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Ihe present volume constitutes the compilation of the pspers pre—
sented at the Seminar on Coastal Lagoon research, Present ard
Future held at the Duke University Marine Laboratorys Beaufort,
NeCeoy UeSeAe Trom 29 August to 2 Septesber 1978 under the section
of the Seminar entitled "Presant Coastal Lagoon Research%. It goes
in sequence with Noe J2 of ths Unesco Technical Papers in Marine
Science which centains ths Report and Guidelines of the Seminare

A description of the objectives of the seminar and the list of
participarts will be found respectively in the Introduction and in
Anrax II ot Noe. 32,
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A review ©f some ;eneral features of coastal lagoons

by

Frod Be Phleger

At the symposiuw on coasial lagoons in Mexico City in 1367 1 pre~
sentad what 39oemed to be appropriate comments on some general fea~-
tures of coestsl lzgoons (Phlegyery, 1967a)e. Consglderable research
by numerous Irvestigators during tha intervening yeers makes it
degireble to review these generalizations and to make modifica~

tions and additiorse I shall not refer <0 others by namey
although 1t is obvious that ay comments are based on the work of
many people. Ny reaarks, howsver, oexpress ay owvr opinions and

they ecre besed nostly on my own experience studying lagoons.

The type ot cosstal lagoon which I am discussing 1s a body
of brackish, marine or hypersaline water impounded by & sandy bar—
rier and havicg an inlet connecting with the open ocean. Each
coastel lagoon differs from all others. These differences funda-—
mentelly involve slzs, shaps, tidal range, runoff of tributary
streams, climate cf thc area, number and size of inlets and kind
and amount of gediment availablee. Diffurences in water movement,
chemistry, seology and ecology result from theso basic factors.
Differencess may be great or small, but nevertheless it is pessible
to formulate generslizations which apply to many or perhaps most

lagoons. 1 have found thess useful in gulding lagoonal studies
and s ar. aid to interpretationse. The following are some of ny
present unnerelizations in ebhreviated or note tora. I am sure

that additions and/or modifications can be made to these.

1. Nany or sost modern lagoons have developed during the rising
nsa level of the last 6,000-8,000 yearse. There is a vell-estab~
lished pause in the rise of sea level about 7,000 years ago when
the level was about 10 m lower than at presente. A sand beach was
formed at this level at this time. As sea level rose later, this
sand deposit grew upward and prograded seawvard to form a lagoon
barrier, as frhown, for example, at Ojo de Llebre Lagoon (Phleger
and Ewingy 1862) in Mexico and at Galveston Bay, Texas ( Bernardy,
Le Blanc; MNajory 1962).

2e Lagoons develop on aggrading or formerly aggraded coastal
plaines which are gently sloping seaward and wvhere thers is abun—
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cant sadimern t. They are aleways assoclated with modern or formerly
active rivers which are tributary to them or flow into the ocean

nearbye 1The rivers supply sediment to the nearshore turbulent
zsne which is accurmulated on the sand barriers by wvave and long™
shore tranjorte Tte river valleys may also constitute a part of

the la,occnal basine.

Je The Lesic shape 5f a lagoon which is formed by a wave~built
barrier on o gently sloping shoreline 1is an elongate basin paral~-
el to the coacete This may be modified by a tributary basin at
right araules to the coast which resulted from a river valley
irriclsed at lover ser level, Many of the bays in South Texas are
examples of this - San Antonio Bay is the best known (Shepard and
Noorey 1L0U)e.

- The rrincipal and usually the deepest channel in a2 lsgoon is
adjecent to the lagoon barriere. A bifurcating system of channels
occurs ir & lagoon where they are preserved, but in many areas the
channel system has been ohscured by deposition of sediment
(Phleger, 1967a ). Channels are most shallow in ths innersost
lecations in the basinse

A river with a high volume flow may have & deep channel cut-
ting across a lagoone

e The coarsest sediment is in the inlet where current velocli-
tiss are speaximus, eand the flnest sediment 1is in the innermost
reachee where current velocities approach zeroe. A high volume of
river ilow into a lagcon usually results in fine sediment through~
out the bssin excert at and near the barrier and in the river
channel. Abuncant shell such sgs oyster reefs form hard bottoms
characterized by herd bottom fauna and florae.

6o Current velocitiss and the rate of water exchange are func-
tiong of slze of the lagoon, ita shapey; number and length of
inlets, tidal range and amount of river <flowe Maximum current
velocities are at the inlet and wminimum velocities are in the
innermso~t reaches of the lagoone within a lagoon, there is a
delay in time of maximum current velocities and water level froms
that of the inlet; in some lagoons this delesy is ebout 1 hour per
10 km distancee 7The higher the current velocities, the deeper the
channals and the more suitable the lagoon for ship navigation.

Te The cepth of the channel over the entrance ber (outer “inlet
delte®) which 1s the shoalest part of the entrance area ls a func~
tion of tidal range, tidel wedgen, amount of river flow and the
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slize and dircction of approach ot ocean waves vwhich reach <the
shoree. Wevee are ths critical modifying factor in causing this
channel to be the shoaleat part of the entrance area (Phleger,

19¢5).

. The e£ize or cross—section of an Inlet is a function of the
emount of water which flows through 1¢ due to tidal vwedge and
amouat of river flowe.

The spacing of inlets in some places sppears to be a func~-
tion of tidal rangee In the Ojo de Liebre ares of Mexlico (Fhleger
and Ewing, 1962) which has a saximum tidal renge of almost I m»
inlets are ralatively close togsther, In the Laguna VMadre area of
south Texas and northeast Mexico where tidal range 1s very low,
inletr are a8 much as 150 km eapart (Rusnak, 1960). Rivers also
influance the spacing of inlets.

Very long inlets are in areas where very large amounts of
sediment heve heen deposited. One example 1s Hulzache—Cailsanero
Lagoon in fgouthern Sinoloa, Mexico, wvhere tvo rivers which bracket
a lagoon have deposited sediment over large deltaic areas (Phleger
and Aysla—-Castanares, 1972). YThe inlets here are approximately
8 km long. In Ste Lucie Lagoon, South Africa, the inlet is 20 k=
long (Phleger, 1976).

O, Berrier heaches are kept "healthy" with no esrosion by a res—
upply of sand which is transported by rivers to the nearshore tur
bulent zcne. Vhere adequate resupply does not occur, there is
eroslon of the beach and loas of sand gseawvarde This occurs where
rivers have bsen darmed for water use or flood controle. In other
areas the suprly of sand on the continental shelf after rise of
soa level has become exhaustede California and ncrthwest Mexico
have many sand~starved lagoon barrierse Parts of the Laguna MNedre
Texas barriery, formerly supplied with gcGediment brought in by the
Rio Brava (Rio Grande); have almost disappeared (Rusnak, 1960),
Part of the barrier for San Diego Ray (California) 1is in critical
condl tiore

10. Very smell or "pocket" lagoons frequently occur at the sea~
ward end of & stream which has a smeall drainage basin and thus
limited smount of runoff. Vhere the reinfall is seasopal, the
inlet of such a lagoon is open only during the rainy seasor and 1s
closed by wave action and longshore Jdrift during the dry season
(Stewart, 1958). Some or perhaps most of these lagoons have a
significent amcunt of water exchange wvith the open ocean by seep~
age through the porous sandy—barrier.



- -

Inlets of two cof thess lagoons have bsen obssrved to open by
a process known as thixctropys As the lagoon is filled with
water, the eand of the barrler becomes saturated with watere | § 4
there 18 a heavy surf, the pounding of the saturated sand of the
barrler by waves causes the sand to become fluld and flov seawerd
at the positicn of the previous inlet. Then water flow from the
lagoony vwhere the wator level is bhigher than {n the adjacent
ocean, tekes over and finlishes the openinge

11e After its formaetion a lagoon may be divicded into two or more
separated but connecting Lasinse This may be a result of differ—

ent processese.

Shell reefs wmay grow across the lagoon at right angles to
the tidal currents, sventually separating one or more basins.
Thie has occurred In Alvarado Layoon, Mexico, and is still occur~
ring (Phle,er and Lankford, 1878).

%Yhere there are two or more inlets the tidal currente meet
approximately wmidway betwesn inlets and cancel esach other. Sedi-
ment being transported 1s deposlted where the tides mest. This
has bheen observed occurring at Santo Domingo Lagoon in Baja Cali-
fornla, Mexicoe The next stage is seen in the 0O jo de Liebre area
of Raja California, where a single lagoon has been Cragmented into
3 legosns connected by shallow channels (Phleger and Ewing, 1962).

In Patos Lagoon in southern Brazil <the cuspate spits may be
due to eddless Some lagoons with these features eventually may be

soumented (Cloes 1962).

12. Noat lagoons are almost filled with sediment. This is shown
by the shallow depthay 1.5~2 my, and the absence of a channel sys~
temn in many lagoone, except near the inlet. Bypassing of sediment
ontoe tre acdjacent continental shelf occurs during ¢times of large
river flow (Phloger, 1867D ). Deposition within the 1lagoon ie
mostly in deltaic areas and in fringing wmarshese.

13. Inner and lover water masses occur in lagoons which are suf-
ficientiy large to develop them. Thess have distinctive assem—
blages of some benthic organisms, of which <the foraminifera . »
perhaps the hest knowne

14. A very long inlet (several km) filters out tidal effects and
is a barrier to some ofpen-ocean benthic organisas. Ste Luclia
Lagoon in South Africa is a good example of this, based on distri-
bution of forasinifera and on hydrographlc observations (Phleger,
1976). Very high runotff into a lagoon also may be a barrier to
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opan—ocean or,an'!srs. This i8 shown in Alvarado lLaygoon, Nexicoy
by thes distribution of benthic foraminltera,

15. Ory anlc productlion is high in =aost lagoons compared to mosgt
areas of the continentel shelf. One of the mopt productive areas
18 near river effluents, probably due to solil extractg from river
vatere. sdarasnes have hi_h production, which may be due to frequent
resupply of nutrient-rich sediment and ebundant plants and blue~
wroe algae. Lagoons also obtain tracoe materials from sea water,
including nutrientgs, frour tidal activity. Hypersaline lagoons are
very productive, probably due to corstant resupply of nutrients
fron. seawaters

1f there is little river flow i1 .to a lagoorn and poor water
exchange »ith the opsn—ocean, productivity may be lowe Superior
Lagoon or tre Paclitic coest of tha Isthaus of Tehuantepso, Mexico,
19 en 9xsu;le of this (Cromvell, 1975). Most of the astream water
s used for irrigation and the complex lagoonal system filters out
ur8t of the tidal actione. Vater sxchange thus is very salow.

16. Lagoons are eprhemorale. They may be considered as events or
procesces on gen¢rally prograding shorsline.

17. kxtensive weéershes characteristically occur within lagoons
where their borders are belng aggraded. Abundant gsediment usually
is in suspension !n la,con watsrs and thls 18 mostly deposited
aeround the marygins at the oend of thes tidal sxcursion vhere currert
velocitles arproach zeroe. The {finest sediment Iin the area 1ig
deposited In such mershese Marshes algo occur on deltas which may
be tritutary to lagoons and these are built primarily from sedi-
ment <transported bLy river flow and deposited as the river
debouches into relatively open water which containg electrolytes.

The lower boundery of the marsh is at the local tide level
of mean lower high water vhere cbsorvations of tide levels have
bsen made In areas ot a semidiurnal tidse. The bare intertidal
flats ereo betwoen mean lower high water and mean lower low watere
The actual relief of the marsh depends upon the tldal range, and
extends to highest high watere. Characteristically low and high
marsh are present and they contain different assemblages of plants
and animals; tr:e boundary between the low and high marsh zones 1@
at the 1level of meen higher high water. The elevation of the
marsh boundaries can be used, thersfore, to estimate the mean
tidal ranges in the area (Phleger, 19870).

Marshes have high organic productiony, usually the highest in

the lagoonal environment, and thsy are important nureery areas for
Juvenile fishy, shrimp, etce

-11~



18. The gjyrincipel non-living resources of lagoonal areas are
salt deposits and sand and shell uged for construction materialse.

Produc ticn o1 selt (NaCl) requires the presence of low dikes
betwoen the szlt evaporetion pans and the main part of the lagoon.
Such dikes ma)y be artificial or natural, and there must be deliv—
ery of layoon water to the salt pans by flooding or pumping or
both ( Phleger, 1868).

The drecdging of shell from lagoons may damayge or destroy the
only herd Lottom hebitat where oysters, for exampls, can attach
and develcpe. This has happened in some of the south Texas
lagoons. Credging of sand should be carefully controllede.

-12~
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THF FLUSHING OF WELL-NIXED TIDAL LAGOONS AND ITS SEASONAL
FLUCTUATION

by

JeTete Z2izmoermany Netherlands Institute for See Research, Texel,
The Netharlands

ANTKODUCTICh

The flusnlig of a coastal lagosan with water from the ad jacent
ahelf sea is an laportent ablotic factor in 1its ecologye. For the
purposes of the discussion, we consider coestal lajgoons to be

inland set areas, stretched alony the coast, protected from direct
contact with the open sea by a barrier in which only relatively
small inlets provids & means of coamunication bletwoen the lagoon
and the s3a (Phleger, 1969). Any tide in the lagoon is forced by
co—-oscillation with the tide of the open sea, penetrating through
the inlet(s)e lagoons may or may not be influenced by fresh water
runoff froam the lande. If they ara, such a runoff produces, apart
from other significant cheaico—blological affects, a decrease of
the salinity in the lagoon as comparcd with the open sea. Ihis
difterential thus provides a means by which to calculate a rele~
vant flushing time scale. If fresh water supply is absent or
insignifticant, the reverse may occur; fle@ey oevaporation in the
lagoon may cause the salinity in the lagoon to be greater than the
value at the seaward entrance (Phleger and Ewing, 1962)¢ A flush-
ing tims scala is much lees easily calculated 1In this case because
of indeterminacy Iin the magnitude of evaroratione.

As will be shown in the next chaptars, the flushing time scale
of a particular tagoon may differ aprpreclably according to {ts
definitiors Howaver, whataver the detinitlion may be, {t can be
gstated that the flushing time scale depends on the character and
strength of <the physical <transgort processes in the lagoon and
also, to some extent, Iin the adjacent sg@a. There is8 a rather lim—
itod amount of lite¢rature on specific physical transport mecha-
nisms acting in such areas, speclally as compared with the exten-
give literature on this subject in the more familisr estuaries.
Although it may be supposed that estuaring transport processsaes are
also of injortance for coastal lagoons, it should be kept in mind
that due to their different morphology and to the often lessser
importance of fresh wvater runofi, the significance of tidal and
wind-induced trangrort L rocesses, as compared with the (thermeo)
haline circulation, may bLe more important. An elementary account
of these processes Iin coastal lagoons has been given by Groen
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(1%63). For rore extensive surveys one I8 forced to consult the
relevant reviews cn estuaries (cte. HBowden 1967; Fischer, 1976).
From hereon we chall only deal with lagoons in which denslty cur-
rents play a negligible role in the gross transport patterne. Such
lagoons will be well-mixed vertically due to the combined effect
of tide and wind—induced turbulence.

wa npow turn to the central topic, that 1is, the prasence of any
seasonal fluctuation in the flushing of coastal lasgoons. Seasonal
tluctuatiors in the etreagth of physical transport processes are
not decalt wlth in either of the reviews montionede. After all,
thie 1s not surgrisinge. The pressnt author knows of no extensive
study reported in the literature concerning the seasonal fluctua-
tion of flughirnz Iintensity in any coastal lagoon or inland sea.
For thise reason alone such a study should be strongly encouraged
acs a toric of future ressarche In the meantime we shall deal with
the subject In an indirect way by reasoning from what 1s known
about 3easonel fluctuastions in guantities of interest to flushing
PTOCOESESe It will be evident that the tide cannot be regarded as
suchj; the only effect of (limited) siygnificance being a seasonal
modulation of the solar tides according to distance and declina-
tion 01 the sSur.e On the other hand, any seasonal effsct will be
stroa,.ly coujleoc to atmecstherlic processese. The influence of the
latter on tle lajgoon can be rouyrly egubdivided to direct and indi~-
ract atfectse Incluaded in the former is the locally induced wind-
drify currerts in the lagoon as well ae any set—up of the water
lzval connected with these currents; in the latter the varieable
(non~tidal) trangport of water through the inlet(s) forced by the

variable action of the atmosphere on the adjacent S68¢ These
trangsports too can be connected with sea level variations in the
la,00ne After reviewlirg in the next chapter the general aspects

of th? flusling of coastal legoonsy, we shall deal 1n a rather ten—
tative way »ith its seasonal cyclee.

RHYSLCAL IKANSECRBI PROCLSSES IN CCASTAL LAGQONS
Adyecitlorn - gdiffiueglicn

It i3 common practice to cla3sify physical transrort processes as
beingy eitner advaction or ditfusiones Although the division itsel?
1s not treoe of ambiguity we shall follow that divisione. Loosely
speakling, yrocesses that carry a given vwater mass form one point
to anotter witlout changing {ts spread are called advective; those
rroecessefr that concurrently change thelr sgread are called diffu-
Aalvee It ghoula be noted that the division depends on the time
and spece scaleg under consideration. Now, ygiven any two points
(A, B) in a lajgoon separated by a distance (L)y, we may form two
tine scaler related reoespectively to the advective and the diffu-
slve procesess acting alcn, the transport path from A to Be It U
i3 a churacteristic velocity of advection and Kk a characteristic
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diffusion coefficlent, the time scale to move eany vwatesr massg by
advection 1rom A to B 1is L/U, wheress the time scale for & coms~
plety mlxirng of the water mass between A and B 1is ot order L2/K.
A dimeneionless ( Peclety, Pe) number may now bhe formed:

1)

Accordinyg to the velue of Pe, transport processes may be clas—
sifiad ac either advective (Pe << 1) or diffusive (Pe >> 1). Asso-
clating the lenuth scale L with the overall dimension of the
lageoon, the Pe~pumber is a measure of <the relative strenth of
advsctive and diffusgive processes in producing & complete flushing
of the lagccone Realistic values for the ascaling parameters in a
lagcon arse:

U (0 to 10-! m sec —¥), K (10 to 103 =2 gec 1),
L (103 to 105a)

Thus the Pe “number may show a large range of values,
from << 1 to >> 1. However, in the ebhsence of any significent,
more or lese time indepondent flow through the lagoon, 1its flush—
ing will always have to be classified as diffusive. Such a situ-
ation is certainly met with in a tidal lagoon which has only one
inlet at its seaward end end no runoff entering from the lande.

Diffuglive Procenses

As we do not consider the effects of density currents here, ve
shall msay that any diffusion in the lagoon must arise either froa
tidal or wind actione. The former 1is normally the most important
process, although the vay in wvhich the tide generates mixing in
coagtal embayments is nearly alwvays complicated. First, there 1is
a direct production of smsll scale turbulence by tidal currentse.
However, smell scale turbulence becomes an important diffusive
agency only by its interaction with large scale spatial irregular-
ities in the current velocity fleld. These irregularities thes~
selves are produced by the geometry of the basin which 1is often
very complicated. rhree processea, producing lerge scale diffu-
sion due to the basin gecmetry may be mentioned here:

(1) longitudinal diffusion due to lateral shesar of the tidal
current caumsed by friction along the sides of the channel or
over a varying bottom topographye. The effect is only of
isportance if the +time scale  of cross—-channel mixing by
small scale turbulence is of the order of the tidal period.
See Fischer (1976) for further discussione.



(11) longitudinal diffusior due to temporal storage of water in
staynant areas,; over tidal flats, s tce Such a storage mey
ceruse ¢ £hift of parte of a water mass and thereby promote
its srreadinge. The process has been dlscussed qualitatively
bty Pcetma (1954). A guantitative theory hLas bheen given by
Okube (1973) and, more recently, by Dronkers (1878). The
latter author has showvn that the effsct of tidal storage
besins may lead to realistic values of the longlitudinal dif-~
fucslor coefficlent in the order of 102 m2 sec ~1,

(1i11) longitudinal diffuslon by tide-induced residual currentse.
Ir shallow tidel ereas of complicated geomstry the tide
itself gcnereatess, by nonlinear interaction, a residual cur-
rent velocity field (see Zimmerman, 1981 for a review).
Superposlition of 4irregularly distributed reaslidual currents
upcn the tide gives rise to a diffusion processy as bhas Leen
described by Zinmerman (1976b, 1978). Residual currents mey
account for very large diffusion coefficilents, in the order
of 103 m?2 gec—l.

In all threec cases the diffusion coefficlents may be expressed in
the tidal paremeters 1 (horizontal dligplacement amplitude) and U

(veloclity argplitude) by

K = cUl
(2)

The "constant™ ¢, however, reoresents different physics, according
to which of the processes mentioned is described by (2).

As to tre effect of the wind field over the lagoon in producing
enhanced mixing, the offect of an irrsgular hottom topography aey
also give rise to circulation cells as in the case of residual
circulation induced by the tide. A simple plcture is given Iin
Groen (19269). Although we suppose that 1ts effect Iis quantita-
tively of minor importance as compared with that of the tide, it
mlight provide a mechanismwm which gives a slight seasonal fluctua~
tlon 1in the strength of the Iinternal mixing processes in the
lagoone.

Flushing time acales

A representative time scale for the flushing of a lagoon is the
average transit time through the basin of water parcels sntering
at a particular places. 11, in a stationary atate, the flux of
parcols into (and out of) the lagoon is given by F and the total
mass of the parcels present in the basin, having entered at that
particular place, is My it has been shown by Polin and Rodhe
(1973) <thaty no matter what the spread In the transit times may
hey the average transit time, To e 1 given by:
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(3)

It ghculd be notod that values of To may vary considereably

for 9ea water enterinyg end leaving through the inlet and, for
instancey 1rosh water entering the lagoon at its lendward side and
also leaving through the coastal inlet (Zimmerman, 1976a).

Another time scale, related to the averaygs treansit time, is the

avera, e aye, Ta vy of water parcels that entered at a particular
place; the age being the time interval that has passed after ths
parcal has entered the besine Bjorkstrom (1978), in a discussasion

of Bolin and Rodhe (1973) and Ziamerman (1976a) hes shown that the
avera_ e age is relatsd to the average transit time and the mese.

spread, 2 9y 0 the trens!it times around that average by
Ut )
. To % (4)
a - —— e amme—
2 210

Hence, any Eepread in the transit time increases the average
ap®e As such a spread is completely due to diffusive processres,
it 1is sugpgestad that there may exist a definite relationship
betweon the¢ bLagin Peclet—number (1) and the averape agee.

Now, i1 speeking a&bout the flushing time scale of a la,oon in
the rast of this penor wo mean the average transit time defined by
(3)y wpplied to parcels entering the basin throcugh the coastal
inlat ("seca water parcels').

Ildal and pon=3iidal flusbing

If we igrore, for the tine belng, any influence on the ecosystem
of a coamtel lagoon exercised by runotf from the continsnt, then
ve 869 that 18 internal development, including a possible sea~
sonal cycle, 1is strongly dependent on the flushing of the lagoon

with water from the adjacent seae. Normally the boundary between
open sea end lagoony located near the inleats, forms a discontinu-
ity for e lot of ecological factorse The extent to which the

lagoon cear. meintair an equilibrium determined only by local pro-
cosess deperds on the flushing time scele of the lagoon as com—
pared witl. the time scale of the processes considerede. As to the
flushing time sceles(s) connected with the intrusion of sea water,
it is the processes nearest to the inlet which detsrmine to a
large extert thre rapldity ¢f the flushinge Algso physicel trans-
port processes may show a pronpounced discontinuity in cheracter at
the boundery between lagocon and seae As for tidal lagoons, the
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flushing vitr secea weter Loth by tidel and non-tidal processes can
be understood by a rasappraisael of the classical "tidal prism”™ con—
copt (see Fowdery 1% 7 for a discussion)e.

Let us suppose that the boundary beiween "sea water” eand
"la:oon water!" ig gituatad in thes 1nlet at low water slacke During
the naxt flcocc a volume V , called the tidal prism, is introduced
into the lagocre V can bLe written as the product of the amplli tude
of norizortal tidal displacemsnt, 1, and an effective area A as
V = 21A. in its simplest form the concept of flushing by means
of the tidel prism method now agsumes:

(1) that tre volums introduced durinrs the flood is completely
wlx9d with the low tide volume of the lagoon, and

(1i) that the volume subssquently leaving the lagoon during the
abb is comnrletely mixed with the ad jacent sea, supposed to be
of irtinite vclume.

Bothh assumptionsy; of coursey, can be criticized. First, the mixing
ot tihs volume Introduced during the flood with the low tide volume
of tne la,oon can ba more realistically thought of as a piston
gusain, a vclume into the lajoon, thersby only shifting the bound-
ary betwa2en "sea" eand "lagoon" water lnwards. At the same time
the inflow is precducing an intense turbulent mixing process,
theraby Y"ciffusing”™ the boundary between both water masses. 1r
tine diffusicn fgrocess 1is characterlzed by a diffusion coefficient
Koy then tte volumers effoctively exchanged across the boundary of
hboth water messes durirg a tidal periody, Ty will be of the order
A(2KT) o 1hus a frection a of the introduced volume (tidal prism)
is excharged with tha soa during each tide, basing gilven by

3
a = (28T)
21
(5)
Substituting (2) for A in (5), we have
a =(1rc)i
(6)

Af ¢ way very bLetween 1072 to 10! (orders of magnitude), a will
show a rense o1 valuas from about 10=! to 0UeS. It nov remains to
L® sesn whether the exchenged volumes are, at the same time, con™
plately mixed elther with the "sez vwater® volume or with the vol-

ume ot "la,con watar'e. For the latter, this will be the case it
the "interral rixing time s8cale™ ig of the order of the tidal
perlode 1t L is the offective length of the lagoon, this time

acele is of <ths crder 12/2K. Hence, only i1f L =2al is the
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3xchanged valume almost cormrletely mixed with the low tide volume
of the legcene howaver, such a situation will only be met with
In cases of very small . legoons. Or the other hand complete
removal rathrer then complete mixing of the exchanged volume of
lagoon water with weter “rom the adjacent sea often takes place
due to *the hydrographic situation near the inlet at 1ts seaward
side. Longshory curronts and asymmetry {n the tidal outflow and
inflow pettern glve rise to a2 rapld displacement aof the water
leaving the lagoon durinz the ebb, 80 that during the next flood
alrost comjpletely "new'!" gee water enters the lagoon. In this
casey it will be evident that, following the above reasoning, the
fraction of lagoon water reprlaced sach tidal cycle by sea water is
given by aVg/V (V peing the low tide volume of the lagoon). Its
reclprocel value c¢an be regarded as the average transit time of
§9a water percels (the tidal period acting ae the time unit),
besaring ir mind thet th represents a flux of sea water parcels,
1f divided by T, erd V in the "wass" of sea water present in the
basin (see (3)).

Ve have seen that, roughly speaking, the volume exchanged
batween see and lsgoon during each tidal cycle 1is proportional,
but not necessarily equal to the "tidal prism%. The factor of
proportionallity (6) depends on the way along which the tide gener-
ates a diffugive velocity fielde It should be noted that the pro~
portiorality is a rerpult of coupling the diffusion coefficlent K
to the ticdal parmetere U and 1 1In (2), as can be seen by following
thoe derivation of (S5) and (6); 1le®ey the flushing of the lagoon
increases with V. rot because of an increase in tidal prism volume
proper, but beceuse such an increase does yive rise tc an enhanced
diffugionr coafficlent, duge to larger tidal velocities. In some
way the ernergy of ¢the diffusive part of the valocity field is
depencent upon the amount of tidal energy disgsipated in the lagoon
per unit resa and time. The latter is roughly prorortional to
UCJIH (H being ¢ representative depth)e.

Apert frem the periodic tidal intrusion of sea water In the
lagoon there ofter exists a considerable non—-tidal flux ol sea
vater throu;h the entrance, forced by non—tidel long waves on the
adijacent srelf, These non—-tidal fluxes do not show the strict
perlodicity of the tidal dischargey, dDut may be thought of eas a
randon surerposition cf oscillating discherges of different peri-
ods and amplitudes. Ae for a glven velocity amplitude, the dils—
plecement ¢f e weter mass is inversely proportional ‘o the fre-
quencyy subtidal fregquencles may play an important role in the
displeceunent srectrum (Smith 1977, 1978), sometimes ' oven having
greater influence than the tides,; although they may be of minor
importarce in the velocity spectrume. Since the internal diffusion
procesres ere related to the energy disslipation forced by the
velocity spectrum, it may be supposed that the internal mixing
processes, vepresentod by a longitudinal diffusion coefficient K,
are less influenced by the subtidal frequenclies. in the discharge



through the inlet of the lagoone On the other hand, ‘+heo
"non—tidal rrism"” may be of the same importances as the tidel
prigme It now remains to = gssen in which way the non—tidal prism
may add to the tlushing of theo lagoon.

Keeping the random charescter of the non—tidel fluxes Iin mind,
we may form a repressntative non-ﬁ}dal prism, V from the mean-
squars non—tidal velocity, U¥ =« <U >3 | and an integral correla-

o
tion time scale of the non—tidal valocltles, T* :

V, = AU*T*,

‘Analogouely to the above reasoning concerniny the water exchangs
by the tideal prism, we now gsuppose thet over a time interval T* g
volums V 1is iIntroduced into the lagoone. By the concurrent action
of the diftusive processes, malnly induced by the tide, a volume
of order A(2KT* )% g sxchanged wita the lagoon watsr volumee This
exchanged volure s subssquently transferred to the sea and com—
pletely removed when ths non—tidal prism has agaln left the
lagoon, afr in the case ot the tidal prrisme. However, due to the
concurrent existence of flushing by the tidal prism over the time
intervel T, pert of the volume A(2kT*) 3 may have bheen transferred
to the sea by tidel exchanye. Hence the esffective exchange by the
non=tidal prier 2 that port which has not yat bssn removed from
the lagoon by tidal exchange. An estimate of the latter can be
derived e followse Vhereas a volume A(2KT®*)% of the non-tidal
prism 18 exchanged with the lagoon et its lendwerd silde, the same
volume 1if exchengesd with the sea at i{ts seaward side by the tidel
prisme If these volumes overlap smch other 1t is the non-overlap~
ping part of the volume exchanyed with the lagoor. at the landward
side of the non~tidal prism that is effectively removed by non—ti-
dal processes. lHence there is an optimum in the non—-tidel
sxchang® 1f the volumes exchanged at the seawvard and landward side
of theo non-tidal prism ara preclissly equal, so that they Jjust do
not overlap eech othere. In that case ¢the sachenyed volumes
A(2KT*) eech occupy half the non-tidal prisme

JukT* = (2Kt) %
(8)

or

1
E(v?°>1:* = Ke
(9)

For a giliven ™, (2) gives an optirum valus for water—exchange by
the non—tidal prienm. 1t the weqguality (9) is not sgsatisfied,
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axchenge by tre non—tldel prism is loss effective® either, in the
case of srell U¥, by the fact that part of the asxchaange 1is
effected by the tide ag 1t would be in the esgence of the non—
tidal priss; cry 1in the case of lar-e ¥, by the fact that for
eiven T* trere is not enough time te (1ll half the non—tidal priem
wilth water from the lagoocn by turbuilent tlde—induced diffusione.
Hencs, whereoas the volume exchangsd by the tidal prism is propor~
tioral to the tidal priasx itself, according to (5) and (6) the
fraction g of the non—ticdal prise, which consists ot lagoon water
sffectively exchanged by the in- and outflow due to non—-tidal cur-
rents, Is a function of the ratio <U2>T*/K. As §J depends on the
statistical gparameters <U§> end T% of the non—tidul long wave
gspectrumy; it nay be thougtkt that any seasonal effect in the flush-—
ing ot e lagoon will be produced by a ssasonal fluctuation of
these parameters. Evidence for such a fluctuation will be dis—

cusssd in the next sectione
SEASOMAL ELUCTUATIICNS
Eluctuations ip g28 level

The non—-tidal prism discussed in the previous section is connected
with non—-tidal sea level fluctuationse These are forced by the
atmospherey mainly in a rendom waye AS was shown, it i1s the varil-
ance of the current veloclity gspaectrum at the lagoon inlet (or the
variance of the sea level spectrum) and 1ts correlated time scale
which are of importance in the process of non-tidal flushinge. Ye
sumnarize here some of the literature on this subject.

Nor—-tidal rea level fluctuations in coastal areas ares reported
by Smith (1977, 1978), Vang and Elllott (1978) and Elliott and
Vang (1978)¢ The first author reported dominant sea level fluctu-
ations at periods of 4-6 days In Corpus Christi Bay, Texas. That
period wag also observed to be of importance in the Chesapeake Bay
by the latter authorse. In both cages 1t was the fluctuation in
the cross shelf componeunt of the vwind stregs which was thought to
he responsible for sea level fluctuations {n the bays at the fre-
quency conslderede. It is well known fros meteorological data that
in mid-latitudes et a period of 3-5 days, spectra of several vari-
ables show 8 peak assoclated with the time scale of depressions
formed in and advected by the mid—latitude zonal wosterly flow.
Honce the observed peak :n the sea lovel spectrum at 3-5 days may
be a direct consequence of thig effecte However, it should be
noted that algso a completely white atwospheric nolse spectrum
might (nduce a peaked sea level fluctuation sagpsctrum at these
periods 1f the adjacent shelf should have a normal mode in that
frequerncy band, as has been reported by Brooks (1978). Vany and
Elliott (1478) also found a peak in <the sea level spectrus at
poriods of about 20 dayse This peak was thought to be produced by
the alongsghore cosmponent of the wind stress producing an Ekman
transport rerpendjcular to the coaste ¥ithout observin, such s
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peeky, Smith (1878) elso thought Ekmen transport to be responsible
fcr the very low frequancy part of ths sea level spectrums As to
the existence of u peak at 20 days for Chesapeake Bay, 1t is not
clear whethrer <*hls peak 1s a direct consequence of atmospheric
forcing at that frequenc) or that another mechanism having a pref-
érsrce for that puriod pleys a role. Finally, 1t should be noted
that ths observed larize varliance of the sea level at sub—tidal
frequernicies with one or more pronounced peaks probably requires:
first a location at mid latitudesy and secondly, the existence of
& pronounced contineantal shelf in front of the coast. The latter
1s necesgery for the curl of the wind stress to rroduce apprecia-
ble set up or set down along the coast: The former provides larye
variance in the wind stress with a dominance of fluctuations hav—
ing a time scele of the order of 3=-5 dayse If 2 shoel?f 18 almost
absent, as noar islands in the open ocean, the response of sea
level to varleble wveether 1is merely of the Jinverted barometric
affect, with wind stress playing a minor role. The spectra show
monotorously increasing variance with decreasing fregquancy ("red"™
spectra) without the existence of pronounced peaks, except at the
annuel frequercy (Groves and Hannan, 1368; Wunschy 1972).

Eluctuations in flushlina Antepsity

Returning now to the question of seasonal variability in the
flushing intensity of a coastal lagoon, we may speculate, 1in view
of the literature reviewed above, that such a variasbility might
arise from a seasonal effect In the intensity of non—-tidal dis-
charyges through the lagoon inlet, assuming its integral time scale
to bes e constant of the order of 3 to 5 dayse. A8 the effectivity
of non-tidel 1lushing has an optimum for fixea T*, glven by (9),
it is not p priorl clear whether an increesing <Up2> may increasse
or decrosse the effect of non—tldal flushinge However, a rough
prRtimction shows that in ygeneral an increase in <Up2)> increases
the rflushing e€tfectivity. A reasonable range for K in (9) is 102
to 103 mesec—!, Using T*% as given above, i1t may he shown that
<U02>§ should have a value bLetwesn S and 20 cm sec™ !,

An estimation of <U°2>i from non—-tidal sea level variance cen
be made as . fcllowse. If L 18 the lenyth of the lagoon
(L = 103 - 105s)y hy, a measure of the mcan—square sea level vari-
ance (h = 10~1x) and b the depth of the lagoon (H = 10m); then
<Ug2> $r%¥ Lh/He Using thes above given values, <Up2>iwill at most
be of the order 102 m sec™! which is below the estimated optimus
valuee. Herce any increase In <Ug2> will give an increase in the
non~tidal flushing effectivity. As <Ug2> wmust be sxpected to be
larga in autumn and winter and smwall Iin late spring and summer,
the rlushing of a coastal lagoon will correspondingly be large 1In
winter and smaller during the summer.
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SFUIMENTARY PROCESSES IN CCASTAL LAGGONS

by

Mayrard Nichols (1) and Georye Allen (2)

A coastal legoon irs a distinct dynamic envirsnment where different
eneryy forces act to surply and distribute sediment from land and
S0t The interplay of enerygy and ssdiment operates in a shallow
body of water which is partly enclosed bLy a barrier and which has
regtricted or ephemeral communication with the sea through one or
mora inlete (Flhleger, 1960)s The presence of an enclosing barrier
distinguishes a legoon 21rom an estuary. Sedimen tary processes
active in lagoons; 1like erosion, transportation and depositiop
create distinctive morphologic and sedimentary featurese By rec—
ognizing these features, or by observing the processes directly,
one can gain an understanding of sedimentary processes. Such an
understanding 1ls ap esssrtial link in any multidisciplinary sffort
to solve practical problems in an onvironment which is threatened
by porulaticn expansion, accelerated residantial and commercial
develorment, engineering works and ty pollution.

The purpose of thls jeper is to review the present understand-
ing of sedimeéntary processes controlling the finflux, transport and
deposition o0f sgsediment in coastal lagoons. Important questions
addressed areas Wwhat .areo the imanortant sediment sources and
dynemic factore active ir a coastal lagoon? How is the amount and
type of lagoonal sedimentation affscted by different sedimentary
processes ? Vhat is the effect of climatic gtreas? Vhat salient
pProcesses common to many lagoons provide a rational means for cat-
egorizing lagoon types? The search for an uncterstanding of lagoon
processes reveals many unsolvad problems, This paper not only
provides students snd interdisciplinary workers a review of lagoon
Processee but also encourages astudy Iln an area whers much work
remalns to ba doneo.

HISTORICAL PEESPECTIVE

Knovwledye ot sedimsntary processes in lagoons over ths past 80
years hes grown along different lines of inquiry. Early interest
centered on morphological features that relate to geological evo-
lution of lagoons, adjacent marshes, inlets and barrier islands
(0egey Davis, 18983; Johnson, 19189; Lucke, 1924). The problem of
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racopnizing ancient lagoon and barrier deposits as a guide for
patroleum exploration stimulated much 1lnquiry during the 1950°%se.
Sedimentery ratterns were delineatad from textural, compositional
and structural features of modern deposits In the Wadden Sea (Van
Stratteny 15544 1959), 1in tidal flat lagoons bordering the North
Sea, and in lagoons of the USA Gulf coast (Shepard and
Moore, 1¢{6C; Rusnaky 1960). Some of the patterns and features
ware releted to hydraulic conditions and deposi tional processes in
a goeneral waye.

1h.e firet notakle study directed specifically to sedimentary
Processss was that of hruahein (1939) 1n Barataris Bay of the USA
Gulf coasty ir which he showad that distributions of particle size
wore sensitive to hydraullc conditlonse Inman and Chamberlain
(19355) denonstrated that particle size distributions in Texas
Baysy USA Gulf coast, result from different transport processes,
meinly bottos wave aygitation, and from different amounts and types
of sediment surplye 7The cetalled rasults of Stewart (1958) in San
Ni,uel Lagcony Mexicoy, showed how textual and compositional prop—
eértiecs are closely linked to environmental processase.

The fFrollee of fine sediment accumulation in the Wadden Sea and
the ceuse of lendward transport from the North Sea led Dutch
workers (Van Stretten and Kuenen, 1957; Postma, 1954, 1961, 1967)
to study tie dynamics of sediment transport by direct observation
of suspended sedlimwent and water movemente. This apgproach, and
ralatad flow meesurements and lag affectsy, has heen applied to
protlems in estuariesy (Nicholsas, 1874; Allen and Castaing, 1973),
a tidal creek (Boony 1975) and in lagoon inlets (Byrna, 19753 Cer-
tel, 1872). Only a few studlies report the effects of wave pro-
cessee O shoals and flats (Anderson, 1972; Postma, 1957)e. A
praticel neecd to stabilize inlets resulted in studies by Bruun and
Gerritreer (1960) that defined a ratioc of tidal prism to longshore
drift for maxiwum stadbilitye C'Hrien (1968) found that the flow
arees ¢f en inlet 1s a function ot tidal prisme. Because hydraulice
coadi tions ere often complex, hyaraulic models have bheen employed
to pradict sedimaent transyort effected by engineering works (Sis~
monsy 1960). Increasinglyy, presdictions have been facilitated by
numerical modelsy 2egey Odd and Owen (1972), Leendertse gt ale
(1873) and April and Brett (197S).

After it was laoarnsd that organisms exert & profound effect
ujor sedimer.ta in which they live (Sanders, 13958), numerous stud-—
i3 ot aniral-mediment relationships emorgede. Burrowing {n sedi-
ment results ir particle dizplacement (Schafer, 1962) and in turn,
affacts masgs jproperties (Rhoads, 1974 ). Some depomit—feeders
fractionate ard sort particles ot ditferent sizes (Myers, 1977);
others deposlt seadiment as fecal pellets and rpseudofeces (Varme,
1967; Haven and Mcralss—-Alamo, 1972) and thus enhance sediment
accumulaticre A deotailed review of the growing volume of litera-
ture on eticcte of animals and plants on sediments 1is beyond the
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scope of thie gvapsre. The reader is referred to papers by Pryor
(1975); heward and Frey (1975) and Frey and Bagan (1978).

An understending of chermical processes 1in lagoon sediments
etems frors studies of eveporite depobBition from models (Scruton,
1953) end fleld otbeservatione (Evans and Bush, 1873 ). Chemical
cornditions for flocculation of clay minerals were treated by Whi-—
tehouse, ¢t ale (1960), Einstein and Krone (1961) and Gibbs
(1977). Fostma ( 1969) showed the effect of hydrography on the
concentraticn of chemical compcunds assoclated with suspended sat-—
tere. Diag¢yenetic charzes o¢f sediment chemistry are presented by
Friedman and Gevish, 1970 ard Cppenhelma2r, 1960.

During the past decade, a concarn vith effects of pollution,
dredging and filllng, and the need for coastal zone management,
has provided an impetus for procass orisnted studles like the case
histeries by Orme (1975), Harbridye, 2t ale. (1976) and Nichols
and Towle (1977).

Cosmonly, lagoons have been studied individually and by differ-—
ent methods, or for the special features they may holde Fewv work-
erg have studled more than a gingle lagoon (Emery and Uchupi,
1972)e Coneequently, the present atate of knowledge consists of a
roandom distribution of cata. Thore are few general reviews of
lagooral rsedimentary processes hut summaries of sediment charac™-
teristics ere presented by Emery and Stevenson (1957) and Folger
(1972)s Nany useful sediment papers are found in symposia volumes
by Treek (1955), Leuf? (1967), Castanares and Phleger (1969), Nel-
son (1972), Institut de Géologle du Bassin d'Aquitaine (1974),
Cronlr (1975) and Viley (1976).

LACCON=FCPMING PROCESSES
Lagoons fors where coastal embayments or depressions become partly
oenclosed hy a barrier separating them from the adjacent seae. A

barrier will form on a low lying coast where there is an abundant
surply of redisente This usuvally conasiets of Bsand or gravel sup-
pliaed by longshore drif<t, or sand which reaches the coast froms a

rivery, glacler or eroding headlande. Ocean waves nust be active,
elther elongshore or on a sentle saloping offshore bedy to trans~
port sand slongsrhore or onshore and build the barrier. In sowme

areag, vegetation, corsel reefs or tectonic structures create a
barrier (Lankford, 1976).

Loagcons develop besgst on coastese with a history of subsergence
assoclated withk the lioclocene rise of sea level durilng the last
224000 yearse Emery (1967) showed that lagoons were cownon where
the continentel ahelf and coastal plain is wide and flat, espe-
cially when level rose at a relatively slow pace (Fige. 1).
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Fige 1 Felationship of lagoon development to (A) post—glaclal
rise of sea 1level end to (B) rprofile of the continental
shelf, dotted zones. Nodified after Ewmery (1967; AAAS
Pube Noe 83, pe 11, copyright 1967 by the American Assocl-
ation for Advancement of Sciencee.

Protactive barriers can originate in different wayse. First,
lagoons that form in a submerged coastel depression at a river
mouth are enclosed by growth of eplts acroes open water. The bar—
rler srit is often supplied with sediment from local eroding head-
lands (Gillbert, 1885) (Filge 2 A) or regional longstore drift. How-
ever, where deltalc secdimentation is active, legeorns may form 1in
zarginal cdepressions or in troughs behind cuspete barriers built
by reworkesd deltaic sgsediment (Fige 2 B)e Second, many lagcons
form by submergence and flooding of coastal lowlands behind a for-
mer dune ridyge or beach (Zeiyler, 19593 HRoyt, 1967) (Filge 3)e
With a slov rise of sea level, @ecgey in the last 5,000 years (Fig.
J=2)y the cdune rildge becomes a bLarrier ridge. Inlets occupy low
parts ancd allow parsage of river water or tidal currentse. Another
theory of berrier formation concerns the bulld up of an offshore
bar to form a lagoon barrier (Lankfored, 1876). However, this pro-
cess is controversial and does not appear to be presently wide~
spreades According to Hoyt (1967), depth of the legoon depends on
the ssount of gubmergence and the original altitude of <the area
(Fige 4)e Vidth of the lagoon depends not only on the amount of
sulmergence but on the slope of the original 1land auface. Cnce
formedy & lagoon barrier system wmay be reworked many times with
sediment from the nearshore bed during its landward retreate

Yhen seuiment supply from longshore or offshore esxceeds <the
transport cepacity of tidal or fluvial currents to mailntain inlet

channels between barriers, a lagoon is sealed off from the sea.
Such closed or impounded lagoons, often called ponde or "blind
estrusries®” (Day, 19251), are periodically connected to the sea



LAGOON

A ERODING HEADLAND B DELTAIC INFILL &
& SPIT CUSPATE BARRIER

Flge 2 Tyrctce of lagoon tormation associated with rlver mouths:
(A) sroding headland and prolongation of a spit; (B) del—
tajic infill with marshes, marginal depressions contalning
lagoone and cuspate barriers wlth lagoonal troughse

when storm saves breach the barrier, Vhore oarrier sediments are
poroug, a "closed" lagcon mey exparience subsurface exchange wlith

the secae.

A legoor may ovolve from partial 1isolation behind a barrier or
splt toward complets closure and thencs iInto a marsh or aswampe
Eventuelly, e lagoon is tilled by sedimentation and replaced by a
coastal plain with riverse and sgstresas passling seaward through the
former tidal entrance. Alternately, if the berrier is eroded, a
lagoon wmay svolve from partial isolaticn behind the barrler to an
open coastal beye. Such changes depend on the rate of coastal sub~
mergencey; the rate of sediment infilliny and supply of sediment to
the barrier. Dominant physelcal processes are dliscussed in a sub™
sequent secticre. These factors, in addition to long-term changes
of sea level, encrocachment of marshes and storms, produce a veri-
ety of lagocn configurations with complex histories, Segey those
reported L) lenkford (1976) alonyg coaste of Mexicoe. The geologic
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3 LANDWARD MIGRATION

Flee 3 Stages In the ftormation of a lagoon—barrier system by
1loodin, o1 coastal lowlanis behind a beach or dune rildge.
Mcdified froem Godfrey (1876) and Hoyt (1967).

origin provides a valuable vantage point for deacribing modern
procarses &nd for recognizing diifferent <types of lagoons around

world coaste,

SQUBCLS OF LAGCON SEDIMENT

Laszoor sedimert is suj licd frox many sourcese In some lagoons the
sedliment 1s derived locally from the shoresgy, the barrier, or froms
production within the lagoons However, in other lagoons the sedi-
ment ney have come from ;reat distances eilther from the sea or the
lande OUn the cther hand, sediment may "escape” a lagoon by flush~
ing irto tre soa, by wind eroslion of flats, or by oxidation of
organic mattere The prorortions of sediment supplied from differ~
ant sources veries ,reatly from season to season and from place to

placeoe.
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Flee 4 PRolationship of cdepth and width of a lagoon formed by sub-
meargence bechind a beech or dune ridge; from Hoyt (1967).

Erosion ¢f a wvatarshed can provide a large amount of fluvial
sedimert which to & lagocone Input is relatively high where chemi-
cal weathering is ective, where precipitation 1s high and exceeds
avapcration ard whero watersheds have @ high gradient for runoff.
These factors, added to sedimont characteristice, determine the
magnitude cf erosione This can be determined by an erosion index
of Vighmelr and Smith (1958)s  In turn, the erosion rates corre-
late with suspended sediment loads of streams or rivers draining
into bays, esstuaries or lagoons (Biggs, 1978). Puring transport
by streamsy; s¢diments are often fractionated according to particle
size or comprosition. On low terraln only relatively fine~grained
sediment or low density msterial as mica or organic satter is car-
ried into & lagoony sxcert during floods. Strength of the terres
trial source is controlled by the sediment yleld and the maunitude
of river inflow.

Frosion of lagoon shores 1ls often a ma jor source of sedisent

which prevides sediment directly to a lagoone. Erodable materials
mey ir.clude ylacial drift, organic debris from marshes, or sand
from old coeetal plain formationge Inputs are commonly estimated
by tracing shoreline chanyges from charts and determining the vol-
ume of sedimont lost. The lagoon barrier 1s an important source
of gedviment for meat lagconse By washovers (Godfrey, 1976) and

wind transpert (Phleger, 1965) mueh sediment, mainly sand, is
introduced end tragyped withipo a lagoone

The peea can supply fine—grained sediment in suspension which is
trangported through inlets. Concentrations are usvally quite low,
but tidal trangsport mechsnisms cen be effective (Postma, 1867).
Coarge—grained sediment may be carried frow the nearshore bed or



from eradling sea cliffs via lorngshore currents and residual bhottom
currante dlraec ted through the lagoon inlets. By knowing the com—
position of heavy minerals or nearshore biogenic componsnts of the
sandy, it 1s possible to trace these sources.

Sacdiment cer also come from Sources Iinside the lagoon, LRy
(1) from production of corganismg in the form of skeletal matter,
elther calcium carbonate shells, tests and reef debris, or sill-
ceous diatom frustules, or carbonaceous matter like grass and
algae; or (2) from lagoor water by chemical reactions like precip-
itation ot evaporites. vhen supply of inorganic sediment froms
rivers, shores or the oarrier 1s low, biologically produced sedi-
ment is often the predominant source.

A study by Bartterger (1976) provides an excellent example of
the varied proportions of sediment supplied ¢to a lagoon from dif-
ferent sources (Flge S)e.

o 87,000 m3/ yr.
A or
! : ::':C:I:. oY 1.5 mﬂ'I/yr.

OCEAN WASHOVERS
28,000

WIND
14,000

OCEAN

SEDIMENT SOURCES

Fige 5 Supply of sediment to Chincoteague Bay, Virginias, USA from
different sources, in cubic meter year™!, Total annual
supply is 87,000 m? per year over 310 xm2, or average sed-
imentation rate of 0.3 mm year—!, Data from Bartberger
(1976).



SEDIMINTARY ERCCESSES

Lajgoons are sites shore sneryy input from the land, sea and atmos™

phere are asbhsorbedes The rate and scale of enrnergy disslipation is
espocielly important in aetermining the character of the sedimen~
tary pLrocessese In fact, sedimentary procssses of lagoons are

basicelly similar in kind the world over. Only <thelr scales and
irtensity differe

Sediment characteristics are directly roelated to the nrocesses
contrclling erosion, transport and desposition. These processes
can be physical, chemicel or Llological; they can act singly or
togetnere Cf the rhysicel processesy 1lscey those powered directly
or indirectly by eclar and gravity eneryy, the mosi !mportant are

those which jroduce water sovement and turhulencee. Tidesa, waves,
wino and river inflow are the essentlal enerygy forces that move
vater and sedirsnte A8 energy Iis dissipated through a lagoon,

sedimeont is trarspcrted and morphology 1s changede.

Bloloilcal activity scts malnly to produce sediment or msodify

its textural or chemical state. Organisms have & capacity to
reamaove enocrmous amounts of sediment fror suspension by ingestion
and excreticne Through such processes organismee play a key role

in prosoting sedimentation.

In lagoons whera physical energy 1s low and sporadic, transgort
is lipited ard sediment charecteristics are strongly biological or
chenlcals, In quiescent laegoons, where precipitation excseds eva~™
poration, mud depoeltion dominates in the lajoon baein and deros—
1ts congist of thick hedded sequences of ellts and clayse By con~
trasty in lagoons with e high energy state, transport 1s active,
morphological clranues are rapid and sand dowminates the bhottom sed~
imentse Tc undergtand the regponse of lagoon sgadimente to differ-
ent typss of processes, the contribution of different enerpgy
inputs and their controllin, function must bs examined.

Biver Inflow
kreshvater inflovw acts roth as a source of sediment and a sediment
dispersion mechanisgme. Vhere the flow of water from rivsesrs and

streams is high and dcminates over tidal action, suspended sedi-
maent loads are high and the rivser water 1o mixed with sea water
creating a marked selinity gradlent. The difference in salinity
vetween river weter and sea water, about 35 parts per thousand, is
sufficient to gensrate a two-layerad sstuarine density circulation
(Dyer, 1377). Such a circulation exhibits nodes of converging
potton flows at the inner limit of salty water. when suspended
sredimert 1ls brougzht into the convergence from elther the river or
the see,y, it 18 trappoede. Suspended sediment concentrations become
higher than those either in the source river or lagecon vwatere
Such a feature; celled a turbidity maximum, 18 characteristic of
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wany -world estuarliess Unfortunctely, very 1little 13 bhnown at
preser.t abcut these maxipa, or ebout density circulation, in
le uo91.Se Howevar, the high inflow end stron, salinity jradients

reported i{r. scme la,oons like Abldjan, Vest Africa, and the cupr-
rent measuremsnts in Ebrle Lagoon, Ivory Coast (Gellardo, 1978),
render this mechanilesm most probable, sxpecially 1n deep lagocnse

Vhere rivers debhouch inte lagoons, deltalc deposits accumulsate
locelly near rivear entranceses wWhen a stream dlscharges into a
lazcon, memertum is dissipated by spreading and wmixing with
embient lagocn wvatere Cconsequently, the effluent decelerates,
looses 1ts trensporting ebility and deposition ensues, The bed
load of send-slze sadiment 1s dropped immediately at the river
mouth, forming & delte front shoals, VWhereas fine—-grained sediment
in susgension, whilich constitutes most of the river—borne load, is
carried ferther into the lagoon and deposited over a broad area of

the beslne 1r. lagoons with sustained river inflow, sediment con~
centretions and grain sizge commonly decrease with distance asay
from the river mouthe The most rapld sedimentation in a lagoon

may be found on or near the delta, as documented by Kanes (1870)

¥

"MATAGORDA o

CONTOUR INTERVAL-! FOOT
amen 1059-1072 SHORCLINE
wenlic 1935 SHORELINE
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MATAGORDA . PENINSULOA

Fige 6 Colorado River delts in Mategorda Bay, Texas, USA showing
shoreline changes batwgen 1859-1872 and 18935 and the
thichness of sadiment £1ll between 1891 and 1935. Pased
on water depth changes; from Kanss (1970).
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in Matagorda Eay, Texas (Flge 6)e Long-continued deposition at
the river routh results not only In up—bullding of the deltalc
surface hut nainly in ocut=building of tha delta Into the lagoone.
This process can rapldly extinguish e lagoone River—horne sedli~-
ment is then discharped directly into the sg9a. Infilling proceeds
rupidly In lazocns of low latitude treoplcal coaste (eegesy the Gulf

ol Guinea coast)e

Secesonal variatlions of river inflow can profoundly modify «:eo
rate of sediment influx, <thes lagoon hydrology and 1its exchange
with the oceane In mid—latitude humid and temperate areas, spring
reins erode uplands eand cause river flooding which delivers high
sediment loads to lagoonse. More sediment can be supplied in s few
deys cf flood than in meny months of average iInflow, During
floods, sediment can be moved outward and deposited seawvard of the
barrisre. If hish runoff is sustasined, the fresh water will teuad
to form ¢ dynamic barrier tc the lnvasion of sea vater (Phleger,
1960). Seraration of legoon and ocean weater masgses is pronouncec
when the dyremic barrier lies close to the geographic barriere. In
a closed or resgtricted lagoon, sustained river inflow may raise
water levele higzh enough to breach the harrier and opsn a channel
for short jerlodse Beceuse of the lack of continuous flushing
actinn to keep channels free of sediment, they tend to close.

Yhen rlver inflce 1s low, tidal movement becomes strong rela-
tive to !inilow If other fectors are equasls, A3 ocean water invades
the lagoon, salinity of landwerd reaches tends to increase and
exchenge between thke lagoon and ocean also increassese Prorortion—
ately more susrended sediment may be carrled Iinward b: tidal
transport mechanisws (Postma, 1967). In long dry seasons between
floodg, inner lagcon water may bscome hypersaline due to excess
evagoration over preclrlitatione. Therefore, the seasonality of
sediment influx into lagoons is not only a function of variable
runoff hut dapends on the seasonal balance between marine and flu~

vial excharybpe

In lagoons where there is no freshwater runoff and the climate
is arid, lsgoon water becomes hypesrsalline. Salinities may atteln
45 to 80 gerts per thousand in landward zonee such as Lasguna
Nadrey, 7Texas (FPusnaky, 1960) and Laguna Ojo de Llebre, MNexico
(Phlegery, 1%6S). In such cases lagoon sedimentation is domirated

by evaporlite cdepositione

Yhen clay sediment 1s transported in suspension fro= fresh
water into breckish lagoor water, it may become cohesive and floc-
culatee. Thie rrocese, studied by Einstelin and Krone (1961) and
Mignliot (1Y68), promotes deposition by increasing the settling.
velocity of suspended clay particles. Floccules settle faster
than dispersed clay perticles because the particle size is
increaged, despite the lcocwer dengity of flocse Growth of flocse is
proroted by conditions that bring particles toge ther and make col~
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liding particles sticke Small particles are broughLt togsther by
an imbalance of lonic charges between partlicles. %“hile in fresh
water tte charygas act to keep narticles dlisgpermsed, in the presence
of gsalta abhove 2 perts per thousand particles of disgimilar charge
are attrected, Attractive forceos are supplemented by moderate
turbulence which promotes numerous collisionss The probability of
a particle colliding is & function of the particle concentration.
The higzher the coacoentration of gsedliment, above sbout 300 ppm, the
more rapid flocculation cean proceed. An excellent discussion of
condl tions required for aggresgation and hovw they alter transport
properties of gediment is glven by Krone (1378). Biological pro-
cnagsps may play a very important rols in agglomeration of sus—
peanded sgsediment through such processes as organic binding and
secretiony and pelletization (Meade, 1872). These processes may
ampl!lfy lagcon cedimeontetion but thelr relative importance to, or
action with, salt flocculation remains to be studlad.

