e e (e et

Sarvices du Pramiar Miriatre
Programmation de la Palitigue scientifiqua
Rue de Iz Sclance 8
1040 BRLIMELLES
BELGIQUE

ACTIONS DE
RECHERCHE CONCERTEES

ACTION INTERUNIVERSITAIRE

QUEANOLOGIE

8 des [ourndes d'éludag
{1980)

Dienaren van da Eerste Minister
Programmatie varn het Watanachapabakald
Watenachapestraat B
M0 BRUSSEL
BELGIE

. GECONCERTEERDE -
ONDERZOEKSACTIES

INTERUNIVERSITAIRE ACTIE

QCEANDLOGIE

Verglag van de studiedagen
{1BE0}







ACTIONS DE
RECHERCHE CONCERTEES

ACTION INTERUNIVERSITAIRE

QCEANOLOGIE

GECONCERTEERDE
ONDERZOEKSACTIES

INTERUNIVERSITAIRE ACTIE

QCEANOLOGIE






Services du Pramber Winistra
Frogrammation de la Politique selantiflgue
Rua da la Science B
103) BRUMELLES
BELGIQUE

ACTIONS DE
RECHERCHE CONCERTEES

ACTION INTERUNIVERSITAIRE

OCEANOLOGIE

Rapports dez joumdes d'étuddes
(19803

Diengten van de Earsta Mintstar
Frogrammatie van het Watanechapsbelald
Wetenachapsstreat 8
1040 PRUSSEL
BELGOIE

GECONCERTEERDE
ONDERZOEKSACTIES

INTERUNIVERSITAIRE ACTIE

QCEANOLOGIE

Verzslag van de studiedagen

{1960}






Table of contants

The rate of utilization of nitrate-nitrite by natural phyto-
plankton populaticns in a reactor
by L. GOEYEMS, A. VANDENHOUDT, . DECADT, W. BREYENS . . . . . g
C.M. 198051 : 20 Biological Oeeanagraphy Committes

Strategy for the study of sea-air exchanges in the Belgian
coastal zone
by H. CEDEURWAERDER, M. DEFOWGHE, F. DERAIRS . . . . .« =« . . 27
C-F. 18980/C:24 Hydrography Committoo

The bicgecchemical cycle of bariuvm in the open ocean.
An evaluation
by F. GEMATRE . . . =« =« & o« & « = « % + &« & 4 . . 12
C.M. 1980+C:23 Hydrography Committee

Determinations of mercury in various compartments of a coastal
marine ecosystem
by €. DECADT, M. BOGRERT, L. GOEYENS and W. BREYENE . . . . . . 5O
.M. 1880/E:37 Marine Environmental Quality Committee

Trace metals (Zn, ©d. Pb, Cu, 8k and Bi) levels [lonic and
dissolved organic complexes) in the Scuthern Bight {Belgian
coast). Technigue to avold contamination during sampling and
filtration and to improve representativity
by . SILLAIN, €. DUYCKRERTS and A. DISTECHE . . .. 15
C.M, 19A0/E:38 Marine Environmental Dudlaty Ennﬂuttee

Spatial pattern and biochemical content of North Sea zooplank-
ton [(Belgian <oast) [L979-1980]
by J.H. RECG, RA. GASPAR and H. PICARD .. e e e . WE
C.M. 1RBEOSC 21 Biological Dceanngrdphy Ecmmittee

Ecometaholism of the eocastal area of the Southern Bilght of the
WNorth Sea
by the workgroup “drganic Matter® . . . - P 1
C.M. 188027 Hivtogical Dceanography EﬂmﬂlttFF
Benthic studies of the Southern Bight of the Worth Sea anpd its
adjacent continental estuaries. Fluctuations of the melobenthie
communities in the Westerschelde estuary
by D. VAN DAMME, K. HERMAN, Y. SHARMA, M. HOLVOET and P. MARTEHS .11
C.M. 19R0AL: 23 Biological Orerenugtaphy Durmmittae



Population dynamics of copepods in the Southern Bight of the
Horth Sea (1977-19749). Use of a multicohort model to derive
bialogical parameters
by M. BOSSICART . . .+« o« s s 4 e e s e e ewo1T1
C.M. t3B0-L:24 Biologicdl QOcesnogeaphy Committee

Some mechanisms promoting or limiting bicaccumulation in
marine organisms
by F. NOEL-LAMECT, J.M. BOUQUEGMEAD and A. DISTECEE - . . . - . 163
C.M. 19A80/E:38 Marine Environmental Quality Committee

The residual circulation of the North Sea

by Jacques C.J. NIHOL and Ywes RIMWFOLA . . . 203
CvM. 1880/C:22 Hydrography Committer
The use of the brine shrimp Artemia in aquaculture
by Patrick BORGELOOS . . . . . . + . .« . .« o+ .« . . . 251

Hursery culturing of bivalve spat in heated seawater o
by ¢. CLAJS, L. VAN HOLDERBEKE, H. MAECKELBERGHE and 5. PERSGONE . 281



The rate of utilization of nitrate-mitrite

by natural phytoplankton populations in a reactor

L. GOEYENS, A. VANDERHEMIOT, &. DECADT, ¥. BAEVENS

Leberatoriun voor fnelytisohe Scheikunde
Wrije Unlwveraltait Brussel, Belgium

Abstract

Hutrient uptake rates of natural phytoplankten taken from the Belgian
coastal area nave been asspssed. On the one hand, we used & perturbation
technigue, this provided a drazstic modification of the external subgtrate
concentration. On the other hand. it was done by a dynamic method, which
allowed a gradual and slow change of the external substrate concantration.

The obtained uptake rate versus substrate concentration (nitrate-nitrite)

curves show that the maximem uptake rates range [rom £.6 x 10°* n7' to
1g x 107% n™' . From these curvas car also be deduced that nltxogen (as
MO, -M2;) can he a limiting outrfent in our coastal area.

Introduction

wing to the monthly surveys of the pational menitoring progream, a
quite detailed picture of the spatial-temporal nutrient distributicns in
the Belgian cnactal zone, hag been cobtained. The twenty sampling stations &=
wall ag tha subdlvision of the coastal area in four sectors are shown in
figure 1. Considering the results of nitrate-nitrite in 1978  (figure 2] .
we phgerve strong ceasonal varlations in the four sectors, which are
not dee to extarnal inputs but to local endsgeneous biclogical activicy
in the watercolumn and the sediments (Mommaerts et al., 1979). In that:
context fundamsntal gquestions, concerning the dynamlcs of cur coastal eco-
system, raised. I8 there a limiting nutrient ? How does it limit planktonic
production ? As 1s already concluded in a previous paper (Mommaerts et al..
1979), we were unable to define the exact nature of the most probable
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Sanmpling slabioms and subdivizion 1o four ceckore
of the Belgimn coaskel area

limiting element on the basis of in situ oeasurements, without help of a
more direct approach ! enrichment experiments conducted at zea, kinetic up-
take studies in a reactor.

Our goal was therefore to establish the kinetic curves which describe
the overall aubsatrate uptake regulation for natural phytoplankton popula-
tigns of the Marth Sea. The first phase of this study includes no other

limiting mutrients than nitrate-nitrite.

Sampling

The Management Unit of the Horth Sea and Scheldt Esturarium, Mathema-—
tical Models, Ministry of Public Health and Envlronmwent, took care of the
ganpling and the transport of the samples ko the laboratory. Ssawater
gamples were callected at point 23 or at the West-Hinder (51°23°'M-02°26°E)
near point 42 [see figure 1]. Fifty litres of seawster were collected
with & rotational pump at a depth of 1 m and were then stored in twe
polyethylene containers of 25 L each. The samples were transferred to the
laboratory as gquiskly as possible (the transport time ranges from four
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te six hours). There they were imwediately, or after precgnocentration
{this takes sbout three hours), taken to the reactors and thermostatlized
at oeg,

Methods and materials

The analysing methode for notrients {ameonium, nitrate-nitrite, phos=-
phate and silicate) have bean described in a previcus papesr {Mommaerts
st gl., 1973]. Chlorophyll & was measured, using the wmethed of Strickland
and Parsong and SCOR-TINESCC (Strickland and Parzaons, 1%68). Phaeoplgments
were Jetermined, according to the method of Lerenzen (Lorenzen, I967). On
the basis of these results, we gotimated the phytoplankton biomass.

The nutrient concentrations were measured in the natural samples, the
preconcentrated samples, if any, and the filtrata {}.22? pm pore—-size
Millipora filter). At the beginning of the experiment, all nutrient oonoen-



trations, except nitrate-nitrite, were brouwght to a nop-limiting lewvel, The
chlorophyll a and phasopigment concentraticns were determined in the na=-
tural and preconcantrated zapples.

The reactor is a double-wall plexiglass container, with an inner con-
tant of 4.75 . A schema af the apparatus is given in figure 3. A mechanical
astirrer provides complate mixing of the sample, while the temperature 1=
malntained constant by a LAUDA compact refrigerated thermostat type RC20,
The light intensity was 13 300 lux and the photoperiod was 12 hours light-

12 hours dark.

ttirrer
Input . —
solutlion
tollector Reactor
Parizstaltle pump Thif;
posta
Bn-eanf [

Light sgurce @ 13 300 lux -
Light—dark cycle 12 :12

iin, T.

Samane oF che appacaius

Sampling of reactor scolution can be carried out manually with a3 syringe
gr antomatically with a peristaltic Techailconpump. This pump regulates the
input Aand output flows of the reactor (in these erperiments both flows are
taken identicall. The cutput tube s cenoected with a Gilsom fraction col-
lector. Thus, time integrated samples are cktained (the periecd iz edjustable].
The collected samples were [inally analysed by an automated analyser..-In

this way, the svalution of +h~ pitrate-nitrite concentraticns can be
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followsed in real time, allowing a modification of the parameter conditioms,
at any moment 1f pecessary. The input solution is genarally Flltrated
natural sample, Depending on the evelution of the limiting notrient con-
centration in the reackor, ite concentration in the inlet solution will ba
increased or filtrate of aged seawater, sxhausted in nitrate-nitrite, will
he used.

The uptake kineties are assesged in an autcwmated manner. AS & gene-
ral rute, the limiting nutrient 1s measured avery hour during the light
peried. Thie frequency however i3 adapted whenever very fast or slow
cotcenrtration changes are observed, The uptake Tate of nitrate-nitrita
can be derived using the law of mass conservation. At tims t, we can

write :
Change of NOZ7=H0z; 1In reactor = ingoing mases = oubtgolng wass + uptake

4 (¥}

dt =@*g - @=C + U 1}

whore W 1g the sample volume in veactor at time t ;3 C i85 the nitrate—

nitrice concentratlion in the reactor at time t which is, as a consegueance

of the complets mixing of the reactor solutlon, egual to ite conmentration

in the cutlet; ¢ 1s the input-output flow rate: O, is the nitrate-nitrite

cocncentration in the inlet solution: U, 1z the decreaze of nitrate-nitrite

in the reactor at tims + due ta sssimilation by the living organisms. The

uptake rate U, , expressed in mass of notrient per unlt time, can thuns be

determined at any motent. When we divids this walue by the reactor wwlume

and the bicmass at time t, we get the commonly used uptake rate in B
All other nutrient concentrations as well as phytoplankton hicmass

are measurad at the beginning and at the end of the light period. These

latter analyses require 50 nf sample, which are manuaelly withdrawn from the

reactor, This causes a corresponding wolume decrease ewvery 12 hours.




Results and dlscussion

Steady-state experiments, such as described by Droop (1968, 19740,
enahle the asgeasment of nutrient uptake rates by selected algal speciesa,
versus & broad spectrm of substrate concentrations. In our case however,
these experiments arg not utilizable, becauze they run over Savaral weeks.
It is obvicus that the populaticon compesition will strongly change durdog
thizs time.

using the perturbatien technigue of Caperon and Meyer (19737,
Harrigan and pavia [1977] ware able to measure the netrient uptake rates
of the natuwral population wersus a broad range of subatrate concentrations
in a ghort tima. During the first phase they let the nutrient concentrations
decrease until ana of them reached zero, Then, at the baginning of the
sasond phase, they injected a known amount of the limiting nutrient,
while all other nutrient concentrations wera brought to a non-limiting
leval. We wanted to test the feasibility of thelr method for our purposas.
The initial physice-chemical conditiens as well as parameter conditions

of our sample are shown in table 1.

Table

In:tial canditions ol Lhe samkp.e

Sampiinmg time ALomAss LG 4 MO & iy 0, =i
Tenperatlre . .
Sitoakbion aF chlor afe Ly B uf W mg BSL | mg Si%a08
FH-07-148
11,00 a.n. 14 = .. B a1d 1 S I L.t
roint 23

Phytoplankton was cencentrated 4-fold wsing a reverse Elow fllter

systen {filter JAiameter it 142 mw; filter poresize is 1.2 um). The

efficiency of the concentratisn iz estimated from tmeasurements of

chlorephyll a and phaecplgments before and after concentration [Table 2}.

The loss was due to celils which stuek to the filter., Om 27-06-78 at

9 a.m. (beginning of the first light peried) 30 umoles of phosphate

and silicate were added to the concentrated populatien. This provided

a non-limiting phesphate and silicate econcentration of respectively

1.9 ppm P and 3.0 ppm 510,. puring the first phase nutriept levels were




Tapla 2

toncentrations of chlorephyll 3 anpd phasopigmente
kefore and after preconcentration

Concenbration
Beforeg AEEer
Method

" wg chlor adi | pg chlor aft Effiﬂhency
Strickland-Pacecnsa 4.9 149, 4 5
SR - UNEFCD 4.8 1.1 T4

ellorophyil 1.1 15.D B&
Lorenaen I )

EhasoplLoments Eeth 1B 55

followed by manwal sampling, until the nitrogen (MO; + MO} concentration
approached zars. This socured near the end of the fourth light period.
Therefare tha second phase of the pertubation experiment started at the
heginning of the light perigd of O1-0%-78. Tabhls 3 represents nutrient
atid chlorophyll & concentrations at the beginning of the second phase

and of twe light perliods later.

Table 3

putrient and chlocophyll & copconbrations
during the second phase ol the perturbDatinn experiment

[T 4 oy POy 1 Eicmass Le. UM,
Dake
Ly HAR pg MR g ri mF SLhy AL ay chlor afe
Qy-07T-14 .ot a.m. 4.0 1.3 L. 7 1-4 L
mE !
Q2=07 15 B.dC ¢om, .t P 1-Z a.% “l.b

111 Before spiking with  MQg
{2) ALrer spiking wlth HOj

The disappearance of nutrients was measured by autocmated sampling [each
sampis iz a 25 minptes averaged sample} during the light period. From the
perturbation results (figure 1} we concluded thet
Ve = 8.6 % 107% K77

and that

K, = 43 ug 8L .
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Uptake rate wergua ewvhabrate conpentratiss
obtalaad with tha perturbation technices

Thowgh this methed gave quite good eesults, we abandonned the partutr=-
bation concept hecause we can never ensure that the uwptake proceeds fast
enough to complete the axperiment in & reasonable period of time. Aocording
to Momnaerts {persenal communication, 1976), the experiment should be carried
vut in maxiguw three days o aveld unacceptable diversity changes of the po-
pulaticna.

We thought it more realistic te start the assessment of the uptake
rates, as soon 3= the sanple was transferred bto the reactor,

s we are able to adjust the ioput mass rate of the limiting nutrient,
arly gradual and relatiwvely slow changes of the erternal substrate
concentraticn are indused. In addition, such procedure has the advantage
that
(1] the hiclagical system will anyhow be less disturbed than oould possibly

eoour by a large injection of the limiting substrate:
t2] and that Lhe uptake kinetics of any nutrlent can be studied.

According to this new approach, nitrate-nitrite uptake rates af
natural phytocplankton populatisns have besn studied on four samples,
which were collected in the period April-May 1979. The initial physice-



17

chamical conditions as wall as parameter concentratione are summarjzed in
table 4.

Tabohke 14

Initial conditians of tie Bamples

BLomaxa - - P
Temperature WOL ¢ MO Foy S
. i z
Samp le Sitvabtlom and dake [ it} gh]lﬁ & g NAL w3 /8 | mg 510441

I H-l§  19=Dg=79 o600 dab H., 48 5 Y Q.4
1I W-H 25-04-T9 1M.00 £ 127 15.A 21.% 0.z3
I1T W-H O0OR-05-78 0O4_00 :] 1. 48 L5 24.3 0. 58
IV W-iL  L7-03-79 O4.0C b i, 45 1.4 11.13 LS

Pecause of the relatively high blomass contants, preconcentration of
these samples was not neceseary. As an example, the evolution of the nitrate-
nitrite concentration wersus the time for the experiments IV-h =nd IV-3,
carrigd out respectively on the original sample IY and on a 1:1  dilutisn
with itg filtrate (0.22 y) are shown in figure 5. The input mas=s rate of the
limiting nutrient is socmetimes higher than the uptake rate; this explains

why bBhe owerall nitrate-nitrite goacentration profile incresszes in the time.

Figure & gives a glebal picture of the varlous upteke rates in func-
tion of the subztrate concentration, gbtained for the four samples. &
synopsic of reastor conditions (temperature, flows, light,...}, Initial
paramater ooncentrations In the reastor, and obtalpned results for each
experiment are given In table 5. From these results it appears that :

[a) the ratioc final bicmacss : initial biomass ranges from 1.29 to 1.76;
(b} the evoluticn of the aitrate-nitrite concentration 13 minimam

1 Yg ¥/4h and waximum 15 Lg ¥/th.
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With resprct to the non-pertorbating simolation of nitrate-nitrdte
asaimilation by natural phyteplankton species in a reactor, we see that
the applied experimental procedure is wery satisfactory. The cancentraticns
af the two main parameters change in a graduzl, moderate way, leaving at
the hiloloyical system the time to adapt itself continuously .

For reasons which are explained abowve, most of the experiments do
tiot cowver a hroad substrate concentration range. Therefore, all obtained
results are brouwght tegether in one figues (figure &), showing the rela-
tion between uptake rates and substrate concentrations. ks those determi-
nations are carried cut on different samples or under different experimen-
tal conditions of nitrate-nitrike outrition or/and phytoplacktcn biomass,

we expectad a rather large dispersicn of the reaults. It is therefore
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[Porisd dpeil-May 1974}

'very surprizsing to notice that on the ope hand the relation tends azympta-

tically to a maximum and that on the other hand the uptake ratesg are of

a comparable magnitude at any choosen substrate concentration. At this

modent, howewer, we are not able to answer the guesticn whether such

behavigur iz due to

{11 the fact that all samples wers taken ln the spring hloom pericd and
hence are qualitatively guite similar or

{2°) the fact that the uptake kinetics of phytoplankten from the Balgian
coastal zone obey all one and the same equation.

In the expariments IV A4 and IV B uptake rates are detarmined for a
wide range of substrate concentrations. Through the set of exparinental
data points, the Follewing linear transformations of the Michadlis-

Wenten relation have been fitted {(Mahler and Cordes, 196%; Lehpinger, 1970;
Falkowski, 1975
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1 1 Ke 1
Z = * + = {Lineweaver-gurk)
¥V Vi Vo 8
K
s . .28, ul % 3 {WooL £}
W ‘u?_“ o
v = . 2 {Eadie-HoF
=V — K, = adie ctaa)

Mone of these three relatioms fits well with the experimental points of
experiment IV A. Indeed the uptake rate varsus substrate concentration curve,
shown in figure 7. indicates that the curve tends te a constant value for
increasing substrate eochncentration walues. For the lower substrate concen-
tration wvalues, it does not follow a Michaglis-Menten relation. Neverthelegs

in a graphical way, an estimatlion can be made for :

w3y )

fn 30 30 %0 B 00 120 =
(ug SR

Mg, 7.

Uptake rate werous subatrats conantration
Erporimant TV A
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Vo ™ 14,2 % 1077 17!
and

K, = 44 uy N/t .

The uptake rate profile {Figure 8}, determined on half the ocriglnal

amount of biomass [experimsnt IV B}, can wmuch better be described by a

Micha&lis-Menten relaticn.

w2y (h)
1=}
Unnu; _______ —_
+*
- -
BO % ¥ gy P
_________ .____..._-::-_._.T-
[ am
e |
. . ® '.'__.-- |
e |
o
d |
o’
A i
»
£ |
r
.............. Y j
4
g |
!
l. |
L I
’
; |
‘ |
! |
i
- ks |
I
: f
"' |5|i.1-.
i |
'
al . . _ J . -
a 50 100 150 S
fpg W2}

Uptake rate wersus subsirate conesairation
Experinernt [V B



To determine the sgquation parameters Vg @ld ¥ a3 least-sguares me-

thod has heen applied. Table & shows that the best sorrelaticns are ohtainsd
with eguations (1} and (2. V,, ranges from 14.8 to 18 x 10°° "' and

K, from 26.3 to 40.9 pg N/E  depending on the kind of eguation used.

Table &

Calculatian of WV, . and K
Frperiment IV B

Lineag . furr . v K
L e 4
transfommation Equation caBEf. o (g HAED
(1) Lingweavep-Turck ¥oo RTLGREF LYTRELG X G.4a% 4.8 = 107F 0.3
2] Woolf ¥ = 2FET.9 + 55.5 .Uy 18 & 177 40.9
11} Eadie-HoEsteg ¥ = 16,20 = 1077 - 31,18 % | 0,81 b6, = 107F L.z

Comparison of the cbtalned values for V. and X, are in good agree-
mwent with valuesz for a similar eutrephic marine system, found in the lite-
rature [Eppley et al., 1969 Carpenter and Guillarcd, 1971; falkowski, 1975).

Finally, it is very interesting to verify if nitrate-nitrite occurs ae
Yimiting nutrient in our coastal area. Assuming there is a Iimitation at a
swhatrate concentratlon oorrespopding to B0 % of v . . nitrate-nitrite
may become limiting at concentrations smaller than 120 pg BSL . Thie happe—-
ned for 1978 {(see figurs 2) =
* guring the months April-May and September-October in sector IT;

* during the months September-October in sector I:

= atd not at all in zectors III and IV.

Conclusicon

Our newly developped method sesms more suitable than the parturbation
tachnique for the assessment of the uptake kinetiecs of natural phytoplank-
ton populaticns. St11l, however there is the uncertalinty about which type
of function these wptake kinetics obey. Uptake rate versus suhstrate con-
centration curves, determined in one single experiment as well as the

overall uptake pattern, which is ebtained from the total sst of experiments



24

[figure &), do not axclude a Michaglis-Menten relation. An increased number
af experiments, allowing a2 more elaborated statistical treatment, could
posaibly clarify this problaem.

It is also elear that not only the period of April-May has to be consi-
dered. To perform uptake kinetics on Horth Sea samples, September and October
seem ta be fawgurable months az wall.

Moreovar, until now we only considered HOZ - M0 as Iimiting nutrient.
However, with our dynamle procedures wa ave able to study the uptake kine-
tics of any substrate. For the study of the uptake kinatics For other sub-—
strates and for other pericds of the year, a more sultable bhiomass determina-

ticn should be developped, allewing us a higher frequency of biomass deter-

mination.
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AbsErack

In order to assese tha contributien of the zea to the glehal atmyspheric
girculatiaon of heavy matals in the Morth Sea area, we have started the study

af the chemical compesition of the sea-surface wicrolayer and of the marine
asrosal.

Introduction

Sea-air exchange processes mast be studled when looking for processes
able to induce enrichment of heawvy metals in the marine aercsal. Indeed,
tha alr-ses interface appears to consiest of a complex microenvironmest
which influences strongly and differantially the exchange of eleanents
through it.

Az well the chemical species of the elemente as the relative amounts
exchanged betwesn the sea and the atmosphere can be affected by the

composition of the micrelayer 1tself.

Setting of the problematics

For several heavy metels {Cu, Fe, Zo, ¥, Ph, cd, ,..] the study of
the marine asrosol has revealed a strong enrishment, which was nmot 2 priori
expected when considering seawater and crustal mateérial as sole sources

[(Piotrowice et al., 1972). Fuxthermore, such strong enrichments are also
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cheerved in remote, unindustrialized areas, such as the Antarctic continent,
although absolute concentrations are smaller by a few orders of magnitude
(Duce et &l., 1975 ; Mapnhaut =t al., 19739}, pue ko the smalliness of
tropospheric exchange betwaan the northern and zouthern hemlspheres, anthro-
pogenic infFluence i but poorly senged in the southarn hemisphers (Duce ot
al., 1975 . Therefore, natural processes are generally inwvokad [(Plotrowicz
et al., 1972 ; Duse ef al., 19795 ; Hunter, 1977). Of these, high and low
temperature volatilisation processes {(resp. vulcanlsm and hilological
methylation) and extractlon procezses 1n the sea—air interface are considered
(Duce et &1., 1975 : Szekielda et al., 1972 ; Lantzy and Mackenzis, 1979).
We will discuss the latter process with more detail.

An enrichment of heavy metals in the sea-surface microlayer has been
chaerved [(FPiotrowicz et al., 1972 ; Szekielda et al., 1972 : Duce et al.,
1972 : Pattenden and Cambray, 1977 ; Hunter, 1977). Therse exists evidenca
that this enrichment is induced as a rezalt of the ascumulation of surface
actiwe organcmetal complexes at the zea-air interfaca [Plotrawicz et al.,
1972 ; Duce et a&l., 1975 ; Hunter, 15977).

Through the hurating of ailr bubbles at the =ea surface, migrotomal
sactions of the enriched surface microlayer are expelled inte the atwmos-
phere together with water droplets (Duce et al., 1975 ; Plotrowice, 1977
Fasching et al., 1974 : Buat-Menard of al., 1979, Such a mechanism could
provide highly enriched marine aercsols. M more detalled description of
the marine aerpspl formation iz given in Figure 1.

The atudy of the element enrichment in function of the aerocscl siaze
allows & distinction of the asrossl sources. Small particles (f.e. Sizes
< 1 um) appear to he produced mainly hy evaporation/condensation processes,
which can result as well from matural as from anthrooogenic processes,
Typical marine particles are geperally found in the siges > 1 yum {Bunter,
1977 ¢ Duce of al., 1%78). As a result of their relatively large size
such particles can remain only for a few days suspended in the atmosphere
[(Pattender and Cambray, 1977 ; Cambray =& al., 1975). Bowewver, in coastal
areas thesge large, typically marine asvosols can reach the contipent and
contelbube in a significant way to the global aerocsol composition (Rossknecnt

et al., 1973}.



Aetion of wind gn the narics surfana

|

Wind potion Ganeration and amplhficakien of the sawvap

|

Whitecape fornaticn andfor wawe breaking

|

Raisirg of air tbbles in the water coluym

|

Produztion proceps Fermation of apray lwnlling of gir bubbles to the surface
Bybbles bureting at the surfece

-
Droplets produciicn

|

Edgy diffusion Iroplate raiping in the atnosphers

|

Oropleke svaparation

fia, 1.
[A&ftar Foach, 1974)

Froposed study

Both the romposition of the sea-surface microlayer and of the marine

aerosal will be ztudied.

1.- THE SEAR-SURFACE WICROLAYER

The surface microlayer is sampled with the Garrett-screen technigue
{Garrett, 1965). The screen framewerk 15 &1l plexiglass and nylon mounted
and stretches & nylon soreen with openings of 400 by 400 m and & fabric
thickness of 440 ym.

The sampling is dene aboard a small rubber boat, away from possibkle
contamination by the research wessel.

The operator, wearing rubbar gloves, immerces the screen vertically
inta the water and retrieves it horizontally. By swrface tension a film
af water, including the surface microlayer, 15 captured between the meshes

of the screen. The thickness of the film sampled approwimates the thicknass
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cf the screen fabrics {l.e. -~ 0.4 m)] . Successive samples are drawn into
polyethylene containers. Bulk seawater 15 sampled at 20 to 20 ocm below
the surface, by immersing a polyethylene container.

fince wa are mainly interested in the ocourence of organs-metal
complexes, the samples were deep-frogen, immediately after return aboard
the research wegael, without addition of any preservative. hocording ko
Wangersky and Zika [(1978), this is the most reliable method in cases where
the dissclved organic component must be skered with as small as possible
changes in its comppsition. It 1ls possibhle that this method goss at the
expenss of a good congervatlon of the disselved incrganic heawvy metal
spaclas.

In the laboratory ashore samples are rapidely thawmed and filtered
an Millipore memobrans filters of 0.4% Um pore size. Samples are then split
up according te the molecular size of the dissalved species, This is
performed bw ultrafiltraticn on 500 ko 1000 Dalton membranes in a large
wolume (2 litra) cell. Heavy metal analvses are done on both the filtrate
and the concentrate. Preconcentration of heavy metal in the filtrate is
dore by canventional APDC-MIBK complexatian apd Chelex icn-exchange
techniques. The dialysed coneentrate ls analysed directly for heawvy metal
content, by ARS (flame or {lameless techniquel.

Further atudies inveclve the saparation of the concentrate accordiang
to molacular weight of the dissolved organic materials present, This s
performed by injection of a small allguot of the concentraie on a Sephadex
gel flltratisn solumn.

Slnce most microlayer mampling technigues Llnduce a too large diluticn
of the micrglayer with bulk seawater the extent of the heavy metal
enrichment is 2ifficult to assess. Thiz emphasizes the need to stwdy the
micrplayer as a discrete wmit. The freezing and PVC-spray technigue
[Hamilton and CLifton, 1979 look wevy promising in avoiding this too
large dilution. These techniques are alsc interesting since the microlayer
with assoriated particulates is trapped onto a substrate suitable for
analysis with the photonic and electronic microscope and electron micro-

probe.



2.- MARINE RERODEOLS

Sampling of marine aerozole 1s performed abgard a light vessel
anchored at 20 milez from the Balgian pcoast on the West-Hinder Banpk
[Figure 21, The vessel moves fresly arcund the anchor paint as guided by
tida currents. A high volume samplar {30 n®/hour) pumpe the air through
2 Whatwmatn 41 cellulose fllter. Up to 300 ©? of alr are saompled per
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fflter. The wolume 9f air samplad is messured with a gas-meter. The air
filtration unit is all PUVC mounted and iz locsted at about 10 m abowve
aed level, away from possible contaminaztion by the weszel.

The sampling i{s automatically =teersd by a wind-direction and wind-
speed monitor, cheyihg to preset boundary conditions. Sampling 1= per-—
tormed only for wind blowing from the bow of the wvessel in an angle of
max. 607 and exceeding a speed of 3 knots. Aerosol sampling in Function
of particle size iz performed with a 5 stage ZSierra cazcade lmpactor
fitted with slotted Whatman 41 substrates. This allows for the asrescl
glze separation im the following size classes : .0 to .6 um ; .6 to
I.3 wm ;1.3 ks 1.7 um ; 1.7 #o0 4.9 um ; 4.9 to 10.0 um and 10,0 to
* 10.0 um. Microscapical analysis of the sampled particulates can be
performed by positioning small Nuclepore membhrane strips onta the Whakman
41 substrates of each stage (Buat-Ménard et al., 1979 ; €. Lambert pers.
Comm., 1980} . The Muclapore membrane offers a suitable suhstrate for
analysis with the scanning elactron microscope and electron micrpprobe,
Parallel to the samplipng system for heawvy metal analysis a filtration unire
ls mounted for the study of particulate carbon and alirborne bacteria, resp.
by using glass fiber (Whatman GF/F) and Millipore membrana (0.45 um PoTE

sire} filters.

Preliminary results

1.- THE MICEOLAYER

Frezently we have not started the syastematic analysiz of heavy metal
content in the microlayer and the bulk seawater. Wevertheless, preliminary

measurenents and lahoratory tests have led to the Eollewing choervations

® Fnrichment of heavy metal in the microlaver is pot clearly demonatrated.
Thiz is most probably the resulk of a too large dilution of the micro-
layer, inharent to the zampling technigue wsed. This urges the need for
sampling technigues collecting more specifically the surface layer of

tha sea [(vide supraj).

# Dumates are ah important componeot of the diassclved organlec load in the

sea {Hunter, 1977; Baier et al., 1974; Siehurth ot al., 1976; Sicburth
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angd Jansen, 1960 and 196%9; Hiszenbaum and Faplan, 19720 and are
efficient heavy metal complexants (Fillai er al.. 1971%. The efficiency
of wltrafiltration membranes of different pora sizeg to Soocentratsa
humates was tested hy analy=ing the retained concentrate with the
fluorescence spectrophotometer fexcitation at 319 am; detection E14

425 nm). From thiz study it resulted that membranes of 200 or 1000 dalton

must be uged to concentrate guccessfully the humates.

# Sephadex gel-filtration of the ultrafiltration concentrate : 5 mbk of the
concentrata were applied snto 3 G-25 (5000 dalton exclugion) Sephadex gel
column (T.0. : 5 om; heigqht : 40 com). Thig Sample was sluted with twice
delonized water. Fractions of 10 ml were collected after 1.¥. absorbance
measurement at 254 nm for detection of fenal graups. Figure 3 represents
elution profiles for two bulk seawater and cne microlayer samole. The
eluted frastions were analysed for cCu by flameless AAS (Figure 3).

For Cu, preliminary analyses of a bilk seawater gsample (location -
Calais, 50°SB'N - 1°24'E) revealed that of a total concentrat ion

ef 1.5 ppb Cu, 0.8 ppb or 50t occur as organcmetal cotplexes,

2.- MARINE REROSOLS

Eercseol composition is monitored routinely. Since January 19680, 33
filters were analyzed for the concontration of Al, Te, Mn, Ph, Cu, En and
ca, wiﬁh BAS, after wet oaydation with Suprapur HNC, and HCLO, 1n teflen
beakersa,

The first conclugions we can draw are ;

1. The coneeptratisns are ranging between 1% and 703 ng/m? for Al, 98 and
2283 ng/m? for Fe, 3 and 250 ng/m? for Mn, 35 and 487 ng/m® for Eb,
1.5 and 88 ngs/m? for Cu, 5 and 1460 hg/m? for Zn and bebwsen .5 and
1o ng/m® for cd.

2. TF we plot the concentrations of heavy metals In function of the wind
direction, significant differences are observed between "marine air"
(wind blowing from the sector Morth-West to North-East)] and “contlneno-
tal air" (wind blowing from the sector South-West to East).

For "marine air™ the mean concentrations {arithmetic mean of 9 samples]
are 200 ng/m* for Fe, 7.2 ngs/m” for Mo, 160 ng/m® for eb, 11 og/m® for
Cu, &4 ng/m® for &n and 1.3 ng/m? for cd.
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Far "sontinental ailr", the mean concantrations (arithmetic mean of

19 samples] are 1056 ng/w” for Fe, 73 ng/m® for Mn, 216 nog/n’ for Fh,
22 ng/m® for Cu, 332 nafw® for EZm and 4.2 nw/m? for od.

The higher mean concentrations for continental afir are mainly due to
emnizsions from punctual sources : the heawy industrial zone of

Dunkergue and the triangle Zeebrugge — Brugge - Oostende.

. With a single sampling eguipment in operaticon it was not possible up

to now to differsntiate betwaean the different aercscl sources {patural
or anthropogenis}. In ordar teo reseolve this problem, tha elemental
composition of the asrossls will be studied in function of particle
size {uza of a cagcade impactor). The sawpling of particles in funetion
af thelr sizes will allaw te study the influence of the wind velocity
on the sea-air extraction process. Indeed, the greater the wind velooity
tha greater the efficiency of the heavy metal extraction from the
microlayer by bursting bubbles. In the sample this will! reswlt in a
greater relative contribution of the larger (* 1 pm) particles and

in their greater enrichment in heawvy metals. Furthermore, the s;udy

of tha aerosol particle sire distributions will inform us about thelr
residence time in the atmoephere and therefore ebout the dlstance they
coverad,

Up to now, we do not measure the concentration of mercury in the
atmosphers. Rocording to Fltzgerald and Gill (1979, 96% of the Hg

in the marine atmosphere 1s present in the vapor phase. Frezently, a
sampling mathod for Hg in the gas phase (with preconcentration on a
Au-columnt and the use of a furnace techaigue to oktaln velatilisatien
of Hg in particulate samples are testoed in our laboratory by

3. Decadt and M. Dejonghe. It 13 our intentien in the near future

to monitor the Hg concentration routinely aboard the light-wes=sel
West-Hinder.
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The biogepchemical cyele of barium in the open ocean
An evaluation

F, DEHAIRS

Laboratorium voor Bnglytische Scheikunde
Vrije Univarsiteit Bryspel, Balgium

Abgtract

This study constitutss our contribution to the intérnational aceanogra-
phical GECSECS program {Geochemical Ocaan Sections). The Ba content of sus-
pendad particulate matter was studied by nestron activation analysiz. Analyses
with the slectron microscope and elsctron microprebe equipment hava. allowed
the identificatlion of the mineral barite as the main carrier of EBa in ocea-
nic suspensions. Strong evidence ias offered for a biclogical formation af
these parite microcrystale. An estimakion of the amount of B4 introduced
into the deep ocean by dissslution of the barite crystals was possibla. Fi-

nally, our results enabled a modelling of the general bilogeochemical cycle
aof Ba in the occean.

Introduction

The distributicn of seweral trace elements, such as Cd, Bn, Cu,... in
the aceanic watercolumn and the sediments is influenced by processes depen—
ding on the binlegical activity in the surface water (Boyle et al., 1976
and 1377; Bruland et 21.. 197B). Juch processes can be : adsorption and/or
incorporation on/by phyto- apd zooplankton ; ingestion of biogenic particu-
late material, as well as ablogenic material, by zooplankton; sedimentation
of dead organisms and fecal material ko the deep sea; partial decomposition
and/or diggplution of thizs sedimenting watarial; sedimentation of the
undecomposed fraction.

FPurthermore, the lopact of the biclegical proceszes upon the gea-

chamistyy or more accurataly the bicgeochamistry of trace elements, can
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result in tha sustainment in seawater of systems cut of thermodymamic
eguilibrium.

This work concerns the hicgeochemistry of the trace element Ba. Bio-
logical activity goverps to a large extent the distribution of this
element in the watercolumn and produces the Ba-minersl harite, which
shpuld not gocur In seawatesr from a purely thermodynamical point of view,

During the past twenty years, several dissolved Ba profiles have besn
measurad throughout the World Gcean {(Chan et 2l., 1977; Chow and Goaldbery,
196G; Bacon and Edmond, 1972 Welgemuth and Broeckar, 19700,

These profiles are characterized by low dissoclved Ba concentratlions
in the syrface water {< 7 14 Ba/kg SWI. TIn general concentrations increase,
with increasing depth,towards an asymptotic value at mid-depth fworld
average value of -~ 16 pg Ba/fkg 3W] . The geanparal shapa of such a profile
sugyests a biologicel contrel : ® conpumption of dissolwved Be In surface
waterz during kiclogical activity and concentration of thiz Ba in the
particulate phase ; # ipput of dissclved Ba in the desp sSea as a result of
decomposition and dissclution of the sedimenting bicgenie Ba-carriers,

Up to recently, it were essentlally the dlatoms which wers considered
te be the organisms controlling the dissolved Ba distribution in the
watercolumn [(Bacon and Bdmond, 1972; Li et al., 1973). This conclusion
wag drawn from the cbservation that dissolved Ba and 5i did coxrelate
wall, However, more recently it was shown that the correlation between dis-
solved 51 and Ba was not always as good as ohserved earlier, [(Chan et &l.,
1971y . Furthermore, dissalwed Ba correlated also well with alkalinity
{Chan ot ai,, 1977}). Tha enly conclusicn which could be drawn from these
cheervations waa that the dissolved Ba profile was more likely to result
from the gettling and dissplution of slowly dissolving biogenic structures,
such as apal and aragonite, calcite than from the decomposition of the
more lahile tissue components, (Chano et al., 1977}. It is clear that the
high correlations ghoerved between dissclved Ba, Si and alkalinity do
not necessarily imply these elements to cohabit the same particulate
logenic phase.

