Gulf of Mexico L. /rochiformis renks
eleventh in warm core rings originating from the
Loop Current and second in cyclonic eddies of
unknown origin in the northwestern OGulf of
Mexico. When viewed in the context of the overall
data base, this high renking in these cyclonic
features is quite unusual. Although there is not an
analogues mechanism for the formation of cyclonic
features in this area as there i3 in the Guif Stream
system, the high ranking of /. frochiformis and
its shelf-type distribution (Yecchione, 1979)
suggests a shelf origin for the water. When based
on sufficient numbers of samples from various
oress, the differences in rank order of species
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begin to show some explainable palterns.

DISCUSSION

Most vertically migrating species showed little
response to differing temperature regimes. Their
depth distributions are about the same during the
same seasons in the different environments
studied (Fig. 4). Nonmigratory species seem to be
more temperalure-sensitive in that in new Gulf
Stream Cold- Core Rings they are very rare or
ghsent. This might be due to the much lerger
temperature range experience by migrators. More
work needs 10 bs vona in Gulf Stream Warm-Coi'e
Rings to comp'ete this comperison. Most previous
studies have stressed the similarities in
distributions rather than the dissimilerities,
particularily at the edoes of specics’ Tanges or of
adjacent water types such as Sargasso Sea water
and Gulf Stresm water or Gulf Sireem waler and
the Slope Water Region. Modern sampling
technology allows fairly high sampling resolution
and a greater effort should be concentrated in

these frontal regions.
Yertically stratified semples should be collected

on 4 scale relevant to the species’ biology.
Crarse-scale sampling (100m inlervals) is
useful only for determination of where the
orgonisms are and whether they migrate or not.
Sanples collected at 10-25m intervals along with
physical dala and synoplic water samples should
helj to resolve causative factors from correlative
factors. The species studied were always found et
shal'ower depths (14 of 14 tows in the Gulf of
Mexi0) then the fluorescence maximum (Fig 5)
(wher, measured) as decribed in other 200plenklon
studies {longhurst, 1976; Herman, 1983). A
nine-bollle 1ack of niskin-type bottles is
presently being buill to be mounted on our
MOCNESS. Synoptically-collected waler samples
could be incubated to examine the relationship
between vertical distributions and primary
productivity and other aspects of waler
chemistry. There are also differences in the
vertical distributions of size frequency structure
of species (Fig. 6) which often are undiscernable
by our usual field (mesh size selection previously
discussed) and lsboratory sampling techniques
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Fig. 4 The diytime depth distribution of £ /macina /nflats in two Gulf Stream cold-core rings and the
surrounding Sargasso Sea) and associated temperature profiles. The vertical lines are the total range; the
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(usually time considerations), but which may
provide data useful to biogeographic studies by
showing that different growth stages are found in
different portions of the water column and are
therefore in somewhat different environments.
Tagging rings using satellile-tracked drifters
and sampling them at different stages in their life
histories eppears to have contributed substantial
insight into the response of pteropod species to
lheir environment (one resident of the Slope

Fig. S The night-lime depth distribution of the
25th, 50th and 75th percentiles of a strong
migrater  (Zimacine  Inflals) and a
non-migrator ( Cresers aciculs) in the
northwest Oulf of Mexico with associated
temperature and fluorescense profiles. Numbers
below the vertical lines are #/m?Z.
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Fig. 6 The size frequency distributions in the
upper 100m in the Sergasso Sea in August 1975
for L imacing bulimoides.

Water Region water disappeers rather rapidly as
{he environment degrades, one nonresident species
of Gulf Stream Cold-Core Rings “invades” rather
rapidly and grows quickly and mest nonresident
species populate Oulf Stresm Cold-Core Rings
only very slowly as they become more similar to
the Sergesso Sea and show no unusual population
increases). Although direct experiments have not
yel been done, food supply appears to be impor tant
(Wormuth, 1985) as one might have predicted.
Further, it appears that chlorophyll per se {3 not
the porameter of prime importence. Short
horizontal tows at depths of high abundances with
synoptic water samples eppesr to be a logical step
to further define environmenial parameters
associated with both high and low concentrations
of individual species.
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PATTERNS OF PHYTOPLANKTON ABUNDANCE AND
BIOGEOGRAPHY

CHARLES S. YENTSCH & JEAN C. GARSIDE
Bigaiow Laboratory for Ocean Sciences, West Boothbay Harbor,
U.S.A

INTRODUCTION

Are the large scale biogeographical distributions
of ocesnic biology a response to seasonal and
spatial patterns of primery production? We ask
this question beceuse to us biogeographic
bounderies eppear as fences behind which
taxonomists reconcile differences in species.
Could it be that indeed the fences are distributions
of food resources and thus dictate biogeographic
boundaries? As pointed out by oceanographers
Sverdrup and Redfield, geostrophic currents
dictate the shape of the density structure. Wheat we
term the "degree of beroclinicity” is a global
mirror of primery production. The fect is that for
at least fifty years we have recognized that
climatological factors (i.e., light, wind,
temperature) regulate phytoplankton growth. We
recognize  that seasonality in the primery
processes for growth are controlled by the
stirring of the upper layers of the oceens end the
nutrient-density field which over large scales
reflects mass transport of geostrophic currents
(Yentsch, 1974; Yentsch, 1982).