Although physicochaemical flocculation is esasily observed 1n the
laboratory, we do not hnow 1f this process makes & silgnificant
contributicon to lagoon sedimentatione. Flocculation may be a tran-—
sisnt affair trhat tauss place when sediments are in chewical dise-

quiliprium with lsgoon water. Dynamic conditiona that develop
during floods or gtorms, 1ie®ey sharp fresh-galt vater gradients
and high secdiment loads, favor flocculatlon. Such conditions

occur In polar lagoons of Alaska during spring thawe and in tropl=-
cal legoong iInfluenced by high runoffe Einstein and Krone (1S861)
showed that in San Francisco Hay, California, floccules are
derived frcom wind weve stirring of tidal flatse. Fleld studies are
noeded tc answer criticel questions: Is sueppended material of
lagoone xenerally agyregated or dispersed? If aggregated what s
the state of aggregation and what conditions determine that state?
Vhat i the relative importance of salt tlocculation and agglomer-
ation by organisms or gimilar processes, in lagoon sedimentation?
Unfortunately, both clay particles and organics are very fragile
and rgsactive; they are easily altered during fie¢ld collection or
laboretory enslysese

lides

The dynemlc character of many lagoons is strongly influenced by
the tide, Tides croate regyuler fluctuetions of water level, ebb
and flood currents, and mixing nf lagoon watere Nost tidal energy
19 disaoipated in inlets and channels by changing the morphology or

by trenapcort of sediment. Beacaure of the wide rangs of world
tides, ther® 1s a considerable variation in their effects in
lagoons.

Rise und fall of tite tide causes a significant change in the
area and velume of lagoon weter. Vhere the tide range is high,
the area of flates and gsghoals exposed at low weter may be quite
large. ASs a result a large zono of the lagoon floor and marginel
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zones woy alternately experjience subaerial exposure, waves and
currentse In & macrotical lagoon (> 4 m range) tidal snergy as
woll as wave @nergy 1s intermittently expended on a broad depth
Zonees By contrasty, 1n a microtidal lagoon, wave energy 1is concen-
tratad et ¢ more coneistent lovel, a condition that facilitates
shore ercsior and impedes progradation of marshes and tidal fletse.

The prircipal elfeact of the tides 1s to maintain a channel
betweer the lagoon eznd the sea, thus amplifying lagoon-ocear
axchangee The amount of watar which flows through the entrance in
and out ¢t a lagoon durin, one flood or ebdb perlod ia called the
"eidal prism'. The tidal prism, which is related to water level
Zluctuations, 1s wmeasured by the ditference betwveen mean high and
mean low tide within the lagoon multiglied by the arsae. The
resultin, volume of flow through the entrance is a unique function
of the entrance cross-secticn (O'Brien, 1963), kFige 7. On coasts
of low tide renges runolf and wind-driven tides may hcve the same
effect of neintaining chennels es tha tidel flow in areas of mod-

erate to hig,h tide rangee. However, wvhere the total ocutflow for
long wrerioce is low, only narrow, or few entrances can be main-
talined.

Tidal currents reach greatest speeds In the lagoon entrance.
The Antrence acts like ¢ nozzle through vhich the greatest amount
of water flows into and cut of the lagoon per unit time. Velocity
dapends on entrance depth arnd width,; channsl friction and the bhyd-
rostatic pressure created by the difterence in water level between
the ocsgsar erd the lagoone

Inslde a lagoony, both the ticde renge and tre current speed
decroase avay trowm thes entrance as tidal eneryy is damped by frlic-
tione. Pamiing Is reflected by asymmotry of ebb and flood time-ve~
loclity curvese. Zhen the tide wave trevels into a lagoor. it is
commonly deformed in such & way that the flood wave 1s shorter
than the eLlb waves Thie effect produces higher current velocl ties
during the flood then durinyg the ebb. Ebb and flood flow move on
the averag e the same amocupnt of water, but the tidel asymmetry has
a signlficant effect on the landward transport of fine sediment.
A complete doscription of the phenomenon, based n observations in
the Dutcr vYadden Seea, 1s given by Postma (1961, 1967)e Other fac-
tors thet promote landward transport in a8 tidal flat lagoon are?
(1) the erosicn or gcour veloclty for fine-grained sediment lIs
yrerter then the critical deposition valocity, 1e00 the minisum
current velocity needed to pick up the sediment exceeds the mini-
mum velocity necessary to kaep it in sugpension (Postma, 1967);
(2) the landward ~eduction of averags and maximum current gpeed, a
feature that allowe fine—gzrained sediment to settlp out on land=
ward shcals at the ond of flood; (3) the fact that the average
depth of watsr, which is spread horizontally over a large area at
high tidey, and contined to channels at low tide, 1s greater at low
tlde thanr &t high tidee ‘Thus, mors suspended ssdiment will reach
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3 unLlisherse

the Lottor at high tide (Postma, 1967 ). Flood predominance
observed L) Warme (1971) in Nugu Lagoony, California is produced by
(1) onshcre wvaves throu,l the inlet that reinforce flood currents
but retard obb currents; (2) tho effgct of decreasing bottom fric~
tion as the tide rises; lecey ebb curronts are mors affected bdy
fricticen fremw the bottom and from marsh vegetation es the tide
recedese.

Mucl, tvaiment carried by tidal currents is clay or silt and
transported in susgensione A lesser amount, the coarse sandy sed~
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lmert, is mainly transported as hed loade Ideally, the sediments
in trenepcrt tend to bs yraded verticallye. The dense and coarse
comporiente are carriad near the bed by bed load, whereas the fine
meterial s distributed ip suspension throughout the sater columne
Part of tie susrendad fraction remains in the water column over
long periode as & natural "background” at relativsly low concen—
trations, roseibly 5 to 25 mg litre~!, These sediments consist of

fine clay particles, orpganic detri tusg, or agglomerates with low
gettling velocitiosge. They are maintained in susrension by turbu-
lence and verticel diffuslone. This fraction follows transport

routee of the residual clrculation in the lagoone.

Another part of the guspended fraction 1s intermittently sus—
pended from the bede Concentrations go up and down with strength
of the currente. This fraction consists of clay or gilt with par-
ticle size¢ incroasing with increasing veloclty (Flgs 8). Net
transport of this fraction presumably follows the settling—scour
lag model or time—-velocity esymmetry (Postma, 1967)e A distinc-
tlon is mace (Postme, 1965) Letween the influsnce of tidal current
veloci ty, which determisres the total amount of ssesdiment brought
into susgjenslon, end turbulence which regulates the distribpution
alory the vertical, As in rivers, sediment concentrations carried
in e tidel current tend to increase toward the bed, whereas veloc™
ity tencds to decresss near the bede Therefores, rates of gediment
transpeort, derived by the product of instantaneoue speed and con—
centraticry are greatest just aktove the channel floor.

Strong tidel currente and marked tide level fluctuations inter—
act with lagoon gedimernts ¢to produce a distinctive morphologye.
Shoals and flate of macrotidal lagoons are often inclsed by intri-
cate neteworks of channels. Currents Iin the channels, which can
excedd ore meter sec—!, creoate bldirectional bedload traneport and
a maander ection that segragates currents elong ebd and flood
pathse This reaction results in sigmolidal shaped channel coursese.
In tropical areas sbhundant vegetation ags mangroves tends to gtabl-
lize the shoals and maintein a resticulate channel network (Allen,
1965)y (Flge 9 Ao Thie pattern contrasts to the dendritic forms
s3en on Dbare flats of mid-latitude lagoons (Filige. 9 B). Inward
trangport and eccumulation of fine sediment can cause rapld sedi-
montatior along the landward end of tidal channels and also bulld
axtenasive mud flats or shoalse However, the lagoon floor can only
bulld up tc a level consistent with the lower depth of wave scour-

.'.HBQ

largey, fan—shaped sard deposits often form along seaward and
landward oextremities of a lagoon entrance. These deposits, called
tidal del tas, form as tidal currents loose gstrength when they
escape a confining entrance (Phleger, 1968). The inner or flood
delte, 1s cften bullt during storms when wave action and the water
level is highe With subsldence of storm conditionas, the flood
delta may become emergent. Some flood deltas are bullt up into
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dunes; others are stabhilized by vegetation. Flood tidal deltes
develop beet on coasts of moderate to high tidal range (> 2 8 )e
Ebb tidal deltes, which 1lle seaward of the inlet in the face of
longshore currents and wave action are poorly developed in areas
of low tides ( Hayes and Kana, 1976).

Lagocns which experience & wmoderate to high tide range may
undergo periodic changee 1in sediment trangport end msorphology
according to the lunar neap and spring tide cycle. As demon—-
strated ir estuaries (Allen ot aley 1976)y during decressing tide
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in buare flatse. kerroduced from Davies (1973) with permis-
slon from Longman Groupy LTD publishers; besed on Allen
(1965b ).

ranysy apyroaching neap range, tidal currente weaken and fine
suspended sediment tends to settle toward the bed and deposite. By
contrast durling increasing tide range, leee. toward spring rango,
currants become stronger; the hed is eroded and much sediment 1is
resusSpoenceces Such fortnlightly variations also probably modulate
mixin, and exclrange with the sea.

Vuter level chanygss afiect flooding and drainage of marginal
flats and ponds (Warme, 1971). They way set up ¢ cycle of "ator-
ay®" and release of water from the lagoon and in turn, regulate
excharge o1 tire sediment with the soa. Both these tidal effects
are poorly known and deserve attentlione. Ualixe fluctuations of
waves and river inflow, tidal processss are regular and predicta-
blee

daves

Vavas play aa e¢ssential role in lagoon processes. They sort and
transport sediments end build shorelins feetures like spits,
beaches and barrierse. The inteanslilty of wave action depends not
only on the wind ocuration and veloclty, but on the length of fetch
and resul ting cegree of exposure. Therefore, the dimensions of a
lagoon and 1its orientation to the wind dire~ticorn are important
factors for wave intensitye. "aves affect threo elements of a
lagoon system: (1) the lagoon barrier, (2) lagoon meruins, and (3J3)
the lagoor. floor.
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The main sffect of ocean waves on the barrier shore is to gen~-
erate € lorngshora current which transports sediment alongshoree.
As waves meove shoreward et en angle in shallow watery they provide
a vactcr ol wvave energy parallal to the shore and {n turn, gener—

ate & longshore currente On coasts with high wave energys where
£reat gquantities of sadiuent are in suspension, longshore currents
cen rove severel bhundred thousand cubic meters annuallye. Since

ocean waves are damped by friction inside lagoon entrancesy, long-
shore transport !s mainly active on the seavard side of barriers.
However, et 1legoor. entrances whare vave action 1s weak (Bird,
1964 ), there is a virtual contest between tidal transport through
the entrance and longshore transport of sand which tends to seal

them offe.

Le go0on shores are affected most by vaves where they ars exposed
to the grestasst fetche Lornyg narrow lagoons parallel to the sig—
nifilcent wind direction have the strongest wave action along the
weaximum fetche. Waves craate bosachoes and beach ridges; they erode
amheyments cr prorontories and build epits, cugsps and cuspate
spitse. As the spits prow lagoonward, they break up a smooth shore
into bayse Eventually the) segment the lagoon into separate sub-
circular basing (Bird, 1%64). In turn, the wave regime in the
lagoor may cheng@e Sezmentation may evolve in stages, (Fige. 10),
followin, trends in lagoons of the Chukchl peninsula (Zenkovi tch,
1859). By segmentetion, a lagoon edjusts 1ts form to patterns of
waves a&and wind—-generatsd clrculation cellse. In a study of
lagoons on the Texas coasty, USA Price (1947) showed trat segmonta~
tior was part of a dynamic oquilibrium between forces shaping the
hasin eccording to the fetch, and the depth of effective wave
SCOUre By Fill and scour or segmentation, lagoors can maintain a
charectaristic ratio of cverage width to maximum depthe

Fesldes ,rowth of cuspate splts, lagoons can be segmented or
raduced in area by encroschment of reed swamps (Bird, 1964) and by
srowth of celtase In lagoors with multiple inlets, tidal currents
enter simultaneously throu.h lagoon channels, meet in inner parts
and cancel sach other (Phleger and Ewing, 1962). As sediment
accuaulates irn the <current null zone, ths lagoon eventually
dividese.

Alttou,h waves eare damped inside lagoons, watsr depthe are so
£hotl <that weves resusgend much fine esediment from <the bed.
Anderson (1972) obLeervad suspended sediments which followed varia~
tiong 0of weve intensitye Oncs stirred up, fine sediment is redis-
tributed in the net currents It tends teo settle out Iin low energy
embaymernits of ¢« lagcon or in basins below wave hasse. As a result
of the wlnnowirg process, coarse sedimenty, sand, shell or, gravel
otter. resicde on shoals within the tagoon.

Veve prucusses ere greatly accelerated during short periods of
extreme storm or hurricanese. Studies of storm deposits on the
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Fige 10 Schematic diagrem of the evolution o0f a lagoon shoreline
leading to soumentation into subcircular beys. kepro=-
duced with permission from Zenkovitch (1859), copyright
1959 by the University of Chicago Pressae.

Texas coast ( Hayes, 1967) 1indicete more sediment is eroded,
transported and deposited during a few days of hurricane activity
than cduring many months or yeers of normal activity. Vater plled
against the coast by wind tidesy, superimposed on barometric tides
and resul+inug storm gurge, may raligse lagoon water levels
J to 6 meters abovse normal levels (Fishery, at ale;, 1972)s Stora
tides eare generally higher in narrow funnel—-shaped lagoons of
river mouths then in coeagt parallsl lagoonse.

Cn a barrler islend, storm waves drive shelf sand onto the
shoreface or heach while high storm waters erode dunes and bresch
low perts of the barrier island (Fige 11 A)s Stormgenerated cur-
rents can erode channels through the barrier and transport a large
volume of sheli and barrjier sand into the lagoon. This sediment
is deposited ag a washover fan radiating from the barrier
breaches.
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As the hurricane passegs and the winds change from onshore to

oftfshore, atorr watar piled Iin the lagoon, ir addition to local
runoft or river flcod water of the passing storm, 1a suddenly
flughec¢ through lagoon entrances or fomer barrier breachese
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E Tornados and intenmve turbulence

B HURRIGANE AFTERMATH

Fige 11 Scrematic dlagrem of hurricane transport routes in the
Texas Reys, USA during (A) approaching hurricane with
breaching of barrier and formation of washovers; (B) aft-

ormath of hurricans wlth flushing lagoons. From Filsher,
at ale (1972).
(Fige 11 B). Such & mechanlem can cause a significant transgort
ot lagoon sediment onto the shelf, The occurence of graded sand

and mud layers on the inner Texas shelf after HAurricane Carla
(Fige 12) Implies sediment was deposited from meawvard flowving den-
sity currente (Hsyee and Rana, 1977 ) Nonetheless, bulk of the
storm depcrition secemg to bhe in the washover fansie By washover
processes & lagoon serves as a trap for coarse sediment.
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Washover dejosits are conmnmon on microtidal coasts vwhers tidal
inlets are fewe A continuous barrier reduces or eliminates intru-
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sion cf storm water through inlets, and thus increases high wvater
levels conducive to overtcpping the barrier. Oon a geologic time
scale vwvashover deposite e&re asgociated with barrier island
retreete They have the effact of mainteining shallow water on
seawerd marging of the legoon even as sea level keeps risinge In
the absence of gubmerser.cey they contribute to segmenting and

filling a lagcone.

¥ind

wind ects on sedisment elther directly as a transport agenty or
indirectly by creating water level changes and waves or drift cur—
rents thst transport sedimente. The most obvious effects of the
wind are sand dunes created on lagoon barriers. These range
to 30 m high but some reach 100 =, egey elong <the Aquitaine
coast, Frence; thae Patog Lagoon barrier, Brazil; and the Zululand
Coasty South Africe (Crame, 18973). Nost barrier dunes are formed
by the landward transport of beach sedimentse. In Guerrero Negro
Lagzoon, Naxico, an arid coastal lagoon, dunes mligrate into the
lagoon witl: a sand discharge rate of about 400,000 m year—1?
(Phleger, 1862). Around some arld coastal lagoons, like Eatero
Tastioteay, Mexico (Nichols, 1960) and Laguna Madre (Fisk, 1859 ),
vind aeflates high tiacal flats that are exposed for long periodse
As clay and algal crusts dry, exposed granules of clay are esasily
ramoved by the winde These are tlown to the inner flats where
thesy &ccumulate as mounds, or to the mainland wargin where they
fore clay duriegs 2 to 6 m highe The dunes develop slopes similar
to sand dunesg rut they do not migrate.

Sirons wind stress often causes a significant water level
chan;e calied ¢ "wind tide" (Paris, 1978). Such a chanyge lowers
the water level elong lee shores and raises the level on windward
shorese in Leguna Madre, lTexas, USA, water 1s driven across high
tiael flats and marshes penetrating mainland margins and islands
as & thirn sheoet about JU0 to 60 cm deep. Vhen the wind shifts
directior, & Lack and forth motion, or seiche, may develop in the
lagoorn ( Kusnak, 1960). wrhen the wind subsides or reverses direc~
tion weter drains back into the lagoon leaving a j.ortion ponded in
trou,lis and berins. The=e ponds are Llocal sites for L rowth of
algae end precipltation of evaporite cruatee

Bigleilcal Processes

In lagoons where ecologlical conditions support abundant benthic
faune, biologlcal rrocesses detesrmine the character of lagoon sed-~
imentatione They nodify its physical and chemlcal characteristics
and they cven produce aedliment. Although organisms normally do
not directly transrort scdiment, their effect on local water tur-
buience, as well as in trappingy, binding and preciplitating sedi-
manty, areé such that they play a keyy, but highly varied roley in
sedimentaticne



Organlsms creete sediment by producing organic and gkeletal
materirle Much of thls, including shella, tests and fruotules, ls@o
incorporated into lagoon tsedimentae In Florida Bay, virtually all
the lime mud sedinant is sheletal detritus frem algae and organ—

iaxre (Stockrar, a9t glsy 1967).

One of tre most prominent results of bilologic activity is for~-
mation of cojyster reofsa. In some USA Gulf Coast lagoons oyster
reofg cover about 5% of the floor. They form bathymetric highs
and charpge the lecal current regime for sediment transporte The
reefs thomeelves ere resistant to erosione. In lagoons with a low
influx of terrigenous sediment as op arid coasts, blogenic mater—
ial i3 tre principal source of sediment.

Suspensicon teedersy, Llike oysters, clems and mussels, filter
large volumes ot fine sedimentary material from the water and
daposit it on the bed ag feces or pseudofeces. Experiments with
oysters ( Haven and Noralee—Alamo, 1966) revealed that oysters blo-
depoglition exceedod (revity settling by seven times. At such
ratesy, oystere covering a 0.4 hsctare area of lagoon floor could
deprosit eabout 7.6 metric tons of fecal material in 11 days.
Deposit feedere llke woras end gastropods avallow and ingest much
bod sediment tc obtaln fcode. Mogt sediment 1s expaslled, but dur-
ing digesticon the particles acquirge organic coatings that bind
particles togethere. Detajileod studies on velumetric capacityy
rates of hiodeposition, etcs are revigwed by Carricker (1967) and
Darnsll (1967). In a study of Cape Cod bays, Johnaon (1974)
found that noarly all the silt and clay particles were aggregated.
Like floccules, the size and settling rate of fecal pellets or
orgenlic e;,reyaters is  reeter than individual particles, thue
facilitating depositione Congsequently, the trensport of fine sed-
iment in a legoon, 11ta vertical distribpution and i1ts deposition,
can only be bettsr understood 1f one recognizes that nmnuch fine
sodiment {s apgreyatade.

Benthic encdefauna commonly wmix much sediment by burrowing,
churning and grazinge Nost activity is in the upper § to 10 em of
sedimant; however, some organlsms burrow to 30 cm or moree. This
activity disrurts ths initial sediment deposits and destroys lami-
nae or layeringe It reduces sediment compaction and increases
bottom roughness by creating irregularities 1like mounds and
depress3ionse Therse sffects make the sediment more susceptible to
eroslon and resuspension during storms or periods of strong tidal
currentse.

Most lagoone In non—erid climates have luxuriant growths of
veyetatiores This vegetation can totally modify the shore configu-
rationy water circulation and alter the sediment transport and
depositionel regime. Numerous gubtidal grasses, salt marshes,
mangroves end algae pley a significant role in elther reducing
waves and currents or trapping suspended sediment aeand bhindiang it



to the bede. As rlants colonize the shore or bed, they tend to
stahilize the seadiment and build up new land causing lagoons to
£ill 1in. These p(rocesses have received considerahle attentlion
(eesge yFrey and Basan, 1978; Wayne, 19765 Pustronygy 12972). Less 1is
known abouvt the activities of micro—organisms like bacteria in
sedimentery processese Neny biological processes active in the
sediments are very slos and inconspicuous and thus easily over—
loockade.

YORLD DISIEIBUTION

Lagoons and thelr protective barriers are found worldwide. They
border 56% of the North American coastline and 13 %of the total
world coastline, ranglng from tropical +to polar zones (Berryhill
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Fige 13 vworld map showing digtribution of lagoon—-barrier coasts.
Location of <cese studies referenced i1in this parer,
arrowee XReoproduced from king (1872) with persission from
Fdward Arnoldy, LID publishers, based on data of Glerloff~
Emcen (1961).

at aley 1968; Gierlotf-Emden, 1961), (Flge 13). Although lagoons
are found on some higzh letitude coasts like northern Alaska and
southorn Icelend where the tide range is small, they are scarce in
areas of coastal emergence created by isostatic glacier rehound
auch as the Baltic Sea and Hudson Baye Emergence tends to produce
a gteep coast; a supply of gediment for bharrier construction ie
SCaArcae By contrast, on low latitude tropical coests, high sedi-
ment loads supplied by rivers tend to 2411 in lagoons.



Many legocns are well~developed on coasts of mld-latlitudes,
like the Gulf of MNexlco, USA and in areas of low to moderate tide
rLNiB e It is not surprising therefore, that many lagoons face
enclogsed seas like the Black Sea and Casgian Seas In such micro-
tidal sones (< 2 a tids ranye), wave processgses dominate in builld-
ing lorygy linear barrier igslands and nerrow tidal entrancese In
magsotidel zones (ranges 2 to 4 m), wvave and tidal transport inter—
acts Barriers sre shorter and tidal entrances are vider and more
abundant tharp in mlcrotidal zZonese In macrotidal zones
(> 4 1 reng@) wvhera tlidal eneryy is great, tidal currents tend to
bresach rarrier {slands and maintaeiln open mouthed lagoonse. The
North Sea coegt of dest Germany and Denmacsk clearly demonstrates
the chenging berrier island morphology with variation of tide
range (Fise 14), (layesy, 1975)e As the tide range increases, bar—
rlar islands become progresslively shaortar. In brief, tide range
and wave acticn can determine the sextent t¢ which a barrier
ancloses & lagoorne

Latitugiral Yeriations

Climatic varlations account for ditferences Iin the rate of sedi~
ment sup; ly to lagcons end the intensity of sedimentary processess
Such differencees result from the varying character of enoargy input
anrd eneryy dissipretion which basically varies withh latlitudinal
chanios in solear rediation (Fige 15 A)e In turn, radlation doter~-
mines the &wourt of ligsnt and primary producticn in lagoonse 1t
controls tempe rature, eaveporation and preciplitation which are the
baslic deoterminates of climatee Climate determines the production
and type of watershed sediment through weathering and soll forma~=
tione In gereraly intense cheomical weathering in low latitudes
produceg puch fine~gralnad (Filge 15 C). Most i1mportant for
legoons ie the magnitude of runoff and {its seasonality which
depends on the diftasrence botween actual précipitation and the
potential evapo—transpiration or the amount of rolsture reqguired
by veogetatlive cover (&ige 15 B)e. In turn, veyetation affects ero~
sior and de¢jrositiorn Iin lagoon watersheds and around shorese Addi-
tionally, wind yenosrated waves snd the occurence ot storms are
xeyed to ¢limatic tresndse Some apeaciftic examples of lagoons from
diffarent clinatic zones show how latitudinal position can affect
sources supply and sedimernt processase.

Hieh“Latitude Iagoons

An example of processes at work in a high—latlitude poler Lagoon 1is
the one ¢or the north coast of Alaska, described by Faas (1968) and
Naidu mana Mowatt (1975). Elson lagoon near Point Harrow forms
behind a low gyravel spit und embraces a basin 2 to 3¢5 m deep.
Simpson lwgoon, nsar the Colville River delta, forms bohind a low
berrizsr lasland and purtly encloses a lagoon 1 to 3 m deepe. Both
lagcons nave tidal communication with the ssa through wide inlets.
Marginal tidel flats &nd salt marshes are absent owing to the low
tide range and prolonged ice cover (Flge 16).
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Flige 14 Relationsrip orf barrier ilsland and entrance size to vari-
aticn o1 tidal range along the shoreline of North Sea
r.ear Geornany and Denmerke Modified from layes (1975).

Lagoon processofr are groatly influenced by the protracted dura-
tion of gcolid ico® covar ftollowed by spring thawy breakup, flood-
ingy and ftresezeup. Tcey which covers the lagoons to a depth of
2 m for § montlhgy Jimmobilizes wany processes active in lagoons of
other latitudese. Frozen shores and tundra streams resist normal
erogion and ice cover eliminates wind-wave mixing. However, the
push of ice or movemont by freezing, may produces hummocks Or mass
wovaaants along shorese

La,ooral areas less than 2 m deep are frozen to the bed and
thus are souged by grounded or moving ice. Conseguently, the
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Flge 16 Location of high—latitude coastal lagcons olong the

nerthern coast of Alaaka, USA From Short and Wisemap
(1974).
upper one meter of sedimont may be mixed and the fauna devasta tede.
As lagoon waters freasze downward, salt 18 expelled producing
hypersaline weter with salinity velues reaching 66% or higher,
underneath the ice covere Photosyntheslis ceases and oxygesn con-

tent 19 dejpletede.

The seasonal spring thaw, snowvmelt and ice breakup, activate
many sedimer.tary processes. Large amounts of runoff roleased from
tundra pools and streams, flow over and under lugoon ice. Sedi-
moent-~laden discharge with abdundant fine send, fans out over the
ice seaward to the barrier islands or farther, through breaches In
the barriercse Some sediment escapes the lagoons during breakup
and flooding es peat and terrigenous sediment are reported 40 im
offshoree. Lagoonal deltas do not develop near the river entrance
beacause efeaiment by—-ryasses the entrance. Sediment either dis-
charges over the shore fast—ice or ls transported seaward of the
overflow zone by 1ice raftinge. As melting proceeds lagoon water
beneath the floating ice is quickly freshened and stratifileds. A
salt wodye cevelore near river mouths.



¥nen the lce cover melts, lagoon waters are strongly mixed by
the wind. waters hecome tfreshened (23-2S5 psr thousand salinity)
and oxygenated for 2 to J months, vinds, waves and streams under—
cut tundra banks and erode ic?3 cemsnted sediment, a process called
"thernal nicnipu"e Sodiinent relsased by thls process is redigtri-
butad in the lagocns by currents, or by high energy wind-wave

r9suspensior.e. Ice rafting is not a major process and gravel is
scarcs ir. bed sedimantse. Although the astronomlic tide range 1is
small and tidal currents are weak, winds produce water ievel vari-
ations up to led moe This results in currents up to 2 m sec™!
througzh the main inlets that maintaln sand transport along the
bede. Cley 1is mainteined 1n suspension for long reriods after
floasdinge At the onset of freezing, transport competence of

lagoon water suddenly decreases; both clay and seand settle to the
bad producing en aomixture of poorly sorted sedimente.

Sa3dimert types derosited In thas basin of Flacn Lagoon follow

depth zonese Yellowish—~brown sllt and clay are deposited in deep
central parts, black organic silt and clay in shoal perts and
coarso uaterlal clcse to shoree. Central lagoon silts and clay,

which are derosited balow the zone of ice gou_ing, are interbedded
with thin reety layerse Alded by favoreble conditions for preser—
vation, the overall organic content varies betwgen 73 to 9.5%.
Primary production is Llow, le§ mg per m hour~! in Simpson Lagoon,
owing to limited light and nutrlentse Animal populations are also
low, owing to ice scour of ths bed and oxyugon deficiencles in win-
tore. Degrlte the ice stress and low light intensityy, grass beds
of Zogtere pnarina ere found Iin lagoons on the Seeward Peninsulea
(McRoy ot 8ley (196S9).

Nost sediment I1s supplied to high latitude lagoons by rivers
and strsame while lesssr amounts are suplied by shora srosion and
barrler washovers. Except for lagoons fed by active glacial melt-
water such & on the south coast of lceland (King, 1972)y annual
intlux of sediment from lajgoon watersheds 1s relatively low, less
than 30 tons ke~ ! (Davies, 1973).

MlozLatrltude humld lagoons

Procasses active in lagoons of a humid or teomperate climate cean be
demons trated by those in lagoons of the Taexas Coagty USA described
by Sihepard and MNMoore (1960), Fisher, ot ale. (18972) and McGowen,
2% al. (1£76 )y (Fige 17)e Those lagoons form behind a nearly
continuous cheailn ot barrier lslands broken infresquenly by narrow

sntrancese. The number and size of entrances increases alonyg the
Gulsr coast as ones proceeds from the semi-~arid coast of southern
Toexes to the humld coast of Misalsglipple. Since thse oceoan tlde

rangs throughout the region s small, river flow is probably
respdonaible for the increased number and sizo of entrances
(Pnlogery, 196U).
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Fl,e 17 Schematic roejpresentation of processes at work in a mid=-
levitude humld legoony, Galveston Bay, Texaa, USA Fron

Flelrery, £t ale. (1572).

Of the several sources of gadiment, rivers probakly supply the
bulik of the sediment infill in central Toxas bayse Some rivers
likxe the #l1lo Grande and Brezos have complately eliminated their
former lagoons (Shapard and Moore, 1960), Elsevhere prominate
doltas fill heads of lagoorns like San Antonio and Matagorda EBay
(Filge ©6)e Annual supply of sediment from a respresentative wat-
erehed Iin the repgion is moderate, 139 tons km~! for the Brazos
River (Curtisy 21 ales 1573)e¢e 7The rivers not only produce a hoeri-~
zontal saavard gradient of salinity (< 1 to 30 per thousand galin~
ity) burt introduce fine suspended sediment which 1s transported
seavard alonyg western reacheg. Some fines aro trapped in bordor~
ing marshes and flatse wind and waves are the dominant source of
anerygy that not only maintalr. vertical mixing of lagoon water, but
distribute ftine suspendesc sediment over a broad area of the cen—
tral floore Fates of rsdimentation range from relatively high on
the river and tidal deltes to low (about 32 cm century—!) on the
hay floore

Although tidel currents are slight in the lagoon propsry, vhere
the tides range is only 10 cm they are sufficilently strong in the
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entrance chtanrel (u; to U7 m per gec) to scour und carry sediment
irto the la,cone Scme sand movegs a short distance 1In and oute. It
eccumulates at the channel termini in the form of fan—shaped flood
or @bh tidal cdeltacs. Some of the outer inlet channels are unsta-
ble and tend to migrete in the direction of longshore drift along
the barrier islandse.

Ancther 2cne of relatively high energy 1s the shoreface,
extendling from the lagocn beach to about two meters deep. In this
zZonea, brosaking waves erode shores of Pleistocene mud and sand and
bulld littoral eplts, shell beeches and herns. vinnowed sediment
18 coarser end Lbetter sorted than in deep contral zones. Several
areas of the bay margin are stahillzed by growth of merine grasses
and in turn, promote deposition by trapping of sediment.

Dradging and diegposal of lagoon sediments by man are ma jor pro-
cessag in Texacs lagoonss They lead to reworking and redistribu-
tion of lapgocon sadimentse. Resulting bathymetric chsasnges tend to
fragment the ratural routes of transport and the patterns of depo~
sitione

Substantial light energy and input of land~derived nutrients
and gewage vwartog support much benthic grass asnd phytoplanktone.
Gross production ranyee J to 14 g m—2 day™! while oyster reef
metabollsm exceeds these values by about 4 timese. Through filter-
ing of gusjiended sediment, oysters depog)t vast amounts of sedi-
ment from lagoon vwe tere Organisms burrov and rework central
lagoon sediment as evidenced by broksn layers, mottled or struc-
tureloass deposits.

Low=latitude Arid Lagoons

The lagoone along the Truclal Coast of the Persian Gulf, Aratbla,
descrihed ty Eveans and Bush (1969) and Purser and Evans (1973),
provide an example of processss active Iin ean arid climate
(Flge JIR). The barrler islands were initlated by cemented dunes
which were submerged and subsequently enlarged by accretion of
reofs,; beoches and dunes (Fige 19)e The barriers not only grew
laterally through esccretion of sand transported by longshore cur-
rentsy, but they grew landward toward the lagoons by intense eolian
transport cnshorse Gaps between barriers form long tidal channels
(7 m dear) and inlets which allow gsea water and sediment into the
lagoonse. The lagcons have depths of 2 to S m and the tide range
varies fros a maxileum of 3.5 m in the Gulf to 1 m in the lagoonse.
Salinity ranges 42 to 45 per thousand in nearshore Gulf water and
from 54 to 67 prer thousend in the lagoons, Since the area 1s
arid, there is no runoff and no detrital smediment supplye. Nost
soediment !5 produced locally by extraction of calcium carbonate
through biclogical end chemical processese.
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Flge 18 Morphelog)y of barrler islands and legoons on the central
region of the arld Truclal Coast, Arablae. Reproduced
from Purser end Fvans (1973) with permission from Spring~
sr—-Verlap publlishers.

The dcminent scurce of onergy on the Trucial Coast is the wind.
As A reasult of ectrong and persistent onshore winds, called
"ahamal" windey, ekeleoetel, pelletal and oolitic sands are piled
into frontal dune ridges resaclhiing 12 m highe Onshore transport
moves tha sand (rom the beach and frontal dunes cnto back~barrier
Zonese Hera barchans and parabolic dunes miygrate more than 4 km
landward as a "tail" of eedimente Ry contrasty offshore desert
windg add smome fine material to intertidal depositse

Vhere wave eneryy lampinges on shoals of the tidal deltas, large
amounts of ocolitic sand are produced on the deltas. This sand 18
moved landwerd threugh tidal channels or shoreward +to form dunes
on the barrierse In the lagoon, waves prevent skeletal and pelleg-
tal carborete produced on shoals of the lagoon floor frow accumu~
latinge Instead it s rasuspended, transported landward and
deposited con prograding intertidal flats or alygal mate. In some
places wvaves accumulate sand and shell debris forming beach ridges
earound the lagcone. Ticdal currente flowing through entrance chan-
nels reach speeds up to 0«65 m gec™! and act with waves <to move
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Flaze 19 (hartlets showin, evolutlion of the la,ocn-barricr system
on the arla Truclal Coasty Arabiae. Re produced from Pur—
ser ard kvans (1%73) with permission from Springer—Verlag
juklieherse.

nearshore sand landward, 2ither alony the bed in large megarigples
or in suspensicne Interaction of waves and currents also produces
lavess and bars along odyes of banks and shoals.

dioloulcal processes contribute slgnificantly to production of
carhonate sediment <throuyh formation of mollusk shells and pel-
lots, ostracod, itolyzoen and foraminiferal tests; and echinold,
coral and al.al debrise. kelativaly high production takes place on
the outer la,oon shoals and on the nearshors Gulf floor. Sediment
produced by organlems s broken down into sand and fine sediment
by molluskey ae woll as by worms and crabse In ti.e process, sedi~
mants ~3 heavily burrowed and great amounts of fascal pellets are
produciadue Algal mats which cover intertidal and supratidal zonee
act &3 ginks for much of the fine, pellet-rich sedlinsnts Substan-
tiel orgenic matter is produced In these zones desplite relatively
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low autrient conten:t of lagoon vator. Thick masses of geavwsed
grow on channel sides and sometimss on lagoon shoals where,
togetner witr slgaey they act to trap and bind seocimente

A prominennt process 1ir Truclal lagoons 13 chenlcal precipita-
tione Uollite rroducticn appsars to be active on tidal deltes
wvhere waves and currerts impinge on shoalse Calcium carbonate
forms extensive crusts iIn intertidal end supratidal flats and
locally cemente dune sands and beach sands forming beach rocke
Additionally, subaqueous cementation takes place on the surface of
tlcal deltas and benseth thse lajgocon flocor. Because of high salin-
ityy, nigh temperature and intense evaporation, calciur sulphate i=s
precipltuted e gypsum on the lnnermost tidal flatse. Additlion—
ally, anhydrite and dcleomits are formed by dlagonetic alteratione.
Eveaorite development is determinsad by ¢the level and frequency of
tidal floodiige

Althoucl abundant carbonate sand is produced in arid Truciel
laxoons, weves and currents prevent it from accumulating on the
lagoon flocre Incstead, naterial transported by curents accumu—-
lates landward on intertidel or supratidal flets, or seaward on
inner parts of the tidal channalse. Elsewhere, seodiment accumu—
lates at undcdeorata rates forming tidal deltas, beach ridges and
barrier dunese

Low=Lauxltuce Iroplcal Lasoons

Lagooas elong the Gulnea Coast of Nigeria and Dahomey (Benin)
described ty Webb (1958), Guilcher (1958) and Allen (1965 ay b))y
1llusrata tne significent processes active in lagoons affected by
high river inflowe. These lagcons are lony and narrow with many
slongate erms axtendin, betwsen multiple beach~dune ridages

b
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Flge 20 Leyos~lokhi Llasoon bdarrier complex along the Gulnea
coasty W2gt Afrlces From Allen (1965c); reproducsd with
permission by Ase A€80Cce Potrole Geol,
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(Filge 20). The barrier lslands are nearly continuous and inlets
infragquerte The lislends are suppliesd with sand by strong long-
shore c¢rift directed eastwarde. By bullding successive beach-dune
ridees, lntercpersed with lagoonsy the coast 18 gradually prograd-
in, Ssavarce

The legzoons are fod throughout the year by freshwater frow riv-
ers and BSwempse Masslve frechwater influxes occasionally ralse
lagoon we ter levels high enough to breach the karriers and dis-
charye suspended sediment loands into the saa. Ry contrast, whon
lnflow diminlshes during the dry ssason, seavater Intrudes more
than 32 km lsndward throuuh Inletse Consequently, lagoon ralinity
increases from nearly U to ebout 23 per thousand and channel water
becoues partly sitretified. Nepending on the gessonal malinity
structure ard wind variatlione, the estuarine circulation changes
from bi-directionat in upper and lowsr layers, to seaward at all
dei ths or seaward at mid—-depth (Gallardo, 1978). Nuch susyrended
sediment 1s sSuprlied by high gradient rivers but trensport pat—
tarns are compliceted by complex bathymetry.

Tidel currents play a sejor role in transport and sorting in
inlets but their effoct diminighes landwvard as speed diminishes
(Webb, 1358 )¢ Time—veloclilty asymmetry causes a greater amount of
scour during flood thanp during ebdb and nmoves bedload landward

through inlatg,

Deposi ticn occurs n emall river deltas along landeward margins
by entrapmernt in algal growths and manyroves, or hy seottling of
finas in doep partse Flocculation is favored by the high flood-
bporne loeds of guspended sediment rich 1n organic matter and by
the marked salinit)y gradients occurring during the ralny seasone.
Although rates of sedimentation are unknown, they are probably
higher thanm 1in lagoons of other climatic reygimes owing +to rela-
tively gedimant influx of long duration and relatively good condi-
ticns for entrspment, In general, mud content increases with
water depth end with inward decreasing tidal current strength

(Adegoke, gt u., 1978).

SIGNIFICANSE CF ENIEANCLS

The entrunce or inlet I8 e critical element affecting sedimentary
procesges ir e coastal lagoone. The position of en antrance con-
trols current patterns and therefore determines the pathways of
sediment trensporte The s8lze and number of entrances determine
the amount c¢f water exchange with ¢the ocsan and in turn, the
exchanye ¢f fine suspended sediment, An sntrance 1is normally
maintained open by tidel flow augmented by river Iinflowe. Vhen
ticdal flow fluctuates however, or when longshore transport of sand
alonyg the barrier variee, an entrance may exhlibit two extreme con—
ditions: oper or closede. In many lagoons such changes follow a
ssesonal cyclee. As clearly demonstrated by case studies at Mugu
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Lagoony Californis (¥arme, 1971; vermoey 2t aley 1976) and at San
Miguel Lagocn, Neoxlico (Stevart, 16838), @ change in the entrance

can producsg large effects.

vhen tre entrance 1s closed a major source of sediment from
longshore drift, trke nearshore bed or the ocean, 1ga eliminated.
Supply by weshovers and wind transport then become the main sea-
ward inputse Without tidal mixing, lagoon waters ere guist and
favoreble tor gettling of fine—grained sediment <fros suspension.
Anoxlic conul tiors may developr and lead to accumulaticn of organic
metter in bed sedimentse Depending on river inflow and esvapora-
tion ratesy, salinity mey vary from nearly fresh to hypersalline.
Such extreme conditions may lead to unusual production of certain
organisme or to bicchemical precipitation of evapori tes. Sediment
supplied by river inflow and shore erosiocn are more sffectively
trapped within the lagoon than when the entrance is opene.

Yhen the entrance ie ogen, sediwent 1input <from the ocean
becomes signitficante. Longshore drift feede sgsand to the sntrance
and tidal currents move it into proximal tidal deltas or flats.
Tidal mixing produces a stables salinity gradient botween the river
and errtranceos WVaters are well-oxygenated and support a diversity
of abundant life. With an active tidal exchange,; marginal tidal
flats and narshes become linked to the lagoon asysteme Fine-
grainad sediment Iin suspeneion tends to accumulete in the inner
reaches ratter than in deepr channslse In short, a change in the
entrance cordl tion can dramatically change the supply of sediment
and shift the depositional regime.

CLASSIEICATION CF LAGCON PROCESSES

Because of the great variety of processes, range of sediment types
and mecrpholcgy observaed, it 1= useful to organize lagoons into a
sygtematlic frameworke Differsnt types of lagoon syastems result
when the dominant eneryy forces differ in intensity and charac tere.
Theee differonces cre reflected in the lagoon morphology and sedi-
ment typecse By comparing lagoons with a range of dynamic attri-
butes and by gensralizing, we can conclude that thore are essen~
tially two dominant processes: (1) tides plus river inflow and (2)
wavese Tides end river inflow act to maintain e legoon open to
the sea wherees weves and agssoclated lonygshore drift impound a
lagoone Therefore, two extremes, or end memhers, are reprssented
by a tully open lagoon (Fige 21)y @eggey a drowned river mouth or
eatuaryy or bhy a ftully closed lauoone. Betwoen theso extremes
there 18 & spectrum of types according to the varyling intensity of
dominant processese Four types are recognized, each type reflects
dominant procoessese

An estuarine lagoon is characterised by strong tidal flow aug-

mented by river inflow (Fige 22 A ) WVave energy and drift 1ls low
roelative to the tlide. Tidal currents maintain laryge and adbvundant



ESTUARINE LAGOON
Tide & Inflow

Dominant

/ /
B~ "OPEN"LAGOON
Tides & Waves Active

PARTLY CLOSED LAGOON
Waves & Longshore Current Dominant

L} »t.
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Flge 21 Schematic classification of lagoon types according to

deminate processes: {A) Drowned river mouth or estuary
tyrey (RB) "Open" lagoon, (C) Partly=cloased lagoon, (D)
Closed lagoon, impounded.



inlets and promote strong exchangs. As a result, sediment
transport is high and morphologic change 1is great. The tloor ias
fashlonsd into deep channels and elongate shoalse. The river sup-
plies either mud or sand, though entrapment of fine sediment is
restricted to the river entrances. Unfortunately, there are few
systematic atudies of this type of leagoon. The tidal areas of

Table 1. Comparison of lagoon features and processes in different climatic zones.
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'F1v0n Legoon (Faat, 1949 eng Simgton Lagoon. Alaska [Nty ond M.mat’, 1975).
Acantay and Sen Antanio Rey (Shepard énd Moore, 1960) 4nd Galvs ton ey, Tesas, L.S A, (Fisher, Iy L‘" 1972)
Trucial Cosst, Arevra ([vans and Bush, 1969, Purier and Evans, 1970}

‘Lanos-Ledbi Lagoon (om ‘e, Wigeric (Nebb, 1957, AlV-a, 1961, And 4} and Dememwy Coant Lagoons (Guitcher, 1959)

northwest Germany may be representatives (Refer to Tadble 1),

An %open® lagoon iu a product of waves acting in combination
with moderate tides and river inflow (Fige 22 B)e High waves and
longshore drift build short darriers islands vhereas bi-direc~-
tienal tidal curreats asaintaln several moderate size entrance
channels with well developed flood and ebb tidal deltas. Gener—



elly, mud tends to accumulate on flats along inner parts whereas
sand ls coamon to the channel floor and entrance shoals. This
type car display a large variety of sediment patterans depending on
the relative strength of waves and tidese. If the lagoon basin is
relatively deep, rud covers the basin floore. Ocean-lagoon
exchange 18 intermediate and entrapment ' 0of fine sedisment is goode.
The Dutch Vadden Sea and the Migsissippli sound provide examples of

this typee.

In a partly closed lagoon high wave energy acting on the near—
shore bed or headlands and strong longshore currents bulld an
extensive barrier island (Fige 22 C)e Tides are subdusd and tidal
sediment transport is limited to entrance reaches. It produces a
prominent flood delta but only an insignificant ebb deltre Over
long periods tidal currents and wave power may reach a dynamic
balance. Lov energy in central and deep parts of the lajoon favors
mud accumulation wvberesas vave action on shoals and shores results
in sande In shallow lagoons experiencing high wind waves, sand
accunulates on the central floor and in washovers whereas mud
accumulates in protected embayments. Ocean-lagoon exchange 1is
poor and entrapment of both sand and rud 18 goode. The Rockport
Bays on the USA Gul?f coast are representative of this type.

A closed lagoon is produced by intermediate to high waves, and
strong longshore driftt (Fige 22 D). In the absence of tides and
continuous river laflowv, the lagoon 1is impounded. VYashovers or
winds across the barrier are the chief processes of sediment
influxe Sediment transport within the lagoon 13 limited to local
wind wvavege Vithout ocean—-lagoon exchange entrapment is signifi-
cante Organic production or chemical precipitation are often the
chief sediment producing processes.

STUDY APPROACHES

From the descriptive review of processes and cosparison of world
lagoons, 1t is evident that a complete understending of gedimen-
tary processes in lagoons has not yet been reachede. Most results
have been descriptive; a number of significant ldeas have been put
forth but not confirmedes A moderate amount is known about the bed
sediments and a little about the hydrodynamic processeos. Almost
nothing is knowny, however, about how the sediments interact with
dynamic parameters to create msechanisams for sediment diepersion or

entrapmente.

As & guide for future lagoon research, study of sedimentary
processes should be organized to focus on: (1) sedimentary depos—
its; (2) specific processes or mechanisms; (3) the lagoon as s
sedimentary systese

The first approach views the bed ssdiments or doposita, as end
products of the processes. They are integrated products of many
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and varied processes deposited by long—tera average conditionss or
short—-tera catastrophic conditionse In this aepproach sediments
are characterized by thelir textural, compositional or structural
propertiese An attempt is made to relate the resulting disteibu-
tions of properties to the morphology, or to whatever can be
inferred about the processsse. For example, in a study of San
Miguel Lagoony Mexicoy Stewart (1958) used a size-distribution
diegram (Fige 23) to delineate sodiments deposited in different
process regimes. Allen (1971) differentiated rones dominated by
bed Load from zones of suspended load trensport using the C-N tex-
tural system of Passega (1957). The approach assumes that the
sediment is not relic but formed by processes active in over-lying
wvater or the environment of depowitione Beasides textural and com~
positional characteristics of the sediment, the physical or geo—
technlcal properties need to be examinedy 1.0.y bulk density,
shear gstrengthy; as well as acoustical properties. Such propertles
relate to rates of asdiment accumulation and to eging processes of
the sedimente Study of sedimeatary deposits i1s useful for identi-
fying the important procesges at work in different parts of a
lagoon and thus a good subject for starting a lagoon studye. It 18
a useful approach for examining processes with long—time scales
ory for short-term processes that result in high accumulation.

The gecond approach deals with measurements of specific physi-
cal parametersgs, vwvaves, tides and currents and the corresponding
sediment behavior; segey velocities required to initiate particle
movomnenty lag effects dus to unsteady flowy, role of “edfo:. + in
transport and in sorting of sediment, sesffects of flocculation and
processing of sediment by organismse One can learn about the pro-
cesses by: (1) direct flield observations in the environment and
{(2) observations of sediment behavior in a laboratory lume or a
hydraulic sodele Vhereas flield obsorvations often include effects
of many variables active simultaneously, laboratory experiments
permit gome degree of control and isolation of differant vari-
ablese HAydraulic models are particularly useful for predicting
eoffects of changing lagoon geometry, (le¢o.y channels and dikes,; on
the circulation regime) on the tides or salinity under average

steady state conditionse Bocause of scalo offects in models and
the two dimsnsional limit of flumes, there is a question of hovw
well natural processes are rayroducede Field observations can beo

made by either limnological or oceanographic msthods and adapted
according to characteristics of the lagoon under studye The study
of Oyster Pondy, Massachusetts, Esery (1869) provides a model for
well-balanced multidisciplinary observations which applies simple
and low~cost techniquas to e coa~tal lagoone. For most lagoon
studies, a bathymetric chart must be obtained or construc ted.
Vhen bathymetric surveys are repeated at time intervals of years
or deocades; the resulting depth changes can indicate rates of sed-
iment scour or £ill in response to currents or waves. Vater level
variations provide useful basic information on the hydrographic
regine of a lagoone. Most physical aspects usually require that
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unsteady and bi-directional flow properties be measured over a
period of time. Pertinent sediment measurements include: nass
concentration of particles, particle size distributions, state of
agaregationy organic and lnorganic content and sediment composi-
tione ' Such direct observations are also essential jinput for a
systems study of processes.

The third study approach may take different directions. It is
useful to consider the lagoon as a sink for sediments from differ—
ent sources and then to draw up a material budget for all contri-
butionse It is assumed that sediment in the sink is carrlied from
its source by some onergy agents The location of sediment scurces
must be accounted for and the rates of input to the lagoon must bhe
determinede Budgets can be refined b»bdy differentiating sink sedi-
ments into zones that relate to sediment sources. In some areas
sources are contaminated with pollutants. These materials are
often more distinctive than the sediments they are associated with
and thus serve as tracers to 1identify sediment sources and routes
of traasporte

To balance a budget it is necessary to determine the total rate
of deposition and ideally the proportions of sediment from differ—
ent sources. Studies by Biggs (1970) and Bartberger (1976) show
how this approach can be used succesfully despite limitations of
available data. As demonstrated by Ryan and Goodell (1972) 1in
Mobile Bayy USA Gulf coasty not all sediment supplied to a lagoon
is deposited thereine. A fraction may by-pass the lagoon and
escape through the entrancee. Results of a sediment budget are
useful to show the relative importance of different sources in a
single lagoon; to compare lagoon systems under different hydrolo—
glc and climatic regimes; and to assess lsrge scale man—made
changes like dredginge.

Yhen field data are incomplete, assusptions sust be mads, the
dimsnsions reduced and solutions sought, in a mathematical modele.
Mathematical models have been used with reasonable success for
hydrodynamics of lagoons and for sediment in estuaries (0dd and
Oweny 1972) and in nearshore systems (Fox, 1978). Modeling usu-
ally starts with governling hydrodynamic equations and involves
some sort of sepatial averaging to simpllify the problem to one or

twvo dissnsions. Exchange ratios, source and sink terms, are
elither assumed constant or considered a simple variable that fits
the availeble prototype datae. An array of techniques and

approaches are given by Fox (1978) and Ariathurel and KXrone
(1976).

Another system epproach treats characteristics of the sediments
as & response to certalin dynasic processes. This concept 1is usu~
ally structured into a process—responsse model showving relations
between attributes of the suvironment and corresponding attributes
of the sediments being eegey Table 2 (Kkrumbein and Sloss, 18963 ).
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Table 2¢ GCGeneralized structure of a process—=ssponss modele.

Brucess Elasmants Rasponse Elemants
Tidal height . ¢ Sespended sediaent concentrations
Tidal currents . . Sediment transport
Vind veloclty ¢ —mem=> ¢ Diepersal patterns of sediment
River inflow . e properties
Longshore current ¢ . Morphological change veloel ty

9 Q

===——=~-= Feedback <~

As sediments respond they may exert an influence or "feedback”
on the process elements. For example;, a shoal may be bullt up
wvhich say affect currents or wave refraction. Aan excellent exam-
ple of a process—response study is that of Davie and Feox (1972)
for nearshore sand bars. Erumbein and Sloss (1963 pe 240) show
how the approach is used in a coastal lagoon, Barataria Bay, USA
Gulf Coaste Fox (1978) reviews statistical and computer techni-
quese In many problems the ob jective of using a process—response
approach 1is to predict the response of wsediment attribdbutes under
different process conditions: This paper is coatribution numbder
998 of the Virginla Iastitute of Marine Science.
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ON THE HYDROGRAPHY AND CHEMISTRY OF SOME COASTAL
LAGOONS OF THE PACTIFIC COAST OF MEXICO

by
Enriqus Fe Nandelll

INIRODUCTION

Along the coast of the State of Guerrero, lNexico, there are sev~
eral coastal lagoons with areas varying from 2 to 60 ka2. A gen—
eral study of these lagoons was undertaken by the Centro de Cien™
ciaw del Mar y Lisnoleglia of the UNAM from 1973 to 1976, with the
purpose of formulating recommendatione for their proper use and
managemsnte : : -

Intormation regardiag the geological, hydrographlc and chemical
characteristics of the lagoons are recorded in several techanical
reports; as well as in a doctoral dissertation (Mee, 1977).

The rethar unstable conditions affecting some of these legoons
leads to wmsany unsolved problems with regard to the varlious pro-
cesses which teke place in these wvater bodies. The lagoons
selected for this aeanalysis showed differences 1In their hydro-
‘graphlc regimsey, malnly dus to climatic stresses. The purpose of
this wvork was to analyze the information gathered from 1975 to
1976 in order to galin some understaading of the complex nature of
thess systemse The mala objective of this study sas the ldemtirfi-
cation of those critical processes which affect the lagoons under
varying hydrogreaphic conditionse.

!SHEILZ:LQI gE IHE AREA

The coast of thse State of Guerrero is an almest continucus low
sandy beach,; broken only where ocutcrops of the Sierras reach the
seae Various emall rivers cross the coastal plain and seasonally
discharge thelr waters into the sea or intv the variocus coastel
legoonse These lagoonss; with their assoclated channels, occupy
almost alf of the Guerrero coaste ' Lankford (1977) described the
lagoons of Guerrero as "parred inner shelves®, originally long
narrov lagoons that since the time of their forsation, 5,000 years
agoy became divided and ismolated. Some of these lagoon segments
have now beea completely infilled or survive as marshes. The
coastal lagoons of the State of Guerrero,; Mexlico, are presented in
Pigse 1 and 2.
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Fige 1 Gatellite photograph of the State of Guerrero coast NV of
Acapulcoy MNexicoe.

HYDROGRARHIC REGIMES

Porhaps the most important factors determining <the hydrogreaphy,
and hence the ecology of coastal lagoons, are the frechwater
inputs (runoff), the rate of evaporation; and the mixing and ecir
culation processes with coastal waters. Vith few exceptionsy the
hydrographic regimes of the lagoons of Guerrero ars characterized
by their annual variabpility.

One of these exceptions is Chautengo Lagoon which has a fairly
stable hydrographic reglme. This regime was first observed by
Mandelli and Botello (18976) who described 1t as having an annual
cycle of four stages (Tabls 1).

The duration of the different stages of the cycle for Chautengo
Lagoon varies from year to yeare. Surveys conducted in 1975 and
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Fige 2 Satellits photograprh of the State of CGCuerrero coast SE of
Acapulcoy Nexicoe

1976 indicated that Stage I lasted four months, State Il one month
and Steges III and IV for a seven month periode: For some of the
other lagoons included in thls study, particularly Sen Narcos and
Mitlay the hydrographic cycle was reduced to only two stages dur—
ing the same periode

1 A period in which evaporation exceeds runoff Inputs (dry
season)e

II A period 1in which rainfall causes the 1lagoons to be
refilled (ralny geason).

Net evaporation values were estimated for Chautengo, San Mar-
CoSy MNitla and Nuxco during the 1975 survey, basgsed on mean depth
and salinity changes. The resulting figures were compared to eva~-
poration values calculated from climatological data. In Table 2
are shown wmonthly evaporation rates calculated for each of the



Table 1. Hydrographic regime of Chautengo Lagoon

Stage Characteristics

I Bar closure and a period where evaporation exceeds
runoff inputse.

b @ § A period where heoavy reinfall causes the lagoon to
be refillede.

IXX The bar openw and the Lagoon partially discharges
into the sea.