We gtudied the ocourence of Ba in the oceanis suspended matter. rParticu-—
late matter suspendsd in seawater constitutes a fleld in cooanography which

up to recently has been but poozrdy investigated,

’



41

Methods

The experimental techniques are described in detall elsewhere (behaira,
1979; pehalrs et al., 18980). &4 short description 1s given hereafter.
Most samples of suspended mattar studfed hers were collected during the
GBOSECE cruises in the Atlantic and Pacific Gcean, resp. betwean 1972 -

1973 and 1973-1974 (Table 1). Some samples were collected during several

Table 1

Geographical posicion of scacicns and inweatvgated depth ipbeorvals

: cos Invesktigated dspth
Posit
FhAkacns sibions intarval dim m}
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GEORECE 5T 17 T4EERN=01 0T 'Y FHE o 3439 ® |+
5 SECECN-42%T ' 63 HEd X
k| LETOLTH-43T01 ' b} ARED ] +
2 Q2000 H-4L°59 M 14941 AHSA S
1200 33* 15 H-56% 4 W HH F1RT +
L15 2A°0d"M-25"5 ' W 1145 F7E2 +
3l 2T 'MN-%30 1] ' 1 5500 +
v 12%01 T R-51%00"K 9449 1540 +
ah 27402 5-37°00"W 137 4427 x +
AT 44758'5-51*10" 40 S5A0 H +
aul 496 S-L1737 ' 336 o ]
dHa SETIS'E-5TR W . G20T = +
RTLAMTIS 11
3T M5 SECNETHN-IET]15 W 2000 »
SRR JAFAIPH-577 3R 954 ah35 = +
HARMETAN 14971
3T & DA PR N-1015 'y 20 3007 ¥
L5 n e W R o e E | Loon 4000 ¥ +
HIULANTE L1374
ET Madcan R0 N= 250 W 1o S0 3 +
El FERL R R LT ) 210 2285 +
=0 34743 H-Z97 T4 W ELH 36N +
TRAMSAT 97T
5T 17 IR 'WN-G17 LYW 5 4 3A0 +
3 1A% 48 'N-Fa* 11w 1000 +
PaciElc ixzean
GELEECS 5T 25T EOP 10 ' 8- LT o W 1263 aia2 ] +
260 [E*I6 ' L-LETT QN "W ElR ]
264 23730 '5- T4 6 Y 1253 A48 » v
31a 26755'5-15T 141 "W 1557 47R% w |4
282 ETe3E 18169 36'E 2131 S1Aa7 o *

¥ lnspafted Eor

Baty,
+ fnRalysed for tatal  Aa,

by IMAR

presence by EEM - EMP
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French cruises in the Morth and Equatorial Atlantic between 1972 and

1377 (Table 1). Samplez were taken with 33 litre Niskin bottles. Of this
seavater valume 10 litra were Filtered under pressure on 47 mm Huclepore
membrane filters of 0.4 umw pore gize. The analysis af the suspended matter
wag carried gut by ; 1] Scanning Electron Microscope and Electron Micro-—
prohe [SEM-EMP} to collect gualitative and semi-quantitative data on the
moerpholasy and the slemental composition of zingle particlesz. Both, wave-
length and energy dispersive spectrometers were used.This part of the
atudy was carried out at the Laboratoire de GEochimie {Universitsé Libre

de Bruxellea)r 2} Instrumental WMeutron Activation Analysis (INAR) For

the gquantitatiwe analysils of particulate Ba. This part of the study was
carried out at the Centre des Faibles Radigactivités (CNRS, Gif gur Ywette,
France} using the facilities of the Pierre She Aetivation Bnalysis Labora-

toxy (Compmissariat & 1'Energle Atomigue, Saclay, France].

Fesults and discussion
1.~ MEASUREMENT (QF TOTAL PARTICULATE Ba

A tokal of 20 profiles of particulate Ba were measured for the Atlantic
and Pacific Ogeans {pehairs, 197%; Dehairs et al., 1980, In figure 1 we re-
provduce the particulate Ba profiles measured for 9 GEOSECS stations in the
Atlantic and Paclfic Geeans as well as 3 profiles measured for Atlantic
stations visited during French cruises. For the remaining profiles no
sufficient data were cbhbtained to establish wvertical profiles. The general
fearures of the particulate Ba profilea for which aufficient data were
abtained are : W minimal concentrations in the first 100 m ; # increase
af the concentratlion towards a max. lacated generally at lezz than 100 to
1200 m depth ; ® decrease of the concentration down bto mid-depth ;
® relatiwely constant or more slowly decreasing concentrations down to the
bottom water : # otcasionally a sharp increase of the copcentraticon in
bottom waters, when a nepheloid layer 1s prezent. S8uch characteristics
auggest that the feollowing procesaes ocoour in the water column : # a
production of particulate Ba at some depth Delow the surface but generally
outslde the euphotic layer ; ® a dizsolution of the particulate phase{s}

with increasipg depth; ® an input of sedimentary Ba, close to the sea
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fleor in reqions with a nepheloid layer. Furthermore, our study has shown
that for tha fine particulate Icad advective movemsant of the watermasses
in which the particlas are occluded will in part define the shape of the
vertical profile (Dehairz, 1979 ; Dehairs &t al., L1980).

Our measurements revealed & geometric wean particulate Ba valupe of
20 ng/kq seawater. No systematic differsances in concentrations appearad

betwaen Pacific and Atlantic profiles.

Z.— FOSSIBLE Ba =~ CARRIERS
2.1.- Ba in POM, Si0; and Cal0,

When looking for possihle carriers af the particulate Ba, one san
vangider in the first place those particulate phaces which constitiote
the main fraction of the total suspended matter. These are ; - particulata
organic matter ; - silica and carbonate skelatons ;-terrigepic aluminc-
cilicats material.

In Table 2 we estimate the contribution of sach of thase phases ta
the total particulate Ba content. To obtain these data we have proceeded
as followg (2ea also Dehairs, 1979 ; Dehalrs et al., 1980},

1% The total suspended matter (TSM) rcontent waa deduced gravimetrically
{Brewer et al., 197&).

2% The particulate organic matter {POM) content of TSM was deduced from
likterature data comcerning the Atlantic and Indian Ocean {(Krishnaswami =t
al., 1976 ; Copin-Mantegut and Copin-Montequt, 1972 and 13781, The Ba
content of this fraction (60 ppm on & dry weight basis) was deduced from
literature data for cultures of skelrton~Eree plankton (Riley and Roth,
1971,

1% The £i0, content of TEM was deduced from literature data concerning

the mAtlantic and Iodian Ocean (Krishpaswaml et al., 1976 ; Copin-Mootegqut
and Copin-Montegut, 1572 and 1978). The Ba content of thiz fractioon (120 ppm)
which is mainly composed of diatom frustules was deduced from fn VItro Ba
uptake studies we performed on two commoen open sea diatom speciles (Dehairs,
1879; Iehairs gf al., 1980). These data were concordant with llterature data

cencerning composite, diatomsrich cpen sea phytoplankton samples {Martin and
Fnauer, 1973),
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4¢ The CaC0, content of TEM was deduced from our data om particulate Ca,
a3 measured by INAR, for the same samples apalyzed for Ba. The Pa contant

of the bilegenic Cat{, phase (200 ppm) in suspenslon was taken from the
litaratura (Churck, 1970).

7 The aluminosgilicate cantent of TEM wan deduced from our data on
particulate Al, as measured by IMAA for the same samples analyzed for Ba.
Tha Be content of the aluminozilicate material in suspension (600 ppm)

wag taken from literature data concerming the Ba content of shales
{Turekfan, 1%6E ; Torekisn and Wedepchl, 1961), Indesd, since the Al
conteant of alumingsilicate material suspanded in seawater was observed

to be similar to the Al content of shales (Lambert, 1979 ; Arrhenius=, 1963 ;
Buat-Menard and Chesselet, 1979}, this was assunmed to hold also for the

Ba content of suspanded alumincsilicate material (Dehairs, 1979 : Dehalrs
et al., 1980).

In Table 2 we compare the average Ba contribution of these different
phazes with our average total partjculate Ba values {only atlantie Ocean
values were congidered) for surfacse water {first 300 m), intermediate
and deep water (300 + 300G m) and bottom weater (3000 m =+ sea floor). On
the hasis of tha TEM content in the Atlantic Ocean (Brewer et al., 1976
a distinction was mads betwsen high and low laticndes (i.e. between
latitudes north and south of resp. 4578 and 45°% and latitudes betwaen
45°N and 45°S} for the surface water and the intermediate + deep water
hoxes. The higher TS5M contentz at high latitudes are the result of a grea- -
ter productivity in these waters (Brewer et 4l.,19%7&). Wo such regional Afif-
ferentiation of the TSM content exists for the bottom water hox (Brewer
et al., 1976},

From Table 2 1t appears that the main fraction of total particulate

Ba is ocarried by one or more non identified carrier(s).

2+.2.= Ba az barite

The investigation of the suspended matter samples with the SEM-EME
revealed the presence of discrete microv-sized particles, containing B
and 5 (Flate I}. These particles cccurred io any inveatigated sample at
any depth (Table 1], ThereFsrs, they can be considered as an ubiguitous

component of sceanic suspended matber.
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Marphological types of barite particles in suspension in seamaler
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Beaides the presence of Ba and 5 ag major components, what suggests
that they consist of BaSO,, the occasieonal pressoce of 8r and K was ob-
served. Most of these particles exhibit traces of A @isselution process;
sovd are still clearly euhedral. Aggregates of sub-micron prisms do alaa
coour. Electron diffraction analyses upon some of thess particles revealed
that they consisted of the mineral barire. Therefore we can conolude that
harite 1is an wvbigquitous component of suspanded matter.

In order to deduce the contributicn of the barite cxrystals a= Ba—
carriers, we systewatically meazured their sizes by using the SEM. From
these particle-zize measurements we deduced the particls volumes and the
particle masses as Ba. A% & result we cowld estimate what fraction of the
total particulate Ba amount wag ¢arried by these barite crystals.

From this SEM-EMP study it appsared that up to 70% and more of the
total particulate Ba content, as measured for the same filters by INAA, was
accounted for by the suspended harite particles (Dehalra, 197%; Dehairs
et al., 19807,

3.- ORIGIN {F THE BaS0, CRYSTALS IN OCEANIC SUSFENDED MATTER

The possibllity of an authigenic formaticn of barite, by praclpitation
in an oversaturated seawater environment can ba excluoded, since the asntire
watercelumn 15 shown to be undersaturated with respect ta Ba%d, {Church,
1970 and 1979; Church and Wolgemath, 19730, Bacl, saturation cendlitions
are present anly in interstitial waters of the sediments (Chureh, 1970 and
1973; Church and walgemuth, 1972). However, a theoretical study suggests that
a sclid selution of BaS0, with SrS0, could be stable in seawater (Hanor,
19691 . We have ohserved miner aacunts of Sr  in the guspendsed barite crya-
tals. Nevertheless, tne cbservation of highly wariable Sr/Ba ratios for
anch particles in the same sample is inconsistent with their authigenlc for-
mation ia & single parcel of seawater, consldered as a given physico-chemlcal
environment.

There is much more evidence that the producticon of thase barite crystals
iz controlled by a biological process.The particulate Ba content in the upper
part of the watercolunn is positiwely related with the primary preducti-
vity [rlgure 2). The data im Figure 2 were cobtained as follows. Farticulate

Pa data represent average walues for the first 1000 m of the watercolumn.
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This depth interval was choosen, since it 1z between these limits that the
particulate Ba maximm |z generally observed [see abowve). The ocrganic
production data were taken frem the paper of Koblentz {Mishke =t 1., 1970}
and apply to the general wvicinity in which GEJSECS stations are located.
Since we have shown that it is barite which accounte for most of the total
particulate Ba. The ralationship in figure 2 holds alac hetween organic
productivity and harite content.

hs concerns the mechanism of barite fermation by the biological ackiwvity,
J possibilities can be considered
1% Formatfion of barite crystals in hiological detritus, such as Fecal pellets.

Betritus can represent 3 microenvirohment with specific physico-chemical

Flate 1]

Dark-field nicrograph oblained wilh a1 HWaV¥  transnission eiegtron
microscepe of a barite grain [iedicstsl by lhe errow) insicde an ar-
ganie pallad, eollected at 1460 0 gt GFOGECS Fagific stalion 305,
[Frem J, ¥lossa, Laboratoire "H. Dernas', Orsay and Cenkre des
lraiblas Radioastivitas, GiT-sur-twattr. |




broparties, different from those present in the surrounding ceawater.

In fact we ohserved harite crystals inside particles giving ne alemen-

tal signal when inspected by EMP and consisting of a low density ma-

terial (Plate I1). We suppose such particles to represent organic detri-

tus, with barite having precipitated within it.

POC producticon rate (mg Cfm2+day}

204
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fig. Z,

Relatlonehip between the aversgs particulets Ba conteqt :m the first 1000 o

of tho watercolum and the organic < prodyction rate, hunbers refer bto station

furbera [zee tebla 11, all etatisne in dtlantie Ogoan.

@ ! v data For particelate Sa .,
#* ! data of P, Brewar |SE0SECS ynpuitlished -aswlts).

geraorgl visinity of bhe atatign legations.

Orgenic © prodechion rate data as given in epblantz-Mighke $1970% for the sane
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2® Pormation of barite crystals through tha intermediary of Acantharis.

Acanthariz are Radiolarix with a celestitm {5r50,) skeleton. They are

an ubimuitows component of oceanic plankton {Botezzi and Schreiber,

1971}, At the death of such organisms, the S5r850, skeleton will dissolve

in the sea water. Celegstite 1z moch more scluble than barita, buot

Ba might substitute for Sr in the calestite eryetal lattice, in a

tendency o produce A mineral more stable in seawater {(Church, pers.

oD, . 1979 . Tha endpoint of such a continaous substitution would

ke barite which itself, hewewver, iz undersaturated in the watercolum

(Church, 1970 apd 197%9; church and Wolgemuth, 1972),

3% The direct formation of barite crystals by the living rcell. Several
cbearvatione stress the importance of the latter mechanism :

+ Xenophyophora, which are benthic protozoa of the Rhizopoda classiz,
were observed to contaln barite cryetals inside waruoles (Tendal.
1972} .

* The central ocapsuls of some species of the collosphaerid Radiclaria
contaln crystals which were kentatively identified by Haeckel as
barite and/or celestite eyxystals (Haeckel, 1BE2). To ocur knowledge
ng further reports of such crystale were dona since that early
shservatiaon.

+ Marine chromophytee of the Pavlovales ordo were chserved fto carry
barite crystals inside their wacuple [(Gayral apd Fresmel, 1979:
Freznel et al., 1379).

fhese three mechanisms of bilological barite formation might actually

aeocur together. They could induce the partiovlate Ha maximum

which is observed in surface waterz, generally below the euphotic zone.

Indeed, the ococcluded barite crystals will only be liberated inte the

seawater, At thea death of the barite producing organisms, when these

start to decompoce.

4.=- TBE FATE OF THE BARITE {RYSTALS IN THE WATERCOLUMH

Oux cbzervations with the SEM clearly showed that most of the enspended
barite crystals are affected by disscluticn. This 13 consistent with the

fact that the watercolumn 1s undersaturated with respect to  BaS, {Church,
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“ 1970 and 1979; Church and Wolgemuth, 1972}, Our data on the harite particle
_slge distributions allowed us to estimate the amount af Ba dissolving per

unit time in the desp ocean.
The amount J of material which is dissolving par unit time iz given

by (see also Lal and Lerman, 1973 and 1975)

E]
- @ _ =z 4i{mb’y
J_dt g " Tat )

whers gyf is the amount of BaS0, dissoclving per wpit tipe, p 18 the spe-
cific welght of Ba8l; , N 15 the particle number, [ 4is the particle dia-
meter.

By aasuming that particles zettle according to the Stokes sedimentation

law and that the particle flux remalns constant, aguation {1} cen be worked

ouk

1
J=5|:Nn2k £2)

where k is the barite dissolution rate constant which is dependend on the
state of underzaturation aof BaSD, in seawater. ALl tarms nn.th& right hand
gide of equation {2) are known with the exception of k.

By applying a Stokesz settling and dissclution rate model to the size
distribution data qbtained for successive samplez taken inside a zame desp
watermass 1t was possible to deduce k  for the deep sea (Dehairs, 1979;
Dehairs et al., 1980). The k wvalue chtained (D.04 unfyr} is consistent
with the state of undersaturation of deep Atlantic Qcean water, when COLSE =
dering the barite disscluticon bto obey a second order reaction as ahserved in
vitrg for other sylphate phases {(Fh5%, , Cas0,. ZH,O, EBr80,) and for the
crystallisation of BaSd, , PbS0, and CaS0y. ZH;0 (Campbell and Hancollas,
1969; Hancellas, 196E; Nancollae and Purdie, 1963).

As a result we could deduce an average deep-ocean Jp, value of
0.4 pg Bafcmz.yr [zee flgure ).

Howaver, it is impotrtant to verlfy the lnpul of digsolved Ba 1a the
deep sea as resulting from the digsolution of Si0p, and Caco; skeletal
phases, Indeed, although the latter were observed to contailn but minor amcunts
aof Ba, the fact that their turn-over rate is faster than the cne of barite,
may finally result in an ipportant additlonal input of dissolved Ba in the
deep sea.
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Blogenic production of particulate Ba Riwver input

Caco; : 0.24 Total profuction 0.6
Baso, : 0.8 rate : 1.15

sig, : 0.31 -

Pigs. Ba available
for blological con-
gumpticn : 1.5
Si0; diss. rate

r

Fast settling of Ba

fecal material Flux CcaCly dies. rate Tatal diss. rate
0.03 - 0.7 .9

Basd, diss. rate

R

Barite settling flux
' ' 1.4 [(max.)

Pesulting Ba accumulation rate
0,43 - 1.1

fy, 3

bumgricsl walues for the comporants of the comanic bariyn oprle
A1 walyes in wa E.'s,.l"cm!.yr

The estimatien of the amounts of Si0, and Cadd; dissolwing in the
deep sea is bkased on mass halance computations of Wollast {1974} and Eerger
(1970 .

In order to gstimate the amount of dlsselved Ba  introduced in khe deep
sea as a result ofF the dissclution of the 5iQ; and Cad0y carriers, we have
calculated im the first place the production rate of Ba  as associated with

the production of 2i0p; and CaCly . From the folleowing relationship :

(h)

(PO ¥ POC prod. rate

where & is the SifD, or ¢Cal0; content of TSW (gee discussion of table

2}: PO iz the particulate organlc carbon; POC production rate = 7 mgcf:mz.yr
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is an avarage value for the gpen ocean (kohlentz-Mishke et zl., 1970} and from
the knowledge of the Ba content in opal and carbonate phases (see discuszsion
cf the data in table 2}, we chtained a Ba producticn rate assoclated with
the producticn of S0y or Oafl; , as given by

prod. rate A = (Baly

in which {Ba), 1s the Ba content of the 8id, or Cally, phase.

These values are given in figure 3. As concerns POM  we have assumed
that at its decomposition, which occurs alwest entirely in the uppar part
of the watercolumn (Msnzal, 1974) gll the Ba is redistributed into barite.
Seme of the poseihle mechanisms of that process have been described above
{gae oriqin of BaS0, crystals in oceanic suspended matter). Literaturs
data show that between 80 and 90 % of the produced amounts of EiD; and
Cacldy will disgolve in the deep sea bafore reaching the sediments (Wollast,
1974y Perger, 1970]. As & result, it was poesilble to deduce the sentributiong
of disselving Si0; and CcaCha phases to Jﬂn—tutai . Together, these twa
phases account for about 55 % of the averall J,, value (figure 3).

The total amount of dissclved Ba  introduyced by this way into the deep
2ea Will eventually be reintroduced into the surface watar by wertical advec-—
tion. This flux, .9 ugfcma.yr r together with the average annual dissolwved
Ba ipput by rivers [0.6 ug Ba‘en®.yr (Chan et al., 1976) ] results in & total
Flux of dipsolved Ba to surface waters of 1.5 ugfco®.yr which is of the
same mwagnitude as the consumption requiremants of Ba by biclogical actiwity

(1.25 ugicm®.yre , Figure 3.

Wot all of the settling particulate Ba dissolves in the deep sea, Part
af it can be incorporated into the sediments. The flux of aetfling barite
cryatals to the sediments was estimated by assuming Stokes law to be
obwyed. We have calculated this flux from our data for the harite zlza—
distributions for samples closesk to the ocean floor. Thesae bottom water
particles were agswted oot to be affected any further by disgelution before
their incorporation in the sediments. A max. 0.4 1]~ Bafcmz.yr was deduced
for the particulate Ba flux of the sediments [figure 3}. This flux is
supplemented by the one rasulting frem the fast settling of large particles
auch as fesal pellets and Toraminifera. bue to their scarcity guch large

particles are not sampled guantitetively by conventional small volume
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sampling systems (30 litrel), such as used during the GEOSECE crulses. Although
they represent but a very small fraction of the hicgenic suspended matter
stock, such large particles are important in terms of Fluwes.

Several analysss of sediment trap materiale from the deep ocean have
allowed to deduce a wertical flux for &i0, , Cacd, and FOM (Bishlop et &l.,
1377 and 1379 resulting mainly fxom the fast setbtling of large particles.
Again, by knowing the Ba content of each of thess three phases, it was pos-
slble to deduce the assopiated Ba flux. & range of 0.3 to 0.7 1g Ba/em® .yE
was calculated. Sypplemented by the harite crystal Flux (max. 0.4 pg Ba/om® L ye)
A tota] flux of 0.43 to 1.1 pg Bafcmz.yr iz deduced {Dehairs, 1979; Dehairs
et al., 19680). This value compares well with known average Ba accumulation
Yates f(as= barite) ip the sedigents [0.8 pg/enf.yr . range 0.16 -4 ug.-"r_'mz.yr
{Dehairs, 1979;: Dehairs et al., i280; Turekian and Tausch, 1964; Hanor, 19734
Bostrdm ot 2l., 19733]). This Ba accumulating in the sediments 15 known to
be present ezsentlally as barite {(Church, 1973 and 1979; church and Wolgemuoth,
1972y, Theresfora part of the particulate Ba settling onto the sea floor must
be rediskributed into barite.

Te conclode, our study has shown that particulate Ba in oceanic suspen-
ded matter is present mainly as the biogenic mineral barite. The hiclogical
production of barite in surfarce water and the subsegquetnt dfssclution of thoze
cryetals in the deep sea are important parts of the overall goeanle Ba oycle.
It iz shown that most of the Pa consuaned in surface waters (&80 %) is accoun-

ted for by the cyclic component.
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Determinations of mercury in various compartments

of 2 coastal marine ecosystem

5. DECADT, ®, BOGAERT, L. GOEYENS ana W. BAEYENS

Laboratoriun voor And iyt lache Seheodkwnds
¥rije Unjversiteit Bruseql, Telgium

Abstract

hecurate determinations of meroury in rhe different compartmants of the
acosystem are a basic regquirement for the study of ites clrculation. Samplling
and analyzing technhiguas have been examined for the watercolumn, analyzing
technigues for the sediments and the blclegical compartment. Two seawater
sAamprling technigues (Migkin bottle and peristaltic pumpl are compared; they
give statistically no different results. For the preconcentration of dissol-
werd mercury a salf-synthesized resin sesms to satisfy very well. In three
different sediment samples wercury has been azsesssad after total, strong and
weak attacks. The most reproductible resulks are obtalned with HF/HND;  (to-
tal actack) and HNO,/ ¥Mn0, (strong attack). Several minerslisaticn-digesticn
techniques for the analysis of mercory ip plants hawve been tested. HF/HNDS
MO, fHa 50, /BNO;  and  Hy 50, AHNO, /V,0, ,  HMoO, provided the hest results.

The spatial patterns of total and particulate amercury in the Belgian
coagstal zone confirm the sarlier observed cencentration gradients. In addition
the adsorption capacity studies on particulate matter of the Scheldt sstuary

suggest that for mercuey the particulate, splid phase 1s more inportant than
the dissoclved phase.

Introductiaon

The first step towards a hettar undsrstanding and eventual modelisation
of tha mercury circulation in the Southern Bight of the North Sea requires
the knowledge of its distribution ameng the diffarent compartments of the
acosystem and its spatial-temporal flustuations in each of these compartments

The distribution of mercury among the various compartments of the MNorth Sea
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and Scheldr ecosystems has been described fn a previous paper [(Bagyens at
&Gl., 1979a3), For the study of spatial-temporal patterns, we fooused our
attentiocn on the watercolomn, owing to the dynamical faatures of this
system. But from an analytical point of view, the watercolumn iz also the
compartment where the risks for comtamfnation or losses ate greatest and
the dAetection limit is lowest. Therafore special attentlon waz paid oo
storage and measuring metheds — df fFfarent procedures for the determination
of total and particulate mercury in the watercolumn have baan compared
{Basyens et al., 1379k) — but other analytical aspacts remalned wnbouched.

This paper deals with scwes of thase untouched analytical problems
related to the watercolumn :

# to which extent are the resulte affected by the applied sampling procedure;
® which is the ratio af diesclwved : particulata mercury

atid with oersury determinations its the sediments and living matter. Concer-
ning the sediments, one of the major problems is the interpretation of the
results. For example, total, strong and moderate attacks of the sample
provide different results, Theze are not necessarily correlated bo enviren=
mentzl factoras such as the anthropogenie Eraction, bioavailah.ili.ty. s
Concerning the biological compartment, we investigated the possibilities

for including plants and seabirds. Therefore reliahle measuring methods

.have been developed,

This paper alsoc includes some results of the zecend phase af our
program, whare we intend to study the dynamical aspects of the mercury
cireunlation. In this regard, the interacticn between dissolwved mercury and_
particulate suspended matter Is ong of the most important processes.
Thereat adsorption capacity and adgorption rate studies will bring more
insight.

Sampling methodolagy for seawater

During each consecutive treatment phase — sampling, storage and
gnalysis — it 1s possible to perturh the mercury concentration Iin the sample.
S5uchk a perturbation iz uswally net dus to the analytical technigees, but is
in the mathods used to obtain & representative zample which iz free from
errors, introduced during sampling and storage [(Paulsen ef 21, 1974).
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until now, the practice was to take a sample by means of a Hiskin
bottle at a depth of 5 n. To verify if sampling with Wiskin bottles could
be a gource of contamination, we made a comparison with samples taken by a
gampling system devised by Gillaein (Gillaln et zl., 1979). Figure 1 shows
& schematic representaticn of this sampling device. The principle iz to
collect continuously subsamplss (0.5 £/min) frem & wuch larger flow (5 L/min),

zoreened from atmospheric pallution.

Mg

Filter .45 u

Fllter ©.4% p

Unfileered

Jample
Filtrate
—

Magnetic
atirrer

:Peristaltic TP

with bomogenlzator

'l 0.5 ESmin

I

5 B/min

}
Yl sidildddd

EEAR

§ Folyethylene tube

——
Direction of waterflow

fig. 1.
Sampling aystem devigad by Gillain {Giklein &r s | 1949)

In table 1 we compare the results of total as well as particulate
meraury obtained with hoth sampling techniguesz. The samples were collected
during the cruise of Gotober 1972 in our Belglan coastal zone. If the
gampling technigque has no effect on the results, the mean difference between

the two data sets {on the ona hand obtained with the Miskin bottle, on the
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Table 1

Comparison dampling Miaskin bottlo —peristaltfc pomp

Crulpe Qotopar 1979

Stoarage in polyethylens botitlas at - 20 °C
(Acydification to pl = 1)
HLskin boktla Peristalrtic pump
Identificaticn
By kokal An part’ Hg . total Hg part.
kg sl ugft LT g
11 G.19% - 0.200| 0.914 0,803 - 3.208 D01
22 GuBET 0,003 Q.03 - 0,030 0.0ce
13 0,164 - 1TE 0,102 9.118 - 0121 -
31 o.121 [P noagE - 0, l0s n.ota
24 9,137 - 0,150 057 n.132 - O_L5E a.072
44 9.077 (= 0.0&4 - 0.0 0.0
15 0,063 - 9,065 0,030 0085 . 0,073 G.04%
15 D.N&R? o.ooa 0.273 - 0.076 (s3] )

Paired T-tesk hypothesis :

ko eyetematic gqeeaker ar

n

2

HE el B

Eohe

L e
1

Al

lower walugs

b

[ 1)
L

Lod4

Y Raeay

—% hypothesrs acceptable

at the

Liogs = 20385

LI

G, 05 devel,

- 2,447

othar hand with the peristaltic pump} has to be gerc, This hypothesis is

tested by means of the paired T-test. The t—valwes for kotal as well as

particulate meroury were lower than the theoretical values at the 0,05 level.

This means that the results of total as well as particulate mercury abtalned

with a Wiskin bottle give statistically no systematic greater or lower

valuss than those sbtained with a peristaltic pump. However, for othar

metals such as Zn, Fh, Cu,

gampling with a peristaltic punp seemed to

canse lecss contamination (Gillaln et al.,

1375},
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The determination of dissclved mercury in seawater

The concentration of diszsolived mercury in seawater is bsually wvery
low, often close to the detection limit of the commercially available
instruments [(Minagawa ot ai., 1960). after modification of the zingle-beam
standard apparatus type MAS-S0 Into a double-besm, we are now able to
determine concentrations of 5 ng Bg/f with a 5% accuracy. In order to value
our method, we participated in an iatercalibration exerclise of mercury in
peawater, organized by Olaffsen (ICES, [979). The maln purpose of this
ihtercalibration was to find owt which laberatories were able to measure
natural mercury concentrations in seawater and to follow tha concentration
changes due to anthropegenic inputzs. Thersfore we investigated
® with which precision thess low lewels can ba measured ;

# which is the recovery capacity of added quantities of mercury.

Tablo 2

Intercalibraticn : determpaation of mercoly in Sedwaléer

Fesults of Paboratcries, rEperbung less than LG ng Hg/E Lo aedwater
[ICES Sub=Group on Contamipant Leveld in Sceosater)

Lab n” Sea-water Sea-water + 4pike T Sea-wakar + splka IT
nait nglk % IBC- ngfk i reg.
L 5.7+ 0.8 21 0 1n1 118 £ 4 11
1 T2 1.8 2.7 * 0.6 BT 123 4 1.5 ag
11 2.9+ 07 1T.% 2 1.3 37 146 2 7 102
L2 P I .5 P 2.5 1iE 11 ¢ 5 T2
132 2,2 +*0 17.5% £ 0.6 1041 L3c + 2 59
iv) 2.4 £49.4 |[17.2 2 2.9 kL] 145 ¢ 5 1tH
24 2.5 2 0.4 .1 * 0.8 1492 143 ¢ 4 wH
4 1 0 17.5 £ 1.9 ad 153 *+ L1 195
*7 TP E 3.8 25.1 + 1.5 11s 18] 19 121
A 7.5 1 DD Wn.T 3.2 115 137 = 11 a1
&9 2,8 k1.1 6.8 * 1.6 L | 141 4 7 o
in 2.4 0.3 [ 196 £ 1.0 112 141 1+ 3 L]
3z 1.8 £ 0.5 f19.0 £ 0.5 =8 L35 + #§ B4
14 .12 0.2 t9.4 £ 0.9 L2 oo 3 104
% 1%+ 0.4 | 24.5 20,9 134 1TE ¢ &5 171
16 B.Z 1.3 L I A L17 led = 4 1ne

LI 1 4,4 % 2.3 12G.2 + 3.5 | 106 13 144 = 2¢ a8 £ 14




In table I our results corraspond with Lab n? 1. From thesa results we
dzduce that :

® the precizign of gur method for the measuremant of very low mercury
levals 2 veary good (compared with the oean value of 18 laboratories, which
qive concentrations belew 10 ngfi)

& the recovery of the added quantities of mercury i= relatively good.

Preconcentration of dissolved mercury

In zpite of the good accuracy we can achleve with cur apparatus, it 1=
still wery difficult to measure fluctwations of the mercury concentration
in the dissolved phase. Furthermore the effiriency of most skorage procedures
uzed for mercury determinations 18 not zubject to an unanimeus judgement
(Topping et al., 1972 ; FPitzgerald, 1974 ; Peldmwan, 1974 ; Carr et al.,
1378 ; Paeyenz et al., 1375b}. In order to awvoid these alterations one
could use copcentration methods such as extraction {Chester =t &I.., 1973 ;
Gardner et al., 1974}, amalgamation (Carr =t a1, 1972 Dlaffsan. 1974
Baker, 1977 : Pitzgerald et al., 1979) or resins [Minagawa et al., 1980).
Rewever, amalgamation seams to be a technique which 1z rather laborious to
uge on board a ship, extraction rathar unreliable, A more suitable concern-
tration technigue to vse on board a ship 1= probably fixation on a resin.
The chelating resin synthesized and tested in our laboratory is a styrene-
divinylbentene copelymer santaining zulfonamide groups. The eluting reagent
1z cysteine hydrochloride. Prelininaxy results suggest that ; [1) the exchange
vapacity Is high fr1a”" equivalents Rg/g resin] (2} the retention of Hy (LI}
and RglIT)- complexes is complete (3 the elutien of Ffixed mercury is complete
(4] the flm rate is very high {*20 nf/min} which makes [t possible to obtaip
a bigh concentration rendemant. We intend now to test this Preconcentration

method during ome of the next surwveys.
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Togal and partieculate mercury concentrations in the Belgian coas-
tal zone

Table 3 shows total and particnlate mersuwry concentrations chserved
during tha cruises of Janwary and October 1979, Figures 2, 3, 4 and §
represent graphically the spatial distribution. These figures show the
samse characteristicz as those observed in 1978 (Baeyens &¢ al., 1979h),
for total as well as for particulate mercury :

% a zone with relatively high concentrationes, fituated near the Scheldt
estuary ;

® a progressive transfer to an open-sea zone where concentratlons becoms

comparable with those of relatively unpolluted? zeawater.

Takle 3

Total and particulate mercury concentrations in the Belgian ocoastal zone
[Janudry and Ocrtober L979)

Januacy L3379 October 1879
Igentificacion
By rabk. tpgfd)| Hy part. (pafit|Hg tot. [pgsl)| wg part. {pgrl}
11 {5l [UIRIE 1] a,1a7 Q.01
21 0.051 a.030 0.040 0.ocg
i1 n.ni? N, 0o n,oad n.niz
al C.os0 0.054 0,025 oo
12 0.0%6 0,045 0, lCe a,.n5
2 C.0&E G.a15 0.037 0.0
1z [HRILY] 0.04an 0, es o.oLo
L 3.n71 f:.05% n,naz 0,007
13 C.1ed c.12a u.171 L1032
27 .10 oL1hT L. 086 f.oe?
EK] O.05& .03 G.121 o.ony
LR oLt 2,015 [EM L 00
14 Q.77 0,570 Q.03 Q. 204
H L ETY 0.230 0144 b, 115
RL] 0,03 0,330 0,00 .10
LL] n,050 0,040 0037 0,015
L4 0.L25 n0.1ce 0064 o.0x9
5 n, =3 n.123 m, 299 0.na3
n u.0ve G.0s0 0.De7 0.oo9
L] - - a.nd7 a.oLi
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Concerning the particulate mercury concentrations. we notice that
thay are expressed in pgff. As previous studies (Lockwood. et al., 1973 ;
Reimers =t zl., 1974 ; Bamyens, 1977) show, there axists a strong inter-
artion betwsen mercury and suspended matter. A5 a congequence, we find
normally a higher mercury content [expressed in Hg/kY at sample polnts
with high turbidity. This dess net mean that there is more mercury adsorbed
per weight-unit of suspended matter., From the results obtained in 1978, we
conld derive a relation between the particulate mareury concentraticn and
the turbidity. This curve (Figure 6] shows two dlscrete parts. More meroury
s adsorbed per welght-unit of suspended matter at low thap at high tur-
bidity. The points with lew turbidity are open-sea points while these wlth
high turbidity are close to the mouth of the Scheldt estuary. Suspended
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matter origingting from the Scheldt sgtuary has probably a different

chemical composition andfer granvlometry than the suspandad matter from
marine origin and thus a different adsorption behavicur. To investigate
thiz, wa intend to carry out adscrption experiments on suspended matter

from astuarine and marine origin.

Adsorption experiments

Ontil now, only adsorption experiments are rarried gut on suspended
matter from the Scheldt estvary (Baeyens, 1977 ; Depadt, 19771. The results,
obtained by adsprption capacity axperiments, are repressnted graphically
in Figure 7. Up to a concentration of 2 ppm, practically all tha amercuary

iz adsorked on the suspended matter, in fresh as well as zalt waterxr

Hg particulate (ppm)
)
o

4] 4 Salt waALEer e
’

o w0 2] an 40 "
Hg dissolwed
{ppm)

Fig. 7.

Adsorption cepaciky of syspanded mabter
from the Scheldt eatuary
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conditions. Ax natural mercury copcentrations in the estupary are a few orders
of magnitude lower than the adsorption capacity of the suspended mwatter, this
suggests that on & long term the particulate phaaé will be eariched in
mereury which will be in turn transported to are&ﬁ'where sadimentation
oocurs. Consequently, monltoring of sediments could give important infor-
mation about the influence of mercury from anthropogenic erigin on the

aquatic environment.

Determination of mercury in sediments

T dEtEIminé the anthropogenic fraction in the sediments, one cat use
two procedures : (1) a comparison batwesn the marcury concentraticons in
recent sediments and in sediments apterior to industrialization or (2} ana-
lyaing sediwent cores which show a clear age profile wersus depth. It is
clear that this gpproach must be completed with a study of the chemical
and mineralogical composition of tha samples.