Why then sre we so hesitent to tie the
climatological primery process together with
concepts concerning biogeogrephy? One answer
might be that we simply do not have enough
knowledge of primary productivity over lerge
arees of the world's ocesns. The global mep of
productivity prepared from observations by
Koblentz et 8l., (1969), does not consider
seasonal change. With only limited information of
time and space change in primary production one
is cautious to assign substentive relationships
with biogeographic bounderies.

Throwing caution eside, we have selected a
region of the Central North Atlentic (Fig. 1) to
predict time and space change in the biomass of
plenkton. The scheme of the prediction (an

empirical mocdel) involves using the physiologica)
relationships between  photosynthesis  and
respiration in conjunction with physical features
such as the depth of the mixed layer and the
nutrient-density field of water masses. This
approach attempts to portray in one section of the
North Atlentic the time and space changes in
phytoplankton biomess. We will compare this
portrayal with biogeogrephic regional boundaries
for open ocean myctophids.

SEASONALITY OF "NEW PRODUCTION™ THE

CONCEPT.

We begin wilh the premise thal stirring of the
upper layers by convection and wind is a mejor
mechanism for regulating primary production.
The substrates for phytoplankion growth are light
and nutrients, and these are regulated
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Fig. 1 North sections modeled in this paper. Heavy
lines indicate northern and scuthern boundary for
N.Atlantic subtropical populations of myctophids.



-279-

climatologically by way of the mixing processes of
the upper layers. Thus the physical feature known
as the mixed layer is the region of the ocean which
couples climatology (light, wind, temperature)
with processes which regulale phytoplankton
growth.

We argue that sessonality in primary
production in time and space is controlled by the
movement of the sun from equatorial regions (Fig.
2) to higher latitudes until the summer solstice
and then returning to lower latitudes until the
winter solstice. This sojourn regulates priinary
production by deepening the euphotic zone (Z,)
and inducing a shualing of the mixed layer (Z,) at
high latitudes. The situation reverses as the sun
reireats to the winter soistice,

The deepening and shoaling of the mixed layer
regulates the mean photon flux density reaching a
population of nutrient (Nz. ) stirred into the
mixed layer and describes potential growth, thal
is photosynthesis: respiration (P:R).

Thus in concert, these are the factors which
influence the seasonality and are the basis of our
empirical modeling which follows.
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Fig. 2 Hypothetical conception of changes in
parameters in section (Fig. 1) due to movemnent of
the sun from Southern to Northern latitudes. Z
is mixed layer depth, 1, is euphotic depth. PR is
pholosynthetic - respiration ralio, L, is the
nutrient content of the mixed layer. Positions of
the lines represent parameter distribution during
the northern winter. The arrows indicate depth
change a3 the sun moves to the north.

SEMI-EMPIRICAL ANALYTICAL MODEL FOR "NEW™
PRODUCTION OF PHYTOPLANKTON.

Our modeling efforts require the parameters
shown in Table | ((1) P:R relationships and (2)
nitrate nitrogen in the mixed layer). These data
are used on a monthly basis at each 10° latitude.
The P:R in the mixed layer is taken from equations
derived empirically by Yentsch ( 1981)

P:R(I—IO)=P:R'.Ze/2 (1)
when (P:R)* is the optimum ralior?lo) at light
saturation. A P:R=1.0 indicates no net growth. The
euphotic depth is calculated by

Zo=Lln1, - Lnt /K (2)

end the amount of nitrate in the mixed 13yer is
Nz (MM/M2) = [EMNOS-N . &7 (3)
where, NO3 - N = uM/kg.

The estimate of production of phytoplankton
nitrogen is the product of equtations 1 and 3,
where P:R is normalized from O (no growth) to
10 (ca. meximum optimal growth). The product
reflects the amount of phytoplankton nitrogen in
the euphotic layer. Daily production estimates
were oblained by dividing the monthly figures by
30.

P:R RELATIONSHIPS IN THE MIXED LAYER

Over the north to south section the mixed layer
depth ranges between 30 and 900m (Fig. 3). The
deepest layers in this section are confined to
latitudes higher than 30°N, and the extremes in
depth occur at latiludes higher than 40°. At all
latiludes the deepest layers are during winter and
spring months (Feb., March, April) and occur at
60°N.