) & 4 A period of tidal exchange together with river
discharge into the Lagoon

Table 2. Estimated and calculated monthly svaporation loss in the
lagoons for the March - May 1975 period

Area Evaporation loss (210%%®)

Lagoon (km?) Estimated (1) Calculated (2)
Chautengo 36 . 2065 S5.40
San MNarcos a1 260 Je15
Mitle J6 6010 6470
Nuxco 6.5 143 162

(1) volume changes based on mean depth and salinity changes
(2) WVWater loss calculated from climatological date

lagoons during the March—lay, 1975 periode For the overall period
Chautengo Lagoon raceived considereadle freshwater inputs of river
origin during the first stage of the cyclee
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Fige 3 JMonthly rain and eveporation recorded during 1974 at three
climatological stations located on the coast of the State
of Guerreoeroce

Table 3¢ Total annual discharge of the Nexpa River into
Chautengo Lagoon

YEAR D1ISCHARGE
(x10® a3)

1969 1192

1970 871

19871 308

1872 252

1873 611

1974 1045

18785 890

With the onset of the rainy season the lagoon volumes incressed
due to direct precipitation and runotf,. The general dig*siimition
of rainfall affecting the lagoons 1s typical of trojpical areas,
with large initial raintall in June, followed by a sharp deccrease
then later a gradual bulld-up vhich reaches a second maxisum in
September or October (Fige J3)e



It i interesting to note that in many lastances most of the
rainfall takes place in a2 few days. The wide annual variation in
total rainfall is also indicated by a similar variation in the
total annual discharge of the riverse This ls illustrated for the

Table 4¢ Changes in the volumes of the Lagoons from May 1975
to July 197S

Estimated Volume (x10 m?)

Lagoon May 197§ July 1975
Chautengo 28. 4 768
San Marcos B.1 14.9
Mitla 68.0 733
Nuxeo 117 136

Nexpa River in Table 3.

In Table 4 are shown the changes 1ln the lagooa volumes calcu~
lated fros mesn depth and salinity changes for May-July, 1975, It
can be seen that during the Inlitial pericd of the reiny season of
1975 the legoons receiving only direct precipitationa and immediate
runof?f inputs refilled 1less drematicelly than Chmutenge which
received 1in addition ianputs from two rivers (lNexpa and Copala)e

Bsfore discuscing the third stage of the hydrographic cycle of
the legoons, it is nscessary to coasider the nature and sorpholegy
of the lagoonal inlets to the seu. In Table S are given the gen—
eral cheracteristics of the coastal lagoons considered in this
vOorke

The sechanisms for the opening and clesing of the sand bar of
coastal lagoons vere discussed by Lankford (1977), who indicated
that the opsaing of these seand bars was the result of iaternal
hydrostatic pressusre and external wave eroslion. For lagoons with
long meandering chamnels and lack of direct river inputs, such as
the case of Sam Marcos Lagoon, the opening of the sand bar takes
place only during years of exceptionally high ruinfall. Ia the
particular case of Mitlay, & lagoon with a sand bar inlet, two fac~
tors have contridbuted to 1ts isolation from the sea during the
past fifteen yearse One factor has been the restriction iaposed
on the flow of Coyuca River toward the lagoon which has considera~
bly reduced the input of freshwater to build up the necessary hyd-



Table S« General Characteristics of the studied Lagoons

Yype of runoff Type of seas Salinity range
Lagoon received Connection parts per thouse.
Chautengo River + direct Sasd bar 5~30

runo ££
San Marcos Direct runofft Long channel 8-~-85

(7 xm)

Mitla Direct runoff Sand bar 2-4
Nuxco Seasonal river Short chansel

+ direct ———Off (€< 1 km) 15-23

rostatic pressure. The second factor has been the reinforceaent
of the sand inlet mediated DYy mane.

The third stage of the cycle starts with the "bar openiang®™ when
there is a large discharge of lagoon wvater (together with die-
solved and particulate saterialas) to the littoral =zoae. Ias the
particular case of Chautengo Lagoon, the veoelume of water dis-
charged into the sea vas calculated from changes in the mean water
depthe These discharges were estimated at 38.4 x 10% a® and
25 x 10% a® for July, 1875 and June, 1976 respectively.

Following the opening of the bar, the lagoon water levels are
quickly equilibrated with that of the sea. The water level of
Chautengo is shown to vary during the "bar openiang® period,
acoordiag to the annual cycle of offshore mean tide levels
(Flge 4)¢ These variations L_ve the effect of reducing the veolume
of the lagoon considerebdly vhen compared to voluses recorded prior
to the opening of the bare

The nature of the physical processes of amixing and circulation
for Chautengo during these periods was described by MNee (1877).
This author established an estuarine circulation psttera influ-
enced by wind action in studles conducted in 19876.

The ssaling off of the bar caused by llittoral trensport takes
place after the end of the rainy season at & time of very lov
freshwater input, maianly froa rivers, and lov offshore msan tide
levelse (Pige 4).
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Fige 4 Mean depth changesg recorded in Chautengo lLagoon and varla-
tion of the mean sea level during 1976.

Stages (1] ana 1V of the hydrographic regime wvere not observed
for Sen Jliarcos and Nitla Lagoons which consequently behaved as
lasgoone with cycles of two gtages. ¥ith regard to the Nuxco
Lagoon, Stapes II1l and IV were observed for a brief period of two
wveeks during September, 1875.

CHEMICAL LROCLESSES

A coagstal lajgocon provides the site for a large varlsty of chemical
interactions to take plcces These include interactions within and
between the thraee reservoirs of naterial present: dissolved sup~
stances, suspended particulates and lajoon sediments.

For <the present consideratinon, a coastal lagoon will bpe
regardesd a8 o beegin having overall chemical inputs and losses, and
in which a variety of internal processes are actinge. The supply
of disgolvec and particulaete materisls to a coastal lagoon depends
on the external rese-~voir of the materials and the transport mech-
anism which carry them into the lagoon.



Tropicel lagoons in ersas which have highly seasonal rainfall
thsrefore have seasonal supplies of dissolved and particulate
materiaels of continental origin. Vhen considering the runoff into
the lagoon,; it is often necessary to take into account the sffect
of direct rainfall as well. While the effect of inputs is gener~
ally to dilute the lagocon waters, rain say carry an appreciable
quantity of nutrients (Reinhold and Dailker, 1967).

An imcreasingly important source of material into the lagoon
environment is froa domestic, agricultural or industrial sources.
The most generally observed source of introduced materials is that
arising from sevage discharges and sgricultural runoff. The fate
of the dissolved and particulate materials brought by natural
runoff or introduced by man within the lagoon eaviroament 1is
largely dependant on biologlcal, chemical and physical factors.
(Oxuta, 1960; Oppenheimer and Vard, 19657 Pomeroy gt ale, 1965;
Nichols, 1866 and Postma, 1969).

Preliminary studies on the water chemistry of Chautengo, San
Marcosy; Mitla and Nuxco Lagoons; conducted in 1975, indicated that
the pattern of seasonal variation in the chemistry of these
lagoons is closely assoclated to their annual hydrographic eyclese.

Soasonal varistions in the concentration of the diusolwed nut-
rients and particulate chlorophyllis i1in the wvaters of Chautengo
Lagoon were followed throughout the hydrographic cycle in 1876.

Stage I. Dry Ssason, lagoon isclated Lfrom the mas

During this stage, river runoff into the lagoon is very low and
evaporation exceeds input. Under these conditions the reserveolr
of dissolved nutriests and the particulate chlorophylls remained
fairly steble, with nutrients declining slightly and particulate
chlorophylls increasing towerd the end of this stage. The coancen-
tration of total dissolved phosphorous (n the water ranged from
2¢4 to Je0 ugratom P litre™! with an average value of 2.5 ug-atoa
P litre~! while <the total dissolved silicates ranged from 75 to
100 ug~atom S litre~! (Fige S)¢ - Data on total inorganic al trogen
wvas only availadle for MNay with N = NHe® ¢ NB3y as the major
sources The average concentration of total inorganic nitrosgen was
1«5 ug~atoms N litre~!: The N:P ratio in the water columm was 0.6
for Mays upparently indicating a ni trogen deficient systesm. Par~—
ticulate chlorophylls during Stage I ranged from 10 to 158 mg =~3
and prisary organic production was estimated at 0.6 g C »~2 day—!
for May, 1976. Thusy it is reasonable to assume that during this
stage, there le continuous utilization of dissolved nutrients by
phytoplankton that 1is compensated for by regeneration processes
within the water column and the water/sediment interface. In a
shallow water environment, such as In the case of Chautengo
Lagoony, regeneration and mobilization of nutrients can be favored
by blologicaly, physical and chemical processes. (Okuda, 195603
Pomeroy gt aley 1865 and Nichols, 1866).
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Fige 3 Monthly variations In dissolved phosphates, silicates and
suspended chlorophyll g in Chautengo Lagoons during 1976.

Stage Il Beglipning of the rainy ssason, 2illing of ths lagoon

The large increase in the volume of the lagoon, following the
first rainfall, wves also marked by an increase °n the total quan~-
tities of all the dissolved nutrients and the perticutate chloro~
phyllge. During this short lived stage (one month); the mean con-
centration of total dissolved phsphorous in the water averaged
Je2 ug-etom P litre—?, while total dissolved eilicates averaged
120 ug~atom S litre—1?, The average concentration of total ai tro-
&Ny on the othsr hand, renained low with a value of
2e41 ug-stom N litre~! with N -~ NHy® plus NH3 as the major source,
following in order of importance N — NO3 e The NP ration in the
vater colusn remained low with a value of 0.7,

The first reins of the season cause considerable flash flooding
and runotf from lov~lying lands bordering the lagoone Such runoff
provides a temporally more lmportant source of nutriente than the
river diesche rge end regeneration processes vithin the lagoone In
Flge 6 are shown the variations of the total dissolved phosphorous
and silicates contasined in the lagoon waterse During Stage Il the
phosphorous reservolr increassd from 1¢5 to 5.0 metric tons, while
the dissolved silicate increased from 60 to 170 metric tonse Par~
ticulate crlorophylls increased from 18 mg m~? te 60 mg ™3 and
primary orgenic production from 0.6 to 1.4 g C »~2 day—1,
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Plge 6 Changes in the reservoir of the total dissolved phospho™
rouse and silicon in the water of Chautengo lLagoon, during
1276.

Stege 111 grening of ithe bar snd discharss of lagocn yatar o the
298

Followin; the opening of the bar, there is an initial period of
discharge of lagcon waters to the coastal zone until ¢the lagoon
reaches s stable level that varies with the mean sea level. Dur~
ing this short period there is a considerable ascunt of dissolved
and susperded saterial exported to the littoral zone.

The totel dissolved phosphorous and silicates lost to the sea
were estimsted at 2 and 120 metric tons, respectivelye. Presumably
a considerable amount of particulate organic matter was also
exported to the mea if we consider the changes recorded ia the
concentration ot the particulate chlorophylls from
60 ng o3 to 10 mg w I, However, i1t is necessary to poiast out
that at the time of the July, 1976 sampling the mean salinity of



the lagoon had changed from 103 per thousandy recorded in June,
to 18.5 per thousand, recorded in July, thus indicating that tidal
exchange vith the sea had already started.

The average concentration of total dissolved phosphorous in the
vater remained within the ranges previously recorded which vwas
2¢8 ug—atom P litre™!, while total diessolved silicates declined
from 110 ug-atom Si1 litre~! to 50 ug-atom Si1 litre~!. The average
concentration of <the total inorganic nltrogen increased slightly
over previous values: Se2 ug-atom N litre—!, mainly from
N = NHe* + NH3 and N - NO3~ sourcese The concentration of N —NO3—
increased particularly vhere the Nexpa River discharges into the
lagoone The NIP ratio during this stage increassd to s value of
1e9e Primary orgeanic productlion declined considerably to a value
of 032 g € =3 day"! during this stage.

Stege 1V Tidal sxchange yith the litioral zone

During this period, which lasted spproximately seven months, there
was & gradual decrease in the concentratiorn of totel dissolved
phosphorousy, total inorganic nitrogen and suspended chlorophylls
in the lagoon waters. The dissolved silicate concentration rose
40 & maximum in Septembder and then steadily decreased toward the
end of the stage (Fige S)e In this period of more stesady condl-
tions following the initial rainsy, the river sssumes an important
roele as a autrient sourcee. Concequently, the concentration of
dissolved nutrients in the water is ¢the result of a uixture
between the river and ssawater sources of thess materials. In
Table 6 ero shown the input of dissolved nutrients by the Nexpa
River into Chautengo Lagoony, vwith figures takea from July through
December, 1976 (Meeys 1977). Processes of upteke end regeneration
of dissolved autrients are also important in maintaining a contin-
uous supply of particulate and dissolved materials to the llttoral
ZONGe

The ecological implications of the 1initial discharge of dis-
solved and particulate materials followved by thelr less dramatic
but conlnuous flow to the littoral zone during Stage 1V were not
established. For lagoonsy, such as JlNitle and San MNarceos, vhere
Stages I1I and IV are not existent, there is a gradual accumula-
tion of runoff materials into thelr basinse. In the particular
case of Mitla Lagoon this gradual eccumulatioa of nutrieants has
led to o high stending crop of phytoplankton (with chlorophylls
ranging from 0e¢2 to 07 g m™2). This standing crop appears to be
almost entirely maintained by autrient regenera tione. The large
oxygen demand of such a biomass leads to a water column in which
the water adjacent to the sediments may become diurmally anoxic
ore following seasonal stratification of the lagoon, completely
anoxice



Table 6. Variations in the input of dissolved nutrients into
Chautengo Lagoon by the River Nexpa during July—-
December, 1976 (AfLter Nee, 1977)

Da te River Si - Sig* Total dissolved P Total
flow ug—atoa ug-atom inorganlic N
a sec™! Si litre—? P litre —1 ug~atom
N litre™!
18/6 4.6 212 4018 181
11/9 8.5 245 260 -
2/11 14.2 260 293 220
912 - 300 2054 200

Apparently Mitla Lagoon is at a steady statey, with a high con~
centration of cardbon, phosphorous and nitrogen found in the sedi-
sentsy which seems to indicate that the annual supply of autrients
to the lagoon is accowpanied by similar loss to the sediments.
The effects of isolation on San MNarcos Lagoon, which is wmore
saline and shallovnr than MNitla; 1is to produce initially hypersa-
1ine conditions send following that to dry completely, with the
exception of the sarrow meandering channel that occasionally com
municates the lagocon with the sea.

CONCLUSIONS

The previous discussion illustrates to wvhat extent the climatic
conditions influsnce the hydrography and, as & congequence,; the
chomistery of the tropical coastal lagoons considered in this
studye It wvas ealso observed that the morphology of the lagoons
and the amount of the runoff which they receive determines whether
or not they wvill cemmunicate with the sea during the railny season.
On the other hand, the loss of particulate and dissolwved materials
to the sea, following the opening of the sand bar, effectively
prevents the eutrophication of the lagoonse.

A general ocutline of the most important factors that will
insure the viabdility of the studied lagoons are the followiag:®

le Steady input of river water
2¢ Seasonal communication with the sea
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s A period of time (as yet undetermined? of mixing and
exchange with the littoral zone.

The climatic stresses on these lagoons are the most important
factors to be considerad in aeny sanagement planninge. Noeverthe-
less; 1t i1e alwo necessary to gain a better underetanding of the
ecological impact caused by the cpoening of the sand-har on the
adjacent coastal azess as well as to assess the period of time
necessary to insure the proper blological exchangse This informa-
tion ie essential before decisions concerning the management of
these lagoons can be reachede.



REEERENCES

Lankford, RBeRe 1977 Coastal lagoons of Mexico — Thelr Oril-
gins - Classification. International Eatuaripne Rassarch

Conte Galvaston 19295, Martin ¥Wiley (ede )y New York, Acade.
Press, 1976«

Mandelll, E.F.; Vazquez Botello, Ae. 1976« Inforse Final de la
Tercera Etapa de Estudio Sobre uso de la zona Costera en los
Estados de Michoacén y Guerreroces Subprograma de Hldrolog!u.
Universidad Nacional Autonoms de MNéxlicoe. Centro de Cienclias
del Mar y Limnologie. (unpublished report)e. 31 March, 1976.

Meey LeDa 1877. The Chemistry and hydrography of some coastal
Lagoons, Pacific coast of Mexicoe PheDe Thesis. University of

Liverpool,; 117 ppe

Nicholsy MeMe 1966« A study of productlion and phosphate in a Sono—
ran lagoone Unlve JIsxe. Inate JMare Scle Pubey vole 11,
pe 159-=167.

Okuday Te 1960 Metabdbolic circulation of phosphorous and nltrogen
in Matsushima Bay (Japan) vwith specilal reference to exchange
of these elemsnts between sea water and usdimentse. Trabe
Inste Oceanogre Unive Recifte (Brazil), vole 2, no. 1,
Pe T-153¢

Oppenheimery; CeHe; Vardy, ReAe 1965. Release and capillary movement
of phosphorous in exposed tidal sedimente. In2 CeHe Oppen—

heimer (ede), Symposium o Marine Microblglogys Charles C.
Thomagse Springfileld, Illinols, pe. 664-673.

Pomeroy,; LeRe; Smithy E«E.; Grant, CoelMe 1965. The exchange of
phosphate betwesen estuarine vater and gsedimentae Limnol.

Ocennogree vole 10, pe 167-172.

Postma, He 1969 Chemietry of coastal lagoons. Lagunas Costereas un
Simposioe Neme Slmape Interne Lagunas Costerase UNAM-UNESCO.
Nove 28-30, 1967« Mexicoy) DeFey pe 421-430,

Reinoldy ReJe; Dalkery, FeCe 1967 Futrophlcation of sstuarine

areas by rainwvater, Chesapeake Scles vole 8y noe 2,
Pe ’.32"133.



BIOGEOCREMISTRY AND GEOMICROBIOLOGY OF LAGOONS AND
LAGOONARY ENVIRONMENTS

by

Ve Ee EKEruabein

Te The definition of lagoons glven by Fe Be Phleger (1878) for
this meeting or by the "AGI Glossary of Geology"™ corresponds very
well with annotations given for comparable but slightly different
environments such as the "Vattenmeer” described in numerous publi-
cations by Be Ee¢ Relneck and collaborstors. One festure in addi-
tion  to the geological and geomorphologicul descriptions given
above is the approach to lagoons as ecosystees (Relneck, 1978 ).
Another dimengion of ¢terms then has to be addede. The classical
definition talks sbout “a shallow strdtch of see vater or e salt
wvater lake separated from the sea by a low, narrow, elongated
strip of land such as & reef, & sandbank, a spit or chain of ssall
islands and sand banks%. As far as ecologlical and blological
approaches to lagoons are concerned, some dimensions have to be
added (Laseerre [977). In blologlicel approaches terms euch as
“sangrove®, "protected environments®, ®"unbalanced” or "stable eco-
systems™ are encountered. In ecological terms lagoonary environ~
sentes are regarded as “immature® or “progressing ecosystess®.
Large differences in opinion may occure The lagoon systeas are
called ®robust ecosystems®™ or ¥“fragile" ecosystems by difforent

authorse.

In terms of exploitation for human demand certainly the "man-
gals", the French “etangs®™ and the broad strips of “vatteameoer™ on
the Dutchy Geramsny and Danish coasts have been most ilmportant for
and also most degradedy; if not devastated, by human needs. Cosmon
features among these three systems that are described ian the l1it-
erature (eegey Lasserre 1977 for a suasary) are: extremely high
productivity, sometismes coupled with sudden catastrophlies and per—
turbances of the system; and difficulties in defining the degree
of maturity which arises from the fact that most lagoonary systems
are extremely young. The geological energy which may have impor-
tant impacts on chemical and biogeochemical energy (1e.0¢9 blogeo-
chenical cycling of materials) is highy which 18 expressed by pro~
gression of morphologioal features as well as by fast successlons
of ecosysteman ead blochemical bdalances. The interface between
land and sea with the various input mechanisms for terrestrial and
marine materialsy, wvhich have the tendency to get trapped in the
lagoone leads to the high variability and also different ecologi-
cal interpretations given abovee. Lesserre's (1977) comparison,



derived from wy owvn observations and the literature (Morowitz,
1968) can be applied as well to ocur biogeocheamical approach to thes
system:

"Lagoons are rcgarded as machines of blological nature, kiber—
netic systems", which process, tranasfery, and upheave enormous
amounts of energy and chemicalse No wonder that the controversial
discusslons about energy and material levels in the trophic food—
weby which took place mainly - betwveen Cdum and Rigler duriag the
First International Congress of Ecology, focussed themselves very
socon on reef and other lagoonary ecosysteamse. The Il INTECOL Con-
ference will also deal with these environsents, especilally man-
galse Yhatever 1s used as units of transfer of mass or energy Iin
these systiemsy, be 1t biomass, expressed Iin protein or number of
organisms; Joules; calories; or coancentration of nutrients such as
Cy N¢y Py S¢ oOne of the most astonishing features will not be con-
sidered if one omits spesed and acceleration as terms and unitse
Energy alone is not the msost ocutstanding feature of lagoons but
rather the speed of trensfer of energy will be the ultimate key to
uaderstanding these environments and scosysteas, thelr development
and their potential for expoltation by mane.

Going by bicycle or walking, “bilking”™ or "hiking™, 1is nel ther
diftficult nor dangerouse. Using e car needs a speclal perwsit,
going by jet is restricted to very few persons. Howvever, though
"driviag” and ¥ jetting®™ are sudbjesct to special conditions and per—
mits In human socleties;, no one has to get a Ypermit®™ to take
advantage of the enormous "drive" of such unbalanced and rapidly
developing and “cycling” systems. The dasage dons to very produc™
tive and rapidly cycling systemas can by far exceed the damage and
degree of destruction excerted by human exploitation of stabllized
"mature” ecosysteas.

Ve often regard the interrelation between the 1inorganic geo—
chemical cycles and the driving and speeding blogeochemical impact
exerted by the entire life system as an enormous spaceship con-
taining a dynasic system gnd moving vith progressive speed. The
scientific approach ¢o Earth sevolution and ¢to the evolution of
ecosysteas since the Precambrian is usually to look at 1t meta~
phorically as a huge spiral, piling up energy in bilosystems at
constantly accelerating speed against the apparent laws of thermo—
dynamics. This contradiction can easily be expleained and solved
by applying the approach of Prigogine and Glansdorf? (1971) which
has been determined as "eteady state thersmodynamics™ or “"non—equi-
librius~thermodynamica® meaning that more and more energy has to
be providad to protect fast and productive ecosystems from the
consequences of the 2nd lavy of thermodynamicse The consequences
of this principle and approach for ecosystems are demonstrated
very nicely 1in lagoons while the consaquences for the evolution of
ecosystems have been olaborated by Riedl (1975) 1in his book “Dioe
Ordnung des Lebendigen%.
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With the background of the above thoughts on lagoons, lagoonary
ecosystems; and their dynamicsy, we may nowv try to find a defini-
tion in microbiological or biogeuchemical terams for these systems.
The interrelation of tha biochemical with the geochemical cycles
will be conseguently stressed to some extent.

11 In blogeocheaical terms lagoonary systems can be regardsd as
the "“gearing system® of a seaimodern "butter cask® or Ychura"
wvhere very slow but later accelerated turning of a handle makes it
easier and sasier to bring the cask itself to enormous speed and
subject the cream to iacreasing centrifugal forces. In some labo~
ratories one etill finds the same goystem operating in the small
coentrifuges screved o0 the rim of the desk. Another and maybhe
better image of the i.vystem may be derived from the "humming-top™
or Ymagic knod™ games we used to play as children, where forces,
ie@ey onergy, are piled up in a semistatic systea. Vhen one sta~-
bilizes enerygy input at a certain level, the system will remain
statice By increasing or decreasing the energy input one will
decrease or increase its cycling speed. AS so0On a8 we increase
energy linput bayond a certain polint, the "magic knodb” or “"humminag
top” will fly away, break or at least change its colour, its music
or shape according to its makinge The blogeochemical dalance will

break and %export”® of energy will be a consequsncee. Export may
mean heat flow, sedimentation, or transport end transfer into the
open Seae Also sodimentation at o certaln speed will ultimately

destroy our "toy” because 1t will f£ill up the lagoon at lncreased
spesd; as we shall sees.

12, on the other hand, w0 decrease energy input, the "humaing
top” will turn wmore slowly, again change its colour or sound or
temperature (or population dynamics) until, finally, it falls and
drops deade Sedbkhas of tropical environments are lagoonary "hua—
ming tops®™ almost completely dead through decreasing energy
inputy; as we shall see later.

Ia geochemical terms the lagoon is the centerpoint of two con-
stantly changing ard developlng enargy flows, one from the conti~-
nent and one from the open sea. Energy comes directly (physi-
cally) by wvave movement, water flow and sediment transport and
chemically by isport of nutrients and chericals (also pollutants).
It comes furthermore by sun irradiation and evaporation. In trop-
ical areas seasonal fluctuatione are less marked and intensive and
very often energy input and nutrient input becomes unidirectional,
when @ege, desert conditions are prevailiag on the land side and
no major streams are entering the lagoonary systeme. in these
cases single events like "desert sheet floods® may, however, dras—-
tically change the direction and speed of events in the biogeo~
chemical cyclinge. in blogsochemical terms the lagocon can be
regarded as the centerpoint of four large reservoirs from which
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material and eneryy sare transferred into 1te. The blological
mill-vhesel will pick up some of the energy and goms of the materi-
als to incorpcrate it into its own steady state system which as a
result turns faster and faster, speoding up the reactions and
storing the produc sy until a srxisum productivity is reached and
energy uptake gets limited agailn.

The four reservolrs are as follows. (1) Endogenic forces which
create the system and keep it dynamic, in some cases (eecgey the
Graben system of the Red Sea and Gulf of Aqgaba, with 1ts con™
stantly changing coastline). These forces include those which
effect the dynamics of the sea~floor regulating the Indoneslan
coastal lagoons and the consequences of plate tectemics regulating
ice—~times and hence the coastline all over the world during the
past 10 000 yeerse These forces take care as well of the constant
supply of nutrients bscause wvithout relief energy no weathering
and liberation of nutrients fros rocks would take place. (2) Sun
energy which drives most of the productive processes vwithin the
lagoon ecosystem and speeds up the cycle of reduction of carbon to
reduced carbon compoundse Theoretically, howevery; chemosynthetic
snergy tranafer and carbon reduction is possible to some extent
and does take place in these sgystems. (3) Import of energy and
nutrients from the sea and export of chemicals and/or biomass not
noeded or fixed physically to the system. (4) I[mport of nutrients
and sediments from the terrestrial side, includiag nutrients in
the form of chemoorganotrophlc energy (organic matter). The con™
fined saystes of coastal lagoons vwill u-ually respond to these
ma jor forces by turning at a faster speed rather then by expan~
siony since no space is available for the latter. Principally
greater speed will regult in faster export, mainly by sedimenta-
tione Since the coestal snergy usually counteracts the export
tendency while rivers ultimately create certain outlets, the
chances are high of annihilation of the systes wlthin geologically
extromely short tise periods, expecilally in arld regions. For
these reasons fossil lagoonary systems are relatively rare and
difficult to map in geological formatione. They arey, as Phleger
(perse comms) says, ophemeral.,

By describing examples of lagoonary blogeochemical systems froms
a trorical arid aystem end comparing thea ¢to the north~German
marshes of the Vadden Ses, some o0f the functional principles and
also some of the descriptive characteristics in Phleger'’s papers
(this volume) will be explaeinede. Alsoy, 1 will try to explain to
some extent the definition glven below of blogeochemnlcal princi~
ples in lagoone.

Blogeochemistry of lagoons can be degcribsd as the ephemeral
upheaval of reduced organic compounds and speeding up of biochemi-
cal reactions as a consequence of constant exchange of lagoons
with the open sea in cases of hypersaline systeams and with the sea
and the continent in the caso of brackish and freshwater lagoonse.
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| @ £ A common feature of almost all lagoonary systems 1s high
organic production by photosynthetic activitien. Many authors so
far have streossd the densities of phytoplaankton in lagoons and
the contribution of this part of the ecosystea to overall produc—
tivity datae Gdum (1975) gives productivity data for lagoons and
reef lagoons which exceed almost any natural systes and reach pro-
ductivities of ariificially fertilized end managed (and highly
unstable) san—-made agriculitural ecosystesmss. Recently several
papers have beer ublished (ee.gey Krumbein 9t al, 198977; Krumbeln
et ales 1979; Por gt ales 1977) which clearly demonstrate that in
coastal tropic lagoonary environsents benthic production by far
exceesds the phytoplankton productione The same 1s true for man~
gals and their populationse. If we ask hov and why these high pro—
ductivities can bhe maintained wve will find sowme explanations which
are redundante Analyses of nutrients in wvaters of the sea of ter—
restrial sources, and of the lagoonary systeam itself, wvill show
that the ratios of phosphorus and nltrogen (to name only the major
limiting nutrients) under normal conditions are exactly the same
in the 7vaters as needed in the organisas living In thes. The
explanation is relatively easy to understand in terms of H, Love-
luck?s hypothesis of ®"life®™ being an Yentity™ (Gaea) taking care
of itself on our spaceship (Loveluck, 1979). Availabilities of
phosphorus according to these theories should limsit the whole sys~
temy; wvhile nitroger 1s constantly fixed by microorganisms and
malinly by prokarkyotic bacteria (chemocrganotrophic bacteria and
photosynthetic cyanobacteria) at a rate controlled by P availabil-
1tye

This doss not hold true for temperate reglons with import of
nutrients from the sainland. In these reglons it is obvious that
nitrogen is limitingy that phosphorus is avajlable in excess and
that still no major nitrogen fixation occurs to balance the P
exXCeSne The explanation is simple for two reasons: (1) P 1s
eycled more readily and faster than N and (2) less energy is
needed to fix end release P from the blological phase to the min-
eral phase and vice versa. Energy in the form of light esnergy is
less avallable in these regions and very often a lielting factor
for the whole systeme It was nuggested bhy some authors a few
years ago that eutrophication Iin <castal lagoons could bde much
faster 1f P in detergents vas replaced by N-containing compounds
since N is the real limiting factor of such systeams. I do not
bpelieve in thise 1 would guess that N would get flxed in the sed-
iments which wmight be anoxic and eutrophic at a fester speed in
the deeper partse But in temperate regions the real limitation of
productivities in shallowv lagoons would be light 1limitation on a
total basis. For moderately non—polluted regions with high 1rra~
dlation P must limit the systemy; vwhile in temperate reglons hesav-
ily pollutedy; N may hecome lialting aend in addition at high con-
centrations of both elements other limiting factors such as light
penetration, toxins and cycling speed will be the real limiting
factorse In some cases algo carbon dloxide deficlencies may be
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responsible. Lately carben diloxide has bscome more and =ore
avallable, however, as a result of drastic increase of carbon
dioxlde »>roduction by Tossil fusl buraning and deforestation. No
doubty all ccnsiderations on nutrient cycles and glebal produc tiv-
itien a3 vell as on productivity of restricted areas wvill end at
the conclugion that 1t is difficult to estimateo man’s influence on
ecosystems at present since the whols world is emerging from an
ico—ags and therefore these natural changes are very difficult to
separate from mar—~made changes of the sysiewe Suring the "Dahlem
conlferonce on fossil fuel bLuruing and its ispact on global cheml-
cal cycles™ (Stusm, 1977) it was stressed that lagoons and other
coastel environments In fact are "kery—ecosystems™ for study of
global blogoochemical cycles of elements. The continental photo-
synthetic earea is more or less decreasing, though *he productiwity
of oome avess hms heen Iintonslwvely increased by agricultuial use.
The large ocean reservoiru have probably baer changed very little
by human influence. But the crucial points of investigation of
blogeochemical cycles are coastal lagoous for several reasonc:

(1) Ths riocgeochomical cycles 0of C, Ny O, and P are inter—-
locked in the blosphere. The releasse of man-made products
of varlious kinds way largely alter the biologlical equiilib~
rium of these cycles. It is 11mportant to state that the
present equillibrium of N and O in the atmosphere is thermo-
dynamicelly instable. This mssans that the coaposition of
the atmosphere 1s ruled by Prigogine thermodynasmics rather
than by classical thermodynamicse In consequence, bdiogevic
ensrgy conastantly is moved into the atnosphere to keep this
equilibrium necessary for lifee. ¥a3 have calculated the
amounts of N and P necessary to balance carpon dioxide pro~
duced by the two above mentlonsd amechanisms in case this in
turn could be fixed by biological productivity increassse.
1t was found that fertilizer production as vell as phospho—
rus mining and use in detergents are not sufficlent to bal-
ance thise Two main other explanations say be asnvisaged,
one of which is irtimately related to the topic of lagoonary
researche

(a) Changee and uncoupling of the blologlcally cont-
rolled interactlions in the blagenlic "steady state sys—
ton" of the atmosphere may alter the critical relation-
ships detween O and N 1in the atmosphere thus producing
acid rains whichy, 1in turr, will release large amounts
of nltrogen and phosphorus and sulfur frow rocks by
increase in the speed of weathering which again 1s subdb-
Ject ¢to blological controel by many means (Krumbein,
1972 )e Bereby increasing amounts of P, N, and trace
elements would be washed into the rivers and channelled
to the sea.
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(p) This togesther with other factors would increase
productivities, mainly in estuzries and coastal lagoo-
nary enviroamentse

(2) Since terrestrial production decreases at least the
storage capacity of soils for organic saterials, we have to
look for large reservolrs taking up thess enormous asounts
of reduced organic substances, nutrients, and trace astals
which are transferred at increasing speed intoc coastal envi-
ronments. Again coastal areas are the natural systems which
have to be examined and where we might be able to detect
changes ficvste

(3) ¥ith the background of global imbalances and speeding
up of certaln bilologically lianked bjogeochemical cycles, ve
have to look for the crucial points of the globe where car—
bon and nutrient fluxes snd changes of these would be detec—
table and where possible sinks are availlable. The cruclal
points in my opiaion are the margins betwen the terrestrial
and oceanic ecosysteamas; 1.0., lagoons, estuaries, and
coastal waters of uny kiande Neinly it will be semi-closed
systems which might get or ealready be the “kitchen—middens™
of our modern system driving cars wvith fossil ftuels, agri-
cul ture with artificial fertilizers under decrease of huamlc
matter enrichment in soils aeand deforesting for agricultural
and other purposes agein combined with transfer of organic
coapoundsg to the sea. The establishment of a net-work of
monlitoring stations in teaperate (fully husan—-influenced)
areas and in troplcal and arid (less msan-stressed) parts of
the world’s coastlines (s thereZore urgently needed.

IVe It is the alm of the planned establishment of a governmental
Slustitute of Coastal Bilology® 1n Vilhelmshaven, Germany on the
North Seea coast ¢to solve some of the problems discussed above by
careful analysis of bilogeschemical cycles in natural ecosystems
(for exampls, heavily polluted and disturbed lagoons of industrial
zones such as the Jadebusen or Vadden Ssa or troplceal lagoons on
arid coasts with no influx from terrestrial asources as reforence
systemse The institution shall also study possibilities of taking
adventage for human society of the productivity of these areas and
the potentials in thea by intensitying reseasch on the development
of agricultural wethods in mangals, lagoons, and other coastal
ecosystens. This could bde achieved by fertilizing or taking
advantage of fertilized salt-wvater and irrigating salt-water
adapted plants selected for man's purposes.

I1f ono looks at the tremendous effort of 3 000 years of selec~
tion and almost 200 years of sclentific research on barely 20
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plant speclies frcam the savanne—tropical raianforest border which
maintain the present day protein,; fat and carbohydrsate production;
1f one considers in turn the trecendous potential of hundreds c2
plant aspecics never explored for theilr potential use for man, it
is evident that the increasing etfforts on salt~water plant culti-
vationy; which has barely begun, must e doubled and triplede

In addition to this, the gurface arsa of the world which is
readily avaeilable for agricultuce approximates only 30 % of the

terrostrial area. Oout of these almost 80 % is already 1Iin usee.
The main limiting faz tors for ' agricaltural surface use are relief
and vater availability. Low relief and high water aveilability

throughout the year are necessary for agriculture. Coastal eareas,
camely 1n tropical regions adjacent to desorts, are the best areas
in terms of relief and accessability. If one found enough salt-
water resistant plants useful for men, or if one bred plante more
useful for men than in thelir wild-type form, one would open tre—
mendous potential areas of intensive egriculture in the lagoons
(comparison beo tween rice—fields and mangrove) and on the coastal
strips adjacont to lagoons (comparable to the Romun Erythrea area
or the Dutch and German marshes with their tremendous food produc™
tion potential)s lLet us go cne step further and regard the ances-—
tors of our present day culture plants in terms of usefulness for
a technical civilizatione. Ricey corny wheat, soy—bheans, apples,
whatever we tako ve will arrive at the picture of an ancestor com-
parable to modern grass, useless brushes, and poor trees with bit-
ter and hard fruitse

This opers perspectives to many lines of research in coastal
biologyy which we intend to Invostigatey, durilng the coming decadee.
Studies of coastal biology will certainly also include polluting
influences of industrial society by analysing metal abdsorption
capacity of lagoons and estuaries and the potential denger of rap-
idly increasing eutrophication, both topics for geocamicrobiologicel
researche Froms the above sentioned allusions to the double-amill-
wheel with 1ts influence from terrsstrisl and men—-influenced
energy sources; and lts oceanlc and natural energy sources, it
becomes evident thet such studies cannot be restric ted to temper-
ate reglons adjacent to industrial countries. The coastlines of
developing countries, Qo jeo oy the Persian Gulf, the coasts of the
Red Sea etce, have to be included 1Iin these studies for sany rea-

sons:

(1) These are the coasts and regions wvhere famine and star-
vation have to be counter~actede.

(2) These are the natural undisturbed and sispler systems.

(3) Seasonal fluctuations of water supply, climsate, precip-
1tationy and productivity are less accentuated in these
areas, thus enabdling faster and more efficlent invento~
ries of coastal ecosystems.
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{4) The varlety of organisss is smaller in these systems
though the productlvity per species !s highers

(S) The srergy ilnput s unldirectional in lagoons with no
freshwater supply which again facilitates research on
the food~web of the ecosystem and the blogeochemical

cyclese

{6) Many of these environments are hypersaline which rules
out many eukaryotic organisess including both plants and
animals to some extent. Biogeochemical cycles and bal-
ances therefore can bDe studied much more easily in
these arease.

(7) The evaporative pumping system with brine reflux
clearly demonstrated for some of these systems (eecge,y
Cohen et aley 1977; Por, 1972; Poretal, 1977; Krumbelin
2t aley 1979) 1is an excellent model for blogeochemical
and geomicroblological studies becaure gradually all
eukaryotes are excluded and ecosystems develop which
have only small numbers of particlpating species, e«ge,
stromatolitic microblal msatse.

(8) These syntesms in many places of the world are changing
more rapidly than any other lagoonary environmente As
a matter of fact, we have studied small lagoons and
near~shore pools which have run through a vwhole cycle
of the mill-wheel within less than 3 000 years.

The suggested and planned "Institute of Coastal Biology™ there-
fore will have to focus?

(1) on plant adeptation to salt-water,

(2) on biogeochemical cycles,

(3) on polluting influences from the mmin-land such as
trace metals and organic pollutants such as oll spills
and insecticides or other man~made organic substances

(4) on comparative studies in tropical arid arease.

It 1s the alm of this contribution to stress these points. It
seems that the governmental authorities in the Federal Republic of
Germany are iIin fact ianclined to initiate such an Iinstitution as
soon as possible In the clty of Vilhelashaven adjacent to the
largest lagoonary environment the German coast has to offer.

Ve In conclusion we may summarize here some of the findinga we
collected in our studies on coastal lagoons along the Gulf of
Aqaba 1in the years betwveen 1971 and 1977.
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Approximately 3 S00 ysars ago global sea-level rises as wvell as
local rift tectonics created many new embayments of small uscale
along the coast of the Gulf of Aqaba on the Sinai side. Those
have been reapidly filling and producing small closed off strips by
tvo ma jor sorphogenic forces:

(a) reef groewth and

(b) fast and the eroslve action of desert sheet floods depo—
sition of sediments by the high relief snergy. These have
competed in closlng off back—reef lagoons of classical sand
bar and grevel bar character.

Evaporation is extremely high reaching almost S5 000 mm per
annum compared to annual precipitstion of less than 30 mame There-
fore sea wvater inflow, evaporation, and reflux of brine through
the porous saterial of reef and gravel have been established.
Gradually macroorganisams wvore excluded froms thess eavironmentse
Some of the lagoonsy however, have developed ephemeral mangals
(Por gt aley 1977) which are the youngest and simplest mangals of
the vorld for sainly tvo ressone: (1) no detrital organic matter
ile imported, and (2) the climate regime is the limiting borderline
for reef and mangal development further northe The exclusion of
sacroorganisms continues until a lagoonary stage is reached where
only mytilids, Pirenella, Cassiopeis and a few flat fish survivee.
Finally, <these are excluded at salinities of epproximately 49 ¢o
53 %.

At this point the development of extant stromatolitic microbial
scosystems 1s initiated. Phosphorus supply 1s extremely 1low in
the beginninge But any atom of P which is imported by evaporative
puaping and iInflow through the inlet s fixed and stored ia the
system since no fish or macroorgeanisms are exporting the organic
material produced. On the contrary, benthlc productivity which
exceeds planktic productivity in these envirocaments by factors of
10 to 100 upheaves in extensive cyeanobacterial matse. These coms™~
poete for space wvith the evaporative minerals deposlted in the same
lagoons by mainly tvo principles: (1) growth of mats is replacing
evaporative minerals physically by emerging froa the water into
the airy; (2) sulfate reduction running at high spesed by Damulfovi-
belio end possibly many other sulfate reducing microorganisme are
decreasing tremendously the amounts of gypsum precipitated from
these wvaters. Thusy the lagoons becomse filled with organic mat—
ters calcium carbonate of blogeniec, or rather blogeochemical ori-
giny and gome gypsume MNost of the halite is refluxing to tho open
wmea through capillary action in the underground as soon as the
brine becomes heavy enough to sink throughe. Occasionally sheet
floods and sand-storams enhance the process as vell as partially
blogenic and partially physical heliothermal heating and stagna-
tion (eegey Solar Leke)s Finally, the productivity of the lagoon
becones gradually Yfaster and faster® in terms of productivity
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bacausne more and wmore phosphorus and nitrogen get trmapped in the
systeme The water gets shallower and also evrporation rates
iacrease by increase of surface: voluse ratios.

Later tks lagoon 1s filled, and a Sabkha develops. The last
remainders of productivity are embedded iIn halite cruste shich the
Bedouins of Sinai use for the classical bdlologically influenced
salt alninge. Finally sand and organogenic stromatolites are
uphsaved to a degres that water already evaporates coaplstely far
below the sediment surface and light penstration zonee. Therstore
in the bhumid layers no productivity takes placey; nutrlient cycles
becoase abdbiogenic, gypsum s precipitating at fast retes within the
sand and cementing the laye?s at depths between S0 and 80 cm below
the surfacees At the surface itself bitter salts are preciplitatr
inge thus killing any trace of life. Ultimately the evaporative
pump stops bhesceuse the smand below gets too strongly cementede. The
whole Sabkha will be buried below desert dune sand or ygravels from
sheet floodsy, until nev sndogenic forces create new embayments and
ths cycle starts all over.

This very brie? gsummary of (1) trapping of nutrients, (2)
increase and speeding up of bliogeochemical cycles in a stromatoll-
tic microblal mat systea with high storege capaclty of the pro-
duced organic satter leading often to petroleum source rocks, (3J3)
peaking of production in tihv: shallov water lagoon end Sabkha, (4¢)
decrease after complete filling, and (5) sealing off by evaporas~
tive forces uncernsath the surface has been described 1in part in
published paperse The data for other parts of the investigations
are still being processede.
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Processes In the sediments and at the water—sediment interface

by

Re Postma, Netherlands Ingtitute for Sea Research
Texely; the Netherlands

IHUE SEDRIMENY BUDGET

Generally, 1lagoons contain a complete range of sediment asses™
blages from coarse sands or even gravel and shell banks to very
fine grained mudses This variation reflects the wide range of pre-
vailing hydrodynamic forces. I1¢ tollows that there 1s a certain
"equilibriun® between the areal digtribution of these forces and
types of sedimente.

This statement is somewhat provocative. Accurate mesasureaents
are needed to verify how far it is true and how large oxisting
deviations are froms the state of squilidriume

One importent deviation 1is that, congldered over a longer
perlod, most lagoons sre depositionaly i.e¢y more sediment is com~
ing in than going out, but uandisturbed particle by particle depo-
sition which would allow a time serjes study is extremely rare.
In facty lagoon deposits are mostly revorked in a seasgon or less
to depths of @& few decimeters vhereas net deposition is at best
only a few centimeters. An laportant agent is biloturbation.

Another deviation is that deposition will exceed erosion 1ln one
period, but that erosiopn vill dominate in anothere Furthermorae,
the closer equilibrium is attalned, the more it is of a (dynemic
character? the upper eediment layer being moved contantly from
one place to the othery and backe

These considerations are cf great importance in the study ot
the properties of and the processes in the sediments, especielly
from the point of view of seasonal variatione Such variations are
not necessarily restricted to tempereate and cold 1latitudes, but
take place in the tropics as well. An extreme example is the
occurrence of tropical storms; the changes of dry and rainy sea-
sons are less extreme, vwith corresponding fluctuations ian river
flowe In the followinyg, & number of general characteristics which
could profitably be studied are discusseds.

Coarse and fine graired materials can enter a lagoon froam the
landy malinly by rivers, and from the sea. In <¢the case of
tine gralned material, which is distributed falrly umiforaly in
the water column, amounts and sources can be traced with relative
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ense by meesuremer “~ 1ln strateglic localities such as tidal inlets

and the lowver reaches of riverse Such measuremsntsy, however,
should be continued over Llong periods to evaluate perliodic end
aperiodic changese. Transport measurements of coarse grained

material such as sand are much more difficult, since the amounts
in suspension vary greatly with wave and current strength, whereas
at the same time large amounts are carried close to the bottom
{bed load)e Generally the best approach isg to measure bathymstric
changes in a lagoon over s number of yearse

A good estimate of the sediment budget is of importance to
underatand the prorerties of the lagoon deposits. Ax already
stated, particle by particle deposition is very rare, but also
irregular net deposition leads to a certaisn preservation of past
characteristicse. This 1@ important, for exampley in connec tion
with the studies of pollution in lagoons: in ceases of over—all
sedimont accretion there is a greater possibility of accumulation
of pollutants than in ceses of overall erosione.

IHE QBGANIC MAIIEE BUDGEI

A slmple closed cycle of organic matter is one of net production
in the water column and net decomposition in the bottom after
which the products of wmineralisation return to the owverlyling
wvatere Such a cycle cccurs, howvever, only in basins w]thout
appreclable horizontal water movements. In lagoons lateral water
movemente dominatee. Import of organic satter to and export from
adjacent areas is the normal state of affelrs. In most lagoons
the import is greater than the exporte. This characteristic 1is an
indication of their relatively large fertilitye. A reliable esti~-
mate of the difference between import and export is of great value
from the point of view of the basic productlivitye. Onbviously such
a study 18 closely related to the study of sediment transport,
since most of the particulate organic saterial in transit behaves
like tine grained inorganic matter. It should be stressed, how~
every that net import of crganic matter occurs even if there is no
net import of inorganic mactere

In lagoons with a net lmport, most of the organic matter is
stored on and ian the bhottome Very high percentages of organlic
matter may then occur,; especlally in fine grained suds. MNore
organic matter 1l added to this store by primary production in
2i3us elther by algse or sessile plants. The feuna living in and
on the bottom protits from the presence of this large amount of
organic mattere Another part is consumsed and modified by bacte~
riae The free oxygen in the sedismsent is easily consumed, so that
most lagoon deposits are anaeroblice

Recently, the load of organic matter in many lagoons has

increased dramatically. Altnough this might in principle lead to
higher productivity, this seems rarely to be the casme. Organic
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wagte 18 seldom suitable food for estuarine benthos and density of
valuable aspecies 1s not often regulated bLY foody but rather by

other limiting fac tors. Nost extra organic matter im, theretfore,
decompossd by bacterla. In extreme cases decomposl tion activity
in the overlying weater becomes so lerge that anoxic water masses
spread over large parts of a lagoon. Such condltions may be

detrimental for the economic and recreational uses of lagoonse.
The limits of persissible organic loads are defined by rates of
decomposition of organic matter (oxygen demand), rates of wvater
reneval in the lagcon and rates of exchange between the water and
the deposite.

Obvicusly these procegsses are interrelatede. A rapld water
exchange between a lagoon and the adjacent sea promotes relatively
pure marine conditions inside the lagoon and assures a fast

removal of decomposltion products such as plant gnutrientse. It
will also further the leukage of such products out of the sedi~
mentse. Inversely, an isolated lagoon with little exchange with

the sea will bulld up a greater reservoir in the svediments and the
overlying wvatere. Comparative studies and modelling of different
types of lagoons will greatly increase our insight into these pro—
cessese

CONDITIONS IN IHE SEDIMENI DEPOSIIS

The two main processes deteraining the chemical conditions in a
deposit are the rate 0of deposition of organic matter and the rate
of renewal of the interatitiel watere Since there is only a small
amount of dissolved oxygen in sesa wvater and a much larger quantity
availsble as sulfate, anoxic conditions prevail. However, the
rate of decospositica of organic msatter proceeds very rapidly also
under these conditions. ’

NModern methods of oxygen utilization measurement show that the
"new" organic matter aeadded to the sediment in the growing season
1s easily decomsposed within the esame perilod. Ify nevertheless,
total. organic matter per m2 o0 sediment in the upper decimeters is
often much higher than <the supply per a2 of one ssason, <this is
due to "old"™ orgcanic matter which does not or only very slowly
participate in ¢the cyelee. Total organic matter percentages in
lagoon ssdiment range mainly from 1-10 %; however, perhaps only
Os1 % i3 “active®.

The composition and the fate of the organic matter resisting
decomposi tion is only poorly known. Part of it will be terres—
4t¢rial or derived from sarsh plants. Another part msay be imported
from the oceane. In both cases the less resistant components may
have been rineralized bDdefcore the material settled 1n the lagoon.
In addition the metabolic pathways of organic smatter decomposition
do not nscevsarily lead straight to complete minerelisatione A
considerable amdunt is firet degraded to dissolved organic mattere.
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This followg from the fact that the concentration of dissolved
organic matter in interstitial water is greater than in the over—
lying water. Of this dissolved materialy, part will escaps to the
main vater body of the lagoon and from there to the open sea.
Anothsr part, however, undergoes chemical condensation reactions
in the sediment, 1leading to compounds with a higher molecular
welghty among which so~called "huamic matter”. The condensation
process may lead to redeposition of organic matter wvhich will form
a thiesrd organic component in the sediment resistant to decomposi-
tione.

The ilnorganic decomposition products of organic matter (phos—
phatey, ammonia, silica and other trace elements) also dissolve
into the interstitial water and concentrations of these substances
are built upy, possibly in orders of magnitude higher than in the
overlying water of the lagoon.

These concentrations of the dlssolved substances depend on the
rate of mineralisation and the rate of renewal of the pore watere.
In quiet water bodies the rate of renewal s determined by rela-
tively ealow vertical diffusion processes vwhich are ceaused by
molecular diffusion assisted by modercte bioturbation and coapres—
sione The falrly regular fluxes of water and nutrients out of the
sediments can be measured, for example by placing bell Jjars on the
bottomy; or by wmeasuring vertical coacentration gredients in the
sedimentse A typical replacement rate is perhaps once per seasone.

Interstitial wvater renewsl in lagoons, however, generally pro—
ceeds with a asuch greater velocity aided by several mechanisas
other than diffusione As already meationed, there are displece—
ments of whole deposits. Benthic faunistic elements say plow the
bottom several times per year to depths of decimesters. In areas
with significant relief, such as lagoons with tidal channels and
intertidal flats, there may be considerable percolation of
interstitial water through the sediment. During perlods of emer—
sion, interstitial water evaporates, causing upwand migration of
pore wvateres In deepwvater exchange, may be promoted by wave action
(gubtidal pusp)e

¥hich of these sschanisms or combination of mechanisms is actu~
ally important obvicusly depends on locations and structure of the
deposits and the time of the year. It is also obvious that deter—
mination of the rate of interstitial vater renewal will not be
easye Profiles of dissolved cheamical specles eare mostly more ver—
tically homogenesous than those in  sediments wvith simple diffusion
characteristics and are often quite 1irregular, so that they pro-
vide no information on exchange rates.

In lagoons with changing salinities, the salinity of the

interstitial water responds with a certain tisme lag to the changes
in the main water bodys This provides a means of estimating rates
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of exchangee. In a case recently studled by this writer, water
reneval in the upper 30 cm appeared to be a matter of only a few
wveokse Another study showed sudden release of nutrients froa the
sediment during strong vwvinds after a period of qulet weather.
Obviously, renewal doas not proceed at a constant ratee. it is the
writer'’s impressilon that gediments In shallowv lagoons are thor—
oughly ¥cleaned®™ in the winter season, at least in teaperate and
cold rogionss, 80 that an almost nev start is made every springe.
Ian mevare vwvinters also the benthic population 18 decimatede.

An important question is wvhether the release of bdenthlc nut-
rients influsnces primary production in lagoons. The following
calculation may provide some guldelines. Let us assume a concen-
tration of "ac tive™ organic matter of (el %, an ®active" sedisent
depth of 2S cay a water column of 2.5 m and an interstitial water
volume of 20 % (sandy deposit)e. Let us further esssume that the
organic matter 1s aineralized in 6 months and that it contains 1 %
of P and B % of Ne.

Per m2 about 500 g of "active™ organic matter is present and
50 litres of interstitial watere. Complete mineralisation would
yield 100 mg of P per litre and 800 mg of N (chiefly ammoniale In
the case of storege during 6 months the concentration of P and N
in the interstitial water would increase to 3000 ug-atom litre™!
of P and 48000 ug~atom litre~t! of N.

Actual measurement of nutrient concentrations 1in interstitial
water of lagoons seldom yields values of more than one tenth of
these concentrations; whereas much smaller concentrations are usu-
ally due to the fact that pore water renewval is much more rapid
than once in six monthse.

A gradual releass over six months would add 0.2 ug-atom litre—!?
of P and Je2 ug-atom litre~! of N per tidee Although low, such
concentrations could promote primary productivity, especilally in
lagoons wvith a low nutrient contente It should immediately be
added thaty, of course; a net benefit to estuarine productivity is
only possible in cases of a net input of organic matter into a
lagoon and releases from the ssdiment during the vegetative sea~
S0nNe

A sudden release at the end of s8ix months would raise the nut-
rient content in the overlying water column to 65 ug=atom litre™!
of P and 1000 ug-atom litre™! of N, perhaps & hundred-fold
increase. Such a Yshock effect” would be extremely rare, but 1t
happens on a =sore moderate scale in temperate regions at the end
of summer and it may happen elsevhere under extreme meteorological

conditionse.

The two nutrients discussed above are just taken as examplese.
Several other chesical substances are enriched 1in lagoon sedi-
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mentse. A third nutrient is silica, which 18 liberated from buried
diatom frustules. Release of dlissolved silica from lagoon depos—
its may be an important erichment factor even for adjacent coastal
waters since dissolution of silica is often a phenomenon located
in lagoonse.

Several trace metals are also enriched in lagoon sediments.
The pore chemistry of trece metals is a complicated process. The
factors involved are different specletion and solubility under
oxlc and anoxic conditions, including precipitation as sulfides or
dissolution via chelation by "humic matter®, and absorption and
desorption processes. The behaviocur of metals such as 1=n, man—
ganegse, mercury, copper, zinc, lead have been studied intensiwvely
in recent years by geochemists who have turned to lagoons and
estuaries to explain part of their bdehaviour 1In the open oceane.
For obvious reasons their studies tend to select areas of quiet
and continuous deposi tione It is stressed here, howvever, that
most lagoon deposits are structures vith only a short lifespan,
certainly on a geological timescale, so0o that trace element storage
is nearly always temporarye

Nevertheless, since many metals are bound to suspesnded matter
in the water column, they become accumulated in lagoons and con~
centrations of dissolved metals in interstitial water wmay subse-
quently reech orders of magnitude higher ¢than in the overlying
watere In polluted lagoons the deleterious effect of a sudden
release of heavy metals either by strong wvinds and currents or by
human activity (dredging, fishing) should be reckoned withe

Also, e« number of major Iinorganic components of sea vwater
undergo significant concentration changes in sedisents. Under
anclt conditions sulfate may vanish comapletely by reduction to
sul fidese Potassium may be enriched by breakdown of feldsparse
Calcium may precipitate as calcium carbonate, vwhich can become
highly supersaturated in interstitial water by <¢the increass of
CO3™™ through breakdown of organic matter. This only holds for
marine muds in which a relatively high pH (>7¢5) 1s maintaianed; in
muds where pH is lowver, enrichment of HCO3~™™ far dominates over
CO3™ and calcium may go into solutione.

A deflcit or an enrichment of 1lons may also result fros sisple
migration through the sediment. It seemsy, for example that neu—
tral moleucles of CaSO, and MgSC,.y constituting 10 % of the assem~
bly: migrate more freely than positively charged Kk, of which the
movement is retarded by the clay minerals with a negatlive charge.
Interesting changes in eolement ratios occur especlally on high
tidel flats in arid regions with long periods of emergencs. The
moving force is in such cases the capillary rise of interstitial
water by evaporation in the upper layer.
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It must, finally, be taken into account that in lagoons the
main vater bodies themseives may already have chewical element
ratios deviating from the "normal" oceznic relations, for example,
since such ratios are different in river water. A number of com—
bined tactors can be responsible for “abnormal®™ ratios 1n sedi~-
mentsy which may not easily be disentanglede. For example,
decrease of sulfate in a deposit may be due not only to bac terial
reduction, put also to losses by migration. A comparative study
of lagoon deposits in different environments vill assist in unrav—
eling such relationshipse.

SUMMARY

le Lagoon ssdiments are moved and revorked smore frequently than
mogt other marine deposlts. This leads to s dynamic equillb—-
rius between sediment slze distributlions and hydrodynamic
forces. The conssquences of ssasonal shifts in this equilibp-
rius and of exceptional (meteorological) disturbances need

further study.