The atandardization of the analysis of heavy metels in sediments doals
gubaeguently with the sampling procedurs, the conservation and preparation
of the sample prior to analysis, khe chemical analysis and finally the
presentation of the analytical results. The massuring technigue was tasted
in an intercalibration exercise including thrae types of samples : a river
gsadiment with high wetal concentrations [MS1), an estuarine muddy sediment

{M52) and an estuarine sandy sediment (MS3), Our results are summarized In
table 4,

takle 4

naterminatian of marcury in sedlment SATPieE

Tatal aktack Srranda attack Weak  sttack
Hr f #H, NG, SEMRO, F By MHNCL SR, 20, | YThe-extractlen

{H4-ppmk [Hy -ppm) {Ha-ppm} [Hq-ppm)
T I I T P I i L T IV B ] 1.002 - L.333 ot detectabls
M3 2 ERR R TLRET 1.044 - 4,666 n.nsqa - 0,09
Lo ] a,047 - 9.0% Guitle - 0.0 0.0os - n.oas Hot rdetectmhle
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The variation coefficients, calculated on the ensemble of results
obtained by the different laboratoriss, show that : the sprasd is small
For the total attack and the HNO./KMpO, strong attack ; the spread is
much greater in the case of a B,0,/HM0,/H,50, strong attack ; apd the
epread is unacceptakle with a BRo-ewtraction. Since mpost chemistes do uot
like the use of BF, and since the results cbtained with a HWNO,/KMnO, attack
approach very dgood those obrained with AF/HNO,, the total mercury content
in sediments can be estimated guite well with a HNO,/KMnO, digestion. However
a study of the correlaticn between the results cbtained with a weak or

mpderate attack and the bioavailahle fraction seems not yet feasihle,

Getermination of mercury in biological materials

The analyzing method of mercury in biological meterial {entirely
organic matter} differs somewhat from these veed for sediments [mainly
lnorganic matter] due to their ddfferent composition. The basic prineciple
in this case is to oxidize as complete as posgible the organic matrix.

A detailed study hazs been carried out on different materials such as milk-
pawder (MP], twe aguatic plants (LM and PR] and one terrestrial plant (0E}

ta test our methods. The main results of this stwdy are summarized in
table 5.

Table 3

Beteeminabtuon 9f meccury in biological matarials

MINERAL IEATTON HE/MHOy (taflon boaly H, 50, /R0, A0, (undar cefluxd
vigestion EMnO, 7,50, fHiE, KMy, oL

Identificakion Horcury  {ppm) MeTouTy (pDR Meroury | pm)
CE-&Z-1E9 Q.19 n. 21 .11
MP-£3- 151 0.005 = 0,01 a.ooz
LH-&0-17H) .24 HI 0. ¥
PR-&1-170 - o.ri a.12
PR-G1=15A o132 - L B




The three mineralisation-digestion methods gave all reliabla rasults
except in one cage (DE). Moveover, it was proved that the bisolegical matrix
fafter mineralisation and digestion) did not interfere with the measurements
and that both prganiec and inorgenic sercury compounds (as far as they were
extracted from the biclogical material) were oxidized to fonlc mercury.

The same mineralisation-digestion mathods were alsc evaluated for the
determtpnation of mercury in muscle tissues of seabirds. All methods provided
Eimilar results, but the results cbtained with the B 0;-method shoswed a

greater spread.

Conclusicon

The development or adaptatien of sanpling and analyzing technigues
will provide ue more reliable data of marcury in most of the compartments
of the marine acosystem. An important compartment which has not been
oconcidered yet 1s the atmosphara. However, a wethed for measwring mwercury
in the gasphase i availahle and will he published very scon. In the
future we will alse try (1) to distinguish between incrganic (free or
chelated) and arganic mercury compounds and {2) £Eo asgess the interaction
kinetice between the mest impartant mercury species and natural suspended

matter.
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Trace metals (In, Cd, Pb, Cu, Sb and Bi] levels (ionic forms and
dissolved organic complexes) in the Southern Bight (Belgian coast)

Technigue to avoid contamination during sampting and filtration
and to improve reprasentativity

G. GTLLAIN, €. DRIIRCERTS end L, FISTETME

Laboratery of fralytical Chewistry an? Lacoratory of Doesmclaqy jChewistry Usit)
Univeraity of Liboe, Belgior

1.- Optimization of sampling methodology — The problem of conta-

mination and representativity

The dlfficulties in ghtaining non contaminated and represen-
tative samples pf sea water have been outlined in a previgus pa-
per where a short deecription of the sampling apparatus weé Yecom-
mend can alsc be Found [Gillain ef al, (197%9a)). The principle is
to continuously collact small samples of water from a wery large
volume delivered by a peristaltic pump and screened from atmoes-
pheric pollution hesides to try and aveid all pessible contamina-
tion due to the wessel or any other ¢ause durlng manipulatiocns.
The sampling kit has further heen lmproved and will now be des-
cribed in mare detail together with the precsuticns to be taken

tao use it properly.

1.1.— DESCRIPTIOM DF SAMPLIWG AND FILTRATION EIT
The kit iz achematically represented in fig, 1, It is pro-
tected by a wooden box with a 1id. The totbtal weight is only
25 kg and the floor space reguired reduced to a minimum
LLBD % 70 % 3% em). Comnical flexlble polyathylene connectors allow to
conpnect the nitrogen supply, & tridistllled water [(MLIlli-) tank

and a collecter for waske watar.
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l.1.1.— THE SAMPLING CIRCUIT (—= in figure 1)

Tha sampling circult consizste in a double peristaltie punp
simuitanecusly driven by a sopeed cpntrolled motor and 20 m PVC
tube. Spead raductors are fitted on sAch sides of the motor
shaft. ALt one end a "Magne™ pump is driven with a succion height
ef ? m and & maximum cutpuwt of 5 to € Efwmin. The cther pump is
a2 "Mipni" type, supplying 400 te 500 mi/win depending on the dia-
meter of the internal flexikle tubing. It takes water in Eront
of the larga pump at point (j) as shown in figure 1.

A small weolume of water £z thus continuwowsly drawn from the
large main flow, the rest of which is returned to =ea. The san-
pled water is stered in a graduated Pyrex centainer (5 &) [tg) in

figure 1], eguiped with a magpretic astirrer.

1,1.2,— THE FILTRATION CIRCUIT ([ —we in figure L)
The eollecting container [(g) is fitted with a ground glass
stopper with five passages allowing to connect the coentainer to

the atmosphere (k} or to the 4 following circuits

1. the sampling circuit ("Mini" pump}

2, the filtration wmirscuit starting at the botteom of the con-
taiher

1. the pressurized gas circuit

4, the rinsing cirecuit from the tridiatilled water bottle.

The filtraticn uoit (b) is wade from a Fyrex glass tubhe 120
mm long and 47 mm @# fitted in between two PVC lids with silicone
seals. The lowest one containg a frited glass plate supporting
the filter. The upper pne can eacsily be remowved, sliding up-
wardg, which allows to chabge the filter, It 13 fitted with an
air-putlet vane and a magnetic rod is suspended to it a few mil-
limeters ahove the filter to retard cloygging by vigorous stir-
ring.

The sea wWatexy filtered under pressure (nltrogen} is conti-
negpusly callected in a pelvethylens flask (g) xhich is used to
store the gample. Its stopper has an alr-outlet. Excess water

iz sent to the sink by wane {(L]}.




Ta

l.1.3.- THE GAS CIRCUIT | -9 in figura 1]

Hirogen [rom the pressure tank (i] is releassd at 0,3 kgfem?
and is filtered through &4 0,22 um Millipore filter {f) to remove
dust to reach vanes {m] apnd (n}. VYane [m) sends the gas in the
diatilled water reservoilir for rinsing or to the fllkration uanit.
Yans (n] puts the filtration wnit under pressure either directly
or through the Pyrax callecter [(4). This is useful when clogging
occurs to empty the filtration unit im order tg change the Fil=-
ter. A pne way security valve {e} then avoids prescsure to he ap-

Plied to callector (gk.

l.1.4.- THE RINSING CIRCUIT | @—e in figure 1)

Tridistilled water (Milili-Q) can be distributed Erom tank (h]
rither te the samplipng circuit {vanme o} or the filtration cireunit
tvane phl. Ope wilt natice that the distilled water goed Into
collectar {g) Ehrough & sprayer Eo increasc cleaning efficiency

and minimize the amount of water needed.

1.2.- CLEANING, SAMPLING, FILTERING, RINSING, STORAGE
1.2.1.- CLEANTNG

The sampling and Filtration kit including the 20 m PVD tube
a2 well as the Lottles which will contain the final sea water
samples are treated during a week with & N HCl. Large amaunts
OF "Milli-Q"™ water is uvsed for rinsing. The kit is kept filled
with tridistilled water uotil used, The filters (Mlllipore ,45
km? are kept in diethylepetriamine penta-acvetic acid {pTPRA) 107 M,
pH & {complexing agent] ; they are ringed several times with lar-
g2 wvoalumes of "Milli-g" water, dried at 50°C, welghed and kept in
Futri hoxes,. Cieaning efficicncy i= severely followed analyti-

vally.

1.2, 4. - SAMPLING

Sampling froam an ocoancgraphic vessel even with a sophisiica-
ted system as described alove, means L 'try and aveid all causes
of contaminatien due te the ship hevrself. A sea ares will he

chogen where the ship has not yel been ; omne will try and fing



the best locatloen toe put the PVC zampling tuhe overboard, awvay
from outleats of all sortz, propallers, etc ; the sampling will hbe
carriad aut with the boat adrift and on the lea side to mest Con-
tinuously renewed water masses. A telescopic mast 4 mw leng will
he used to hang the tube as far ag reasonably permitted from the
boat ; the inlet of the sampling tube {protected by a =topper
when not used} will be kept at ahout 2.5 m belegw the keel {that
iz at 5 m in our case) ; a lead lesat inside a2 leak proof PYC con-
tailner i1s uszsed to keep tha tuke at depth.

Fumping through the kit, emptied from 1ts distilled water and
fluzhed with nitrogen, 12 then started the first litersa being
returned teo the sea by closing clamp [(g) {ses fig. 1l}. After 10
minutes the collecting container (g} is filled, the pumps are
stopped and tridistilled water is sent inte the sampling circuit
toc eliminate residual sea water. The PVC sampliqg tube is care-

fully stoppered.

1.2.3.- FILTERING

Hitrogen i3 sent into containmer {g}) where the sea water is
continuously stirred amd the filtration chamber is filled. 3tir-
ring ahove the Millipeore f[ilter 1z started. Flltration then pro-
ceeds under pregsure when cne opens wane (L} to remove the firet

ml towards the sink or next to £ill tha sample storage polyechy-
.lenE_hnttle (o). 1 £ water 1ln Ehils bhottle 1z 1in Fact rapresenta=-
tive of G0 £ g9ea water.

Evan whah the bottle is full filtration is g¢ontinued uwntil
clogging ta collect the greatest possible amount of suspended
mattey, €XCcess watar being sent to the s=ipnk. The filter is then
removed a3 descryibed above under contifuoug nitrogen flew to

avold any contamination.

1.2.4.- RINFING

After filtratien, rinsing is carried ocut first at the lewvel
of the sampling circuit with the pumps in action for a few se-
condsz, continuing with the collecting eontainer and £inally with
'the filtration circuit, After rinsing, a new Fllter is introdu=-
red again under nitrocgen flow, The system is then ready for a

new operation,
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1.2.5.- STORAGE OF SAMPLES
The 1 % =ea water zsamples are ilmmedlately deepfrozen at

- 20 *c and thawing is carried cut in the laboratory just before
analysis.

2.— Analytical methods

Dilifferential pulszse anodie stripping voltammatyy with hanging
mercury drop electrode (DPASYV) ls used as described earlier
[Gillain et al. (197%a,h)}l. The full analytical protoccl 1s giwven
in fig, 2 hut we will in this paper only describe results regar=-

ding ionic forms and soluble crganlce complexes.

3.- Besulis

The results described in this paper refer bto zamples collec-
ted in Octocher 197% during a survevance Cruise along the Eglgian
Caast te detect the distriburiecn of trace metals, the effect of
caastal discharges, dumping, rivers [(mainly the Echeldt with its
gstuarlian regimel), the importance of speclatlion. The stations
are lorcated asg indicated in fig.3 along grid lines perpendicular
to the coast numbered from 1 to 5.

Going back to the general analytical protecel (fig, 2) it is
ezsy to see that the results expressed in pg/l given by =teps
[Ty, [IIa = IIb} and III, allow to =stimate the different species
of dissplved En, Cd, Pb, Cu, &b and Bl in sea water passing
through Millipore 0.45 um filters.

The data are glven in table 1. The spatial distribution 1=
illugtrated by figures 4 to 9.

The fracticn detected in step I at in situ pH refers rather
arbitrarlily te ionlic species since very lablle complexes (proba-
bly inorganle) can alsoc be lnvelved. It concarns €n, Cd, Ph and
€u. Sk and Bl canngt be measured hecause of hydrolysis of their

aalts at in gite pH.
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Lesation of gempling stations in tha Horth %ea [Belgian co=et]

The difference between the resnlts cbtained in steps IIa
facid pH) and I corresponds to weak complexes. In the case of
&b and Bi, the leoenic form cannot be dissosiated Lfyom weak comple-
weg, I¥a gives the aum of the two forme.

Regarding Zn, ¢d, Pk, Cu and Bl the IIb =tep gives after
treatment by 50, and DPRSV at acid pH valuos identical to those

obtained in step ITIa. But the IIk data for Eb correspond ko the

sum of se'' and seY.
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Liszaived metal cancentration

Diskritulion of In atomg the Belgisn coast in Getaber 140%

Finally step III (53; + 0OV treathent, analysis at acid pH)
allows to find the total concentrations of the slx elements.

The difference between the concentrations detected in step
III and (IIa - TIb!) corresponds to strong complexes.

The results for Sk lead to the canclusion that this metal is
disgalved mainly axs sh¥. The percentage of BEb complexed by arga-
nic matter can be estimated to wary between 20 and 49 % of the

tgtal metal <concontration.
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Disgplwed matal sorcentration
Distribution af £3 alsng the Balgion coask in Oekober 1979

The data for Bl show concentraticns often below detection li-
mit [< £©,05 pgikl ; a few resulks have been obtaioed after UV
treatment on samples collected close to the coast {(grid polnts
21, 22, 13, 14y and in-the vigcinity of the Scheldt estuary f{grid
points 15, 25). Thi= might indicate that Bi diffuses from the

coast and is rapldly diluted or removed by unknown pracesses from

the water column wffahore.
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Dipanlved metal coneenteusior
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Far &n and Pb they appear to he rather uniformly distributed,
although sume maxima are found along grid lines 5 and 2t =ome
ather grid points {12, 41 and 42}. This probably reflects coas-
tal and estuarian influence.

This observation is not confirmed for ©d and Cun which =how
significative cancentration differeénces from paint to point.

The amocunts of Zn, Cd, bk, Cu involved in arganiec complexes
aften corvespond ta an important Fraction oF the total concentra-

tian with great variations fram polnt to pPoint 3 12 to 47 % for
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Dis=zalved m=tal soncentratiaon
Dietribution of Cu alomg the Belgimn coast in October 1979

Tn, 20 ta B0 % for ©d, 31 to 87 % for Pk, 20 to 83 & for Cu.
This is of great importance in the study of the fate af heavy me-
tals in the sea, their relative teoxicity and is closely connected
to the study of organic matter.

although the grid covers some raglons of dumping of inmpartant
quantities of chemicals in solution containing heavy wmetals, no
heavily polluted zoane can be detected., Rate of dispersion is of

course ve&ry high in well mixed shallow waters.
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Cieanived matal cancentration
Digtribution of Ri aiong ihe Belgian coast in Ootober +975

We will Eipally compare the results obtained in 1979 with cur
actual sampling method with thoese resuwlting from the analysis of
samples collected using other technigues during oetobher crulses
carried vut in the same regicn since 1972,

Fig. 10 shows that from 1972 until 1977 included the valurs
for #n, cd, Ph and Cu are rather high and that dispersgion is im-

poartant.
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Cisznlvwed matal concentration
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From 1578 on, aone ohserves a progressive and fmportant dimi-
neztion of the concentrations and & reductlon of dispersion.

This, we hbelisve, is due to several steps taken to aveid con-
tamination during sampling and filtration.

In 1978, the samples for routine work were still collected
with a Misklin bottle as during the preceding years, buat filtra-

tion by succion was replaced by filtration under pressurs. In
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Zn, od, Pk, Gu congentrabions eeasured wering eroi=zes slora the Belgian acast
ir Gotober 1972, 194, 19T, 1570, Y979 Geoken ling indicate imprevement of
Filterirg technigue [ynder prasayr- irstean of swceior] in 1974, of gamplirg
ard Fillering =ysten in 1979,

1379 the new gampling kit described here, which began to he tes-
ted ip 1975 [see Gillain et al. {197%a)] but in a less scphiskl-
cated forw, was systematically used with further obvious impro-
venent of the results.

For the same geographical site our actual data arue comparable
to vesults obtained in ARugust 1976 hy dMart {tabhle 2] along a line
Ostend - Den Helder. Sampling was carried manually at S0 cm

depth from a small rubber boat using plastic bottles attached to
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a2 telascople plastic rod to aveld contamination. Heavy sea condil-
tiﬁns make this method guite hazardouz and considerably limits
its use.

nother data are avallabla for a nearly ragion, along a line in
frant oF tha Rhine Estuary. They are reaported by Dulnker and
Kramer (1977) and are higher. 1If 15 difficult to tell whether
this rcan be due to contamination or reflects the Rhine cutput.
Bopttles were used for sampling, but filtraticn was carried cut
under pressure {(nitrpgen),

Regarding Sh and Bi data are scarce and compariscn can only
be made with results obtained with other analytical technigues
and in very different locatlons [(table 2}, However the order of
magnlitude seems to be correct. It iz obwvious that in tha cage of
b and Bi contawmination problems are much less acute than for Zn,

Cd, Cu and Pk, which find a variety of use in ship buillding.

In conclueion one ¢an only say that sampling 1s the most ha-
zardous Step in detecting trace metals at the levels found in sea
water, It is believed that the nev sampling and filtering tech-
nNigue presented here meets the ragquirements for water sampling
at moderate depth, allows to work from large or small research
vesasels, even in rough conditiens. It could easily he adapted to
be fed wunder nitrogen pressure fram Elightly modified NWiskin bot-
tles for deep =sea operationg,

Heedlags to aay 1t looks obvicus to the authors that a Praper
evaluation of trace metal levels ko assess pollation for instance
or to understand chemical processes in the sca [complexation is
one gxample} will only be achieved foar eventual comparizons with
other marine regions if analysts come together ko intercalibrate
not anly their analytical tocls but alsa, and this is urgent,

their =ampling procedures.
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Spatial pattern and bicchemical content of Nerth Sea zooplankton

{Belgisn coast) [1979-1980]

J.H, HECZ', &, cASPAR and H. PIGARDT

Abxtrack

Seasonal changes in chloreghyl and zooplankton congcentraticns have been
etudied in comparison with itz biochemical content (proteins, lipids and car-
bohydrates) . .

Zopplankton bicmass shows a firat pesk in spring apd a eecond cne in au-
tumm in the affshare area but only one in 2pring in the cpastal area.

Zooplapkton and phytoplankton are distributed into two patchez (2Zooplank-
ton offshere and phytoplankton near the coast).

A maximal lipid content asuggesting a higher nutritional activity was ob-
servad in the central area interposed hetween the twe patches.

The lipid content of the zooplankton increases from spring up to autumn
and decreases at the and of winter, just bafore the spring blocom.

Introduction

The traditional schemss of the planktonic food chain usually accept Ehe

existence of direct and instantaneous relationshipe between the phytoplankton

and the herbivorous zooplankton (Harvey (19501, Rlley (1970), Parsone and
Lebrassaur (1970])].

As far as a large scele of rcime and space is considered, these trophic

schewes can ke taken as a whole in the Straight of Dowver [Hecg (1973)] and in

1. Letarstoire de biologie péndrale, Univeraibd de Lltge, Gami Yan Agnedon, 22, B-4000 Libge {Balgiwm).

2. Unité e geebion du Moddle wabhdmaligque <o 1e mor ce Nord, DER  Gescrna Bootsaan Jonsan,  B=S400
Deetends (Bolgiun).
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the Morth Sea (CIRS (1977)) where one half of zooplankton is herbivorous and
the other one cmnivorous,

However many attempts to draw instantanepus correlations between the Zoo-—
plankton and phytoplankton bilowassa have remained unsucceszsful [Hiboul et al.
(1972}1. As a matter of fart, the abuondance maxima of the differant trophic
levels (herbivorous, prodecers, carmiverpus}l are following one another, in a
definite area, with a minimal delay aof ten days (Becg (1976)). As the phytao-
plankton turnover btime is only three days, it seems therefore impossible to
explain why zooplankion bicmaszs maximum only appears tan days later 1f the
so0le wvegetal ocrganic material 1s immediately used for production.

On the other hand, the rate of the zooplankton axygen consumption AppeATS
toe be somawhat higher than the primary production {expressad in the same unit :
mg ¢/m”.g) &nd thus higher than the grazring rate on the phytoplanktcn. This
suggests that zooplankton can use sither non=-liwving (particularx or dissolied)
organic material, or organic material in the form of metabolic reserwves.

This hypothesis has been considersd in the present paper through the ana-
lysis of the biochemical composition of =ooplankton collected during a whole
year in the zouthern part of the North Sea.

Material and methods

Zoaplanktaon samples were collected every month from January 1979 to Fe=
bruary 1930 in 20 spats alang the belgian coast [fig.2} thanks to the Belgian
Havy collabkoration and ons cubic meter of water wasz punped ob board and filfe—
red through a BO ) wesh net ; the samples were immediately deepfrocezed and the
measurements performed in laboratory within the month. Temperature and sali-
nity were alsa measured. Chlorophyl ecentent was determined spechrophotometri-
cally (scrickland and Parzona (19631).

Samples were defreezed and fractionated on the one hand for specles
numeration and on the other hand for bipchemical analysis.

Froteins were extracted in a Na0B 2 N selutipn during one hour at 100 °C,
The extract was then neutralized with HOL 2 M, Protein contents were deter-
mined according toc Schacterle and Bollack (1972) by using heef serumalbumin

as a standard.



a7

Carbohydratas were extracted in a 10 & trichloracetic acid salutien du-
ring one hour at 100 *C. Carbohydrate amounts were measvred according to
Dubois et al (1356) by using glucosa Az a standard.

Fatty aclds and 1ipids were extracted with a 2/)] chloroform-methansl mix-
ture by homegenlzation with an uwltraturrax [Freeman et al. {1557))1. The ex-
tract was left two hours at 20 °C and svarnight at 4°C, Filtered extracts
were parified from non-lipidic substances by the Polch et ai. {1956) nethod,
Lipid content was determined accozding to Marsh and Weinsteln [(1966) hy using
gtearic acid as a standard.

Chlorophyl content of ehloroform oxtracts of the samples waes taken As an
estimation of the vagetal bicmass.

pry weight iz determined by dessication in an oven during 24 hours at
0.

Dry welght and "organic weight" (W) are expressed in mg by cublc meter.
Qrganic waight is considered here as the total amownt of proteins. carbohydra=
tes and lipids. Chitin and Eree amino—scidsz are neglected with the conzequen-
ca of a 10 % underestimate.

Protein, carbohydrate and lipld contents are expressed in % arganic

welght.

Results

Most species 9f the examined zooplankton samples are Copepoda : Tamorg
longicarnis, Azartic clausd and Pseudocalarus elongatus represent from 30 to
95% of the total. The different specles proportiong are more or less constant
during the whole year and on the whole network.

Total bicmass presents varlations. Mean evolution of the zooplankbon
hiomazs (W} during the whole year [(fig.l curve 2, dotted line} shows an im-
portant peak in June (5% mo/m®) and another one in Dotober (350 mg/m”).
These peaks follew phytoplankton bloom in April=-May {18 mg chl &m¥) and in
aetober {2 mg chl a/m?) and correspond Lo perlods of maximal variations of
temperature.

Biomases presents an important wariability on the whole network : it is
dus to considerablie differences between two groups of homageneous values

thoge gobtained along the cpast and those affshore.  Indeed June data show a
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high 2ooplankton bicmass (OW) offshore (797 * 177 mg OW/m®) and a lower ona
along the ccast (252 * 120 mg OW/m®) .

On the other hand, the chlorophyl data are maximm along the coast and
ezpecially near the Scheldt sstuary (6 mg chl a,.-"ma} .

Morecvar, both phytoplanktsn and zooplankton show & gradient from the
coast to the open sea, pasitive for zooplankton and negative for phytoplank-
ton {fig.2}.

CRUDISE JUNE 1979
Chlorophyl a ... .
Zooplankion e e

] DUNKERDLUE
GRAYELINES

fig. 2.

zuup'tnrﬂctr;n iy OW/m') and phytopleskton img chl cfn’] bionassa,
The coopling statiorng are roprasanted by pointe.
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The offshore area presentz higher blomass variations than those In the

cogstal one : during the spring bloom, tha sffshore zoogplankion averages

reach BOY mg OW/m* and the coastal one 290 mg OW/w®. The autumn bicom is

only observed in the offshore area [250 ng OW/m®) and remains negligikie at

the cpast (fig.l, curves i amd 1),

Bpart these two maxima, the whole network 1s homogenecus and zcoplankton

bicmasss remain negligible.
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Time
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Honthly mean value of proteins [, carbohydrotos () ang Lipids (I
mepresged in X of Lbe Lotel organic nettes [0

wooplankton biechemical content is prasented in figure 3. hverage pro-

tel

car

o amount ig more or less constant during the whole year (33 - 45 &),

bohydrate congentrakicns, very important in April-May (20 to 30 % of OW)
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fall to about 3% in June and remain so. Lipid content inereasas from Fehrua-
¥¥ bto Gotober and afterwards decreases (the too small number of winter data
pravents us from formulating any relations to the carbohwdrate content].

At a spatial point of view, lipld repartitisn is epather homogenecgus off-
shore and along the coast (for example 52% in June} ; but the higher contents
(65%) are always observed on the front separating these twoe areas ; protein
nontents are rather constant. Along the coast, the higher carbohydrate con-

tents are due to the greater concentration of the phytoplankton.

Discugsion and congclusions

all the quantitﬁtiv& results of our cruises show once more the existence
of the bimodal phyto-zooplanktonic cyole which 1s characteristic of the tem-—
perate seas [Hegg (1%75}). If mean values are congidered on a large area and
during a whole year, a gquantitative relation can be drawn beiween the phyto-
plankton bloom and the following Zooplankbon one.

However these twe poake aproar within a delay of one month at least
moresyar zooplankton and phytoplankton spatial distributions are different
and sven show an exclusicn which cguld let ua suppose that herbiverous nutri-
tion prevails anly alang the narrow front. Furthermore ioportant local varia-
tions surimpose to the global annwal wvariation of lipid content and reveal
maximal lipid stockage in the front area and thus a higher nutritional acti-
yity. This area dispositlon is related ko the hydrological flow off the bel-
gian coast (Hihoul and Ronday (1974a, 1974h), Hecq {187%)) : water ocoming
from the Scheldt and loaded with nutrients, is carried away to the South in
a reslidusl gvre.

Total carbohydrate content is constant Erom June on [+ 3 %} according te
the literature [Raymont and Conover [1961), Mavzawd and Martin {1975},
BAmstedt {1378}, Gaspar and Hecg {1980))_. However in the early spring this
content is exceptionally high at the copast {208 of OM} and iz likely to be
related to phytoplankton which can represent up to 40 % of the sample.

The whole results show that in the early spring, when the phytoplankton
peak reaches its maxioum, total animal hiomass {= low and its proteins repre-
sent a high percentage of the organic weight. Feeding would he directly used

either for proteogenssis (growth) or for reproduction (increaszing of ipdivi-
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dualsg rumber) ; furthermcre respiratory metabolism is wery high at this pe-
riod (Aecq (1973}). Later on, at the end of the hiopom, the zooplankton bio-
wass reaches its waximal value and then decreases ; lipid amcunt goes on in—
creasing (up to about 50% of the (). Resplratory quotient, although lower
than in bloom beginning, howevar presents a highar walue than tha grazing
one ; phytoplankton hiocmasz is moresver low. During this pericd animals
would call upen other food sources. Aniﬁals kecome less numerousz but contain
more lipids.

This situation iz comparable to the ForsFiorden (Korwayl one [EBimstadt
(19783 ] : the Copepod Chiridfus qrmatus has a constant carbohydrate amount
during the whole year whersas lipid cencentration presents wariatiens hound
to the bioom peaks : lipid eontent regularly decreases from Gotober an and
again inereases at the spring baginning. The anthor suggests that these wa-
riations are linked te trophic phencmena. Individual everage lipld ammunt
decreases from August to March and this decrease is on direct opposition to
the protein amount.

Canover and Corner (1968} hawve analysed lipidie content of Cozlgnud
Firmarehisus and Metridia longa collected from September to May in the Gulf
of Maine : the values for the herbivorous species Calamus Finmarehious are
always higher than those of the carnivorous species Metnddia Ianga ; In boeth
cases, lipids progressively decreace during winter.

Morepwar, Cotner and Cowey (1968) and Lee et al. {1971) nhawve shown that
lipid consvoption coefficient is variable : Srlanue Jinmarehicus, which can
stock lipids up to 408 of its drey weight, only uses 1| to 2% of these lipids
daily during an experimental fast whereas an cmnivorous gpecies such as
Acartia claugd uses up to 60% of its lipid weight during the same periecd.
Therefore it seems that lipid combustion is more rational in herbivorous than
in carnivorous Copepods.

In conclusion, trephic relations could be gengrailzed as follows (fig.4}.
During phytoplankton mwaxima, low amounts of Zooplankton feed mostly on vege-
tals (important grazing) and their respiratory guotient is nigh {1 mg C/mg o
Bl : a yreat part of ingestaed energy (carbohydrates) is used for protein pro-
duction (growth and reproduction) (=phase 1), During this periocd, amylazse ac-
tivity would be the greatest ; Bousher and Samain [1974) hawve streszed the

olose relationship between grazing and amylase activity,
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After phytoplankton maximom, herbivorous gooplankton reachas its maximum
biomass and begins to store lipids (phase 2), The latters are stored as
draplets containing mainly long chains of polyunsaturated fatty acids
[Chapelle at al. {1979}, -

After phytoplankton disparition, herbiverous zooplankton would medify
lts enzymatic composition, making itself abkle to use ancther source of food
2-. living or non living either dizsclved or particulate organic matter, re-
sulting from phytoplankten decay, or from any exegeneous origin {phasa 3.
aAnd finally, during winter, as food iz lacking, anicals would use their lipid
stock [phase 4], The lipid consumpticn of the herbivora would be adaptative,
as during the fagt perisds, the zooplankton 1s browught to utilize very pro-
grassively its lipid stock elaborated during the phytoplackton peaks.

BY integrating phytoplankton and zeoplankton stocks and flows during
these four periods, global relations can be halanced, whereas inctantaneous
relations are pogsitivaly ar negatively out of balance according te the peak
periods. This diet modification during the life of an organism was demonstra—
ted at the higher trophic level of Pglaemon gerpatus, the amylase activity of
which quickly reaches a high lewel during the 2% Zpe stage whereas pretealytic
activity appears obly in the 5" Zoe stage (Mysis stage) (Darnetl (1958,
Fandian {1%69}], During summer, herbivorows biomass decrease cat be connected
te the carnivora appearance. In June, the carhivora are represented by the
Cladecera Evadne nordmgnns, Fodom leuskanti and Podow intermeding [leca
(19781] ; after the autumn blonw appear Chaetognatha (Sagitiz setaga) [(Heeq
{1976}, Hecg et al. (1576), Hecg (1979)] which have an luportant proteasic ac-
tivity [Boucher et al. [19751]. '

For a better understanding of this somewhat simplified scheme, we shall
try to define dict alterpaticnh by nutritional measurenents an different subs—
trates, by detailed analysis of the bicchemical composition during the peaks
and especially by measurements of the carbohydrasic, lipasic and preteasic

activities.
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Ecometabolism of the coastal area

of the Southern Bight of the North Sea
Feport of the workgroup "Organic Matter® (197%)

o, LwElot !, won. oo, m EJILEEHEIU3* &, BIRLEN', ¢. Joreis?,
M, BESSICARTE, a. WERTELS?, 5. WERBELSTEL', . WYe%, C. MTHOA*,
J. BUTHANY, . wrMeNTE, B, METSE', L. GOEYENRS?

Introduction

Tha study of the scometabolism of any biotope requires

iy firstly, the identification of the main bkivlogical activities taking
part in production and eonsumption of the organic matter and the stocks in-
wilved,

ii} szecondly, the study of the main regulating mechanisms inducing a
well balanced dynamic systam.

The First point has already been developed in the ecastal area of the
Southern Bight of the Morth Sea (Billen =t al., 1976; Joiris er al., 1999).
However, as mentlonsd by these authorsz, some specific problems remained
to he solved, and the "Organic Matter" workgroup has tried to do =o by
applying more refiped metheds for a better identification of the main
biclogical activities and a proper understanding of the factors regulating
the intensity of these activitles.
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One jmportant problam lies in the obsmervation of a significant ip-
balance betwesn the amount of arganic matter produced by phytoplasktan
imain smirce of organic matter in arsa under study) and the amount of organic -
matter congumed, sn that heterctrophic congsumption was three times as high
ay producticn . In the ahsence of important exegenscus imports of organic
matter, this had to be attributable to inadegquate messures of phytoplankton -
gross production [undersstimated ?} and/or heterctrophic eonsunption (pwer-
estimated 7). MNew methodologies were thus developad (Joiris et al., 1979)
to cbtain better measurements of all the fluxes involved in the gross
phytoplankton praduction on the one hand and hetercirophic consumptisn on
the other hend. The former includes phytoplankton particulate and dissclved
praduction and phytoplankton respiration, the other, sensy stricto hete—
rotrophic actlivity and phytoplankton respiration. Only this last parameter
haz not yet beesn measured. However new results lead to the hypothesis
that phytaplankton respiratiocn was more important than anticipated (Joiris
et al., 1979). & method for measuring phytoplankton respiration had to
be developed in oarder to varify this assumption.

Ancther important problem arising from the construction of the carbon
budget concernsed the recycling of the organie matter produced by phyto-
plankton.In contrast with the sitwation in the Northern Atlantic Wwaters,
whare the recycling of phytoplankton production is elagsically accompllshed
by zosplankton (Darc, 1979}, the recycling in the coastal area of the
Fouthern North Sea pregents the particulavity of bkeing accompliszhed
almest exclusively by bacteria. The study of some regulatory mechanlems
acting at zites of branching of the trophic weh, decisive in the everall
vhytoplankton - zooplankton - bacteria — hifurcation was undertaken in
order to understand this particular structure of the trophic web.

This work presents the last developments in the identification of
the prevailing paths in the circulation of the organic carbon in the
teagtal area of the Seuthern Bight of tha North Ssa. An important part
of this work will however be devoted to the description of some nechanisms
of regulation, particularly important for the fate of the grganic carbon
prodused by phytoplankton, This last point has needed larger ranges of
concentrations and biolegical activities. Therefore, two other bictopes

characteristic of the Southern Bight of the North Sea wero sampled. A *
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richer one {staticn "Hanswasart' in the sutrophied Scheldt estuary) and a
poarer one (station 'Calais® in the Channell. The position of the three
zampled stations iz indicated on fig. 1.
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Fig- 1,

Pazition of the =ampling stetion wisited

It must ke =till added that some other important results, more parti-—
ularly concernsd with the physiplogy and biochemistry of the plankton
commnities (phycoplankton, bacteria, zeoplankbton) were obtained during
the cruises. Mot directly useful for this work, they were discuased in
separated papers {RBillen et al., 1930(; Boasicart, 1980; Dara, 13H0; Lancelot
et al., 1980).




112

Methods

The experimental part of this work wae done on board of the R. V.
Mochalen (coordinator :; H. Plcard).

beawater was csampled at noon, at a depth of 3 w using Miskin's bottles.
ALl the bioclogical actiwities aml stocks were measured on the same sample
of geawatser. B

In addition to classival measurements of gross bicloglcal activities,
new technical methods were developed to chitaln a ketter understanding of
the hiclegical mechanisms. This was attempted by specifying the nature
of the bilological activitiez and the stocks involved. Twe kinds of speci-
fication were studied, on basis of bicchemical speciation apd melecular

welght fractionation, respectively.

1.- NET FHYTOFLANKTON PRODUCTION

Particulate and dissolwed phytoplankton production were measured by
the clasmical " methed of Steeman - Mislsen {1952},

However gross disaplved phytoplankton productjons were peasured
kinetically in arder to eliminate the negative sffect of bacteria thakt can
nae some excreted products vary Fast (Nalewaiko =t al., 1975; Lancelot, 19307.

Blochemical speciation of particulate primary production in proteins,
carbohvwdrates and lipids was achieved through chemical fraotionation of
the radicactivity incorporated during incubation with H 00, after isatopic
equilibriom (Morris =t al., 1974).

On the other hand, a first step to the biocchemical speciation of the
dissolved primery prodoction was ancemplished in separating the total ex-
creted into small metabolites directly usable by heterotrophs and metabolites
af high melecular weight. Ultrafiltration with membrane of 5004 porosiky
was applied on thlis experimental part {lancelot, 1930, submitted).

2.- PHYTCPLANKTON DARK RESPIRATION

The methcd for measuring phytoplankton resplraticon was derived from
the classicel radiocarbon wethed of Steeman - Hielsen (1952). This flux
was defined as the initial decrease of the radicactivity uniformly incor-
porated in phytoplankton cells when they are put into darkness.
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Dajily phytoplankton respiration was ggtimated assuming that the factors
that guantitatively regulate rospiraticon and particulats production are iden-
tical. This hypothesis still haz b0 be verified.

.- EOCPLANETON GRAZING

Grazing on living phytoplankton wags determined by incubating zooplankton
with pre-labelled natural phytoplankton populations and counting the radio-
activity ingested {Daro, 1978). In addition, these experiments were done
on 1} size class of phytoplankton cells in arder to detect a possikle size
selectivity of the nutrition.

Grazing on detrital particlas was estimated from the relative propor—
tiong of detritus and phytoplankton in the total particulate crganic matter.
This was done statistically from hiochemical deteyminztions of the total
particulate organic matter (Lancelot-Van Beversn, 1980}, Total grazing
(o phytoplankton and on detritus), estimated in such wa# was 1n good
agreetment with the zooplankton grezing calculated from the popularicn

Avnami: parameters determined by wodelling (Pessicart and Mommaerts, 19797,

q.- TOTAL PLAHKTOHIC RESPIRATIODN

Tatal planktonie respiration was estimated by the classical osasuramant

of initial dark oxygen consumption {(Joiris, 1977).

5.— YHEENSUT STRICTO" HETEROTROPHIC ACTIVITY

Dissolved organic matter -the substrate of micro heterotrophs-  invol-
wes a huge diversity of molecules about which little is actually known.
hocording to Qgura (1975) and Billen ot al. {1960), oanly a few are directly
usable by heterotrophic hacterla.

Thiz pool incliudes only small moleculss (DUCHM). The others must ba
first tranzformed to he usable by bacteria; for this reason they were
called MDUDOM (non direetly ugable dissolved organic mattar) .