A general rule of thumb is that no phytoplankton
growth can occur if the mixed layer exceeds the
euphotic depth by five times (Oran & Braruud
(1935). The euphotic depth (Fig. 3) ranges
between 74 and 40m. With deeper mixed layer
depths and shallow euphotic zones at high 1atitudes
during winter months, it is apparent that
populations at letitudes higher then 40°N ere
severely light limited @ major portion of the year.
This can be demonstrated by the P:R relationships
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Table | Perameters for each letitude.

Symbol Parameter Units

I Incident Soler Rediation’ col cm 2 ¢!
1, Mixed Layer Depth? Meters

z, Euphotic Depth 3 Meters

P:R Rotio of Photosynthesis to Respiration 4 1-10

N7m Nitrate Nitrogen in Mixed I.nyer5 nM/nM2

IKimbell's Tables ( 1928)

2pobinson, Bauer & Schroeder Atlas ( 1979)

3int, - Lu 1,/K, where I, is the minimum photosynthe
1937). _

4Empirically derived (Yentsch, 1981).

tic rediant energy 1.3 cal cm 2 d™1(see Jenkin,

SNz = [ZM, NO3-N @ dz ( Yentsch, 1981). NOx-N (j1M/Kg) teken from GEOSECS Atles ( 1981).
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Fig. 3 Seasonal changes in the depth of the mixed
tayer (Z,,) during winter-spring.

stown as an exemple in figure 5. During March,
light limitation (low P:R) i3 most severe because
solar rediation is relatively low and mixing depth
near its maximum. It should be noted however
from this figure, that the effects of light limit--
ation are estimated to be observed at all 1atitudes
greater than 10°N with the most severe effects
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0 w 1 1 N G, 1 1 . |
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Fig. 4 Changes in euphotic depth (Z,).

north of 40°.

NITRATE-NITROGEN IN THE MIXED LAYER

We must now demonstrate that changes in mixing
depth control the nitrate content in surfece
layers, but first let us consider the distribution
of nitrale. Figure 6 shows the vertical distrib-
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Fig. 5 Seasonal change in the ratio of photo-
synthesis 1o respiration (P:R).

ution of nitrate-nitrogen observed in the GEOSECS
transect at these latitudes. The baroclinic effecls
of the geostrophic currents are apparent at
latitudes 40*N (Oulf Stream System) and 10°N
(Equatorial system). These beroclinic features
ere important since it is apperent that as mixed
layer depths change it will stir different amounts
of nitrate into the upper layers at high latitudes
and input lerge quantities of nitrate into surface
layers( Fig. 7). We con speculate that if the mixed

North Eq. Cur.

42 40 39 37

36 34 33 32 3

15000 - JHAR

FE8
12000 l
9000 -

6000 *

3000 l MAR

INTEGRATED NITRATE

(=3

g Te e Y

10 20" % 0 9 6N

<,

Fig. 7 The amount of nitrate (pM/M2) introduced
to the mixed layer, January through March.

layer from the equator to 20*N decpened to 400m,
surface waters would be 88 rich in nitrate as the
latitudes north of 40°.

SEASONAL  CHANGE  IN  PHYTOPLANKTON
ABUNDANCE AS A FUNCTION OF LATITUDE

Figures 8, 9 and 10 show seasonal trends in
phytoplenkton biomess at different latitudes. The

Gulf Stream
30 29 28 27t 23 45 8

Fig. 6 Distribution of nitrate-nitrogen (1M/kg) from north to south at longitude 40°W.
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Fig. 8 Seasonal change in phyloplanklon nitrogen
(P:R x Nzp,) in early winter.
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Fig. 9 Seasonal change in phytoplankton nitrogen
(P:R x Ny ) between winter and spring.

values (P:R . N ;) are the product of equations |
and 3. This product is an estimate of
phyloplankton nitrogen biomass in the euphotic
zone. |f one assumes a 1:1 relationship between
nitrate and chlorophyll, the values shown
represent euphotic chlorophyll, i.e., the amount
in mgs/M2.

Examination of the trends for all seasons shows
iwo regions of high biomass. The highest is at
1atitudes greeter then 40°N. The next is centered
at 10° north of the equator. Lowest estimates are

200
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Fig. 10 Seasonal change in phytoplankton nitrogen
(P:RxN Zm) between autumn and summer.

between latitudes 20°*-40*N. The period of winter
to spring, i.e. Janusry through May, reflected
highest stocks at all iatitudes. Lowest stocks occur
during early winter (November and December).
Summer through autumn the section is augmented
in phytoplankion stocks at latitudes 50* and 60*N.