2e As & result of these frequent disturbances, residence tises of
pore waters ian the upper layers of the deposits are relatively
short, but they show great variablilitye. Several addi tional
processss such as wave sction, emergence at lov tide, evapora-
tion on tidal flats and biloturbation also influence these res-
idence timese. A comparative study of lagoons may shed light
on the relative laportance of the different processes
involved.

3¢ Blological, chemical and physical processses in lagoon deposits
cauge drastic concentration changes for a large numsber of
cheaical specles and the ratios in which elements are presgent
in pore wa ters differ greatly from those in normal sea water.
Nost of the concentration changes result in the bdulld-up of
reserves of dissolved comapounds in the interstitial water;
some lead to depletion. Release of stored substances to the
overlying water of a lagoon wmay be gradual, or follow a
sasonal pattern, but it can also take place in an abrupt man—
nere The mechanisas of build-up and release and their influ-
ence or the productivity of lagoons need further study.

4 Organlc and inorganic pollutants follow, as long es asounts
are moderate, the same transport paths as thelir natural count-
erparts. The information obtalned about storage in sediments
of unpolluted lagoons cany therefore, be ussed as a basis for
studies of the fate of pollutants as a first estimate of

deleterious sffects.
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INORGANIC AND ORGANIC NITROGEN CONTENTS IN SOME COASTAL
LAGOONS IN VENEZUELA

by

Talizc Okuda, Instituto Oco,nogr‘tlco. Universidad de Oriente
Cumana,; Venezuela

Several coastal lagoons and small bays have formsed along the cen-
tral- eastern coast of Venezusla. Thess areas offer favourable
cond]l tions for fisheries and recreation.

From the point of viev of social and econoamic laportance, spe—
cial attention has been paid to these areas in order to preserve
proper environsental coanditions for agquatic organisms.

The purpose of the present study is to illustrate some features
of the different foras of inorganic and organic nitrogen found in
the Laguna Unare, Laguna Tacarigua and Laguna Las Marlitas which
are different types of coastal lagoons from a geomorphological
view~pointe

Laguna Unare bhas no continuous connection with the open sea.
There is occasional exchange of lagoon water with the open sea
through the mouth of Unare River during the ralny sesason, depend-
ing upoan the tldal range and the water level of river and lagoon.
During the dry seasony (from early Febdruary to early June) the
south of the river is closed because o0f a decreass in river flow.
During this period the lagoon water 1is isolated not only from the
open sea bhut also from the Unare River {(Okuda gt aley 1965a;
Okuda, 19653 Okuda 1969). Lsgune Tacarigua is connected with the
open sea throughout the year through a saall canale. The Guapo
River and several atreams around the lagoon supply a continuous
flow of fTesh water to in the lagoon (Gamboa gt aley 1971; Okuda,
1969)s Laguna Las Maritas is not assoclated with a river. Ite
source of water supply ils from the rainfall and the open sea wilth
whiech it is connected through a narrov inlet (Bonilla and Okuda,
1871; Bonilla and Benitez; 1972)e¢ Thusy; these three lagoons have
different topographical featurese.

For a better understanding of the relation between nl trogen
content and topography, the overall obhservations of these three
coastal lagoons vere compared with those of Bahfa de Mochima and
Laguna Grandee. These are not really coastal lagoons, but rather
small bays with narrow mouths that allow a free flow of water froms
the open sea (Okuds gt ale., 1968)e
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DESCRIFTION Of IHE AREAS

Three lagoons (Laguma Graunde, Laguna Tacarigua and Laguna Las Mar-
itas) gyenerally have high tesperatures above 309C during the day-
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Flge 1 Mep of central-ecastern Venezuela showing the location of
coastal lagoons

timey dus to their shallownesse The general geographical features
and hydrourephical conditions of these coastal lagoons are gusma-~
rized Iin Teble 1 along with two small bays (Bahla de Mochisa and
Laguna Grande) in tho same area (Fige 1)

Some fectors, such as the satagnant inner water ceused the
restriction of water sxchangs with the ogen sena, the supply ot
fresh watery; and high evaporation, are responsible for high varias-
tion in salinity of the three coastal lagoonse.

The annual precipitation (Fige 2) in the area of Laguna Tacari-
gua shows surprisingly high values (1,300-1,800 mm) as compared
with the other areex (less than 800 am). The lowest rainfall is
in the area of laguna Grande. In contrast with the precipltation,
the ennual evaporation (Filge J3) Iin the area of Laguna Grande
(35400=34800 mm) stands out sharply above the other areas, and the
values of laguna Tacarigua are the lowest (1,600-1,800 mm)e Thus,
the eveporation in the areas of study is more than the precipita-
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Table 1. Summary of geographic and hydrographlec conditions

Location Mean depth Surface Vol. of Tempe. Salinity
= area vater 9¢ parts per

xm2 x 10 ku3 thousand

Laguna 0e47-1.52 45-64 13 x 97 24=-37 17-95

Unare

Laguna 1¢03-1.38 63 5 26-34 7¢7-37.9

Tacarigua

Laguna 24 S.4 23 25-31 36—44

Las Maritas

Banle 19 10.5 196 1929 36-37

de Mochima

Laguna 115 3e2 37 19-28 36-37

Grande

tion with the exception of the
a blg difference betwveen the

there is not
and precipitation.
tends to

open S0Aae

Prevalling winds in
wi th
decroase atter sunset.

all the year round,

Laguna Unare

Laguna Unare is
riery, having a

sast to vest, adbout 22 km, and
north-south direction.
than 2 meters

bottom with lees

the areas of study are
strong sea breezes during daytisme which

Mogst areas of
depth,

be a hypersaline whenever there
water into the lagoons and not enough exchange of

Of the three rivers connecting the lagoon,

even in
Unare

area of Laguna Tacarigua for which
values for evaporation
The inner water mass of these coastal lagoons
is no supply
water with the

of river

from the northeast

separa ted from the Caribbean Sea by
width of 200-600 m.

e sand bar~
The long axis extends fros
the short axis 18 about S5 km in a
Laguna Unare have

a flat

the rainy seasone.

River is most

important for inflow of fresh water (Flg 4)e.

There is considerable annual variation of the surface area and
the voluae of wvater of the lagoon betwesen the dry and rainy sea~
sons (Table 1) the msan temperature and salinity range from 24°C
to 379C and from 17 per thousand to 95 per thousand respectivelye.
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Laguna Tocoriguo ( Tacoriguo)
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Bahia de Mochimo (Cumand )

$00—~

Laguno Gronde ( Salina de Arayo)

oLl T ] 1 I I 1
1965 1966 1967 1968 1969 1970 1971 1972
YEAR

Flge 2 Annual variation o’ precipitatione

Laguns Unare has a high rate ot fish production
(8=20 ton kxm™2 year—!), Howsver there 18 occasional fish mortal~-
ity durir.y the dry gfasons From ths analysis of environsental
condi tions and the occurrence of <filgh mortallty, the principal
cauge of guch rortaljties in Laguna Unare wags attributed to hyper—-
salinity (Ckuda, 1863),
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Fige 3 Annual varlation of evaporations
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Fige 4 Majp of laguna Unaree.
Laguna Iacarigua

The long sand bharriers develop In the northern part and geparate
the lagoon from the Caribbean Sea. The width of the sand barrler

" ! ,' fi o

LAGUNS DF TACAR IS -

¢ 1 3 3 o u'%
.

Fige 5 Map of Laguna Tacarigua

varies fros 30C m t0 1 000 =ne The lagoon has a length of 28 km in
a northwest-gsoutheast direction with a maxinum width of 5 kme The
average depth of water of the lagoon ranges from 1.0 m to 1.4 n
(Fige 6)e One of the characterigtics of the lagoon is an exten-—
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sive development of mangrove vegetation in such a pattern that the
coentral part and an area in the inner border of the lagoon look
like an islancde Such mangrove development in the central part may
cauge a great regional difference in the physical and chemical
properties of water due to the restricted water circulation in the
reglion ot the lagoon.

It is reported that Laguna Tacarigua also has high rate of fish
production (5-16 ton kes—2 year—!, from Gambca at al.y 1871).

Lagupe Les Maritas

Laguna Las MNaritas lies on the south coast of Margarite Islande.
It extends for 6 ke in a northwest—southeast direction and has a
maximum width of 3J¢6 kme The deepest waters on the east and west
sides of the lagoon are about S m to 4 me - It is notable that the

s7' 56’ 58’ se’ 63°SY

A ISLETA

Fige 6 Mayp of Laguna Las MNarltas

maxinum water depth in the central part of the inlet reaches 9 me
There is a develorment of a dense population of Ihalassia in the
msajor parts at the bottom of the lagoone Mangroves have also
developed along the inner border of the lagoon and oysters grow
4there sbundantly (Fige 6).

Bahia de Mochima and Laguna Grande

Behfa de Nochima (Fige 7) and Laguna Grande (Pige 8) are generally
deeper than the three lagoons. The entrances ¢to these areas are.
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Fige 7 Map of Bahla de Mochima

roelatively narrow and the water depth tends to increase from the
inner rart towards the entrance, and reaches 60 a in Bahia de
Mochime and 40 m in Laguna Grandee There 1s free exchange of the
inner water mass with the open sea by the tides and the windse

Bah{a de Mochima has & length of 7.6 km extending from north to
south and a width 0f 0¢3 to 1e¢7 kme Laguna Grande extends to
4¢2 km long and 2.2 km wide. There is mangrove vegetation along
the inner coast of the both arease.

In goneral, hydrochemical characteristica in both areas shov a
similar patterne
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JINCRGANIC AN CRGANIC NITROGEN CONTEN]S

The evera;e annual nitroygen content Iiu different forms in the
areas of study,; which were tabulated on the Lasis of monthly
ohrervation for 2-J3 ycars, are shown in Table 2.

It iRr clearly noted that Lagunse Unare has the highest nltrogen
content in all forms and Nochiwa and Leguna Grande have the low-
este There i8 no doetinite difference Iin the nitrogen content of
various forme between Rahla de Mochima and Laguna Grande. The
content ot organic nitrogen 1n the <“hree coastal lagoons s
remorkebly high as compared to .that of the other areas (Bahia de
Mochima sancd Leguna Grande), especlally in Lagunas Unare and Tacar-
lguee The orianlc content is much hlgher than inorganic nitrogen
content ir sll areas of this study. The difference between
oryanic and inorganic nitrogen contents In the three lagoons 1is
much greater than that of the other tvo areasy that 1s, the
organlc nitrouen is 5 to 11 times higher than inorganic nitrogen
in the three lagoons and about twice as much in Bahia de Mochima
and Leguna Grandee.

The inorganic nitroyen content of Lagunas Unare and Tacarigua
are hipgh but Laguna Las Jlaritan shows little difference from that
in Bahia de Mochime and Laguna Grandee. Anmongast the varlious forms
ol inorganic nitrogen iIn the areas .of this study, ammonium shows
the highest contsnty, followed by nitrate and nitrite. The content
of ammonium in the threo lagoons are much higher than the other
areasy speclfically, this type of 1lnorganic nitrogen in Lagunes
Usare and Tacarigus 1s reaarkably highe
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TABLE 2 Annual average of nitrogen content, ug-atos

litre~!

Location Inorganic Nitrogen

Ammonlius Nitrl te Nitrato Total
Laguna Unare 21.6 0.39 218 24.17
Laguna Tacarigua 037 0. 05 0. 81 10.23
Laguna Las MNaritas Je71 0.085 1.14 4,90
Bahle de Nochima 2.46 0.12 1.6S 4.23
Laguna Grande 2061 0«16 1.50 4,27
TABLE 2 continved
Location Organic Nitrogen Total

Dissolved Suspended Total Nitrogen
Laguna Unare 232 J6eS 268.5 2927
Laguna Tacarigua 83e2 D.40 62.6 72.8
Laguna Las Marlitas 19.9 S.01 24.9 29.8
Bahfa de Mochima Se64 3.43 9.07 13.3
Laguna Grande 629 Je3I 962 139
TABLE 2 continued
Location Phosphate~P N/P®
Laguna Unare 0.49 493
Laguna Tacarigua 0e76 13«5
Laguna Las MNarlitas Oe 34 14.4
Bahia de Mochisa 0023 18«4
Laguna Grande 0e34 12.6

* These values were calculated from total inorganic anitrogen and

phosphate—P

Observations wvere carried out in: Laguna Unare from 1962 t- 1964,
Laguna Tacarligua from 1967 to 1969, Laguna Las MNaritas from 1967
to 1969, and Bahie de Mochima & Laguna Grande from 1964 to 19866.
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Generally the content of dissolved organic nitrogen is conslid-
erably higher than the suspesnded organic nitrogen 1in areas of
study; 4 to 6 times higher in the three lagoons and 1.5 to 2 times
higher in the other arease.

The content of organic nitroger 1in Laguna Las Marlitas |is
2 times higher than that of Bahfa de Mochimas and Laguna Grande,
although there is no significant difference in the {inorganic
nltrogen content asongst the above three areas. These threo areas

have no supply of fresh water <froa rivers. However, there is a
free fTlov of open sea wvater through an entrance 1n Bahla de
Mochima and Laguna Grandee On the other hand, there is a

restriction of exchange of the lagoon water with the open sea
water In Laguna Las Naritase.

The shallov areas which prevent the water circulation generally
have a high rate of organic productivity, and tend to accumulate
organic mattere. In Laguna Las MNaritas, the high rate of evapora~
tiom reduces ths quantity of the lagoon water. This decreased
volume 0f ¢the lagoon water is compensated for by an 1nflow of
tidal sea watere Such a process over a long period may contribute
to the accumulation of nitrogen in the lagoon water; although the
nitrogen content in the open ssa water is not so highe.

The high content of organic nitrogen in Laguna Unare and Laguna
Tacarigua may be caused by the inflow of river water into these

lagoonse However, the lnorganic and organic nitrogen contents in
Lagunse Unare are much higher than the Laguna Tacariguae ASs men—
tioned before, Laguna Tacariguva communicates vith the oper. sea

through an inlet throughout the year, but Laguna Unare has linitnd
communication through the mouth of the River only during the rainy
Seasone.

NIIROGEN CONYIENI IN IHE DRY AND RAINY SEASONS

Table J shows the nitrogen content Iin the different forms 1In
Laguna Unare River (Okuda gt aley 196S). It is noted that the
greatest part of total nitrogen consists of dissolved nltrogene.
Suspended organic nitrogen predominates in the river water in the
reiny season. Of the three types of lnorganic nitrogen in the
lagoon and in the river, the content of nitrate is highest In the
ralny season and that of ammonium in the dry season. The content
of total 1lnorganic nitrogen in the lagoon and in the river in the
dry seagson 1s lower than that of the reiny seasone.

On the other hand, the content of organic nitrogen in the
lagoon in the dry season 1s remarkably high compared with that of
in the rainy season; however, the contents of dissolved and sus-
pended organic nitrogen in the river water in the reiny season are
higher than thoese of the dry season. The contentes of dissolved
organic nitrogen 1In the river and suspended organic nitrogen in
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Table 3¢ Comperison of Hydrochemical values of the Unare Lagoon
and river bhetwveen the dry and rainy seasons (1964)

Season End of dry season Beginning of rainy sesson
Lagoon River Lagoon River
Salinity - parts 88460 1338 2340 0.09

per thousand
Oxygen =l litre—1! 6031 Je20 868 3e45

Inorganric nitrogen
(in ug~atos litre—!)

Ammonium 6e? 402 4.1 1.9
Nitrite 0«17 0.12 0.15 0.48
Nitrate 028 0e 82 77?7 J23I
Total T.1S Se14 1195 34.7

Organic nitrogen
(in ug-atom litre—1?)

Dissolved 318. 24.3 14S. 47.3
Suspended 292 121 437 66.5
Total 347, 364 189. 114.
Total Nitrogen 354. 41.5 201. 149,
(in ug=atom litre—1!)
Phosphate~P 054 047 0.41 0.91
(in ugratom litre—1!)
TeOeN/Tel eOelN ¥ 48,5 Tl 158 Je3
DeOeN/SeOeNe ¥ 109 20 Qe 0.71
N/P *%» 132 10.8 29.1 38e1

* Total organic anltrogen/total inorganic nitrogen

*% Dissolved organic nitrogen/suspended organic nitrogen

*¥% These values were calculated from total inorganic nltrogen and
phosphate~P
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the lagoon and the river in the rainy season are higher than thoge
in the dry seasone.

In the lagoon,; the organic nitrogen content is much higher than
that of the inorganic nitrogen; the former 18 about 49 times
greater than the latter in the dry season and about 16 times
greater in the reiny seasone WYhereas, in the river water, this
relation 1s 7¢1 times in the dry season and Je«3 times in the rainy

seasons

The river wvater entering the lagoon has a high concentration of
nitrate and suspended organic nitrogene In the beginning of the
ralny season, the retio of dissolved and suspeaded organic nitro-
gen ig 0s71 eand 3.3 in the river water and in the lagcon water
respectivelye However, this ratio increased to 10.9 in the lagoon
water at the end of the dry seasone.

From these observations i1t is likely that the Unare River sup—
plies nitrogen In the forms of nitrate and suspended organic
anitrogen to Laguna Unare. Then, through the organic production
and the decomposltion processes in the lagoon, the nitrogen is
finally transformed into ammonius and dissolved organic nitrogene.

REGIONAL YARIAJION OF NITROGEN CONIENI

Fige 9 shows average annual nitrogen contents in the different
zones of Laguna Tacariguae. "AY zone receives fresh water from the.
Guapo Rivere Theretore the wvater of this zone has a lowv salinity
and a relatively high concentration of nitrite and nitrate. The
contents of organic and inorganic nitrogen tend to increase from
A" sone to "E¥ zone in alphabetical order but nitrite and nitrate
in "A®" zone do not followv the same pattern where higher values

wvere obtained.

Laguna Tacarligue hag an inlet in "B? zone which maintalns the
exchange of water with the open ses by the tidal actione *c, *p*
and "E® zone are located on the eastern part of the Llagoon end
have e restricted circulatione

High ammonium and organic nitrogen contents and low oxygen con-
tent in these zones (Cy D and E) may be caused by the accumulation
of nitrogen resulting froa the restriction of free flov of ianer
wvater mass due to the development of mangrovee. The annual average
of physical and chenmical properties in different zones of Laguns
Tacarigua are shown in Flge 9
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NEY SITUATION QOF LAGUNA IACARIGUA

For the last fev years, the flow of the Guapo River into Laguna
Tacarigua has been romarkably reduced by the construction of a
damj communication with the open sea has been closed by piling of

sande This new situation in Laguns Tacarigua has brought about a
na>table increase of salinity in the lagooen which has created occa~
slonal fish killse. Becauge of this, hydrochemlcal obsgservations

were carrlied out {in Laguna Tacarigua on 16 June 1978 to investi-—
¢ate wvhat pome of the environmental changes In the lagoon have
been in the last 10 yearse.

Our salinity date obtained from monthly obhsgervations during the
yecars 19671969 never show a value of more than 40 parts per thou
sande On this occasion, salinity of the lagoon shows a maxiaum of
S and 45 parts per thousand as average. In 1967-1969, there was
a great regional difference of salinity as well as of other chemi-
cal propertiesy; but the observations of 1978 do not show e wside
difference in these properties throughout the lagoon.

Another notable fsature 18 that organic nitrogen content
(174 ug~atom litre—! as an average) was very high compared with
the former dates (less than 80 ug-atom litre~! as a maximum) and
inorganic nitrogen content was extremely low, QOf the three formsa
of inorganic nitrogen, nitrite and nitrate are almost exhausted
and the eamonium content is also only 2.5 ug~atom litre—! as aver-

Ay Do

One of the reasons for a consideradble 1increass of organic
nitrogen content in the past 10 years smay be attributed to an
accumulation of organic matter in the lagoou, dus to a restricted
water change with the open sea through an inlet and a stagnation
of the loner wvater due to the development of sangrove vegetation
in the lagoon.

An extremoly low content of inorganic nltrogen and a very high
contsnt of organic nitrogen may indicate that there is a conslder—
ably high organic production and a relatively lowv rates of mineral~
l1zation in the lagoon.
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COASTAL LAKXES OF THE NILE DELTAe LAKE MANZALAH

by

Yousgsef Halim and Shoukry Ke Guerguess,
Department of Oceanography, Faculty of Sclence, and
Institute of Oceanography and Fisheries, Alexandria, Egypt

A number of shallowv but wide depresesions extend from east to west
along the Nile Delta, forming a chain of g8ix coastal Llakes
(FPige 1)e Ancient Egyptian reliefs end palntings shoving the
agquatic vegetation, the fish fausma and ¢the abundance of bird and

Flige 1 The Nile Delta and the coastal lakese.

other predators boar wiltness both to the fresh water character and
to the nigh productivity of these so—called "Northern Land"
sSYampse They were periodically flooded by Nile waters at which
time their area wasg yresetly expandede Until the late middle-ages,
the twvo north Sinal lakern, Lake Port—Fouad and Lake Bardawsel,
were also related to the complex pattern of the Nile branches
(Flge 2)e The nilting up and ultimate diseappearance of the Pelu-
siac branch, about S centuries ago, Lled to their final isolation
trom the Deltae.

The prosent Delta lakes, reduced to four, are still highly pro-

ductives Although they are an integral part of the Nile Delte
system thelir waters ars not fresh but slightly brackish,. Located
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Ancient distributaries
Nite delta,7th_gth century

Flge 2 The Nile delta in the Middle Ages (from verious sources)e

at the northern rim of the cultivated lends, they depend most y on
agriculturel drainage for their water supply. Except for the
sasternmoat Lake Mariut, wvhich is land-lockasd, there is also a
limited mixing with sea water through lake-sea connsctions on
their northern sides All the lakesy including Lake Mariut, which
has water continuously pumped to the sea, are transition basins
where active transformations occur between land drainage and the
coastal Nediterranean waterse

Land drainage fesding the lakes derives indirectly from <the
Nilee. Irrigation vater is collected by a syastem of drain canals
atter infiltration through the subsoll andy; 1in this process, its
compposition is affected by the type ot soil through which it per-
meatos (Flge 3¢ )e The most obvious changes are the rise in chlo~-
ride content; the enrichment in nutrient salts and in dissolved
humic material (Table 1). As a rule, it is very poorly oxygen—
ateds Soil silicates and nitrates from chemical fertilizers dis-
solve in large amounts. Both the ®milicate to phosphate (Fig. 4)
and the nitrate to phosphate ratios are abnormally highy vespec-
tively about 40031 and 4031, Further changes subaequently take
place within the leake basgins. The chlorlde content rises due to
evaporation and mixing with sea water. Dissolved oxygen also
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l
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Fige 3 Flow diagrame. Nile water
rises due to saturatione. The
primary producers appears to be

phater and much greater than on

concentrations 0f <the three salts
the milicate

drain water level,
nitrate are significantly higher

The outlined flow pattern,

the coastal bhelt of the seay; 1s the same for all lakes.
the food-wveb and the composition of the fish

but there

of primary producers,
population are algo sinmilar,

Orainage system

Curban wastes) 1

Large drain canals

Coastal Llakes

lake-sea

s 1]

Mediterranean
waters

Coastal

to coastal Nedilterraneane.
demand on nitrates by the lake
relatively greater than on phos—

silicatess Although the absolute
are decreased relative ¢to the
ratlios to both phosphate and

(Pleo 4)e.

land dralnage to lake besins and to

The type

are differences in the

level of nutrient salts in particular, washed down by land drain-
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Table 1. Soma characteristics of Nile, Drain and lake waters.
All values represent the averaye of 12 months

measurements

Nile (1) Drain (2)
Cl g liter—? 003-0.07 0.44
Oxygen % sate 77 41-73
PO4 ug~atos litre—! 0e4(0.2-0.8) 0.59
NG3 ug—atom litre—! - 22
Silicate 18-38 300200
N/P - 41:1
si/p 5331 425:1
(1) Halim ot ale. (1976)
(2) Darrag (1974)
Table 1 continued

Lake
Menzalah Borollos (2) Edku (3)

Cl g litre™! 079735 (4) 1e31(2.6-0,58) 0.61
Oxygoen % sate 40-110 ( 4) 76 (54-104) 92
PO4 ug—atom litre—! 1436 (4) 0«39 0.78
NOJ ug—atom litre—!? 19 (5) 6eS 1led4 (21-0.02)
Sllicate 350 (S5) 218 106
N/P 31 (S) 1621 231
Si/P S62:1 545:1 132:1

(3) Kenawi (1974)
(4) Guerguess (unpublished)
(5) El vakeel and ¥ahdby (1970a)

ages. Lake Mariut is heavily polluted in 1ts eastern basin dus to
i1ts proximity to the city of Alexandriea. Linl ted sutrophication
is also observed in the south~east basin of Lake Menzalahe

The lake basins provide shelter and feeding grounds for some
marine fish (Chrysophrys Sspey MOrone spey and grey-mullets) aeand
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Fige 4 The silicate to phosphate index in relation to the chlo-
ride content in threoe types of inland waters, the rliver
Nile at Edfinay, drain water and lake Rorollos.

crustaceans (Penaeus kere thurus, Callinectes sapidus) mixing with
euryhaline Nile <fish (Illapia zilll) and brackish Palasson
shrimpse Being shallow basins not exceeding 1.5 m at thelr great-
est depths, they constitute a sulteble breeding ground for Nile
fish and for Palaeson ¢legans shrimps. Thelr fish yleld per unit
area, about 24 tons ka~2, compares favourably with most MNediterra~
nean brackish lagoons (excluding fish culture ponds)e The average
yield 0f the latter ranges from 0.4 to 20 ton km— 2 (Levi and Troa~
decy 1974)e The continental shelf in the south—east Nediterranean
is much poorer, its yield averaging 1 ton Lm—2,

LAKE MENZALAN

Lake Menzalah (FPilge S5) 1s the largest of the four Delte lakes,
with a surface area of 1350 kw2, or about 60% of their totel ares.
Located east of the Damietta branch of the Nile, i1t is connected
to the river by the emall fresh water Enaneya canal (E, Fige 5),
supplying its western besin with 5.00 x 10? w3 per year. The
total inflow fyom its drain tributaries amounts to a Llittle less
than 6 billion w3 per year (Fige 6)y 0.9 0f which are dilute gew—
age water flowing into the south eart dasin through the El—Bakar
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MEDITERRANGEAN S E A

Fige S Lake Menzalahe. Showing the investigated statlione
(1971-1873), the msajor basins, the inlets and outlets. S,R
and K, indirect connections to the gea. E's inlet of

fresh~water canale El-Gamil is ma jor lake—-sea connection.

canal (etation 1). The lake hag several northern connectlonsg to
theo sea (at Sy, R and Ky, Fige 5)y the largest being at El-Gamile.
The low gendy embankment separating the lake basin from the sea
hags given way several times in the last decades, leading to the
inrush of gea~water (Flge 7) and a complete change in the environ-
mente Contenmgporary records of plankton shov the dominance of the
suryhaline marine forms Acartia latisetosa (Gurney, 1927; El-Nagha=—
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Flge 6 Monthly discharyge of dreinage and fresh~wvater to Lake Men~-
zalahe

raby g% ale, 1963 ). Accumulations of dead shells of marine
pivalvesy are also found in abundance. In the laat few Yyears
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Fige 7 Lake Menzalah average chlorosity since 1934.
chlorosity showed a steady decrease as a result of increased land
drainage input.

Lake Nenzalah can b9 dealt with as one system with pronounced
north~south and lesas pronounced east-west gradients in

1ts envi-
ronmental characteristics. This gradation s largely deterained
by the respective locations of the inlets and outlets and by the
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clockvige pattern of wind induced circulation. On dealling with
trophic relationsy, however,; subsystems will be distingulshede.

The predominant type of sediment is the complex type ssnd-clay—
ailt, followed 1in abundance by the clayey sand and sllty clay
reapectively (El-Vakeel & Wahby, 1970,b ). The lake peripheries,
except on the north, are coversd vwith silty claye. This changes
basinvards into sand-silt-claye The sand fraction spreading along
the northern side is mainly derived from the MNediterranean beach
sands penetrating through the lake—-sea connection,; as well as from
wind blowvn sand and Cardium shells. Such a distribution of sedi-
ment types reveals the influence of drains and fresh—wvater connec—
tions and the proximity of the sea. The aroas affected bLy the
drainage icflov have a finer ssdiment unite

The distribution of organic matter on the bottom followg the
sedimant distribution, higher organic matter belng found in the
peripheral zones of silty-clay and lower in the sandy arsase. The
range is from 1 to 7% The highest contenty 7.3% 1s found near the

-— e e h——— - - - A= e > eub o————
r B LITERR AND AN L X I

Fige 8 Distribution of sgediment organic aatter in Lake Menzalah
({after El-Vakeel and ¥ahby, 19701»)

inlet of El-Bakar canal (Fige. 8)e. The phosphorous content of the
lake sediments ranges from 0.016% to 0.103%. Its distribution in
the bottom sediments ghows a relation to the median grain size and
follows more or less the same pattern of distribution of sediments
in the lakee. The highest values are located along the lake
peripheries (Fige 9).
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Flge 9 Sediment phosphate i(in Lake Menzalah (after Fl-Vaksel and
Yahbyy 1970b)e

Chlorosity near El-Gamil lake—-sea connection is much higher

than elsowvhero in the lake. Due to small differences In tidal
eslevation, sea-wvater mixes with laeke water In basin V (Filge. 10).
Thls mixed water, with 1ts assoclated plankton forms, is often

displaced eastward and southward, becoming trapped between basin V
and besins 1 and I1 (Fige 11-13). An ehrupt chlorosl ty decrease
18 observed everywvhere after the peak of the drainage inflow, in

Septomber—Qc toher. By mid-winter, the drainage volume falls to =
minimum and chlorosity risesg to a peak except 1n the western-most
basin IV (Fige 11)e Ragin V 1s the most affected by the east-

south ¢lsplacement of the mixed waters, This pattern of clrcula-
tion is retlected In most other characteristics.

The phosphste supplied with drainage water largely exceeds the
demands of the primary producers (Fig. 14). Vhile nitrate 1is
depleted in gspring and summer, phosphate rarely falls below 0.5
ug—atom litre~! (FPige 15). The northward and westward gradlients
are particularly obvious for nutrient salts. The ebnormally high
concentrations supplied by the outlet at station | maintain a high
level in basine I and II, but the decrease s rather abrupt
(FPige 16, Table 2). Thin is due to the screening effect of the
dense growth of submerged vegetation in basin I.

-144-



r‘><\ Surface
N ! *\ ,7\ %-———-x Near bottom
| \ TAN
L 6f } X
' /
E ar V v
o
S 2}
0
1F "“/l'vw e
v
0
5 b NI .
2F 1

(
|

T sij\///\\\——i

MJ J ASONDUJFMAMYJ JASONDI JFMAMI J
1371 1972 1973

Fige 10 JMNonthly average chloroslity 1ln Lake Menzalah, basins I to
V and drain gtations 1 and 2.

A significant east to west variation in the phytoplank ton com—
position 1s observed, although the main species ars ubiguitous:
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Fige 11 Chlorosity distribution in February, time of minimum

drein discharge.

Cvclotella mensghiniana, Malosirs granulata snxusatissima, Olothrlx

spe, JMlcrogsporae sre The eutrophlc basin I is characterized by an

abundant and varied population of Euglena sppe Up to 20 sugleno™
phyte species are recorded from this basine Many are known to be
indicators of organically rich waters: Phacus tortus, P fri-

gustary B pleuronectas, Eusglans acus. Their nuserical ratio to
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Fige 12 Chlorosity distribution, Maye

other phytoplankters decreases rather abruptly from basin I
westward ( Teble J)e. Diatoms are leading in basin I, but froe
basin II westvardy, green and bluegreen algae, characteristic of
Nile phytoplankton (Helim gt ales 1976 ), becoms predominant

(Table 4).

The zooplankton population 1s typically estuarine. Charac ter-
latic of this type of <transitional environment is the intersixing
bhetween populations of very different blogeographlc originse.
Fresh~vater cladocerans and copspods, extending in theilr distribu—
tion to the Central African lake~sources of the Nile, mix wlth
brackish rotifers end varlious coastal MNedlterranean foras
(Table S)e The distribution pattern and the relative abundance of
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Fige 13 Chlorosity distribution in August at maxisum dischargee.

such populations 1s not only governed by thelr varying tolerance
t0 salinity variations but also by the water quality and the type
of phytoplankton food available. The marine nysid Nesopodopals
alabber] shows a clear—cut distribution, as it remains restricted

t0o the mixed water mass trapped in basin V. Although the east~
wvest chlorosity variations along the south zone of the Lake are
limited, the zocoplankton communities are different. Rotifers,

copepods and the cladoceran MNoina alcrurs are concentrated in the
eutrophic basins I and Il where they feed on diatoms and ygreen
algae. In the vestern lake, free from pollution, and where
fresh-vater phytoplankton is more sebundant, Diaphanosoma sxclsum
and cladocerans in general predoalnate. Rotifers and copepods are
often inmignificant (Filge 17).
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1972)

Ihe scosvatamg

The primary producers include the phytoplankton and the submerged
higher plants with thelr epiphytese In consequence, two main sub-
systems of trophic relations have to be distinguished, the pelagic
and the semibenthic or macrophyte subsystems.

The macrophyte subsystem

The macrophyte subsystem constitutes the so—called “plant-belt" of
submerged higher plants covering roughly the whole southe..n half
of the lakee Represented by Potamogeion pectinatug, Ceratophyllum
demersus and Pe crispus, the macrophytes are flovering plants
growing from rhizomes embedded in the bottom sediment and rising
up to the water surface. Although seeds are produced and released
in spring the rlants appear to propagate mainly by their rhizomes.
Their wet-welght biomass ranges from le.7 to 7.1 kg mZ. Spring ls
the maln growth period, followed by a smaller one in early autuan

-150-



MEDITERRANEA AN S E A

o\t
ot
a [\'5‘\
3 ary
0-
ok
&— -
¢
$a‘g§\\ L8
2
o
\
%
[
-
°

Flyge 16 Phosphate distribution, August 1972,

Table 2+ Average phosphate concentration (ug~atom litre~!) in Lake
Menzalah basins

Station 1 Besin I Basin II Basin III Bagin IV Basin V

18 25 2¢2 07 Oe 6 0.5

( Aleom and Samaan, 1969 ). In winter, the plants deteriorate,
sottling and decosmposing with production of reducing conditions
over the bottome. A notable incroase® in the oxidizable organic
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Table 3. Euglena quotient (Total phytoplankton minus Euglena ¢to
total Eugena ) and frequency (percentage pressnce in
samples ).

Station 1 Bagin I Basin II Basin III Baein IV

Quotlilent 25:1 S50:1 280:1 J25:1 250:1

Presonce In
samples, % 87 a3 65 60 35

Table 4. Relative {importance of the phytoplankton groups in
Nenzalah basins (percent)

Ste 1 Bagin I Basin II Basia I1II Basin IV Basin V

Cyanophyoea 8 4 J o 165 11.4
Bacillar— g4 52 25 t1.8 18.7 172
iophyceae

Chlorophyceae 8 42 72 79 64.6 70
Dinophyceae 0.2 2 Oe1 0.2 0.2 1.4

matter follows, accomnpanied by a lowering of the pH (Badawi,
1978)e. During the growth periody, diurnal varlations in dissolved
oxygen and Iln the pH are very pronounced (Fige 18)e In the af ter-
noony the pH exceeds Sy falling to 7«5 at dawne The concentration
of nutrient salts ls drastically reduced within the plant-belt
(Elater and Vollenwelder, 1961). The productivity was estimated
to be about 1.3 gm C 2~ 2 per day throughout the year in Lake Edku
(Samaan, 1974).

As plant materlal, the macrophytes do not seem to be consumed
by herbivores. Fragments of leaves are only acclidentally found 1in
the stomach of flsh browsing on spiphyten. The macrophyte plant-
belty, however, hag an esgsential function in the lake ecosysteme.
Beside restoring healthy oxygen conditions at the drain inlets
(FPige 19), 1t provides a substratum for a variety of sessile
organisms and & shelter and a feeding ground for many otherse. The
Potamogeton leaves are densely packed with diatowms, mostly Campy—
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Table Se. Zooplankton of Lake MNMenzalah

Ae Species in common with the Nile and its upper lakes

Brachionus calyciflorus Platvias guadricornis
Be ansuloris Rotaria raptantia

B caudatus Irichocerca Bpe

e Ialeatus Diaphanosoma sxclsus

Be plicatilis Meina mlcrura

He guadridentazus Cerlodaphnia corpnuta rigaudli
Filinia lopngisetn Bosmina longltostris

Ee limpatica Cerlodopbnia reticulata
Keratella guasdraia Macrothrix laticornls
Lecane luna Lynceus bukobensis
Bolvarthra dolichoptere Mesocyclope lauckarti
Be xulgaris Ihermocyvclops crassus

Be Marine specles

Evadna terxestina Microsetalla norvegica

Ee spinifera Capnuella perplexa

Corycagus spe (copepodites) Sagltta fridericl

Nlithona spe Sagltta spe

Paracalapus parvus Qikopleura spe

Clausocalapnus furcoatus Zoea larvae

Labidocera brunescens Cirrepede larvae

Euterpipas acutifrons Mesopodopsls slabbarl

laodlacus, Maptoxlols and Navicula, and with filamentous blue—green
algooe In spring, three to seven nillion diatom cells are
attached per gram of macrophytee. Two invertebraie species are

important browsers on the epiphytes, the amphipod Gammarus locusta
and the semall snall Theodoxus niuricans. Gammarus aprears to per-
form some verticel migration in relation to the diurnal oxygen
cycle and is often found in the planktone. The sesslile protozoan
Yorticella microstoma 1is mostly abundant in the polluted zonee.
Tilapie zilli fish are attracted to the plant belt where they feed
on a mixed diet. Their fry are herbivorous, but the adultg,
though having a preference for plant foody, will alsgso faed on the
asgocliated epilzoanse. Next to diatoms, filamontous algae and
detritus, 20% of their stomach content is constituted by Gammar-—
ida, gastropods and copepods (Abdel=Malek, 13972).

The pelagic subgystem
The occurrence of successive pulses of abnormally high denslity

should not mask the fact that the lake waters sustaln a continuous
bloom of phytoplanktone Except for the polluted zone noar station
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Fige 18 Diurnal oxygen variations at a position within the plant
belt, Lake Mariut (after VWahby, 1961).
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Fige 19 JMNonthly dismssolved oxygen at stations 1| to 3. ( December
1971-Decemsber 1972).

1 and for the nortireast margin, basin V, the standing crop, even
wvhen at a minimum, always exceeds 1 wmillion cells litre™!
(Figse 17, 20, 21, 22 and 23). Large patches of outstanding den—
sity develops; reaching up to 6 to 34 mlllion cells litre—!. They
are usually centered at the margin of the eutrophic basin I,
extending to basin Il (Figse 24 and 25)¢ Although basin I pro-
vides the maximal levels of nutrient salte, the heavier growth of
submerged hydrophytes appears to limit the development of phyto-
plankton bloomse The dense meadovs of Potamogaton filamentous
leaves rising to the surface, reduce light psnetration and are
likely to 1limit the photosynthetic zone to a thin layer. The
ssquence of the blooms,; as shown by theilr successive peaks, is
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Pige 24 Distridbution of phytoplankton, May 1972. (10¢ cells a—3)

independent froms the cycle of seasoas. Blooms occur at all times
in the lakey irrespective of variations in temperature or incldent
lighte Neither the reduction in the rate of dralnage inflow in
mid-vintery; nor its increase 1in August-September appear to reduce
or ilanduce the blooss. The lake environment provides steady opti-
mus conditions for the planktonic producers. The shallowvaness of
such lagoon environments, in iteself, creates a situation where
seasonal variations are damped and a vigorous production enhancede
Seasonally ishiblting factors in deepesr bodies of water, such as
deep mixing im winter removing the phytoplankton cells from the
photosynthetic layer, or stable stratification in suamer, are
eliminated. The most important feature in this situation is the
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Fige 25 Phytoplankton distribution, August 1972. (10°® cells a~3)

immediate proximity of the photosynthetic layer to the layer of
organic decomposition and to the sediment store. The regenerated
nutrients and the nutrients released by wind stirring are ilmmedi-
ately available to the producerse The respective contributions of
the Jlpn altu reeycling processes and of replenishasnt from the
external supply remaln to be investigated.

Heavy grazing by the massive proliferation of pelagic herbi-
vores appears to be ths major factor controlling the time ssquence
as wvell as the extension in space of the blooas in e simple pat-
torn. As a sule the peaks of abundance of zooplankton are fol-
lowed by & deop in the phytoplankton standing crope On the other
hand, the respective patches of zooplankton and phytoplankton are
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not concentric, thelir cores ¢f maximum abundance are displaced

MEDITERRANEAN S E A

Fige 26 Zooplankton distribution, May 1972. (103 orge n~3),

relative to each other (Filgse 26 and 27). Examination of <the
stomach content of the predominant foras coafirsed thelr herbivo-

rous habite The copepod Acanthocyclops americanugs the cladocer-
ens Molna sicrures Diephanosoms sxcisus end Bogsipa and the roti-

fer Brachionus calyciflorug feed indiscrimimately on the avallable
planktonic dlatoms,; green and blue-green algae. Hlothelx chains,

Microspora sp end Nitzachla sp ere regular items in their stomach

contente

The asasured volume of the wverious herbivores showvs s signifti~-
cantly wide size renge providing for a more efficient use of the
availadble particulate food materials (Table 6)e The imsportance of
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Fige 27 Zooplankton distribution, August 1972. (109 org. »~3)

tvo larger sized, though less numerous, organisas, the mysie
larvae of Palasmog shrimps and the aysid Mesopodopsis alabharl, is
roevealed (Fige 28, 29, 30y 31 and 32) Both are phytoplankton
feeders but not exclusively so. They also prey on the smaller
sized cladecerans and copepods, Carlodapbnia and IThecmocrclopse
Mullet fish are associated with <the pelagic scosystes and Tilespia
fish with the sacrophyte systea. Their Juveniles feed on phyto-
plankton as well as on cladocerans and mysis larvae. With the
steady decresase 1in chlorosity in the last decade and the increased
extension «f the macrophyte ecoeystemy, the conditions are more and
more favorabdble to the latter fishe Thelr relative yield Increased
feom 60 1o 1963 to 82% in 1974, In the meantime, mullets dropped
from 11% to 7%. Caralvorous fish coutribute oaly I% to the total
(Shahesn and Yosef, 1978).
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Table 6« Average volume of major zooplankton species in Lake
Manzalah (in cubic millimeters)

Specles Average volume
(um3)
GADBALUS SFPecccevsccecsncsencvcscarosscsacosse 15

Mypls hm Of Palagmon eccececsscecscceccences J
Megopodopsie Blabberl ececcececcecccccccscocccese 125

Hegocvelopns leUuCKkATrtl ecccccvecevoscsoccncnnsne O.164
mmmm AROrlcanuUs escccccocsccccccsoe 0.001-0.333
NOolna BICEURrE cecececssecveccccsoccncsscssccnosne 0.0036-0,317

Diaphanosort LXCLEUR cvcoccccvcnccscassoscssncae 0.00169~-0.288

Cerlodaphpnla reticulats ceccceccccccosccrsence 0.094
Diacvclops bicuspldatuf ececococscsvseccccncne 0.078
w BDOTALUR eccccocccncsscrssccconcsnse 0.055
Acartia l&m ([ EEI R NN ENNNRYEN YR N Y XX N 0.046
Macrothrix M (I X RN R RFYERRIFNNN YN R 0.032
mmaim 8pe (MAlG)eccecncsccsccsscccconse 0.024
m m (AL R AR ERE NN AN EE LN RN N N NN ) 0.023
mw SLAABAR eeveccsvsvoscsscncsocrensca 0.021
Ceorlodaphnins cornuts rigaud]l ececcccccsccocces 0.019
Bosming lopglrostrls eecceccessccsccecsccccocens 0.019
mmum (EEEE R ERENIRNRER RN 0.018
W POLDICODT evevocscvscveevccsesoce 0.016
Lynceus tepuicaludls ceccscocessccvseccrcvcence 0.015
Iheranitins uanterontel, copepoditeccecccese 0.015

Lynceun bulkobansSlpy ececcecccsvscvccsccoscnosvcasen 0.0070
Qnychocamptus BODNAEREY eccecvecccscocssvecsosces 0.0075
drachionus calyclLflOrUS ecccecevscsccccsacsccce 0.0068
W Of BalenuSesescsscsorcscnvsenvoscsscsse 0.0065
Schizopera clandesgting eccesvecocosesvccsnoe 0.0050
Nitocera lacCuUsSiIrls ecceccccocncocccocnccscce 0.0052
Brachlonug M [ EX R NN N RNNNTN XN R NN N Y 0.0030
M O0f COP@POdBscccsccsvscscscsnsssscasnce 0.0012
Brachlonus caUdAIUE vecccescsvsconsevsresscses 0.00067
Arechlonus mm [ I A RNREIEEEEN RN RN R NY X J 0.00047

In both ecosystems the plant production largely exceeds the
herblvore consumption, Put no dystrophy hasgs been observed as yete
The organic matter 1in tre sediment remains relatively low except
at the effluent outlets Oxygen shows a positive gradient from the
drain outlets baginward (Fige 17)e Productivity, as judged by the
total fish catch, has doubled in the last 20 years. Both the
apparent healthy condition of this basin and the steady increase
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in its productivity are largely deterained by the parallel

decrease in the residence ¢time from 9 sonths ia 1935 to J months
in 1956 and finally s month and a half ian 1974,
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There are; however,; elarming signs when the trend of evolution
of phosphate and oxygen over the last two decades 1is followed.
There appears to be a steady decrease in the relative oxygen satu-~
ration over the years accompanied by a no less steady increase in
the sverage phosphatees The mean oxygen saturation in 1962~-63 wvas
80-90% and values less than 70% were never ocbserwved ( Fl-Vakeel and
VYahbyy 1870¢a)e It was 88% in 1967 (Yoset, 1973), with a minimum
of S4.4% recorded froams Basin [. During the present observations,
values of less than 40% were recorded from Basins I, I1 and 1IVe
In the msan time, phosphate increased from 0.54 ug~atom litre—! in
1963 (Bl Vakeel and Vahhye 19705a)9 054 in 1967 (Yosef, 1963) and
0«47 in 1868 (Rishara, 1973) to 136 in the preseat cbservationse.
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The decrease in dissolved oxygen accospanied by an inacrease in
dissolved ghosphate ils an indication of a heavier eutrophicetion
loade This trend in Lake Manzalah appears to be acclerated since
1962
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SPATIAL AND TEMPORAL VARIATIONS OF PHYTOPLANKTCN PRODUCTION IN
LAGOONS

by
DeVe Subbe Rao, Marine Ecology Laboratory, Bedford Institute of
Ocsanography
Dartmouthy; Nova Scotia, Canada

Lagoon, as a generic term, has porhaps many meanings and a precise
detfinition is hard to formulate saince the characteristics of each
are differente Coastal lagoons should be viewed as epnemeral mod-

ified estuaries with little or no freshwater inflow. They are
shallowy semi~enclosed bodles of water, lying parallel to the
coustline and separated from the open sea by barrier i1slands. A

shallow euphotic zone where environmental conditions are signifi-
cantly modified by strong vwind—-driven turbulence and periodic
tidal exchange are also proaminent features. Coastal lagoons,
which constitute about 13% of the total world coastline, are
highly productive and contribute large quantities of organic mat-
ter to the adjacent sease. In contrast to coastal lagoons, which
are algo uged for aquaculture and recreation, oceanic lagoons,
particularly thoae enclosed by coral reefs and atolls, are usually
in a relatively natural state dus to lssser input of domestic
agricultural and industrial wastese.

Considerable progress has bsen made In our understanding and
managoment of estuaries through conceptual modelling studies and
i1t would be desirable to extend a similar approach to the lagoonse.
However, the necessary data is scarce, blbeing mostly lial ted to
qualitative and gquantitative abundance of phytoplankton and to
scattered primary production measurements for only short time
intervalas These data have shown that their phytoplankton popula-
tions exhibit strong spatial and temporal fluctuations (Voltolina,
1973ay b) and that the megnitude of prisary production was high
{(Vatova, 1961).

The purpose of this paper ls to use available inforsation from
lagoons to identify the mechenisms that load to spatial and tempo~
ral variations in phytoplankton populations and to cospere their
photosynthetic functioning. A fewv guldelines on the methodology
for future research are also provided.



EHYTOPLANATON COMMUNITY AND SUCCESSION

The phytoplankton community of the lagoons 18 represented by a
great number of taxa including diatoms sSuch as ChnetocCarof EfDe,
Cascinodiscus excentricus, Navicula pyvgmaea. Nitzschbla cloaterium,
Ne_delicatlissiwas Ne_seriatar Phaeodactvium tricornutuss Rbizo~
solenie hebetate f. gemispinas Skeletonema costatum, Ihalassionesa
nitzachlolces and Ihalassiosira Zfluviatilis and dinoflagellates
such as Ceratium furcas Ce_fusus, Cochlodinium spes Gondaulux
digitele, Symoodiplum splendens, Peridinilum divergenss Prorocent~
rum mlcans and Pyrodinlium bahamense- A fow of these taxa, due to
thelr ubiquitous dlistributions, have been igsolated from environ~—
ments other than lagoons and brought into laboratory cultures and

astudied in considerable detaile.

Phytoplankton species composition in the lagoons depends to a
great extent on the hydrologlcal conditions. Under brackish or
hyperealine conditions of Nukwe Lagoony Ghana, fever specles were
present than in the adjacent estuarine Sekumo Lagoon (Kkwel, 1977).

In Lake Edkuy an Egyptian lagoon which receives considerable
freshwa ter run—off, most of the species were elther freshwvater or
brackish water forms (Samman, 1974). Lagoons that receive rich

digsolved organic matter as Lake MNariut, Egypt (Aleem and Samaan,
1969); Venice Lagoon (Voltolina, 1973a) and the Lagoon of Alve-
rado, Mexico (Margalef, 1975) have msmbers of Fugleninaee. Iinfor=
mation on the seasonal hlooms of diffferent phytoplankton groups
in lagoons is summarized abovge

A typical succegsion such as that described by Margalef (13960)
for smaller baysy ie0ey initial growth of small-celled diatoms of
Chlorophyta followed by a mixed communlty of bigger diatoms and
finally by dinoflagellates, is not seen in any of the five
lagoonse In the Egyptian lagoons Gymnodinium Lohmannl was the
only dinoflagellate out of 64 taxa reported (Aleem and Samaan,

1969).

Commonly, @a single taxonomic group constitutes the . ulk of the
phytoplanktone. For example, in the oceanic lagoons of Faaa and
Valro of the S80 phytoplankton specles resported 314 were diatoms
(Rlcardy; 1977) while in Puttalam Lagoon, Ceylon, 70 out of 75 taxe
wvere diatomse Here Chaetoceros lascinesuss Rhizosclenla alatar Re
imbricatu, Ibnlassionema anitzchiloldes, Jhalassiosira subtilis end
Inalapglothrix frovenfeldii dbloomed at different times of the year

( Durairatnam, 1963 ). In Bahla Fosforesceate, Puerto Rico five
dinoflagellate specios Pyrodinlum bahamense, Eeridinium divergsns,
Ceratium furca hircus, C.fusus and Dinophysls caudais usually dom=
inated ths phytoplankton crop (Ssliger gt aley 1971). Monogape™
cific blooss of microplankton such as euylenolds, pennate diatoms,
Cochlodipium srey Sonjodoma spe. and Dupaliella salina were common
in the southern coastal inlets of Puertc Rico (Burkholder a% ale,
1967 ). In the Dbarrier island lagoons of the Gulf of Californla,
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LAGOON SEASON
Spring Summer Fall Vinteor
Edku! Chlorphy ta Cyanophyta Chlorophyta Diatoms
& some
diatoms
Mariut2 Dietoms Cyanophy ta Diatoas Chlorophyta
Venice?d Diatoms Dinoflagel- Diatoms & Coccolithophores
Coccolitho- lates coccolitho—- end dinoflagel-
phores phores lates
Buglenolds
Faaa® Diatowms Dincflagel- Diatoms Dinoflagellates
lates
Vairao$S Diatoms Dinoflagel- Diatoms Dinoflagellates
lates
! Samman, 1974
2 Alecm and Samman, 1969
3 vVoltolina, 1973a
¢ Ricard, 1977
S Ricard, 1977

microflagellates ( 2-5um) generlly dominated the nanoplanktone. In
congtituted about 25% of the

these vaters smaller pennate dliatoas
sanoplankton Iin the eutrophlc eastern
trophic western lagoons,
never exceeded 1%,

lates occurred as co-dominants (Gilmartin and Revelante,
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Fige 1 Schematic illustration of the relationship be tween species
diversity index and primary production along & sectilon
perpendicular to the coast starting in a coastal lagoone.

dinoflagellates, usually occur in patches on a scale of few to
asveral hundred meters and thusgs introduce hoth spatial and tempo-
ral heterogeneitye.

Ve might then ask what mechanisas gensrate a patchy spatial end
temporal distribution of phytopleankton in coastal lagoonse. As
direct ocbservations on “ne mechanlsms for the accumulation of cer~
taln phytoplanktens in lsgoons are lacking,; perhaps ocheervations
from the tidal creeks on Sapsla Iglandy Ceorgla aeand Oyster Bayo
Jamsica may be considered es analogous because of similarities
such as shallow depth snd similer phytoplankton compositione Two
categories of acocumulation mechanisms ars operative: 1) abiotic
or vectorial factoras, such as the transportation and displacement
of Pyrodinius Lshaasnse, by differential movemsn* of diurnal
wiad-deriven weter layers of differeat densities, as in Oyster Bay
(Seliger gt aley 1870) or comvergences of GQyvEnodinium spe betvween
wind-driven convection cella,; as in Sapelo Island (Pomeroy gt aley
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1956); 2) bilotic factors, such as positive phototaxis towards
light during day and noc turnal downward migration of Pvrodiniuam
bhahamennse in Oyster Bay and Gymnodinium gpe in the tidal creeks
of Sapelo lslande.

ERIMARY ERODUCTION IN LAGOONS

Three types of temporal variations, diurnal, tidal and seasonal
variations in primary production will be considered horese. Varia-
tlons in primary production due to transient meteorological condl-
tions such ags cloud cover and rapld fluctuations in irradiance are
reported from cosastal wvaters (Dera at al., 187S5). For want of
slmilar direct observations from lagoons this aspect 1s not con-
sideredes Nor is there information on long—term observations.

Diurpal variai locs

Diurnal variations in photosynthetic activity in <the low and mid-
latitude lagoons are similare. In Minlicoy and Oyster Pond waters
photosynthesis increased steadily in the morning hours to attain a
maximum at about 1200 hrs and decreased gradually in the afternoon
(Fige 2)e The photosynthesls maximumiminimus ratlo in both these
lagoons wag about 12, similar to that reported from coastal waters

(Sournia, 1968).

Ildal varlatiops

In Venice lagoon, primary production during low tide was highor
than that during high tide (Vatova, 1961) (Plge J)¢ Vatova (1961)
showed that during low tide individual production values ranged
between 4 and 1078 mg C day™! m—2 and during high tide between
10 and 313 mg C day~! m—2, Using 24 palrs of date (see Tadble 1,
Vatova ), the affect of the phase of tide on production was tested
by the ¥ilcoxon matched—palirs signed - ranks test (Slegel, 1956 ).
The smaller o0f the sums of the like—signed ranks (T) was J9. For
N=24, a T of 39 1is significant at <0.005 level which allows us ¢to
conclude that the phase of tide does effect primary productione
Such differences wore attributed to the shallowv photosynthetic
layer, containing higher levels of nutrients during low tldee. In
the same lagoony; Voltolina (1973a, b) also showed a similar dif-
ference in the total phytoplank ton abundancey; during low tide the
coll numbers ranging betweon 5.1 and 70.6 x 10¢ cells litre~! and
during high from 0,45 to 23¢6 x 10¢ collsg. Comparison of carbon
asginmilation ratios (mg C hr=! mg Chl 3) during low and high tlde
would be interesting but chlorphyll g data are lackinge However,
the associstion of higher production and higher cell concentra-
tions suggests that productioni:blomass (P/10% cells) ratios during
the two tidal phases may not be significantly different.
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Fige 2 Diurnal wvariations in photosyathesis in Oyster Pond and
Minicoy waterses Data for Oyster Pond are from EBmery (1975)
and for Minicoy from Nair and Pillai (1972).

Saamonal yariations

Pige 4 summariszes prisary production ian five lagooas from mid-la-
titude regions only as data from Llow and high latitudes are lack-
inge In Venice Lagoon and Lake MNariut wvhich recelvse autrient rich
effluents en unimodal pesak production wvasy noticede Production was
initially lew during January—February and gradually increassd to
attain & peak during July—Auguste. The production pattern in Lake
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Date are from Vatova (1861).

VYonice lagoon.
Mariut ran parallel to the level of incident solar radiation and
anaual temperature curve (Aleem and Samaany 1969 ). These authors
coacluded t¢that in Lake Mariut nelither phosphate, nitrate nor
nitrite limit prisary production. In Venice Lagoon, which 18
about four ¢timses more coancentrated than Lake JMariut, nutrients
presusably do not restrain production either.
, In both lagoons, changes 1in temperature ssesm te effect produc-
tione Thus in Lake Mariut the fall of temperature below 179C dur
iag winter resulted in a sudden drop is primary productione

In

Vealce Lagoon production was high only duriang spring and gsuamer
when the water temperature was above 10%,. and lov during autuan

and winter when the tempereture was below 109C.
Seasonal production data from Cananela Lagoen,
Leke Bdku (Pige 4) showv a bilomodal distribdbution.
the primary pesk was durlng Februsry~March and the secondary peak
during August.