"Senzu stricto” heterotrophic activity was then defined as the rate of
utilization of the swall DUOM wolecules. The method for determining it
congista of measuring the gptake kinetics of "  labelled crganic molecules
with high epepific activity {Eillen et al., 1980).
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Results and discussion

1.- GENERAL PICTURE OF THE ECOSYSTEM

Figure 2 shows the rirculation of organic carben at the first trophic

levels in the coastal area of the Soothern Bight of the North Sea during
the apring phytoplankton bloom (March ta Julyl.

Cog

Ostend

& 3 785

Tig

Fig. Z.

Cirgulation of carbon budgat img 2/ .day? betmwesn the firxi
trophic lowels at the station "Ostend'! [period March - aly).

Iebreviation :
F : phytaplanktan 2 : zotplanklon 5 ¢ sedlwents
E : bacterim 0 : dalritue

NMOUDMM : pen directly usable dissolved oeganic mattare
LM+ directly asable orgenic matter

Same remarks can be made from this figure, namely:

& The direct production of DUOM by phytoplankton is not wery important
{14% of the net phytoplankton production).

Moreover it contributes to only 17 of the total zensu stricto

heterotrophic activity whose substrates appear to be chiefly sup—
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plied by hydrolysis of the degradation producte of died phyte-
plankton calls.

# Recycoling of the organic carkon produced by phytoplankton is
mainly attributable to heterctrophle microorganisms. This con-
firms the idea of a minor role of zooplankton in the recycling of
prganis carbon prodoced by phytoplankton in the coastal area of
the Scuthern Bight of the Horth Sea (Billen et al., 19%%; Joirls
et al., 1979}.

# Phytoplankiton respiration appears to be more lgportant than gene-—
rally estipated in mArine waters {SteewarMielsen and Hansen, 1959).
1ts coptripution to the total planktonic resplration ie graater
than sensy stricte heterotrophic activity it self.

However the carbeon budget [Tabla 1) shows a little discrepandy betwseen
the measured total planktenic resplration and the sum of sehsu fericko
heterotrophic activity and phytoplankton respiratlon, tha two components
of the total planktonic respiration.

Takle )

Carbon budget ab the station Ostend [peelcd March-Julyl un =g Eime L day

Het phyicplankion productian L4975 Heterobrophic agtivities 14913
particulate L 28 Fehsy FrTicto 1&La
drsseLyed h Aooplankbon grasing l0a

Phytaplankbon raspiration 191D Total planktonic respiration 5500

Gross phytoplankbon producklon 3905 Fhyboplankton respiration L 930

Soma observatiens still lesd to the conglusion that the contradiction
should be attributable to underestimated values of phytoplankton respira-
tion caused be the lack of corzect daily walues, f.8.

i)  the budget of net phytoplankton production and heterotrophic activi-
ties (gensu stricto anpd zooplankton grazing}l are well balanced.

1i) the pomparison with the same messurements accomplished in Hanswecrt,
a bictope where the contributicn of phyteplankton to the popl of ocrganic
matter is winor compared to the terrigenecus imports (Wallast, 1976; Jeiris
gt al., 1979} indicates that phytoplapkton respiration contributes effecti-
vgly to lese than 20% of the total planktonic respircation (fig. 37.
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Hensweark

fig. 5.

Clroulation of carban  [ng Cfﬂz.&yﬁ tatmann tha firat
trophle lavels ab the station "Honewsert! [period #arghe
Jeelyh

Z.~ SOME ASFECTE OF THE REGULATION OF THE CIRCULATION OF ORGANIC
CHARBON AT THE FIRST TROPHIC LEVELS
The working of the scosystem previcusly described implies reg'ulatork;
mechanisms at the level of sach hiclegical interaction, even If it's a
small one. Special consideration was first devoted te the study of regu—-
latery mechanisms chiefly aimed at fate of carbon produced by rhytoplankton.
The particular trephic structure of the coastal area of the Senthern Bight
f the North Sea where the recycling of the produced organic carbon is
Wainly accomplished by heterctrophic bacteria suggests regulation at thres
sites of branching of the trephic weh {fig. 4]
particulate production f disgolved production r1}
——a- Zooplankton

phytoplankton — (23
——p detritys

—e Zooplankton
detritus — £33
— hiacteria
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fig. 4.

Myin regulaticon machanizne ¢f the corbon airculation
brmtawemry B Firsi brophic lewls ip serime acsoysbens

¥.1.— REGUTATION OF THE RELATIVE FPROPORTIONS OF PARTICULATE AND PISSOLVED
PRYTOPLANKTON PRODUCTION

The relative wvalue of dissolved versus particulate production ig koown
o e influenced hy both, the light intensity and the available nutrients
{Fogg et al., 1965; Hellebust, 1965; Walewalke, 19%66; Anderson and Zeutschel
1970; Thomas, 1971 and Berman and Holm — Hanzen, 1974},

Ko light intensity effect could be detected from our own experiments.
Howewver, the percentage of phytoplankton extracellular release (P.E.R} was
found to be entirely dependent on the disponibility of dissolwved mineral

nitrogen. Two kinds of chservabions have led to this conelusion.

2:.1.1,= geographical variakions
Geographiecal variaticns show that the richer a bictope, the weaker P.E.R.

[Takble 2%.
Table 2

Mgan P.E.R. -0 the three EBlotopes

Blatopes FoE_H. Ranges &L nircrogen

[rmalef L)
Calals U 2-10
Oastende a0 & H- 28

Janaweark 15 & 300 - 450
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2,1,2,- Feascnal variationg

Seamonal varlations show, for each studied biotope, a linsar increase
of P.E.R with the decrease of available dissolwed nitrogen {fig. 5). Thi=
means that when nitrogen Eanumes acarce but light is still sufficient, a
graater part of photosynthetically fixed carbom is excreted In the surroun-
ding medium by phytoplankton cells. This suggestd that environmental condi-
ticns which inhibit cell multiplication but still allow photo—assimdlation

ke continue, result in the release of higher proportieons of photoassimilated

carbon.
P.E.R.} [%]
Talals t — 4.1 N + 68
hLi 1]
Qs tend : = 2.4 M+ B3

Hanswaert : = 0.2 N + RS

L] K 200 i

4]
Minaral dissoclved nitrogen
{umoles L)
fig., 2,

Seasonal wariabione of the peroantane axbeacelfular raleass [FLE.R.D

by phytoplarkton in three bictopes characteristic af the Southern
Borth Gea.

Resulta show in eddition that the physilological responge of phytoplankton
cells to nutritional changes in the external mediun appears to he gpecific
te gach bioctops.
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2.2.= REGULATICN AT THE LEVEL OF TRE BRANCHING Aetritus

phytoplankton = enoplankton

Phytoplankteon cells produced during the spring can eithar be ingested
by zocplankton organisms, either die and supply the pool of particulate
and dissclved detrital matter.

Hatural mortality was estimated to be about BD % of the particulate
produstion during spring. Reasons of this mortality (physiological stress,
seEnascence. .. are not known up to now,

Cr the other hand two factors wainly operate on the regulation of zoo-
plankton grazing on phytoplankton cells, namely:
the fregquency of nutritional activities
the dietetical gualities of scwe clagsses of phytoplankton cells
whose dimensions 4o correspond to the filtration capacity of

zooplankton organisma,

2.2.1.- Frequsncy of nutritional sctivities of zeoplankion

4 fow day-and-night expariments of zooplankton grazing indicate a grest
variation in zooplenkton feeding activities, partly attributable to vertical
migrations {fig. & .

Integrated daily and nightly measurements of grazing indicate that tha
latter is in general more important than the former (Table 31). Bowever this
phenomenon  is not estahlished but on some aocasions, the night wvalue can ke
7 times the day wvalue.

study of the regulation ¢f this phenomenon 1s in progress.

Tahie 7

pwily ond pightly gracing of zooplankcon

. Daily grazin H_ghtly grazing
Biatope Fample v ol Q;.E o £l afm
Lostende Q1-04-78 Laz 273

{1%-04-718 10 Ricls
14— A L xa7
11-04-7d 520 L GAd
16~04-78 181 [§:14]
Calals 03=04-78 Ny 4.5
0 -04-72 22 1z
R7-04-7g 25 1z
1l-04-72 13 a5
17-04-18 14 g
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Grazing
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| H
find
+
1
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Fig, &,

Dey-nighl wertiea! distribulion of Zooplankbar graring
Oh - broken ling 12 h ¢ contirgoue 1ine

2.2.2.- Dieretical gualities of phgtoplanktan cells
Zooplankton feeding activities arce known to be depemdent on the

quantity and guality (=size and biochemical compositicn) of phytoplankton
cells (Boucher et al., 1975; Friedman and Ctrickler, 1975; Hargrave and
Geen, 197G: Mayzaud and Foulet, 1978). Two aspects of the incidence of
bigchemical compositian of phytoplankton cells an zooplankton feeding acti-
vities were studjed :

i1 the seasonal variations of the biochemical composition of phyto—
Plankton cells, its distribution among different gize nlasses aod its reqgu-
latien,

1i) the natural selectivity of =zooplanktan grazing in some sige clas-
sed of phytoplankton calls,
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i1} The bipchemjcal characterizatisn of phivtoplankton ilnciwdss the

determination of proteins, carbohydrates and lipids, the necesgary metabo-—

lites af zooplankton growth.

&)

Total carbon

(%)

Total carban

o v -—
a 10 20
Mineral dizsoclved nitrogen
(pmolefd)

J ®

2

] ' 200 a0
Mineral dissolwed nitrogen
{umolasLy

Fig. 7

Yoriations of the percanians of prateing, osrbahydeotes
und tipida im ghybeplankion catls  in fenction of the
availability of the dissolved mineral nitrogen

[a} Marine bistopas [b] Estuarine Biotope
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The zeapaopal varlations of the phytoplankten productlons of proteins,
carbohydrates Aand lipids indicate that the hiochemical composition of phyto—
planktan cells is regulated by the availability of dissolved mineral nitrogen
in warine and estuarine biotopes {(fig. 7). The decrease of dissclved mineral
nitrogen in the couse of tha spring bloom leads to the linear decrease of

the amcynt of proteins at the beneflt of polysaccharides.

Table 4

rargentages of B 1=4 glucan of phytoplankton cells  (Bekend)

E 1-4 glucan
Samgrleg
% tetdi carbohydrace % biachemical oarkben
d2-04-149 Ld r
03-05=79 19 22
21-05-11 L1 1

The simultaneous increase of the reserve polysaccharide § 1-4 glucan
[Taple 4] among the carbohydrates ilndicate the constitwtion of storage pro-
ducts during the decay of the bloom. The steadiness of the lipids during the
bluom ehows in additicn that lipide do not constitute resarve products for
phytaoplankton in the Scuthern North Sea.

In additien, seascnal variations of the blochemical compezition lead to
the guccesslon of phytoplankton cells of dilferent size classes (fig. 8), cha-

racterized however by a similar meap biochemical composition (Table 5.

Table 9

Part of proteins, carbohydrates and Lipads
amang three size classes 0f phytomlansboen cells in dscend

Slee classed of phyroplankton cells
Wotabolite 15 4

o 25 = taa

H < 160 u K
Froteins 3B % ER ] KL |
Zarbohydrakes 43 % i5 % 50 &
Liplde FREI Y Mo 12
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tpg CFLY

Biochemical carkbon

flg. B,

Diskritubion of the bicchanicel carban
in bhrea sizes of phytoplankton cells,

ii) Moreawer, experiments of zooplankton grazing on these three sizes of
phyteplankton cells suggest a natural aslectiwvity in the cholce of phyto-
plankton particles {fig. %) . The dominant zooplankton species of spring,
Tamora, ingests preferably phytoplankton particles whose size ranges between
25 w and 100 u (up to ©0 %). These particles corraspond unfortunately
to the legs apundant class af phytoplankten sells (fig. B) occuring during
spring. lndeed the dominant phyteplankton species of spring includes small
flagellates, alons (< 25 y) or aggregated (* 100 pl, The former are too gmall
for the filter-fesder, the latter too big. Consequently, the numercus
phytoplankton cells produced during spring cannet be grazed by zooplankton.
Set in the poor notritive conditions of the end of the bloom, these phyto-

plankton calls die and increase the pool of detrital corganlic matter.
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Grazing img C/m®.day)

A0 ]

Months

fig. .

Selectivity of zooplankton grazing in the cheise
ol three siges of phyteplanktza cells

2.3%.— REGULATION AT THE LEVEL OF BRANCHING

, Zooplankton
detrital tt
shritat ma Er_:heterotrophic bacteria

Detrital matter arises mainly from dead organisoes belonging to
criginating from the trophic wek in the coastal area of the Southern Bight
of the North Sea. Partlculate and disscolved detyitus are both to be frund
in the surrounding mediom.

Particulate matter can ke ingested by zooplankton organisms and other
particle feeders. Howevar it must be first hydrolysed into small metakolites

to be taken up by bacteria.




2.3.1.- betriral mattar — gooplankion

i} & first ressonable approximaticn canmists in considering that the
selectivity criterium of zooplankton for detritus must be related as For
phytoplankton cells to the size of detrital particles. Regulatien of their
intake by zooplankton will depend on the produstion of detrital particles
of adequate dimenzions., This interaction is thus malnly under contrel af
bhytoplankton which checks the quantity and quality of detrital organic
matter in the coasztal area of the Southern North Sea [Lancelob — Van BeEveren,
1580},

ii) On the cother hand, scme preliminary experiments seem to ascume that
disgplved detrital organlc matter iz never intaken by zZooplankton even when

‘phytoplankton celle are zcarce {Hecg, 1979}.

2.3.2.- Disaolved organic matrer —~ hacteria

i} Description of the peel of dissolved organic matter

The pool of dissolved arganic matter includes a huge diversity of
organic molecules among which some are directly usable by micro-heterotrephs

(CUDM) : some among the others (HOUDDMY can heosms tsable by means of some
chemical tranzformations.

The comparative atody of initial rates of organic matter CONSUNEE ion
{v, . table 5} measured on total dlizsolved crganic matter and the pool of
small metakolites (M.W. < 500 Q) lsolated by witrafiltration shows that the
low molecular weight fraction accounts for most of the directly usable

organic matter [(DUOM). Part of that pool evidently includes free amino

Table &

Comparison hetween concentration and biological usapility
of crganic sacter before and afcer olerafiltrabion
[malecular Werght < SOC d)

Total organic
samples c\a.rbogr‘l Tatal carbohydrates mbal v
e imy ) [mg £FL} [mg /L)
Calais
EERNALEE ] 1.7 0.6 -
= E0O ok L1 0.3 -5 =
astend
sAawater 15 1.9 0.8 0,074
< 500 o 22 L 2.3 0.02g
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arids and their small oligomers, monosaccharides and small oligosaccharides,
ve.; as previpusly shown (Billen at ai., 19B0) . Moreover, the compariscn
of BODg and TOC measuremwents {and even carbohydrates analyses] indicatas
that an important part of the low molecular weight substances are not
gquickly used by misro-heterctrophs.

The ppol KDUDCM on the other hand, probably}includes in additlon o
the small metabolites non directly ugable, biolu?ical palymers that must
be first converted into small zubstrates to be usable by kacteria. Fart
of the pool appears howaver to be refractory to any degradaticn and will
compase fossil organic matter, Some, on the other hand, will be hydrolysed
into small matepclites. Preliminary experiments (Table £} seem to indicate

that this degradaticn would be however very siow (mors than 5 day=) -

ii} wWhich mechanisms will determine the intensity of the degradation
of dissolved ocrganic matter 7 Two possible aspacts have been exanined in
this study:

a. B direct method has been used in order to test the blodegradahility
of macromoleculas, by following the effect of their addirtion on -the oxygen
consumption as a function of the time. First resulkbsz are prezented in
taple 7. They show the usability of starch within a few days. [n the
case of cellulose the utilization is wuch more slower and procesds at a

rate which seems independent of the amount added.

Table ¥

wrest 0f blodegradekility of addoed mecromelecuoles
in nacural scawacer

nédinion Gmg ORI
[y SFarci Cellulase
0.5 ] alF o 1
L [ ] e RO 0. .11
5 o, 2E Q.3 a.z4 - -
[} - - - .24 G,
in .72 Jal7 o.n7¥ G.27 .48
L% . - - [FA P

b. Expenzywatlic activity of natural seawaker. Labelled high wmolecular

weight proteins and carbohydrates obtalned from a phytoplankten culture
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have been added ko natural seawater filtered on a 0,22 u pore size filter,
and to artificial seawater. Thae study of the appearance in the medium
of labelled low molecular weight substances revealed an exgencymatic

hydrolysing activity of the natural seawater (For detailed data, see Billen
et al,, 19830 b).

Conclusions

The picture of the trophic web of the cpastal area of the Southern
Bight of the North Sea has sutlined twe important particularities LF
compared with classical trophic webs., MNamely:

- an important contribution of phytoplankton resplration (more than

S %} to total planktonic reapiration,

=~ a minar rgle of zeoplankboh organisms in the recycling of the

crganic matter produced by phytoplankton.

The study of some important requlatory mechanisme directly involved
in the destiny of the earbon produced by phytoplankton has carried some
explanations about the working of this ecosysten.

The minor role of zcoplankton in the recycling of organic matter pro-
duced by phytoplankton is mostly attributable ko the inadequacy of the
size of phytoplankton cells. From then nutritional gualities of phyta-
plankton ¢ells seem not to be decisive in the feeding activities of zoo-
plankton althought these nutritional gualities are not cquivalent during
the phytoplankten bloom. Indeed the physiglogy of phytoplankfen cells
dppears to be controlled hy the availability of dissolved minexal nitrogen,
The lack in this essential nutrient lead to a shift in the destiny af the
photo—assimilated carbon. Higher quantities of resepve polysaccharides
and extracellular metabolites will be built when nitrogen becomes scarca.
Thest last metabolites contribute directly to the supply of tha pesl of
dissolwed crganic matter, substrate of heterotrophic bacteria.

Hewewer the carbon pndget has shown that this pocl 18 mainly supplied
oy degraded phytoplankton ecells,

Among the huge diversity of molecules involved in this ponl, a very
lirrle part is however directly usable by hetberotraphs [DUOM). The others
{HDUDKRL) must firgt he converted lnto substrate DUOM to be usable by hete—

rotyophs.
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Spme preliminary tests hawve shown that the bransformation of substrat
WOULGH inte DUOM would be very slow probably because more than one wacha-
nism iz involved in this chemical treansformation. among these, the action

of excenzymes should be taken lnto account.
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Benthic studies of the Sguthern Bight of the North Sea
and its adjacent caontinental estuaries
Progress Report I
Fluctuations of the meiobenthic communities

in the Westerschelde estuary

O. WAN [AMME, 7 HERMAN, Y. SHARMA, W. HOLWCET and P, MARTENS

foglogy Tretitute, Marine Biology Section
Staty University of Gant, Balglm

Abstract

The meicfauna comwunity of the Westerschelde ectuAry was examined
aleng five transecks over an one year period. All moiofaunzal groeups, £X-
cluding nematodes, coccurred in very low numbers along the estnary, =xcept
at the salt marsh Saaftinge, where they attaln normal to high walyes,

The average numher of taxa decline from 4.3 at the mouth of the estwary
at ¥lissingean to 1.5 at boel. Simllar trends are sheerved for annual mean
density : 2.2 10% ind./n? at Vlissingen and 0.16 10° ind./m® at Deel.
This general trend of & decline in all gualitative and guantitative para-
meters from the su-polyhaline zone at the mouth towards the meso-oligoha-
line zone at the head of the estpary is examined in relation to the envi-
Yonmental parameters in particular, salinity gradients and sediment grain
size compoaition, The low values of community parameters Iln the wvicinlty
of Doal san only be attrihuted to chemical pollution, Fine sand with a
medium qrain size below 200 ym, an unstable ralief and low amounts of or-
ganic matter result in a sparse interstitial fauna in the sandbanks. On
the other hand, a high anoeal groduction at the =alt marsh of Saaftinge
1z explained by the large amount of argapic detritus present aleong with
the protected positlion against extreme envircnmental conditions apd
direct pollution.
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Introduction

The Westerschelde {(Westarn Scheldt) 1s the remains of an eastward exten-
ding sea arm which connects the river Schelde {Scheldt] near Rotwarpen. It
belongs to the typa of Elat land estuaries with partial mixing. The river
Zchelde is used over its entire length as an open sewer for domestic and in-
dustrial wastes. As a resnlt the Westerschelde estuary receives about
250,000 ton per year organic wmatter and the incoming water is loaded with
such toxlc elements as amonim, hydrosulfide and heavy metals {Wollast,
1875) .

It a previons report {Belp et al., 1979], a summary of ongeing research
at our laboratory on benthic comemnities in the Southern Bight of the North
fea and adjacent estuaries was presented. This report dealt with pattarns of
species composition, Jdensity and biomass , reinforcing the esggestion that
their spatial and temporal stability makes them suitable as baseline data in
monitoring surveys from which information on systems functioning can be ob-
tained {Heip, 1979).

The following report sxamines guantitative aspacts of the meicfauna
community such as density, bicmass, diversity and community structure. These
data, collected aver five transests b0 provide an idea of gradients oceuring
in the Westerschelde, are examined in relation to ppvircumental paramneters,

in particular, salinity gradients and sediment grain size composition.

Material and methods

The tranzect Doel was sampled seasocnally from May, 1977 to May, 1978
[5% sampling pericds). The other transects in tha estuary were sampled sea-
sonally from September , 1978 to September, 1979 (5 sampling periods}, while
the salt marsh of Saaftinge, due ko its inaccessahility was only sampled
during winter and sunner.

Intertidal =zamples were ¢ollected by a hand-held plastlc corer (10.32 cm®)
and subtidal samples were collected with a '"meio-sticker' {Gowaere and Thie-
lemans, 1979] or a Beineck box—corer. The organlsms were fixed in warm for-
malin and Extracted. from the sediments by elutriation technigques. Biomass

was determined with am accuracy of 0.1 yg with a Meottler ME 22/84A 25 micro=-
balans.
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Ta measure spacims divergity H in samples we used the Brillouwin for—
mula {(Fialea, 1975) :

L log b
L) Ty Tig Thy aua Tiy
where H is expressad in bits per individual, N 13 the total peober of
individuals, n; the number of individuals beionging to i™ species
(L =1, ..., 8].

Fercentage crganic matter was determined by combustion at 550 o,
Further details of sagpling methods and laboratory technigues are discribed
in our previcus report (Reip 2 al., 1979}.

Results
l.=- THE PHYSI{AL ENVIRONMENT
1.1.- GENERAL DATA

After Dgel the rivar Schelds leaves ita gingle relatively nerrow channei
and meanders over 3 very large bed, mainly copsisting of ontertidal sand
banks and sheals through which the deeper channels run (Peters and Sterling,
1376) . Pormer lateral sxtensions such as floodplains have disappeared either
by natural or artificial causes and only ane large (7500 acres)] salt marsh
'het verdronken Land van Saaftinge’ remains. The locetisn of stationa and
their co-grdinates are given in Fig. 1 and table 1,

The meso-oligohaline (salinity range : 2.1 % - 14.8%: x : &8.5 ¥}
headwatera of the estuary are the site of ogr first statlon group at Doel
(9 sampling stations: WS 11-14; BASF 1-5). They are characterized by a very
low oxygen saturation as low &s 0 % {glllen and Smitg, 1978, a high BOD, and
very high coneentrations of phosphates and nltrates, indicating that the
selfpurifying capacity of the water ls Far exceeded.

In addition, at low tide, some of the sampling statlons arse also affec-
ted by thermal =ffluents of the nuclear power plant ak Doel. Aocarding to
the Zladecock (19651 classification thase waters are meso- to palysaprobic
(1000 - 2007 coliforms per mild.

Maximal pollution and the lowest oxygen concentrations ocour aftar drey

periods when the heawvely concentrated sewage iz fluzhed by spring or autumn
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Table 1

fo—ordinates and depth af tha Weaeerdchelde statigng

Eratian | Lavel N lak, B long. Statiom | Lewgl B lat. E long,
RS 31 ]+ 0.5 [ 51%Z3T (5" | 03315148 ws 7?1 - 2.4 | 51F22'00" | oqmhs!2en
W3 52 1+ 0.5 |51%837337 | Q336" 4i WE I3 b+ 1.0 | 51227427 | 040050 390
WE 51 |+ 0.5 | 51924000 | 02=3afagt 5 23 | - 2.5 | 51%23"15" | 04°05" 51"
WE 534 | - 1.0 [51°24°21" | D3=3ov 13~ WS 24 + 0.5 ) 51%33' 367 ) 04=07" 1o
W8 55 ] - 3. [51"25'03" | 03*40"1an w5 74 w15.0 8 512 FIVE0% | Qqen7t 420
WS SE | - 3.0 |51°25%33" | DX41to0r WE b |+ 0.5 5173LTLIN | Q4RpR 07
WS 57 | = 1.0 |51°3¢'15= | D3"42* Lg= W&o 2 |+ 0.5 ) B1%20t417 | odeOm' ¢
ws 4] - 2.5 | 51°30' 48~ | H3"A8t00¢ W3 X + 0.5 (5192140 | a4¢09' 157
KBS 42 |+ 0.5 51721733 | G3*q49' 12" W3 4 |+ S| B1°R1ML3 | 4l 1L
W5 43 0.0 [51°21142"§ Q3°51*+30" WE 11 |- 1.5 51°19'45% [ Da=j§5'57"
WS 44 | - 5.0 | B1°Z2TAET | 0305200 WE LT | - 2.5} 51%20' 217 | o4°pStaa
WS 43 | - 9.4 | 5172304 | oavsziage WS 13 | - L0 SEER0' A% [ oacpgtasn
WS 31 | - 2.5 | hET24UIEN [ GERLolae WE 14 |+ 0.5 51°200 300 F 04 et 33"
WE 3Z ] - 0L5 | SLTIEIRT | 3359 a4n BASF1 - D% al®&1 24" | 0de L5 04"
WE 15 |- 1.0 |51*26"037 | DICEAY 12 BASFY | - 0,5 SLe214 3% [ 04=14" 37"
WS M= 0U5 | SLTERY3IY | 2FRTI080 BASFI | - D5 | 91921'417 | ODd* 14" b3

BASF4 | - L.O| S1*22'11" [ 0a*14 00"
BAEFYS | - 0.5 51%22'23% [ 047 1419

Level 1 dapth (ln o expressed in celatian to che mean tidal level
[tapge ¢+ = .7 m ko + 1,1 m).

rains inte the estuary {De Pauw, 1975), In zonas of 1% to 5 % salinity,
the organie material in suspension starts to flocculate with appreximately
115,000 ton of arganic matter sedimented per year (Wollast, 1976).

This flocculation zone, depending on the stream velocity, shifts from
upstream well before Antwerpan to downotream &s Far as the Bocht van Bath
where our second statlaon group 1s located at valkenisse [5 mampling stations;
W3 21-25). Due to the decrease aof heterctraphic bacterial activity and dil-
lotion effect the oxygen concentration rapidly increase in the meschaline
part of the estuary {salinity range : 7.5 % - 20,9 %, T : 15.3 23.

Clese to this transect lies the salt marsh of Saaftinge where four
stations (WS l-4) were chosen in the largest most accessible channels, This
salt marsh 1ls protected from direct mixing with cutgoing polluted watecs of
the eetuary by a sill which only allows the entrance of highly diluted in-

coming Wwaters during flood, Moreowar, due to local straam patterns the
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watermazs that goes in and out the marsh largely remains the same. Only in
winter 1s part of this mazs swept away and xreplaced by estuarine waters
{Da Pauw, 1975).

The third statlon group at Oszenlsse {4 sampling stations : WS 31-34)
lies in the poly-meschaline zone (salinity : 10.7 % - 26.8 % ¥ : 2003 5.

Here in the Heek wvan Hath, where the single channel splits up inta
wultiple channels, begins the part of the estnary with a good mixing of
water layers, This complex topoegraphy favors local water circﬁlations a-
round and over the sandbanks, thus creating regions of stagnant wWater
(Peters and sterling, 1976). The average oxygen saturatiom here 18 usually
mare than 80 % while the ammonlum concentration is strongly reduced due to
an intense nitrification process petween Bath and Hansweart (table 2} . The
waters downstream of Hansweert are aligosaprobie and contailns less than

50 coliforms per mi (De Pauw, 1975).

Tokle 2

HRange of eoviconmenktal parameters Erom flve trangecrs
af bhe Weaterschelds’

Y1ugaingen | Tarnenzon| CLsenlsee | Valken izsm Dl
Temp. ("0 n.i-'8.8 | 0.4-19.1 | 0.4-19.,7 1.0-19.8 | 3, 2-31.0
Salinity (X} J404-30 |70,a-28.5 [10.7-26.8 T R-E0.9 p E2o1-1408
=] 7.4-H.1 T.a-d,1 7.5-8.1 7.4-0.8 T.-1.7
(PP T T 5.9-10.7 ¢ §.8-9.7 L.g-9,1 4.4-7.2 ¢.2-2.8
O, {% saluravlonl BE-11% ai- 101 54i-105 A 3-2H
BOD, lmg Gy.% 00 [ 7,7-%.9 0.0-5.2 1.4-4.9 l.&-%.0
MH,-M tmg ®_i ") C.o0z-0,94 |0.063-1.390 [0.05-2.78 | U, 45-1.20 [1.84-5. 06
P, - Img r RT3 | GLOR-DLEE [DoER-n.SE |0,38-0,74 ] G.45-1o10 (0011205
T0C img C.27') a.6-0.8 | s.1-1z.0 | asa-tain Nsot -15.0 |11.2-20e
WEN Eyk MPH.ma” 7| Ta-4900 [1300-13000)| TR00-79000 [ L700-4%000 {99001 50020

© Data obrained Ercm seascoal reports (Sepkb- LYPH - Seph. 1979] of the Raijks-
instituuk woor Zuivering van AEvalwabersn, the Retherlands.

" HFH BEyk : rhermatolerant bacteria of the coli-group on Eykman-lactboede medlum,
in WPE per mi -




The fourth station group at Terneuzen {5 sampling stations : WE 41-45)
i situated & little captward of the port of Terneuzen in the polyhaiine
zone (salinity rangea : 0.4 & - 28.5 %; % : 74.9 ¥). This arma receivas
industrial and domestic westes from the harbour, the highly industrialized
Gent-Terneuzen channel and chemical plants sitwated at the shore near WS 41.
However, no lnerease of axygen concentration as & reaction te the incoming
Sawage NOr an incraase of heavy metals i3 noticeable fn the surface waters
Frobably dus teo the wvery high diluwtion factor (De Paaw, 1975).

The last station group at Vlissingen {7 sampling stations : WS S51-57)
iz situated at the mouth of the estuary betwsen the ports of Breskens and
Vlissingen. Hera, the watermaszses pass wmainly through two large channels,
one in the south and another along the ooast in the north. With the ogbgo=
ing tide mast of the estuarine water passes through the sauthern channel
and with incoming tide it 1s pushed into the estuary mainly through the
noxtharn channsl,

At this transect the southern gtations (WS 51=54) honee lie in A zooe
of reduced salt comcentratlon (salinity range : 26 % - 30 %5: x : 28 ¥}
while at the northern gstatlons (WE 55-57) this concentratlon is higher
tealinity range : 29 % - 32 %; ¥ : 0.8 ¥} . The oxygen saturation at
this trangsect way drop considerably in autuma. According to De Pauw (1975)
thia declina f£5 net cavsed by the relatively important domestic sewage
input at vlissingen and Breskens but iz the result of algal blaoms in

Sudmer.

1.2.= SEDIMENT COMPOSITION AND LOCAL RELIEF AT THE SAMELING STATION

Singe the main deeper channels are continually dredqed to keep them
open for seagoing vessels most of the sampling stations are located on in-
tertidal sandbanks and shallows. Stations of the intertidal zene are EXpPO-
gad daily for wore than one hour and wsually have fine to medium sand sedi-
ment with a very low mud and crganic matter content f{table 13, Two stations
(Ws 51, 21] are situated an mudflats. In the salt marsh of Caaftinge the
top layer of the sediment consitts of detritas rich mad.

The relief of the sandbanks wvaries considerably as a funetion of stream
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welocity. Large mega - ripples and undulating unstable surfaces are found

at transects Yalkenlsse and Ossenisse. At trancect Ternsuzen the topography
is much flatter, slightly undulating and the surface is coversd with Emall

ripple marks. At transect Vlissingen tha relief is totally flat.
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rable 3

Sedipent analyalf PR station.
Moan annual valpes of the medium grain size of the sandEras-
tign in mm and percentags oud- and organic matkac cantenk.

Etatian M mm 1 #gd [N
W5 ol . Lae 21,405 8.5%h
Wi 52 b.172 1,90 q4.17
WE 33 0,156 5.02 S0
WE L4 n.zLo 11.28 6,01
W5 53 9. 310 0.3 I 16
W5 56 0,768 a0 26 1.EA0
WS 57 a. 187 11.39 4,81
WS 4] NoL5§ LB G, R4
ws 432 a.11a 2,24 ]
w5 d3 [P Y o4z 1.91
W3 44 G20 0.2 2.07
Ws A% 0. 1B4 3,40 111
WE 11 1,236 0.8 ro1a
wWE A2 0.210 U, L.k
W5 13 0.1%8 0.64% 1.0h7
we 14 Q.15%% Zeta 4._38
W3 21 a.102 LI 149.92
wWs 22 LA (4] L] 1.1%
WS 23 R E:L] e 124 L. %)
WE 4 o.Lm 1.04 i.i)
wE 2% G131 16, 20 Y
K5 L1 U, 1%6 3% -]
WE L2 [ 1,04 1,78
w3 11 [ ] 4 ,5h I M
ws 1d 0] By G1.F 21491
BhSF L DL ET 4.9 -
BAEF 2 O LAY L7 1.0
BASF ad.159% .02 1.d2
BASF & n. 28 5.2 1.6

bt Four stations peat deposits (WS 14.57) or Dunkerguian clays
{WS 55,56} underlie tha thin sandcover. Due to the wery strong currents

thies whole top layer iz occassicnally swept away.
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2. MEIOBENTHOS
2.1,~ NUMBER OF TAXA

The meichenthos species occurring in emr samples belong to ten major
tagonomie groups : Hydrozea, Gastrotriche, Turbellaria, Nemetoda, Olige—
chaeta, Polychasta, Harpacticolida, Mollugsca, Ostraceda apd Tardigrada.
Halacarida were alsg found gporadically but are onltted here,

All tara occur from eu- to meschalipe waters but in the highly pollu-
ted meso-oligohaline zone at Dosl only nemstodes are common whila harpas-
ticolds, oligochaetes and palychaetes oocour ococagsionally. There is a
gradual decreamz in the annmal number of taxa from 4.2 at ¥lissingen to
1.5 at Doal {fig, 3). The highest anmal average (4.7) 15 noted in
Saaftinge. The mean demgity and average npuber of taxa along the Wester-
srhelde are presented in tables 4 and 5. The seasonal Eluctuations of
total mweichenthic density is represented in fig. ?b and evmmarized in ta-
ble 5, and will be dealt with in the discussion of individual taxa.

2.2.= INFREUENT TAMINONIC CROUDS

fince nematodes and harpacticolds axe the anly hard-bodied true meio-
benthic tara present, which are relatively abundant, they have been the
subject of a more detailed study. The infrequently oceurring taxenomle
grogps are briefly dealt with here.

The percentage o¢f zamples in which theze groups occured in the sstnary
during the 1878 - 1979 survey is @ Hydrozoa (6.7 &), Gastrotricha {24 %),
Turbellaria (37 %), Oligochasta (23 4}, Polychaets {42 %), Molluaca (15 &),
Ostracoda (20 %) and Tardigrada (5.8 %).

2.2:1.— Hydrogoa

Halammohydre tntermedia and H. vermiformis are found in the medium
sands of the eu-polyhaline zone {WS 55,56}, Proftohydedg lewchartd, a typical
inhabltant of brackieh water, oply cocurred in three estvarine samples and

in all summer samples at Saaftinge. A maximal density of 8 ind./ 10 cm®

for
Halammohydra and 104 ind./10 cm® for Frotohydera were recorded in the sstu-
ary and salt marsh respectively. Bydrozoa are abgant at the Terneuzen,
Valkenisze and Doel transects. The blomass calculations presented in table 7

are baged upon an individual dry welght of 3.0 ng.
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Table 4

Wean denslty {ind. 10 om?) and average nusher of taxd per sample along
the Wastgrschelde pwver five saepiing poriods [Sept 14978 - Sept, 1979,

Transact vlix=ingen | Teeneuzen | Drsenizae | Valkenrpas | Sanftinge
Srations 51 - 57 4] - 4% 31 - a4 11 - 2% 1 -4
Sepkember 27-29, 197R.

Hydrozaa 1.0 - . - - 0.5,
Fsktrotricha Sl.1 4.8 1.4 -

Turbellaria 6.3 L.z f.A 2.6

Hema boda L3708 L1 kY 250

oLl gochanta G.1 1.2 1.8 4.4
Palychaska 0.6 5.4 - 0.2
Rarpacticsida 20.49 1.8 5.8 1.4

Hollusce 1.4 1.8 1.0 o.g

Datracoda % B 0.3 4.2
Tardigrida .7 - - -

Total 180% 1L35 11 15 |

Taxa/ganple Al R ] |
Taxa/Transeck 10 -] T

Decembeer 11-13, L9739,

Hydrazoa 1.1 - - - -
Gaskrotricha .0 0.2 LG .3 - -
urbellaria - A [ .4 3.1
Mematrda Wl E b2 493 FREF 0N
Dligochaeba 15.3 &ad L i L.
Falychacta 1.1 L2 ) L.g Lao &
Harpacticaida 7.4 1.4 1w - il
Mol lusca - - a2l - -
Oetraccda acl - . . A8
Tardigrada - 12 - - -
Tokal n¥: LN Féa 207 N
Taya/sampic 4.3 2R A [ N
Taxa/trapsect 2] 7 a 1 b
April 3-%5, 1979,

Hyd b0 2o 0.1 - - - n.s.
mstrotricha 9.7 [ L4.% -

Turkellaria ] - Tl (S

Mema toda 1204 h2i A5G | 200

Sligochaska - G.4 1.5 U, i
Folychasia 1.4 | 1 4.4
Harpactieslda L.} el GG 0.4

D=stracade &1 . - -

Tobal §117% XN M2 1376

TaxaSsampla Al 2.2 2.3 |

Taxa,/ transedt t 5 L 4

A.5. = L ocamplec
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Takble 4 [continoed)

Transect Vlizsingen | Tacneuzen | opaentase | valkenicze santftinge
Statione 5l - 57 41 - 45 ¥l - 35 2l - 25 1 -4
e M=26, 1979,

Hydrozca L4 ] - - - 8.8
aEtratricha 121 4.5 7.5 4.8 -
Turbel laria 10,5 13.8 12.0 2.4 -
Memas boda dd2g 3173 PR Thi GhRiE
Oliggchastes 3.4 = - - L.
Polychaeta 4.7 2.2 6.3 B g [R5 ]
Harpaceicaida 3.0 2.2 4.5 - HE .0
Mollugcs .G o.z i.8 a8 .8
UREraceda b a.z 1.3 - 0.3
Tardigrada .l - - -
“lveal 44 RE iz 5315 7 59240
Taxa/sample q.49 d.2 4.0 ) 4.3
TaxafETangect Lo ? ? 3 7
Faptenker -5, 1979,

Hydrozaa a.3? - a1 - n.s
dastratricha Td G 2.4 11.5 -

Turbellarcia L1.3 L2.4 E.1 4.0

Nematoda FAGL L7314 1395 GG

O] igochaeta 1.3 - - n,q
Polychaeta 10,13 L.# 0.8 FORH |
Harpacticnida 2.7 Ok FE.0 L.k

Mollukca - [ - -

Dakracoda a7 dF06 - -

Tardigrada - - n_d o_x

Total L k] L1373 1446 fxog

Taxa/samnle &7 5.0 - 2.8
Taxa/tranaecte R 7 7 ]

R.». "= nab gamplad

2.2.2.- Fastroerishs

Four species were discermed and tentatively identified as Pargturbare -
la dorkni, Cephalodasya sp., Macredasys sp.and Turbamelia cormuta. Only the
firet kwe specles are relatively frequent and are found in detritus cich
gand ranging from Vliesingen to Valkenisse. The highzst depmaity racsrded
was 360 ind. 10 em® at vliseingen (WS 52) during September, The blowass
calculations of table 7 are based oo a dry weight of 0,15 pg per indivi-
dual.