These trends in phytoplenkion reflect the
background of so-called baroclinic patterns of
nitrate distribution shown in figure 6. In essence,
they reflect the emounts of nitrate entrained by
vertical mixing. The high biomsss at high
latitudes is because the penetrative mixing has
greatly enriched the euphatic layers with nitrate.
Low stocks of phytoplankton are conversely the
result of & shallow mixed layer and/or a deep
nutricline. The most importent feature in the
southern region of this section is the influence of
the north equatorial current. The baroclinic
fealures, associated with this current, allow
nitrate in the shallower layers to be reeched by
penetrative mixing rather than in latitudes
immediately surrounding them.

THE RELATIONSHIP BETWEEN PHYTOPLANKTON
STOCKS AND NORTHERN AND  SOUTHERN
MYCTOPHID BOUNDARIES

In the Northern Atlantic subtropical region the
southern boundaries are the rorih equatorial
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current, and the northern boundary is the Gulf
Stream. Biogeographers, such as Richard Backus
and his colleagues, are aware of the water mass
differences belween the North Atlentic
biogeographic regions. We believe our analysis
has demonstrated that the regions could be
delineated on the basis of productivity alone. The
northern regional boundary coincides with the
north limit of the Sargasso Sea and a major change
in phytoplenkton abundance. The southern limits
coincide with the edge of the north equatorial
current and slso the beginning of a regio. of
increasing phyloplankton sbundance. Thus the
myctophid populations in the center of the North
Atlantic subtropical region are bounded by two
geostrophic fences which form the central gyre of
the Sargasso Sea. Myctophids housed within this
gyre must adept to the relatively low steady-state
production which i3 known to characterize this
region. However, fishes residing at the boundaries
of these regions, live in much more productive
waters. In these waters, the production of
phytoplankton comes in the form of strong
seasonal pulses. We can esk whether this region
achieves the greatest myctophid abundance? Is it
more preferable to reside in the north central
Sargasso Sea or in the boundary regions?
Scanning the monographs (Nafpektitis et al.,
1977), the distribution of abundance of
myctophids appears to show greatest abundance
around the northern boundary at approximately
40°N. Some abundance occurs at the southern
boundary and in some cases species show no
geographic preference for any particular part of
the region. The strong relationship to northern
boundaries and abundance suggests some unique
relstionship in temperature and food abundance. It
can he postulated that this ideal environment for
growth and abundance of these fishes occurs in
frontal gradients. This is certainly not a novel
suggestion, a= many researchers have noled the
distributions of an ebundance of fishes
concentrated in frontal regions.

We believe that the novel information uncovered
by our modeling is the epparent geographic
stability of the regions of relatively high and low
phytoplankton abundance. The fact that while these
regions are veriable seasonally, they are on the
average the sites for high food production over

this section. The high production of these regions
is maintained by the geostrophic currents and the
baroclinicity imparted on the water mass by this
flow. This means thal as long as these currenis
continue 1o flow in these locations, these regions
will continue to occupy their relalive status ss
regions of high productivity throughout this
region of the oceans. This leads us to conclude that
the densily nutrienl relstionships must be
fundamental biogeographic relationships of
natural ocesnic populations. We have observed
good relationships betlween the ebundance of tuns
assessed by conventional fishing techniques, and
distributions of chlorophyll end primary
production (Yentsch, 1973). Further, the
distributions of species of ocean myclophids falls
in the same category, indicating that myclophid
abundance is correlaled wilh primary production,
which in this case is augmented by the effects of
ocean currents. That the stability of these regions
should be tested by satellite images which clearly
show that the major frontal regions, such as the
Oulf Stream system, can be monitored from space
and evaluated in terms of position over large ¢~ess
of the oceans in time.

SUMMARY

A semi-empirical model of new production
predicts iwo major phytoplankton fronts at
latitude 10° and 40°N. These correspond to the
northern and southern limits of myctophid
populations in the biogeographic region of the
subtropical North Atlentic Ocean. The persistence
of these fronts is due to baroclinic effects of the
Oulf Stream in the North end the North Equatorial
Current in the South. It is believed that
density-nutrient relationships imparied by the
movement of ocean currents must be fundamental
to the biogeographic relationships of oceanic
populations.
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Field Museum of Netural History, Chicago, U.S.A.
S. VAN DER SPOEL
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INTRODUCTION

It is perceived that pelagic biogeography hed
somehow not shared in the renaissance of interest

that hed occurred in the last decade for shallow-
water and terrestrial systems. Yet study of the
open ocesn, the lergest environment on earth,
still relatively unaffected by human activity,
offers uniquely-interesting opportunities for
studies of evolution, seperation and maintenance
of distribution pstterns of species and of biotes.

The orgenizers of the International Conference
on Pelegic Bfogeography attempted to bring
together  aclive  open-oceen  reseerchers
embracing the broedest possible diversity of
groups and approaches to discuss the outstending
questions of open-oceen biogeogrephy, where we
are, where we ought to be going. The conference
progremme was designed around nine topic aress,
covered in turn by symposium sessions of
presented pepers and workshop discussion
sections.