Oyster Poad and

In these lagoons
Ia Laks Bdku and Oyster Pond production was low
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Table le¢ Primary production characteristics for mid-latitude
lagoons based on ysar round observationse

Primary peak of production Secondary peak of production Anrual
Reglon Latitude 7-;..-.;.”. Saltnity Range ~ Amplitude Buration Range Ampl{tude BDuration  production Raferencss
c *laa m U/al/day "ontas g C/wl/day wonths g C/mi/yr
Venice Lageon 45.15x 6-25 12-34 133-1387 0 lg None - - a7 Vatova 1961
) None - -
Lake Mariut .15 12-2% 2,78-10.23
Stn [ 1596-10572 3 26679 Alesn and Samaan 1569
131 2175~9821 4.6 20818
111 2005-9685 S 19670
v 1524-4361 4 13558
v 383-7965 n 18058
vl 110-5181 7 6300
¥II n-n7 289 18869
Vil
Oyster Pond 408 2-22 1.7-17 01-110 ? 4 296-527 1.8 k] 140 Emery 1975
Lake Edme 31,180 18,2-28.5 0.79-18.4) Samman 1974
Sen i 150-377 2.5 6 223-40) 2 2 1180
1 408-1395 3 S 9141301 1.5 k) 2540
1 195-824 4 6 6841489 2 4 2889
v 180-1634 9 4 677-1609 2 4 283
v 165-528 k] 6 191-87% 4.6 4 1598
Cananela Lagoon 25,015  17.5-28.1 J.4-24.4 199-2044 10 5 117-825 7 3 1800 Tundust 1969
#Calculated. Amplitude and duration of production cycle sre calculated using Cushing's method (1975).

during the wvinter moaths, December and January, coinciding with
low water temperatures. In Cananeia Lagoon, Brezil, changes in
salinity seea to regulate production more than temperature: thus
production was low during February and Nay when there was a sudden
drop in salinity to 3¢54-4.80 parts per thousand (Tundusi, 1969).
Of these three lagoons,; nutrient data are available only from lLake
Edku end Samman (1974), concluded that nutrients in general do not
Limit productione.

In Langebaan Lagoon, South Africa; phytoplankton production,
probably triggered by the influx of nutrient rich waters, attained
a maximum during springe. In lates summer, owing to low nutrient
levels, production decressed (Henry st alee 1977). A gradient in
production was also observed with high valuss close to the source
of nutrients near the entrance to the =sea and low values at the
head of the Langebaan Lagoon farthest from sourcee.

In the tropical Puttalam Lagoon, Csylon, vhere seasonal range
iln temperature and salinity were 27.6=30.89C and 20.0-36.4 parts
per thousand respectlively; primary phytoplankton maximum during
Nay-Juna and & secondary saximum during Octoher were observed
(Durairatnamy 1963 ). As tempereture and salinity conditions wvere
falrly stable during the periods of high phytoplankton production,
Durasiratnam assumed that enrichment by aen influx of autrient laden
river waters vas responsible.

Besides nutsrients, marine phytoplankton require light for their
growthe Although 1light inteasity decreases exponentially with
depthy at least in some lagoons such es Lakes Edku and Mariut,
light does not seem to limit algal growth as evident by active
photosynthesis carried out by both benthic alcro- and macrophytes
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(Samman, 1974; Aleem and Samaan, 1969 ). In mogs? of the barrier
ialand lagoons of the Gulf of California, where the euphotic zone
depths markedly excesded the mean depth of the lagoon, incldent
radiation wvas not a limiting factor (Gllmartin and Hevelante,
1978 ). In Venice Lagoon and Cananeia Lagoon dus to freshwater
drainage and stirring up of the bottom, the wvater takes on a
brownish~yelleow colour: Vatova (1961) reported a temporary reduc—
tion in the depth of the euphotic zone 1ln Venice Lagoon under such
condl tions.

Lagoons being shallow, the dsgree of tidal exchange of water
between them and the ssa regulates ths nutrient concentrations and
the dependent gpopulationse. Although seasonal data ov.: hoth the
flushing index and primary production from the saue environsent
are lackingy in the barrier island lagoons of the Gulf of Califor—
nia standing cropy primary production and nutrient Llevels were
positively releted to flushing indices thus suggesting some forms
of internal recycling of nutrients (Gilmartin and Revalante,
1978 ). 1n Bahfa Fostoresceate, which is analogous to a lagoon,
regtriction of exchange of water <through urban developament
increased the nutrient load which encouraged the growth of ul tra-
plankton and consequently eliminated Pyrodinjum hahamenses once a
dominant dinoflagellate in the bay (Seliger gt ales 1971 ).
Although no nutrient data for the coastal lagoons of Ghana are
available during the dry season a higher rate of productlon
attributable to greater exchange, wag observed in those open to
the sea than in thoge which were not (Kwel, 1977).

Results of Brown and Parsons (1972) on the liapact of flushing
on primary production are relevant here. Under ccntrolled experi-
mental conditione in a fibre glags tank (1.0 m deep and 2«4 m in
diameter), 106% flushing per day resulted in a maximums production
of 1.5 g C day~! m~2 compared to 0.252 g C day~! a—2 obtained with
10% flushing ratee. Under low flushing (10%) rates tho population
consisted largely of flagellates ¢ 20 us tut at higher flushing
(100%) rates, larger diatoms such as Sksleionemsa costatus» Ihalas—
aloslro spes Nitzachia sp. and Chastoceros sre dominated.

EHOTOSYNTHETIC EUNCTIONING QF LAGQONS

Becausne of spatial heterogeneity ¢t phytoplankton in the horizon—
tal and vertical scales, production estimates Dper unit area,
rather than per unit volume, give a better comparison of two envi-
ronments or of the functlioning of any ecosystem in times Two
approaches are sulitable for this purpose:’ a) comparison of the
amplitude and duration of production following Cushing®s (1975)
method; and b) comparison of rate of Llight—-saturated photogyn—
thetic production per unit chlorophyll g, 1ee0cy assimilation
indexe Iu the forser, the production cycle is described as a bhell
sheped curve, symmetrical around its peak, 80 that the magnl tude
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can be describded as an amplitude and the duration, as the time
interval betveen initial and terminel phases. Table 1 susmarizes
the range of primary production, amplltude 2nd duretion charac ter~
istics in mid-lati tute lagoons where year-round obhservations werse
made. The daily production ranged from 0.011 to 10.572 g C deay™!
and the annual production between 140 and 2861 g C yr~' m~2 which
conpare oell with productive areas summarized by Platt and Subba
fao (1975). The amplitude of production reanged between 2 and 289
and the duration from 2-12 msonths which are similar to the ranges
summarized by Cushing (1975) for sarine phytoplankton evea though
his valueo are based on extrapolation from cell numbers on chloro-
phyll as vwell as direct estimates of production rates using Ct*
method.

On the basis of short-tera surveys, mostly from oceanic
lagoons, the daily production ranged between 0.004 and

Teble 2¢ Primary production charecteristics of some oceamic and
coastal lagoons based on shori—tera surveyse.

Prima ion values
Individual
Negion Period of study n.‘. Amp){tuda Daily Ayl 1 tude nrujuou Reference
m C/mi/nr g C/0%/day g Uy
i 1 0.42 Sa nd Austin T949
fAongelap ato!l . roant 8 tin
u:?:aul 1.67 Sargent and Austin 1949
Fanning January 7.30-11.6 1.8 SAge Gordon et al. 1971
Majuro stol) 4.10-81.7° 1 0 Sorok in 1973
nial 1.70-12.1° 7 160-720 s Sorekin 1973 b
St. Angremn 5.10-13.8° 3 440-580 - Sorokin 1970
Lizard 19)and Reef Apri) 210-290 Scott and Jitts 1977
Tiahuru-Moores April, July, Augpst l.JO-ZZ‘J‘ S 4.3-8%0 197 18 Ricard 1977
Tekasoto Aprtl, July, t 4-31 8 19-305 H L] Ricard 1977
Yairso-Tahit! Aoril, July, Aumust 8.60-30.1* ? m Ricard 1977
Fasa Apri), July, Aupust 15.40-44.1° k]
iy 9.60-28.6° 3 26-190 ? Ricard 1976
Takapute hTu! 128-27% 2 Sournfa and Ricard 197§
THahurs July, Augst 4.3-22.% [ 4-448 18 Sournia and Ricard 1976
Yairso July. Augist 8.60-1,.7° 2 103-420 4 Sournfa and Ricard 1976
Cuif of Californis Lagoons  July. August 1-184 184 Giimartin and Revelante 1978
B Ja A8S Odum et 2. 1959
Bah{a Fosforescenta nyary ot al.
unl. fosforescents Februsry, July 4.0-900.0 228 800-8300 10 Surkholder ot al. 1967
Bahia Fosforescamte Decomber 1.0-139.¢ 13 43-96% 23 Subbe Rao ot al. (unpudl.)
Alvarado fexfco Decenber 6.0-34.0 ] Rargalef 1973
Sanore-Nexice Soring, Summer 700-12200 17 Richols 1986
Corpus Christi-Teus June, July 3300 Odum and Wilion 1962
Wadre-Texas 1110-2180 4 Copeland and Jones 1948%
ROrth Lagoon-Sermuds Mareh $4-April 66 2.0-0.0° |1 Beers_and Hormen 1963
Salymo-Chama July, September 378-2834° 7 et 1977
nakue-Chane Septesber, Oecamber 4%)-1023* 4 et 1977
Unrse-Venezuela Octaber 2400-2900 - Cosanar and Nasmmer 1962
Langebaan-Saldhans Februsry 71-February 72 261.6-985.) 3 Henry ot al. 1977
Indian
Karavate! Oecoaber 090-1212¢ Qasie and Saskaramaraye.an 1970
Karavattt Apri], Novesber, Owcember 0.43-2.49 6 Qasie ot al. 1912

ouourly rates are wultiplied by 12. * valuss are per day. Asplitude 13 calculated using Cushing's sethed (1978).

124200 g C day™? a2 and the emplitude from 2 to 197 (Teble 2)e
Production rates on individual samples ranged between 0004 and
0236 g C he—=! w3 with an amplitude ranging trom 2 to 225. Assi-
milation numbere of lagoons ranged between 1.3 end 24 vwhich are
algso similar to those for marine phytoplankton data summarizsd dy
Platt and Subba Reso (1975). Assimilation aumbers over § vere
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Table 3o Summary of sssimilatics nuambers (mg C hr—! ag—! Chl)
A) from lagoons
Region Period mg C/hr/mg Chl References
Pacific
Fanning January - Gordon et al. 1971
Moorea April, July-August - Ricard 1977

Vairao

Faaa

Takapoto

Tiahura

Vairao

Lizard Island Reef

Gulf of California Lagoons

Atlantic
Bahia Fosforescente

Alvarado, Mexico

Indian
Karavatti

April, July-August
April, July-August
August

July-August
July-August

April

July-August

February-July
December

April, November,
December

Ricard 1977

Ricard 1977

Sournia and Ricard 1975
Sournia and Ricard 1976
Sournia and Ricard 1976
Scott and Jitts 1977
Gilmartin and Revelante 1978

Burkholder et al. 1967
Margalef 1975

Qasim et al. 1972

#Calculated assuming 12 hrs day light.

observed in most lagoons,; indlicating that the phytoplankton are
not dormant populations (Teble 3).

Scope of future ressarch

On the basis of these data, 1t is evident that spatisl and tempo-
ral variations in phytoplankton production are charecteristics of
lagoons and that *iese variations are caused by a combination of
ablotic and biotic factors. Bscause of their small gize, spatieal
heterogeneity and high productivity, coastal lagooas offer conven-
ient systems for production efficiency studies. Bowever, there
are serious gaps in the ipformation from the lov and high lati~
tudese Systematic data encompassing tidal and sessonal variations
in flushing ratesy nutrient cycles; phytoplankton bilomass and pro-
duction are desirable.

A ecritique of individual methods ¢to be used Iin lagoons 1is
beyond the scope of ¢this paper but a few suggestions =might be
offtered. If the carbon—14 method 1is used for primary production
measuressnty wvarieations in the total carbon dioxide concentration
could introduce errors up to 120585 in coastal wvaters (Tatrle 4).
Vhere borate sulfate concentrations and horonisilicon retios are
different from that of ssa water, the pl, total alkalinlity, bufg-
ering capacity and solubility of carbon dioxide will be affected
so that total cardbon dioxide should be determined routinely in
lageoons. In coastal inlets, derk essimilation of cardon dioxide
ranges bhetween 20 .ad 200% of that assimilated in light, aad could
be about 25% of the sanual photosynthetic assisilation (Taguchi
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Table 4¢ CU> concentration and primary production 1In coastal

waters.
Regica Range Total CO; PRI « FRO PRI « PRG Error Reference
Temperature Calinity based on if 90 mg [100(B-A)}/A]
(°c) (Yoo) mg/L determined CO; COz/L used
ngC/hr/m?
a 8
Adristic T.16 26.61 9€ - - will be under- Foasato, 1570
estimates
9.98 38.64 i20 - -
Ca.ibbean 27.26 35.0 65.6 1.364 1.802 32 Bunt <t al., 1972
28.k2 36.0 99.9 0.738 0.81% 1
Gulf of Thailand 27.05 30.68 L1 1.49 3.78 120 Sutba Ran, 196%
31.13 33.8L 102 o 1.86 1
and Platt, 1977). Hence measurement of the dark assislilation is

necessary in lagoons. Mapping and vertical profiling of chloro-
phyll by continuous fluorometric techniques (Loftus gt aley, 18972)
can be used in the studies of phyioplankton dynamicse As phyto-—
plankton bloos communities are known to be satisfectory analogues
of sonospecific cultures; lagoon populations would he a sultable
experimental materlale A few of the dominant phytoplankton spec™
les from the lagoons can aleo be brought into culture. Studies on
the grovth response of such culturos to simulated environmental
perturbations would be interesting and instructive.
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ECOLOGICAL STUDIES IN PUERTO REAL INLET, LAGUNA DE TERMNINOS,
MEXICO:
Discusesion on the Trophic Structure of Fish Communities on

Ihalasgia tastudinum

Banks

by

Alejandro Yanez—Arancibia, Univecsidad Necional Autdonoma de Nexico

JANIRODUCTIJON

Boca de Puerto Real 1s a particular place within tho area of the
Laguna de Términos. Because of 1its environmental dynamics
(Phleger and Ayala—Castadares, 1971; Cruz-Orozco g% aley 1977),
the nature and charecteristics of its communities ( Bravo-Nunez and
Yahez-Areancibiay, 1979) and the fact that it is the entry way for
aumerous marine animal groupsy; 1t cen be considered to be the most
important in productivity and in composition of the communities in
all the internal environments of the lagoone The circulation pat—-
tern asg it exists in the lagoon originates in thils section; a hor—
lizontal gradient that diminishes, caused by the major marine
influence in the lagoon, also begins in this area. The existence
of a tide flow delta 138 the consequence of net transportation
toward the interior of the lagoone This zone is in no way a model
of a typical estuarye The work that has bheen done ... .iw Garea
showas that the light thermic and saline stratification together
with the apparent shallowness are not incidental 1n the vertical
distridution of the comamunlities.

The study of the food and feeding habits of the specles is
important for sany reasons: 1) it indicates the trophic relation-
ships of the different gpecles and indirectly an aspect of the
eneryy flow; 2) it indicates the relationship between producer—
consumer, which is particularly valuadle when thers asre different
groups of economic imrortance in the environment; and 3) it indi-
cates tho ecological relationship of the organisas, which helps in
& better interpretation of the general dynamics of the ecosystes
studisd and msore sound recommendations for the adequate adminis-
tration of its fishing resources.

Nusmsrous studies have shown that In marine ecosystess the main
source of energy Tfor the consumers comes from the phytoplanktone
Nevortheless, 1I1ln the sstuarial environment this role is shared by
a laryge diversity of primary producers (le.eo.y phyt plank ton,
micro~phytobenthos and epiphytes; sea grasses, marsh grasses, man~-
groves and eventually macroalgae), vhich have a high prisary pro-
ductivity and are "geasonally programmed” to assure a good level
of production practically all year arounde.
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The contribution of aloctone organic matter, which comes fros
the runoff of agsocliated fluvial systems, and asutochthonlc organic
mattory which is8 derived principally from the decomposition of
primary producers, 1 high and one of the typlical features of the
estuary environmente This detritus (organic matter in any state
of microtlc decomposition, potentially representing a socurce of
energy for consumption by specles) can he the basis of numerous
trophic cosplexes in the estuarine ecosysten.

In Boce de Puerto Real, the macrofauna communities assoclated
with the <fields of Thalaasia teatudipum, Halodule =rlightil and
Syrinzodius filiforse are a very significant charecterintic fea-

ture in the ecology and structure of the communities (Bravo~Nunez
and Yanez-Arancibias, 1979). At least some knowledge of the macro~
fauna community is very important 1i1in the understanding of the
whole coamunity and in this way the study intends to report on the
macrofauna associated with the communities of Ihalassia tastudinums
of the ares and in a preliminary way to dliscuss several cosmon
trophic relationships. This approach is partly based upon work
done by <the International Study Group on Marine Grasses carried
out in Leyden, Holland (Mcroy, 1973).

The sesa grass cormmaunities represent Interesting ecosysteme
because, a8 many studies have shown, they are fundamental to the
control end modification of a habitat (Fergusson Vood gt ale,
1969): 1) they can serve as food for direct grazing by such organ—
ismg as fish, turtles, gasteropods and sea~-urchins; even when not
all of thes can be digested; 2) they serve as substrata for anuser-
ous epiphytes which in their turn are grazed upon; J) they pro-
vide large quantities of detritus which serve as food for differ—
ent specles and =mjicro-organisams, which Ian their turn can ba
consumed by higher animale; 4) they provide organic matter to
initiate the reduction of sulfates and to activate the sulfur
cycle; S) they retaln sediments of the vater-sediment interphase;
6) they tend to collect the orgenic and inorganic matter in sus-
pension through the diminution of the flow of current and the sta"~
bilization of sedimenta; 7) they have a rapid growth rate and cen
produce betwveen 2.2 arnd 10 g dey velight a2 day !.

In the Gulf of Nexico the marine grass communities are found to
be represented mainly by Thalassias estudipum KXonige. Phillips
(1960 )¢ Humm (197J) and Buesa (1974) show several values which
demonstre te that the Ihalassis communities are among the most pro-
ductive ecosystem reaching up to 18,1 g dry vwelight a—2 day—!
(Buesay 1974). The recent studies by Heald (1971), Hoese and
Jones ( 196J3)y VeEe Odum (1971), VeE. Odum and Heald (1972 and
197S)y Ziesman (1970), Jones (1968)y, Brook (1977), Carr and Adams
(1973)y D°Croz gt aley (1977), Kikuchi and Péres (1977) and Hutomo
and Martosewojo (1877) show that the high primary productivity of
the Ihalasgip grass which is transforsed into detrlitus sustalns a
large varlety of consumer yroupse. At the same timey, sources of
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detritus other than from the sea grasses can be more important 1in
the trophic structure of the estusrial lagoon environmant, for
example the swvamp grasses and mangroves (Beald gt aleys 19745 Day
at glee« 1973a and 1973b; YiaRez—Arancibie and Nugent, 1977; Yanez~

Arancibia, 1978a and 1978b; Odum gt ale, 1973)e

AREA OF SIUDX
The area of study is in Boca de Puerto Real (91930°R-189S50°N) in

N

GOLFO DE WMEXICO

. .
b 12"80

fremw
OILYTA PE FLUIO
DT MARiaASs

°= Necton 2300 m?
'@‘—' Bentos 1 m?

3= Thalassia testudinum

LAGUNA DE TERMINOS o **

Fige 1 Inlet of Puerto Real, Térmilnos Lagoon, South Gulf of Nex-
icoe The principal topogreaphic and geomorphological fea-
tures are indicatede BPR~1 is the name of station sam~

plinge

the Laguns de Términos (Fig. 1). It has been described in detail
by Brave-Nufiex and YiRez~Arancibia (1979)e These suthors 1indicate
the following general characteristics for the banks zone of Iba-
lassia tastudisus in Bocea de Puerto Real: salinity of 28 to 38%,
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temperatures of 21 to 299C, oxygen of 2.6 to 6¢4 ml litre—!, muddy
substrata of a fine slime clay area with 50% to 60% CaCO3 and a
high organic content, depths up to 4 = varied and abundant
macroepltauney transparency of 64%, high availaebllity of food and

a moderate succession of wavese.

MAIERIAL AND MEIHODS

Bimonthly collections were teken between September 18976 and August
1977, The benthonic macrofauna was collected in a one =2 area
(Fige 2) aeand photographs were made with an vundervater NIXKONOS

Flge 2 Sampling benthonic macrofeuna in a 1 a2 apeae Banks of

Ibalasala tsatudinum in Puerto Reale.

camera of the Thalassia patches (Fige. 2, 3). The nekton was col-
lected in the morning and at not more than a depth of 4 m with &

shrimp dragging net 10 = long with a 9 8 opening (S = of drag
opening and mesh 3/4%)e This kind of net also collected benthonic
macroepl faunae The draggings covering e distance of 500 m which
gives a sampling area of 2 S00 w2, The samples were fixed with
formol of betveen 7-10% neutrallized with gsodius borate.

Fish wvere determined at specific levels end the benthonic
macrofauna at the levol of phylumy, family, genus and/or species,
depending on the taxonomic difficulties which presented them-
selvese The analysis of the fighes' stomachs vas made in accor—
dance with the methods discussed by YaBez-Arancibla gt ales
(1976 )¢ The observations on feeding of the macroinvertebrates wers
carried out qualitatively and the discussion based on the existing
bibliographic information in the studies by VeEe Odum (1971 ),
Odum and Heald (1972) and Day gt aley (1973a and 1973b).
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Pige 3 a) Underwvater photograph shoving folliage density and epi-
phy tese (Photograph taken by Nanuvel Guzman Arroyo ).
b) Photograph showing circular reds of Thalassias testudi-
oS in the inlet of Puerto Real.

The diversity of the fish wvas calculated in accordance with the
statement by Shannon and Veaver (1963) in order to evaluate the
diversity of all fish communities in the Thalassia tastudinum pas-
ture ares. Both the anumber and weight were used to calculate the
diversity. (Vilhmy 1968; Marshall Adams, 1976a; Bravo-Nunez and
Yafiez—Arancibia, 1979)e Many scientists agree that it ssems to be
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more logical to calculate the index o7 diversity in the blologlical
mang, since the energy of the scogsystem iag governed 1in terms of
biomass and/or calorimetric uniteae

In the conceptual, models of the trophlc structures, only the
groups In the fishes gstomachs are conslidered.

BESUVLIS
ERIMARY PRODUCERS

At Boca de Pusrto Real the following groups are evident? 1) Iba~-
lasnis iestudinup marine grasses, secondarily associated with Hal-
odule wrightlil and Syringodium filjiforme 2) epiphytes on Ihalassia
leaves, J) not very abundant Phaeophicea and Rhodophiceae macroal~-
gae with a predominance of Graclilaria confervorides end MNurravela,
4) microphy tobenthos vwhich Iinclude benthonlic and epiphytic
diatomsy; fllamentous algee, and S5) phytoplanktone Primary produc-
tivity values that consider all primary producers in this ecosys™
tes are presently unknowne.

Nothing is yet known about epiphytic and benthonic diatoms, but
previous studies of other simllar aroas indicate that the diver—
silty and the biomass of these groups could be very lmportant (J.Ve
Day 9t aley 1973b; Humm, 1973)¢ For plankton studies In the area,
see Silva-Harcenas (196J3), Gomez-Agulrre (1965a, 1965b, and 1974),
Suarez—-Castro and Gomez-—-Aguirre (1965), Loyo-Rebolledo (1965 and
1966), and for studies on marinoe grassesy, see Hornelas (1975) and
Botello and Mandslllil (197R8)e.

lDetritus

The concept of detritus has been fully discussed by FePe Odum and
De la Cruz (1963) and the groundwork laid down by Darnell (1967a
and 1967b), Heald (1971) and Heald 3%t ale (1974), Detritus repre-
sents a significant store of available eneryy as food in sany eco-
systems guch ag: estuarien, salt wvater swamps, ground communities,
voods, temperate lakes., tropical lakes, rivers, and even the open
ocean (VeEe Odum,; 1971)e This organic matter undergces transpor—
tation, veried processes and uses, and correspondingly, as its
rate of decomposition increasges, its level o0f nutrition Increases
(EePe Odum and De la Cruz, 1967; FPergygusson Vood 9t aley 1969;
Heald, 1971; Fenchell, 1970 and 1977)e

The microblc process of decomposition of cetritus and its subp—
sequont use as a food source can be summarized in the following
manner (Fige 4) for Boca de Puerto leal:. The detritus is attacked
by bacteria and fungus which begin the oxidation, hydrolysis and
assimilation of the basic structural carbon of the detritus parti-
clese As this process continues he bacteria are continually
grazed by protozoa (generally ciliate) generating a relationshlp
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MATERIA
ORGANICA

Plge 4 Diegram showing a conceptual model of path~way of energy
flow throughout the common trophic relationships among the
componente of the detritus in the inlet of Puerte Real.
The relatiocaships betwveen "Protoxoa~Bacterie~Fungi-Detrl~-
tus” 1e really s microtrophic structure within the general
food web. The origin of detrltus, processos, and results
are indicatede. (Cillados=Ciliates; Hongos=Funglil ).

{ protozoa—basteria~fungi~detritus) which representis a potential

valuable food gource for other members of the comamunitye This
relationship is really a Ymicrotrophic structure” within the gen-
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eral trophlic structure of the ecosystem In question since ¢the
whole microscoplc complex 13 ingested by the detritus eating
organisms and sea bottom feedersg in general.

The trophlc significance of the bacteria and funyl in fish,
crabs, insect larvae, amphypods, mollusecs, and others has been
studied by numerous authors, and W.Ee Odum (1971) and Yanez—Aran-
ciblia (1978a) dive a summary of the majority of these studiesfe.
Sonme animalr consume bacteria and fungl directly as food but oth-
or- iIingest thom as a digestive ald in order to wmetabolically
reduce another type of foode.

Zaoplenkton

in estuary environments the main diet of the copepods is compoged
of microalgas and detritus and, by definitlon, bacteria, ciliate
protozoa and fungus associated to it (Green, 1968; JeVe Day at
aley 19753a and 1973b; VeEe. Odum and Heald, 1972 and 1975; Reeve,
1975; Heinle gt aley 1976; Yénez—Arancibia and Nugent, 1977). As
wvell as the herbivorous aend/or detritus eating copepods, there are
carnivorous copepods. Jellyfish, quetognats, ctenophores and sev-
eral tishes (larvae and youny) are the most important carnivores
of the zooplankton in Boca de Puerto Real (Fige 5)e

Flge S schematically represents zooplankton of five mailn groups
present in the aroe (copepods, meroplankton, ctenophores and sci-
foxoa, ichthyoplankton and chaetognaths) as Hconsumption unit;
coapetition and predator®. The main energy source for thlis unit
comes from phytoplankton and from detritus vhich originates fundea-
montally from Thalessia testudipume For studlos on zooplank ton in
the area,; seeo laguarda-Figueras (1967), Gomez—Aguirre (1974) and
Canudas Gonzales ( 1979).

Zoobaenthos
Foraminifers

Very recent studies have considered thelr significance in the
lagoon—estuarial trophic chalns, among them, the studies by Lipps
and Valentine (1970;, Lee and Muller (1973), Le Furgey and St,.
Jean (1977 )e At Roca de Puerto Hoal Ayala—Castanares (1963) and
Phleoger and Ayala-Castanares (1971) determined a i roup of foramin-
ifers which gave the name to "Biofacies de Golfo Ablerto", charac-

terized by many speciese.

Bacterlia, benthonic diatoms, algae and organic detritus
(Flge 4) constitute the main food of the foraminiferae. Flge 6
schemetically represents the probable common trophic relationships
among the groups of benthonic micro and melofaunae. JeVWe Day gt
ale (1973b) discuss numerous studies on the productivity of the
foraminifers in estuarial environments and suggests that the
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Diagram showing a conceptual model of pa th—wvay energy flow
throughout the eommon trophlic relationships among the com—
ponents of the zoaoplankton in the inlet of Puerto Reale.
The five principal groups inside a “consumption—-competi~
tion—-and predation unit® have besen indlicatede The “"unit®™
has two principal entrances of energy,; lese¢s phytoplankton
and detrituse.

organic matter ig found in direct relationship to a large number
of foraminifers In the sediments. Nichols (1974) on the other
hand, demonstrates the great value of the foraminifers not only in
the trophic structure but also in the Tclassification of estuar~

les®.
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Fige 6 Dlagram showing a concoptual model of path-way of energy
flow throughout the common trophic relationshlips among the
components of the gicyo—- and mglo benthos in the inlet of
Pusrto Reale The six principal groups ineide a “consump-
tion~competition—and predation unit¥ have been agrupa tede
The “unit” has three principal entrances of energyey 1e0e,
detritus, zooplankton and ailcrophytobenthose.

Ciliate Protozoa

The ciliates are found assoclated with sediments and detritus of
vascular plantse Probebly the protozoa Iin general are eaten by
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higher organisgms when these ingest detritus and particles oi
sedimente YeEe Odum (1971} and Veks Odum and Heald (1972) glive
information on feeding hablits of Florida cilllates in an sstuary
with a salinity of 12%. Narron—-Aguilar and Lopez~Cchoterena
(1869) 1o May 1964 lound numerous specles of ciliates in Boca de
Puerto Real in 3 salinity of J8%.

The trophic relationships of tha clliates and their relation-
ships with other coaponer.ts of detritus are schematically repre-
sented in Fig. 4.

Ogtracods

In general, the meiochenthos (le.oe.; nematodes, ostracods, swmall
poligquets and olluoquetsy, amphypods and copepods harpacticoids)
er® poorly knoen in estuarial systemse. Nevertheless, JeVe. Day et
ale (1973p) syntheslzes what is known on these groups in estuar-
lese

At Boca do Puerto Realy LMNorales (1966) found numerous specles
of ostracoda. Pennak (1953)y VeEe Ocdum (1971) and ¥V¥ele. Odum and
Heald (1972) have shown that ostracods eat bacterla, fungl, atgae
and fine particles of vegetable detritus ( Yanez—Aranclbia, 1978a).

Micromolluscs

Small bivalves and gastropodsa are common on Thalassia testudipum
leaves in the Boca de Pusrto Real, Garcla-Cubas (1963) has found
numerous sgecles. These specles commonly feed on benthonic
diatoms, eplphytes, filamentous algae; detritus and small animzls
that colonize the films of eplphytes.

Nematodes (Asquelmints)

Undetermined nematodes heve been found as parasites in somée kinds
of fishe Others have appeared {nside the abdosinal cavi‘iy and
since they don't have any mouth skeleton nor cuticle rasistent to
digestive juices, it 18 suygested they are free living nematodes
which filah obtain as food fros the melofaunae. They are not abun~=
dant as food and are difficult to quantify and analyze taxonosi-
cally bhecause of the rapid digestion they underyo. Heald (1971)
and VeEe Odum and Heald (1972) consider that the newatodes scolog-
ical role in the estuary communities i@ most important as an agent
in the processes of decomposition of the vascular aquatic plants!'
leavese. JeWe Day ot ale (1973b) synthesizes the wmost possible
inforvation on estuarine meiobenthos 1In general. Detrjitus and
bacteria are the nematodes' main foods Othesr undetermined acan-
thocephalan, apparently carnivorous, can be found among the ben~—
thonic meiotauna in the area. It 18 not possible to atate pre—
cisely the trophic value of nematodes for higher yroupse.

=201~



Hydrozoan

Some unldentified, colonizing hydrozoan were found in the stomachs
of certain fishe These colnniles are common on Thalassia testudi-
num Thalassia testudinup leaves, but they are not ugualli; very
densse. They are not significanily important iIin the diet of most
?ishege The hydrozoans eat copepcde, ostracods, meroplancton,
detritus, bactoria and ciliate. Ths genus Chella mesm to be the
P38t represented among thesge unidentified hydrozoanse.

Bryozoan

Undetermined bryozoan (Ectoprocta) have been f-cquently found on
the Thelansia testudinum leaves in very charaecteristic coloniese.
They are difficult to qua.utify esnd to Jeteramina taxonowlically and
their value ags a trophic group can't be preciszly atated fur sev-
eral fishee, though 1t is thought that it mumst be insgignificant.
The distribution and ecology of these groups hag been studied by
Sandberg (1261 ) and ¥Winston (1977). The bryozoans eat copepods,
meroplenctony detritus, bacteria and cilliate.

Nemertean

Some upnidentifled nemertean vere found on the stems or folliage

groups of Thalsgamia testudinum and also In the nearby sedimente

They are ugually not abundant and algo are difficult to determine

taxonomicallye. Certain earlier cocbservations indicate that the
nemerteans® princigle food 1s de'ritus and the assoclated micrc -
flora and feunae. It {8 not possibie to state vrecisely 1ts

trophic value for higher groups.

Porliferan

Studies on sponges ir estuarial systems are practically unknown
(Nunez-Fernandez, 1978)e Thls author reports different gpecies at
the Boca de Puerto Real and from other ereas of Ihalassias testudi-
aume

The porifsrans' main fooa ig bacteria and particles of organic
material in suspensione Flge 7 schematically represents the prob-
able cosmon trophic reletionships among the benthonic macrofaunae
Nany of these groups can be situated within "unit of consumption,
competiony and predation".

The study of the stomachs of asome fish has revealed the prea-
ence of sponges among the macrofauna. Nevertheless, sponges do
not seem to be gquantitatively a very important part >f the dlet of
fimhe
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Diagram showing a conceptual model of path-way of energy
fley throughout the common trophic relationuhips among the
components of the pacre banthos in the inlet of Puerto
Reale MNany different groups inside a “consumption—cospeti-
tion~and predatio: unit™ have been indicatede The “"unlt®
las sever principal entrances of energys 1l¢0e¢y phytoplenk—
tons macroalgae, microphytobenthos,; Thalazslas tastudinuss
detritusy, zooplackton and micro— and meiocbenthose (Eri-
zos=Sea Urchins; Eson jas=Sponges; Cangre jo=Prawna; Estrel~-
les=Sea Stars; Jaibvas=z=Crebs; Ofiuros=0phiuroids; HRole-
turs=Rolothurians; Ascidias=Ascidians).
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Anielldan

Some polychesetes appear relatively frequently in fisheg' stomachse.
They have predoulnantly been from the femilles of Nereidae, Cirra-
tulidaey Serpulidae, Arenicollicdee, Sadellidee; Splonidae, Orbinii-
daey Syllidae, Onurhidae.

VWeke Odum and Heald (1972) suggest that soms polychae tas ner—
elds characterigstic of estuarial envirocments in Florida are omni-
vorous and eat vegetable detritus, algae sand occasionally small
crustaceans (copepods and amphypods ). At Boca de Puerto Real ser-—
pulics and sahelide are generalily carnivorous and arenico'ids and
nerelids are omnivorouse.

Yery little Information exists about polychastes iIin estuarlal
syatemse JoV. Day ot ale. (1373b) synthesizes what 1s Lknown about
them in estuarles in the Gulf of Mexico fiom the point of view of
standing crop end respiration. Marron-Aguilar (1975) enumerates
numerous sgecier of polychaetes for Boca de Fuerto Real.

The polychaetes represen:t one of the most important macrofauna
groups among the benthonic msacrofauna for thelr diverslty; denslty
and biomasse

Macromolluscs

Bivelves and gastropods have heen comamon but not in great densi-

ties in thce flelds of Thalassia testudinum in Boca de Puerto Reale.

The bivelves eat detritus and organic matter in suspension and/or
sedimentation; phytoplankton; eplphytic diatoms and lnorganic sed-
imente. The gestropods generally are omnivorous foeding on detri-
tus, phanercgams, eplphytlic algas and sanll organiems cof micro and
melobenthose Some gastropods are carunivorous being prodators of
other molluscse.

Numerous filshes feed upon benthonic molluscs in Boce de Puerto.
Real. Two specles of cephalopods (an Ogctopus s#pe and a squid
Loliguncula brevis) are common at Boca de Puerto Real. Both are
conaldered among the componentas of nekton and have excluslively
carnlvorous habits feeding on Penaseus eppe, other macroinverte~
brates and small fish including larvaee In Flge 8 the position of
the cephalopods in the 4th trophic level of the structure of the
communities of Ihalassia testudinum 1s schematically repressntad.

Crustacean
Copepods, ostracods, isopodsy; amphypods, decapods ( Portunidre,

Penaeldae, Paguridae, Xanthidae, Grapsidae, Alpheidee, Porcelani-
dae, ard Majidee predominanting) were found in this groupe

-204-



TN

N

. ahd®

b ¢

®

'€

Plige 8 Diagrae shoving a conceptual model of general food wed of
comaunities associated with banks of Thalagsia testudinuas
in ths inlet of Puerto Real. The path-way of energy flow
throughout the commson trophic relationships 1e indica tede.
The food web has four trophlc levels. The values of flsh
biomass correspond to the addlition of blomass obtalned in
each monthe { Aves=Birds).

Copepods

These wers considered sarlier among the compononts of the zoo-
’l‘ﬂkt” (Fige 5)e.

Ostracods

These were considersd earlier among the benthonic micro and melio-
fauna (Plge 6)e

Isopods

Some ilsopods hawvse besen found living among the Thalassia ftastudinus
leavesy; but even sore frequently on the msacroalegae Gracilaris
confervoidesg vhich are occasionally found among the patches of

. Studies in Florlda estuaries have shown that the
digestive tract of scee lsopods contains micrcalgae and particles
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of detritus arnd feed mainly at nlght, Othor srecles in that same
area feed on small particles of vegetable detritus, inorganic sed-
iments and gsome benthonic diatomse. Yanez~Arancibia (1978a and
1978b) also found isopods but did not record either genus or spec—
ies in the coastal lagoon of Guerreroes Those in Boca de Puerto
fsal have not heen detormined either.

Amwphipods

Somoe amphlpods lliving among the Ihalassie testudinum leaves have
been found, but even more frequently on the macroalga Gracllaria
confervoides which are occaglonally found among the patchss of
Ihalasslee On cortain occasions they are very numerous and may be
important in some fishes' diets. They mainly feed on vegetable
detritus and benrnthonic microalgae, with assoclations of microfauna
of detritus. WeEe Odum (1971)y WeEe Odum and Heald (1872) and
Hargrave (1970) suggeat that thig feeding hadbit 1s due to the
abllity of gamarid amphipods to nourish themselves on the microor—
ganlisms assoclated wlith detrituse

Nejither genus nor species were determined at Boca de Puerto
Reale.

Decapods
Different families were found within this groupe.

Palemonidas. Fow examples of Palemonldae have bheen found in

the Ihalaasia testudinus fields of Boca de Puerto Real and Ense-

nada Punta Gordae The food of this group in estuarial systems 1is
bagsed on microfauna, vegetableo remains and detritus. VeEo, Cdum
and Heald (1972) have discussed RAunt’s study (1953) and Kawanabe
at ale. (1865)¢ They have indicated that in general, the spe~les
of Palaemonetes feed on filve trophic groups: 1) loorganlc parti-
cles, 2) organic and Ilnorganic particles of the slze of clay,
which probably contain organic colloidal substances,; 3) benthonic
diatomgs dinof lagellates, green and blue-green filamentous algyae,
4) particles detritus of vascular plants coming from rushes and
mangrove bushes and S5) animal remains such as ostracods, amphypods
and copepodse The fungl, bacteria aanad protozosa are Iingestaed
together with numbers 1) and 2). This g4roup of decapods can be
considered scarce in Boca de Puerto Real and hasn't been Lapre-
sonted in Flge 7.

Penaeidaes According to Signoret (1974) four species of shrimp
have been detected in Layguna de Terminose

It is deduced from studies by Idyll (1967), Dall (1968), Far-
fante (1968) Sastrakusumah (1971)y VeEe Odum and Heald (1972) and
Yénez-Arancibia (1978a and 1978b) that sahrimp are omnivorous, thet
they feed on small animals they can easily capturs (ostracods,
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foraminlfors, micromolluscs, polychaetes end harpacticolides
copepods; unicelluler ana fillamentous algae, particles of sediment
end detritus such as bacteria, yeast and fungi ).

Portunidae. Thore ure at least three sGpeciess o0f thin fumily In
the arsa (Cededo, 1976)- From the studias by Darnell (1958),
Tagatz (1968), YeEs Odum and Healda (1972), JeWe Day et al.
(1973) and Yanez-Arencibie (1978a and 1978b) it i1ig known that por-
tunids behave preferentially as carnivores but they elso ingest
sose detrltuse They can sat molluscs, crabs, fish, other crusta-
coans, annel ids, insects, briozos and amphypodse.

Crabsge Different crabs of the Porcelanidae, Paguridae, Gecar-
cinidae, Grapsidae, Xanthidae and Ma jidae families are found among

the Ihalassla testudipnum flields. Nejither genus nor species have

been dotercined at Boca de Puerto Real; thes divargity and distri-
bution of thig group in the area has been given greator attentione.
Yanez—Arancibile (1978a and 1978b) considers some crabs in the
coastal lagoons of Mexico's Pacific Ocean, finding that they fecd
on smell organisms they can catch, veygetable romains and detrlituwe.
Like Cuban crabg, these crabs tend to behave as carnivorese. WeEe
Ocdum and Heald (1972) found In Florida estuaries that some crabs
Yed on vegetable detritus, amphipods and harpacticolds copepodse
In Fige 7 the deoecopods end thelr common trophic relationship 1in
Boca de Puerto Real are schematically represented, based on the
fact that the crabs which live there behave predosinantly llke
carnivores,; but without dismissing the fact that, depending on the
avallablility of food they can also ingest detrltusg. [t is impor-
tant to conslider hermit crabs in this last regpect.

Echincoderms

This is exclusively a marine group and for that reason their dis-
tribution in the Laguna de Terminos would delineate the zones of
ma jor marine influence and relative stablility in relation to the
salinitye In Boca de Puerto Real numerous examples of Thalassla
testudipum flelds still buried in sediment (holothurlans) have
been founde Vith the reference of Caso (1961)y, the collection, in
a preliminary form, of representatives of Asterolidea, Ophiuroidea,
Echinoidea end Rolcthuroidea has boen revised.

Mataul (1968) and Fujl (1967) have found that the echinoderms
preforably fsed at nighte Buckle gt agle (1977) egtudied the reed-
ing of aea urchins in captivity and found that they prefer

macroalgae.

Of the four coastal echinoderm groups, sea urchins ars predomi-

nantly herbivores in legoon—estuarial systomse. Several earlier
observationg indicate that they graze on macroalyse (Phasophiceae
and Rhodophiceae), microphytohonthos and marine ygrasses of the

Zoostera ard Ihalassla types (Fargueson Vood gt aley 1969)e
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Others 1eed on microorganisms of sicro— and meliobenthos and
eventuslly on detritus. Starfish are predominatly carnivorous,
feeding on different macroinvertebrstes that they can capture.
Rolothuriang ere omnivorous, feeding on micro- and mejiobenthos,
sicrophytobenthos and detritus.

Urocordads ( Ascidles!

This has been one of the most characteristic groups in the fields
of Ihalassias testudinum in Boca de Puerto Real. Nevertheiless 1l t-
tle 18 known about these species in estuarial systems. (See the
study by Solig-Volfowitz, 1973 in Laguna de Teé#rminos)e. This
author initialily reported divergse solitary and colony specles for
Boca de Puerto Real. As well as the stoms (folliage groups) and
leaves of Thalassia., the ascidlun ses other substrata guch as
macroal;me Murravele spe, Gracllarie confervoides, Caulerpa spey

but they can algo grow on mollusc shells and polychaste tubese.

The Ascidias®® food 18 based on microorganisas that ere able to
filter out from the phyto- and zooplankton come wicro— and meio—
benthos organisms and organic matter iln suspensione

Nekton

Thirty—one specles of fish and 2 cephalopods (one Octaopus spe and

one squid Loliguncule brevian) vere collected during the year in
accordance with the three ichthyotrophic categories proposed Ly

Yafez—Arancibla (1978a and 1978b) for <the nektonlc lagoon sstua—
rine communities (figh)e. The specles studied here are grouvpod in
this wenner (see Bravo Nufhez and Yanez—Arancibia, 1979).

1) Firet Order Consumere (Type 1 Fish)

Included in ¢this cateygory are:? a) planktophags (phyto—~ and/or
Zoo-)y b)) dotritus eaters (and other vegetable resains), and c)
omnjivores (detritus, vegetable amd small sirzed animals). This

group includes: dnchoa hepsetus hepsetus, Euclnostomus gula,
Chastodon ocellatum, and Novaculichthvs infirmuse

2) Sscond Crder Consumers (Type 2 Fish)

Included in thieg category are predominantly carnivorous fish, even

when they eat small amocunts of vegetables and doteitus, This
group includes: Arxius fells, Gobhiesus sirumosus, QOrthoopristia
chrysonterus, Q._poeyvl, Anigotramus suripamensis, A AR

cslon dentex, Corvyula sanciaeluciae, Nopacanthus hispiduss
Me_cilliatus, Lasctophrys tricornls and end Diodon hystrix.
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3) Third Order Consumers (Type J Fisgh)

Included in this category are figh which are exclusively carnivo-

rouss This group includes: Urolophus .amalcensis, Hippocampus

Le_grimssus, Cynoacion nebulosug, Sphoeroides isatudipus,
Se_marmoratus end Chilomvctarus achoepfli.

This categorization demonstrates that in Boca de Puerto Real
there are four primary consumers (13%), 17 secondary consumers
(55%) and 10 third order consumers (32%). This annual balance
changes seasonally (Fige 9) basically for two reasons: 1) when
under the circumstances some secondary consumers behave as third
order consumers due to the availability of food, coampetition, age
of fishy eotcCey 2) due to the succession of sapecies during the

BPR-1 CATEGORIAS ICTIOTROFICAS

PRIMEIR ORDEN I

SEGUNDO ORDIN ]

B ] TERCEIR ORDEN

ESPECIES

siP ocY (L1} MAR MAY AGO

Flge 9 Temporal variations and proportions between the throe
lchthyotrophic groups inside the trophic structure of fish
communities associated with banks of Thalagaila testudinum
in the inlet of Pusrto Reale. (Categorias Ictiotrofi-
cas=Ichthyotrophic Categories; ENE=January; AGO=August).

yeare Nevertheloss, throughout the year the communi tiee are sus-

tained by structure an? function of the second order consumers
(Fige 9)e
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Bravo~Nunez and Yanez-—Arancibla (1979) discuss these lchthyo-
trophic categories in dateil, thelr community components and thelr
seasonal veriations, comparing them with other communl ties in the
area.

The community components have been characterized In accordance
with their frequency in the samples and thelr geasonal variation
thus holng determined in three categories in the following mannere

1) Occasionel Visiting Specles

This category includes those fish with 1less than 20% frequency in
the seamplese. This group includes: Urolophus .amsicencis, Anchos

rousgeayy Lutliapnus sypagrisy Qrthoprlstis poeyvi, Anlscatiremus
apleniatus, Eguetus acuminatus, Chaetodon gcellatuss Novaculites
intirmus, Mopacanthus clliatusy Lactophrvm fricornis. Sphosroldes
mermoretus and Goblesus stromogusge.

2) Species 1in Transit

This category Ii1includes fish between 30 and 70% frequency Iin the
samplese Thls group includes: Arius fells, Epinephelus guttatus,

losuss Odontosclon dentex, Momnacanthus hisplduss Sphoeroldes lesn~
ludinus and Chilomsvcterus achoeptl.

J) Permanent Inhabltants

This category includes those figh which appear at a frequency of
80% in the samplese. This group includes: Orthopriatis chrysop™
tarus, Haemulon glumieri, Archosargus unimaculatus and Corvula
sapctae-luclag.

This categorization shows that {in Boca de Puerto Real
15 occasional vigitors are present (48%), 12 gpecles 1In transait
(J9%) and 4 permanent residents (13%). This annual balance
changes seasonally (Fige 10) and partly explains the gquantitative
seasonal variation of the lchthyotrophic categoriese. In accor-
dance with Figse 8 and 8 the communities are sustained throughout
the year by structure and function of ths sasscond order consumers
and specles in translt.

Bravo~Nunez and Yanex—Aranclbia (1979) discuss in detail the
succession of nektonic communities, thelr speclesy, Iichthyotrophic
categories and comsmunity componentse.

In Fige 8 the probable common trophic rslationships among the

component groups of the four trophic levels considered in Boca de
Puerto Real are schematically represented. Flige 8 (msee Discus-
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Fige 10 Temporal variations and proportions betwesn the three
kinds of communlity components (Occaslonal visting fisgh
specles, fish species in transit, and permanent inhabi-
tante )e Fish coamamunl ties associated with banks of Thalas-
gia testudinus in the inlet of Puerto Real. (Componentes
Comunitarios = Community Components; ENE = January; AGO =
August)e

sion) represents &a synthesis of Fige 4, Sy 6 and 7 considering
nekton also as one of the principle community components.

DISCUSSION

In Mexlco there are very fev previous studies on Ihalaasia testu-~
digpum in generale Lot (1968, 1971 and 1973) emphasizes the impor-
tance and present knovledge of the marine phanerogams in Nexicoe.
Chavez gt aley (1970) includes information on marine grass flelds
in his studies on banthonic reef communities in Veracruze Horne™
las (1975) in the same ares of study looks at folliage density,
blomass (dry weight), index of leaf area and morphometric differ~
ences in the leagth and width of the leaf., Jordan gt ale (1978)
and Nugent gt al. (1978);, in studies on the Nexican Caribbean
coast has latroduced new observations for Thalasslia testudipum in
relation to the ecology of the areae.

The latter study 1g one of the most interestiang becauss the
biomass obtained (13«1 to 928 g m—2, with an avereage of
429 g n~2, dry weight) is congsiderably lower than that obtained
by other investigators in other regions of the Gulf, Caribbsun and
adjacent zones (Table 1). Neverthelese, the biological mass val-
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Table 1le.

Velues of biomass of Ihalasgla tastudiogum in

Nexico and Caribbean Sea

the Gulf orf

Leaves (g s 2) Roots (g m—2) Total Locality References
biomass
Range Avge Range Avge
10-740 340 Cuba Zlieman
(1975)
138-857 450 §$40-7390 2800 3250 Pusrto Rico Ziewan
(1972)
700-1800 &30 2200-4300 2830 3660 Florida (1) Zieman
(1975)
J30-230 126 Florida (1) Zieman
(1975)
80-650 280 Florlida (2) Zioman
(1975)
) 700 Veracruz Lot (1968,
1971)
198 597 795 Texas (3) Hornelas,
8t aler
1975
187 402 559 Texas (4) Hornelas,
at ale,
1975
119-214 164 247-463 341 505 Texas Hormelas
1975
56~94 5 49-244 118 193 Veracruz Hornelas
1975
73~-117 112 168~-406 270 382 Campeche (S) Hornelas
1975
0.92-4+.4 J.21 Je 21 Plorida (1) Thorhaug &
. Roessler
(1977)
13-93 43 43 Quintana Roo Nugent
et al.
(1978)
(1) = near coast (4) = Fln and Fesader
(2) = far off coast (5) = Laguna de Terminos ¥
(J3) = Ranson Island
uee of Ihalaasia tegtudinum are quite variahle even in the same

area (Zieman,

1977);

1975
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Determination of the biomass as a measure of productivlity 1is
very important for the detormination of the amount of energy that
flows through a food chaine In the case of Thalnssgla it is known
that more then 90% of ita energy is transferred to different
trophic levels through detrituse [Its growth and defollation 1s as
rapid es 1ts decomposition, which 18 very high, and predacity
(grazing) reduced, (Jones, 1968; Zieman, 1968 and 1970; Fergusson
Vood @t aley 1S69)c On the other hand, some mearine grass systoms
produce more organic matter than 1is able to be used by the con~
sumer populations and it is reasonable to think that there is a
large exportation of detritus towvard nelghboring ecological sytems
{s8ee Thayer and La Crolx, 1971; Thayer gt aley 197S).

The importance of marine grass as modifiers and controllers of
ecology in their areas 1s brought outy, and 1n this asgpect Lt is
interesting to emphasize again the 1lmportance as epiphyte and epi-
zoa environments ( Hummy 1973; Orth,y, 19735 Marsh, 1973) as tostl-
mony of some pollutants (Botello and Mandelll, 1978) and as modi-
fiers by biological action in the general marine geology of their
areas (Thom, 1969; Phleger and Ayala—Costaﬁaros, 189715 Cruz=Orozco
et aley 1977). These latter studies refer {n particular to the
area of these studies and are very good observations on the eco~
logical aspects of "Ihalassla vse geological habitat". Neverthe~
lesgs, nothing 1s known about the epiphytes of Thalassia in Laguna
de Torminos (l.e.y microphytobenthos in 4eneral) but it is reason-
able to suppose that for the variety and size of biomass, they
have a very Iimportant significance in the ecology of the lagoon.
Hume (1973) states that the large diversity of eplphytes 1ls evi-
dent and also in blomass can be greater than the leaf which serves
thens asgs substratae.

The primary producers in Boca de Puerto Real are represented by
marine yrasses (le.e. Ihalasaia tastudinum, Halodule wrightii and
Syrinsodius Liliforme )y macroalgae (i.es. Phaephiceae and Rhodophl-—
ceae¢ predominating Graciliaria confervoldes), phytoplankton

(numerous specles) and microphytobenthos (i.e. benthonic dlatoms,
epiphytic diatoms end filamentous algao, presumably well repre-
sented in diversity and blomass)e.

Cf the earlier known observations on Thalassla testudinug on
Mexicen coasts, none refers to trophic structure of the communi-
ties (Yanez—Arenclbla, 1975, 1975a and 1978b; Yanez-Arancibla and
Nugent, 1¥77), which makes 1t difficult to make compariscns with
trophlc structures in tropicel layoon—estuarine eocosystems of
other latitudes as in the studies by JeHe Cay (1967), Qagim
(1970), De Sylva (1975) and Brook (1977)s Similar studies in Mex-
1co refer t» characteristic ecosystems of mangroves (also present
in Laguna de Términos but not in Boca de Puerto Real) and in them
is found e coxparative bibliographic reoview of gimilar studies in
other latitudes ( Yanes-Aranclbia 1978a and 1978b; Yanez-Arancibla
and Nugent, 1977; Amezcua—Linares and Yanez—Arancibla, 1980),
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Becauss of the envirconmental dynamics of the arsea, the net
traensportation in Boca de Pusrto Real {38 toward the interlior of
the lagoone This situation lets us agsume that the =ma jor portion
of detritus in suspension and that the sedimentation preoesent there
both come from the decomposition of Thalassia testudinume The
detritus “hich comes from Rhlzophora mangle has its origin and
digtribution toward the interior of the lagoon.

Frow Flgse 4, 59y 6 and 7 a trophic structure characterized by 4
trophic levels (Filge 8) can be synthesized.

Primary producers are located in the 1lst level of the marine
grassesy phytoplanktony; macroalgese and microphytobenthose. The
orlgin and output of detritus is also included.

In the 2nd level the primary consumers are Llocated in complex
trophic relationships (Figse 4, 5, 6 and 7). From the microbiots
aspoclated vwith the process of formation of detrltus: bac terla,
fungl and nema todes, as well as macro-, micro— and meliobenthos
including ostracods, foramniphers, nomertins, asquelmints, gastro-
pods, bivalves, crayfish, shrimp, holothuriansy, ophiurs sea-ur-
chins, annelids,; polychaetes, ascidia, porifers, amphipods, iso-
podss crabs, herbivorous copepods, bryozoa, fish larvae,
meroplankton and primery consumer fish (type 1 fish) wi th
4 npecles.

In the 3rd level are the carnivorous invertebrates of zooplank~
ton (copepods, Jellyfish, ctenofers and quetognats), and of the
boenthos ( gastropodse, polychaetea, annelids, starfish, crabs,
hydrozoa )e The main components in this level are coposed of
17 species of secondary consumer fishes (type 2 fish).

In the 4th level sre 10 species of consumer fish of the third
order (type J fish) and aquatlic birds of the area and cephalopodse.
This trophic atructure (Fige 8) 18 present during the whole yesar,
but it is probadble that some insignificant seasonal variations are
manifested by succession of several specles, a situation that
unfortunatoly was not detected in this studye. The stability of
the componente is characteristic of the communities of Thalassia,
reflecting the reletive stability of the environmente. This con-
trasts notably with the coastal lagoons with ever—changing
entrances where the trophic structure rarely varies cyclicallye.
The only reference with respect to the latter 1s constlituted in
the study by Yanez—Arancibies (1978a and 1978b). Fish are one of
the components in the trophic structure of the coastal lagoons and
estuarles and thelr ecological role has beer fully discussed by De
Sylva (1975) and especlally by Yanez-Arancibla and Nugent (1977).