2.2.3,- Turbellaria
A8 live samples were examined, =mgll slzed groups were not studied.

The following species wezs distinguished - Cirrifere aculeata, Parataplana
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Table %

Anrual mean density {ind./SL0 cm®h, average and teral mpber of meiochenthic taxa
and percentage of Mematada at sir statlonaroups of the Westecacholds.

Trangect V1liggrnogen | Teencozen | Osreniesa | valkenlsuse | Saaftinge ca=1

1 - 14
sratlons L = 57 4l - 45 3 o- 39 M- s L -4 BASF 1-%
lpd b zea 0.8 - .1 - 16,1 -
GARTYOEN 1oha 5.3 z.d - 100 E c.z - -
Turhallaria B, 0% 7.l 2.2 2.4 -
Lagr b b LN 1489 L#5d 8250 EZO0 L4
Qligochagta T G.R L4 .48 G1.2 r.9
Balychasta A0 q.% Z.4 2.0 207.0 i
Hoc pactLoclda 14.9 1.4 1.9 0. L1 ] .1
Hollusca D4 n.k L.a 0.3 0.4 -
Ustracada 2.1 5.7 f.4 a.b alA -
Tardigrada 0. 1, G 0.1 a.04 - -
Tatal 223k 4 622 11912 + 46y | 1932 + ANd 533 ¢ 325 | &19R + 350 167 + 53
Mear ounbeer OF Lamd 1.% + 0. 1.3 + 0.4 3,001 0.4 2302 AT+ 04 N )
Tobal romber af baxe 14 * 1o ;| il 4
1 Hematoda a7 6 ‘IR na U4 a8

aapiiata, Fhilesyrtis sp., Necschizorkynchus parvercstre, Limivhynehuxs do-
nieua, Thylacorhynchus oaudstus and Diassorhynchus rubrus.

The maximum density reccrded was 55 ind. /10 cm’

at Terneuzen (NS 45]
during sumwe¥, The bilomass calculaticns are based upon an individual weight
of Z.4 pg dwt/lind. obtained from North Sea specimens (Van Damme and Heip,

1897 .

2.2.4.- dligochasta

Fepresentatives of this group helong fo the temporary meiobenthos, and
therefore no further identification was attempted. The maximal density no-
tad was 93 ind./ 10 cm® at ¥liseingen (WS 51) during winter. At Doel the ma-

ximal yalue recorded was 13 imd./ 10 om?

bat in most samples of thia tran—~
gect no oligochastes were found. ¥et, according to sewveral authors such as
Belankhuest (1972) and Dliff ef al. [1978), certain speclies are considered
1o be exrellent indicators of polluted brackish waters since they abound
in such enwviromments. Arlt (1975} found that the pumber of oligochaetes

increased from &3 ind. fL10 em? in the unpolluted =mone to 1150 ind. /10 om®



at the pelluted station in front of the sewage putlet, For bilomass calcu-
latiens a mean dry weight of 5.6 ug dwt per individual was usged.

2.2.5.~ Polychastes

The species gocuring hexe also belong to the temporary meiofauna.
In the estuarine samples juvenile spicnids uwswally represented this group
while Fabricia sebells was extremely abundant at Saaftings. The maximal
densities recorded are ¥ 2% ipd./l0 oo’ at most transects in the estuary
including Doel and 400 ind. 10 co’ at Baaftinge, Riomass calovlaticns ars
based on the individual dry weight of 6.3 g of Fabpiota sabella.

2:2.6.= Mollusca

Ar moat statlons po bivalves wers found. The specimens ccunted were
juvenile bivalves not excesding 2 mm and achieve a maximounm densiky of
15 ind./10 om’ at WS 24 during June. An individual dry waight of 1.7 g dwt

wag uzed for blomass caleculations.

2.2.7.- Ostracoda

Only ocne species, Leptosythere lacericas, ocourred in the eztuary but
at EBaeftinge, a fuvenile of an unidentified species wms also found. The
maximal density recorded was 112 ind./10 cm® at Terneyzen (WS 42) during
September . Biomass caloulations are based on an individuoal dry welght of
L lacerbtoss (9.7 ug dwc/ind.}.

2.2.8.- Tardigrada

Battilipes mirus, typical For the intertidal zone, occurred at several
stations with a maximam density of 25 ind./10 em® at Viissingen (WS 57} du-
¥ring September. Blomass calculatisons are based Upon an estimated dry weight
of 1.5 pg dwt per individual.

2.3.— NEMATODA

2.3.1.- Densiey
The highest densities noted in the estuary were 17500 ind./10 cm®
(w5 34), 13200 ind./10 om® (WS 42) and 12300 ind./10 co® (WS 537 . They all

occurred in summer sapples where the sediment was characterized by a Iow
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medium grain size (+0.150 mm} and a relatively high centent of organic
mattar. In the meschaline part a maximum of 7504 ind,/t0 om® was noted in
spring while the highest value recorded at Doel was 1100 ind./10 em® (WS 14).
At Saaftinge, a value of 10200 ind./10 cw® was recorded. The sedimentary
characteristics of these samplez wexrs as mentloned above.

Low densities in the order of 10 to 100 ind./10 cw’ are found at all
transects except at Sasftinge where a minimum of 2500 ind./10 cm® was re-
corded. it is of significant interest that samples withouat nematcdes wWere
found at Doel. Thase low walues all occur in samples conslsting of very
pure sand with a madium grain size in excess of 0,200 om.

Other studies where walues above ten milllen individuals per n® are
mantioned, relate to detritus rich fine sediment and poly- to euwhaline
waters : 27 16% ind./w® from intertidal mudflat, Warwick and Price {1979 ;
12 10* ind./m’ from lagoon, Lasserre &t al. (1975); 16.3 10% ind./n® from
salt marsh, Teal and Wieser (1966); 10 30° ind./n® from salt maxsh, Hixen
and ¢viatt (1973}, Genmerally, however, valus fluctuating between (.5 to
2.0 108 ind./m® are clted. .

Ekoolmun and Gerlach {1%71) record a minioum of 7700 ind./m® from a
sand bank in the Weser sstuary which lies both under tha influence of high
turbulence and high pollution. ®lmgren (1975} found densities decreasing
to 500 ind./m® in the Baltic depths where the oxygen saturation declines
to zero. In the Westerechelds estuary the low densitles ak the mouth are
found at localities where the whale sandlayer is periedically sWwept away.
Eince lower densities furthor inward alse occur at the staticons with the

coarsest sediment, torbulence may also be tha decermining factor here.

2.3.2.—- Seasonal fluctuatians

At the Doel transect the lowest zeasonal average density 1is 3000 ipd m?
in spring during which period the oxygen concentration of the surface wa-
ter has declined to below 5 % and ammoniuw concentration increased to
5.12 mg N/%. The highest average (5 10° ind./m’) occurred in fall when
20 ® oxygen saturation and 1.0 mg N/Eh ammonium was measured,

A+ the other transects there i= a clear summer peak and a reversed
peak during wintar (fig. 2b). This fiqure represents the seasonal fluctua-
timns of tatal meiobenthic demsities, Since nematodes comprises more than

95 % of the deneity and about B5 % of blomass, they follow an ldentical
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pattern. Only at valkenisse does the geasoma)l optimm fall in spring. This
iz howevar due to one aberrantly high value and may therefore be an arte—
face.

The seasonal optimgm/minimum tatlo is 4.5 at Vlissingen, & at Ternea-—
2en, 16 at Ogzenisse, 10 at valkenisse and 166 at Doel, Stripp {1968} found
a ratio of 1.6 and Juaric (14975) recorded & ratio of 1.8. A compaxative
yalus of 1.4 is found anly at Saaftige. The high values noted in car study
indicate brief perisds of abundance while & more stable enviropment is
indicated at Saaftinge.

A graphical representation of the anneal average densities owver the
whole estuary shows a peak at the mouth and a steady decreass towards
Doel (fig. 4}. It shonld he noted that the reversed peak occurrs at Terhen-
zen and a similar pattern is found for most taxa and parameters studied,

At Ssaftinge, Hhe annual asverage [6& 10% ipd./m?) exceeds by a factor of 3
the highest averaga found in the astuary.

2.3.3.- Biomass
an average individual dry weilght per transect was calculated (tahle &)
bazed upon individual dry weights obtained from several stations per tran-
segt and per season. The averages at Viissingen, terneyzen, Ossenisse and
Valkenisze differed sg little that 2 common wvalue of 0.45 ug dwt per indi-
© wldual was chesen for them. The wvalue cbtained at Dosl was somewhat lower
{3.30 pg Awefind.) while at Saaftinge a rather high individual dry weight

of .76 pg dwt was obtailned. Annual average hiomass walues follows an iden-—

Takbsler €

Mean imdiwvidual dry weights af Momatoda at six staticn groups uf Ele
Wegterschelde and mear indivigpal dey deights of Harpacticaida per
sampling period (mean 4+ RE. RFT.; N = TmMbeT Af Ramples).

Memateda Harpacoicoida

Tranaect g dwd n Poriad Uy cwk 1
vlismingen 0.aY = 0.0 il SepL. ' B G.al e 0T 12
Terosuzen Lo L) + o.n7 i oec. '78 a.70 = 0,31 i
oesanlzas 0.42 4+ D07 1 hpr. "79 P I AN -]
valkenlsse 0,49 + 0,014 & June '79 1.2% + 0,91 16
Sanftinge 9.76 1 0,13 4 Enpt, " TR L2 4 D.E2 10
Cioel 037 + n.ng 4




tical pattern, in viegyw of the similar dry welght used, as the annual den-
sity (fig. 4; table ¥ with the highest value (0,88 g dwt/n®) at ¥lizsingen
and the lowest {0.02 g dwt/w”) at Dael.

Table 7

Amnual mean Daomass (AQ dwt/m?l Of moiohanchie taxa and contribution of the
Memaboda {in %1 at gla scotiongroups oF the Wescerschelde.

TeansECL Vlis==ingen Terneuzan | Qusenisse [ Valkepisce | Saafiringa Tiaed
[
Ska - - - 4] - -

Tlonz 51 - 37 41 - 44 31 - 14 21 - &5 1 -1 BRSE 1-%
Hydrozoa 1.% - o1 - g4, 2 -
laskbrobrigna 5.3 i, 4 1,k c.03 - -
TurhellaTia 21.1 L4, E7.0 SLE L]

Nematoda HEO LK AAR4 155 4579 |
“ligochagta 427 4,3 1.H 15.7 144, 5.0
Foiyrhaera 5.4 2.4 4.1 La.1 14058 4.1
Harpantisoicda lG.13 L.5 120 [y B a.l
Mallvsca 2.1 1.4 1.7 alh n.? -
dutracada IR0 ] 1.9 7.4 - -
Tardigrada, 2.2 L% a7 P | - -
Tutal in g dwoim?) R R SLETT- I B B B VI S O - O B I TP
Tetal 1noq Cn'l SERELACER RN ISR EE T IR CTV o B - Y N (R 27 e S IS TR Lo
4 Memagaila a7 1) HY RA 0 %

Dne to the higher individual dry weight the calculated bicmass at
Saaftinge is relatively ouch higher (4.57 g dwt/m’). Blemassea cited in
the literature from salt marshes are uswally distinctly lewer than the cnes
found at Saaftinge. Wieser and Kaowisher (1961} found & maximum of
4.6 g dwt/m®, In the estuary proper, the biomass values fall in the normal
range except at Doel where it is distinetly wery low. Gray (1976) noted
an average of 0.0% g dwt/n’ in the exposed coastal stations and Q.4 g dwt/m®
in the dseper station= of the polluted Thees astuary.

2.3.4.- Biversity
The nematode diversity s ralatively low in all the en=-polyhaline zonea
[H = 2.27 and 2.44 at Ylissingen and Texneuzan, respettively). It reaches a

peak in the poly-meschaline zone where H = 3.01 and declines to H = 1.63 in
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the mesc-cligohaline zone (table 8} . At Saafilnge a diversity value of

E = 2,86 was found.

Tabika H

pPeroentage Alscrskbygtion ofF the dominant Hematoda
the Wertoceschelds an five saliniky-zonos.

spesies Erom

Spocies Ft MO H= |- H Mr B EF
Antomicran elegans 1a ua .97 - - - -
Azcolaimis elongatus LG 1.0 LA T I I i * Tl
Calyptronama maxweberd EL 0.4 h.2 - 2.0 - -
chromedo-itd nand 28 L1.% - a0 - - -
Enoplolaimous liteoralis 2B 1.4 - - - - -
fnaplolaimus propinglUis AR [ - IL.1 - A58 [
Malalafmed gracills Ih - L.} - - - -
Leptoidlmus papiliigar 18 n.z | L&.H (V] - - -
Mesatherlstus satosus 1B 24.5 & 1.4 k.0 & -
Micralaimus marinor =1 o | L.t - 1.0 1z T
Mornhysters sp. le «.A PG - - - -
Gneholaious oxyuras 26 .} - - - -
Spiipphorelia paradaxa A [H] md T - - - -
Theristus blandicor 158 - - (L] 151 * -
Theristus sp. 1t 7.4 H wan 1 L -
Frichotheristes 2 rabiiis 1 FAN - [ - - 21.4
Tripyinides marines In i 1i.d | - i -
Viscnsia wiscosa ] i Lot In.n o, 1.4 7.1
Hamber uf sanplek il 4 2 | 1 L
Total wtdentificd individuaals LR 40 (H ] 1l 14
Tatat nomber of specles il Vi ] id 14 ]
Mean par samplo
ldentified indivbduals - M % ¥ Al 14
Humber of sSpeci1Rs B 13 [ L4 iu Ml
pivnesity 1.03 s | ocori | ram oA 1.7
Freding tyoo -5 Aa T i 1.4 - - ol
-1 1® [ Iy w2 0d I EF R Bl
- % ¥R 4.8 2.7 4.5 LB 1*.0 7.1
- % ib B.i g2 .!_:I_,(-\- 11.1 1.6 L4, 3

v Indicates prosence of thls snecues n osamplea of oTRer neriads.

Legend : Fr = Peading types MO = megso-oligohallnicoms M5 = Tasahal Lisleum;
M = mesohalinloum lother aCdclensl: HE = meso-poelyhalipicumt

P = palyhalinagum: EP o eu=-polyhalinicum.
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Seyaral authors have noted a decreass in diversity with decrsasing
medium grain size and percentags mid compositlion (Warwick and RBuchanan.
1970; Heip and Decraemer, 1974). Tietlen (1977 aleg pointed sut that moddy
spbetrates were characterized by low species Qiversity and high species
dominance while the reverse was found in samdy sediments,

In othey studies from sands and silty sands, the following values are
recorded : H = 5.38 (German Bight, Juaris, 1375}, H = 2.70 (Eastern Scheldt,
Hedp et 2l., 1979} and H = 2.20 {moath of Westerschalde estuary near Halohe-
ren, Bisschop, 1977). Low values for sandy sediments are recorded elther
from polluted areas {H = 1.11, Belgian coast before Cadzand; E = .30, hax-
bor of Zeebrugge; Bisschop, 1977} or where curyents are extremely strong,
thereby reworking the sediment (H = 0.50, mouth of Oostarschelde, Heip et
al., 1979, The average of H = 1.63 at the Doel transect is hence low while
the minimm af H = 1] found at several statieons of this transect has not

"been noted in other stydies.

aAccordipng to Ott {1972}, diversity decreasss with an inorease of the
apvironmental parameter fluctunationza. Wwolff (1973) in his study of the E—
crofauna of the delta region in the Netherlands also concluded that diver-
gity is highest in the polyhaline zone and declines to zaro in the oligoha-
line zone. The low awverage diversity in the sligohaline part of the Weaster-
schelde may hence be a natural phenomensn, not necessarily correlated to
polluticn. The relatiwely law diversities in the sandy sediment at the
seaward part of the esyary way be explained in functicn of turbulence and
periodical rewsrking of the upper sediments, analogous with the fipdings
at the mouth of tha Oosterschelde {(Heip ec al., 1979}.

At Westarschelde statlens where the sediment is fine grained and rich
in detritus, the average of H = 2.93 (WE 14} and H = 2.86 {(Saaftinga) falls
in the same range as values clted in literature for similayr gadlments

(# = 2.55, Garman Bight, Juaria, 197%; H = 2.38, ODostzea, Elmgren, 1976).

2.3.5.~ Commmity structure

The nematede fauna of the Westerschelde is composed of approximately
100 species from 15 famllies. It was extensively studied only in the meso-
oligohaline zome at Doel (Holvoet, 1973}, Here low nemabtode depsity often
results in very low specles numbers per sample and in a few samplaes neope

or only one species (Mesotheristus selosus) was found. The average numbar
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of spaciss occurring at the Doel transect is 8 (range: 0-22 at W5 12 and
BASF, respectiwely).

From a total of 3200 identified nematades in &3 samples , &4 speclas
ara found, of whigh 70 % are represented by less than 10 individuals over
the entire sampling periocd. Pecause of thelr infrequent and secarce ooonrren—
ce, these speciez will neot be conzldered hera. Instead, tha domioant nems—
tode species compriaing mere than three percent of the fawna of a salinity
Zone are listed in Table B. ‘The pericdic disturbance by strong tidal cux-
rents at several of the stations enhances the pirgulation of species in
auspension (Gerlach, 1577 and explains the frequent occurrence of spora-
dig species.

The three dominant species in the mesc—oligohaline zone at the Dosl
transect are Mesothertatus setosus [(24.5 %); Trichotherietus mirvabilie
(24.6 % and Chrowmadorita mong (11.5 %), Their highest densities occour in
June, September and Qotober, 1977. T. mirmabii{s iz absent from muddy-sacnd
stations and is the dominant specles at WS 11 and WS 12 (zandy statlons).
Chromadori ta vawg only occuts in sand stations, while M. setosus
is also found in muddy sand statlons. M. setosus i3 a typlcal euaryhaline
apecies that may alss be found in gones with yery low salipnity (Riemann,
1575; Brenning, 1973). In agreement with Gerlach {1951), we found that
M. zetosua in the Finer sediment is smwaller and has shorter setae,

Species found in the high salinity zones but abszent from the meso-
oligohaline zone are ; Bodhylavmes cepaccsua, Daptonema tevelioptou em
and Oncholaimes calvgdogioes, On the othar hand, a conziderably larger
numker of species ogoour in the oligo-meschalime Zones but are absent in
the fow samples studied from the eyu=-polyhaline and polyhaline zones.

Theae species are Comaoclaimues longrosudola, faliplestus sp., Unzhe-
Lot owyuriz, Therietug porienuis, Theristus soantous, Tripyloides mari-
mus, Eroplolaime littoralis, Pyilophargnr fastidus and Merltnius ep..

Most of the species ahsent from the eg-polyhaline zones, such as Mon—
hyatera anophthalma, M. misrophthalng and Panagrefius sp. are typical for
the brackish water regicn. Howewer, it ig also inkteresting to note that
while Therisins blondicor and T. Flsvemzie are dominant in the meso-polyha-
line zones, they are absent from the oligo-meschaline gonea where they are

replaced by Therigtfue pertenuts and T. scaniszusg.
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A different biotope iz pressnt at Saaftinge and station WS 14 with a
few apecies such as Calypironema moweberd, Leptelatmie papiiliger, Spile—
phorella paradoy and Tripyleides marimis confined to these locations.

Species, such as dscolzimue elongatus, Enoplolatnus propinguus, Meeo-
thertetus geiogus and ViEccota viesosq are found in all salinity zones.
While the enrytyple distribocion of . werosg may be explained by ite
predaceous habit, the distributlon of the other specles can only be at-
tribated to their tolerance of a wide ranges of salinity envircnments and
their ocmpivorous habit.

The structure of the nematode buccal cavity provides an indication of
their feeding habit, According to Wieser {1%53) we can distinguish four
typas : Selective deposit feeders (1A};: Non-selective depmsit faeders {1B)
Eplgrowth feedars (2A}; Oonivorcus with capacity for proadation and preda-
tors {(ZB) . Tha selective deposit feeders are most abundant at Saeftinge but
are absent from, or occur in very low numbers at the other statlons ag they
presumably utilize the large amount of organic matter found in these sedi-
ments. At all sites, sxcept at Saaftinge and meso-polyhaline zones, both of
which contain a high proportion of fine silt and mud, the nobsalactive de-
posit feeders predominate. Instead, these twe logaticns have a large pro-
portion of sepligrowth feeders which are often indicated ag utilizing the
phytobenthos 45 a food sonrce. The oocurrence of the predators and omnivo=
res iz not 50 casaly explalned ag they compate with meiafaunal groups for

their Food source.

2.4, HARPACTICOIRA

2.4.1.- Density

The highest densities poted were 128 ind.f10 cw® at & pure sand sta-
tion (WS 33} and 109 ind, /10 oo’ in a similar sadiment at ¥liszingen (WS 55},
both in autumn. In 50 % of the 1978-197% samples no harpacticoids were
found and a maximum value of twe ind./10 cm® was noted at Doel. Maxima and
minima densities at Saaftinge were 160 and 10 1lnd./10 cm®.

Clear symmer-autumn peaks only occourred at Vilssingen apd Ossenisse

and a reversed peak in spring after the very severa winter.
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The graphical representation of annual average densities along the
estuary [(fig. 5 shows ap optimmm of 15 ind, /10 em? at the mouth and a de-
eline to 0.1 ind. 10 em? at Doel. Again a vary low value 13 noted at Ter-
neuzan, The armual average &t Saaftings is four times higher than that at
the mouth of the estuary.

In the adjacent estuaries, average summer densities of 119 ind./10 cw?
from an intertidal mudflat of the Oosterschelde and 200 ind./10 cm® from
subtidal mude of lake Grevelingen are cited (Surkyn, 1977, Heip =t al.
{1979) record 655 X 67 ind, f10 am? during late auytumn in the lake Grave-—
lingen, In the srganically polluted Eams Dollard (Waddenzee, the Nether-

? at the mouth to
21 ind./10 cm® at the most polluted inland stations (Reip et =1., 1979).

lands) antmel averagas decline from 77 ind./ 10 oa

The graphical comparison of densities in the two polluted estuaries
suggest that crganic pollution dces not hecessarily have a negative in-
fluance on this parameter {flg. 5}. This i3 in agreement with the study
of Arlt [1975) whe found 88 ind./10 oo’ in front of the outlet of domestic
cewage and 165 ind. 10 em® thirty meter farther off ln the oligohalipe
Greifs Walder Bodden, while at & nenpolluted 2tation, representatiwve of
the remaining area, the mmber again decrsasad te %6 ind./l0 cm .

The following densities cited for unpolluted estyaries and brackish
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waters are all above walues found in the Westerschelde : 27-790 ind./10 <m®

in Danish brackish waters (Muus, 1967}, 47-87 ipd./1} cm® £rom N.E. United
Etatas {Tietien, 1969, 46 ind./ft0 ex® in a H.B. salt marsh [Nixon and
oviatt, 1973}, 55 ind. 10 cm® in the littoral Baltis (Elmgren and Ganning,
1974) and 279 ind./10 cof in Lynher estuery (Warwick et al., 1973,

2.4.2.— Biomass

Annual average blomess was caloulated on the bazis of seasopal ipdivi-
dual dry waights (table B) obtalned by calculating the biomaszs of each sta-—
tipn From individuwal dry welghts of the specles present [(table 9) . It shows
a gradual decline from 18.3 wg dwt/m® at the mouth ta 0.14 og dwe/m® at
Coel. A maximm of 146 og dwi/m’ was noted in suomer at WE 53 while at

saaftinge, tha comparatively high avereqe of 221 mg dwt/m® was noted.

-— fig. b.

Golparison aF ammupl mean dangitiag 1:i.nd...l'1EI |:|12] of harpacticoid copepads
in two pollyted estpories (salt morsh Saaftisge sol iscluded in greghd
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Table 3

1nividual bicmass B, (la gy diy wedight) per apgcias,distriboticn and sundanca

[aumipar of individuals W, dowminanee in 1 and absclube frequency) of cupepcd

spwcies 1n g five salinity zmes ower che whole sampling paricd.
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In the Bems Dollard anmual avezages declined from 106 mg dwt/m” at
the mouth to 22 mg dwtfmz in the polluted mudflat {Beip et a2i., 1979).

other valuas wited for estuaries and salt marshes are : 50 mg dwt..-’m2
(Nixon and oviatt, 1973}, 275-050 mg dwt/m? {Tietjen, 1969), 788 og dwt/m?
{Warwick et al., 1979) end 300 mg dwi/m® (Elmgren and Sanning, 1974} . The
highest annual average biomass recorded from the Westerschelde iz hence
lower thap the value found at the most polluted skations in the Eems Dollard

nor are comparative low values found in the literature,

Z.4.3.~ DMversity

Maxima of the diversity, H = 1.67 at W5 55 in Decembor and H = 1.52
At W5 56 in September were noted in medium pure sand stations with a wvery
high turbulence and perigdic removal of the sand cover. The highast diver-
sity noted in muddy sand statioms, rich in organic matter was H = 1.24 at .
WS 52, during December. Except at Viissingen, diversity is usuwally below
one 1n the rest of the estpary, and in 70 % of the estuarine samples not
including those at Doel it was zerq, In 30 % of the April samples, H.= 0.
At Saaftinge, the minimum and maximum noted were respectively, H = 3.76
and B = 1.37.

Annual averages along the estuary follow the same pattern as moet sto-
died parameters (fig. &}, with the highest average oocurring at Vllssingen
{H = 0.5} and the lowast at Doel (H = 0.01). Again a Higher value is noted
in the poly-mesohaline zone at Ossenisse {H = 0,12} comparsed to the poly-
haline =zone at Terneuzen {H = $.08), most likely dne to the reappearance
of lnteratitial forms.

Theantzal Average at Faaftinge is H = 1.13, which is twice the highest
average in the estuary. While the steady decline of diversity is in agres-
ment with Wolff's (1973} and other author's findings for estuarine mwacro-
benthos, the fact that the highest walues are Found at Saaftinge in the
meschaline zone is not. Ik 1S also in contradiction with the fact that in
fing sedimante diversity is lower than in coarser ones (Moo<dt, 1957;
Perking, 1974}).

Comparative studies in adjacent unpolluted polyhaline estuarine arsas

during late summer yielded an average diversity from seven stations of
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it = 1.8 for an intértidal midflat of Oosterachelda estpary, and an average
divarsity of H = 1.8 for a subtidal mudflat of Grevelingen (Heip &t al.,
1979} .

In the BEems ollard estuary which iz pelluted by a potato fluor mill,
Vapremans [1277) found annual avereges declining from the polyhaline zoma
at the mouth (H = 1.59) te the meso-oligohaline mudflat Inland (H = 0.3)
which regeives about 7000 two 10000 tons of organic matter during autumn
(Eig. &). Coly in ten percent of the samples, in this most polluted zone,
1s the diversity egual ta zeroc.

The highest avezrages found in the Westerschelde hence lie close to
the lowest values from the ocrganically poliuted Eems Dollard. The very
low diverzity in theWesterschelde can priwarily be attributed to the low
denglities and specificaliy to the absence of intersztitial forms in meost
sandy stations. hecording te Wisser (1960), a medium grain size of 0,200 wm
iz the lowar limit for interstitial lifa while Ward (1975} notes that T %
of si1lt clay particles 13 sufficient o £111 the interstices.

Yan Damme and Heip (1977) found that in the polluted Belglan coastal
zone interstitial life was absant in sediment with a owd content of more
than 2.9 percent. Cmly at four statlons (W 31, 44, 55 and 5f] does the
medium grain size remain abowe 0.3200 mm over the whole year, maintaining
a clean sandy sediment.

1t would thus seem that suitable environments for interstitial life
ars rare and localized due to the predominance of finer sediments on the
sandbanks, [me to this confinement they may be gasely desgtroyed when the
sedimant is rearranged during perlods of turbulence.

o the other hand, the very low organic content of the sediment at

mest stations does not allow the pressnce of the large endo- and epibenthic

detritus feeders. The above mentloned limiting factoxs do not howewer fully

explain the scarcity of harpacticoid life since in statiops with sediment
rich In organic matter (WS 22, 51) aor ip statiens With pure medinm sized

zand (W5 44) the diversity alsc remains low.

- Fig. &,

Comparicon of grnyel neen divarsity H {in bits] of herpasticeid gopepods
En two polioted mstosriss  {malt marsh S3aftings not included Lo qraph)
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2.4.4,~ Compunity structure

& total of 27 specles was found in the sstyary {table 8). In the eu-
polyhaline =one {WS 55-57), 13 species sccurred over the entire sampling
pericsd. The fauna was typical interstitial at stations WS 55 and WS S6 and
domfnated by Paraleptastaous espinulatue, Kliopeylluz congtriotug and Fara-
megochrg eimilie. At station WS 57 only epibenthic harpacticoids Euterping
actutifrons and Adgeliopaie intermedis ocourred probably due to the high tur-
bulence here. The following species remain confined te the au-polyhaline
zone : Arencsatells germwenicg, Euterping acutifrona, Karpacotious flerus,
Paremesochra stmilis, leptastaous latteoaudrius and Arencoaris bifidi.

At Vlissingen (W5 51-Sd4} and at Terneuzen (WS 41-45), in the polyha-
line zome, 14 specigs were coanted. Although the sediment at WS 43-45 con-
sists of wvery pure fine to wedium sand no ipterstitial harpacticolds with
the exception of four individuals of Evansuls pygmass in cne sample were
found. at the other stations of this zone the amount of organic matter is
higher and the medium grain =ize iz too low to permit interstitial life.
Hence the fauna is dominated by epibenthic and endobemthic species :
Tashiding diseipes, Asellopeis intermedia, Sienhelis palusiris, Poeudobra-
ey beduing and Paronyehocomping clrtinondatus. The specles which were
confined to the polyhalinicun were : Camuella perplexs, Haoleastinosoma
aarel, fAarpaoticies [dtiopalis and Huntemenia sp.

In tha poly-maschaline zone at Ossenisse (WS 31-34) the teotal number
of speries decreascsed Lo ten. At the =zandy stations fonr interstitial forms
arc found but Forgleptasiacus espirmilatus iz the only species which is
relatively abundant at this cransect.

At Valkenisse (WS 21-2%5) in the meschaline zone the mumber of species
dwindles to four with a frequency of ane. They are : Jtenhsifc palugtris,
Faraleptactaeus ecpinulabis, laséigerelia sp. and dselicpeis {niermedia.

In the salt marsh of sSaaftinge a slightly higher number of five spe-
ciee is found. All are large endo- and epikenthic species angd dominant is
Nannopus palusiris followed by Siewhelic palysiris and Plalhychelipus I4t-
toralte. N prlustris, Maranpehacarplus nanus and A2ihents depressa were
only found at Saaftlinge. F. Ifttoraifts which occurred in all samples was
abaent from the estuarine stations with the exeeption of one individoal

at Ws 51l
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In the meso-cligohaline zone at Doel the total number of specias ls
further reduced to three : Stenhelio polustris, dsellopeis {ntermedio
and Nitoora fypioz. 5. pzivEtris is the most fregquent with four ilndividuals
from 63 samples while #iioorg typiea is found only in this zone.

There iz a ¢lear ssasonal fluctnation in the total number of spacies
from the Westerschelde with & minimem of seven species in April after the
very mevers and long cold winter of January-Marsh, 1979. only B. eapimla-
tug and Asgllopsie dntermedia had a frequency of twe while the other five
species wers sach representad by a single individeal in one staticn. A
peak occonrred during summer with & total of 17 species owver the whole es—
tuary.

The spibenthic species, Steshaiis palustrts and Tuchidixa discoipes,
ars domipant and widaspread in the summer while Interstitial forms such
as Pavaloptasfaous espirmlotus are more numercus and frequent in autumn.
In a study of plankton in the Westerachelde De Fauw {13975} found the fol-
lowlng species : dAmetrg partula, Canthocamptus stapht lime, oetylopustia
thiabotdea, Exterping aoutifrons, Mlopoarthridion iittorale, Nanmnopus pe-—
luaeria, Nitosra htbermica, Witoorg lacwtris and Stenhelia palusirie.

Of these, M. I{ttorgle and E. acutifroma were collacted over the whole
egtuary.

With the exception of tws individuals of E. coutifooneg at WE 57, wWe
failed to find representatives of these kwo species in the sediment sam-—
ples, although M. litforale is the dominant species of the benthic har-
pacticoid commanity in the poelluted Belglan coastal gone (Wan Damma and
Relp, 1977; Govaere et al., in press). Tt iz unlikely that M. Idtfarale
has diszappeared from the Westerachelde since De FPauw's study, hecause
this specles ssems to thrive in highly polluted sadiments (Govaere et al..
in press; Arlt, 1975)., Scome papulations in the subtidal waddy sediments
zf the estuary were probahly not sampled during our sSUrvey.

To the abowve-mentionsd species From the Westexschelde mast also be
added Parawphiapcopsts lomgirestria, Halpetinosoma herdmani and Peeudo-
brgdya miner which were found in the polyhaline zone during a preliminary
suevay in May, 1976.
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2,4.5.= Annual production

This parameter 1= only kriefly discussed here becanse the few data
avallable as yet only allaw estimations. Annoal production was calculated
on the pasis of the estimated life cycle turnover rate of evary tayonomic
group and the number of generations that might be axpected in a yaar
{table 10},

Table 0

Bnnual meen producCion Img dwbd m* L ¥, ] of meioberthio cAxa and concriooLiee
of Ehe WematodA |in 1) at Glx stationgroups of toe Westerschnelds .

Transoot YWilis=zingan Terneuzen | Ossealsde | Valirnisse Saafbinge ]
. : . - . - Il - La
st b= ny - 4 i1 - - T - .

ALLGAE al - d1 4 i1 kR | £1 =0 1 | AREF -5
SydTozoa M | - 17 - RS -
Castrrrrichia E] i 1pois H - -
Turhzllarcia 170, 4 115 .4 1552 ! 473 sl -
Humatoods, BRI LG LR | P ERISIIS S
Oligmnctiaeta W], n Y Frd Tl
Polychasta v LR Lo L o,
ExrpacLivuida FIE I Lo s E ] LRI .1
Ho L Ty giza T ] 1. 1 de -
DRLracuda Sl dEvon it [ R -
Tardigrada R . . .. -
Taral F oino g dwtimT, I s Pk L [ v R S TN Vol
Tatal P oun g 6 infy R P T B TE R oma o | e

Hematoda s e K ] r G ! I

Gerlach {1371] synthesized the existing data and concluded that a
turnover of P/E = 9 per year was acceptable for the meichenthes in torea.
For nematcdes, McIntyre (19697 and Gerlach (1971} usa a P/B ratic of 10,
Warwlck and Price (1979) calouiated production on the relationship
F/{F + R} = 0.38 based npon experimental data of Marchant and Nicholas
{1974] and thus obtained 3 rather close value of B/E = 9.4 or 8.7 for
nematodes. Warwick et al. (1979) obtalned a DJE ratioc of 11.1 for the
true meiofauna,

In this study, a P/B ratic of 15 is used for harpacticoids following
Help and Van Damwe {1377). For Oligochasta and Folychaeta a rather low
BfB ratio of 1.5 (Covaere et al,, 1977 is uazed, although a PR - 2.5 was
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noted in a stady of Nereis dlverstoolor [Heip and Herman, 1978). Warwick

et &x1. [1979) euggest a higher value for these two groups, namely, PAB = 5.5
for short lived walychastes {Based upon respiration experiments on Ampho-
rete aoutifrons] and a P/B = 3 for oligochaetes {(Haka et al., 1974 from
Warwick and Price, 1979), For the other groups, not mentioned here, a

/B of 9 was used.

The anmual producticn caleulated for the mouth of the Westerschelde
is 10.7 g dwt/m’.yr. Assuming that carbon comprises 40 % of the animal
dry weight [Steele, 1974} we derive the waiue of 4.28% g ¢/m*.yr. It decli-
nes to 0.3 g dwtfmz.yr (0.08 g c/m?.yr] at Doel while at saaftinge the
production is 52.1 g dwt/a®.yr (20,8 g o/mi, vy,

In comparison , Warwick st al., (197%3) obtalned a wery high preduction
walua of 20.3 g o/m.yr for true plus temporary melofauna in the Lynher
estuary, which 1s ldentical with our wvalue for Faaftinge. Heip and Van
Dame (1277} found & production of 5,13 g f_‘:;"m?.yr in the pollutbed zone
near the Belglan cooast and 4.9 gy Cfmz.yr in the unpolluted Open Sea zone,
which is similar to that found in the seaward part of the estuary.

Discussion

The following trends were obgerwed in all gqualitatiwve and gquantita-

tive parameters studied from the Westerschelde

1. A decline from the eu—polvhaline zone at the mouth towards bthe meso-
aligohaline zone at the head of the estuary.

2. Extremely low values in cthe meso-oliguhaline waterc.

3, Lowex walues in the polyhaline zone at Terpeuzen and in the poly-
mesohaline zone at Ossenisse.

9. Relatively wvery high walues in the salt marsh of Zaaftings,

bl

When compared to other esknaries, both polluted an ynpolluted, extre-
pely low values for all melofaunal groups, except nematodes were
noted in the estwaryand normal to high values in tho salt marsh of

Saaftinge.

at Doal, 1ln the meso-oligohaline headwaters of the estuary, a decline
in apecies richness and diversity iz normal bat very low waluecs of the

quantitatlive parameters 13 not. Indeed, bacausae of the enormouz organic
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enrichment of these waters, at least some species, in particonlar soryto-
plo repressntatives of the nematodes apd oligochastes, should proliferate
on thase bottoms.