TOPIC 1.  WHAT IS UNIQUE ABOUT PELAGIC
BI10GEOGRAPHY?

Unique feelures of open-oceen biogeography
cenler around the vastness, the connectedness and
the three-dimensionality of the open sea. There
are few geographic barriers and ecotones are often
very broad. The recognized faunal regions are the
largest on the planet. Open ocesn biogeographic
studies are typically done at the specific and
infraspecific levels as taxa of higher renk (genus
anc higher) are typically cosmopolitan {or neerly
%0) within the wormwater ocean. In the open sea
-at our current state of knowledge- the concepts
of “feunal region” or “community” or "ecosystem"
verge on being interchangeable- their boundaries
ore mapped by recurrent distributional studies.

The very nature of oceens, their vastness and
three-dimensional aspect impose considerable
constraints upon the methods by which we attempt
to develop a coherent understanding of the
mechanisms involved in determining and
maintaining pettern in biogeographic systems.
Repetative sampling over diverse spatial and
tenporal scales is neccessary with the difficulties
compounded by the need to use different sampling
techniques for different organisms. Menipulative
experimenietion is usually nol possible.
Fundamental to biogeography is good taxonomy and
good {axonomy depends upon the collection of
geogrephically adequate samples, ar.d specimens in
good condition. All too often such collections are
lacking, due either to inadequate sampling or to
the use of inappropriate methods of collection and
preservation.

Expatriation is known to occur, what is not
known is its prevalence and its significance in the
origin and maintenance of biogeographic patterns.
Ontogenetic vertical links and their significance
have been largely ignored.

TOPIC 11. CONOGRUENCY OF EPI-, MESO-, AND
BATHYPELAQGIC PATTERNS

Concordence in distribution smong open oceen
species of different taxonomic and trophic groups
occurs. It is the basis for widely accepted maps of
oceenic species assemblages, faunal regions end
ecosystems. However, the deta that serve as the
basis for postulated concordence in distribution
patterns have been derived from & multitude of
disparate sources and are often reported in ways
not directly or easily comparable.

Maps must be constructed using a uniform style
end format, with the same agreed-upon stendards
for inclusion of positive and negetive deta The
biggest problems involve lechniques end scales of
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sampling that differ by size and nature (e.g. the
problem of the "gelalinous” organisms, see
Herbison, this volume). Interpretation of
historical entecedenis of current patterns will
involve paleontologic study of historical patterns
of organismal distribulion end the history of
distribution of environmental peremeters. Also
important 1o interpretation of the orijins of
patterns will be meeningful estimates of
phylogenetic interrelationships. It seems cleer
that studies on closely-related species pairs may
contribute to our knowledge of the nature and
origin of biogeographic boundear ies.

TOPIC I11. POPULATIONS, PATCHES OR CLUSTERS:
THEIR ROLE IN PELAGIC BIOGEOGRAPHY

Genetic populations are considered to consist of
groups of orgenisms within which gene flow is
reletively unrestricted. Ecologicel populstions are
groups of orgenisms with similer demographic,
morphological and/or behavioural character-
istics.

It has not been shown whether different
ecological populations (mesopelagic fish, salps,
decapods) are in fact different genetically. This
might have important biogeographic consequences
in terms of divergence and speciation.

It would be of value to determine if centers of
sbundance are the same (spetially and/or
temporally) es centers of populetions in either
the genetic or ecological sense (cf. Merrett; de
Yisser ; Domenski, all in this volume). Knowledge
of this would be presumably be important to the
understanding of boundaries. Open-ocesn
biogeographic meps ere essentially boundery
plots, typicelly based on presence/absence data
(or, for some groups, charts of relative
sbundance), no open-oceen species cen be mapped
at the popuilstion level. Genetic studies seem
prerequisile to aquisition of such ability.

The concept of communities is based on the
co-occurrence of species, the inherent assum-
ption is one of co-adeptetion. The coadsptation of
species in communities may be expressed most
clearly in trophic relationships.

Throughout this session & recurrent theme
involved sampling difficuities. In particuler the

following oreas need attention.

There is a need to look at living, in addition to
preserved orgenisms to gain insight into morph-
ological, ecological end behavioral cheracters
useful for systemalic and biogeographic
understending. Especially importent is the
observation of orgeanisms in situ to establish
behavioural traits relevent to trophic
interactions. This is vital to enhencement of our
understending of community structure as
determined by coective effects and biological
accomodation.

Difficulties in ssmpling large end small
orgenisms on the same scales are evident but must
be adressed by improvements of sampling
tecniques.

There is a grest need to develop new
instruments and techniques to address relevant
questions in population structure, genetics, scales
of distribution and so forth.