In Table 2 the bhiomass of the fish communities in different

marine grass ecological systems of North America can be comparedes
Two aspects are inteoresting to discuse in this sense: 1) appar-—
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Table 2. Values of bilomass of fish communities in estuarine sys-—
temn of North America
Range Avge Locallty Refesrence
0+.76 g dey w m—2 0e¢76 Long Island Sound Richard (1963)
120 g dry w m—2 120 Lagunas Madre, Texas Hellier (1962)
0.40 g dry w m—2 0.40 Guadalupe Bay, Texas Noseluy &
Copeland ( 1969)
0,04-0.40 g dry - Rhode Island Nixon and
v m2 Oviatt (1972)
1¢20 g dry v m—2 - New Port River, Kjelson
North Caroline at ale.
590 g woet w m—2 - (marsh areas) (1973)
0.30 g dry w m—2 - New Port River, Kjelson
North Carolina at ale.
150 g wat w w2 - (estuary) (1973)
008-2.,18 g dry 133 New Port River, Thayer
v o2 North Carolina o2t ale
(Phillips I1se.) 1975)
150 g dry w m—2 1.50 New Port River, Marshall
North Carolina Adams (1976a,
by c)
060-1S.2 g wet J.10 Card Sound, Brook
v w2 Florida (1977)
0e97-2623 g wet 133 Puerto Real Bravo Nunez &
v m—2 (BPR-1) Yanez—-Arencibia
Campecho, Mexiceo (1978) & this
s tudy
0.18-10.92 g wet 2.02 Puerto Real ( BPR-J) Bravo Nunez &
w m2 Campechey, Mexlico Yanez—Arancibia
(1978)
38¢8-66.7 g wet 49.9 Chautengo Lagoon Yanez-Aranclibla
w m2 Guerrero, Mexlco (1980)
215431 g wet 29.3 Tres Palos Lagoon Yanez—-Aranclibia
v a2 Guerrero, Nexico (1980)

ently the marine grass fields are efficient ecological systeams to
convert energy froa solar radlation to that of a form capable of
sustaining important fish populations, and 2) the blological mass
of fish ls considerably less than the biological mass of Ihalassia
iestudinug in Laguna de Torminos (Table 1) Therefore it is rea-
sonable to suppose that an excess of IThalassla organic matter una-

ble to be used by consumers is produced, vhich s deposited and
retained in sediments but must also be exported to neighboring
ecological systens. Thayer ot ale. (1975) and Marghall Adems
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(19768, 1976b and 1976¢c) have discussed the quantitative resul ts
of the latter aspect for a similar problem in fields of Zoatara

amaringe

The temporal digtribution of the total standing crop of the
fish communities (gram humid weight per square meter) is discussed
in the study by Bravo-Nunez and Yanez—Arancibia (1979)e In this
study en animal range of bilomass of 0.97 g u~2 (January) to
2¢23 g =2 (May) 1is valued with an annual average of 1.33 g =~ 2.
This biological mass doesn't neceassarily follow a direct relation-

i 1 (=1
0084y & Y k-4
s s
9838 § i ﬁ \
0.034 k-4
~; wan - \ [
o md ° bod
w [ ]
2012 J o 3: o / \ : . 2
0.98 [
0.008 mn1 b4
Y T T T T Y
sIr ocr [ {14 MAR MAY AGO

Pige 11 Temporel variations and relationships between density and
blomass of fish communities ascocliated with banks of Tha~
laspia testudipug in the inlet of Pusrto Reals Density =
speclimens x 2 5S00a2, (Densidad=Density; ENBE=January;
AGO=August).

ship to the density (Flge 11)e This can be explained bescause the
organisms are youngy, sexually imsmature and therefore emalle. In
turn the relationship between the total biomass aend the index of
bilomass (H'g) is more direct and relatively unifors, but some
sventual lIinverse relatlionship can present itself when isolated
examples of considerable size appear (Filge 12).

The calculated diverslity as numerical iandex (H'n) and biomass
index (H'g) also shows temporal variation (Flgse 12 and 13).
These Iindexes are low and 1n accordance with other categories
found in other areas of marine grasses and mangroves (Table J).
These indlces persit the summary of Iinformation concerning the
populations'! numerical structure. Its lisolated empirical value is
vague and should be considered as additional inforsation within a
very ample ecological contexte

Planka (1966), Dahlberg and E¢P. Odum (1970) and Yanez—Aranci~

bia (1978a) consider at least 11 factors that can regulate the
diverglity in fish comasuni ties: 1) varlety of niche, 2) size and
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Flge 12 Temporsl wvariations and relationships between total
veight and blomass indice (H%g=H'vw) of fish communi ties
associated with banks ian TIhalassis testudinoum In the
inlet of Pusrto Reale. (ENE=January; AGO=August).

supsrposi tion of nlches, 3) stability of the environment or
climatey, 4) rigour of environment, 5) succession or geologicel
wveathers 6) productivity, 7) accumulation of biomassy; 8) competi-
tiony, 9) space, 10) size of the organisms, and 11) leagth of food
chainse. ¥ithout analyzing those aspects at the present (guch e
study is pressntly belag carried out for Puerto Real), it is evi-
dent that the study of the diversity by means of ind.ces is wvery
problesatic and complex for nektonic comsunities of active dis-
placement and generally difficult to interpret.

An analysis of frequency allowed the grouping of J categories
of comuwunlty components (Fige 10)y that is, 1) 15 occasional com~
ponents (48%), 2) 12 specles in transit (39%) and 3) 4 permanent
residents (13%). This categorization is slightly sliailar to that
found by kKikuchi (1966) in which he recognizes for sarine grasses®
1) permanent residents;, 2) ssasonal residents J) <temporary vis-
itors which feed in a larger area than that occupied only by
marine gresses, and 4) occasional migratory species.
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Fige 13 Temporal warlations and relationships between number of
species and diversity indice (H') 1ia fish communities

associated vwith banks of JIhalapsia Jtastudinum in the
inlet of Pusrto Real. (ENE=January; AGO=August).

CONCLUSJIONS

Prom the results presented and the discussion established:

le The blomass of Thalaasia testudinum found in one place in the
Laguna de Teérminos (382 g dry weight =—2, Table 1) 18 much
higher than of the total iehthyoconsumers (8«0 g
velght =2 yr1),

2¢ There 1s e high diversity of animal groups in Boca de Puerto
Realy associated with banks of Ihalassia tastudinume

3¢ This determines the large avallaebility of foed to sustain nek™
tonic communities characterized by at least 31 species of fish
and 2 cephalopods.

4., These ichthyofaunlistic communities present a range of biomass
of 097 to 2423 g wet welight m~2 with an average ot
1¢33 g dry welght a2, (Table 2) and e +total biomass of
8.0 g wet weight m~2 year—1!.
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Table 3¢ Valuer of diversgsity (E*n = number; = welght) of fish
communitios in estuarine systems of North Aserica
H'n E'w Locallty Reference
1eJ1 271 Galveston Bay, Texas Bechtel &
Copeland (1870)
0.92~2.09 1.51-1.97 Aransas Bay, Carolina Hoeso
at ale.
(1968)
202 185 Cape Fsar, Copeland &
Ne Carolina Birkhead (1972)
0e65-1,42 Oe21-5.46 Albermals Sound, Hester &
Ne Caroline Copeland (1975)
14793673 - Wakulla & Ste Marks, Subrahamanyam &
Florida Drake (1975)
0e03-0.11 - Colorado Lagoon, Allen & Horn
California (1975)
0e36~ 1452 0034~ 187 Phillips Is8ey Marshall Adams
Ne Carolina (1976a, b, c)
0623123 0650~ 1428 Bogue Sound, Marshall Adams
Ne Carolina (1976a, by c)
1e43~2.18 Le05—-2.31 Puerto Real (BPR-1) Bravo Nunez &
Campeche, MNexico Yanez-Arancibia
(1978) & this study
1el17-1465 1.06-1.76 Puerto Real (BPR-3) Bravo Nunez &
Campeche, Nexico Yanez—-Arancibia
(1878)
1e52=2e28 - Chautengo Lagoon Yanez-Arancibia
Guerrero, MNexico (1978)
169-2.53 - Tres Palos Lagoon Yanez-Arancibla

GCuerrero, MNexico

(1978)

S« These 31 species

viev of thelir
les (J9%),
resident species (1J3%).
trophlc categories:
range of

welght m™2 yr—1),

biomase of Oeld4 to 120 g wet

weight m~2 yr—1),

ags of

0e12 to 1.63 g wet

velght =2 yp-1l),

6e¢e The diverslty indice (H'n)
and the biomass indice (H%'g)
(Table

J)e

of fish

0O to 0.04 g wet

17 second order

presgsents
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are categorized
permansnce in the community:
15 occasional visiting spescles (48%),
(From the polnt

velyht =2,
10 third order consumers (32%) with a bioa-
welght m~2 yr~! (l.o0.

from the point of
12 transit spec-—
4 permanent

of view of ichthyo-
4 first order consumers (1J%) with a bilom-
wolght m—2
consumers (55%)

L Y Y 0e6 g wet
with =a
(1e0. 4.71 g vet

2465 g wet

8 range of 143 to 2.18;
presents a range of .05 to 2431



7 These blomass and diversity valuss are relatively low and
roinforce the idea that Boca de Puerto Real 15 a dynamic eco-
systemy, of tramsitional ichthyofauna and nct favorabls for the
establishment of permanent communities of these specles- The
system repregsents one of the entrances to thoe lagoon estuarine
ecosystem of the interior of Laguna de Torminose

3¢ The trajectory of the eneorgy flow can be Included throughout
the common trophic relationships of the conceptual descriptive
model proposed for the ecosystem (Fige 8).
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THE OCCURRENCE, DIVERSITY, AND ABUNDANCE OF FISHES IN TVO TROPICAL
COASTAL LAGOONS WITH EPHEMERAL INLETS ON TRE PACIFIC COAST
OF MNEXICO

by

Ale jandro Yiiez—Aranclbla, Universidad Naclonal Autonoma de MNexico

INIBODUCTICON

Studiss on occurrence, diversity, and ebundance of fish communi-
ties are commone. For semi-enclosed coastal areas we can consider
as selected referoences the papers of Springer and McErlean (1363),
Harrel ot gley, (1967), Betchel and Copeoland (1970), Dahlberg and
Odum (1970), McErlean ot ale, (1973), Oviatt and Nixon (1973),
Turner and Johnson (1973), VWiley @t aley (1973), Harima and Mundy
(1974); Headrich and Headrich (1974) Hester and Copeland {(1975),
Allen and Horn (1975), Saile (18975), Subrahmanyam and Orake
{ 1875)y Horn and Allen (1976), Livingston (1976)y Marshall Adams
(1976 )y Lot?f and Ibara (1977), Hillman gt aley (1977), Kjelson and
Colby (1977), Moore (197¥), and others, considered in the Discuse-
sione

Mexico hag an excoeptional geouraphic situation with 1,5 million
hectars of estuarine environment, potentially productive and
poorly knowne. According to Lankford (1977) the country has 123 or
125 cosatal lagoons; which constitute a third of the Nexican coast
linee. They represent 1lts principal and most durable geographlc
foaturey, as well as a cultural and economic patrimony becoming
more important in the future development of the fishing sectore A
lot of lagoons are located in tropical and subtroplcal arease.
Nevertheless, thesre are few gtudies on scology and structure of
fish communities in these arease. The only references are the
papers of Yanez—Arencibia (1978a, 1978b), Yanez-Arancibia and
Nugent (1977), Bravo Nunez and Yanez-Arancibia (1979), and Yanez-
Aranciria (1978).

The study of Yanez~Arancibia (1978b) must be considered comple=-
mentary with the results discussed here: both papers refer to the
most significant aspects of the ecology In many coastal lagoons
with sphemeral inlets in the central Pacific coast of Mexicn; and
both give Iinformation which can help to understand the natural
cycle of these laygoons as part of an inventory designed to estab~-
lish beses for the future detection, evaluation, and control of
pollution that might result from new industries and tourism. In
thie context {t is a priority to considor the importance of the
pattern of diversity in the time and spacey 1f possible, prior to
the advent of atresgsg.
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SIUDY AREAS

Both lagoons, <Chavutongo 34 km? (99005'¥Y and 16°06°N), and Tres
Palos 50 kxm2 (99009°'VW and 16906'N) have been degcribed from an
ecological polnt of view by Yanez—Arancibia (1978a, 1978b)e. They
are located near Acapulco §in a tropical area with a four or flve
month relny season, precipltation renging from 1,900 to 2,200 am
per yeare In addition, there i9s a very high rate of evaporation
during the entire year and runoff is not significant, at leoast iIn
Chautengo.

Chauisngo Lagoon

During period 1 Chauteongo Lagoon communicates with the sea froa
August to November, the marine influence occurs throughout the
entire lagoon (Flge 1). The lagoon I8 characterized by a mean
depth of 1 my, tomperatures from 29 to J19C, salinities from 15 to
34 parts per thcusand, a high phytoplanktonic biomass with a maxi~-
mum of 43 x 10% cell litre—!, & zooplanktonic biomass with a maxli-
mum ot 105 indive » 3 and 1.0 g m™3, a variable amount of detritus
in sediments, few mangroves, variable macrobenthic blomass with
some populations of Mytella atrigata, Callinectes <toxotes, C.
arcuatus, and Psnagus sSpPpe During reriod 2, when the lagoon 1is
isolated from the sea during the dry season, November to Nay; the
temporatures range from 28 to 409C, salinities froa 25 to 45 parts
per thousand. During peoeriod 3 when the lagoon 1is 1solated from
the sea during the reainy season, May to August; the temperatures
range froms 29 to 359C, and the salinities from "zero™ to 15 parts
per thousand, exceptionally up to 20 parts per thousande.

Ires Paloa Lagoan

This lagoon has a channel (estero) which connects the lagoon with
the sea. During period 1 when the berrler bar is open, from Sep-
tembsr to COctober, excoeptionally until November, the marine influ-
oence occurs only In the estero zone (Fige 1). Characteristics
during thigs time include a mean depth of 2 m, tempera tures from 29
to 310C, salinities from "zero® to J«5 parts per thousandy, a very
high phytoplanktonic biomass with a maximum of 10% to 101! cell
litre—!, zooplanktonic biomass with & maximum of 10% indive m—?
and J¢0 g m=3, large quantities of detritus in sediments due to
input of phytoplankton and leaves of Rhlzophora sangls (numerous
mangroves )y and macrobenthic bilomass almost absent but with impor-

tant flsheries of JMacrobrachium tenellume. During period 2 when

the lagoon {3 isolated from the sea during the dry season, Novea~
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CHAUTENGO LAGOON 34 km?

Pacific Ocean

TRES PALOS LAGOON 650 km?

=) T

Pacific Ocean

Fige 1 Geomorphological diagram of Chautengo Lagoon
(99%905'w-16%06*N) and Tres Palos Lagoon (99%09'w-16906*N),
showing the marine influence =zone during the ecological
period 1, and stations of fish collections.

ber to May, the temperatures range from 30 to 350C, and sallini ties
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from “"2ero"™ to 4 parts per thougand. Durlng period 3 when the
lagoon 18 1lsolated from the sea during the rainy season, May to
Auguna ty the temperature ranges from 29 to 339C, and sallnitiesr
from "zoro" to 3 parts per thousande Only in the estero zone dur-
ing period 1 are the salinities as high as 12 parts per thousende

MATERIAL AND METHODS

Fishes were sampled during the sarly morning from September 1973
until July 1975 during the best representatlive months of each eco-
logical periode. Ten collections 1in each station were real-—
1zed: Chautenge 13 stations and Tres Palos 9 stations for perliod 1
(September and October 1973 and 1974), period 2 (MNMay 1974 and
1975), eand period J (July 1974 and 1975), All collections were
within 2¢0 m of the surface.

A total of 8,245 individuals were collected: Chautengo, 4,325,
and Tres Palosy 39920

Tha atarraya net was used. It has a S¢0 m diameter, net 1/2",
and collected in a 19.5 m? areae.

To compare the lagoons, nalinities, temperatures, amount of
detritusy phy toplankton bilomass, zooplankton bilomass, ben thos
(Yanez—Arancibla, 1978p»), diversity and blomass composuiltion of
fish communities were studied. Three diverslty indices were cal-
culatede The Shannon—Veaver (1963) information function:

H = - P1 logPl
(1)

vhere Pl 1s the rproportion of individuals {n the 1i-th specles.
Thie formula hes been used widely as a speciles divergity index in
fishesy a3 suggested by Dahlbesrg and Odum (1970). The Shannon—
Veaver function increases as both the number of speciles (richness)
and the equitablility of species abundance (svenness) ilncrease. It
is demirable to consider indices that treat these aspects sepa~
rately since the two components of diversity may react differently
to cortain types of factorse

For the "“gpecies richness" component of diversity, we selected
the following:

D = (§5=1)
log N
(2)

vhere S is the number of species and N is the nuambner of individu—
alse Thig index was algso used by Margalef (1969) and 1n many
other studies in estuarine arcas.
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The "gvenness"” index of Pilslou (1966) was the third ratio usedy
for the equitarility of specles abundance:

J* = H'/Hmax = H'/logsS
(3)

in which log S 1s the maximum possible value of HY, Then H*=Hmex
when all species are equally abundante.

All diversity calculations are based on the use of natural logs
(log Je The abundance of fishes vwas determined by density and
biomass (standing crop)y, as indive @~2, and g wot weilght m—2,

RESULTS
Chautsngo Lagoop
Diversity and Dominant Specles

45325 individuals were studied out of which 85 speclieg were deter-
mined (Teble 1) with an H' of 2,158R8. This diveraity changes 1in
time (Table 2)e. The tishes during perlod I are predominantly
marine fishes and the flsherloes production g very Iimportante.
Freah water fishoa reach S.8% in September and 10% in October in
total fish comsuni ties. The best representatives species accord-
ing A' has boen Diapterus peruvianus, Mugll curemas Galelchihyvs
caerulescens, Anchovia macrolepidota, Mugll cephalus. Gerres cin~
areys, and Centropomus sppe

During period 2 the volume of water decreases inside the
lagoone Fresh water flshes reach 16.6% of the total flsh communi-
ties &8 & consequence of a reduction of marine fishese. Diaptarus
pearuviapuss Galelchthve caerulescans, Mugll curema and Anchovia
macraolepidota are predominant. :

During period J the diversity increases relative to the second
period, dus to fresh water fishes. Galelchthys caesrulescens and
Mugll curexe are abundant. Likewise, Lile stolifers, Astvapax fas—
clotus, Melaniris grvatallinas, Diapierus psruviapnus, <Clchlasoma
Iripaculotums Muxll cephalus, Eleoiris picius, Dormitator lati-

Irong and Goblopnellus microdon are characteristic of this perlode.
Fresh vater fisghes reach 50% of the total fiash communities.

Very fev specles are present throughout che entire year. The
most lImportant are: Elops affinisg, Astyannx lasciatus,
Galesichthys caerulescens, <Centropomus rohallto, JDiapterus peru~
vianuas, Cichlagoma irimaculatum, Muxll cephaluss, MNugll gurema and

Coblonellus aicrodone These fishes represent 11% of the totel
diversity. During period 2, Asfvanax, Clchlasomar and Goblonellus

are collected only near the distributaries.
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Table le Occurrence, relative abundance, and temporal distribu—
tion of fishes In Chautengo Lagoon
Specles Period 1 Period 2 Period I Perlod I Total
Septe 73 MNay 74 Octe 74 July 75 Noe
Nos % No. % No e % Noe %
Heterodontus 1 0. 06 1
Irancislicl
Bristis zephyvreus 1 0.06 1
Urotrvgon pebulosyp 1 0.06 1
Urotrvgon 1 0.1 1
agterijes
Urotrvgon 1 0.1 1
asplidurus
Urotrvgon xoodel 1 0.086 1
Uroxrvyon chilensis 1 0.06 1
Urotrvgop sp A 1 0.06 1
Elopsg aftfinils 2 0. 4 04 19 1«2 3 0.33 28
Alibule vulpes 1 O.1 4 0.2 S
Llle stolifera 3 0.19 28 Jel J1
Ophistonema 2 0.2 4 0.2 6
libertats
Qphistopterus 1 0.1 1
dovili
Pllosteopntoma
lutipippls *
Anchovia 19 2¢2 68 6e8 96 6.1 183
ascrolepldota
Anchoa panamensis 2 0.2 8 0.5 10
Anchoa sundeo— 2 0,2 1 0.1 2 012 s
loldes
Anchos curia 2 0.12 2
Anchoa scofieldl 3 0.35 3 0.19 6
Chanog chanos 3 035 1 0.1 2 0e12 6
Astvanax 5§ 0.6 2 0.2 8 0.5 37 4.0 52
fasciatus
Galelchthys 72 8.5 340 34.0 458 29.1 412 45.6 1282
caerulescens
Galeichthys 3 0.35 1 0.06 4
Zilvarti '
Ardus liropus ¥
Hyporhamphus 3 035 10 0.6 13
unlifasclalugs
Sxironagyliurs 1 0.1 2 0.12 3
atolzmennd
Ivliogurus fodiator 1 0.1 2 Del2 3
6 0.66 6
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Species Period 1 Period 2 Period 1 Period 3 Total
Septe 73 MNay 74 Octe 74 July 75 Noe
Noe % Nos % Noe % NOe %

Melaniris 1 0.t 2 0.12 19 2.1 22
crystallinn

Brionotus 1 Oel 1
ruascarius

Centropopus 2 0.2 6 0e6 10 0e 6 18
nigrescens

Centropomus 6 0.7 18 1.8 9s 6.0 3 0.33 123
robalito

centropopugp 6 007 6
pactinatug

Diplecirum 1 Ol 1
pacificun

caranx hippos 4 097 16 1.0 20

Caranx marginatus 2 0.2 4 0.2 6

Caranx medusicola 1 0.06 1
Carapnx latus 1 0.1 1 0.06 2

Caranx cabellus *

Selene brevortii 3 035 4 0.2 7

Qligoplites mundug 3 0.35 2 0.12 5
Oligoplites altus 4 0e2 4
Oligoplites mavrus 10 0.6 10

Oligoplites 1 0.1 1
refulgers

Irachynotus 1 0.1 -
rhodopus

Lutianus novem- 2 0.2 6 0.38 8
fasclatun

Lut.iapus argen— 1 0.1 2 0e2 2 012 S
liveniris

Lutijapus guttatuys 1 0.1 2 0.12 3
Diapterus reru- 413 48¢7 346 346 473 30.1 26 2.87 1258
yianus

Gerres clnereusn 14 1.6 1 0.1 4 Oe2 19
Eugerres lineatus 7 0.8 2 0e2 9 0.57 18
Euxerres axillaris 1 O.i 2 0.12

Euclinoatomus 2 0.2 9 0eS7? 2 0622 13
curranl

Eucinoatopus 1 0o 1 1 0.06 2
antopelas

Eucinogtomug 2 0.2 1 0.06 3
dowil

Pomadagye 8 0.9 12 0e76 1 0.1l 21
sacracanthug
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Specles Period 1| Perlod 2 Period 1 Period 3 Total
Septe 73 May 74 Octe 74 July 75 Noe
No o % Noe« % No e % Noe %

Pomadaavae leus=— 4 0.2 1 0O.11 5
dacus

Pomadasys bran= 2 0.2 4 0.2 6
lekil

Usbrina xantl 2 0.2 2 0e12 4
Micropogon 2 0.2 3 0.19 S
altipinis

Micropogon ectenss 3 0.3S 2 Oel12 S
Cynosclon satolz= 3 G.35 1 0.06 4
sannl

Cynoacion - annulus 3 0.19 3
Cynogclon £ .%il= 3 0.19 3
culatus

Menticirrhus 2 0.02 2
slopngatus

Menticirrhus gasus 1 0.1 2 0.12 3

Exphopsus elegans 1 0.1 1

Cilchlasoma iri- 1 Oet 4 0.4 8 0.5 18 1.99 31

saculatum

Mugll cephalus 18 2.1 12 1.2 26 1.65 46 Se0 102
Muzgll cureme 179 21«1 186 1846 (163 10.3 202 22.3 730

Polydactilus

agproximans *

Sphyraena ensels t 0.1 1 0.06 2
Elsotrls pictus 3 0.35 8 0.5 22 2.4 33
Gobhlomarus macu= 2 0.12 11 1.2 12
latus

Dormitator lati- 2 0.2 8 0«5 19 2.1 29
Xrons

Bathygoblus so— 1 0.1 1 0O.11 2
porator

Microgoblue mira= 3 0.33 3
ZIloranals

Giobionellus 6 0.7 3 0.3 8 0.5 22 2.4 39
sicrodon

Gohlonellus 8 0.88 8
aagittula

Scomberoporus

saculatus *

Cyvclopseta guarna 2 0.2 1 0.06 3
citarichthys 4 0.47 12 0«76 11 1.2 27
ailbarsi

Achirua pazatlapus 2 0.2 6 0.38 8
Achirusg papasspnis 2 0.2 1 0.06 3
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Species Period 1 Perjiod 2 Period 1 Period 3 Total
Septe 73 May 74 Octe 74 July 75 Noe
NOe % Noe % % No+

Achlrusgs klunsin— 0.06

aarl

Irinecies fonse— 2 0.2 0e.12

cenals

Sphoeraoldss 3 035 0.19

annulaius

Sphoaroides

lobatus

Diodon hystrix 2 0.2 0.06

Noe of specimens 847 999 1577 4325

Noe of Speciles (85) 61 (73%) 18 (21%) 70 (81%) 22 (26%)

¥ Species collected during August, 1976.

Table 2. Anelysis of variations of effects of ecological periods
on composl tion and diversity of fishes from atarraya neoet
samples in Chautengo Lagoone

Indices Poriod 1 Period 1 Period 2 Period 3

Septe. Octe May July

S (spoecies) 61 70 18 22

N (spoclilmens) 847 1572 999 901

He 19848 22798 15237 18776

D 88998 93748 24613 30856

Je¢ «4828 « 5366 «a5271 6074
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Abundance

At the beginning of period 1 iIn Soptember, 847 individuals in 70
collections were capturedes The surfaco sampled was 1,365 m2e The
density everage was 12 indive 19.5 o2, From this density, as
shown in Table 1, 52% are Gorridaey, 23% Muglilidae, 3% Engraulidae,
2% Centropomidae, and 1% Carangidee, of the most important groups.

In October during the same period 1, 14572 individuals in 130
collections were captureds. The surface sampled was 2,535 m?., The
density everage was 12 indive 195 m— 2, From this density, as
shown in Teble 1y 32% are Gerridae, 29% Arlidae, 12% Nugilidae, 7%
Engraulidae, 6% Contropomidee, 2% Carangidse, and 1% Elopidae, of
the most important groups.

During poeriod 2, 999 individuals in 130 collections were cap~
tureds The surface sgsampled was 2,535 m2. The density average wag
8 Indive 19«5 m—2, From thls density it 18 considered, as shown
in Table 1y that 35% are Gerridae, 34% Arildae, 20% Mugilidae, 7%
Engraulidaey, and 2% Coentropomidae, from the most important groupse

During period 3, 801 individuals iIn 130 collections were cap-—
tureds The surface sampled was 2,535 m2, The density average was
7 indive 19«5 m— 2, From this density, as shown in Table 1, 46%
are Ariidae, 27% MNugilidaey, 9% Gobiidaey; 4% Characlinidae, and 3%
Gerridae, of the most important groupse

The standing crop ranges as following: During period 1 the
average was 1,300 g 19«5 82 (le0@ey 667 g =~2), During period 2
the averago was 864 g 195 w~2 (1e0ey 44¢3 @ m—2). During period 3
the averag® was 756 4 19¢5 m™2 (le0ey 3I8.8 g m—2),

Ires Palos Laxoon
Diversity end Dominant Speclies

39930 individuals were studied out of which 32 speciles were deter-—
minad (Table J) with an H' of 11,9898, This diverslty changes in
time (Table 4). Ouring perlod 1 the fishes are predominantly
marine fishes 1In the estero zone, but fre3h water fishes are domi-
nant in the rest of the lagoon. In general, during periocd 1 the
fresh water fighes reach 43.3% 1ln September and 41.7% in Octobdber
of the total figh communitiese. The best representative apocles
according to tre HR' index were Poeclliopgls balaas, Galeichihyvs
caerulescens, Pgecilia sSphenops, Mugll curema. JMelaniris gcrysial-
linas Diapterus peruvianus, Dormltator latifrons, Gobiomorus macu~
lazus, Euxerres ilneatus, and Cichlasoma itrimaculatum.

During period 2, fresh water fishes reach 52% in total fish

communitiese The best representative apecliss asccording to the H'

index were (alelchihys cesrulescens, Poeclliovsls balsansy Eugerres
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Tables Je Lccurrence, relative abundance,

and

tion of fishes in Tros Palos Lagoon

temporal distripu-~
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Specles Period 1 Perlod 2 Period 1 Period 3 Totel
Sept. 73 May 74 Octe 74 July 75 Noe
NO» % Noe. % Noe < NOoe« %
Elops affinls 3 0.17 6 072 1 0.13 10
Liles stolifera 3 0017 T tel2 5 0.06 28 Je74 43
Anchovla macro— 1 0.05 | 036 1 0.13 5
lepidola
Chanos chapos 2 0e 36 2
Agtvanex 21 1e¢2i 6 0.96 14 1.69 38 S«08 79
lasciatus
Galelchthys 238 13.7 314 S0.6 275 33.2 185 24.7 1012
casrulescens
aphanooe
Poeclliopals 9 0«51 4 0.64 12 1.60 28
lucida
Poeclliopsls 11 0e63 2 0.36 13 173 26
porosus
Poscilioppis 1220 70.4 142 22.9 96 11.6 133 17.8 1591
balsas
Mslapiris 38 218 23 3.70 54 6052 29 387 144
'~ cryatallinpa
Centropomus 3 0.17 1 0e12 4
robalito
caranx hippos 2 0.36 2
Qligoplites 2 0.36 2
asurusn
Lut.janus gui= S 0.28 5
tatur
Diapterus 30 173 6 0.96 27 3.26 11 147 74
neruvianus
Gerres cinereus 8 0.46 11 1.77 6 0.72 0.93 32
Bugerres lin-— 16 Ge92 33 S.31 22 2465 11 1.47 82
aatus
Eugerres 2 O.11 1 0.13 3
axillaris
Euclinostompus 3 Gel17 1 0O.l6 1 O.12 1 0.13 6
currani
Cichlapoma tri- 8 0.46 13 2.09 18 217 40 534 79
asculatus
2 O.11 1 O.11



Specles Period 1 Period 2 Period 1 Perlod 3 Total
Septe. 73 Nay 74 Octe 74 July 75 Noe

Noe % Noe % Noe % Noe %

Mugll cephalus 11 0.63 3 0.48 7 0. 84 21 280 42

Mugll curemss 38 2198 21 J.38 54 6652 77 10.3 190
nicius

Gobiomorus 17 098 8 1.28 24 2.89 30 4.01 79
maculatus

Dormitator 20 1«15 14 2.25 6 0.72 21 280 61
latiftrons

Microgobilus 3 0.17 2 0.26 S
airatiorensis

Cobionellus 12 1e.44 18 240 30
mlcraodon

Gobilonellusg 1 0.16 3 0.40 4
sagittulae

Achirus 2 0.11 4 0.64 7 1.086 14
aszatlanus

Achirus spe. 1 0.13 1
Noe 0of specimens 1733 621 828 74R Jo830
Noe. of species(32) 26 (81%) 19 (59%) 24 (715%) 26 (81%)

Table 4. Analysis of varlations of effects of ecological periods
on composl tion and diverslty of (tishes in atarraye sas—
ples in Tres Palos Lagoone

Indiceos Period 1 Period 1 Period 2 Period 3
Septe. Octe. Nay July

S (species) 26 24 19 26

N (speciwmens) 1733 829 621 748

H* 18580 21093 16924 25335

D 33522 34225 27987 37779

Je 5319 « 6637 5747 e 7776
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llinestums, Xelanirls crystallipas Mugil curema., and Dormitator
latifrons.

Durinyg period J the dliversity incresases relative to the second
perlod and is similar to that in period 1. The fresh wate: fishes
reach 53.8% of the total fish communltiese. The best representa—
tive species according to the H' index were Galsichthvs casrules-—
censy Mugll curemar Mugll cephalus., Poeciliopsls balsas, Poecl-
liopsig sppes Poecllia sphenopg, Goblomorus maculatus, Astvapax

Many of fighes are pregent throughout the entire year. The
most ilmportant are Lile siolifaras Astvanax fasclatus, Galeichthys
caerulescens, Poecille sphenops, Poeciliopsls lucida, Poecillopsis
norosus, FPoecllliopels balsas, Nelapiris cryastallinay Diapterus
peruvianus, Gerres clnereus, Eugorres lipeatuss Euclnostomus cur~

rapnls Cichlasope trimeculatums, JDormitator latifronss and Achirus
mazatlunus. This 1 a S59.4% of the total ichthyofauna aend is a

characteristic of the environmental stabilitye.

Abundance

At the heyinning of period 1 in Septeabersy 1,733 individuals in 90
collectlions were capturede. The surface sampled was 1,755 m?. The
density average was 19 indive 18.5 w2, From this density, as
shown 1in Table 3, 72% are Poecillidao, 14% Arildae, 4% Gorridao,
3% Mugilidae, 3% Goblidae, 2% Characinidee, and 1% Clupeidae, of
the most important groupse

In October during tho same period 1, 828 indlviduals in 90 col-
lections were captured. Tho surface sampled was thoe samese. The den-—
sity averaygo was 9 indive 19.5 m~2, From thls density, as chown 1in
Table 2y 35% are Poecillidae, 33% Arlideaey, 7% Characinidae, 7%
Mugilidaey, 6% Gerrlidae, S% Goblidae, and 2% Clupeidae, of the most
important groupsae.

During period 2, 621 individuals 1n 90 collections were cap™
turede The density avereye was 7 indive 195 m—2, From this den-
sityy as shown in Table 2, 51% are Ariidee, J31% Poecillidae, 14%
Gerridao, 4% Characinldae, 4% Goblidae, and 2% Clupeidae, of the
most important groupse.

During period J, 748 individuala in 90 collections were cap-
tureds The density average wvas 8 indive 18.5 m— 2., From this den-
sity, as shown in Table 2, 26% are Poeclllidae, 25% Ariidae, 13%
Mugilidae, 12% Gobdiidae, 9% Clupeidae, 4% Characinidae, and 4%
Gerridae, of the most important groupse.

The standing crop ranges as following: during perlod 1 the
average was 840 ¢ 19¢5 o~ 2 (L{e0e, 43.1 g mn—2); during period 2
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the average was 421 ¢ 1%:5 n”2 (le@ey 21.5 gy m—2); during perilod
3 the average was 480 g 19¢5 0~ 2 (1e0ey 2406 g m—2)s

RISCUSSION
Chautenue legoon

Diversity end Dominant Species

The Chautengo Lagoon is dominated by the seasonal influence of
euryhaline and stenchaline marine fishes. This seasonal fluc tua-
tion is reflected in the three indices calculated (Table 2).

Hi ghly significant seasonal fluctuations occur in the distribu-
tion of numbers among species in the Shannon-Veaver Index H'e The
highest value occurs during period le. Lov overall values are
characteristic of the streasful conditlons found in the estuary
during periods 2 and 3 (Fige 2).

During period 1 eight specles out of 70 (11%) are domlnant
according to the H' index: Diapterus peruviapnug (896 specimens),
Galeichthyvs caserulescepns (530), Nugil gurema (342), Centropomus
sppe (119), Anchovie macrolepidotas (115), Mugil cephalus (44), and
Gerres cinereus (18), wvhich represent 85% of the total apecimen
nuaber collected during this period in September and October
(leg0ey 2,424 specimens)e.

During period 2 four species out of 18 (22%) are dominant
according to the H' index: Diapterus peruvianug (346 specimens),

Galoichthys ceerulsacens (340), MNugil curema (186), and Anchovia
mnagrolepidote (68), which represent 94% of the total specimens

number collected durin, this period {(l.e.y 999 spocimens).

During period 3 eleven spnecies out of 22 (50%) are very impor—
tant according to the H' index, but especlally two of them (9%)
are significantly abundant, l.e., Galslchthvs caerulesceng (421
specimens)y and Nugll curema (202), which represent 69% of the
total specimens number collected during this perlod (leessy 901
specimens ).

Eighty five specien wvere found in Chautengo Lagoon, but only
11% occur during tho entire year throughout the thrse ecological
periods, i.e.y, Elor affipnis, Asivanax fasclatus., Galeichthva caer-
ulescans, Ceniropogus robalilo, Diapierus peruvianua, Cichlasoma
Irimaculotums, Muxil cephelus, Muuil curema and Goblopellus amicro-

dons being ¢ consequence of the Instability In the ecoloygical sys-—
tem.

7he Shannon—-vYeaver Indlce calculated is not high, and it is
similar to the results obtained in other estuarine areas
(Tabla S)e The low values are not the consegquence of contaminated
aroag,; rather they are a result of gtressful condltionse.
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Table S5« Values of diversity (H'wv=wvelght) of fish communities In
estuarine syatems of North Ameoricae.
H'n H'w Locality Refersnce
1leJ1 271 Galveston Bay, Texas Bechtsel &
Copelend (1970)
0e92~-2.09 151-1.,97 Aransas Hay, Texas Hoese gt ale.
{1968)
2.02 185 Cape Foar, Copeland &
Ne Carolina Birkhead (1972)
0651042 0e21-5.,46 Albermale Sound, Hesater &
Ne Carolina Copeland )197S5)
1479373 - VWakulle & Ste Narks, Subrahamanyam §
Florida Drake (1975)
0.03-0.11 - Colorado Lagoon, Allen 8 Horn
Callfornia (1975)
0eJ6~- 1452 0e34—1.87 Phillips Ise, Marshall Adams
Ne Carolina (1976)
0623123 0eS50-1.28 Bogue Sound, Narshell Adams
Ne Carolinae (1976)
1e43~2.18 1¢ 052 31 Puerto Real (BPR-1), Bravo Nunez &
Campeche, Xexico Yanez—Arancibla
(1979)
1e17-1465 1406-1.76 Puerto Real (BPR-3), Bravo Nunez &
Campeche, Mexico Yanez—Arancibia
(1979)
1e52-2«28 - Chautengo Lagoon, This study
Guerrero, Mexlico
1669-2e53 - Tres Palos Lagoon This study

Guerrero, Mexclio

The higher species
conslderably during periods 2 and J.

' number occurs during period
Because there 1ls no contact

1 and decrease

with the ses during periods 2 and 3, the increase of species num~
ber and biomass during the last period is due to fresh water spec—
ies which occur inside the estuary during the rainy seasone

The actual values of H' are quite low, reflecting a skewed dig-

tribution where
the strese characteristic
Fapld fluctuation of temperature, salinity, dissolved oxy~
l1imit the specles of neakton

responss®
mente

a few

aeny avallable food,

able to liwve

and turbidity,
inside the lagoon during periods 2

specles contribute most

of the

of the
estuarine environ—

and J.

number in

Specles

are not able to tolerate the entire gamut of seasonal changese.
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No trend 1s discerreble using the relative specles abundance or

“"aovenness" index J'. Specles certainly do move in and out of the
lagoon during perlod t, but it was not detectable with this index
due to a readjustment by other gpeclese. Theretore, the distribu-

tion over speclies remained unchangede.

Further svidence suggesting replacement of spscles is provided
by the "specles rictiness™ indexy; De D rolates the total number of
speciles to the totel cetch and weighas sach specles equally. This
index shows a groeat seasonal trend. Since seasonal activity is
known to cccur within the Chautengo Lagoon, this result clesarly
shows thst species dlsappear and/or replecemont takes place. Var-
ious specles utilize the estuary during different seasons depend-
ing on each specles' nichs adaptatione.

Only period 1 showed a higher number of specles. Specles
replacement betveen perlod 2 and 3 and the response of the nekton
community to the <changing condltions within the Chautengo Lagoon
produce a *“stable"™ porulation as reflected by the diversity Indi-
ces calculateds This "stable" period 2 and 3 populationy however,
is a function of dynamic processes occurrling throughout the egtu—
ary over time involving numerous specisse.

Abundance

Diversity and blomass were calculated for the "atarraya" net used.
The "atarraya”™ has a collection surface of 19.5 m2. During period
1 the density was 12 indive 19.5 m~2 and the standing crop 66.7 g
2, During period 2 the densilty decreased 3J33%, being 8
indive 195 »~ 2, end the standing crop decreased 34% being 443 g
2. During period 3 the density was 7 indive 195 m—2; 1t
decreased 42% relative to poriod 1 and 12% rolative to period 2.
The standing crop decreased 42% rslative to period 1 and 11% rela-
tive to period 2, 1ts value beiny 3I8.8 g m—2,

These values are higher than other results 1in other estuarine

areas (Table 5)e The highest value occurs during period 1 and
then decreasea during period 2 and J, as characteristic of stress-
ful condli tions. Therefore, populations remain high 1n density

throughout the year, and apparently, enoergy utilization is opti-
mizode.

Ires Palos Lagoon

Diversity and Dominant Specles

VYhereas seasonal fluctuation is characteristic of ¢the Chautengo
Lagoon, this phenomena does not occur in Tres Palos Lagoon
(Table 4). No highly significant seasonal fluctuations occur in
the digtribution of numbdbers among species, the Shannon—Veaver
Index H', Vhen marine group species move out of the estuary (by
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naturel mnmortallity and/or fishing) during period 1. they are
replaced by others maintaining a relatively constant H’ value.

Highly significant seasonal fluctuations occur with H® batween
periods 2 and Je. This increase of gpecies number, indice H', and
blomnass during period 3 1g due to fresh water specles which occur
inside the lagoon durlilng the rainy season when the area 1is iso-
lated from the 8eae. Even in thig situation the environment shows

relative atability (Fige 3)e

During rperiod 1, eleven species out of 26 (42%) are dominant
according to H': Poeciliopsils balsas (1,316 specimens).,
Galejchthys (1,316 specimens), Galelchthvs g¢casesrulescens (513),
BEoecilia sphepnops (200), Nugll curema (92), Nelaniris crystallinpa
(92), Diepterus peruviapus (57), Goblomorus maculatus (41), Euger-
res lineatus (38) Astvapax fasclatus (35), Cichlasoma trimaculatum
(26)y and (35) Cichlesoma trimeculatum (26), eand Dormitator lati-
Irong (26), which represent 96% of the total specimens number col-~-
lected during this period in September and October (1.0, 2,561

specimens ).

During period 2, seven specles of 19 (37%) are dominant accord~-
inyg to H': Galeichbthvs caerulescens (J14 specimens), Poeclliopsls
balsas (142), Eugerres lineatus (33), Nelaniris cryatallina (23),
Mugil curepar (21), Dormitator latifropns (14), and Cichlasoms iri-
macylatum (13)y which represent S0% of the total specimens number
collected during this period (ie9.; 621 specimens)

During period 3, 14 species of 26 (54%) are ilmportant according
to H*'S Galelichthys caerulescens (185 specimens), PEoeclliopsais
balssg (133), Lile stolifers (28), Astvanax tasclatus (38), Poeci-
lia srvhenops (38)y Meleniris crystalline (29), [Eugerres lipeatus
(11)y Cichlasoma trimaculatum (40), Mugll cephalus (21), XNugll
curema (77), Elotris pictus (18), Gobiomorus maculatus (30), Dor-

mitator latifrons (21) Gobionellus microdon (18)y which represent
92% of the total specimens number collected during this perlod

(le0ey 748 gspecimons)e.

Thirty two species were found, but only 539% exist during the
entire year throughout the threse ecological periods (Table J),
which 18 a characterisgtic of the sgstabillity in the ecological sys~
tome

The Shannon—Veaver Indice calculated 18 not high, wand 1t is
gsimilar to the results obtalned in other estuarine aresan
(Table 5). The low valuew are not a consequence of contaminated
areas but are a rosult of stressful conditions.

The number of speciss present is related to the characteristics

of the habitate There are no significant fluctuations in tempera-—
ture and sallinity (Fige J)y however digsolvad oxyygen, phy toplank~
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ton biloomy available food, and very low sallnitiesy, limit the
nekton gspecie: able to llive inside the lagoone.

The "evenness" index J',; fluctuates seasonally from period 2 to
period 3, due to the ingput of now freshwater species during the
ralny seasone In goneral, J' romalns constant durlng the entire
yeare

The decrease in '"species richness”, D, which also occurs in
period 2 1ls due, in part, to tha same factors, temperature and
salinity, but particular stress 18 placed on the environment by
the amount of dissolved oxygen and available food.

The Tres Palos Lagoon estuarine system proved to be productive
for a relatively short time, during period 1 in the estero zonee.
Therofore, secasonal fluctuations are clearly apparent from an
anilysils of the diversity indlcese. Howevoar, siailar changes in
the diversity index may result from very differant processss and
nust be studied ln conjunction wilth other data.

Abundance

Density and bilomass was calculated for the "atarraya net used.
The "atarraya” has e collectlorn surface of 19,5 m2., During period
1 the density was 14 indive 19.5 m™2 and the standing crop 43.1 g
m~ 2, During period 2 the density decreases 50%, and the stending
crop descreases in 49%; the density has a value of 7 indive 19«5
m2, and that of the gtanding crop's 1a 21.5 g m—2, During psriod
3 the density decreases 43% relative to period 1 and increases 12%
relative to perlod 2; its value heing 8 indive 195 m~2, The
standing crop decrsases 42% rolative to period 1 and incroeases 12%
relativa to period 2; 1ts valus 18 246 g m—2,

These values are lower than Chautengo Lagoon but, 1in general,
higher than other results in other estuarine areas (Table 6)e The
ureatest values occur during period 1 and these decrease during
periods 2 and J3, es they are characteristic of gtressful condi~
tionse Thoretoro, populations have low specles number but high
donslty throughout the yeasr.

ECOQLOGICAL COMEARLISONS AMD QONCLUSICNS

The ichthyofeunistic diversity, and the fisheries production are
directly related to the marine influence in the lagoons during
period le Coastal arcas are increessingly coming under the influ-

ence oOf man, and that thls human utilization will result in
changes 1n the coastal lagoons of Gusrrero (Acapulco) is inevita~-
blee Increasing urbanization, channelization, and tourise may

soon alter the natural cycle of the three ecological periods in
these estuarine ocosystowse
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Table 6. Values of biomass of fish communities in estuarine sys-
tems of North America
Range Avge Locality Refersnce
0676 g dry w m—2 0.76 Long Ise Sound Richard {1963)
1«20 g dry w m—2 1.20 Laguna Madre, Texas Hellier (1962)
0.40 g dry w m—2 0,40 Guadalupe Bay, Mogseley &
Texas Copeland (1969)
0¢04=0.40 g dry - Rhode Island Nixon & Oviatt
w m2 (1972)
1.20 g dry w m—2 - New Port River, Kjelson gt ale.
Se90 g wet w m™2 Ne Carolina, (1973)
(marsh areas)
0.30 g dry w m—2 - New Port River, Kjelson ot ale
1e50 g wet w m—2 - Ne Carolina, (1973)
(estuary)
008-2.18 g dry 1.33 New Port Rlver, Thayer gt ale.
v m2 Ne Carolina (1975)
(Phillips Isge)
150 g dry w m—2 1.50 New Port River, Marshall Adaas
Ne Carolina (1976)
0601562 g wet 3.10 Card Sound, Brook (1977)
w m—2 Florida
00972423 g wot 1.33 Puerto Real (BPR-1) Bravo Nunez &
w m—2 Campoche, Mexico Yanez—~Arancibia
(1979)
0e18-10.92 ¢ wet 202 Pue:'to Real (BPR-3) Bravo Nunez &
w m~2 Campeche, Mexico Yatez~Arancihia
(1979)
38e¢8-6647 g we-t 49.9 Chautengo Lagoon This study
v mm2 Guerroero, Mexclo
21e5~43¢1 g wet 29.3 Tres Palos Lagoon This study

w p2

Guorrero, Mexlico

It is possible,
date presonted by Yanez—Aranclbila ( 1976,

that the biologlcal responses to the

using the date presented in this paper and the

1977,
physical changes can be pre-

1978ay, 1978 b),

dictod with a relatively high degree of certalntye

In Chautengo Lagoon an increase in the amount of organic mater-
fal in the form of leaves of Rhizophora mangip 1s exportsd to the

shelf during perliod

leaves

In Tres Palos Lagoon an
amount of organic material carrled by tributarles,

of Bhizophora mapule,

and

of phytoplankton bloom

increase in the
in the form of
will

surely cdampen the population growth inside the lagoone.
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Periods of very low flow rates are oftoen proevalent Iin Tres

Palog Lagoone Under those circumstances, the normal organic load
trom farmlandy runoff, leeaves of mangroves, and dead phytoplankton
may croeate oxcessive demands on the supply of oxygen. In addi-

tiony these organic maaterialg may act es a gsource of nutrients
atismulating the growth of phytoplanktone

Nutrient concentrations would be high in response to the low
flow rates resulting in rapid alygal growthe This algal productlv-
ity itself may contribute to the lack of avalleble oxygen. Night
time respiration and the reducing condlitlons created by deceying
algas in bloom proportions could cause oxygen levels to drop quite
lowe

Increased organic input in Tres Palos Lagoon causes two primary
consequences. The bliologlcal oxygen demend is increased, result—-
ing in a net loss of oxygen to the biologlcal communities, espe-
clally during the night (less than 2.0 ml Oxygen litre—1!).
Organic material also acts as a source of nutrlents, especlally
nitrate and orthophosphatee. Secondary phytoplankton growth s
stimulated by these nutrlentse. Algal productivity 1s already
highy and the increased productivity will likely result in phyto—
plankton blooms (chlorophytes and cyanophytes), and so secondary
pProductivity is considerably less than in Chautengo Lagoon.

It seems clear that Chautengo Lagoon would not bonefit fros an
increased organic input, at least during periods 1 and 2. On the
other hand, Tres Palos Lagoon has & greatly increased organic
input, discussed abovey where a net Lloss of avallable oxygen to
the blotic component and a very low salinity would be detrimental
to nekton and benthos populations which are unable <¢to tolerate
these conditions. A demand for marine waters in Tres Palos Lagoon
may be proposede

The most important fish specles in the lagoons are Galeaichihys
caerulescenes Muell curema, and Dliapterus peruvianuse. The three
are of commercial jimportance. Dormltator latifrong is also very
importante. {(Yanez—Arancibia & Diaze 1977).

Observations on growth data indicate that the lagoons provide a
nursery ground for Jjuveniles of Mugll cureams (mullets), and Diap~

lerus peruviagus (mojarres). Galeichthys caerulescens (catfish)
complete all their life hiantory inside the lagoons.

The mullets enter the lagoons during period 1, in large schools
of fish of an average length of approximately 70 mme During peri-
ods 2 and 3 they romain inside, feeding and growing until they
reach 230 ma or more in length (18 to 20 months old), and gonadic
development of the advanced state of maturity. VYhen the bars open
again these adults leave the lagoons, entering the sea to spawn in
the following monthse Once again the lagoons are invaded by large
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schools of swmall figh (6 to 8 months old) which probably
correspond to the rroduct of the spawnlng of the previous yeare

The catfish population studlies reveal that the length increases
very rapldly, up to 180 amy, but with little accompanying Increase

in weighte Thereafter, the length—-weight curve showa a marked
inflection caused by a sharp increase in the wveight with a rela—
tively slow increase Irn lengthe The populations reach sexual

maturity (gonadal phase [[IIl) at an averaus of 200 mm total length,
with ¢the female maturing at a length of 180 - 190 mm (total
length)y, smaller than that of the male (210 mm total length).
Reproaduction occurs iIin waters with sgalinity values of less than
15% Tolerance ranges of temperaturaes are from 19 to to 359C, and
salinities from zero to 45%.

In ieneral, the higher species number occurs during perjod 1
and decreases consliderably during periods 2 and J, especially in
Chautengo Lagoone Because thore 1s no contact with the sea during
periods 2 and 3, the increase of gpecies number, indices HY, and
biomags during period J is due to freshwater opecies which occur
insidoe the lagoons during the rainy seasone. These lagoons with
ephemeral inlets can be typically characterized by bhaving a con~
spicuocus spatial and temporal heterogeneity of populations dynam—
icsy successionsy, and migrationse The lchthyofaunistic diversity,
and the Zflgheries production are directly related to the marine
influence in the lagoons durlng period l.

Contribution 176 of the Centro do¢ Cilencias do Mar Yy Limnologlay
UeNeAoMe This work is a result of research sponsored by the Comi-
sion del Rio Balsas SRH and Centro de Cienclas del Mar y Limnolo—
gla UNAM, under Grant Noe OC—E-03-73-74.
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A REVIEV OF THE POTENTIALITIES FOR RESEARCH AND FISH
CULTURE IN THE COASTAL LAGOONS OF VWEST AFRICA

by

CeleOe¢ Olaniyan
University of Lagos, Nligeris

The coastal lagoons of Vest Africa lie parallel to the sandy sea~
shores of the Gulf of Guinea, stretching roughly along SON lati-
tude betwesn Slerra Leone to the west and Nigeria to the easte.

Fige 1 shows the coastal lagoons in the Ivory Coast, the Ghana/
Togo border area, Benin Republic and Nigeriae.

This figure is taken from Vebb ( 1958) who describes some of the
pioneering work in these lagoons in general, and Lagos lLagoon in

wa . & /\( \ . »’s
e R
NISERIA
I1VOAP
[ T2 R/
A=K
| )
‘o H
- SnaNA ™~
scena, ':‘5;',3','-":" . whicnis & weuIEr & aio ™
° e, e - ‘_—;-." o e
H v ¢ —
'ulsiv'u'l‘ ‘o wavinivr o5 o "% J“\*.
W~
A "0 o
'L
dpl' 6 v ¢ F or 6 v/ N E 4,
- . i
é 0 86 i %0 e Mo s a30 wnes

Fige 1 The extent and position of the coastal lagoons of the Gulyt
of Guinea. ( from Webdb 19S8)
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particulare. Ve note the distribution and course of the rivers
which empty their waters into the lagoonsg, and the variable slze
of the lasygoons themselves, from very narrov creeks of a fewv metres
wide in parts, to bodies of water of appreciable asize in other

partse

From the map we note that most of the lagoons 1lie parallel to
the coast at an angle of about 45° to the prevalling south-west
winde. Consequently they occur where the coastline runs in =a
wvent — east dlilrection, and are absent when i1t runs in
north = south directione.

An acccocunt of the formation of these lagoons, which are
believed to be of recent origin, is best left to geologists, but a
bilologist can venture to remark +that the movement of sand in =
wost - east direction would play an important role in thelr forma—

tione.

PHYSICAL AND CHEMICAL EEAJURES

The major and unique feature of the coastal lagoons from the eco~
logical point of view ig the fluctuction in the gsalinity of the
water which occurs in areas where they open into the sea, and its
congssquences on the distribution of flora and faunae. The salinity
of tho water varies considerably, diurnally with tidal movement of
sea water, and seasgsonally with the rainfall, The latter awells
the waters of the rivers flowing into the lagoons, consequently
reducing the salinity of the water in the lagoon before discharg-
ing it to the sea at ebb tide. In areas where the influence of
sea water is most noticeable, the water remains brackish all the
yvear and the asgsociated mangrove vegetation consists of the red
mangrove KRhizophora racemoga and the white mangrove Avicennlias
nltidee The farther we get from the sea, the less brackish the
vater is, and the more freshwater conditions prevail. Conse™
quently we have bodiess of water which are part of the lagoon sys—
tem in origin and location, but are in form and features similar
to fremhwater lakes. Examples are in the Republic of Liberia,
wvhare they are referred to as lakes, but Lekkl 1n South Vegt Nige~
ria retains the nomenclature of lagoon.

Flge 2 mhows further dotall of the coastal lagoon extending
from the FERepublic of Benin in the west to Lekkl Lagoon in the
easgte This extent of water stretching over a distance of about
250 xilometers had a single outlet <o the sea In Lagos Harbour,
Nigeria, until recently when a permanent opsning was constructed

in Cotonoue. During the last few yeara, an artificlal barrier has
once more been bullt cutting off the Nokoue Lagoon from the ses.
On the eastern end, the Lekkl Legoon has remained closed offt

except for gseasonal canals which perait limited entry of sea water
into the lagoone
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Fige 2 River drainage into luagoon system of the Gulf of Guineae.
(from Vebb 19S58).

As a result of the seasonal nature of rainfall along the entire
subregiony the cheamical characteristics of the water, as indicated
by the primary charactesristic,; salinity, also show seasonal varia~
tione

In the Lagos Lagoon, whore studies of variation of chemical
feoatures have been carried out during the last twvo decades,
clearly defined high sallinity seasons (more than 10 parts per
thousend) betwveen December and Nay and low salinity (less than 10
parts per thougsand) season between June and November have been
identifiede Further east and west of the central arcay, ealinity
difforences are not as defined and at the extremse eastern end,
freshwater conditions prevaill throughout the yeare.

EAUNAL STUDIES IN GENERAL

The 2irst feunal studies in the brackish waters centred around the
Lagos Harbour and immediate vicinity were carried out in the early
fifties and resulted in publications by Vebb & Hill (1958) and
Olanlyan ( 1957 )¢ The former was concerned with the study of a sin-
gle animal of great taxonomsic interesty the local lancelet Bran-
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chiogtoma nigeriense, wvhilat the latter was concerned with the

seasgsonal distribution of planktonlic organisms 1In yeneral. One of
the ocarliest studies on fish fauna wag by Williams (1962).

In an effort to investigats the fauna of the lagoons, including
the establishment of feeding interrelationshlips and identification
of apecies of {mportance for figsherles development and culture,
further studies have been carrled out, and gquite a number are
still in progresse. Due to lack of what may be described as
sophisticated facilities, the Investigations are simple Iin nature
and in general are concerned with seasonal distribution and feod—-
ing interrela tionehipse These Iinclude studies o©of bottom fauna
which have resulted In publications by Sandison (1966), Sandison &
Hill (1966) and Oyenekan (1975). Studies on figh fauna have
resulted in publication by Fagade (1971), Fagade and Olaniyan
(1973), Ikusesiju (1973) ond Ikusemi ju and Olaniyen (1975). Ta
additiony studies assisted by the FAO have beoen carried out in the
delta areas of the Niger which arey, strictly speaking, not part of
the coastal lagoons but areas where prevalent conditions in the
brackish water cresks are veory similar to those In lagoons.

Studles of EFish Eauna

With the understandable emphasis on applied aspects of ecological
regearch Iin developling countries, the lagoon studles have been
almod at ultimately finding sclentific methods for developing the
fisherles of the lagoone As a firgt atep, a study of seasonal
digtribution of the fish fauna was carried out, loeading to the
identification of 72 species distributed among 34 families. The
fishes fell into three groups.

Group L

Those occurring throughcut the year as a result of thelr abllity
to tolerate the varying salinlty of the watere. Of the 24 specles
fo identifled, twenty vere known to be species normally resident
in the seae Of the 24 specles so identified, twenty were known to
be specilegs normally resident in the seae Of these, only 12 had
sexually mature reprresentativess The others wvhich were ldentified
ag primarily marine species only used the lagoon am feeding
grounds for thelr young after undergoing reproduction in the
coastal waters.

Group IL

The second grcup are those caught bhetween the months of December
and May when the salinity fluctuates betwaen 0.5 and 28.0 parts
per thousards. The salinity range tolerated hy these fishes is only
slightly less than those in the filrst group, yet they are not
found during the months of June to November when the salinity
falls below 0.5 parts per thousand. Trere wore J1 specles alto-
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gether &8ll of which were sexually immature and were therefore
presumably Jjuveniles of marine speciese.