Indeed, Bouwman antd ¥op [(1979) racord maximal denalties and minimal
diversitieas of these groups in the mest organically polluted part of the
Eems Dollard, where the water periodically becomes ancoxie. Since the top
layer of the sadiment iz always reasrated during low tide, a pericdic de-
crease In oxygen concentration on the intertidal stations of the Wester-
schelde may sxplain a seasonal decline of guantitative parameters, fut
nok an overall low waloe and minims of zare individuyals, We mst therefore
asgume that the guantitative parameters in the mese—oligohaline waters ars
not correlated with the organic pollution.

At the other trangacts, quantitative parameters of nematodes are nor-
mal, and sven very high densities may ba noted. Howewver, gquantitative apnd
Yualitative parameters of other groups rewain low, This may be explained
by the fact that the banks which were sampled sonsist of fine sands with
a medium grain sige below 200 um, which is lniwmical for incerstitisl 1life,
and alsc have a low organic matter content, which 15 inimical for epliban-
thic and endsbenthic detritus feeders. Hence, natural conditlons, not con-—
sidering pollution, turn these areas inte deserts and continual shifting
and rearranging of the sediments enhance these copditions. Cmly where our-
rente are very gtrong or slack, other snvironments are found.

In the first instence, ln arsas where strong currents prevail, fine
particles do not settle ao that sands with & wedivm grain size abowve 200 pm
coour Ehroughout the year, In such environments intersticial life appoars, .
and qualitatiwva parameters ingrease. Nevertheless, pnematedes and tetal meio-
benthic density 1s low hers because of the biclogical interactions betwsen
the ipterstitial groups present and alsce becayse the high turbulence is an
loportant stress factor,

Where stream velocity 1z low, fine clastics and detritus can settle
for prolonged pericde. In such detritus rich, wery fine to fine sands with
medium grain size below 150 um, wvery high densities of nematodes were found.
fualitative and guantitative parametars of the apl- and endobenthic harpac-
ticoid copepods however remained low when compared to those 1n the litara-

ture, although all conditione for a rich fauna are present.



Similar contradictory data are foomt in mediuw sands before the har-
bour of Terneuzen, where a richer Interstitial Ffauna should be axpacted.
Yet not only the diversity of harpacticoids but also gquantitative parame-
ters in seven of the tean taxa present are'uery low in comparisen to the
polyhaline samples at Vlissingen and aeven lowar than the onmes from the
poly-mesohaline zone at Ossenisse. According to t-teses, there 1s nesigni-
fizant differsnce in these values from Ternenzen and Cssenisse on the 90 &
level; newvertheless, this occurrence is too persistent to be colncidental.

A tentative conclusion regarding the disparity in fauna betwsen the
gites, can he derived From the foregoing study. In the salt marsh of Saaf-
tinge the high dengitlaz and individual dry weights, hence a high annual
production can be explained by the large amsent of organic detrifus pre-
sent, the protected position amidst the shammels against extreme environ—
mental conditions and the protection against direct pelluticn by the sle-
vatlion at the marsh entrance. Basauze of the low amounts of organic mate—
rial, the grain size of the sand and the unstable relief, the sandbanks
in the estuary are not suitable for meincbenthic life and the low values
found are primarily correlated with stresam velacity and turbulence.

However, these factors can noet be used to explain : the povarty of
meilchenthic life, including nematodes, in the organically enriched meso-
cligohaline mddy sands of fhe egtuary; the absence or scarclty of endo-
and eplbenthic copepods and other groups in detritus riesh sediments; ar
the absence of an interstitial Fauna at the Ternsuzen transect in Fuze
tands with a wedivm grain size of more than 200 um.

Since sediments which are both rich and poer in detritus are affec-
ted along with high as well as low wave energy areas, the above summari-
zed observations would suggest that not organic but chemical pollution
2ould he the limiting factor. Purther research however is needed in the
sublitteral parts of the estmary that are protacted agafnst turbulence
and sxpssare,. This would allow preciss estimation of the abundance and

dispersal of weicfauna and their requlating factors in this polluted

estuary.
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Population dynamics of copepods
in the Southern Bight of the North Sea
{1977-1979)

Use of a mylticohort mode] to derive biological parameters

W, BICSICART

Labgretorium woor Ekologie en Systenatiek
¥rije Univeraiteit Brueeel, Balgium

Introduction

The aim of this study iz the analysls and the interpretation of fhe pa-
pulation density fluctwationz ig time 2o that we can attempt an evaluation
of dynamic paramaters such as growth rate, mortality rate, fecundity and alse
of the net production.

Contrasting to our approach this problem has been studled in vitra in
west cases (Gaudy, 1974; Heinle, 19%M); Mc Laren, 19757 Paffenhdfer, 1970, 1576;
Fazouls, 1374).

However, it is cften uweeful to asgzess values oF guch parameters for In
situ natural eonditfions. But the situation 1s then much obsoured since the
zooplankton contains together different developwent ztagez and even 4l fferent
generations.

In order to solwve this problem of sorting out and galculating populaticn
parameters anpd production values, a multiochort model simalating the life his—
tory of the copepods has been developed.

The first development stage is a tiny larva called naupliies (fig. 17.
Wauplil grow 1o size and welght until a trapsformation osmpurs. Meanwhile, &
number of them have died. The development stage that follows this traneforma-
tion 1s called copepodite. Again copepodites grow and some of them die uneil
the transformation to the adult stage cccursz. Adults grow wvery little but fao-

mates produce oggs 50 that thea eyele cap start again.
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In the North Zea three populations predominate : Temora longicommnis,
C.F. Miller; Psegdocalanus elongstus, Boeck and — to a lesser extent — Acartiz
clausi, Glesbrecht. The evolution of the two more abundant populations has hesn
sipulated with the model.

The simolatrion model

The numbars daily hatched during a glven period are not constant : thara
ig an increa=a at firat and then a decreace.

Thiz aspect 15 very important for the working of our simulation model.
Indead & spocial function describing this phenomenon, generates every day a
new cohore, and thys serves as forecing Fanctlon for the wodal.

A normal law has been chogsen for the simulation oF the hatching fupetion
in a simple way. Table ! explains the different symbols.

Tubia 1
Mauplii Copapodites Aduikbs Fopulations parameters

i . :
] Numbey of naupili hatehed on day = aohort 3}
o mumbers in oohort 3, S£ill alive on day t
LA Ty Ry Humbers (all cochorte) obgervable AR time t
m, ™, mg SpeciFic martality rate

iy Lj ij Bge of a glven indiwideal (days)
B P- Ea Haximam age of a gqaven wndividuoal {days)

Stocks and production parameters

B Bicmexs of an individual

B: Initial biomass of an individual

k, Speorfic exponential growtn race

P:" Nel producticon {all echortst on day t

Spawning and batching

2 CaalElcient, giving the dispersion of the rnomal curwe
[ Cay with che highest hatched number
b Number of pauwplil hatched on day 6
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1.~ THE HATCHING FUMCTION

W= p e ot {1

2.- EQIATION FOR THE RAUFLIAR STAGES
For a cohort 3 the husbers of individpals decrease 1o function of the

exponential mortality rate m, :
2
. - alt - -
niap e T mm (23

Bence, the number of living individuale at & time t between t, and
ty 1is

Py i X
Nt =I b e-aﬂi-.ﬁ—ll} - M1, di. {3-]
o

3.— EQUATIONE FOR THE OTHER DEVELOEMENT STAGES

flmilar eguations are developed for the copepoditsz and the adults :

¥ | Y .
Cy =I I e T e Ai, {4)
1]

Py H .
P‘t =f b E-ﬂfl'ﬂ—pu'P;'igj T MEy T WA T Agly dis 5}
1]

4.- EQUATIONS FOR THE NET FPRIDUCTION
Combining the eguation for the net production of 4 single individwal fe.g.

a naypliug} during & given day (e.g. i,)
By = g% " (e - 1y 16}

with the eguatich for the numbers [eo.g¢. equation (3], one has

Py Lo \ N
P? — I b E“I:t -r- 1r] n.i, Bﬁ Ekf'l [Ek‘ - 1) 4i, L7}
a
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Application of this model

Thics model has been gpplied in the Scutharn Bight of the Horth Sea. Sam-
pling was done daily from the lightshlp Mest-Hinder during the years 1977,
1974, 1979.

Two gspecies predominate in this area @ Temora longicornis, O.F. Miller
and Peendocalanus elongatus, Boeck. Flguwres 2{a,k), 3{a,b} and 4{a,b} show the
sedagmnal evolution of nuebers for the three categories of development stages
in the predominating populations. The curves of 1977 are smoothed, using a
floating=average technigue. The seasonal eveletion of the two zpecies clearly
ahews a successlion of three generations.

Theee populaticn curves are synchronized for both species but with a
marked oppogition between the ahundance patterns which 1s suggestive of in-
tergpeclfiic compatition.

We have no explanatlon for the higher mmbers of nauplii observed in 1978
and for the low numbers observed in 1979,

The population curves generated by the model, after flrting, are given in
figuras 2{o,d), 3(c,d) and 4(c,d). The paramwters of the model are adjusted so
that an optimal Fit is obtained with the field observations. The values for
the growth rate, mortaliey rate and 1life span caloulated thanks to the simg-
lation are given in table 2.

LIFE-HISTORY PARAMETERS

1.—- Life span

The life span computed for Temora lomgicornis varies between 23 and 30
days. Harris and Paffenhiifer {1976) have determined waluass In the range 21-30
for the same specles grown in witro, For Pssudocelanus elongatus the model
Fives a zpan of 19.5=25 days whereas Paffenbffer and Harris (197&) find

24-29 dayg Ir vitrgo. Corkett and Urry [1968) glve figures comprized between
14 and 116 days in witro.

2.~ Growth rate

According to the simulaticon, the growth rate tends to ilnerease with the
generation puabet. The rate computed for the nauplii of Temora longicornis
varies betwesn 0.09 and .24 day ' . Harris and FaffephSfer {1976) find a

range of 0.12-0.21 in wvitro. The copepodites exhibit growth rates between
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0.13 and 0.33 whereas Harrls and PaffenhGfer (1976) Find a range of 0.ld -
0.534 in witro. Ac far as Pseudocalanus elongatus 15 concarned, the zimulation
gives rateg in the ranga 0.22-0.43 f£for the nawlii and 0.14-0Q.24 £or the
copepodlites whereas the above mentioned authores find respectively 0014 =0.18

and .04 -0,30 In witro.

1.~ Viabls eggzm

The population curvez simulated imply minioal numbers i.e. viable egygs.
These numbers vary here bebtwesn 1 and 14 for 5 female of Temora longicomis
and 7 to 23 for a female of Psendocalanus elongatucs. Harris and Paffenhdfer
{1976} find a range of §7-8&71 for Temora longicormis In wiero and Paffen-

hofer and Barrie {19768} find a range of 2= 136 for Preudocvalanus elongatus

I vikra.

4,.= Mortality rate

Agrording to the simplation, the mortality rate decreages aa the deve-
lopment procaeds. Moreovar, adaptations of the rate are generally nat needed
foxr the naupliar stages : for Temors longicorniz the range is 0.10 ta 0.22
and for Pseudocalanus alongatus it 1s 0.13 ta 0,25,

Harris and PaffenhSfer {1976) and Paffenhdfer and Barris {1976] Find res-
pectivaely O0.012=-0.084 and 0Q.008 -03.059 dip vitro {recalculated figures).
Where copepodites are concerned the ranges compoted are ©0.001 -0.3 for Te-
mora longicernis [0-0.{023 in Harris and Faffenhdfer (1976)] and 0.005-0.4
far Pseudocalanus elongatus [0 -0.021 in pPaffenhdfar and Harris {19761 ].

There are no comparable data avallahle for the adults,

Thus, theres is generally a good agreement hetwsen the figures computed
for ap im ity 3ituwation and the figqures determinegd in vitro whaere l1ife span
and growth rate are concerned. Discrepancies of one or two orders of megnitude
are howevsr observed for the mortality rate figures. This can be expleained by
the differences existing between the natural epvironment and the aguarium :
nane seems to be food-limiting but the natoeral epvironment iz much mere ha-
gardous. The differences pbeerved in the numhers of viable eggs could be ex-
plained by the lower probability for a female to reach maturity in nature.

Thus, in order to achleve reasonably good predictire properties, an im-
proved zooplankten model, regulated by the environmental conditions prevailing
in the Scuthern Bight of the Horth Sea, should put the smphasis on the marta-
lity and fertility functions.



Pudget of metaboelic activities

Pgeudocalanus elongatus and Temora longicornis (mg c/m)
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Some mechanisms promoiing or Timiting bicaccumulation

in marine organisms

F. MOEL-LAMBOT, 1. M. BOUDUEGER and A. DISTECHE

Laboratary of Oosanology  [Ecotoxicoiogy Umit)
Univaralty of Likge, Balgium

Introduction

Two approaches can ke followed separately or simultaneously
to study the effect of heavy metals on marine organtems. ‘Either
ohe does toxigity tests and eventually tries to understand the
Physiological perturbations invelyed, or one is more interested
in bicaccumulation.

Heavy metals tend to accumuwlate in living matter, simply be-
cause Qf thelr high affinity for numerows organic substances, es-
peclally pratein=. Their binding to enzymes, or other celluiar
componehts, often explalns their toxicity but inert traps - or
at least apparently =29 - may exist. Heavily loaded amimals= then
hecome a potential danger for predators.

The understanding of the fate of heavv metals released by na-
tural sources or by man in the sega depends to a large extent an
our knowledge akout bivaccumunlative processes without neglecting
gpeciation and complexation with dissclved or suspended ocrganic
matter, To try and predict contamination levels in marine orga-
hisme becomes a very complicated matter furthermore since uptake
and elimination depend on environmental circumstances, physieolo-

gdlcal conditions, and differ from epecies to species.



Wa will describa in this paper some mechanisms controlling
the bhicaccumnlation of heavy metals, mainly Hg and €4, by wmarine

orgenisms.

Uptake

Heawvy metals are taken up by marine animals either from water
or from foowd. The relative importance of both routes varies from
wetal to metal and from animal to aniwal, bhut direect uptake from
water iz often much mera important as we have shown esarlier
[Bouquegnean et al. (1576, 18791].

Most of the metals in food are therefare found back in fasces
at high concentrationg, thus favouring vertical transport of hea-
vy metals in the sea [Boothe and Knauner {1972) ; Benayoun =t al.
f19741 1,

In most aguatic animals large surfaces are inm direct contact
with the surrcunding water and hence with dissplwved metals
gllls, digestiwve tract and skin. Moreover, the digestive tract
af telecsts and gills are submitted to a large continuouas flow of
water likely to increase adsorption probabhility.

The factors that contrel the direct entry are many : type of
metal, its speclation, relative permeability of different organs,
slze of surface of contact, environmental factors [(salinity, tem-
perature, ete.), physioclogical conditions fage, ets.). For a re-
cent review of the matter one should gcensult the papers from
Bryan (1379} and Coombs {1980). To take an example from our own
work, the gills of telecsts reveal to be less permeable to inor-
ganle Bg'' than to {CHaﬂg}* and their permeability for ca't is
even smaller [Eocuquegneau {1%75) ; Hao&l=Lambot (19&031).

' Several phy=sigleogical mechanlsms can be implied in the metal
_uptake by marine grganisms. For instance, Iin most plants [sae
Coombs (1980}] simple passive diffusion phencmena are involved
and, 1in that case, there exists a llnear relationship between
initial rate of intake and external concentration, but there are
some examples in apimals where the former lncreases more slowly

than the latter, suggesting that heawvy metal uptake might then
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igvolve mechanlsms that lmply facilitated diffesion, l.e. carrier
assisted transport, or even active traneport azs in the case with
Ha, K and Ca. Thi= was shown in our labhoratory working on Serra-
nus eghbrillas (Bouguegnean and Radoux, to be published} and also
at the level of cadmium uptake by mussels [Coombs and George
(19783 ].

When considering metals bound to particulate or celleldal
matter, there are morepver examples that the metal can ke taksn
in by a process of endecytesls; as shown for the comnen mussel
Mytilus edulis, able in that way to absorb iron and lead, preasent
in =zea watar as wolloidal hydrous oxides [George ec al. {1976 ;

Schulz-galdes (1978)1.

Release

The metal taken up by the animal iz released at a rate

varying considerably from case ko case.

ppm Hg (w wt}

00
. .
o.
ol _
-
l-'l-.
///’ T
» T ——
/// e
-
P . : . .
o g % 24 32 avs
Fig. 1.

Kinatice of sewunulation ond relesss of Hy in @ tissuw displeying a high egte
of elinination @ Argalls aqeila gills,

= : intoxication in sea weter conteining 100 peb He'' ae Mool
------ ! dnboxcicated Fish puk back in clean water [from Bowquegneau, 1995)
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If elimination 1s fast, the metal output will guickly halance
the input and the metal concentration in the tissues will reach
a plateau. Fiyg.l describes such a case for Anguilila anguilla
gills.

The zsams type of curve can of course alse be observed in the
abaence of Fast eliminatign, when for instance the rate of upta-
ke iz slowed down for some reasgn like for example the formaticn
af a protective mucus layer [Bouguegneau et al. {(1979) ; Radoux
and Bouguegneau {19737,

If the elimination i= very slow, the kinetic of apcumulation be-
comes lingar. Fig.2 shows three examples for Anguilla enguilla

and Patella vuwigeta intoxicated with cd®’ or g™t

Acoumulation — Storage mechanisms

If, as in the caze in fig.2, the elimination of the heavy me-
tal is extremely slow, why fis i+t thatr uptake coﬁtinues whilest the
matal concentration 1n most of the tissues greatly exceeds that
of the contaminated water ?

gocumulation implies strang binding betweean metalszs and cellu-
lar components. Heavy metzls, as Cd or Hg, have a strong affini-
ty for -5H group for lnstance. When bound to prganic oconsti-
tuwents such metals do not obey the rules governed by electroche-
mwical gradiepts in relatior with the transport of charged ions
acress living membranes. Binding sites are provided by practi-
cally all normal cell <¢ongstituents but there also gxist meore spe-
cific storage mechanlsmsa. Examples follow at the intra- and ex-

traceliular level.

1.- INTRACELLULAR TRAFPE
1.1.=- Matallaothiconeins

The properties of metallathiopains — low malecular welght
proteins {6000 —Y000) with high cystein content {abour 30 % of to-
tal amino aclds) and a metal load corresponding o gne atom for

twa or three cysteine — extracted from warine apimals either Hg



or Cd intoxicated have been described jn sarlier papers [Ho&l-
Lambat et al. (1978a,b) ; Bouguegneau &t al. {1979))] and racent re-
views are available on this subject [Bouquegneau and No&l-Lambot
(1878} ; ¥agl and Nerdberg (1979))]. Metallothiconeins have firsat
been considered to axplain the resistance of animals when intoxi-
cated with heavy metals [Piscator (1964) ; Nordberg (1971} ;
Bouguegnean et al. {1875) ; Bouguegneaun (1978)]. Actually, more
attention is drawn on thelr rele in bicaccumulation and we will
here essentially deal with the cass of od.

cd induewes the biseynthesls of metallothicneins in tissues
where, 1n absence of eaxposure, oo or very small apounts of theas
proteins can be detected. The total amount of metallothicneins
grows steadily during intexication and one ig faced with a ctora-
ge aystem, the size of which inoreases the more €3 there is to be
trapped, elther because of longer exposure or a laxrger T4 concen-
tration.

One example of this phencomenon is given in fig.J. It zhows
the change with time of total Cd in tha animal and that found at
subcellular level in Pgtella cgeruleg tlssues. The curve showing
the kinetiec of accumulation in the whole bpdy 15 identical with
Lthe one pregented in fig.Z2c.

The amount of Cd found In the MT fraction [ase fig.3} - that is
bournd to metallgthioneins — can he considered as a reliable exg-
timate of the abundance oF these prateins [Noél-Lambot et al.
©197Bb) . {1980]) ). Their concentration increases with time.

These laboratory results are gulte comparable with aobserTva-
tions made on 2 population of limpets (Fatella wuigate) naturally
exposed to Cd in the Bristal Channel.

Fig.4 shows a linear relatianship between Cd concentration and
body size [good Llndicator of age, see Hgél-Lambot ot af, {1980} 1,
whereas in the case of Zo and Cu an inverse relatienship is oh-
served,

Most of the Cd in heavily luaded limpsets is bound to metallethio-
neing, but this i1z neot the case for En and ou. Fig.53 shows a
sharp correlation between total accumulated ©F and the Cd atta-—

ched to thioneing.
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Cd  aecwmatation in whole limpats [arefa cegrofz) and in their various
sutcellular fragtions during an intaxlecation in cco weker containing

0,5 ppm Cd. For sach time of intoxication, tte soft parts of thres specinens
wers potlad and honogenizad, After centrifumetion, ©d was weacarad in

the pallet and in the supwrnatant fractions separated by gel chromategraphy-
Al1 sencentrations ore wepressed in wg nebelfy whole binays.

HT o petaliothioneing ;| HMWP = zoluble proteing of high nalscylor weight.
{From Ml anbot, 1579.)
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Felation betwsen netal comcentration in soft tissue (ppo wwt.) and shell lemgth
for £dy Zn amd Cu in linpabs {P#reis vwagers ) callsoted From Wasbon-aupsr—Mars,
[Fron MoBl<Lapbot of a0 , 1980.]
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Inn young limpets with oinioum £4 l¢ad (€4 concentration < 13 ppm)
Cd-thioneins ars not found.

Fig.5 alec shows that a significant part of the tatal cd is
always present in the centrifugation pellet. Cd concentration in
this fracticn alse increases with the total £d load. ©On the
sther hand, the amount of €& bound to soluble proteins of high
molecular weight increases wvery slightly a5 comparsd to cadmium
bound tp metallothioneins. Intracelluwlar distribution of Cd 18,
hawewver, quite different in small individuals, thus having a low
Cd cancentration. In gmall limpets, Cd is almost exclusively
stored at the lewvel of pallet and scluble proteins of high molae-
rular weight ; in large ones, Cd bouad ko metallothioneins repra-—
gents about BS % of seluble C4d which corresponds to approximataly
23 % of total C4.

Thuz metallethlioneins appear Iin the limpets at a critical lewvel
of ¢4 load in the tiasues, When this critical C4 rconcantratiaon
for metaliothiagnein induction i= reached, Cd bound to high-mole-~
cular-waight proteins hardly increases any more as the total cd
concentration rises. It thus may be ceonsldered that metallothiao-
neins only appear when the high-molecular-weight sgluble proteins
reach a certain level of eaturation by Cd and that, from then on,
Cd accumulation in the cytoscl almost exclusively occurs at the
leval of metallothicnains.

Slmilar results a2 those dezgribed in fig.4 between matal
content and body sige were reported previgously by Boyden (1974)
far Pgtellaq wulgats collected from Pertishead, Bristal Channel.
This work, like ours, indicates that ¢4 displays a relationshlp
opposite to En and Cu (fig.4), suggesting gquite differant meta-
bolic pathwaya of theze elements.

Concerning the increaze of ¢d concentration with body weight,
Beyden (1974} concluded : "... this relationship can best be ex-
plained as belng due to removal of this element from body cilrcu-
lation and accumulation within specific tilssue, possibly as a re-
sult of some exceptilional affinity™.

Jur results with Cd-thioneins confirm and allow to better under-

stand thig interpretation. Metallothipneing may be consldered
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Relatipn between Cd  concentration in whole soft parts of limpets {Paledia l.run'gel-'el]

collected fron Weston=super=Mare pnd congentrpbions of Gd  associated with

[1} meballathicreine {MT);:

[2] high-meleoylar—weighk prateins (HMPY — both izolnted by ge] Filtration of the
auparratant «F the honogaeate;

[3] tha centrifugation pallet af this honoxpmnate,

&11 comeentrations exprossad in kg Cafy wet tiesws,

Bamzed on =hel® langth, linpets ware classed into two lote,

[Fram MoBl=tanbot e 4l 1980.)



133

as the specific CAd-binding compound respenzible for the unusually
high lewvels of Cd in old limpets. It is evidaent that increase 1in
the amounts of metallgthigneins with time corresponds to an egui-
valent increasa of CAd-binding sites and thus to a more and more
gxtensive capaclty of Cd storage.

Moreover, as wa previocusly pointed out [Bouguegneau et al.
(1972}], bkinding of ©d to wetallothicneins may explain how lim-—
pata from the Bristol Channel can tolerate such high Cd levals
in their tissues : €4 complexed ta thioneins may be considared
as toxically inert. But can this mechanism be really considered
A5 A protective system ? In other words, do metallothioneins pro-
tect limpets against Cd injury during a leng term exposure 2 The
problem 1% not as sinple ag one weould believe at firse thought.
There is no doubt that the syntheszsis of metallothlieneins favours
Cd higaccumulation. But this means that in the eventual absence
of synthesia of theze proteins, one might expect that €d <¢oncen=
tratian in the limpets or other animals sither from the Bristol
Channhel or intoxicated in fthe laboratory would not reach such
bigh walues.

The question of the =o called "protective effect® of metallethio-
neins thus copgists in determining whether the presence of such
protelins really reduces to a significant extent the amounts of

¢d availakle to inte&ract with normal wellular funotions. The
study of the uptake and intrecellular location of ¢4 1in relation
to the synthesis of metalleothloneins wmight help aglve this gquas-
tion as well as further work on the general physioclogy of these
animals, rontaminated or not.

Regsultg presented in fig.5 concern whole moft parts of lim-
pets. Viscera have twice higher {d concentrationa than foot mus-
tles but metallothioneing rcan be detected in beth tissues whers
they bind about BO % of soluble Cd.

It ia svrprising to ochsarve relatively high lewels of Cd bound to
metallothioneins in limpet muscular tigsues. This ia gquite dif-
ferant from observatiens made in wertehrates where museclsas nevar
reach concentratlions higher than 1 or 2 ppn wet weight, even 1n

the case of drastic ¢4 intoxication [Hoél-Lambobk and Bouguegneau
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(1877}]. Moreover, muscle is to our knowledge the only tissue

in which the existence of metallothioneins has so far not heen
reported. Onde again, high Cd concentrations in tissue and abun-
dance of metallothiconeins seem to be clogely linked.

When limpets frem the Bristel Channel are exposed for 80 days
to unpslluted sea water, the Cd level of the animals does not de-
crease and as previously observed for other species under lakora-
tery cenditions [Bouguegneau et al. {1979} 1, the largest part of
the metal persists as Cd-thignein, although the cawse of the for-
waticn of these proteins has disappeared [Negl-Lambot &t al.
{1930} 1. cadmium is thus really trapped by the metallothioneins.

The observations on limpets hava been confirmed and coople—
wented by =ztudies on other invertebrates collected in the Bristol

Channoel, in the British Channel or &t Cape Gris-Mez.

A B

Ppm Cd wowt, ppm Cd w wl
1043 100 & Littorina littorex
i %.MT ® Littorine gbtusata
® Actipia eguina
® Farella mulgata O Arenicola marina
| A Nuceila lapillus i
FMT
504 }MT 904
-
MT «MT #
ol 4 » : 0d ——8 —
gﬁNF' POLP  PORL. WEST, PORTIS, gﬁ: POLE  PORL. WEST PORTIS,
{€05){=05} (05-1) (3.9} {a-0} ; {:ﬁﬁj[d&ﬁ] L Aog-) {3-9) a9
BRISTOL BRISTOL
fig. &.

Gd cargentration fn & standard arror) and opeurrance of netaliothionsing in eome jnvertebratos
onlleeted fron varioue leomlities of the Brisbel channel or froo wrpalluted areas (=kc Figurs 7).
For species presented in graph &, metallothionsing mere jdentified in the populetion living in

the Bristol Chemael. Thie is indicated by the mentics "WT™. Fgr spaaics af groph B, motallathic-

meine wera undetaatable in o1] populations. Approwinats Cd  concentration 5 waber (in pphl ia
Aiven wrider the nene of the atations.
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[sme fig.7 for the logation of the axplared sites)

shows clearly that Iin all the studied species high Cd concentra-

tion is always related to high metalloathisnelin content.

Cd contant inereases with age only in enimals with metallo-

thisaneina.

Pelperic

GANAL QE BEISTOL

A]s

OE CALAES |Grs-mor

&

MANCHE

fig. 7.
Locgtien of stations refarrad to in flg, &

when the Cd level reguirad to induce metallothisaein formation is

low [as is the case
direct relationship
populations exposed
fig.B}.

Ho such corrclaticon
water [Boyden

Lambot ef& xl.

collected in the ERrxisatol Channel.,

made.

As was cbserved Iin lahoratory erxperiments

on fish exposad

Table 1 gives the Od,

ko large concentrations of C©4,

for dog whelk, Nucella lopitllus), there iz a

between Cd concentraticn and size, evan in

to very low Cd concentrations (Cape Gris-Hez,

is abserved in limpets living in non polluted

£19741] and nea metallothicneins are formed [NoSl-
(1378al) 1.

In eels and flets

{Anguilla anguilla and Flatichktys fleaus)
similar observations can be

Zn and Cu lewvels in warious organs.
[(Hodl-Lambot (1930}]

the tissues dis-

- playing the highest Cd lesvel are also those that contain thio-
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Helationship batwean Cd, Cu or Zn congantrotions in soft tissue {ppn wat or dey waighk)
and total wat waight of the animale {with shalll in dog whelhs, Mucedis faoctfus, callected
from Cape Gris=er, Pas~da—aleis, Franos.
neins. In liwver and kidney for 1nsftance, 1t 1=z possible to de-

tect an increase opf Cd with age
{13783), but this has
(1872)

and Prosi

[Lovett et =1.

Tao conclude briefly

Stevens and Brown

[Mears and Eigler {1%77), MOller

never been shown for omuscle

(1974} ; Tong (19743).

the capacity of marine animals to synthetize

netallothioneina when exposed to ¢32 explaing the well knewn pro-

caess of cupulative absorption,

the leng half-time of the bound
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Table 1

Cencantzatien of G, ¥n and Tu in varlous organs of twe teleosts
captured at Hinkley Point (BEristel Channel]l Ln cobpection wikh the
pregence o not ofF setallothiopneins (from NoEl-Lamkot, 19480} .

Anguilla angwiilla {49 ca) Platichtys flerus (31 cm)

Concentraticn, p/g| Presence] Concentration, wafg |Presence

Cd Zn cu ;i od Zn Cu i:
Musclas o3 11,5 | .5 - o3 13.6 .5 -
Skin 1.1 8.2 [ 3.6 0.2 118.3 13.1
Stomach 0.} | 22.0 | 1.% - - -
Intostine 0.5 | 4.0 | 2.0 +7 0.5 57.3 2.4 +7
Liver 2w | axs RoLT + o.4 3.2 | 25.1 +
Bile o4 E.B | 4.9 - - -
K idney 3.5 fif. 3 1. + n.5 BT. 2 4.0 +T
GElls o.4 | ool 1.3 - 0.2 0.2 1.2 -
Heark =0, 2 2.8 | 2.1 - - -
Brain 0.2 8.0 j21.2 - - -
Air-hbladder 0.2 152 Jin.& - - -

+ : clear evidence of MT
+?: MT near the detestion limit
- - MT below the detectlon limit

metal and how some animeals can tolerate extremely high contamina-
““tion lavels when chronically =xposed.

The exizstence of these protalns teo which Hg, Cu and Zn also
Bind cannot be ignored in ecctoxicolegical research appllied ta
marine systems. They wera so far only studied in mammals and

"their existence Lln other phvla was only shown recently. Reviews
written by K3gl and Wordberg [(1979), WeEl-Lambot e& al. (1980)
tend to show that these proteins m:].gh.t well be widely distribu-
ted Iin the biosphere.

It iz interesting to note that properties of metallothioneins
extracted fraom limpets liwing in the Bristol Channel {see tables
2 and 3) are vervy simllar to these from other molluscs and from
vertebrates (Kigl and Wordberg (1979) ; Gegrge et al. (1979}
Frankenne et &I, (19080)). Limpets have at least twe metallethio-
neina carrying different charges, they probably as in mammals

cegrrespond to isoproteinas (Eojima and KAgi (1978)01.



hl=t:]

Table 2

bmino acld composition of metallethlenelna from
FPaealla vulgata (Erom Hofl-Lambot &t al., 1980)

Anino acid

Mumber of residuex {%) O

MTa

HTEb

[ 3

ILvsine
Histidine
Reginine
Lzpartic acid
Threonine
Serine
Glutamlie acid
Broline
Glyeine
Alanine
Cystelne [1/2)
Yaline
Methioneing
Igoleucine
Lewcine
Tyrogine
Fhepylalanine
Tryptophan

[ R—
il SR = VYRR - R IV R B SRR 2 N - -]

e B B BV B R R I o I Y S NN B

ot e 0P D WD & D R O
Ol = L1 a1 8 ch e 00 @ DD 2

r o

029 n kydrolysis
& petermined as cyatelc acid
O petermined aa methionine =sulfonse
W bHot determined

It is clear that the fate of Cd discharged 1in the envircnment
depends greatly on the presence ar absence of metallothioneins in
living matter and what happens after death.
threshold ¢& concentrations triggering the blosynthesiz of thacze

proteins and of the rate at which they are formed appears to hbe

A knowledge of

esscential to investigate the impact of Cd pollutian.

Meta] content (number of wekailic ions per 30 cysteinyl residues)
of merallobhloneins from Patella wuigatz [from No&l-lambot of ai.,

Tapla 3

1980]
cd Zn cu Tebal | -¥3teine
mektal
HTa 12,4 .9 13.1 z.
HTH 12.0 1.0 2.%




1.2.- Membrane limited granular structurss

Begides heing capable of storing heavy metals gn thicneinsa,
many apimals can accumulate these toXics in intracellular granu-
las or wegigles. This phenomenon of metal storage in particulate
ftructures is5 very widespread in marine and terrestrial inverte-
.brates and its occurence has been shown in numerous phyla
[Ballan—Dufran;ais ar al. (1979} ; Geprge and Pirie {1979]
Fanssen and Scholz (1979} : Georges et &I. {1980} : for a raview,
see Coombs (1920 ].
Seme recent results suggest that metallaothionelins may also be
assoriated with particulate structures within the ecell and net
be freely available within the cytoplasm [George and Firie [1979);

€. Ballan-Dufrangais and A.Y. Jeantet, perscnal communicatien
1979y 3.

2.- EXTRACELLULAR TRAPRS

The mucus layer or the cuticle af water expased tissues
(skiom, intestine, gills) of marine apimals and microorganlsms
through which metals penetrate the body may be considersed as ex-
tracellular traps because of their high affinity for many haavy
metals [Martio (1370) ; Coszsa (1976} ; Wright (19771 Eremling
et al. (t1978)]. These external storage sttes generally act as a
limiving facktsr to the entry @f the metals and in some way con-

trol internal bivaccumulation.

2.1.— Branchial mucug of teleosts

The mucus layer an fish gills has a very high affinity for
Hg as showno in table 4.
In e¢cls adapted to sea water the gills are the main route of en-
try of diszsolved Hg [Bouguegneau {197%)]1. Fizxation of Hg by
branchial mucug i3 an important step, s5ince it means that the me-
tal is first heavily coocentrated in mucus before it reaches the
branchial tissue where it is found at a wmuch lower concentration,
ta be finally transported to the different organs by the bload

girculatian.



Taple 4

Time savolution of the mercury concenteation in the wocus of the gille,
the 4111 kigowe and the whole body of eels {Anguiilla angedflial intexi-
cated in sea water contalning 50 ppb Hg {HgQCL ;)

Time of Hg concentratlon (ppm w.wt.)
edposUEs: 594 Hranchial | Branehial

water DUE % Ligsue Tetal hedy
1 day o.05 31 3 o.s
2 dars .05 14 q 1
4 days L, 05 6o 1 2

Some of the heavy metals are known Lo ztimulate mucus prodgc-
tion by fish [Eisler (1974) ; Varanasi and Markey {1978)]. They
alsc can induse increased mucus shedding [Baker {(19£9) ; Cpombs
et al. [1972)1].

Working with Serranue cabrilla we have observed an increase
of muocua production by g9ills during HgCl, intexication. It re-
zults heth from a stimulation of secretion and from an increase.
of the number of mucus producing calls in the branchial eapithe-
iium (Eouguegneaw and Radoux, te be published). This increasa
aof the mucua laver considerably limites the absorption of Hg++,
since the Hg loaded mweus 1s reogularly shed. The accumulation
kinetics in the whole body reflects this limiting procass @ al-
though elimination of Hg steored ingide the animal is wery slow,
the level reached in these animals guickly comes to a platean
[see Bouguegneaw et al. {157%) ; Radoux and Bouguegneau (197917,
This observation is clearly explained by a limitatrion of the rate
of entry hecause of mucus fermation and sobsequent delaminakion.

In Angutlla anguilla, where the whole body accumulation of Hg
is linear in time {fig.2}, no effect of the metal has been found

on the productlan of mucus {Boauguegnean &t al.,. to he publicshed).

2.2.~ Intestinal corpuscles in Egleocats
In zeveral speciesz of sea water fish, white mucous corpuscles

may be observed in the intestinal lumen of unfed animals (Fig.9%).



Fig, 9.

[nEestina] corpuscles in Anqedla aogadis in s lorgitudinal section of the intestive

Thig material, regularly evacuated by the anus was termed "intes=-
tinal corpuscles™ [Distéche (1974} ; Nogl=Lambot (19803Y]. Its
caontent in ¢a and Mg 1s very high : the=e metals are probably
prasent in the form of carbonates precipitated frem the zsea water
contalned in the intestine at the lewvwel of an organic support ma-
A4 of macus and cellulay debreis.

In fish intoxicared with CdClz, EoCl, or CuCl, added Lo sea
water, the corpuscles are found ko contain encrmous concentra-—
ticns of these metals and altheugh their weight is small, they
CArry a voery large part of the total metals found io the animals.
‘'The data presented in fig.l1Q show the Ilntestinal corpuscles re-
Eainn mora tham 99 & of the Cd present in the intestine and this
amount of trapped Cd 1s even greater than the total ©4 accumula=
ted hy all the tissues of the animal during & hrs intoxication.

The corpuscles are eliminated with the faeces. The presence of
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WATER

oo wg cdfg

F QESDOPHEAGTS

STOMACH
Stomachal liguid -

44,5 ug cd/g

*» 0,1 g
INTESTINE oo

Integtingl liguid - = 4,4 pg 4

1,3 ug rd/g
* 0.4 g

= 0,5 ug €4

Intestingl corpuscies

10GE, 0 g Cdfg
x 0,1 g *

= 100,55 py od i

» » Cadmium

ANTUS

fig. 10,

L coMeéntration ingids the dignstive trank of =els intoxicated during & hrs  in ses water
contalning 100 ppa Gd.  For sach constitwent the Cd comcentration (ppn or wofgl i given
oo wzll a9 the Jomd {ug) egeml te the product of fhe sorcertration and the welght of the

congtituent conaidersd. The loads are cpleulated for sale the weight of which baing adjusted
to T g.

intestinal eorpuscles, ditectly accumulating Cd or cother metals

Erom the sea water ingested by the animalse, zeems therefare to
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greatly limit the entry of heavy metals through the lntestinal

wall and thus protect fish agalnst thege peliutants.