TOPIC IY. YARIATION AND THE SPECIES CONCEPT
IN OPEN-OCEAN PLANKTON AND NEKTON

It was strongly felt that progress in open-ocesn
work will neccessitate e greeter infusion of
modern systematic theory, perticulerly in
availeble epprosches to the estimation of
phylogeny.

There have been very few attempts for ocesnic
orgenisms to ulilize cladistic or numerical or
other modern methods, singly or in combination,
to produce resuits based on the greatest possible
fraction of the available data. There appeers to be
no fundemental difference in our concept of what
constitules a species between oceanic vs
terrestrial systems. Cleer definition of the
species concepl is essential to open-ocean work
because it is at the species level that open-oceen
biogeographic work is done.

Recognition of species or of genetically distinct
entities in the ocesn may be retarded by the
tendency to regard the oceans as an environment
with weak or non-existent barriers to gene flow,
when in fact we know next to nothing ebout gene
flow in open ocosn systems.

Contributing as well is-the fact that there have
been very few studies of varistion within broadly



distributed species. Such studies of population
structure within broadly distributed species will
contribute much to our understanding of both what
constitules an open-ocesn species and of the
reality of biogeographic provinces and bounderies
as defined by congruent disiribution patterns.
Texonomic resulls will likely lie on a8 continuum
between recognition of polytypic species
(Johnson, this volume) to the identification of
distinct new forms (0Qibbs, this volume).

Allozyme and other genetic studies have shown
that the potential for genetic differentiation is
present and operating in the deep see end that
genetic differences occur over short distances. In
oreas 8 few hundred squere kilometers, distinct
populations of some organisms have been
recognized.

The biological mechanisms leading to and
maintaining reproductive isolation in open-ocean
orgenisms ere virtuslly unknown because (in
part) of the great difficulties involved in working
with living forms. Oreatly needed are additional
biochemical, behavioural and physiological
studies, breeding experiments, and life history
infarmation,

Differences in generation time may lead to a
vastly different interpretation of distribution as
a function of spatis! and temporal scales.

At all times reciprocal study of the interaction
between orgenisms and their environment are
needed in behavioural and distributional ex-
nlanation.

TOPICY. YICARIANCE BIOGEOGRAPHY

Communities and the ecological relstionships
defining them also have histories which might be
elucidated partially by the fossil record where it
possible, for exemple, to perceive dominance. A
potential meajor contribution of systematics,
nemely knowledge of phylogenetic relationships,
has direct relevance to historical questions.

An importent problem is that our present
estimate of taxonomic differentietion may in fact
constitute significent underestimation for some
taxe. Resolution will require additional study and
advances in concept and technology.

Questions of short- versus long-term processes
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were discussed with the novel idea that dispersal
may in some respects represent the long-term
and vicariance the short-term process.

A number of modes of vicerisnce were
discussed, e.0. orogeny of land barriers, oxygen
minima, gacial cycles in the Mediterranean.

A central question involves how to study
“hydrotectonic” events. There was some agreement
that the water mass system is, perheps
analogously, a tectonic system of ils own, directly
affecting pelagic biotic distribution to a much
greeter extent then more remote plate tectonics
processes and events.

Identified sources of clarification include
gyniheses of knowledge of modern organismal end
water mass distribution patterns with historical
information/inference based on phylogenetic and
paleontologic studies.

TOPIC YI. YERTICAL DISTRIBUTION: STUDY AND
IMPLICATION

Yertical segregation of close-related species can
result in allopatric ranges at a single geographic
position.

There is a relationship between the scales of
horizontal distribution patterns with depth. The
scales increase with increasing depth, but this
relationship may bresk down in the benthopelagic.

Sampling musl adequetely cover the full
vertical renge, otherwise vertical vs. horizontal
distribution patterns cannot be described.

It is important to emphazise the effect of
sampling scale. If sampling is conducted within a
limited erea, the vertical zonation petlern
appears to be clearly-related to depth-correlsted
paremeters. Al larger sampling scales, the
influence of gross circulstion patlerns,
indicated by the water mass structure of the water
column, becomes more spparent.

Differential ontogenetic vertical migration
patterns appear to be strongly correlated with
available food supply. Such differences are often
megnified in horizontal distribution petterns.
Larval and adull renges are often different with
the larvae more stenotypic. Such patterns appeer
to be part of the linkages between overall
productivity, particle-size spectra and ecological
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adeptations with depth.

One question adressed was the reality of
specigtion within oxygen minimum regions.
Evidence wes discussed for the existence of
specialized endemics with highly-restricted
horizontal ranges within regions defined by a
well-develnped oxygen minimum. Widespread
distribution of sapropels in both on- and
off-shore deposits implies that in the past, deep
oceanic waters were froquently stagnant for long
periods of time. Such conditions may have greatly
modified horizontal distribution patterns.