Group IIL
The third group consisted of 17 g@apecies caught in water of salin-
i1ty below 1 part per thousaande. These were few Iin number and were

generally regarded as Tfishes which were primarily resident 1in
freshvatere

In seeking to ldentify fisgshes that could be wsuitable for cul-
ture in the lagoon, it isms useful to consider those specles already
known to occur in large snough numbers to bes of economic impor—
tance to the fisheriese. Among these, the Vest African shad, Eth-
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Fige 3 Distribution of the catfish C. algrodigitatus in Nigerie
(from Ezenwa 1978).

malosa gfimbriaia was quickly Lldentified. This fish belongu to
Group I in the earlier listing, occurring in the lagoon throughout
the yeare [Ee« fimbriata is one of the commonest pelagic species in
the inshore waters of the Gulf of Guinea and yet it forms s major
part of the fishery of the lagoone. A study of its spawaing and
development 1in the lagoon has been undertaken and well described
in Fagede and Olaniyan (1872).
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A number of specles of Tilapia also in Group I vere considersde.

Two speclies, I. malonotharon and I. gulneensis occur all the year

13
12
11

10

PERCENTAGE FREQUENCY

0
22 23 24 25 26 27 28 29 30 31 32 33 34 3536 37 38 39 40 "1 42 43
TOTAL LENGTH

Flige 4 Length frequency distribution of Ce pnlgrodigitatune Unfed
fish (from Ezenwa 1878 )e

rounds The former is a well known brackish water specles of eco-
nomic importance and the latter is normally resident in freshwa~—
tere. Thirdly we have species of Chrvmichthvas Co nlgrodigltatus
and Ce gsiampflil which also belong to Group . Of the three types
of fishes, the Jllapla wvere the most attractive to investigate for
farming purposes because they are already being used as fish for
culture in partc of Vest Africa and East Africa and outside
Africay and there is conslderable aumount of literature avallable
on the subjecte However, as a result of another study, this time
in Lekkl Lagoony, more information was provided on Chrysichthys and
a decision to consider it in more detail was taken.

Studies on Chrysichihvs apacles

A more detailed study of Chrysichthys, Chrysichthys, 1n particular
Ce nlgrodigliiatus vas carried oute This included a general survey
of its distribution and a comparison of the racial populations in
different locations both in the major rivers and in ¢the coastal
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lagoonse. Furthersore, a study of the rate of growth of unfed and
fed populations in the Lagos Lagoon was made.

Fige 3 is a map of Nigoeria showlng the parts from which specl~

mens of Co plgraodigitatup vere obtainede. Four of the seven ste~
tions were brackish water area, and station X! ig the Lagos Lagoon

PERCENTAGE FREQUENCY

I I BT B T ]

"

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

TOTAL LENGTH

Flge S lLength frequency diatribution of Ce. plaradiglitatus fed
fish ( from Ezenwa 1978).

where the feeding and growth studies were also :arried oute The
conclusions from thls recent study, results of which are not yet
publiehed, indicate that there is oanly slight raclal variation
betveen the frechwvater and brackish water populations, taking into
consideration sajor characters such as dorsal rays, pelvic, pecto—-
ral and anel rays, upper and lower gill rakers, along with varia-
tions in morphomstric characters such as head lengthy body length
and depthy and standard lengthe

The following results were obtained from the feeding experi~
ments in Lagos Lagoon ponds, using as feed stuff groundnut pelletsa
which are e waste product from groundnut mills in the northern
parts of Nigeriae Feedling at the rate of about 10% of body weight
of fish stocked wvag applied dally both in the moraning and eveninge
In terms of raw primary measurement of weight and length the com—
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Fige 6 Length - welght relationship for C. pnlgrodigitatug Unfed
fish ( from Ezenwa 1958).

parative figures for unfed and fed fish after s period of 9 months
are ags follows: Fige 4 shows the length frequency distribution
for unfed fiah for which we have a range from 18 cm to 31 cm with
a peak at 22 cme In Fige S which repregents the langth frequency
distribution for fed <fishy the comparative figures are 23 ca to
42 ca with two peaks at 30 cm and 37 cae

Flige 6 shows the welght length relationship for the unfed fish
and Fige 7 for the fed fishe

All the figures tell the same story, namely the clear differ—
ence betveen the harvest for fed and unfed fishes. It remains to
compare the effect of feeding with what has been obtained for
other fishee which have been used for fish culture in Nigeria,
specifically the locel Illapia such as I haudilotl and imported
Europesen carp Cyprlopus carploe

It is elso expected that polycul tures using a variety of combi~

nation of specles will be attempted. This prief account is merely
to emphasise hovw little has been done in terms of research activi-
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Flge 7 Length - welght relationship for C.

fish (from Ezeanwa 1978).
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ties iIn these waters, using the Lagos Lagoon experience as an
examploe Similar activities are undertaken in the Ivory Coast in
the Lagoon Ebrie, and in Republic du Benin in Nokoue Lagoon. All
thease studies attempt to emphasise one thing, namely, the need to
understand the sclentific bagis of the existing flsheries and find
ways for its sclentific utilizatione.
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PRODUCTION DYNANICS OF A TEMPERATFE SEA - THE BALTIC
by

Bengt—Owe Jangson, Asko Laboratory, University of Stockholm, Swe—
den

ANIRODUCTION

Giving the concept “"coastal lagoon™ & broad definitiony +the whole
Baltlic Sea might be considered ag one? 1) it 1s to a great extent
dominated by the land run off and the load of nutrients and har—
dous substances; 2) it shows in many areas increased productivity
due to eutrophication; 3J3) it has large areas constituting impor—
tant spawvning and nurgery grounds for fishe The f jord-like topog~
raphy, however, loads to a stable stratification, the far-reaching
effects of which makes the Baltic a special case. It 18 probably
one of the moat Iinvestigateod geas of the world and the fact that
we 8till can not predict its reaction to, for example, man's
exploitationy points more to the complexity of nature than to lack
of sclentific efforts.s There exist gseveral bibliographies of Bal-
tic biological 1literature (Segerstrale 1964, 19753 Armelius gt
ales 1977 )e The informal sclentific organizations "Baltlic Ocea-
nographers" and "Baltic Narine Biologists" have produced recommen—
dations of chemical (Carldberg, 1972) and blological (Dybern et
aley 1876) methods to be used in the Baltic area. Several efforts
to reviewv and synthesize the knowledyge of the BHaltlc ecosyatem
have beaen madey Magaard and Rhelnhelimer (1974) and Jansson (1978)
belng two recent onese. So much being summarized ealready on the
Baltic ecosystem, this roport on {ts productivity i1~ kept shorte
A more detalled review is glven In Jansson (1878) <from which many
of the illustrations here are takene.

IHE SIRUCTURE OF IHE BALIIC ECOSYSTEN

Even a short summary of the productlon dynamics neesds a descrip~
tion of the total system. Although the holigtic structure and
function of a natural gystem can never be overemphasized, a
description of the Baltic characteristics for clarity 1s divided
into: morphologyy, physical structure including transport of diolo~
glcal cyclesy chemical substances and biological structure.

Mprohology of the basin

With an area of 365 000 xm?2, a length of 1500 km eand a volume of
Ccae 21 000 k@Y, the Baltic is the largest brackish water sea in
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the worlde It 18 a shallow sea, mean cdepth 60 =, with shallow
gounds connecting it with the North Sea (Fige 1)e Several sills
divide it into natural basins and the shallow Archipelago Sea
parta the stratified Baltic propsr from the Gulf of Bothniae. The
type of shore varies from sandy, stony in the north and south to
the rocky archipelagos of the middle parte. Roughly 17% of the
bottoms are shallover than 10 me

Physical structure

The annual input of solar energy varies from a temperature pulse
in the South to polar conditions in the Northe The tesmperature of
the surface water may increase to slightly above 209C in summer
with a thermocline at 20 m depthe. Temperatures below 59C persist
the whole year (Fonsslius, 1970). ice covers the Boa 1In winter,
in the Gulf of Bothmlia for 6 months.

The Baltic water is a mixture of the inflowing saltlier and den-
ser North Sea water along the bottom and the outflowing of fresh-
vater at the surface, mainly cowing from the big rivers in North-

ern Swvedene. The salinity of the surface wvater is remarkably
stable (Fige 2)e The vertical stratifilcation of the water has a
primary halocline at 50-60 m depthe Intermittent inflows of the

North Sea water causes periods of stagnation when oxygen is used
up end nutrients diffuse ¢to the bottom water by the bacterial
activity in the sediment (Fige J)e The simultaneous production of
hydrogen sulphide kills higher life in the deeper basins (Fige 4)e

The deep water, rich In nutrliesnts, reaches the trophic layer
through vertical diffusion and through boundary alxing along the
coasts. Upwelling areas along the Swvedish coast act as "nutrient
windows" and may lnduce nuclel of primary productions The absence
of tide Iin the Baltic decreases the exchange of water with the
North Sea (500 ke? yr~1!) compared to the large total volume, the
residence time of the Baltic water is J5-40 yearse.

Biglogical siructure
The organisms

The Baltic is a young system with a past history sterting as an
lce~lake 12 000 yesrs ago, switching to marine conditions and end-
ing as & brackish water ses. This means that different types of
systeas vere tried and rejected as the forcing functions changede.
It algo means that the organiems present i{anvaded from other
regimesy cold seas or freshwater lakes, vhere they had avolved
their physiological and ecologlcal characteristics. In the Baltic
wator they had to adapt or dlee. Today we find ee.gey glaclal rel-
icts like the fourhorned sculpin Oncocottus guadricornls and the

freshwva ter amphipod Pontoporels affipnis living in the deeper cold
partasy; the sculpin migrating to shallow areas in the winter to
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Notural boundaries
------------------ Axis for section below

BALTIC PROPER

Fige le The natural division of the Baltic (after Vattenberyg,
1949) and the main ®ills and basins (after Diletrich &
Ks.l.l'. 1874 )¢
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Flge 2¢ The Baltic Sea. Dotted lines: surface water lsohalinese.
Numbers within cilrcles: number of macrofauna species. a-i
distribution linits for some common marine specles:

a)e Macoma halticas b)e Mytilus edullss c)e cod,

d)e Fucus vesiculosus, e)e Aurelis suritas f£)e¢ pleaice,
&)e mackerel, h)e Asterlas rubens i). Carcinus sasnan
(BeOe Jansson, 1972)e.

spawne The Baltic flora and fauna 1is therefore a mixture of
marine and freshwater organisase. In +the same gillnet pike and
perch can be found entangled with flounder and code Fige 2 shows
some marine organisms at their innersost bounderies in the Baltice

Due to the extreae conditions the diversity 1is lower 1ian the
Baltic than in the adjacent North Seae Vhereas around 1500 msacro—-
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Filge 3¢ Longitudinal gection through the Baltic around the island
of Gotland along the line: Arkona Basin, Bornholm Basin,
Gothland Baginy, Northern Central Basin, Landsort Deep,
Xerlso Deep, showing the distribution of phosphate—phos-
phorus in January 1970 (from Fonselius, 1972).

scopic benthic animal speciles can be found off the Norweglian coast
only 77 are left in the mlddle of the Baltic (Zenkevich, 1963).
Corresponding figures for the macroalgae are 154 and 24 (off the
Finalshk coast) respsctively (Schwenke, 1874).

Compared to a wore normal coastal lagoon the Baltic diversity
is probably high due ¢to the higher stabllity of the salinitye
Except for the Vestern Baltic which acts us a kind of buffer zZone
the salinity fluctuations Iin the surface water asount to 0.5 parts
per thousands The physiological stregs on the marine organisas
living in the diluted water leads to energy losses, however, which
negatively affects the productivity. The blue wuspel, JNytilus
adulisy, never atteins more than 1/4 of the length of a North Sea
specisen. Its filtering rate ifs much less in the Baltic water and
its growth therefore much slover. The difference in size betveen
Beltic und North Sea populations is valld for most macroscoplc
species with typical examples as flounder, cod, the claams Mya ars-
paria and Cardius sdule., the common Jellytish Auralias aurita.
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1969 1970 1975

Fige 4¢ The dynamics of hydrogen sulphide formation (dlack) 1in
the Baltic propere The great stagnation culaminating in
1969 is broken bty a saltwater inflow (arrow) through the
gstraite in 1968/69¢ The following periods are character—
1zed by shorter stagnation - inflow periods (compiled
from various sources such as Fonsellius, 1969, Meddelanden
fran Bavsfiskelaboratoriet, Lysekil) (ftrom Jansson,
1978)e

This 1is also, though less obvious, valid for freshwvater
populationsy, lixe the snalls Bithvnia itentaculata and Iheodoxus
2luviatilis which show greater size 1In their original mediume.
(Theede, 1974 ). Another typlcal feature when comparing the pro—
ductivity of marine and brackish water populations is the niche
breadthe. Species like the Baltic clam Macoma baltica and the
cockle Cardium sdule which on the Swedish Vest Coast s restricted
to sandy bottoms, occupy in the Baltic the whole range of ssediment
types from sandy to muddye This has been explained by decreasing
predator pressure in the Baltic partly due to the absence of echi-
noderas; the amphlipod genus Gammarusg totelly dominates in the Bal-
tic whils they occupy more restricted niches in the North Sea.
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The main subsystems

Out of the described resources Nature has bullt a system which can
be classifled into threse smaller, tigzhtly connected and open eco-

systems?$

As The phytal system or phytobenthos, occupying the rocky and
s0ft sediments within the photic layere This 18 the most
diversified subsystem iIn the Baltic with an important function
ag a nutrient trap, and as spawning and nursgery groundse 1t
can be roughly classified as a producer system, producing oxy—
Zen and organic matter the oxcess of which 118 transported to
the pelagic zone and the soft bottoms (Flge 5S)e

Be The soft bottom gsubsystem occuples moet of the bottom ares in
the Baltice In the Baltic proper a substantial part of the
sediments are mostly devoid of organisas except for hetero-
trophic and chemocautotrophic bacteria ( Andersin ot ale.y 1977).
The Boft bottom Is a typlcal consumer gystem which has to be

fod with organic material. The processing of this pays for
the export of nutrioents anc fish to the other subsygtemse. It
is also the great sink for man'g wastes like heavy metals, DDT
and PCBEe

Ce The pelaglc subsystem is the largest producer unit in the Bal-
tice It imports nutrients from land run off and soft bhottoms,
1s 1ltself the amain transport agency and exports organlc mat-
ter, oxyygen and larvas to thoe other subsystems (Fige S5). Most
of the comserclial fish are caught in this zone.

BRODUCTJION PROCESSES CE IHE DIEXERENT SUBSYSIENS

For the future managoement of the Baltic's natural resourcesy the
understanding of the functions of the total system is quite neces-
sarye Although much research has been don® In the past, interest
in production by orgarisms other than phytoplankton and commercial
specles is of such a recent date that little data oexist. The sameo
is valid for turnover ¢times for the different gystems and the
coupling between theme In the following a short summery of our
present understanding is givene.

Ihe phytal subsvatem

Both in the North and the South the shallow bottom substrate with
the dominance of sand and gravel m=makos the plant cover scarce and
patchye In the North the freshwater influence and 1ice erosion
have caused absenco of marine algae, low total blomass and produc-
tion (Bultf gt ale., 1976). In the South the bhigher salinity
increagses the number of gpecies bhut the absence of tides checks
the formation of the typical zonatlon for marine shores (Schwenke,
1974). The Baltic phytobenthos shows the g reatest dsvelopment in
the Swedish and Filnnigh archlpelagos of the Central Bal tic Sea.
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E PELAGIC ZONE —>

PHYTAL ZONE

Fige Se Diagram showing the fish as 1living flows of eneryy and
mattery, moving between the main parts of the total sys™
tomy, taking food vwhere 1t is in excess. Driven by the
migration pattern the pelagic feeding might be changed
for benthic foeding during winter (eegey herring) but the
early waraming up of the shallow phytal region makes a
migration to, and spawning In these areas favourable
{ from Jangsgson, 1978).

The Baltic archipslagos

The large network of islands (Flge. 6) means not only a greatly
enlarged shallow bottom surface but also a favourabls turbulence
of the water = not too high to be destructivey, not too low to
allow stratification. ¥ith thelr cover of nutriont-absorbing
algae like enormous intestinal villi, the a‘*chipelagos act like
sievesy filtering the water from lard run off, Lkeeping tho nut-
rients for internal use; and releasing to the offshore vwater
lLightensed of 1ts pollution burdene. Adopting the wmaximum pcwer

-280-



Fige 6¢ The Archipelago Sea off the city of Turku - a submerged
rocky landscape (from a folder of The Archipelago

Research Institute, University of Turku, Finland)e

principle of Lotka [Odum & Odum, 1976)y, the "workers®™ and their
speclalized tasks within the phytal system can be described as
followse.

The rocky shores are covered by horizontal belts of algae,
sortaed out through competition for space and light, where genera~-
tion and settling timen, light optima and photosynthetlic etfi-
ciency are important factorse A8 photosynthesises is most officlent
in the complementary light apectrum, the algae are ordered due to
llight extinction with greens at the top, brown algae in the middle
and rod algane in the deepest bhelte.

The only detalled and extensive gquantitative survey of the
hard~bottoms up to now has heon made by A«N» Jansgon and Kautsky
(1977 )¢ The 160 km2 area is exposed with relatively few islands.

The uppermost zone 1s occupisd by annual fllamentous algae like
the green Cladophore glomerata, the red Caramium spe and the brown
Pllavella spe (Fige 7). The physicel nolse is great here due to
turbulencey, drought and ice erosion and the species have a struc—
ture which give off to the waves and a rapid turnovere. Competi~-
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archipelago, Northern Baltic proper (AN Jansson and
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tion for space is hard and there 1ls a succession during the year
starting when lce cover breaks up: sessile diatoms (Amphicleura

spe )ey Pllavellas Cladophora, Ceramiume The zone 1s an important

nursery ground for young crustaceans from the belts below. Clado—
Dbora 1s favoured by high nutrient levels and is particularly
abundant in isoclated bays and polluted areas.

The Fucug belt pelow is the wmost structured and diverge of all
Baltic communities (Fige 8)e It is mostly covered with filasen™

.WwﬂN%

Pige 8¢ The Fucus belt macrofauna in the Northern Baltic propere
Dominant species and their numbers per 100 g Fucus (dry
wte) (from A<M Jansson, 1978).

tous epiphytes and gives food and shelter to importent sportfishes
Like perch and pike.
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The upper zones, in spring covered vwith filamentous brown
algae, aro important spawning grounds for herringe

Further down where light 1s too low for FEFucus, red algae like

Eurcelleries spey PEhyllophora sp. and Rhodomala spe compete with
the blue mussel Ayvtilus edulig for spaces MNe gadulis is by far the
mogt coamon animal which below the red algal belt totally domi-

nates the bottom, ofter covering it like a carpeote It imports
particulate organic matter by filtering ¢the water, and sxports
pseudo feces and nutrient salts, especially ammonla.

The total biomass of algae within this 160 km?2 area amounted to
cae 2200 tons (dry wt) of which Eucus constituted 33% and the ani-
mal biomass was ca. 8600 tons (dry wte incle. shells) of which
Mytilys made up ca 90%. The annual net produc tion of the plants
was calculated at 1500 tons (ash-free dry wtes) of which filamen—
tous brown algae wags responsible for one third. The animal pro-
duction amounted to ca. 1900 tons (ash~free dry wte.) where Mytilus
producad B6% (A.Me Jansson and Kautsky, 1977).

In aheltered areas with soft sediments and greater freshvater
dominence,; a s80ft bottom phytobenthos hags developed with a selec—
tion of phanerogams Llike reed (Phrasmites spe. ) rushes (Scirpus

EPpe ), pond weseds (Potamogeton sSppe ) end Ruppla spe in areas with
increassd nutrient output, often coupled with freshwater outflow

the roed beltg cover large arease. The fish production, though not
properly quantified yet, is probably highe As water is turbld the
flah fauna is domineted by sluggliah specles which have close food
and no need of spending energy in fast and persistent huntinge
Dominating species are: rudd (lLeuclagcus ervthrophthalmus), roach
(Le rutilus) and bream (Abramis brama)e.

In marndy areas eelyrass (Zogstera wsaritima) covere arsas vhich
are 9xtensive In Southern Baltic but decresases to isolated patches
in the Northern Baltic propere The associated feuna is dominated
by flat fish like flounders (Platichtvys Iflesus) aeand by clams and
snalls (Lappalainen, 1973) which clear the water by filtering and
cloan ths leaves from epiflora by browsinge Nore light <then
strikes the plant, which increases growth, which 1in turn glves
more scubetrate and food for the fauna, a beautiful exasmple of one
of the numerous feedbacks in naturee.

Many birds arae integral psrts of the Faltic archipelago. Terns
(Sterns £ppe ), goosander (NeruUs NOryanser) and red—breasted aser—
danger (Me gserratus) are to a great sxtent derendent on ¢the
threo—-spined stickleback (Gagterosteus aculeatursg) as a food
source (Lemmetyinen and Naukkl, 197S)e The most characteristic
bird of the archipelago, the oiderduck (Somateris wol\lissima?l
foods mainly on the blue mussle. The number of eiderducis in the
Baltic waa calculated at 600 000 (Almgqviet at ale, 1975),
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Community metaboliem

In order to roughly quantify the rola of the main functional units
in the dynamics of the coastal system Jjn gltu experiments with
plastic bags havo been carried oute In one extensive experiment
around mid-summer, simsul taneocus bag experiments were run in five
ditferent communlities for two 24 hr periods in a small 4 = deep
sound close to the AskSo Laboratory (Jansson and Wulff, 1977). The

':fgm

Pige 9« Community me tabolism of typical Baltic subsystems studied
in situ with plastic bag technique (Jansson and Vuliff
1977 )e Level of selfmaintenance (P/R), maintenance costs
per unit structure (R/B) and turnover times are compared

for the different systems.

results are here (Fige 9) concentrated to three ecological indi-
ces: the degree of selfmaintenance {(P/R)y, the saintenance cost
per unit of structure (R/B) and the turnover time (RB/R). The

pelagic trophic layer, the Cladophora- belt and the Fucua— belt
are at this period of the year to be regarded as producers or at

least autotrophs wvhereas the Ruppia- bottoms are clearly consus—
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erse The coste for running and keeping the necessary structure are
highest for the systems in zones of great phyalical noise like Cla-
dophore and the glanktone. "Cheapest" 1is the Fucug— system wilth
its elaborate structure (including filamentous epiphytes) and
numerous nichese The turnover times are shortest in the most
Qexposed zones, surf-zone and froae watar, where the need for rapld
repalr or total replacement of the organisas is great and nature
therefore hag favourad the small slze scale.

The annual variation of the community metabolliam in the Eucus-
belt hams bsen studied by Guterstam (1977, pers. comm: ). During
late winter the systom was heterotrophlic, in early spring strongly
autotrophic due to high insolation, lov temperature and few ani-
malgy, and during summer balancing around a P/R = 1.

The annual pul se

The heavy annuval puls: of solar snergy and <the time distribution
of nutriente give the phytal system a characteristic patterne. In
the Northern Baltic proper production starts already belov the lce
covery stimulated by the incrsasing light in March=Aprile. The
uppersost zones of the rocky shores have besn cleaned of thelir
plant cover by the erosion of the ice and the naked rock is now
firgt occupled by sessile diatoms seometime making real carpets on
the rocky substrate. Algo the shallow bottoms and their cover of
Gegey Ruppin are covered with long fringese of diatoms. A net pro-

duction of 1-3 g C m—2 day"! can be measured (Vallentinus,
perae CoOmPe )e The brown, flilementous Pillavells rapidly extends
over large sreas of the bottom, even on EucuUBe Few gpnimalg are

there to benefit from the large amounts of produced organic matter
and in May wmost of 1t successively loosens and falls +to the bhot-
tomy filling depressions with loose, easily tranmported material.
Here the algse live for some period before they decompose and go
into the food web of the soft hottomse In May-June <the green
algae start to growy, stimulated by the strong light and the supply
of nutrients from the previo.s decomposition processes in the bot-
toms benea the In due time the pregnant isopods and amphipods
immigrate from the Fycug— fauna, release thelir broods in the Cla-
dophors e This is the main reproduction period for the Fucum-
fauna (Haage, 1976). In August the Cladophora becomes detached
from the subgtrate, heavy with gessile diatoms, and settles on the
soft bottome The Fucua~ community shows its fullest maturity with
most Individuals and gpecles in the autuman (Haages, 197S). When
wvater ie cooled in late sutumn most of the Fucus— fauna submerges,
spending the winter in the lower parts of the phytal zone. The
eapty space left by the Cladophora is nov occupied by the filamen-
tova Corsplum sppe and large numbers of small Gagmarus sppe. can be
mseen sitting in the swaying tufts, their working appendages turned
towvards the water flowe During winter the actlvity is low, the
light is scarce and the system 1s burning i1its organic resources.
The 1ce cover decreases turhulsnce and organic matter ssttles on
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the gubmerged gtructures like dust Iin e clossd roome. Nutrients
accumulate In the water and when the 1lice broaks, early In the
year, turbulence and insolation Increase and the spring bloom
starts the new anrual cyclee.

Ihe pelegic aubsysten

The pronounced pulse of solar energy, the hydrodynamic pattern
both in time and space and the quality of the water give the Bal-
tic pelagic system its characteristics. The blologlcal variables
shov a stronger marine componsnt in tho south and a freshwater one
in the north but are mainly composed of hardy sarine specles.
Evolution has favoured a succession of sapecles during the year
which 18 very similar to that of the Northeast American Coast
described by Patten (1963)¢ In spring, when the water is cold and
dense and light is short, diatoms, which are heavy, have no mobil-
1tyes a low light optima send long generation times carry out sost
of the primary production.s In sumeer when water il varm, has a
lov denslty and luzurious light, green slgae and other forms which
are light and sobile and have a high light optima and short gener-
ation times are more efficient producerse. Iin the autumn when
water is getting colder and densesr and light decreases, they are
replaced by diatoms and dinoflagellates as being the more effi-
clent “workers" for the situation.

Seasonal processes

Fige 10 shows the course of the annual primary production and
related variables in an area bstveen the Swedlish mainlaend and Got-
leande Vhen lce breaks up and turbulence increases the spring con-
vection etarts bringing nutrients from deeper layers into ¢the
photic zone where light now rapldly increasges. The spring bloom
starta,; dominated by diatoms llke Scalstongsa costatuss Ihalas-
alosairs baltica and Achnanthes iasniata- The primery productlon
rapidly reaches values of 1-2 g C =2 day~!'c¢ The algae actually
gorge on nutrients, nitrate might be depleted in 4 days and the
consumption ssems to be in excess (Bobro gt aley in print). The
first consumers to respond are the bacteria which reach biomasses
in the order of 0¢5 g C »~2 within the first 20 =. The clliates
ar® the next to respond, grazing on the bacterlia and in this way
concentrating the food for hilgher trophic levels, The net zoo~-
plankton are scarce at this time of the ysar (Ackefors, 1975);
the only ones to respond are the rotifers, mainly Synchasta sppe
which have built-in sechanisns for fart reproduction (Fige 11).
Overwvip tering eggs of the copepod Acartia sp. now hatchy, filling
the water with nauplii (Hernroth, 1978). So few grazers beling
present up to J30% of the produced organic material rsinks to the
bottom (Hobro gt aly «n print), constituting an laportant anoc
tion of potential energy to the soft hottom subsystene
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Fige 10 Annual varistioan of primary production Ian the Northern
Baltic proper with sose related variables (froa Hobro
and Nyquvist, 1972y 1n Janssone 1972).

The water has nov low levels of nutrients and the suamer stage
of the pelagic producers is dominated by lov biomasses of smaller
forms with rapld turnover like dinoflagellates and monads (Bagge
end Niemi, 1971). The fizmation of carbon can still be intensive
bput primary production !s checked by intenslive grazing (Kaiser and
Schulzy 1975)s Microzooplankten increase in lmportance when temp~
erature increases (Ciszewski, 1975) and the larger zooplankton
iike Igsnra longicorpla and Paaudocalaaus ainstus slomgatus show
nsdius biomasses ( Ackeforsy 1975).

During this time sunlight is luzxuriast but nutrients are low,
hovever the Baltic system has an efficlent "worker™ for this situ-
stion: the bhlus—green alga Nodularisa spuslgénse. Thanke to the
ebility to fixz atmospheric nitrogen (Hibel and Hibel, 1974), this
specles flourishoes in July-August, totelly dominating the water.
The positive buoyancy during one period of its life makes 1t con~
contrate on the surface vhere winde aad curreats carry 1t arouad.
Using remote sensing techniquesy Nygvist (1874) was able to esti-
mate the bilomass of a two-week bloom to 1300~1700 tons C along the
Swedish coast (Flge 12) and Sstrom (1976) calculated the amount of
fized nitrogen to bes substentiale. Increased sewage flows from
land is suppossd to stimulate these bdHlooms (Horstmann, 1975),
which wvhes they die, release the nutrients to the watere.
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(from Hobro, Lareson & Wulff, in printde ‘he clliates
rapidly respond to the increase in phytoplankton and
bacteria (not shoea here)s Sedimentation is fest during
the maxisum, and decline of bloom and net zooplankton
has a tise lag.
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Flge 12¢ Satellite picture from an ERTS-1 passage over the Baltic
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at 90 km height on July 3, 1973 at 09.30-09.36 hourge
The dark streaks Iin the water are blooas of the blue—

«reoen alga Nodularia apumizana, able to fix atmospheric

nl trogene A rough calculation of the bloom ghown in the
plcture amounts to 1300-1700 tons of C (Nygvist, 1974).
Note the high concentrations in the northern part of the
area and in the wide bay of southern Sweden, which are
upwelling arease.

This InJjection might gstimulats the autumn bloom of dinoflagel-
lates, green slgae and diatoms, The autumn is the period for
accusulating energy reserves for the wintere. The blig zooplankton
are now at a maximum and herring and sprat feed inteneively, stor~
ing large fat reserves (Aneer, 1975).

During winter the total plankton blomass 18 s8scarcee. Herring
and sprat having problems with poelagic food, switch to bottoms
feeding (Fige S). In later years the herring migrate to the inner
archipelagos vhere it stands in dense and large schoolg which
might reach the size of 12 000 tons (Aneer gt ale.y 1978)s As the
herring doss not feed during the period before spawning, this
might be a way of saving energy, standing in the less turbulent
wvater wvhere predation pressure is smalle. After spawning in May
the young feed In gshallov wvater for a couple of weeks before
returning to the pelagic zone.

The described dynamice 1ls typlcal tor the Central and Northern
Baltic propers In the southy; the intermittent water flowing fros
the North Sea may cause up to nlne different blooms during the
year (von Bodungen, 197S; Smetacek, 197S5). In the Bothnian Sea
and Rothnien Bay the polar pulgse of light causes one dominating
phytoplankton maxisum (Lassig and Niemi, 1975).

Gross calculations of production

The total annual primary production measured as !*C-fixation
amounts to at least 100 g C @™ 2, This 1is of the same order of
magnitude as in the shallow areas of the oceane. The secondary
production of zooplankton has been estimated to S5 g C m™2 yr—!
(Ackefors, 1975). There are logses other than sinking of phyto~
plankton from the trophic layere. A considerable amount of dis—
solved organic carbon is beinyg released from the phytoplank ton-
zooplankton—bacteria interactions (Hobro gt aley in print)e Ysing
14Cc—~technique and fractioned filtering, Larsson and Hagatrom (in
print) have shown the stimulating effect of phytoplankton exudate
on bacteriea. Of a total primary production of 93 g C m—2 yr—},
61 g C iw incorporated in phytoplankton, 25 g in bacteria and 7 ¢
as exudatese The annual average ssdimentation of particulate mat-
ter amounts to 40 g C m~2 in the Northern Baltic proper (larsson,

DOrSe COMEe e
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The production of fish 1s Jdlfficult to calculate both due to
absence of good gquantitative methods and too meager filshery sta—-
tisticse. Table 1 shows the officlal catches of the main species.
Of pelaygic fish, herring 13 by far the most important followed by
sprates In the far north the fresh wvater spoecles whitefish Corego-
pus sppe and cisco (Ce 8albula) are locally importante A rough
calzulation of the total amount of figh in the Baltic proper has
been made by Ackefors and Heraroth (1972)s The biomass was
estimatad at 1.0-1.8 x 10® tons and the production at
0e8-1e2 x 10% tons yr—1. The pelagic flsh has probably increased
since that time (See Eutrophilication processes).

Ihe aoft bottos mubsysiem
Dominaticg species and biomasses

Sand and silt from land run off, decayiny algae from the phytal
zone and organic matter from the pelagic system settling In three
or four pulses during the year fuels the soft bottom systems. The
deposi ted material is droken down successively by different types
of bacteria which form ‘“chemlical food=-chains™ in the soft gub-
strato. In bottoms within the photlic zone they show a vertical
zonatione Desulrhovibrio breaks down the organic material to
hydrogen sulpnide which 1is oxidized by Baggiatoa im the presence
of oxygen to pure sulphur. This bacterias is therefore a gradient
organism living close to the sediment surface recelving oxygen
from above and hydrogen sulphide from below. The pure sulphur is
taken care of by the purple sulphur bacteria Chromatiux which oxi-~-
dize it to sulgpha te. These and other bacterial processes and
their couplings with the ciliated Protozoa have been thoroughly
investiyated by Fenchel (1969).

The whole sgserles of carbohydrate hydrolysers, niteifiers and
sulphate reducers would not function vwithout the preparation of
the organic material by the melo~ and macrofauna. Elmgren (in

print) has classified the vertical distribution of those faunel
eslemonts into three zones:

le An upper well oxyyenated zone dowvn to cae SO0 m depth vwith a
rich and diverse meio~ and macrofaunae.

2¢ A trensition area around the primary halocline whore oxyygen
greatly Cluctuatesy the fauna gradually disappears, leaving at
the lover border the macrofaunal specles jarapthos sarsl and a
fow meiofaunel taxa, mostly nematodes.

Je A lowver, continuously oxygsn—poor zone without macrofauna and
only a few thousand nematodes per m?,.

Compared to other marine arcas the soft bottoms are extremoly
simpls systems. The diversity decreases from south to north
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Plge 13e

Specles diversity of macrofauna In the Baltic Sea 1in
Juns and July 1867. Triangles indicate stations where
only one species was recordedes Black areas show hydrogen
sulphide, grey areas oxygen values below 2 ml 1itre —1!.
Filled circles indicate station wilthout macrofeouvaae
(Andersin ot ‘lo' 1977)e
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(Flge 13). In the South peclychastes like Scoloplos armliger and
Harmothoe sarel and crustaceans like Dlastylls rathkel and Panto-
porela femoreta are very common, though ¢the bivalves Agtarte
borealis and Macoma baltica dominate by hiomass (Andersin gt aley
1977 )e In the central Raltic the crustaceans are very common with
Eontoporels affinis, P. JIpmorata and Mepiciothea sntomon as domi-
nating species and JMacomg baltica as the only bivalve. In the Gult
of Bothnia the community is nearly entirely made up by Pe affiris

with Nepldothes eptomon next in order.
The melofauna can be classified as a Cyprideis-Manavunkis com-

munity (Rewane, 1940) as fer up as to the Aland Sea.

Based on results from the international “Joint macro— and melo-
fauna sampling programme for tho whole Baltic™, Elmgren (in prin%)
corputed an increase of macrofauna blomass from cse 1 g m—2 in the
Hothnian Bay to over 100 g m~2 (wet weight, including shell) in
the northern Beltic proper. Further increase was reported through
the Arkona Basgin (Andersin et ale, 1977) and in the Kiel Bay,
whers values es high as 600 g m—2 have bhesen reported (Aentz,

1971 ). Meiofsauna sgshows less increase from values of close to
2 gwm™2 in the Rothnlen Bay (Elmgren gt aley in print) to a 3 or 4
fold biomass Iin Northern Baltic propere. No increase further

south has been reported so fare

This could be explained by the parallel increass of primary
production from north <to smouth which to a great extent fusls the
benthose The changing ratio between nacro- and meiofauna might be
cauged by the hetter utilization of limiting food resources of the
melofauna (Elmgreny in print)e.

Production of benthos

The dynamics of the soft bottom benthos 1s probably best described
as the Odux snergy flow model of Ankar and Elmgren (1976) valid in
firat hand for the same 160 km? Ilnvestigation aree as for the phy~
tal quantification (Filge 14)¢ The values at the "heat sinks"™ rep-
resent respiration losses, the number within the hexagons standing
crops and the values at the outflows to the right of the hexagons
roprepgsent the net productione. The important role of ths bacteria
(111) and tho detritivores (IV, VI) 1s obviouse The total melo-
fauna production is about half that of the macrofauna. The total
calculated benthos production is cae 340 xJ w2 ypr—1
(cae 7 g C m~2 yp—1), half of which is left for the bottom fish
when respiraticny, mortality and consumption within the system have
taken their sharee

Usaing respiration to production values from literature, the
annual amount oryganic material needed for running thie system wvas
estimated as 40 g C m—2 yp—1i, In e more recent paper, Ankar
(1977) using respliration per blomass values arrived at
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Flge 14 nough onergy flow model of the benthic ecosystem of the
Apko-Landsort areae. Ie fish, II ePlanktivores,
I1le Bacteria end ciliates, IVe. MNeiofauna, detritovores,
Ve Melofauna, carnivores, VI, Nacrofauna, detritovores,
Vile Macrofauna, carnivores. Blomass measured, produc~-
tion estimated, resplration guesssd ate Storages 1in
KJ m~2 yr~1, Pigures to the left of the hexagons indi-
cate assimilation (R + P)e Faeces and organic excre ticn
are considered never to have left the organic pool in
the medisent (from Ankar & Elamgreny, 1976).

60 g C w2 yr—1, In any case, this seems to match the calculated
sedimentation from the pelagic system of 40 g C =2 yr~! gquite
'.1 le

Even regurdless of the sgvere oxygen conditions at depths
greater than S0 m the Baltic offers meagre condltions for botton
fish (Hempel and Nellen, 1974). Both cod and flounder grow less,
and the 1 part per thousand salinity necessary for the successful
hatching of the cod roe is restricted to the deeper parts of the
southern Baltic, often present with low oxygen concentrations.
Along the msargins of the continent, the viviparous blenay (Zoarcas
yiviparus) and the fourhorned sculpin feed on Harmothos end Paonto-
porelas the forser alaso on jMytilus and Macoma (Aneer, 1875).
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Table 1

Cateh of different fishes and Iinvertsbrates in The Baltic
including The Sound and The Belt Sea 1975, The figures have heen
calculated from the statistical data published by Conselil
International pour l'Exploration de la Mer.

Species Catch Iin metric tons
Herring (Clupes harsngus). 414,757
Sprat (Sprattus aprattus) 201,434
Cod (Cadus morhua) 234,156
Various gadiiforms 29471
Salmon (Salmo salar) 2,943
Various salmonids 11,294
River eels (Anguills spp) 4,180
Flounder (Platichtys fLlesus) 11,988
Plaice (Pleuronsctes platemsa) 9,944
Various pleuronectiforas 1,786
Various freshvater fishes 204,421
Various marine fishes 25,853
Fishes unsorted, unidentitied 27,646
Total catch of fishes 868,873
Blue mussels (Nytilus sdulls) 4,664
Various solluscs 10
Lobsters (Homarus spp, Nephrops norveglcus) 11
Shrimps (Palosesonidaes Pandalidas) 195

Total catch of invertebrates 44,880

Commercially, cod ls next to herring in importance (Table 1)
whereas flounder showa much asmaller catches, far from matching the
North Sea flatfish on *he market.

CHANGES JIN ERODUCTION DVE JO POLLUIION

Eutrophication procagses.

Por 1976, Andersin gt al. (1977) calculated the area with unfe~
veurable oxygen conditions as 10 000 km2 or 25% of the total Bal-
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tic area. Although the main reason ftor this is the poeralstent
stratification of thoe water due to hydrographic conditions, man'e
increasing vaste flows certainly play an important role. Accord~
ing to Ahl & Odeén (1972) for river discharge and Engvall (1972)
for urban and industrial outflow, as much as 80% of the discharge
of phosphorus end 50% of the nltroygen Iin Sweden 1is ceused by man's
activities. Fongelius (1972) has calculated that as little as an
extra 10% of the carbon annually produced in or discharged to the
Baltic is sufficient to deplete all oxygen present bhelow the halo-
cline in one year. The normal gtratiflcation of the phytal zone
hasa changed in polluted ereas (Lindgren, 1975). There has heen a
general ghift from perennial algae (Fucus, Furcellaria) to annual
filamentous species (Cladophera, Pllavella). This will most cer—

talnly affect the total productivity of the coastal systems in the

long rune But there are some positive changes also. Herring
(Rechlin, 1968) and sprat (Schultz, 1870) have increased their
stocks due to increased phyto—- and zooplankton populationse. The

benthic fauna eabove the halocline in the central Baltic bhave
incroased thoeir biomass by at least 17% during the last 50 years
(Cederwall, pers. comme)s The populations of Mytilug feediny
ajder ducks have algo increased subatantially over the last thirty
years (Le Jansson, perse cCOmsme )e

Accumulations of hazardous sgsubstances, long turnover time, sta—
ble stratification and lowv temperatures make the Baltic an effec-
tive sink both of organic material and chemical subsatancese. Thils
ig clearly shown by the classical example of DDT and PCB concen-
trations in Baltic organisms in comparison with correspondlng pop—
ulations on the Swedish west coaste The fauna contain around 10
timeS a3 much of these hazardous substances (Jensen g% ales 19689),
(Filge 15). Due to the high PCB concentrationsy only cae J0% of the
temales of the Baltic seal population are fertile each year,
pointing to near extinction of this specles (Kihlstrom,
Pers8e CcoOmme )o

On the other hand, the situation has lIlmproved, e.yge.y concerning
the accumulation of morcury in Baltic oryganisms. The previous
high levels of sercury in the foathars of yuillomots are nowv down
to concentrations of thoe previous century thanks to the Swedish
megrcury bar in 1966 (Olseon, porse. comme e

Qi1 edlluticn

The ftrequent use o1 the Bal tic as a transportation area algo
cauBSe8 a high frequency cf oll spillage. Chronic effects of oil
pollution resulting {in changes of bottom communlties around urban
argas have boen shown Ly Leppakoski (1978). The serious effects
or wrecked olltankers on the sea bird population are vell known.
In the archipelago 1t is disastrouse One investigyated oil spill
in the Archipelago Sea (Fige 1) in 1969 was found to have visible
effects in the phytal and soft bottom systems but J0% of the elder
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Johnels, Olsson & Otterlind, 1969).

duck populations were wiped out (Leppakoskil, 1973). Labora tory
tests have shown negative effects of even highly diluted mixtures
of oil and eaulsifiers on herring larvae and populations of the
ecologically isportant aeamphipod Gasmarus oceanicus (Lindén 1974,
1976). The larvae showed increased mortality and deforsation of
the spine and the asphipod decreased iIn fecundity and growthe.

SYSIEMS ANALXYSIS

The most advanced dynumliec model of s Baltic ecosystem up to novw is
protably that of Sjobverg & ¥ilmot (1877). It was used to explore
the forelag processes of a spring bLloom based on the results of
Hobro gt ale (in print)e It showed hov insolation wves responsi-
ble for starting the bdloomy, but also how it could be checkesd by
sustained deep mixinge. The total uptake of nutrients was deter—
mined primarvily dy vertical mixinge



REEERENCES
Ackeforsa, He 197S. Production studies of zooplankton in relation

to the primary production in the Baltic proper. Msrentutki-

nauslaltokean Julkaisu/Haveforskningsinptituiats Skrift
NOe 239' Pe 123-1J30.

Ackeforsy He; Hoernrothy Le 1972. Egtimations of the amount of
zooplankton and figh in the Baltic propere Meddes Havstisk™-
alab. Lysekil, 139 pp.

Ahly, Te: Odén,; Se 1972. River discharges of total anltrogen, total
phospihorus and organic matter into the Baltic Sea from Swe-

den. Ambio Sreclal Rgpor*, vole 1, pe 51-Sé6.

Andersin, A~Be; Lassiy, Je} Sandiery He 1977. Comnmnunity struc~
tures of sgoft—-bpottom macrofauna ln different pearts of the
Baltice. In: Lkeegan, Coldigh and Boaden Liology of Benthic
organlsas New York, Pargamon Press, pe. 7-20.

Anesry Ge 1975, Composition of food of the Baltic herring (Clupes
harengus ye membras Le ), fourhorn sculpin (Myvoxocephalus gua-

dricornle Le) and eel-pout (Zoarces viviparus Le.) from deep
soft bottoa trawling In the Asko~Landsort area during two

consecutive years. Merentutxisuslaltoksen Julkalasu/Havsfor—
akninysinptitutets Skrift noe 239, pe 146-154.

Aneer,; Ge; Lindqviet, Ae«; Vestin, L. 197R8. Vinter Concentra.lions
of Baltic Herring (Clupea Harengus vare. Membrag Le)e Con-
tribe Asko-Labe Unive Stockholms vol. 21, 19 ppe

Ankary Se3 El-gz,n. Re 1976. The benthic macro— and meio— favna
of the Asko-Landsort area (Northern Baltic proper). A stre-
tified random sampllng survey. contribe Amko-Labhe. Unlye.

Stockholms vole 11, 115 ppe.

Armelius, Ne; Fkman, Be.; Heinanen, Me; Parnanen, Ae.; Ristola, Me
(odge o 1977. Literature on the Gulf of Bothnia published
in the years 1950-1974. MNerepntutkimuslialte
Julke/lavatorskningsaingte Skrift noe 242, 168 pp.

Arntzy VeEe 1971. Blomasse uad production des Makrobenthos in den
tieferen Tellen der Kieler Bucht ims Jahr 196R. Kisler Msar-

a8torache vole 274 pe J6-72.

Baggey Pe; Niemi, A. 1971, Dynamics of phytoplankton primary pro~
duction aend biomass in Loviisa Archipelago (Gulf of Finland)e.
dereantutkimuslaitoksen Julkalsu/Havetorskninga-institutets
Skelft noe 239, pe. 19-41.

~299-~



Bodunygen VeBe 1975, Der Jahresgang der Nahrsalze und der Primar—
produktion des Planktons iIn der Zleler Buchte Dissertation,
Christian—Albrechte—Universitat, Kiel, 166 ppe

Carlb‘rgg SeRe 1972. New m Mo ICESy Coope Res. Repey
vole. 29, 145 pp»

Ciszewgkly Pe. 1975, Effects of climatic conditions on microzoo-
plankton biomass in the scuthern Baltice. Narentutk'muslai~

lokeen Julkolpu/llavaforskningsinstituteis  Skrift neo. 239,
Pe 137‘1390

Dletriche G-~; Koster, Re 1974, Bodengestalt unc¢ Boderbedeckung

In: Masgard und Rhelnheimer (eds,), Mereskunde goch Qgtr-es-.
Springer-Verlag, pe 11-18.

Dyberny; B~ le.; Ackefcrs He; Elmgren, R. 1976. Recommendatlions on
methods for sarine biologlcal studlies in the Baltic Sea. Ihe

Baltic Nerine Blologletse no. 1, 98 pp.

Elmgrens Re (in print)e. Structure and dynamice of Baltic benthos
comunities, with particular preference to the relationshlip
bhetwveen macro— and meiofauna. Kisles Moeresforsche Sonder—
hetff d4de

Elmgrony Re; Rosenbergy, Re; Andersin, A-Be.; Evansg, S<; Kkangas, Pe.;
Lagsalgey Je; Leppakoskily, E«; Varmo, Re. (in print). Benthlc
macro- and meiofauna in the Gulf of Bothnila (Northern Bal-

tic)e Prace Morskilego Instytut Rybackle.

Engvall, Re 1972« Swvedigsh municipal and industriel diecharges
into the Baltice Apbio Speclial Report: vole 1, pe 41-49.

Fenchely Te 1969 The ecology of marine microbenthos IVe Struc~
ture and function of the benthic ecosystem, ite chemical and
physical factors and the microfauns comasunities with special
reference to the ciliated Protozoa. QOphellie, vole 6,
Pe 1-182.

Fonsellius, S. 1968, Hydrography of the Baltic deep basins II],
Fishery Roard of Sveden. Seare. Hydrography, vole. 23, 97 ppe

Fongeliusy Se. 1972. On Biogenic elemerts and organic matter in
the Baltic, Ambio Specilal Resporty vole 1, pe 29-36,

FPonse lius, S. 1970, On the stagnation and recent turnover of the
water in the Baltice Iallus, vole 22, p. 533-544.

Guterstam, B. 1977. An lpn alty study of the primary production
and the metaboliem of a Baltic Fucus yasiculosug L. Cosmu~
nitye In: EKeegan, Celdigh and Boaden, HBHiology of Banthic
organiemse New York, Perge Press, p. 311-319.

-300-



Haag®, Pe 1975, Quantitative investigations of the PRaltic Ewus
belt sacrofauna 2. Quantitative seasonal fluctuations. Cop-~

tribe Asko-Labe Unive. Stockholms vole. 9, 88 ppe

Haagey Po 1976. Quantitative investigations of the Baltic Eucus
halt macrofaune 3. Seasonal variation in blomass, reproduc-—
tion and population dynamics of the dominant taxa. Ihidey
vole 10, 84 ppe.

Hempel Ge; Nellen, V., 1974, Figche der Ostsase. In: Jesrsokunde
der Ogt=eey Le MNayasard and G« Roeinheimer (eds. ), Springer-
Vor'lc.g. Pe 215-232.

Hernrothy Le 1978. The Zooplankton of the Baltlic proper. Zoo-
plankton dynamice of a spring bloom in the Northern Baltic
propere. Mimeogr-aphe

Bobrcsy Re; Larsgon, Ue; Wulff, Fe (in print)e. Dyramics of a phyto~
plankton spring bloom in a coaatal ares of¢ the Northern Bal-

tice Pracs Norakiego Instytut Rybackie

Horstmann, Y. 197Se. Futrophication and mass production of blue—
4grsen algee in tha Baltice Merentutkimuslaltoksen Julksisu/
Havaforskningsipnstitutets Skrift no. 239, pe 83-90.

HAUbel, He; RUbel, MNe 1974, In-situ messungen der diurnalen Stick-~-
stoff-Fixierung an Mikrobenthos der Ostseekuste. Archly ftur
Aydrobliologie,; Supplement 46; Algological studiesy, vol. 10,
Pe 39‘54.

Jangsony B~0e 1972 Fcosystem approach to the Baltic probleme.

Bulletins frog the Ecologlcal Research Committee/NFR. Stock~
nm' vol. 16, 82 PPe

Janssony, B~-O0. 1978, The Baltic — a systes analyslisg of a semi~en~—
closed neae In: Chamock and Deacon (eds.) Advances Jln ocea-
nographye New York, Plenum Press, p. 131-184,

Jenssony B~0Oe¢; Wulff, Fe (in print) Baltic ecosystem modellinge.
InS CeAeSe Hall (~d.) Egonyvateams model in iheorv and prac-
ticey Viley-Intersclience.

Jangsgony A-Me; TXautsky, Ne¢e 1977¢ Quantitative survey of hard bot-
tom communities in a Baltic archipelago. In: Keegan,
Celdigh and Boaden, Rloloay of Henthlc Organlamgse New York,
Pergamon Press, pe 259~-J366.

Jenmeny Se; Johnels, Ae; Olsson,; Ne: Otterlind, Ge. 1969. DDT end

PCB 1in w=sarine environment. Eaupa och Floras vole 64,
pe 142=-148¢ (1n Swedish).

-J301~-



Kkaiser, Ve.; Schultz, Se 197S. On primary production Iin the

Baltice Merepntutkimuslaltoksen Julkelau/Haveforskningsinati-
tytets Skrift noe. 239, pe. 29-33.

Lappalalneny, aAe. 1973. Biotic fluctuations in a Zastara pmarina com-
munitye OJlkos Supplementums, vol. 15, p. 74-80.

Lassig, Je; Nlemi, A. 197S. Paramoter® of the production in the
Baltic measured during crulsee with R/V Aranda in June and
July 1970 and 1971. JMerentutkipusialtoksep Julkalsu/Haysfor-~
sknlnssinstitutets Skrift noe 239, p. 3J4-40.

Larssony Ue; Hagatrome Ae (in print). Phytoplankton extracellular
release as ar energy source for bacterial growth in a pelagic

ecosysteme MNare Biole.

Leppakoski, E. 1978. Recoc 7sry of Benthic Nacrofauna from chronic
pollution in the sea area of a refinery plant, Southwest Fin-
lande Jeo Elshe EKege Hoarde Capadas vole 35y pe 766-77S.

Lemme tyninen, Re.; Mankki, Je 1975, The three—spined stickleback

(Gagteromsteys acvyleatun) 1n the food chains in ths Northern
Baltice JMerentutkimuslalitokgen Julkalsuv/Havaforskninusinsti-
tutets Skrift no. 239, pe. 29-33.

Lindén, Oe 1974 Effects of oll spill dlispersants on the early
development of Baltic herringe. Anrales zoologicl fepnici,
vole ll, Pe 141-148.

Linden, O 1976« Effects of oll on the reproduction of the Amphi-
pod Cammarus oceanicuse Ambloy vole Sy pe 36=37.

Lindgren; Le 1975. Algal zonation on rocky shores outside Helsinki
as a basis for pollution monltoring. Narentutkisuyglajitokagen

Julkalsu/lHevaforskningsinstitutets Skrift no. 239,
pe 334-347.

Magaardy Le; Rheinheimer, Ge. (0ds.) 1974, Mapraskundes dor Ostsege
Berlin, Springer-vVerlag, 269 ppe.

Nyqvisty, Be 1974. Seters jon blommar. Forsxnins och Eramstegs
vole 65 pe 1-2 (in Swedish)e

Odum, HeT.; Odum, E.C. 1976. Energy baais for man and pature, New
Yorky McGraw-Rill Book Co. 297 ppe.

Sastrom, Be 1976. Fertillzation of the Baltic by nitrogsn fixation

in the bluegreen alga Nodularia sSpumigena. Remots sensing of
anyironmants vol. 4, pe. J305-310.

=302~



Patten, B.Ce 1963, Optimum diverslity structure of & summer comsu-—
nltye Sclences, vele 140, pe. 894-898.,

Rechlin, O. 1968. Neuve Acpekts Zum Probelm der Bestandsschwankun~™
&% bHeim Rerbstherling der Ostseec Fischerei-Forschung, ¥Ylisgsase.

Schre Raglhe, vole 6, pe 69-71.

Remar.ey Ae 1940. Finfuhrurg in dle zoologlsche Okologle der Nord-
und Ostsee. In: Ijerwelt der Nord- und Ostsee I as 238 pp.

Schwenkey Be 1974, Die Benthosvegetation In: L. Magaard & Ge. Rhe™
inhslmer, (ods. ), Neeraskunde der Ostgeae, Springer—Verlag,
268 pre.

Schulz, Se 1970. Der Lebensraum Ostseee. Okologische Probleme in
einem geschichteten Rrackvagsermesr. JRlol Rundschauy, veol. 8,
pe 209-215.

Segergtraley, S.G. 1964. Literature on marine biology in the Baltic
area published ir the year 1953-1963. Commentate Biol. (Soce.
Sgcle Eepnnle)y vole 27, 44 ppe.

Segerstrele; Se<Ge 1975. Literature on marine blology in the Baltic
area published 1in the year 1963-1972 with the addition of
sose symposium papers printed in 1973 and 197S5. Iblide,

vole 77, 88 pp.

Sjobergy Se; Vilmot, ¥« 1977. System Analysls of a Spring Phyto-
plankton Ploos in the Baltice Conteibe Asko-Labe Unlve

Stockholme vol. 20, 99 pp.

Smetaceky Ve 197Se. Die Sukzession des Phytoplanktons in der west—
lichen Kleler Pucht. Dissertation,; Christian-Albrechts—-Univ-

ersitat, Kiel, 15! ppe.

Theaedey He 1874« Die Tierwelt 1. Okologle, In: NMagaard und Rhein-
helmer (eds.: )e Mesreskunds der Ontsese. Berlin, Springer-
Verlagy pe 1971-1988,

Vattenberg, H. 1949, Entwurf einer natirlichern Finteilung der

Ostsee. Klaler Mseargsforschey vole 6o pe. 10-1S.

wulft, Fe3 Flygy Ce; Fobergy Me; Hangsony Se; Johanmssony Ses
Klintberg, Te; Sandberg, He; Skarlund, Ke; Sorlin, Te; Wid-
bomy Be 1977. Fkologiska undereokningar i Lulea skargard 19876
(Ecologlcal studies in Lulesa archipelago 1976)e Repe to Swed-
ish Eavironment Protection Board, Contract 5860401~-8. MNimeo~
griphed ( in Swedish).

Zer:evichy L. 1963. Biclogy of the seasn of the USSRE. New York,
Viley and Sons, 955 ppe

=303~



GUIDE LINES FOR BECGSYSTEN MHESEARCH IN COASTAL L AGOONS
by

ReRe Parker
CSIRC Augtralia Division of Fisheries and Oceanography

AINIRODUCT ION

One stated objective of this seminar 1is "to provide guide lines
for future research in coastal lagoons™. 1 heve translated this
to mean "problems concerned with identifying the core problem and
continuing research towards its sventual solution”. To thig end I
propose to briefly sketch the development of the Commonwealth Sci-
entific and Industrial Research Organization (CSIRO) Fatuarine
Project and share the experiences and lossons we have learned in
1ta oexecutione My particular blas will be recognized as a bellief
that today®s scological probloms should be sattacked Ly interdisci-
plinary teams using a systems analysis approach rather than by an
ungtructured multidisciplinary bombardmente.

EXAMPLE

The CSIRO Estuarine Project was initiated in 1973 from a point of
view that the impact of developing technology on the estuarine
ecosystem could not be predicted with the knowledge then avalila~-
bles By Tecosmystea" [ wean a complex o3 physical, chemical and
blologlcel properties which interact according to underlyling lawse
By predict I mean to foresee changes of oa jor consequence to human
use or acceptabilitye. Such gimsple questivns a8 “How will the
estuarine ecosystem respond If a major portion of the fresh wvater
runoff ls divertad to snother basin?', "vhat sescolegical changes
are likely ¢to result froa dredging a channel through a shallow
entrance gill?", or YHov will the dlssolved oxygen levels respond
to the wagte discharyos of a propogsed industry?® could net be
ansvored without gtringent qualification. A common thread to all
such questions is "How will the ecosystem respond?® This question
is merrisd to the obligate correlate "How does the ecosystem
work?" 1t is thls latter question to which we addressed our-

selves.

interensted staff came together in e series of meotings and
bagan to develop the project in detall, The first step was to
recognize the parts of the system and hov they flt together as we
then undergtood thome Choosing carbon a9 a common unit of meas-
urementy a box—and-arrov schematic was constructed to describe the
total system in an abstract and qualitative way. A basic list of
five compartments was defined as shown in the matrix of Table 1.
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Table 1. Carbon compartments used in abstract model. The matrix
designates fluxes froa doncr to veciplent compartrents,
The rates of flux ars shoen ag determined el ther by tho
doncr (D) or the recipient (R) or both (J) compartment

slzese.