2.3.- "Mucous pellers™ in Tunicates

The mucous secretions of the branchial rharynx and of the in-
testineg of Tunlcates can accumulate large guantitiez of cd. Mu-
¢ous fllaments or pallets enriched in 0Od are regularly ejected by
the exhalant siphon. The mean Cd concentration of thesa secre-
tians is 1700 ppm when the water concentration is kept at 2.5
pro. Az in figh the amgunt of rd attachaed on these litxle mu-
cous fflaments 1s larger than the total £d present in the whole
animal {fig.11},

Mucoue pelliets

Maan Cd cenc.: 1700 ppm
W.wL.

Cd content of the pel-

lets produced during

10 days : 170 pg,

Soft tiacues

cd canc, : 5,3 ppm
w.,wt
Cd content : 32 pg

Tunige : C4d cone. : 13 ppm w.wt,
Cd content : &5 pg

fig, 41,

Cd  goncentration and comdant in nucus pelleta and in Lhe tisauss of faocpsifs popsiloss
after 10 dhys intadication in sen water containing 0.5 ppa (o [Bof1,)
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It 15 wall kpnown that in these animals the branchial pharynx.
ezpecially the endestyle, produces large amounts of muecus and
protein secretions [Thorpe and Barrington (1965)]1. 0Olsson [1963)
has shown that some of the excreted proteins are rich in sulphur

which might explain Cd fixation.

Conclusions

While we don't know yet the exact detalls of the physico-
chemical and physiclogical mechanisms {mplied in the transloca-
tion of heavy metals, we have to hear in mind a genmeral picture
of the fate of heavy metals dischargad in a marine saviranment
when dealing with ecotoxicology (and bicaccumulation) .

Few or na metalz remaln present under their lonlec form. Some ,
like irgn and lead, are norwally presant as ¢ollofdal hydraus
oxides. Other ones form ingrganic complexes, bhut most of heavy
metalz are bound te the dissclved and particulate organic matter.

In thig regard, we suggest that plants and animals shoeuld be
cansidered a=s part of fthe particulate arganle matter. Thaere 13
indeed a competition hetween the dead and alive particulate orga-
nic matter to adsorb heawy metals in solution.

When considering animals, the mucus layer which covers the
whole body has a high affinity for heavy metals., First adsprhed
at that level, they may be taken up into the tissues by physiuiu—
gqical processes such az passive or facilltated dAiffusion and ac-
tive transport. Those mechanisms, hoth with the high affinity of
some intracellular compounds {(such as proteins), may lead to a
huge accumulaticon of toxic metals in the arganismes.

How can organisms tolerate such high concentratien since, in
wahy cases, they remain ahle to surviwve and reproduce normally ¥

Two storage mechanisms inside the ¢ella, can account for such
phenomana : elther a binding to metallothiconeins or a storage in-
side veesigles,

Another way to centrol high concentratlions 1s to increase the

rate of excretion of the pollwtant or to decrease the rate of en- -
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try into the cells, for example by an increase of the mucus se-

cretion by the external tissues,

Anather mechanism responzible for the accumulation of heavy
metals in organigsms ig an uptake wia the food chain. In some ca-
cec [ingrganic Hg, Cd), it has bheen shoewn that little metal could
be taken uvp by that way. The consequence is then an fmportant
increase of the metal faeces concentrations which, after elimina-

tion and sedimentation, may lead to an enrichment in heavy metals

of benthic ecasystems.
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The residual circulation of the Korth Sea
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Introducticn

Hydrodynamic wodels of the Worth Sea are primarily coacerned
with tides and storm surges and the assooiated currents Which can
have yelporitiess az high ags several meters per second.

However the period of the dominant tide is enly about s half
day and the characteristic life time of & synoptic weather pat-

~tern is of the order of a few days. The wery strong currenkts
which are produced by the tides and the atmospheric forcing are
thus relatively transitory and a2 Marine Biclogilst will argus that
aver time scales of biclegical interest, they change and reverse
o many times that they more or less cancel out, leaving only a
small reszidual contribuptian ta the net water circulation.

The ipportance of tidal and wind iaducad curreats on the ge-
neratien of turbulence and the mixking of water properties is of
courge not denied bhut many biologists would dbe content wilth some
rough parameterizatian of the efficiency of turbulent mixing and,
for the resbt; some general description of the long bLerm transporb
of "water massesz”.

Although the concept of "wmoving water masses", and its
train of pseudo-lagranglan misdoings, appeal to chemists and

biologisca who would like to find, in the field, near-laboratory
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canditions, it ls impoeeible te define it in any zecientifig way
and charts of the Horth Sea's waterxs like the ope shown in figure
1 and reproduced from Laevastu (1963} are easily migsintarpretad
and often confuse the situation by superpesing & flow Fattern an
an apparently permanent "geocgraphy" of water masses.

The notian of "residual® cireuwlation - whigh; at least,
has an Euleriapn foundatien - has long remained almost as
vague. Some paople have defined it as the chserved Tlow mipus
the computed tidal flaw. Such a definition i= understapndahble
from a physical point aof view but ope MUet realize that the
residual flow sc-defined contains all wind-ilnduoced currents,
inclading small scale fluctuwations. It is definitely not a
gteady or guasi-steady flow and same Attempts to vigualize
it by means of streamlines are gquestionable.

What Lt representg, in terms of marine chemistry or marias
ecelegy is not at all clear.

Actwally, if ane waots tn take the point of view of the
marine ecolaogist, what one should really took at is the
wedsn flow over some apprapriate period of time of bimlogical
interest.

It ig vustomary for experimentalists ko compute, from
lang series of chservations, daily, weekly and monthly
averages.

What such averages actually represant iz debatable.

Mo douht that tidal gurrents are essentially remaved in
this process. However with tidal velocities, one or twe srders
of magnitude higher thao residnal velocities and the latter of
the order of traditional current-meters'errsrs, ocne may fear
that, as a result of the non-linearities of the equipment, the
error remalns the same order of magnitude aftar averaging and
leads to & 100 % inacceuracy in the calcoulated mean residual
(e.g- Nihoul, 1980}.

Mereover tha cheoice of the periods of time over which Ehe
averages are made 1s not obviows as it seems to rely more an the
calendar than on physical processses. One Wust be guite clear of

what pne gets from sueh averages.



-
-
-

.||r. Harthern .1:
o Merkh Sea
L waters

Erglich /
coaetal )

=1r i

fig. 1.
Water typea in tho Morth 583 ascording to Lagyeaku [93)

2



22

with tides raversing four times dally and changes in the
syneptic weather pattern taking several days, one may expect
daily averages to remove tidal wotions while still catching most
af the residual currents responding to the gvalving metacrolo-
gical conditions.

Monthly averages, on the other hand, will have a more
"climatic"sense and will presumably represent the residual cir-
culation which I=s induced hy macroscale ocganic currents and
the mean effesct of nop-linear interactions of mesoscale motians
(tides, storm syrges ...1).

The rale 9f residual currents and rezidual sSbructures
[fronks ...1 ina the dynamics of marine populations, the long
term transport of sediments or the ultimate disposal of pollu-
tant=, for example, 18 universally recogniged bhut different
szhoels of thecreticianpns and experimentalists still favour diffe-
rent definltions which, in the case of the Noreh Sea, may have
little ipn common apart from the fact that the strong tidal oscil-
latione have been removed.

Obviously, each defiasivion addresses @ particular kind of
problem and 1f, as it is now upiversgally agreed, the residual
circulation is defined as the mean moticn aover a pericd of time
sufficlently large to cancel tidal oscillatlions and tranmsient
" wind-induced currents, there is still Lhae prohlem of choosing
the time interwval of averaging, taklng into accounk the ob-
jectives of the study.

In any case, it 12 not demonstrated that such a2 time ave-
rage may be chtaingd with sufflecient Acocuracy from experimental
records. A8 pointed out kbefore, the averagioy takes away more
than 23 ¥ of the signal and the fipal result i5 of the same
arder as the instrumental error.

In the fellowing, one cxaminee how the problem can be

approached through wethematical medelling.
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The governing equations

The three-dimensional hydrodynamic eguations applicakle to
a well-mixed continental Bea, like the North Sea, ¢an be written
{8.g. Nihoul, 1975)

Y.w = 1D ti}
3—:+v.[w]+zunv=-vq+v,n {2}
where @ i=s the EBEarth's rotation vector , g = % + gxy; . P is

the pressure, p the sperific mass of sea water, x, the wvwertical
coardipate and B the Raynolds stress tensor (the stress is here
per upit mass of sea water}) resulting from the non-linear inter-
actions oF three-dimensional microscale turbulent fluctuations.

The Reynclds stress tensor can he parametegrirzed in terms
of eddy viscosity coefficients. In micresecale threge-dlmensional
turbulence, these coefficients are of the same order of magni-
tude in the horizontal and vertical directions. Then, horizontal
length scales being much Larger than the depth, the last term
ipn the right=-hand side of eg.{?}) can be written simply, with
a very good approximation

BT d v

TR o= G- s T R (3}

where i 1z khe vertlcal eddy viecoslty and T the Reynolds stress
[vector) .

The recsidual flow 15 defined as the meapn flow daver a time
T sufliciently large E£o covar at least aone or two tidal periods.

If the subsecript "g" denctee such an average, one maéy wrlte

Vo= v, vV, (43
with

1 t+7

E'j v de = v, (52
' t

L ]t+T
= v, dr = 0 (&)
TJ, 1
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What v, and ¥, respectively include depends on the time of
integration T-

If T ig of the order of one day {exactly two or three pa-
ricds of the dominant My tidel, T ~ 10%; the averaging elimi-
nates the tidal currents and smoocthes out all current Elustu-—
ations: —-genarated by variations of the wind field, for ins-—
tance- , which have a time smaller than T.

However, as mentioned hafore, chenges 1ln the synoptic wea-
ther pattern have time scales comparable with T -~ t0%. Thus,
unless one conesliders perlods of negligibkle metesralogical for-
fing, T ~ 10° does not carregspond to a valley Iin the energy
spectrum of the curraents. In that case, one cannot derive an
eguation for ¥, by averaglng eg.(2) and assuming that, as for an
ensemble average, the averaging rommutes with the time deris
vative. Furthermore, ¥, defined in this way, depends VYary much
on time and doesn’t correspend to the guasi-steady drift flow
tha biologists have in mind when they talk about residuals.

One might argue that such a time dependent daily mean is
st111 worth calculating to follow the response of the =ea to the
evolving weather pattermn especially in storm conditions,

However a time step of the order of i0° 1s too large to predict
the storm-induced currents with accuracy and it 1s much wiser, in
that casg, ta forget about averaging and selwe eg. (1) and {2) for
tides and storm aurges simultapecunsly.

Thus, “"daity" residuals do not seem to be appropriats ta
describe real Situations in khe Horkth Sea.

From a4 mathematical point of view, however, one can always
gonsider the mean currents ocver kwo or theese tidal periads, ne-
glecting all atmospheric influepce. Buch "tidal residoals” em-
phasize the part played by tidal motions in determining the re-
sidual circulation and, with very much less computer work needed,
they give a fairly good ldea of the "climatic residual circu-
lation™ described helow.

If one takes, now., a much grealer time of averaging, say T
of the arder of 10% [~ Ekwo weeks) to 10”7 [~ four months}l ope

may expect, over such a long time, & great varlety of Alfferent
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metearological conditions resulting ip 4n almost rasdem Atmoz—
pherlc forcing on the sea. The current PAtterns will refleet
the atmospheric variabhility and, on the averaqge, thera will be
only a small residue.

The mean flow over & time T ~ 1[::‘,101 may be ragarded as
the "elimatic residual"™ flow which affects the dynamicas of bio-
logical populationa, the long term transport of sediments and
the slow removal of pollutants.

The climatic circulation in the Morth Sea is preduced by
the inflow and outflow of macroscale ARtlantie currepts, by the
acticn of the mean wind stress and, as shown balow, by the maean
#ffect of non-linear interactions of mesoscEls moEians {tidesz,
&torm surges ... .

The eguations for the climatic residual flow may he obtalnped
by taking the average of egs. (1) and (2} over the chosen time
T (T ~ 10%, 167},

The time derivative in the left-hand side of rg. (2} glves

4 cantributico

Vit +Th - Wit}
T

(7

Since the time T has heen chosen a multiple of the main
tidal pericd and large encugh ko cover a great variety of metec-
tologlieal events:, one should expect the nuterator of (7} Lo he
of the same order as the residual welogity ¥,. If one takes it
t3 be one order of magnitude larger to be on the safe side, one
find

3

TLrTL - W8 ¢ 5197 ) (8)

T -~

The average of the Coriolis accelaration is

TR A v, o~ 00107 v

One way thus neglect the contribution of the time derivativa

in the eguatiaon for Vo
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The climatiec residual circulation iz thep gilven by the steady

state pguations

V., = 0 (10

o
aT,
'ﬁ'.{%] t 2R oaw, = - Vg, a—= + TN {11
1
where
N o= (- vy {12}

Since ¥, i2 one or twe orders of magnitude smwaller than
¥, which contains in particular the tidal currents, the first
term in the left-hapnd side of ag.{12}) is completely nagligible.
The tensor N in the right-hand aide playe, £or mescscale motilons,
a rale similar to that of the turbulent Reynolds etress tensar
R in #g9.{2}) and may be called the "mesoscale Reynolds stress
tensor™. The last texrm in the right-neand side of eg-{ll1)] repre-—
sents an additiconal force acting on the residual floﬁ and
resulting from Ehe non-linear interacticns of mescscale moebions
{tides, storm surges ...).

The importance of this force wag discovered., first, by
depth=integqrated numerical modals of the resldwal cireulatian
in the Horth Sca (Hihoul 1874, Nihoul and Randay 1375} and the
assoclated stress was initially referred to as the "tidal
stress5" to emphasize the ocmoiproefsent contribution of tidal

motiong.

The mesoscale Reynolds stress tensor

The tensor N ecan be computed explieitly by solwving egs. (1)
and (2} for mesoggale motions and taking the climatic average of
the dyadlie w,v, .

In fact the solution of egs. (1] and (2?) with appropriate

wind forcing and open sea houndary condikions yields

Vs, b ow,
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and one may reasonably ask the guestion why one must go through
the processe ¢f computing M and solwving egs. (10) and (11) to
cghtain the residual wvelocity ¥, I.e. why¥ one cannockt solve {1}

and {2) for the total veleocity ¥ and simply derive W
directly, by averaging the scluticn of egs. {1} and (2)].

from W

Tha problem here, again, iz that, 1in the North Sea, ¥, re-
presents S0 % of W . If one allows for an exrror d¥ on W
aof, zay, 10 & , resulting from the imprecision of open zea boun-
dary canditiaps and frow the approximations <of the numerical me-
thod, the arrer is of the same order of magnitude as the residual
flow v, .

Becanse of pon-linearities, one may fear that, in the awve-
raging process, thisz srror does not, foar thea assential, cancel
out as ¥, does, Thus averagling the soluticen ¥ of egs. {1] and
[2), one gete ¥, + {f¥w}, i.e. the residvwal veloclty with an
arror Wwhich may be as large as 100 % {HNihoul and Ronday, 197&al.

The progedure i3 concelvable when modelling a very limirted
area [(near a poast, for instance) where the mesh size of the nu-
merical grid can be reduced and whare the open-saa boundary can-
ditions can be determined with greater accuracy by direct measu-
rements. Then &V can be made small encugh for the average
v, t :ﬁv% to provide a satizfactory evaluation of the residual

Elow v,

In the case of the North Sea or, even, the Scuthern Bight or
the English Channel, models of such a high accuracy are prohibi-
tively expepsive and cannet be considered for routine forecasting.

Howewer, the clagsgical modaels give v, wWith a fair aceuracy
and they can ba wsed to compute the mesoscale stress tengor N .

The latter can ke substltuted in eg. (11} and the system of
eqs. {10} and (11) can be solved very guickly to obtain W,

on& can show that, 1n this way, one can detaermine ¥, with
gaod accuradcy.

Typical wvalues [or the Horth Sea show that, in general, the
two terms 2 0 A ¥, and V.[- v, v, are of the same order of

magnitude,
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If fv, i3 the srror on Vv, . one hasg
iv,
ﬁ[ﬂn[- W, v, }ﬂ'] . [?.I- v,v,JQI T

G,
~  G{2dv, \.I'_}
1

This error induces an errar v, on ¥, given by

bv,
28 s by o~ [V - v,v1]u] ~ 0120w, ‘-'_.]
i.e
dv, - gv,
Vi ¥

Hence the relative error is the same on ¥, and on ¥, and

not the aksolute error as before. Thus 1F u zan be computed

1
with, 2ay, a 90 % preclsion, the solution of the averaged egua-
tions (10} and (11) will give the residual clroculation with the

same 90 % preciglon.

The eguation for the horizontal transport

If ocne writes
o=+ 0w e, ; u =g, + 1, (133: {137}

emphasizging the harizontal velogity veoctor WO , one defines the

residual borizontal transport as
o, =] L, dxg; = ¥, T, {143

where Eu igs the dapth-averaged wvelocity, Hy = h + g, . h is
the depth and £, the residual surface alevation.(H, ~ h bhecause
Lg % hl.

The deriwvation of eguatlions for the residual trapapert by

integration of egs. {10) and {11} over depth is gqulbe straight-
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forward (e.g. Nihoul, 1975a). One finds, after sowe recrdering,

v.U, = o {15)
fe, nlU, ==-18, Vg, - XKD, + 8@ (18}
where

o | u,l,
r = = (17}

Uy denoting the depth-mean of 1, and B standing in brisaf for

whera
(1 T, 4is the residual wind stress
{il] Ty 1z the mesascale Reynolds BLress
LT
n
T, =I Voi- wou,) dx, {187
-h

1il1i] Tﬂ iz the mesescale "friction stress™

T, = o w0 u,y, (19)
The fricticn stress is the part of the residual hottom stresa
{the first part is - K Uy} which results from the non-linear
lntaractions of mescercals moticns. It 18 analeogous to the Rey-
nolds stress t; and repregsents an additional forcing on the
residual £flow,
Einece U, is a two-dimensgicnal horizantal wactor, =q. {15}

suggests the introduction of & stream function fix, »x,l suech
that

S I
Uy, T {203
]
U, = ¥ (21}
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Eliminating g, between the twe horizental components of
eq. (1&), one obtalns then a single elliptic equaticen for P
viz. [using {(203]

X By (3 K, B__ £ Aw_ (3 K _ B E
A I vl () o+ (5] o+ [ (3 (=]

In, X, h X, " #x,; h di,
a B (22
3 H @ 1
LR I:h:I %, {h}

This equation must ba solved wibth appropriate boundary con-—
diticons, If one can simply take ¢ + const. along the coasts,
the canditicns on the open-sga houndaries are much more diffi-
culk to aszzeszs. One hasx estimates of the total inflows through
the s5traits of Dover [~ 7400 km’.y_1 (Van Veen, 19389; Carruthers,
9353 ], the Merthern boundary [~ 23000 km?.y™' (EKalle, 19490;
Laevastu, 1963)], through the Skagerrak [~ 479 km*.y¥"' (Ires
Skagerrak Expedition)] as well as of the contrikbution @f the
main pivers E~ 245 ko® .y ' (Me Cave, 1974} ] but ths distribution
of these flows alaong the boundaries are poorly kpown and ocne
muat refort Lo Iinterpolaticn formulas which may or may not re-

" present adequately the coantributicon, tm the residual circulation
of the North Sea, of inflowing or outflowing occeanie macroscale
"wareents {e,g. Ronday, 197%). A pettey determination of the con-
ditiens along open—sea boundaries is needed and should he consi-

dered with the higheggt priority 1in the near futuara.

EqQ. (22} shows the influence on the yvesidual flow of the
residoual friction :uéfficient ¥ andg 1ts gradient, of bthe dis-
tribution of depths. on the cur]l of the resldual wind stress
and af the masoscale steetees 13 and T;.

In relatively coarsme grid models of the whole Morth Sea
[where the variations of X and h are partly smoothed out), the
effect of the mesoscale sSkresses appears to he the most specta-
cular. Thle is illustrated by figures (2}, {3) and {4), Ffi-
Furing the resldual circulation in negligible wind conpditians.

Flgure (2] ehowe the residual Flow pattern assumipng & constant

Jepth of A0 m and neglecting r: and T,



¥

a1

| moy

L 55
SWEDEN

L 7
T

| =5

[ s

ENGL AND NOS _ )
150 oF 1oL 52

GIiUM - 51
L 50

L &5

fig, 2.

Fesidwal oirquletiom in the Morth Sen oslouisted in mregligible wind ponditions
sestnling o sonstant dapth end regleating tie wacoscels stresses. {3treanlines
in W wie}



-
! FAJR 15LE
-

NORWAY

L 59
SWEDEM

L 58

REEROE ™

N
SCOTLRND -

| =

| =B
| ==

L 5

NéquEEL NDS

WOCE IF HIJLLGNE -

ENCLAND

E GIUM L o1’

| we

fig. 3.

Reeidyel cirgyletion in {ha Herth Sea celawlsted in negligible wind somditicne
with E-I;N! I‘;Bll-'l_ldtpih digtribution neglecting the mascacale atresmes. [Streanlines
in 108 mts '}




ENCLAND

Fia. 4,

Repidual cirgulption in the Merth Sam celouletaed in negligible wing eomditisne
with the real depth distritution, taking the neccscate strepsss T7 and T
into pecount. {Steemlinas in 107 ntg7 '}

223

51"



g4

Figure (3} zhows the flow pattern taking the depth distribution

inte account and neglecting T

B
g 2hd T,

Figure (4] shows the Flow pattern taking the depth distribution
ints acesount and inclhding t: and t; computed from the results
of a preliminary timea dependent model of mesossale flows.

The differences between figures {2) and (3} are swmall. They
hoth reproduce the broad trend of thé residual circulation in-
duced by the fin-and ocut-flow of two branchee of the North
Atlantic current but they Faill to uncover residual gyres which
condtitue essential features of the rasidual flow pattern and
which have been traced in the field by opservations le.qg.

Zimnmerman, 19767 Riepma, 14977; Beckers @t a21., 1976&].

51
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fig. 5.

Reaichal cirgulation in the Sguthern Bight oalowlated in negligible wind
conditiane, with the roml depth digtribwtion, takica into scsount the
wnpcecals strwoees 7Y med 1) . (Streelines in 107 p¥ o)
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A comparison hetween figure (4} and figura {1) shows a
gacd agreamant between the predicticns of the model and the
expacted circulaticn of water masees in the Nerth Seg.

However, ag mentioned hafore, a model covering the whole
Horth Sea doee net have a sufficiently fine resolwution (of bok-
tom topography, for instance) and cannot detect all the existing
OYI2E-

For that reasony three models were run simultanecusly, ane
covering the Horth Sea and part of the Engllsh Channel, apother
one, the Southern Bight and the third one, the Belgian coastal
waters: the large acale models providing epen-sea houndary con-

ditions for the smallaer scale models,

Figure (5} shows the residual sirculation in the Southern Bight,
COne notiees in particular a gyre ofF the Belgian ceoast which was
not apparent oh figqure (d4). Thi=z gyre is produced by the meso-
scala stresses in relation with the spatial wariatlons of the
depth and of the residual friction coeffieclent K [(Nihoul &nd
Eonday, 19768). The presence of the gyre has been shown te play
an important raole in the distribution of sediments (Nihoul, 1975k}
and in creating off the Herthern Baelgian coast the conditions of
an cuter-lagoeon with specific chemical and ecolegical charac—

Jteristics (Nihoul, 1974; Beckers et ai,, 19761,

The energy eguations

Uting eg. (3], one can write the aguations Eor W . Vv, and

¥, in the form

dw _ 1T
el .(vw) + 2 @ nw = ¥g + . (23]
0T,
Tolwgw,l + 2R AV, = - Fg, 4+ o + TN {24}
E
a¥,
T O Felwvy o roww, v, - iy vl L+ 2R A
]
aT, {25}
= = ¥q, %

H
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with
Py Tv, =¥V, =0 (28) 1270, {28)

One can sea that the equation for v, is eggentially the zame

1
a5 the aquation for ¥ . They only differ by terms which are or-
dera of magnitude smaller. It is the. raasocn why, one can, with

the appropriate houndary conpditivns, determine the mesascala wve-
g r i

a segond step, taking the coupling between the two types of motlan

logity %, , in a first step, and the residual yeloclty

into account in the calculation of ¥, anly.

Taking the acalar products of gqge. (23), (24} and (2%) rea=-
bectively by ¥ . %, and ¥, , using (26}, (27) and (2B}, and
averaging over T, one finds, neglasting again the centributions
from the time derivatives under the assumption that T Is suffi=-

ciently large :

v 3 oy ’
V.lw -+ v gl, = % (¥.Tl, (T '3K3}u {29
Vg ¥ IV,
V.iwy =t Vedy - ¥, .H} = Ix, ¥y Tl = T, .5;: = H: Vv, (3]
? 2
. M ¥ 3 - KT
- v = + W, 3+ 1.?'11:_:_']“- T {".i't,'l:“'l‘:I T, - Bxs s Vv,
(311}
The terms in the left—hand sides of egg. (29), (30) and

[31) are of the divergence form. They represent fluxes of ener-—
9¥ in physical space. The terms in the right-hand gides LBRLe—
fent rates of energy proaductian or destructian ar sneargy ex-
changes between ecales of meotian.

Integrating over depth, one can see for instance that the
first terme represent rhe averagse raté 9F work of the wind stress

Tt , i.a.

E H _ 5 -] a ]
(¥ .17 =wo.T, + w1 (32}

where ¥° denotes the surface velooity.
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The secpnd term in the right-hand side of ag. (29} ig rela-

tad to the averaga dissipation ofF energy. Using eg. (3}, one has,

indeed
_ dv_ _ .o 3% R
LI i vl {33)
where % is the eddy viscosity.
Theé depth-averaged dissipation rate
1 o gy
E = {T . ™} dx [34}
B, [h gy, 3

can be 2plit in two parts, a4 seen from egs, (300 and {31}, f.e.

N av, 1 g av, .
£ = E: T, .3;:— dx, + E: (T, - F;Ih dx, 115}
—h -h

The contribution of the residual stress =1, to the enargy budget

The second term in the right-hand side of eg. (15) 1z ob-
viously related to the energy dissipated by the mescgcale mo-
tions. It is, by far, the assential coptribution to € and may
serve as a firat approximation of 1t. It is however the first
term ope ig intevested in, here, to explain the physical mecha-
nisma which contrihbute to shape the residual circulation.

In evaluating this term, cne can chviously resktrict atten-

ticn ko the horizontal components of the vectors T, and ¥, .and
R

thisz is &lev true for any scalar product of the forym T T
]

One hae indeed, from the continuity equatian,

o
CE

= v.a -~ {”_E:'

where L is the characteristic scale of horizantal varietions.
On the other hand

u
iy U‘h}
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Einece h % L , the contributions from the vertical velocity arae
completaly negligible In the integrals of eq. (35),

The applicaticn bof the thras-dimensional eguaticns (1} and
t2) to the North Sea (Nihoul, 1977; Nthoul et al., 1979} shows
that

(i} the terbulent stresz can be written

C b o} = af
1:=*|:£+'E|21—£}+KHTHHXA,.,J'.{E;JE {36}
1

where 1° and 1% are respacktively the surface gtrezs and the
battom stress (pexr unlt mass of sea watex), £ = B [x, + h) ,
H=h+ ¢, h i3 the depth and 1 the surface elevation, the
An's are functiens of +t, x, and x, invelving <tT°, T® and
thelr time derivaties, £ ie the ¥on Karwan constant,
ME) = ————
e [IT°° =
and the functions £ (£} are the eigenfunctiens of the problen
af

d n _
ac ) 3t 1= a, £, 1317}

af,
B m— = = =

T 4] at 3 i) and E 1 (28]

a, being tha corresponding eigenvalue.

The last term io the right-hand =ide of eg. {16} plays an
important role in the determinatian of the velacity fleld w
but iks effect is limited to relatively short périndé of weak
currents (at tide reversal, for instanece) (Mihoul, 1977;

Hinoul 2t &l., 1978} and it contributes wvery little to the reszi-
dual turbulent Reynolds stress okhtained by averaging aver a
time T eovering several tidal periods.

Hence, setting 2 = =, + h , coe may write, with a good

approximatian
b |:T - T

Ty ~ T, o+ bz 139}
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[1l) the bottom SLYress T 1is a function of T° : the depth-
averaged welocity W and the time derivaties of U .

1f one excapts, again, shert periogds of weak currants, "

can bg approximated by the classical "guadratic bottom Ffrickiom

Law™

" = pyala (40}

where D i3 the drag coeffirient.

Averaging over a time T asa bhefore, one obtains then
b — - - -_
T, ~ D lagil, w, + (0 Uu,lt w,), {41}
iI.e., using egs. [(17) and (15}
a sF 0, + T, 1427

Changing wariable to = and uwaing (39}, one can Write

¢

f M
1 _‘ﬂ iy 1 J s,
- T, « % dx —_ T, + =— d=
He J, ¢ 7 axy ? Ho 4, o
H

32 {43}
1 N i R G R LT
PO L K L=l P (T . =L
Hy LT u, K ¢ dz
I3 o

The horizontal velocity W, however it may for the rest

vary with depth, always has a logarithmic profile near the boftom.

This implies that %E? behaves like =z' near = = 0 . A& flrst
consagquenca of thilis asymptotle behaviour of the velocity preofile
i that integrals over depth are, strictly speazking, not taken
fram = = 0 tao the surface but frowm some very small height =,
(the "rugaosity length")] ko the surfage. This has heen taken inteo
aceount in 2. {(43). A sacond conseguence is that the first in-
tegral 1n the right-hand zldae of eg. (43]) is largely dominant,
the singularity at =z = [} helng cancelled in the second inte-
gral by the factar =.

Sinece the sacoend integral le only & small coarrection, ona

may make the appreximation
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Eq. {43) ecan thus be rewrikten

11 L H
Lt avy T, ? z, B,
- - - — - = |
B, Ih T, TP dx, i, ] {1 HuJ Fym z
- iy . " (44}
Tﬂ ¢ Z auu
+ — — — dz
Hn Hﬂ iz
i
Integrating by parts, one gets
ba LU % E _—
1 Wy Tp.lU, Ty Wy - W)
- Ty - 7 dx T b ——— {45]
Hy _[h 97 Axg ® H, Hy
i.e., using eg. (42}
fa 1 - ] = -
1 avy —2 L Ty-fWp = U,
7y Ih T, o, dx, ~ K u  + i, + K, {(46)

The firzt two terms in the Tight-hand side of wg. (30) inte-
grated owver depth give then

fo 3 v, fa 4T,
[3;: v, Tyl - 1, ’E;:I dx, = ¥, .3;? dx,
=N -h

(47]

8o — P
= Ty.Wy = KHpuy + T,.u,

I,&. the same result ocne would have cbtained from the dapth ilnte-
grated transport aguation for the contribution of the wind stress
and the hottom stress, by taking the acalar produce af eq. {16}
by Go-

One notes that, in the right-hand side of =g. (48], only
the first term can be aszspclated without ambiguity to the dissi-
patiocn of energy. The second tarm repraszeanta the rate af work
of the mescscale Friction stress. Blthough its "bhatteom frietion”
arigln is clear, jits s5ign eanpot be set & priori and there ie no
reason wWhy it could not actually provide energy to the rasidual
flow,

The same can be said for the last term im the right~hand
side of 2q. {30). This term appears with the oppesite aign in
9. [31}. It thus represents an exchange of enargy between resi-

dual and mesoscale flows: this texrm can he eglthar pozitive ar
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negative. There 1s no way of knowing 3 pricri whether the anergy
is extracted from the mean flow and goss from macroscales to

wascscales or if 1t 1s supplled to the mean Flow by mesgscale

motiong.

The exchange of energy hetween scales of motion

The £xXchange of ensrgy between hacroscrales and mescscales
can be characterized, at gach point of the North Sea, by the

depth-avaraged rates of energy transfer

g
Ey ™ E: H:ve ) dx, (48}
-h
1 f -
g = E: LT, -u,) (49}

Thaese gquantities, which may be positive or negative should
bo compared with the rate of enegrgy dissipation by the resi-

dual motion = i.e.

— 2
Ep = K 1, {50)

The mesoescale Reynolds strass tensor N also contributes to
the term V. [- H.¥_,) in the left-hand side of eg. (30).

Thi=s is a completely different effect bhecause it lmplies a
flux of anergy in physical space while N + ¥, ., appearing 1in
boths eq. (30) and (31), represents a transfer of energy hetwsen
scalas, I.e. a flux of energy in Fourier space.

This effect cannot however be ignored if one wapnts to un-
derstand the mechanisms by which the mescscale stresses act on

the reasidual flow, Onea shaill define
&
§ & === I Iv.{- H.w, )] ax, [51]
Hyg
“h
It may be noted here that

fa
Hy {8 + €] =-] Cwy - (9.H) ] dx,
" h
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fig. &,
Curves o aqual valuts of tha Sinpson—Hunter parameter
5= logg M Y7 dn the Marth Sea.

ig net gquite the same as the rate of wark 2f the mesoscale

Beynolds stress t; 45 one would evaluate it by kakipng the sca-
lar product of eqQ.{l&} hy Eﬂ.
it has seesed interesting to explore the interactions

between the residual flow and the mesoscale motions In the Worth
Nihoul

Zea by ralculating By + Eg » Ep and § using the results ol Lthe
[(Mihoul, 1277;

three-dimensiconal medel mentioned earlier
ta begln with, a siltuatlon of negligible

et al,, 1979). Taking,



wind forcing, the model wagz apﬁliad to the determinations of
the tidal flow, af the tidal residuals and of the transfer fun-
ctions &, 80 Ep and & ., The depth~averaged dissipation rate ¢
leq. 34) was alss computed for comparison.

Figure & shows the distribution over the Noerth Sea of the

non-dimensional parameter

E*
8§ = log, - (52)
where £* 15 a value of reference taken here as 107" o¥.s"? ,

The parameter 5 wAs introduced hy Simpson and Hunter who
arguned that the critical walue 5 = 1.5 ipndicated the reqglons where
fronts were Likely to form in the sunmer. This predictlon appears
te be Fairly well confirmed by observations {e.g. Fingrese and
Griffiths 1978, Nihoul 1980).

One can gsee on figure & that € wvarias from values of the
order aof 10°°% or larger in the Southern Bight to 10" in coas-
tal areas and 10 1in tha Northern part of the North S=a.

There ls some similieude betweath the distribution of £ and
that of € + €, and ¢ but €, . ey and § are in general
ahont two orders of magnitude emaller than & . Furbthermore,
.while ¢©p is positive definite, both positive and negative va-
lues of €, and ¢ are found.

Poaitive values of £y indicate a transfer of energy from
the mean {residwual) flow to the mesescale motian (& positive
.mescscale eddy viscosity in the terminology of turbulence),

Zuch posgitive values are found in rather well-marked often

.iszplated regians which have the appearance of large masescala
gddies with smalle¥ mezsosrale eddies inside them. Thisz can be
seen on figure 7 which shows the distributicn of the posltive

values of

By = — {53}
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ENGL AND

2 L 0 1 2 Y v 5 B 7 a 8

fig, T,

Matribution of the positive vaiuee of the roemalized tearefer fumotipn &

M
in the Morth Ses (no wind).

The heavy line is the curve €y = 1. Ik maoy places, it

nearly caincides with the line "9" where £, changes siqn’.

* In interpretieg figere 7 and thosa whish fellom, gna nust eenanbar thab having to calzulate heeeizomta?

gradients, the nodel can only provide resulls coe grid paint awsy from the cosct. One esnnat a8y anything
fron the figuree abaut the constel fringe.
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Fig. B,

Distribytion of tha positive walwee of the normalized function
éy + B in the North Sen (oo windd.

The distribution of & ie roughly the opposite. & 15 ge-
nerally negatlve where £, is poeitive. Rz a result the sunm
Ey + § drope by almost one order of magnitude az shown in figure

8 where the positive valuez of




238

o, 4
£p Ep

(54}

are plottad (the hsavy line 1z the curve EN + & = 1), Again the -~
pogitlve reglione appeay rather localized whila the negatlive va-
lyes are more diffusgsed, the largest negative values {in ths
ranga -1, - 10} veocwering in the western and central parte of
the North Gea.

Fositive and negative values of e, are alse found in diffe-
rent regions of the Horth Sea, However these values are generally
Zmall [~ 19“9} except 1n a few loealized places such as very
shallow areas like the Southarn Bight, whare poszitive and nega-

tive valuas of &p of the order of 1077

are pheexrved., (This
result could have been anticipated. In the absence of wind, the
meeosacale velagcity E1 ls the tidal wvelocity and the contribution

f

te T, frem a velocity u, at a given time tends te ke cancelled

1
by an cpposite contribution of a wvelocity = E1 ; about one half
tidal perlod later. In shaliow watera of courase, the smallness
f the depth, appearing at the denominateor in eg. {49), increages
the order of magnitude of ep .J

The sum €y * € represents the rate of work of the meso-
Scales stresses. Again, one finds regions where it is positive
and regions where 1t i5 negative with rather sharp tranzitions
indicated as before by the freguent coincidence of the curves
2 and 1 in the plot of the normalized rate of work
e t Ep
£y t Eg = '-"ED—— (2573
Positlve and nmegatiwve walues of EN + EF are found in the range
=10 with large regions wheyxe it iz of order |1

The pattern of the total rate of energy production (or des-
tructicn).
ey + g + B

Ey + £ + 1 = [5&)
o

is rather aimilar t¢ bLha paktern of EN + EF . {Because of the i
sharp transitions, the additlion of 1 ig determinant only in a

few places.]



237

ENGL AND

Fig. 9.
Distribution of positive values of 1 4 &, + f¢  in the Nerth Sea (no wind)

The two patterns &re less patchy. Regions of positive and
negative values form more connected zones.
Comparing with the corresponding residual eirculation, one finds

ﬁhat well-identified residual g¥res are generally agsociated with
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regions of negative values (negative mesoscale eddy vwiscoszsity
in turbulent terminolaogy) while streamwise flows appaear rather
to follow the hands of positive values (positive mesoscale eddy
vigcoglity 1in turbulent terminology) 1o agreement wich the re-
sults of an earlier study (Nihoul, 1880).(Figure 9].