Since any orgenisms which fail to synchronize
their cycle with the circulation cheracteristics
would get lost from the sysiem, this could
conceivably result in sufficient separation of
synchronized and asynchronized populetions to
result in differentiation. However, it is unlikely
thet all such vertical migrations are or can be
tuned to smaller-scale circulation cells because ¢ f

the unpredictable variability of the cells.

TOPIC  YH.
STRATEGIES

THE ROLE OF LIFE-HISTORY

Studies of life histories of pelagic species must
include field observations of netural populations
to define both the epatial and temporal
distribution of a species. This may oe enhanced
through leboretory experimentetion and the
development of mathematical models.

Evolulicnary life-history theory may provide
models to explain the adeptive significence of
life-history patterns.

Needed are models involving both ecological and
evolutionary time. Especially interesting might be
models of life history strategies in “cold vs.
werm"” ecosysiem erees, elucidating benefits of
allernation of generations, relationship between
life history parameters and abundence and size of
distributional renge, or net production as a
balance between fecundity and dilution.

The study of biogeography should nol only
document present geographic  distribution
patterns, whether of species or faunas, but also
lead to en understending sbout how such patterns
have come sboul. Without the study of life

histories such an understanding is not possible.
Vital is the recognition that not all life history
stages are congruent in distribution end that
orgenisms in different stages of their life history
will heve differenl requirements. Unknown or
uninterpreted differences in morphology at
different stages, not o mention differences in
physiology, behaviour, length of time at different
siages, periodicity of reproduction, dispersal
mechenisms, all may add to act or interact o
affect spatial and temporal distribution patterns.
It was also noted strongly thet plankion semples
exist whose usefulness hes not fully been
exploiled ond in some studies could allow
avoidence of repetilion of expensive field

programs.

TOPIC YIII. BOUNDARIES AND TRANSITION ZONES

As used in the following, "transition zone™ s taken
to denote en ares superimposed between two
regions defined in terms of their physics, i.e.
subtropical or subarctic gyre, or between species
assemblages recognized on congruency within and
species distinction between such erees. It is
importent to note that most such zones in the
literature correspond to physical transitions or
frontal zones, e.g. between gyres or between gyres
end circumpolar current regions. The biologica!
conception and identification of such zones is badly
blurred by the non-synoptic data sets typifying
ocesnic biological sampling end esteblished
collection data basis.

In regord to species these regions tend to
contain representatives from the regions bounding
it and its own set of endemics as well.

It is clesr that the boundaries between regions
will depend on the criteria used in their
definition, varying for example as to whether a
percentile curve, physical indicator or maximal
distribution contour s chosen. It was proposed
that to establish the “renge” of an orgsnism, its
reproductive range is the "true” one.

The nature of rings with their identifiable,
ling-lived cheracter, snd their closs analogy to
cther frontal features mekes them a natural site
for process-oriented studies of biogeographical
bounderies.
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The strong link in the biological nature of
frontal bounderies is perhaps strongly tied to tte
phytoplankton standing crop and its species
composition on either side of a front. A fuller
understanding of the special advective/diffusive
regime associated with frontal bounderies and its
effect on verious types of orgenisms represents an
essenlial qoel for acological understanding of
open-oceen biogeography.

TOPIC IX. THE ROLE OF REGIONAL AND TEMPORAL
YARIABILITY IN PRIMARY AND SECONDARY
PRODUCTIYITY

Major geographic boundaries are formed by
processes associated with, 1) the general
circulation of the oceons; snd 2) seasonal effects
which influence vertical mixing at upper layers.
Major distribution pstterns mirror major
current patterns. Current merk arees of repid
chenges in primary productivity.

Large incremental bursts of production
characteristic of high latitudes favour a pattern of
energy flow that is different from some low
latitude regions where the rate of primary
production approaches steady stste. It seems not
unlikely that the main determinant of distribution
patterns is food supply, tempered by seesonality.

This working group proposed that the marine
science community should attempt to test this
hypothesis.

Priority should be given to expanding our
presently limited knowledge of veriation in
primary production levels and such potentially
ecosystem-defining parameters as phytoplenkion
particle size spectra across regions and
boundaries.

The group unenimously agreed that a program of
research of this sort would involve synergistic
efforts of both pelagic biogeographers and modern

merine ecologists.

GENERAL CONCLUSIONS O

(1) Pelagic biogeogrephy is the study of the
distribution of organisms in the largest
environment available to life on earth, the open
ocean. its study involves not only the pelagic
realm but connections with adjacent systems. The
open oceen is continuous with coestal systems et
its boundery and any understanding of either
ullimately depends upon study of both. The open
sea i8 linked with the aimosphere via air/see
iuteractions, with orgenisms serving as an index
to and in cerlain cases actually influencing
interaction. Further, the open ocesn is linked with
bottom processes; sedimentation, recirculation,
and thermal vent processes link bottom end
benthes vith the pelegic. As a system that is (and
has been) essentially physically continuous over
time, the open ocean offers unique opportunities
for stludies ranging from the separation of
populations to the development and maintenance of
separeble communities and ecocystems. Perheps
in no other system is there a better opportunity to
employ, and thereby help betler define, both
ecological end  historical approaches to
biogeography. Of great importance to this will be
enhanced opporiunities to relate modern
distribution patterns with patterns and changes
reed from the microfossil record.