Donor Recipient Carbon

compartment
DIC AOT HET DOC DET

DIC R Dissolved
inorganic

AUT D J D D futotrophs

HET D J D D He terotrophs

DOC R R ) Digsolved
organic

DET R D De tri tus

A study site wvas soelected (Port Hacking, Sydney, NeSe¥e) for 1its
convenience and boundaries of the target ecosys.em vwvere deflned.
Gains and losses across ¢these boundaries and exchanges between
sediment and water column subsystems were considered. The study
site had a shallowv ontrance sill leading to a doeper basin known
to periodically go anoxic at depthe A distinction was m=made
between aeroblic and anserobic heterotrophic compartmenta 1in the
sediment subsystem. The conceptual model defining the flow of
carbon to, from and wlithin the ecosystem 18 shown in Flige le
Together with controlling factors such as light, temperature, nut-
rienty, salinlity, oxygen and transport, this compartment and tlux
diagram becane a statement of the broad goals of the studye

The second step was to translate the abstract concept {into a
real pareseter progranme. From an early reconnaissance the com—
partments of the model were equated with famllar and common names,
for example, AUT became phytoplankton, benthic micro~ and macroal-
aaey seagrass and mANgrove. HET became bacteria, =zooplankton,
nekton, invertebrates, eplbenthos, etce It vaw obvious that nei-
ther expertise nor support wvere available to study all comparts
ments and fluxes in detail. The studies which did proceed vere a
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is found in the ecosystem and theo inter—-compartmental
fluxesge. Compartments arae labelled a8 fol~-
lows 2 AUT = autotrophic carbon; DOC = dissolved organic
carbong DET = detritus; HET = heterotrophic carbon; CO,; =
dlssolved inorganic carbon; AER HET = serobic hetero~
troghs; AN HET = anaerobic hetoerotropnse.

compromnlge between regources, Intorest and prloritye. These
decided, a central progremme of monltoring for temporal changes 1n
compartment gsizes and forcing factors was 1nitiated to provide
continuity and <tie ine. Individual scientists attacked selected
problems ldentified as contributing to the atated goals.

A few gclentigts from outaide +the Division were attracted to
the projecty oenlarging the scope of expertise available.

Without providing detail (avallable gslsewhere), the results of
the work of three investigators vorking with the AUT compartment
are summarized in Table 2 Mre Be Scott found production by phy-
toplankton to be both light and nutrient limited and upon occaslion
production was enhanced by increasing the biomass with exogenous
Table 2. Primary production, South Vest Arm, Port Hacking,

1875-1976.
Yexon Average rato Area Estuary total
(mg C m2 day—1!) ha { tonnes C yr—!)

Phytoplankton! 40 2 il10. 16 000
Benthic 180 0. 28 184
microalgaed

Seagrass* 356 2.25 2 924
Benthic algae no estimate = 0,03

Mangrove no estimate = 003

1 vYork of Mre Be Scotty CSIRO Division of Fisheries and Oceanog™
raphye

2 Intoyurated for whole estuary using P/erea/depth and then divid-—
ing by surface arsesa to obtaln avoragee.

3 Vork of Mre MNe Gllesy, Australian Atomic Energy Commission, Syd-
NOYe

& vork of Mre He Kirkman, CSIRO Division of Fisheries and Ocea—
nographyes Data are for Posldonis australis onlye. There are

some Ue«7 ha of Zostera capricornl for which production data
are not yet available.

planteg brought in with tidal water. JMNre Me Giles found that pro-
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duction by benthic microalgao was 1limited by 1lighte Mre He
Kirkman found =a seagsonal cycle of growth of seagrass (Pomidonis
augtralis) Lleaves which suggests a light or temperature limite-
tione These attributos must e monitored to provide forcing func~-

tions for e primary production model.

Computer simulation was an ongolny process, It was asgsumed at
first that a resul tant model would be predictive and this came to
be seon as egssential. Later 1t became clear to all that this was
bheyond our availlable resources. However,; there was still a need
for an ecosystem model to collate and gsummarise the knowladge that
had besn galnede Such a model could be used to test the complete—
ness of this knowledge by comparing its ocutput to the known behav-
lour of the studled systenm. Based on the findings of Dr Se God™-
frey (CSIRO Division of Fisherlies and Oceanography), a model
simuleting the changling condltions during the marine—-estuarine-ma-
rine cycle dictated by alnfall pattern was evolved by Nre Res Sin-
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Fige 2 Development of an Ecosystem Model of South Vest Arm ( Port
Hackingy NeSeV¥.) (a) Results of a computer simulation
ugsing daily ralnfall as driving forcee Rain pulses may be
identitfied by surface isopleths of low P {b) Observed

digtribution during same time pericd as (a).

clair (CSIRO Diviasion of Computing Research). This model (output

in Fige 2) provides diacrete strate in wvhich biological processes
proceed in tidal time stepss A biologlcal model gradually svolved
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from Dre De Smith (CSIRO DI -ion of Fisheries and Cceanography)
through Mre Re Sinclair end Dre We Cuff (CSIRO Dlivision of Comput-
Ing Kesearch)e The carbon flow of thls model, based on measured
compartment sizes and a variety ot fluxes, sOmOo measured, some
from the literature and some guessgsed at, l1s shown in Table 3. A
synthesis of these physical and biological models 18 now being
attempted and early trials are encouraginge.

These results underline the need for a deoetailed description of
the hydrodynamics of a study area as a prerequisits to further
work and planninge In many cases thlisg will be knowne. In our cas?
it was not and the hydrodynamics proved basic to our understanding
the changes taking place in the ecosystem. The development of an
ecosystem model with a multidisciplinary framework 1ls not a task
for the faint-hear teds. Our maln impediments were related to clar
ifylng what <the model could and could not do for us and and to
finding sufficient knowledye of the system to develop 1it. Ve
found the nmodel tended to run away with the studye. I1ts danger lay
in the inadequacy of 1lts description of the real world. Once 1t
became clear that a predictive model was not the goal, the simula-
tion beceme helpful in focusging attontion of participants with
dissiciler digciplines onto a conmon problem and provided a common
languages

CRITIQUE

The CSIRO Estuarine Project was concelved in 1973. Planning,
equipment gathering and methodological development took until
197S. Field observation began in 1974 and continued to 1977 (a
.little is s8till continuingle Vriting up is in progress and should
finleh in 1979. This is a total of six years and the lnvolvement
of aome 12 full tigee core sclentific staff plus support, with gui-
dance and part-time participation of an additional 12 people.
Vhat of the oojective, "How does the ecosystem work?" Ve can only
dive a partial answver, but it is more complete than the one we
formerly gavee. We can answver the questions posed in the introduc~
tion with less equivocation. Ve have underlined the basic truth
that the ecosystem is incredibly complicated and a complete under-
standing 15 beyond our means and perhapse our ability. The real
£8ins that have been made are interdisciplinary (interrelated
efforts among severel disciplines), and would not have been made
had the project been merely multidisciplinary (work not necessar—
ily related). The joint enterprise of physicists, chemints and
biolouisets working tovards mutually identlifled goals has provided
an inegight into the interactions of component parts of this eco-
systemes While the reletive importance of components (see example
of Table 2) may be site—gpeclfic, the welghts (coefficients of
relative importance) necessary to ralate these results to a simi-
lar ocosystem can be acquired mors ¢aslly than a completely new
sete
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Table J. Matrix of annual average compartment fluxes and biomass
for Port Hacking study areas HET] denotes aerobic he ter—
otrophsy HET2 denotes anaerobic heterotrophse

DONOR RECIPIENT (mg ¢ m~3 day™ 1)

vater column
DIC AUT HET pocC DET

pDicC 100

AUT 840 76 8.3 8.3

VeCe HET 20 22 57

DOC Q.1 1e6

DET 16

DIC 82 0.2

AUT ) < 0.1 79 < 0.1

SEDe HET1 Je9

HET2

DOC 4.8

DET 8.0

Table 3 continued

DONOR RECIPIENT (mg ¢ m~3 day-!) BIOWASS
Sediment
pIC AUT HET1 HET2 pOC DET (g C m3)
oIC 062 9.8 20,
AUT 0.18
WeCe HET Gel 25
DOC < 001 34 1.
DET 57 «09
DIC 0e2 5.6
AUT < 0ol 20 0.2 « 01
SEDes HETI 130 21 TeS
RET2 22 5S4 Sed 1e
00C 180 45 Se
DET 42 4S 137
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RECOMMENDATIONS

¥ith this experience 1t is possibles, in retrospect, to say what ve
should and should not have done. This is probably best done as a

Table 4. General guidelines for ecosystem research in coasteal
lagoons

le Identiflica tion of broad problems and funds avalilablee.
2e Obtain the blessing of all concerned political bodles.

3¢ Appolint a proJject director with clear terms of reference,
responsibility and delegated authcritye

4e Identify the particular problem(s) to be studied, an accepta—
ble level of solution, the projescted time frame and predicted
coste.

S5¢ Commitment by sponsoring body for complestion of project within
a specified time framee.

6e Appointment of committed sclentific staff and supporting per-

sonnele Criteria are sclentific experlience; attitudes to
interdigciplinary team research, and willingness to complete
project.

Te initiate & core programme of monitoring attributes ldentified
es forcing or limiting functlionse.

set of general gulidelines for setting up and exscuting an inter~
disclplinary project. These are set out as a time ssgquence iIn
Table 4.

It will be noticed that specific research projects and instruc~
tiongs on how to conduct them are not includede The foraer will bhe
identi fied by the systess analysis approach starting with identi-~
fication of the problem and the choice of staff. The conduct of
the research ig largely for the individual participants to deter-
alnee.

Prior to commencing ar ecosystem study, 1t will be well teo
recognise that these problems are incredidly complex, particularly
in estuaries and shallow water lagoons vhera gsuch features as sub-
strate;, runoff and adjacent land use becoms particulerly impor-
tante Agencies inltliating such projects should be thinking 1in
terms of decades rather than years of etudy and have a clear ldea
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of the spoecific problems to be studied and level of funds likely
to be availables

Thegse areas are usually under the juriasdiction of several
political bodies, ranging from local to Iinternational 1in gcopee.
The project may be sorely harassed, even to a point of collapse,
unless jurisdictional problems are sorted out and blessings
acquired in the initial planning stages.

A progject director should be appointed at this timae. He should
have the responsibility for the appointment of further staff, con-
trol the project fundsy, and be dlrectly responsible to the spon—
goring bodye V¥ithout this line authority, it may become unlikely,
except by accldent, that a mutually desirable goal will he
achleved. There is a tendency for interdisciplinary programmes to
evolve into multidisciplinary ones, through the "prima donna"
attitudes of scilientigtse. You might be left, in motaphor, with an
orchestra of soloists, s frustrated conductor, and & bewildered
audience.

The project director should further define the baslc task,
using a systems anelysis epproach ( he may need the help of a mod~
eller), and identify an accoptable level of solutione. This will
allovw him to decide on the staff and support needed to solve the
stated problem and to arrive at a compromise betwegen the project
and availatle funds acceptable to the sponsorse. In this way the
gponsors will have a clear ldea of what they can expect for their
investment, and the director will not be expected ¢to work mira-
clese This calls for a term commitment by the sponsors that once
the pro ject is started it will be completed. It also calls for a
coamitaent by the technical participants that they wilill sgee the
project throughe

Ecosystem problems embrace several disciplines, but are not
likely to be solved by pimply assembling e yroup of individuals,
each sxpert in an appropriate field. The key word here is inter—
disciplinary rather than mul tidisciplinarye. Our tortiary formeal
education institutions tend to train people to act a® soloists
rathern then members of a toam (who has heard of a aultiple
authorship PheDe thesis?)e Ecosystem problems, however, demand a
tean approach for their gsolution, hence tho ability and willing-
ness to work as a team membeor 1Is an lmportant criterion wvhen
selecting starft,.

windfall funds tend to enlarge the scope of the project rather
than increase 1ts efficiency, and are therefore a mixed bhlessinge
A reductlion in funds below the anticipated loevel callg for a res—
cheduling of time frames at best and a complete redetinition of
soale at worate It Is usually disastrous to the projecte
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Iin summary, I advocate a goal-oriented interdisclplinary struc-—
ture in solving ecosystem problems In estuaries and shallow water
lagoonne. An open~doored project with 1ll-defined goals may fund
research which is exciting, worthwhile, brilliently thought out
and executedy; but has little connection with the problem specilfled

by the sponsorse
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A

Biologicel Approach to Coastal Lagoons: Ne tabolliam and
Physiologlcal Ecology

by

Plerre Lasserre, Universito de Bordeaux I, Franco

Nany countries consider or reconsider the possibillty of lmproving
thelr current knowledge on coastal lagoons. Blologists who have
been concerned with lagoons previously were interested in de ter—
mining the identity and, to some extent, the abundance of speclies,
and how this information rolated to environmental variables. More
recent investigations have been concerned with subjects such as
chlorophyll, photosyntheals and net respiration.

Having acqulired this basic knowledye, many questions of partic—
ular interest for the increage of our understanding of the func-
tlioning lagoon systems now need to be answerede. This is especlally
true for the critical problems of energy rolationships, notably at

the psediment/wvater interface. Coastal lagoons are very dynamic
systems having a productivity high turnover. However, the large
and often drastic changesy @egey in temperature and salinity,

resuli in dynamic spatial and temporal distribution patterns of
transient end resident organismse. These complex natural patterns
of variation must be understood or at least recognized, before an
attempt can be made to exploit rationally thase biota and to
relate any alterations to ebnormal environmental changes (pollu~
tion) which may evenutally occure.

A coastal lagoon is often the site of valuable flsheries but is
also a region primarily affected by man®s dumping of a wide range
of substancese. Cur limited knowledge suggests that there are
highly edapted communities of organisms with great ecological,
fundamental and economical intersesst.

Nost of the living communities exhlbit great numerical changes
in the course of time, and thelr ability to survive thess changes
is one of their most remarkadble featurese This has heen revealed,
particularly during recent years, Iin ecologlical studies based on
metabolicm measurements, Iincluding work in physiological ecologye
These research ¢topics are becoming increasingly important. For
these reasonsy research programmes centered on the following
aspects are highly desiratle:
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le Knowledge of metabollc processes of communi ties,

2e Studies of the physlological and blochemical strateglaes
of adeptation belnyg developed by signlificant species ard
populations,

Je {ncorporation of this information in a guitable simula-
¢ion language as a means of modelling these complex sys-
tens.

These three aspects are closely related and they are highly corre-
lated with other eagpects such as population dynamicg and blogeo—
chermistry.

METABOLISM AND PRODUCTIVITYX

The metabolism in coastal lagoons depends largely on the supply of
blologlcally utilizabls material produced by primary production

and decomposition procespesg. An understanding of the metaboligm
will thuse depend on: (1) an accurate gquantitative estimate of the

material input, its nature, and relative utilizability,y, (2) appre—-
ciation of the communities' use of the matorial (implying a knowl~
edge of interactiong of the various community components), and (3)
an analysis of hov materlial i1s lost fros the syastem

Furthermore, a bstter understanding of ¢the sneargy flow at the

water/sediment interface, and of the hanthlc productivity, which
i3 known to be iwmportant in coastal lagoons, depends upon the

evaluated importance of plcroflore, bacteriar micro- and geiobent
hoas 1in connectloa with gmacrobsnthose. Recent improvements have
resul ted from msasurements of total J1lpn sity community metabolism.
The metabolic studles of single taxon are necessary complements of
the in alty studies, and during recent years this approach has
become increasingly lmportant.

SUBJECIS ECOR RESEARCH
Particulate organic matter (detritus, bacteria)
Quantitative samoling
~ Collectors fixed at various depths ahove the bottom
- Coarse (supe 240 microns), fine (64 microns) and nanno

(infe. 64 microns) can be collected with nets of different
mosh sizes.

Chealcal composition
- Coamposition of detrital input to the sediment by direct

microscopic examination (fecal pellets, plant cells,
diatoms)

=316~



- Enumeration of bacteria agssoclated with particles:
fluorescernce microscopy

- Neasgsuremonts of particle orgenic carbon and ATP: allows
calculations of livinyg vergus dead organic carbon

- Classgical analysis for pigments, cerbon, nitrogen and asgh
wolght,

Utitlization as food

- Very little 13 known about which food items are asctually
agsimilated and support the animal’s mestaboliam: it 1is
therefore important to evaluate the input of food and to
have a clear ildea on the partition of energy among coex—
isting species

=~ Plant debris and benthlc microflora (green, blue algae,
diatomg, and fungi) are often very important but thelr
role as food items should be evaluated by lahelling tech-

niques

- Bacteria are metabolically very active and thelr impor—
tance in the enery flow must be studied using fluorescence
and radio-tracer technliques

= Bacterial flora, presont both in sediments and water mass,
are involved 1n many chemical cycling and recycling pro-
cossese There is an urgent need for increased understand—

ing of their role iIn coastal lagoons.

Dipgsolved organic sattar
Quantitative samoling

- Samples of wvater and of sediment (can bLe taken without
great difficulty by sampling bottles and sediment corers)

- Seraration of particulate and dissolved organic matter by
filtration (material pasmsing a 0,20 micron or (.45 micron
nuclecpore ftilter is gensrally taken as the dissolved

fraction).

Chemical composition

- Total organic carbon

- Dissolved organic nitrogen

- Freo amino acids

- Sugars (single and polymerlized)
= Fatty acids
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Degradatiop and utilization as food

- Degyradation of speciflic organic compound is followed most
easily as 1%CO; production after the addition of =a
labelled compound to the lntact sediment

- There 1ls some svidence that protozoans and metazoans, and
cortainly bacterla can take up dissolved organicee.

Motabollic activities

An understanding of the production potential of lagoons requires a
quantitative measurement of onergy consumed by living communitles
in relation to the total energy available.

In situ respliration

The respiration measuremonts, wvhen correctly interpreted, offer
the possgsibility of estimating intoerrolationships 1n living popula-
tionse A large portion of organic 1Input ig lost threugh respire-
tion, but the fraction may change with conditlions related to the
oxidizability of oryanic matter (water salinity, temperature, oxy-
gen tension; nature and source of organic matter).

Oxygon uptake

The community metabolism i1ia a measure of the total respira-
tion of all organisms present in the sediment and underlying
wa tore Communi ty respiration 1s commonly estimated by oxygen
uptake rates in undlgturbed ssdiment. Two techniques are currently
in uses

= Hell Jjars or other enclosures in situ
- Sediment core brought to the laboratory

¥ith both methods, measurements of sedlment oxygen demand are
monltored continuously by mears of an oxygen slectrode or analyzed
before and after incubatione Oxygon uptake measured after polson~
Ing the vater rapresents a rate of inorganic chemical oxidation.
The difference between rates of total uptake and inorganic chemi-
cal oxlidation is aerobic respiratione. Annual oxygen uptake by the
sediment surface is probably a good way of egtimating the oxlda~
tive lose of organic input during the yeare.

CO3 production
For the gpurpose of relating sediment surface metabolisa to

the cycle of organic carbon in the ecosystenm, i1t is desirable to
measure CU,; production at leapt over an annual cyclee
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Anaerobic metaboligm

Inorganic chomical oxidation is8 often taken as a measure of
anaerobic metaboli sm, but 1t gives an underestimate of the true
valuee Thereofore, anaerobic metabolism aust be measured indepan—
dentlyes This may be done using direct calorimetry but such a tech—
nique 18 very difficulte.

Resgniration of grouwp organliasmg
Partition of community metabolism

NMany of the wseasurments of jip Bilty benthic respiration seem
to underegtimate the importance of melofaunal and microfaunal com—
ponentse Commun]l ty metabolism is ldeally partitioned into all the
component population species. An accurate ostimation of the rela-
tive magnitude of total community =resplration contributed by
sacrofauna, peiofsunay microfaupay microflora end hacteria should
be bagsed on more ecophysiologlcal Iinvestigations (See ssction -
Physlological Ecology )y and a better understanding of the aerobic
and anaerobic fractions of metabolisnme.

Metabolic role of meiobenthos and microbenthos

It hag become increasingly accepted from recent studies made
on shallow estuarine sediments that a reletively high percentage
of the total community rvespiration (up to 60%) may be attributed
to the melofauna, esicrofauna and microflora componentse. lespira-
tlon rates calculated from individual measurements on microfauna
and meiofsuna species,; using different techniques of microrespiro—
moetry (Cartesian diver, polarographic electrodes)y, give values of
oxygen uptake approximately 20 times greater than tnat of equal
biomass in macrofaunae These values are 200 and 5000 microllters
O h1 4~1 for meio- and microfauma (clilistes); and 10 ¢to 300
microliters O3y h—! g~! for macrofaunas, Therefore, melobeathos and
microbenthos would consume much more energy In the fore of organic
mattery microfloray, and bacterla, than the respective macrofaune
doese A discusslon of the ecological and metabolic relevances of
these differonces is complicated by the fact that the rate of oxy~
gen consumaption varies with tho slze o0f the animals. The msthods
based on experimental values may tend to overestimate respirastion
ratese Neverthe less, oxygen uptake, determined by conducting
oxperiments with animals in thelr natural living conditions, have
given results with very good concordancees Estimates of the welio-
faunal contribution to total community respiration in lagoonal
fish ponds at Arcachon have shown that melofuuna (mainly cosposed
of nematodes and copopods) contributed from 9% to S8% of the total

community respiratione
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Consequances of J1n gjituy respiration, reepliration of group
orgyanisms and enerxy flow relationships

in coamtal lagoons, ags in other shallow shel tered areas,
deposlt feeding micro- and meiofauna use the primary production,
and are preyed upon by carnivorous melofauna (such as turbella-
rains) and larger me tarzoans (such as polychaetes or crustaceans)e.
Howeover, this predetory activity seems to he comparatively smalle.
Very high densities of microfauna and melofauna have been found in
estuarine sediments: 10,000 to 10,000,000 m~2, and corresponding
to blomasgs of 1 to more than 20 g m— 2 (wet welght)e. It seems,
theny that in such areas a significant part of the primary sources
of organic matter which are converted to meiofauna tissue are NOT
passed upvards to higher trophic levels. As there 18 strong evi-
dence the estuarine macrofauna can use directly organic matter
(@egey fish of the famlily Mugilidae), the amount left for these
larger consumers would not be optimal.

Vhile further work in this area is required, i1t does appear
that the role of gelobenthos and picrobenthos (Protozoans) in
coagtal lagoons is very liwportant in terms of snergy flow as well
ag in bacterial populations.

The melofauna generally defined as those matazoans which pass
through a 500u sieve and are rotained on a sieve with mesh widths
smaller than 60 are an ilmportant component of detrital syatems
that have been largely overlooked in previous attempts to partliti-
ton benthic systems; notably in coastal lagoonse

It is quite difficult to obtain a realigtic view of trophic
efficlency of detritus usee Thins is due to the difficulty in par—
titioning the flow of energy or matter through different trophic
levels within the sedimentsy, and to meesure the resultant or con-
comitant energoetic or respiratory losses at each transasfere.

Before we attempt to enstadblish flux rates betwveen compart-
ments wve must firgt realistically separate those compartments In

benthic studiese.

Mejiofauna can compete with macrofauna under certain condl-
tions in terms of utilization of microbial and detrital foode A
glgnificant part of the benthic primary production which is con-
verted to meliofaunal tissue might not bs passed upwards to higher
trophic levels.

EHYSIOLOGICAL ECOLOGY
Physiological ecology is the part of ecology which deals wilth

physiological and biochemical mechanisms developed by an organism
to succeed in its bhabitate.
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Research has now entered a stage vharoe ve are beoglnning to
understand the competitive iInteractions of multi-species in tersms
of ditferont modes of adaptatione. The biochemical propertioes of
adaptation of individuals and populations are very important for a
true understanding of stressed lagoon systems, and emphaslis 1is
placad on the evolution of these adaptations in the formation of

communities.

The very oxistencoe of any organiam will depend on its capaclty
to adjugst to daily and seasonal changes. Each organiss does not
rogulate by acy single pattern but 1s resourceful in utilizing a
wvide range of regulatory mechanisms, eege, the euryhaline homeos—
motic species are able to regulate the composition of their body
fluids by passive or activo mochanismg which malntain a steady
state of lonic and water flux betveen external and internal media.
All these adaptive properties imply different speclalizations. A
conslderable amount of vwvork has been done durling the last decade
on the biochemistry and physiology of species living in estuaries
and Llagoon systemse However, most of the attention has Dbeen
directed tovards physiological or biochemical end points. There
isy at present, widespread interest in rearing and harvesting

organiasms of nutritional value iIn the coastal lagoons, salt
marshes and mangroves that are extremely productive and are, nev-
ertholess, in a s8tate close to an excess of eutrophicatione.

Coastal lagoons recelive temporary iamlgration from the sea and, to
a lesser extent, from the land—basged watorse While some species
may actively seek the most favourable environment by migration,
others with limited locomotive ability or which are trapped in
lagoonal enclosuresy must cope with the environmente.

Stress 1is an inescapable part of llifo in coastal lagoons, eegey
the salinity oeffects are complicated by the interaction of other
environmental factors and are modlated eventually, through an
osmotic behaviousr which 1g highly adaptive in naturee. Conversely,
iasolation of temporary immigrants in lagoon enclosures can alter
the gad libitum migratory tendencless and trigger osmoregulstory
digsfunctionse. It is very probable that periods of prolonged neu—
ronal and hormonal activity, often related to prolonged environ-
mental stress, may produce some shortage of energy doemands for
growth or maturity, which is reinforced at a cortain woment by
some generalized reduction of metabollic onergy (reduction of ATP
production) as in the case of low temperature in winter, acciden-
tal anoxia dus to high eutroephication in summer, hypoygylycerinia
due to starvation or to some unbalanced condition of nutrient
avajlabilitye It 18 noteworthy that apart from the naturally
occurring stress, many polluting substances can alter osmoregula-
tory as woll as other metabolic moechanliomse Osmotic balances aEe
derived from a study of blood chemistry and tigsue conposition can
indicate a Yhealthy” or "unhealthy" state relative to given envi-
ronmental conditionse MNodification in tho glll ATPase activity of
anphihaline fish can give som¢ significant indication of thelr
migratory tendenclese
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Microfaunal and meiofaunal communitlies are very successful in

reproducing and growing in coastal lagoonse. These opportunistic
species have short generation times and their production/biomass
tend <to be considerably higher <than that of macrofeunae. Thoy

therefore require a high level of metabolic energy and food con~
gumption to comrlete thelr life cycle and it may be assumed that
thelir protein metabclism is elevated.

Littlo systematic work has bsen done, for example, in comparing
the osmotlc ad justments of laboratory adapted organlsms with fileld
populations from contrasting habita ts. It 1s necessary therefore
to increoase our knowledyge on the DYNAMIC ASPECTIS ot adaptive
adjustments, with ECOLOGICAL BIAS, of species that have been shown
to exhihit differential penetration In lagoonse.

The key variables such as sallinity, temperature, oxygen tension
and other ma jor environmental factors influence greatly differen~
tial penetration, colonization, and establishment of animal and
vegetal communitiese Such approaches, hosever, are begset by wme tho~
dological and interpretive difficulties, and therefore it is nec-
essary to standardize the methods of sampling, capture, handling
and laboratory techniquecse. Physiological periodiclities, temporal
shifts due to localized abiotic effects and variations due to
reproductive conditions, should all be taken into consideration in
the futuree.

Ecophysilological stirategies of melobenthos

A high degree of tolerance to many environmental factors has been
shown in many melobenthic apeclese. Recent studies using sophlisti-
cated methodology have shown the independence of wmetahollc activi~
ties ovar large environmental temperature, salinity, and oxygen
rang0s8; suugesting the exlstence of motabolic compensations.

Furthermore, lncreased eaevidence of many oriyginal features of
ecophysioloygical adaptation presented by melobenthic organisms and
the gsneral importance of melobenthos In coastal lagoons tends to
encourayge future studies which try to define the complex pic ture
of all the acquired adaptive features of meiofauna in their habi-
tatse

Ecophvsiologicel strategles of macrobanthog

Sampling evidence and the examination of fishing and collecting
records trom coastal lagoons and other embayment gsystems indicate
that fish and many macrobenthic economic species, such as crusta“-
ceans and molluscs, invade periodically these estuarine habhitats.
The key varjiables of salinity, temperature, and to a lesscr oxtent
oXxygen are important and probably iInfluence greatly the difteren-
tial penetration and movements of animal populationse Osmotic bal~-
ances derived from the study of blood chemistry and tissue compo~
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sition can indicate & "healthy" or "unhealthy"” state relative ton
given environmental conditions.

SUBJECIS EOR EESEARCH

Survey of the principal environmental gparameters and their appar—
oent oeffects on the distribution of the species

Salinity

Iong (mainly Na¥, Cl1—, ca2%, Ng2% and their ratios in nat-
ural raters of varying salinity)

Oxygenu tension

Eutrophlicetion process and organic pollutione.

Multiple factors effocts and survival tests

Patterns of osmoregulation

Chemical determinations on plasme samples:
totel plasma osmolality
glasma electrolytes, Na%, Ccl1—, k¥, Ca2t
Field sampling and seasonal variations

Experimental adaptation to different galinities and temp—
eretures: ghort—torm and long-term adaptation

Effect of light and food

Participation of physiological and blochemical mechanisms in ogsm—
oregulatory responses of the specles

Measgsurement of sodium—potassium ATPase activity in differ—
ent effector organs of teleost ouryhaline fish (gill,
intestine, kidney)le In euryhaline fish, this enzyme ntim—
ulation is involved in a sodium regulating cellular pump

Changes Iin the free amino acid content, notably iIn the
parietal muscle, and its relation to an isosmotic intra-
cellular regulateory mechanism, present in several crusta-
ceans and gsome flahes

Histometrical profiles of hypophysis and interrenal organs
in fishe Levels of circulating hormonegs (prolactin, corti-
sol and other steroids)e. The pituitary—-interreral systems
1s probably of importance in the control of salt and water
balances.
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THE FLUX OF CARBONy NITROGEN AND PHOSPHORUS
BETWVEEN COASTAL LAGOONS AND OFFSHORE VATERS

by
Scott ¥o Nixon and Virginia Lee

Graduate School of Oceanography, University of Rhode Ialand,
Kingstony Rhode I[slandy UeSeAe

JNIRODUCTXON

Like other estuarine systems, the ecology of coastal lagoons
reflects the interaction of influences from land, freshwater, and
the seae. It is tempting to develcop a simple conceptual mudel of
these relationships in vhich the lagoon receives inputs from land
and froshwatery carries out varjious transformations of these
inputsy, and then passes on certain outputs to the offghoro waterse
This view has characterized much of our thinking about salt
marshes for the past twenty years and has influenced many concepts
of estuarine geochemistry. Vhile wo are beginning to reallze that
the situation is considerably more complicated (egey Nixon ot ales
1977; Voodvwell gt aley 19777 Hailnes, 1978), such a simple model
does not sancourage us to oxamine the input of material from off~
shorey, a major term that should be a part of any esstuarine ecosye~
tem anslysise Even 1f there 1s a net flow of wmaterial seawvard
over a long time, there may be perlods during the annual cycle
when the ses is an important source of nutrients, trace slements,
or organic matter for the estuary or lagoon.

Although the more obvious flux of material from estuarlies to
the offshore waters ils usually 1included in conceptual models, 1t
is seldom measured. This is understandeble becauso of the formi-
dable problems involved in making onshore~offshore flux measure-
ments regardleass of the substance of interest or the directioen in
which the net flux is taking place. The major difficulty lies in
obtalning accurate measurements of water transport over a long
enough period so that small differences in concentrations can be
integrated over time with confldence (K jerfve gt alecy 1973 )e Row—
eover, the coupling of estuarine and offshore systews 1ls galning
incréaming recognition as a major problem for study (NSP-IDOE,
1977; COMS, 1978) and exciting data are beginning to become avall~-
abley especially for speclallzed systems such as salt wmarshens
(Heinle and Flemery 1976; Day @t aley 1977 Helnesy, 1977; MNoll,
1977 ). :

The Interaction of coastal lagoons and offshore wvaters may be
particularly important since lagoons generally havs relatively
Jginor freshwater inputs compared vwith river mouth estuaries or
riverine salt marshese.
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rler splt with

The southern coast of Rhode Island is charactorlized by a series
of lagoons and salt ponds atretching from Vatch Hill to Pt. Judith
(Fige 1) which fit the classical description of a lagoon Iin that
they are shallow bodles of high salinity water lying behind a bar—
their long axis parallel to the coast and have a
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Location of the Charlestown-CGreen Hill Pond lagoon complex
on tho sgsouth shore of Rhode Island with the waters of

Block Island Sound offshore.

Fige 1

regular connection with the sea: Vith the exception of Pt. Judith
Pondy which was breached permanently in 1810, all of the major
systewns along this coast were periocdically isolated froa the sea
until permanent breachways vwere constructed between 1950-1960.
Until that time, these systems were connected with the offshore
water of Block Island Sound by narrow, winding, shallow chaannels
that wers often closed entirely by longshore send tranmports This
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type of connection produced coastal ponds In which salinites
varied from near zero to that approaching coastal sea wva ter.
There was little regular flow between the ponds and the Sound and
the onshore~offghore transport of material occurred iIn large
pulses when 8torms caused overwash of the beach by sea watsr or
when onough fresh water had accumulated in a pond to overflow the
barrier boach and cut e breachwvay. It wvas also custoaary for
local farmers and fishermen to dig breachways during spring and
fall each yoer to maintaln the migration passage and brackish
salinlty necsesssary for the large oyster, whlte paerch and alewlfe
fisheries that used to characterize the pondse.

The construction of stabillized breachways some 25 years ago
converted the salt ponds into coastal lagoons having an open con-
nection with Block Island Sound and produced dramatic changes Iin
the ecology of the lagoons (Lee, 1980). While 1t 1s difficult to
know 1f the ecology of the lagoons has stabilized since the major
poerturbation of breachway construction, there do not appear to
have bsen any dramatic changes in the chewistry or biology of
Charlestown - Green Hill Pond, the largest lagoon complex in the
aresa, since 1t was laat studied iIntensively in 195€-57 (Conover,
1961)e In this pager we have tried to take advantage of an exten—
slve set of data recently collected on the concentrations of e
variety of different materials of ecological importance in the
lagoon and offshore to make a proliminary estimate of the magni—
tude and direction of <the flux betwaen this lagoon complex and
Block Island Sounde. Yhile the absolute amount of material trans-
ported cannot really be well known without mors detalled studles
of wvater transport and mixingy, the nature, importance and goneral
pattern of the coupling between the lagoon complex and offshore
seems cleoar.

Description of the Study Area

Charlestown = Graen Hill Ponds are the largest of the lagoons that
lie behind barrier spits along the south shore of Rhodoe Island
(FPige 1)e Togoether they are about 83 km long and vary in width
from narrov, vinding channels up to 1.5 km wide. Their total area
is about 866 hectares (2140 acres) with a volume of 9.24 x 10% m3,
a mean depth of Jjugt over 1 m and a maximum dopth of 2.5 m (Stol-
gltis @t aley 1976)c These shallow basins rest on glacial outwash
sediments of poorly sorted gravel which have been overlain on the
northern side by fine silty lagoon sediments and, along the south-
srn sidey by sand that has washed over the barrler beaches during
storms or been transported In through the breachway (Dillon,
1970)e Charlestown Pond is connected with the sea via a permanent
d0 m wlde rip~repped breachway that was constructed in 1952,
Green Hill Pond i{s not connected directly to the Sound, but is
open to Charlestown Pond and the sea through a narrvrowv breach and a
channel which wasg dredyged through marsh flats in the 1960's
(FPige 2). The ponds have a gemi~diurnal tide with an average
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Fige 2 Location of sampling stations In the lagoon complex and
offshore usad by Marine Research during 1974-197S5.

10 cm range that varies from 0 to 0e¢6 m, depending on location 1in
the ponds (Conover, 1961). Fresh water input via stream flow 1is
limited by the recessional moraine north of the lagoons: Only one
stream of consequence flows into each pond along the northern or
landward edge, but there is probably also scme subaurface ground-
wvater seepage to the lagoon (Flsher, personal communication)e. As
a result of the low freshwater input, salinities in the lagoon
complex are only a few parts per thousand lover than found off-
shore and there is Llittle seasonal wvarliation in the freshwater
content (Fige J)e

There isy hovever, a marked seasonal cycle in solar radlation
‘and temperature that influences the timing of primary production
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Fige 3 Seasonal gpatterns of physical forcing functions in the
lagoon and offshore in Block Island Sound.

and nutrient regeneration (Flge 3; Conovery 1961; Short, 1975;
{ixon gt palesy 197S)e Vhile the lagoon cools and warass more rap—
idly than the offshore vaters, tidal exchanges help to keep the
temperature dlfferential between the two systems to less than 5°C
(Fige 3J)e Circulation in the shallow lagoon 18 probably alseo
influenced by ths seasonal wind pattern 1n which there is a shift
from strong vest northweet winds in winter to mild southwest winds
in early wsunmer (Fige D). Vind driven currents interact vwith
dense beds of eelgrass, Zogtera marina, to produce gyre currents
in the open Vestern Basin of the lagoon that retard the flushing
rate and help to conserve materials in the lagoon (Short gt ale,
1974).
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Aside from thas eelgurass, which has a high blomass in certaln
areas but produces conly a modest standing crop when averaged over
the whole lagoon (Short, 1975), primary production is carried out
by phytoplankton, seawgeds and eplbenthic dliatoms. The lagoon has
besen characterized in the past by ahundant shellfish, finfish and
waterfowl jropulations, but there are indications that all of these
may be declining as a result of over harvesting (Loe, 1980). The
lagoon is algso a productive nursery area for a number of fieh

speclee, especlally the winter flounder, Pssudopleuronsctes ameri-
conuge

Development pressures have lncreased dramatically around the
lagoon in the last 2S5 years, and there are now over 2000 houses 1in
the wvatershede All of these depend on individual leach flelds for
sevago disposaly but it is difficult to know if they represent any
simificant input of nutrients to the lagoon. In the past, much
of the land around the lagoon was used for farming and pasture and
it is possible that riutrient inputs from the land may have been
greater under those conditions (Les, 1980).

METHODS

Data Collection

The data discurssd 4{n this study vere collected by consulting
firms under centract to the Nes England Power Company for an envi-
ronmental jwpact report pertaining to their proposal to construct
a nuclear power plant on the north shore of Charlestown Ponde.

Marine Research Ince of talmnouth, NMasse. dld most of the biologi-
cal and chemical work and Raytheon Corpe of Portamouth, Rele meas~
uresd the ghysical parameterse The raw data wore compiled in a

serlec of reports and appandices published by NEPCO (1878).
Blmcnthly samples vere collected near the surface and bhottom at
five atations In Charlestown and Green Hill Ponds, and trom sur-
face, mid—depth and bhotton weter at an offshore station located
about Jed km south of the legoon In Block Island Sound 1in about
20 m of water (Flge 2)e Semples were taken over a year, beglnning
April 1974 and continuing through March 13875,

Analytical kethods

Temperature and sealinlty were measured twice a week in the pond
and weekly in Plock Island Sound using a Hydrolab MNodel 2A eali-
nometeore The ponds were covered with lce during e two week poriod
petween February 20 erd March 4, 1974, and this wags the only time

that gampling was impossiblee.
Phytoplénkton stending crops and production rates vere esti-

matesd using estandard analysis of chlorophyll a and in situ !¢C
incubations
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Zooplenhtor populestions vere gsampled concurrently with the phy~
toplankten populationss Triplicate samples of 250 1liters each
wore pumped through e #20 (80u) mesh nete. Subsamples were taken
for identification end then flltered, dried at 209C to constant
walght and reported 8s hlomass (¥ 0.1 mg)e.

Nutrient concentrations were measured at monthly intorvals from
surfacoy mid-depth and bottom In Hlock Island Sound and at
bimonthly intervals fros surface end hottom depths at all five
stations In the pondse. Samples were filterad through GFA glass
fiber filters and enalyzed according to Strickland and Pargons
(1968). The nutrients sampled and analytical preclisions waere
reported as follows: NHy (% 0.l ug-atom litre—!); NO3 (* 0.05 uy-
atom litre—'); NO, (¥ 0.01 ug-atom litre~!); DON (not reported):
POe (¥ 0.03 ug-atom Litre—1); DOP (% 0.03 ug-atom litre—!); par-
ticulate carbon (not reported)e. Di.ssolved organic phosphorus and
nitrogen were analyred by UeVe oxidatione. Particulate carbon was
msasured by filtering all suspended mattor onto precombusted GFC
2¢4 cr glags fiber tilters before combugtion in a Hewlett Packard
Model 185 13 CHN analyzer (Marine Research Ince., 1975).

Estimeting the Flushing Rate for ths Charlestown-Green Hill Pond
Coaplex

It ie extremely difficult to make a precise dotormination of the
flushing rate for a shallow, morphologically complex system like
the Charlestown -Green Hill Pond regione Noreover, the rate var-
les In different areas of ths lagoon and from day—to~day as the
tidal rerngey windy, and freshwvater lnput changee Preliminary simu-
latiors uging a nuwmerical hydrodynamic model of circulation in the
lagoon algo suggest that the flushing rate may vary seasonally
depending on the extent of eelgrass, Zosiemra maripas growth (Short
n ot aley 1274)¢s Nevertheless, wve have attompted to derive an
average flushing rete for the overall lagoon cowplex by following
the rate of loss of various materials from the lagoone. Vhile
freshvater is ofter used as such a tracer in estuarine syatems,
the freshwater input here 1a too small and erratic to be used
effectively, espocially since the salinity measurements were taken
two woeks spart and are only good to 0.1 parts per thousand.
Occesionallyy howvever, large pulses of Llarvae were released in
the lagoons The numbers of larvae in the pond were orders of mag™
nitude higher than offshore, 80 that a strong gradient was pres-—
enty and the numbers declined exponentially over time as expected
for a firat order linear flushing model. The slopes (—~ky base e)
and coefficients of determination (r2) for the flushing estimates
using thig msethod are summarlzed in Table 1 and compared with
eantimates odbtained frem freshwater budyets and tildal current
fluxes. Studies of the offshore circulation using dye, drift bot~
tles, and computer simulation models have shown that only 5-10% of
the water leaving the lagoon on an ebb tide re-enters on the next
flood (NEPCO, 1978; Ms Spaulding, personal communication). There
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Table 1. Flushing estimates for Charlestown - Green HIll Pond

Me thod Date r2 -k day~™! % day™—!
Particulate Organlc 7/8-9/10 0. 93 0.120 11.3
Carbon Loss
Bivalve Larvae Loss 6/10-7/1 0.91 O0e117 11.0
Gastropod Lervae Loss 18/9-6/11 0.99 0.121 11.4
Polychaeto Larvae Loss 28/5-28/6 0. 86 0.120 11.3
Polychaete Larvae Loss 23/10~-26/11 0.71 0.074 7ot
Fresh Water Budget ! Dece. - - 8.4
Breachway %ater Flux 2 MNay, Juns, - - 18.9

Octe ¢y Nove

1 Conover,; 1961
2 NEPCO, 1978

are difficulties with all of the methodrsr .sed, but in general they
suggested that an estimate of 10% day ! would not be unreasonablas,
and we have ugsed this velue in the flux calculationse.

Calculation of Fluxes

Estimates of the net flux of w=aterials bhastween ¢ths lagoon and
Block Island Sound were calculated by averaging the concentra tion
meaguromsents from surface and bottos samples at the five stations
in the lagoon (Fige 2) eand comparing the result with the average
of surfacey mid-depth and bottom samples from the offshore station
(Fige 2)e The difference betweon the average lagoon and offshore
concentration of each materlial at oach sampling time was multi-
pliod by the flushing rate (10% day=!) +to produce =a dally fluxe
The daily flux estimates (one for each saterial for cach sampling
day) were then lIintegrated over the annual cycle ¢to estimate the
yearly flux into and out of the lagoon for a variety of nutrients
and organic matter.

RESULTS AND DISCUSSION

Carbon Flux

The concertration of particulate organic carbon vas virtually
elways higher 1n the lagoon than offshore, with the maximum dif-
ference occurring during summer (Flge 4). Yhile 1t might be
asgumed that the higher concentrations in the lagoon wvers the
rosult of a greater rate of primary production, it 18 not clear
that this 18 the casees If 1%C estlmates of phytoplaci:ton net pro-
duction in the lagoon are combined with estimates of eelgraas pro-
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duction In the system (Short gt aley 19745 Short, 1975) and !'°C
mesasurements of epibenthic diatoam production from nearby lagoons
and sgstuaries (Marshall ot al., 1971, it appears that there may
be an annual fprimery production of about 150 g C m~2 within the
lagoone. This is only slightly more than recent !*C measurements
suggoest for Block Island Sound and legs than reported earller for
the Sound by Rlley (1952). Given the uncertainty in all of these
numbers, it does not appoear that primary production within the
lagoon is appreclably greater than found offshores Howover, meas-—
uremonts have not yet bhsen made of seawsed productlon in the
lagoon nor have any estimates been made of the input of doetrital
carbon from surrounding we tlandse. Vhatever the source, the con-
centration gradient results in a flux from the lagoon to the off-
shore waters of some 158 x 10% g C yr— 1, or about 13% of the pri-
mary production (Table 2).

It ig difficult to svaluate the importance of this organic car-
bon supplement to the ecology of Block Island Sound, but some per-—
spective may be gajined by reallizing that ths carbon flux from the
lagosn is approxirately equivalent to the carbon fixed 1in only

Table 2. Annual Carbon Budget for Charlestown — Green Hill Pond

ug~atom C litre ! g2 C a2 105 g
yr—3 yr—1 yr—t
Pnytoplankton 1335 32 265
production
Eelgrass pro- 917 22 182
duction !
Benthic epiflora J751 90 745
production 2
Total production 6003 144 1192
Phytoplankton export 328 T8 65
Zooplankton export 174 de1 34
Dstrital export 301 Te1 59
Totel sxport 803 19.0 158
! Short, 1974
2 Narshall, 1971
105 m2 (approximately 250 acres) of the Sound. Pic tured another

wayy the export from the lagoon to the Sound is roughly equivalent
to the production of an arsa of the Sound that 1ls about 10% of the
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size of the lagoone. Even 1f all of the lagoons along the coast
export an equivalent amount of carbon, it 18 unlikely that it
could be a very important term ln the energy budget of the off~-
shore waterse.

Since the measurements of particulate organlc matter included
phytoplankton as well as suspended detrital organic matter, we
folt that it might be useful to make some attempt to separate the
two kinds of material. The concentratlion of phytoplankton carbon
was estiwmated by converting measurements of Chl g to carbon using
a ration of 1:5S0 by welght (Kremer and Nixon, 1978). Again, the
levels of phytoplankton carbon were consistently higher In the
lagoon than offshore (Fi,« 4)¢ This was true even during fall and
spring blooms which may be initiated offshore but produce larger

standing crops in the lagoon. Summer blooms 1in the lagoon appear
to be driven entirely by events within tho system and do not
spread oftshore (Filge 4)e The axport of phytoplankton carbon

appearse to be ahout 635 x 10¢ g yr—!, or 25% of the phytoplankton
production (Table 2).

Determination of detrital carbon export was obtained from the
difference between particulate carbon and the oestimate of phyto-
plankton carbonre. A8 expected, concentrations were higher in the
lagoon s0o that there was an export on the order ot
59 x 10® g C yr~i. Thus, the sxport of detrital carbon was approx-
imatoly equal to the flux of phytoplankton carbon over the annual

cyclee.

Because their ahundance is so much lower, zooplankton wero not
really included in the particulate organic carbon measurementsge.
Howevar, it wes possible to evaluate thelr contributions (includ-
ing meroplankton and ichthyoplankton) to the fluxes of various
materlals by using independent msasurements of zooplankton biom~
ass8e It was assumed that 3IS% of the zooplankton dry welight was
carbone Since the blowass of zooplankton was virtually always
higher in the lagoon, there was once again a marked export of car—
bon trom the lagoon (Fige S)e Vhile the larger standing crop in
the lagoon during summer may be due to yreater numbers of cope—
pods, the peak in February appears to result from a strong pulse
of winter flounder larveo (Paeudopleuronectes americanus)e. The
poak Iin Noveaber |Is due to larvae from the blue mussel, Mytilus
adulige The flux of zooplankton carbon 1s about half of that for
phytoplankton and makes up about 20% of the total carbon export

(Tabla 2).

Nl trogen Flux

In generel, the oxidized forms of inorganic nitrogen are present
in nigher concentrations offshore than in the lagoon, so that
Block Island Sound acts es a sourcs of nitrate and nitritee Thie
fortilization from offshere is particularly striklng during winter
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and early spring (Filge. 6). It seems remarkable at first thei the
lagoon should have besen able ¢to maintain a concentration zradient
of aome 2-3 ug—atom litre~! for months at a time when rnytoplank-
ton standing crops and productivity were relatively low, there
were no obviocus algal blooms, and there was virutally no eslgrass
growth (Short, 1975 )e However, a comparison of phytoplankton
growth rates as meagured by !'4C uptake show that even during win-
tery the productivity of phytoplankton per unit volume 1in the
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lagoon exceeds that of the Sound by 30-40 mg C m—~3 day™—! (Fige 7).
Assuming that the phytoplankton have a composition approaching
that cf Redfield organic matter (CIN:P ratio of 106:16:1), this
enhanced production would result in an exceas nltrogen uptake of
ahout 0e4 ug-atom day~!, or more than enough to maintain the
obsorved concentration gradlent in spite of a substantial flux

é‘ e CHARLESTOWN-GREEN HILL PONDS
Z o BLOCK ISLAND SOUND
- E
X O
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Fige 7 Moan phytoplankton net production from !1%C uptake measur-
ments in the lagoon and offghore. While the production per
unit volume is generally lower offshore, the greecter depth
(20 m vae 12 m) results in a much higher production per
unit arcae.

from offshoree. Yhen integrated over the entire year, the flux ot
oxidized forms of nitrogen into the lagoon amounts to about 735 x
10° ug~atom llitre—! or enough nitrogen to support than 40% of the
annual phytoplankton production ( Table 3).

Ammonia concentrationa were highest in summer and fall when
values are also higher in the lagoon than offshore (Filge. 6). The
timing of the emmonia pulse is probably a result of the lower rate
of phytoplankton growth during July and August (Flgs. 4 and 7),
though 1t is unclear why the valueas are not highor in the lagoone.
In apite of the fact that phytoplankton growth, and presumabdbly
nitroygen uptake rates poer unit volume are gsimilar In both areas
during this period (Fige 7); the flux of ammonia per unit volume
from sediments to the overlying water should be much greater in
the lagoons where the average depth 18 an order of maygnitude less
than offshoro. The sediments are a major source of ammonia In
coastal marine sasystems during this time of year (Nixon gt ales
1975)e It is possible that a larye fraction of the nitrogen incor-
porated into organic matter in the lagoon is exported and not rem-
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Table 3« Annuel offshors nitrogen exchanges for Charlestown -
Green Hill Pond and Block (sland Sound.

ug-atom litre—! 10® ug-atom
yr—t yr—1
Nitrate
Impor ted 85.3 732
Expor ted 0.4 J
Net Import 84.9 729
Nitrite
Imported 1.0 9
Exported 0.4 3
Net Import 0.6 Z
Anmonia
Imported 0.9 8
Exported 152 130
Net export 14.3 122
Dissolved organic nitrogen
1mported S6.9 488
Exportoed 917 787
Net export J4.8 299
Particulate phytoplankton
Nitrogen
imported 0 0
Exported 49 420
Net export 23 420
Particulate zooplankton
nitrogen
Imported 0 0
Exported 26 223
Net expor<t 52 223
Particulate detrital
nitrogen
Imported 0 0
Exported 45 386
Net export :g 386
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ineralized in the sediments, thus resulting in an abnormally low
ammonia release. The samse result may also be dues to vigorous eel-—
granss growth earlier 1n the summer (Short, 1975) which has
depleted the sodiment pore watar ammonia (Okuda, 1969 ). of
coursey it may be that the ammonia flux from the sedisments in the
lagoon 1ls high, but that the nitrogen is rapldly taken up by very
productive epibhenthic diatoms and algae in the lagoon (Marshall et
gles 1971 ). In any case the slimilarity of ammonla concentrations
results in a relatively small gsuammesr export of ammonia ni trogen
from the lagoon comparsd with an import of nitrate during the win-
ter that 1s more than five times greater (Table 3).

Vhile there 1s a net flux of inorganic nitrogen into the lagoon
from offshore over the year, there is a much larger export of
organic nitrogen (Table 4). About 20% of thils organic ni trogen
leaves the lagoon as dissolved organic nitrogen (Fige 6)y while
the rost is in particulate form (Table 3). There is considerable
uncertainty about the exact values of particulate nitrogen, of
course, since they have been inferrod from carbon valuss rather
than measured directly as the disamolved forms were. Nesverthe less
1t sneomg clear that the lagoon acts as a nltrogen transformer,
importling oxidiryed inorgenic nitrogen from offshore and exporting

Table 4, Annual nitrogen balance for Charlestown - Green Hill
Pond and Block Island Sound.

ug~atom litre—! 1012 ug—atom
yr—1 yr—t
Total nitrogen
Imported 144 124
Exported 228 196
Net export 84 0672
Inorganic nitrogen
Imported 87 0«75
Exported 16 0e14
Net import ;T 0e061
Organic nitrogen
Imported 57 0+49
Exported 212 1.82
Net export 1S5S 1.33
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reducad and particulats nitrogen (Table 4). VYhile the offashore
exchange budget suguyests that nitrogen input from land and fresh-
wvater are important in mainteining the production of the lagoorn,
it appears that the major nitrogen input tc the system comes from
offshore.

Phosphorus Flux

There are two satriking differences between the seasonal cycle of
phosphate abundance in the lagoon and offshore (Fige 8)e First,
as might be expec ted, the cycle offshore shows a typlical open
ocean pattern eith a winter saximum and summer minimus, wvhile the
lagoon shows a typlical estuarine cycle with a summer saximus.
Secondy, and quite surprisingly, the levels of phosphate in theo
lagoon are much lower than found offshorse. This is the opposlite
of thoe usual estuarine concentration gradient such as that found
in nsarby Narragansett Bay (Kkremer and Nixon, 1978)e. These two
features raesult in a large flux of phosphate from offshore into
the lagoon (Table S). As with nitrate (Fige. 6), the phosphate
flux into the lagoon 1is particularly gatrong during wvinter when
bilological activity igs minimale However, while tho excess of phy-
toplankton carbon fTixatlon per unit volume in the lagoon compared
with offshore during this period (Fige 7) could eccount for the
lover nitrate levels observed, 1t does not appear large enough to
maintain the phosphate concentration gradient. For example, i¢
Redfield organic matter is bolng produced, the excess of lagoon
primary production over that of the Sound Is about 30 mg C =3
day™! (25 ug-atom litre~! day~!) which would require a phosphorus
uptake of about 0.02 ug~etom P litre~! day=!s The estimated flux
into the lagoon at this time is about four times greatere. It is
quite possible that much of the phosphate belng brought into the
lagoon is being taken up by the sediments (Stirling and Wormald,
1977 ) or being removed by reactions with {rone.

As with nitrogen, there is a net export of both dissolved and
particulate organic phosphorus over the year (Table 5). The net
result is e marked imbalance in the phosphorus exchange between
the lagoon and the Soundy, with exports exceeding imports by more
than 50% (Teble 6).
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Table Se. Annual offshore phosphorus exchanges for Charlestown -
Green Hill Pond and Block Island Sounde

ug-atom litre —! 10® ug-atom
yr—1 yr—1!
Phosphate
Imported S5 86 50.3
Exported Oe 47 4.0
Net isport 539 463
Dissolved organic
phesphorus
Imported 187 16.0
Expor ted J.98 34.0
Net sxport 2011 18.0
Particulate phytoplankton
phosphorugs
Importod 0 0
Exported Je 06 263
Net esxport 3.06 26.3
Particulate zooplankton
phosphorus
Imported 0 0
Exported 1le 64 14.1
Not export 1o 64 14«1
Particulate detrital
phosphorus
Imported 0 0
Exported 20 84 244
Net export 2.84 24.4
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Tabls 6. Annual phosphorus balance for Charlestown — Groen Hill
Pond and Block Island Sound

ug—atom litre—! 10 ug-atom
yr—1! yr—?
Total phosphorus
Imported Te7d 663
Expor-ted 11.99 102.9
Net export 4.26 J6.6
Inorganic phosphorus
Imported S« 86 50.3
Exported 0.47 4.0
Net import SeJ9 463
Organiec phosphorus
Impor ted le 87 16.0
Exported 11«52 98.8
Net export G 65 82.8

If the lagoon is 1ln approximate long term steady~-state vith regard
to phosphoruse the supposition is that this excess 1is being met by
inputs from land and freghwater. Even 1f this isg truey, the role
of the offshore wveters as a gource of phosphorus 1Iis appreclably

greaters

Again, the lagoon and offshore vaters are tightly coupled sys-
tems in which the lagoon imports oxlidized inorganic phosphorus and
exports the material in reduced organic forme Vhile the flux froe
offshore 18 clearly of major ilmportance in maintaining the produc~
tivity of the lagoon; it is more difficult to esteblish the lmpor—-
tance of +the reciprocal organlic export from the lagoon to the
ecology of the offshore saters. It may be that the importance of
the organic oxport lies wmore in its quality and form then in its
bulk quantitye Fish eygs, larvae and plankton may have a much
greater impact on the offshore wvaters than their contribution to
the mass of carbon exchanged suggests.
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