2) Understending modern end past distribution
patlerns of pelagic organisms and communities
requires understanding of eond input froin
virtually all of the open oceen sciences. The very
complexity of the subject hes contributed to a
general lack of rigor in parsdigm development,
but in a very real sense pelagic biogeography
should and can represent a general syntheses of
open-oceen biological study. The value of
interaction among specialists in diverse arees at
the conference became absolutely cleer to all.
Continved community interaction end periodic
meeting was strongly advocated.

3) Whether the study be called taxonomy or
systematics, it is cleer that the composition of
open-ocesn faunas ond the structure of
broadly-distributed species needs intensive
additional, practical end theoretical study. Our
basic taxonomic know!ledge of many oceenic taxa is
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woefully incomplele. The conference advocated
synoptic (as opposed to merely regional)
systematic sludies utilizing both traditional and
more recently developed approsches, including
genetic/biochemical methodologies, cladistic and
vicariance biogeographic models, end more
emphasis on living organisms, whether in situor
inculture.

4) Sempling remains 8 continuing most serious
problem in open-oceen distributional studies.
This follows directly from the unique expanse of
the pelagic environment. It relates as well to
short-term instabilities of that environment that
vary by location, time and season, and to different
scales of size, mobility and “calchability” of the
fauna. Use of veried collecting equipment and
methods is required for astimation of sany
significant fraction of the community. Synoptic
sampling of biolic material and sbictic deta are
additional requirements. Adequaste collecting
equipment and preservation techniques are
esgsentially unavailable for some of the very
fragile (e.g. gelatinous) but wide-spread and
ecologically imporiant groups. Oreater effort
must be devoted to development of such equipment
and techniques. Continued geer development is
greatly needed, but equelly needed are motivated
ond rigorous studies of sampling theory and design
applicable to open-ocean systems and questions.

5) Pelegic biogeographers ere fescinated by
bounderies and understandebly 9o, for correlated
change in boundery 2zones offers greet
possibilities for understanding causation of
open-ocean distribution patterns. Studies of
congruency of distribution patterns should lead to
better understanding of community structure and
the reality of coadaptation. It should likewise leed
{0 knowledge of edge effects and differences in
dispersion in end neer boundery 2ones. Yerticel
distribution studies across ecosystem bounderies
should reflect life history and trophic adaptation
to unique ecosystem properties. One workshop
group advocated the Mhypothesis that close
correspondence  between major  distribution
patterns and large-scale current patterns is
related to merked chenge in productivity end
productivity~relsted properties ( such as particle
size specira) that occur across mejor current

zones. To test and refine this hypothesis whole
ecosystem studies in gyre boundery 2ones are
needed.

6) Additional mepping studies are clearly
necessary. Equally necessary is the recognition of
the treasure house of recoverable information in
existing plenkton and fish collections end
associated cruise/ caplure/ locality information.
The conference advocated community-wide effort
at “institutionalization" of existing collections
through survey and through establishment of
disciplinery awereness and standerds.

7) Other initiatives/efforts/studies identified
by more then one workshop group included:

(8) the great need for additional synoptic study
of broadly-distribuled ocesnic species, sre they
penmictic or polytypic, what is the nature and
source of subdivision, how does subdivision relate
to recognized ecosystem boundary zones?;

(b) 1o really understand distribution patterns
in any given group there must be a
greatly-expanded emphasis on life-history
studies involving field, laboratory end theoretical
approaches: this is true for all open-oceen taxe
although cieerly some taxa are less amenable to
such study with currently available methodologies
than athers; and

(c) the potentially important benthopelagic/
pelagic interaction zone is extremely poorly
known and deserves greater attention.

O
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SPECIFIC RECOMMENDATIONS ————@

It is recommended that an ad hoc working group be
established to survey, compile and publish a
directory of existing plenkion collections and
their resources.

It is recommended that conlact be made with
orgenizers of the World Oceen Circulation
Experiment for possible biogeographic-study-
related expansion of the biological program.

It is recommended that the conference orgen-
izing committee study the eppropristeness of
seeking estsblishment of a SCOR working group on
pelagic biogeogrephy. The work of this group
would involve international colleborative efforts
involving each of the general conclusions/
recommendations summerized above and such
athers as the working group or community might
generate.

It is recommended that the conference
orgenizing commiltee remain in contact for the
possible establishment of an additional or periodic
international meeting of scientists working on the
biogeography of pelagic organisms.

—e
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