In summary, the interaction between the residual flow and
the mesoscale tidal flow appears to be characterized by a trans-
Eer 0f energy between motiones of different scales. This tranafer
goes from macroscalas to mesoscales in some regions (positive
mesoscale eddy viscosity effect) and from messgcales to
macrascales in soeme obkher reglong (negqative megasacale eddy
viscosity effect). & horizental flux of kinetic energy is set
up to compensate, Lo Some extent.

Jt 13 interesting ta note that the total sun
8+ ey + e + Ep

B+ B, + B, + 1 = {57
tp

is pout pusitive everywhere. B rather axtensive patch of negative
values {in the ramge -1 to -10)spreads out frow the Western
Worth $ea, off the coasts of 2cotland and Worthorn England, inte

the central part of the Neorth Sea. .

w
Gaing back to eg. {30} whare the tezrm ¥.{¥, -fﬂ iz always
coompletely negligible, one seas that, in the ahsence of wind Eor-
clng, negative wvaluwes of the sum (57} imply

V.oV, g, = vu.Qqn > 0 (58]

i.e., the mesoscale stressas are actunally driving the residual

Elow"up the residuwal zlope.and pressure gradient™.

The effect of the wind

As pointaed aut, in the introduction, the tidal regiduals
considered in the preceding sections can ooly constitute a first
approximation «f what a4 real climatle residual circulaticon is.

The atmospheric forcing has been neglected both i determining
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tig. 0.

Diatribytion of poaltive valupe af &, in the Markth Sea
{wiform sonstant wind of 15 m.a'' {ron tha Morth-¥eal)

the mescscale motion and Iin computing the resulting residuale.
Tha advantade Was that the time of averaqing could be limited
.to two or three tidal pericds. This is not possible if one

includes the effect of 2 wind field which itself evolves with

8 charactexistic time of thse zame order.
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CERMANY
ENGL AMND

fig. 11.

Distribytion of positive walyes af &y + § i Ehe Morth Sea
{uwrilorm conatant wind of 15 n.s”' Tron bhe Borbh-Wask)

In zome cases, Une may have td go to averaging over sevaral
weeks to onsure that the average is meanimgful. This Ilmplies
thaet the mesoscale veloucity field must be calculated over the
same period of time and the cost of ocperating the model hecomos

rapidly prohlhitively large.
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fig. 12.

Diatribution of pealtive walyes of 7 + &y + 2 in the Morth Ssa
{wnifer corctant wind of 15 m.a™!  froo the Morth-Weat]

Although an effort of this size is now being conzidered ta
medel the residwal clrculation duriog the pariod of the
JOHEDAP 75 experiment, it has not heen possible so Far to apply
the three-dimensional model with real atmespherie conditions.
However to have some idea of the effect of the wipnd Exccing,

twe cases of consatant uniform wind fields have been considersd.
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Spa

wind on the residual circulation.

curl of the wind stress,

ENGLEND

theslis

Fig. 12,

Fosidual circulation in the Horth Saa {streamlines in 10% n?s™ ')
funiferm congtant wind of 15 n.5”' from bhe Korbh-dest]

The concept ©f a uniform wind field owver the whale Narth

ig certainly ideallistic. Moreaver, the direct effect 0f the

which 15 assaociated with the

15 not taken inte daccount. The hypoe-

that it has a

that the wind is cocnatant in time (i.e-
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fig, 14,

Mgtribution of pasitimm wvaluse of
(uniforn constent wind of 15 m.p™'

£y in thg Harth Sgg
fron the South-Wect)

very large characteristle time of evaluticnod. however, justifies
the averaging over a few tidal periods as this corresponds again

to a valley in the energy spectrum of the currents.

Figures 1d, 11, 1% angd 13 correspond to a uniform copstant

wind af 15 m.s' from the North-West.
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fig. 14,

Distribubion of positive waloes of £y + & in the North Sea
{uniferm ppnstant wind of 15 m.2™" from the Soybh-West)

Figure 10 shows again a rather patchy distribution of &,
with elternating regions of positive and negative values. These
valucs are roughly of the same ovder of magnitude as in the
abeence of wind. In this case aleo, one Finds that gy, and 4§

compongate each ather to a certain extent. This effect seems
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fig. 16.

Olatribubion of the positive valuse of 1 + £+ éF  in the Horth Sea
juniforn sonetant wind of 15 m.e' ' Fron the South-Weat)

e¥en more pronounced, In =soma places, than in the previcus case
with no wind fleld imposed.{figure 11]. The gspatlal dAistribution
of the total rate of energy production (er destruction]

1+ &y + B¢ , represented in figure (12) differs from the same

distribution womputed In the ahsence of wind. However, it shows
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fig. 17.

Fegiduzl girculatiss in the Mopth Ses {abtreamljnes in 07 nis ™"
tumiforn constant wind of 15 mog”! fron the South—dest)

the same general pattern with bands of FPositive valueczs reflec—
ting the streamwise residual Flaw [figure 13) while the =zohes
of negative values appear mere related ta bthe existeance of resi-

dual gyres.
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Figures 14, 15%, 1% and 17 correspond ko a uniferm constant
wind of 15 w.s”' from the South-West. Here again, one finds a
patchy distribution of EN With positive and negative values of
the same prder of magnitude as Bravicusly. The compensation bet~-
ween €, and 4§ is found, in chis case alse, and appears to be
extremely efficient {(figure 15).

The gpatial distribution of the total rate of energy produc-
ticn {(or destruction} 1 + &, + £ , represented ip figure 16,
cah be compared again to the rasidual flow vattern (figure 17).
The Sauthern branch of the North Atlantic current is deflected
to the West, in this case and thisz reflects in the deformation

of the positive bands in the pattern of 1t + £, + &

Conclusions

Blthough the three cases considered in this raper cannat
glve move thao an appreximate idea of the reaidual circulation
in the Morth Sea ipn real conditions, they provide valuable in-
formation on the mechanisms which generate the residual currents.
t1%" The general trend of the regidual circulatinon reflecks the
flow through the Worth Sea of two hranches ofF the North Atlan-
tic current; the Scuthern hranch passing the Straikts of Dover
and prugressinq_northward until it merges with the Narthern
branch penetrating the North S=a through the Westarn part of
the Morthern boundary and flewing out through the Eastern part
of the houndary.

{1i} The detailed pattern of the residual ¢irculatian is deter-
mined by the action 0F the mesoscale skresses which represent

the residuwal sffect of the non-linear interactions of mesoscale

wotions (tides, wind induced currents, storm surges...).
In particular, residual g¥res, — mast of which have been traced
in the field -, cannot be reprodnced if the mesoscale stresses

are not included in the meodel.
tiii] The existence of gyres and other residual secandary

flaws appears to be related ta the work domne by the mesgscale
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sfresses which extract energy from the main residual streams and
supply energy ta the other reglons, getting up more or less com-
pensating horizontal fluxesz of kinetic energy-

fiv) The distrlbutions of the energy transfer functions are

very irregular apd differgnt situaticens corresponding Lo dif-
ferent metaoralogical eonditions appear very much like se-
guences of an evolving field of turbulent eddies.

Inasmuch as the comparisch 15 valid, the meseascale eddy
viscosley asaocciated with the mesoscale eddles, may he positive
or negative in dlfferent ragicnas of the Horth Sea.

The concept of a mesogcale turbulence, figuring the ndn-
linear interactions of mesgoscale motions, is worth keeping 1o
mipd. It may help to understand some aspects Of marine chemis-
kry or marine bioclogy (the patchiness of kiclogical populations,

for instance)] which are othevrwise very difficult to interprete.
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The use of the brine shrimp Artemia in aquaculture

Pabrick SORGELO0S

Artemin Feferomce Cantar
Stetm Univarsity of Ghent, Balgiunm

Introducticn

One of the major differences between aguaculture and catbtle—brasding is
that the larvae of most aquatic aniwsl species of commercial interest, which
ara grown in lntensive hatchery systewms, have to be offearad a live food whereas
cattle accept lnert diets throughout their live cycle {(Kinne and Rosenthal,
1977 .

Concluding the sooplankton that noxmally constitutes the natural food of
figh and shrimp larvae, is either commexcilally unfeasible or technically hard
to realize (Girin and Person-Le Ruyet, 1977). Az a result "... the efforts of
garly pionears ko rear maritne fish ware hampered by inadeguate and unselitable
larval food supplies” (EBhelbourna, 196H).

A very slgnificant progress in hatchery aguaculture was realiged through
the finding of %eale {i933} in the U.&.A. and Rollefeen {1939 in Horway that
the .4 mm naupllus larva of Artemia Ccenstitutes an excellent food source for
newborn fish larvas.

Tachnically speaking the advantage of uwsing Artemia is that one starte
from an apparently insrt product, namely the dry cysts. These cysts which are
in fact inactive embryos are commercially available, can ba stored for years
and cnly have to be incubated for 24 hours ln seawater to produce free-swimming
larvae. Furthermors, brine shrisp are vary well acceptad ac & foﬁd zource. It
1s not exactly known if thiz is due to thalr blochemical composlition, their
vary thin carapace, the fact that they ara & moving prey {(swimmling) or a com—
bination of all these factors.
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Artemiz has been found to be a suitable food for the most divexsified
groups of organisms of the aniwal kingdom, e.y. foraminifars, coelenterates,
flatworms, polychastes, squids, Insects, chastognaths and of course a wide
variety of bath maripe and freshwater crustaceans and fishes. In this trea-
tise on Culfivation of Marine Organisms, ¥inne (1977) pertinently indicated
that “... more than 8% % of the marine aniwals cultiv: .<d thus far hava .
heen offersd Artemia saline as food source, elther together with other Foods
or, more often, as a =ole dlet”.

It has been proved many times that a diet of life Artemia gives better
results than any preparation of dead brine shrimp {Back, 197%; Schauer et al..,
1973; Serfling at al., 1974; Carlberg and Van Olst, 1375). The recent finding
of Flachter (1980), however, that "... whitefiszsh larvae get through metamor—
phosis egqually well whather cthey are given Artemis that iz shock-frozen in
ligquid nitrogen {- {96 *C) or living Areemia™, but not when given zlow-Frozen
nauplil, might leard to the biochewmical determination of the essential subs-
tance (s} that ia {are} lost during freezing and freeze-drying. In a few cases,
it has been demonstrated that dAried brine shrimp can be successfully gaed as
protein source in pelletized diets For fish and shrimp (Doshimaru and Shigueno,
1972; Gabaudan ot al., 1930).

In most cases brine shrimp are used as frashly hatched nauplii. although
angrown Arfemtia larvas are reported to be a better food than nauplil for many
predators {Fally et al., 1977; Purdom and Frestan, 1977), the fact that they
have ta he cultured for & few days has restricted this type of application in
many ajuacalture hatcheries (Brouillet, 1977). Adult brine shrimp are harves-—
ted from saline biotopes as a food scurce For the larvae of lobaters (Shleser
and Gallagher, 15374} and the freshwater prawn Macrobrachianm rosenbergii (Ane-
nymous, 197H).

Historical aspects of the "supply and demand” of cysts

Initially the commercial supply of cvzta, first from saltponds in the
San Franclseo Bay area (CA = U,5,4.) and later also from Great Salt Lakes (UT - -
U.5.&.} and Little Manitou Lake {Sagkatchewan - Canadal , seemed to be unli-
mited. ‘fhe exponentially fncreasing demand of brine shrimp cysts hy agquarium
hebbyists and aguaculture hatcheries, however, soon exceeded by far the yearly -

harvest of approximately 30 ko 50 metric tons. From the late sixbles on
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the dramatie impact of the aggravating cyst shortage on the expansion of agua-—
culture was repeatedly underlined at international eonferencas {(Provassli,
19£%; FAO, 1572 ASEAN, 1976, 1977; FAC, 1976}. Regolutions, such as the cne
takan by FAQ that "... a fuller ezploration and exploitation of the world's
regources aof Artemfs for aguarulture purpoges wera coneidared to ba of apecial
importance®, all pointed to the urgency of the problem, The situation did not
improve however; prices continued te soar, and the hatching gquality of the
product delivered became less and lees relaible. When ocne was lucky encugh to
racalve a brand of good gqualiey, only 4 gram cyst-material was peeded to
produce | million mauplii: in the worst case howevar, it teok up ko 50 g

= a 90 % difference in output (Sorgeloos et al., 1978]. As & regult commer-
cial aguacultuere has been impeted vary serioasly. This is sspecially true for
the farwing of Mecrobrachium apnd Pensesus which are entirely dependent of an
Artemia diet for a long periad pof their larval development (Bledsce sk al.,
1978; Glude, 1970a,by Smith et al., 1973). In addition third warld countries
could hardly afford to import the very expensive cysts. At a regiconal work-
shop in Indonesia in 1977 it was concluded that “... the fnadequate supply of
bring shrimp for feeding shrimp larvae remaipns as the major constraint io the
mass propagation of penaeids in Thailland as in the cther countries™ (ASERY,
1977],

Although we had announced at the Kyoto 1576 FAQ Technical Conferenca on
Aguacul ture (Sorgelowos, 1379%al that the cyst shortage was a technical and
only temparal problem, many pecple remalned sceptical. It was not before the
end of 1970 that a change in the situation became vigikle, first through the
exploitation of seweral new natural sourcas of Artemiz in Eurcope, Asia, Horth
and Scuth Americs and hustralia {Sorgelows, 19790 and sgcond through the
success oI the Artemia inosulaticn in Horth-Bast Brazil (Sorgeloos et al. .,
1979h) . hegording to the latest data avallable eyst provisions excsed 100
metric tona per year.

The increased availability of oysbs resulted in competiticon among dea-
lerz and & substantial lowering of prices bto abont 35 to 40 U5 dollars
por kilogram (FOB-prices). Furthermors, due to the applicatien of new harvez-
ting techniques, the hatching quality of the cysts put on the market ilmproved
and became more yellable. The classic method of harvesting cysts from the
.shan required an alr-classified treatment as a final purification step in

ordar to ramove spall dirt particles incloded in the harvest (Belfrich, 1973).
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In addition during thelr stay on the shore the coysts are poften subjected to
repeated hydration —dehydration cycles which affect the energetic content of
the embryos and eventwally lead the embryonic developmant to the breaking
staga. In this latter sitwation many s0 called "light" cysts are harvestod
which are in fact empty coyst shells (Scrgeloge et al., 1976; Bonijts et al.,
1977} . A very pure oyst-product which does not need alr classifying proces—
ging can be cbtained by harvesting the cysts directiy From the water surface.
Aooumalation of cysts on the shore by wind and wave actieon can be prevented
by the construction of dikea ar the installation of fleating barriers (Sorge-
leos, 1978). Since cyste are mainly produced at high salinities, they remain
Ametabolic even during light rains, provided that the water is sufficiaently
turbulent to prevent salinity stratification [".., fresh rainfall on a calm
lake provides a lower salinlty surface layer where eggs could hatoch™ (Fost,
1977 ).

Conditions for maximal hatching ocotput

The production of Artemia nauplii by incubation of cysts i seawater is
4 very simple procedure. Bowever, when working on a larger scala and with
bigh deénsities of cysks {which is mastly the case in aguaculture enterprises)
the applicatiopn af appropriate technigques iz imperative to ohtaln maximum
hatehing efficiencies and to ainimize the guantity of cysts needed to produece
&8 gpaclific weight or pumber of Artamia nauplii. _

Durlng the last years we have had the opportunity to study in detail the
effect of varlous ablotic parameters on the hatching process (see review in
Fargeloes, 1973z) . Although the guantitatiwe data vary from one gesgraphical
atrain to anothor, the gualitative effect of each lndividual paramstar is

Fimilar for all stralns studied,

1. - TEMPERATURE

The wariocus effectzs of water temperature oi the hatshing metabslism of
Artemia cysts are sumpariged Iin fligure 1. The fastest hatehling rate and the
maximum hatching efficiepcy are attained around 30 °C . An interesting ob-
sarvation is Lhat as long as the cysts have not reached the breaking stage,

an increase of the water temperature within the range of about 33 to 40 *C
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Sohamatic oimgran of the e#ffact of water temparatures Fron belew - 20 °C to over 40 90,
on tha gyst metabolizm In Arreme,

causes a reversible interruption of the cyat metaboliem {Sorgeloos, 1973).
When hours or even days later, the water temperaturs ls adjusted to the op-
timal lewel for hatching, the cyst metabolism 12 resumed and the nauplll are
born. In the meantime, however, the hatching rate decreagsed ag a function of
the duration of exposure to the temperatures above the oprtisum (Sorgeloos et
al., 1976; Benijts et al., 1977].

Molecular biclegy studies have recently heen initiated to study this
phencmenon mere in detail (Yallejo et 2l., 1980). In practice, it can be
deduced fxromw this chservation that cysts which have baen exposed by accident
(e.g. a technical failure of a heating dewvice] For a short period of time to
temperatures abowe 30 "C  (but baslow 40 °Cl, are not necessarily useless
but can be saved by decreasing the temperature of the medium, And can 3till

produce nauplii.
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Z2.- SALINITY

For reazons of practlical convenience natural seawater is mainly used to
hatch cysts. Howaever, it haz been demonstrated recently that a lowey sall-
nities the natching rate increases, the nauplli have a higher energy content,
and in many cases evep higher percentages are scored for the hatching effi-
ciancy (Vanhaacks &t al., L9E0a).

From the "trehaloga-glycarol hyperosmotic regulatory sysfem” — theory of
Clegg (1964) and Conte ek al. (1977}, we extrapolated that the increased
energy content of the nauplli hatched at 5 ppt can be explained by the
lawer lewels of glycerol which have to be bullt up at this salinity to reach
the hreaking stage (Zee [ig. 2). Fince less energy is comsumed in hatching,
more is left in the nayplins resulting in & greater energy per unit food for
the predator. In thoze cases where an increased hatshing efficiencsy was noked,
the energetic content oF the ancysted ambryos might ke s0 close to the cri-
tical level needed for hatching that, depending on the level of glycercl that
nas to be build up, these embryes can rsach the breaking gtage in water of

% ppt salinity but not in natural seawater.
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Fig. 2,

Aalaticn petmesn the coocentration of glycerol im the ¢yats {o), the glyeeral lawel
in the megiue [ o], the garceaiage of cysts im “broskhing” [a) and the time of incu-
bakion of Ariema eysts with thees differert concanteatizns of HNeGl .

{0.#5 n haGl = 14.6 ppt salinity] [after Clegz, 19E4]
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The 5 ppt leval has been chosen arbitrarily. At tnis salinity neither
tha survival of the habtched navplii nor thelr tolerance to salinity ztresses
is affacted. The larvae may indesd be transferred directly apd withount any
harwm to seawater of up to 150 ppt salinity. The oritical minimum galiniey
for survival has pot yet been defined though it is wellknown that in Fresh-

water the physical procesz of breaking is reached, but the embryos die at
the E~1 staga.

i.- pH

one of the key factors for successfull hatching abk lew salinity is the
pH of the medium. Sato {1967} dewonstrated that hatching at the E-2 larval
stage is triggered by a hetching enzyme that has & maximal ectivity in the
PH-range B to % [ggs fig. 3). In diluted seawater media and egpecially
at high cyst densities the buffer capacity of the medium must be increased
to keep the pH abwwve B . This cen be achieved by the addition of Na 20,
(1 mi of a 0.5 4 =zoluticn per liter medium; Jones, 1972) or Ca® (65 my
per liter medium). The poor hatching results reported by many authors using
artificial seawater or diluted seawater are probakly related to a large ex-
tent of this pH-effect.
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4.- OXYGEN

Artemia ¢ysts can be hatched at oxygen concentrations as low as 1 mg
per liter (Sorgeloos and PFersoone, 1975). At lower levels the metabolism ig
reversibly interrupted. In corder to obtain a maximal hatching efficiency,
axygen levels cloge to saturation are recomended, and mast important, all
cy¥3ts should be kept in suspension. Indead accamulation of cysts on the bottbom
of the hatehing container creates anasrobic zones which interrupt the oyest
metabolism.

Optimal hatching can he achiewed with warious types of funnel-shapad
containars that are aerated from the bottom. We found a wery handy solution

in uzing heat=-sealed plastic bags made from polyethylene sheets,

5.— CYST DENSITY

hs demonstrated Ly Kurata (1967), who incubated up to 17 g  cysts per
liter medium, the hatching process is neot affected hy oyat density, peovided
however that the ather peregquisites are fulfilled. In wiew of the technical
problems encountered in maintaining high oxygen levels without inducing foa-
ming o mechanlceal injuery of the hatched nauplii, it is recocmmended not to
excead depnsities of 10 grae per liter, especizally when working with large

quantities.

B.— ILIUMINATICH

When hatching is performed in darkness the hatching suwccess is only half
of what it wounld be if the operation was carried out in light pconditions
[Sorgelons, 1973). More recent experiments ipdicate that not anly the hatching
efficiency but alse the hatching rate are affecsked by the light inktensity
[Yanhagcke et al., in preparation). Considering the differences which are
cbgerved from straln to strain, a continucus illumination of about 1,000 lux
assures a magimpum hatching oubtput. This Light inktensity ie attained when the
hatching container is placed at about 20 om from a fluorescent light tube
of B0 wace.

In order to ohtain a maximum energetic cutput, it does not suffice to
incubate bthe cysts in optimal hatching conditions: one alse nas to harwest
che nauplii at the right momenkt {Benijts st al., 1974). Upon hatehing, the

instar I nauplil are not able to take up food yet and completely thrive aohb
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INSTAR ]

ASH-FREE DRY WEIGHT - 24 ¥
INDIYIDUAL CAL, CONTENT - 27 1
LIPID CONTERT - 27 ¥

INSTAR 11

Fig. 4.

Thanges in energetic content of Arfemiz mauplii upon eeliine
from Instar T inte instee I1-ITT reuplii.

thelr energy reserves. Within a few hours they molt into the second and third
larval stags. By this time thay have already lost over 20 % of their energy
reserves [see fig. 4]. Conseguently, the mest aconomical uge of Artemia CYSLS
implies incubatlon of the cysts under strictly defined conditiens with regard
to the abictic paramekers gutlined abowe, and harvest of larvas in the instar

I ztage.
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Inapite of the various methods described to facilitate and maximize the
separation of nauplii from the hatching dehris (Sgrgelogs and Fexsoone, 1975
Forgeloos, 1573a; Dye, 1980), many limitations still exist. This iz particu-
larly true for zeparation basad on light attraction in that nagplii of some
straine are negatively photoactic [(vVenezusla and Spain; Claus er al.. 1977,

In this regard the cyst decapsulation treatmant proposed by Sorgeloos et .
al. (1977}, with recent improvemepts in Bruggeman et «1. (1970, 1980Q), can be
condidersed a5 a very ioportant advance in the use of artemia cysts for agua-
culture hatcherles. The use pf decapsuled cysts ilndeed not only eliminates all
separation problews but it has furthermere sewveral other advantages, o.g. de-
sinfection of the ¢ysts, marXimized hatchability and increased nauwpliar ener-
getic content. In addition this proocess opens up the possibility of Feeding

the cultursd species directly on decapsuled oysts (Bruggeman et al., 19807 .

Nutritional value of Arétemia nauplii as food source in aguaculture
hatcheries .

With the outlock for increasing Artemia cyet provisions better than sver
hefore, the next aspect that deseries urgent attenticn ie the Ffood valus of
Artemia nauplii for wvarious cultured species, Although at the end of 1978
cysts from about a dogen geographical strains of brine shrimp are, or will
soon be commercially awvailable®, data on the nutritiooal walue of the freshly
hatched nauplii for various cultured species are extremely scarce. We tenta-
tively report hereunder the following information .

* Gopd productlon results are reported for bwe frashwater fishes fed mauplii
from Burgaz—FPomorije, Bulgaria [(Lidskanova and Joshew, 1972, for Dicentrar-
chus labrax fed nayplii from the Camalbi saltern-Temir. Turkey [(Ugal, 1379],
for various mArine and Ereshwater Elshes fed oo several brine shrimp strains
from the UBER (Oleynikowva and Pleskachevskaya, 1%7%9; Spektovawa, 1979 and
pers. comm.) . for Palagmon spec. and Penacus japonicus fed Artemia criginating

Erom Little Manltou Lake, Canada {Kurata, 1967 respectively Fullpaga and

" Buvonees bires lArgantine]l, Shark Sy [Australial, Mecau-ares (Bracil), Chapiin Lake [Cevaded, Lawsldua -

|France], Gujarai—ares |Ingial, Tientsin (People's Fapublis of China), Baeotas Kuews {Philippines], Cadiz-
wrwn [Spain), San Froncipao Bay {00 « USAY) and Great Salt Lake [T - USA).
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Kittaka, 1967), for Panasps kerathuris fed nauplii freow San Fermando-Cadiz,
Spain [Rodriguez, 1975) and for Macrobrachium americanum fed Argemiz from
Manaursa, Colembia {Cantille, 1978).

* No gignificant differences were reported for the criteria growth and sur-
vival of the larvae of Palacmonetrsas ptgio fed Artemia from Chaplin Laka,

. Caneda or San Francisco Bay, Talifornia - .5.A. [(Provenzano apd Goy, 1%76).
Howevsr, this Canadiap strain performed batter than other non—specified Arte-
mia strains when offered to Panulirus interruptus; "... consziderable variationsz
in growth and survival of phyllosowes in regard to source of Artemia™ (Dewtar,
1972).

s Fuchs and Person-Le Ruyet (19768) and Person-Le Ruyet and Salaun [(1977) did
not cbserve significant production differsnces when feeding the lacvae of
Sglea, DMcentrarchus and Scophthalmus with Artemia nauplii from aither Edte
[France) , Larnaca Lake {Cyprus) or fan Francisco Bay (Callfornla - USA).
¢ Watapabe (1979}, Watanake et al. [(1978a,b,s; 19739) and Pulita et al. (1980}
compared Artemia nauplii (freshly hatched, starved or fad with enriched diet
W to 2 days leong) from Canada, San Franclsco Bay, South America and Tientsin
(Pecple's Republic of China) as a food source for red sea bream larvee Pagrus
major. From their chemical analyses and [eeding tests with the red zea bream
it appears that high fish mortalities are ipduced by low levels of the essen-—
tial fatty acida (EFA) 20:5wl and 22:6w) in the Artemia nauplil. Canadian,
Chin=ae and San Francisco Bay Artemia {2 batches of the latter} contained
high amouwnts of EFRA, whereas nauplii from South America and from 4 other San
Francisco EBay batchee were deficient in EFR.
High mortalities have beaen obzerved for warious cultured species fed Great
Zalt Lake nauplii as sole food scurce’ :
¢ after 3 weeks feading on thils diet, =ola and plaice larvae refused to
further lpgest these naupllil, did neot underge metamorphosis and died
(chelbourne, 19631 GiL-nauplii were reported by Slobodkin {1968, in
Kinne, 1977] to be toxic to plaice lapvas;
+ Little (1969, Reed (1962} and Reeve {1969} obsearved high mortalitles in

their decapod cultures which were fed with Artemia of Great Salt Lake;

* Wodonet coneider hers the poor perfarpance rogults with GEL-macoplii (Great Selt Lake! thet era raloted to
tha large sice of bhe naupliuve and the reeulting Inebility of the predator to inpeat the prey (3aith, 1976),
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¢ plaemor serratus larvae fed on GEL nauplii died upon metamorphosizs
{Porester and Wickine, 19&%; Wickins, 1872);

4 Bockhout and Costlow (1970) fed GSL-nauplii to the larvae of 4 crab spe-
cies and report high mortalitiss and abnormal developments in the mega-
lopa and first crab stage. Similar observations were published by Roberts
(1971, 1974 ;

¢ the total length of the pericd of larval development in Palaemonetes pu-—
gio is unaffected by the geographical origin of the brine shrimp diet;
however, much higher mortalities ara noted with GSL-nauplii Ehan with
SFB-Artemia (San Franclsco Bay)l {Provenzano and Goy, 1978} .

s Matsuoka (1975, in Mural and Andrews, 1978) reports that Chinese Artemia
nawplii are toxic for the larvas of Macrobrachium rosenbergii, Pesticlide ana-
lyses reavealed 5 times and 12 timea higher copcentratione of DDT , respec—

tively chlorinated hydrocarbons in Chinese than in SFE-Arkemia.

Various theoriss have bean formulated to explain the poor performances
af che Great Salt Lake Artemia—diet :
* rgslidual pesticidas from the sarroundliag agrieultural lands are drained inta
the Great Salt Lake and accumulate in the GSL-artemia (Slcbodkin, 1966 in
Kinne, 1977]1;
* through the past centuries GSL-Artemia might hawe developed immunity for a
taxic alkaloid secretad by algal blooms in the Great Salt Lake and Soncen-—
trated in the Artemia cysts (Shelbourne, in Frovasocli, 1969);
* the Great Ealt Lake being of athalasschaline origin, Oppenheimer {in Prova-

losi, 1969} consldeared mineral deficiency as the possible source of prﬂhlEﬁE.

The Eew analytical data that hawve bean publisghed with regard to the che-
mical composition of GSL-Artemia are wvery confusing -
* Bookhout and Costlow (19M)) detected 3 times more BDT in GSL-Artemia
than in cysts from the San Francisco Bay;
s peeticides, heawvy metale, camotencida, stercla and fatty acids were analyzed
in bobth 5FB~ and GSL-Artemia by Wickins (1972), "... some differences were
found but none of them could be confidently lakeled as the cause of the poor
food walue of the GSL-Artamia nauplii”:
» Helfrich and Shigueno (in Helfrich, 1973} found high levels of DOT in
hoth SFE- and GSL-nauplii;
* the phservation of Wickins (1472] that GSL-nauplii, wheno Fed during two

days with live algae, become a good food for Palgsmon-larvae, incited Clauws
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et 1. (1979} to perform a detailead biochemical analysils of fed and non—fed
Artemia larvee from Great Salt Lake and San Francisco Bay origin. Thelr ra-
sulte, however, were not conclusive in explaining earliaer reports of Poor
perfarmances of freshly hatched GSL-brine shrimp 88 a food source in aguacul-
ture hatcheries.

hsida from the specific knowledge with regard to red sea-braam culturing
in Japan [(see ahove}, it is not presently possible.to define the chemical
and/or nutritienal parameters which determine the biolegical effectiveness of
a specific patch or strain of Arcemia as a good diet for partieunlar cultured
spacies; the analytical methods varled from one study to another, the cyst
batches used ware never the same, the eulturing tests were parformed with
fish and crustacean larvae which probably show interspeclfic differences in
nutriticnal requirements and/or seneitiveness.

ke a result there 1s great need for a thorough characterization stody of
Artamis strains which should be undertaken on an lnterdisciplinary lewvel.
Guidelines for the gelection of Artemia stralns for specific uses in the
agquacuiture hatcheries are uwrgently needed since at present the choices of
new sources of brine shrimp with regard to their potential suitability for

the cultured species are arbitrary and ag such not without risks.

Fuch an interdisciplinary research program was initiated ia 1978 through
the Artewmis Reference Center at the State University of Shent in Belgium under
the title of "International Study on Arremia™ (IBA) based on the collaboraticn
of five laporatories from different countries. The particlpants to this study
and their specific reszearch tasks are as follows
* Artsmia Refarence Canter, State Upniwversity of Ghent (ecoordinator : P. Sor-—
geloos) lbicmetrical analyses; hatching, growth and reproductive characte-
risties in function of different temperature-salinity combipations; hybrid
tezts; preparation and standaxdization of research material for the pastici-
pating laboratories]:
¢ Department of Food Science and Techhnology, Nutrition and Distetics, Uniwver-
gity of Fhode Island, USA (Coordinator : K.L. Simpson) [chemical and bioche-
mical analyses of eysts, nauplii and adults : aminge acids, lipids, cartonolds,
chlorinated hydrocarbons and heavy metals l;
¢ Environmental Research Laboratory, Environmental Protection Agency at Nar-
ragansett, Rode Island, USR (Cocrdinator : A.D. Beck] [biclogical effectlve-

ness of brine shrimp for the fishes Menidis menidie and Pseudopleyronectes




americanus, and the srustaceans Menipps mercanaria, Mysidiopsis bakia and
Rhithropanopeus harrisii; naupliar swinming behavierl:

¢ Center for Mariculture Research, Port Rrangas Marine Laboratory of the Uni-
versity of Texas Marine Sclence Institute, USA [Coordinakor : 0.4. Roels)
[bislogical effectiveness of brine shrimp for the fish Cymescion nebulosus
and the crustacean Panaeus vaname:];

2 5t. Croix Marine Station, University of Texas Marine Seience Ingtitue, U5
Virgin I=lands {Coordipater : O.A, Roslsz) [preduction performances of

in the local artificial upwelling mariculture system; production of nauplii,
cysts andfor adults as testmaterial for the other participating laboratories];
2 Department of Genetics, University Collegs of Swansea, UK [Coordinator :
J.A. Beardmore) [genotype characterization; inheritance of specific guantl-

tative characteristice; tesmperatursa and salinlty adaptation studies].

Fiwve strains wers selected [or an initial cheracterization stedy
4 Great Salt Lake harvest 1977 made avalilahle by "Sander's hrine Shrimp Cy";
¢ Macau [Rip Grande do Norte-Brazil) haryvest 1073 made available by “Companhla
Industyrial do Rip Grande do Norte™ (CIRNE) ;
¢ Margherita di Bawodia {Italy) harvest 1977 made available by P. Trotta ("La=
horatorio per lo Sfruttamenta blologico delle Lagune", Lessina = Italyis
0 San Francisco Bay batch Living World 1626 purchased from "San Francisco Bay
Brand y";
9 Shark Bay [W-fustralia) batch 1i4 made available by " World Ocean PEY".
These strains were selected on the basis of the followipg criteria : awalla-
pility; their use in aguaculture hatcheries (all gxcept Margherita di Savelads
same genotype but produced in different habitats (the Macau salt ponds were
inoculated with $an Francisco Bay Artemiz ino 1977; Sorgeloos ob &l., 19749)
gecgraphical isglation free from contaminatiss by wrban, industrial andfor
agricultural waste waters {Macau and Shark Bay) and genetic differences (Mar-
gherita di Savoia and Shark Bay are parthencgenctic strains, the others 2ygo-
genetic).

furing the course of this astudy we have heen informed bhat Livipg World
bateh 1628 cysts were not harvested from San Francilsco Ray saltworks (as sta-
ted on the lapel of the commercial product) but from Ean Fable Bay salt ponds
in the Nappa valley, neorth of Sap Franciseo (A, Schmidt, pers. comm.]. Although
these Ewo Artemis habitats are situated within & few hundred kilometers from -

pach ather, the San Pable Bay draine much more agricultural run-off watars to



the ocean than the San FPrancizsco Bay. In expectation of further data oan the
exact origin of San Francieco RBay Artemia seesu lato, San Pablo Bay Artemia
["Living World, San Franciscoc Bay Brand Cy"™ bhatch 1628} are considered as
distinct from Zan Francisco Pay Artemia [(cygts sold under the label “San Fran-
cisco Bay Brand Cvy").

The results of the detailed characterization study of the five selscted
strains of Areemia are roported in Beck e al. {(1980), Johne and Walton (1979,
Johna et al. (1980}, Klein-MacPhee =t al. (1980, Oloney et al. (1980), Schauer
et al. {1980} and Seidel et al. (1980} . A wider range of strains was studied
for their gepetic similarities (Abreu-Grobois and Beardmore, 1980) their bio-
metrical characterigtics [Vanhascke and Sorgeloos, 1980a), their growth and
production performances an live algas in a bateh culturing system (Vanhaecke
and Sorgeloos, 1930} and in a flow-through system {Tobias =r ai., 1980},
thair carotennid composition and metalkolism (Seeljma et al., 1980 and thair
naupliar locopobtury rates, patterms and photoresponsea (Miller e+ al., 1395).

From this ISA—study 1t appears that for most parameters studied, congi-
derahle variability exizts between Artemis strains. Thesa initial daca alraady
pravide pertinent information for the selection and practical use of brine
shrimp nayplii in aguacultyre : e.g. the difference in the nutritional walue
of particular strains for specific predators, the size, blochemical composition
and energetic content af the freshly hatched nauplii, ete, It ie ¢lepar that
this comparative ISA—program should be further extended not only to more cyst
samplas but alse to more test—organisms, in order to further unravel the pa-
rameters that Jdefine the “suitakllity™ of Artewmia nauplii as food zource in
aguacultuxe hatcheries. In this regard the following Artemie strains have
heen selected for the 15791980 ISA-program : Agfemis Reference Cysts (See
Report Workshop I "Characterization of Artemia strains for application in
aguaculture®, this symposium}, Chaplin Lake, Lavalduc and Tientsin. very wa-
luable research material will furthermare result from the predoction of Arte-
mia oystes in standardized culturing testz with feeding of the brine shrimp
with foxrmulated diets contaiping wvarioms ampunts of EFA  and pasticides.

Through application of the latast developments in gquantitacive genetics,
the ISh-program aims, on 4 long term bhakis, to develop new stralns of brine
shrimp for the henefit of aguaculture; =.g. avallability of minute Artemia
nauplii, smaller than 150 pm in lengch, could eliminate the need for expen—

give and cumberscwe rotifer production, necessary for the culturing of Fishes
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with very =small larvae (miikfish, mullet, turhot, eto.} and crustaceans as

shrimp and crab.

The use of Adult Artemia as fopd source

falthough for techpnical reazons the use of Arfemia 1s limlted in most
cases to freshly hatched nauplii, adult brine shrimp definitely daserve more
attenticon for many reasans :
* pAult Artemia are 20 times largar and weigh 500 times more than freshly
hateched nauplil (Reeve, 1963): their nutritional value changes ceonsiderably
during growth : tha fat conteant decreaszes from & 20 % to legs thap 10 % of
the dry weight and the protein content increases from + 42 % to ower &0 %
(ven Aentlg, 1971; Helfrich, 1973): whereas nauplii are deficient in histidine.
methionine, phenyllalaning and threonine, adult brine shrimp are rich in all
essentlal amine acids (Btults, 1974; Watanabe =t al., 1978b; Claws et a2l.,
1979; Gallagher and Brown, 1995).
» Artemia is a4 euryhaline and surythermal crustacezn and a non-sslective pac—
ticle fllter-feeder; contrary to many other cruastaceans lts food reguirements
Jo not chahge during growth:; it has & hligh food conversicn efficiency and can
ke cultured in wvery high Jdensitles (Helfrich, 1%73; Sorgeleoos and Perscone,
1975} .
*+ Artemia has & shork generation time (minoimm of about 2 weeks), a high
fecandity rate (up to owver |10 offsprings every 4 days) and a long life-
span (up to mors than & months) [Nimora, 196); Ivleva., 19891,
+ The exoskeleton of the adult is coly 1 pm thick which allows consumption
of the whole animal without previous processing; for many aguacultare orga=
nisms pre—adult or adult Artemis are known to be a much better reference diet
than formulated f£feeds : e.y. [or Homarus americenus [(Hughes et al.. 1974,
Gallagher st al., 1376}, Macrohrachium rosenbergii (Agquacop, 1977}, Fenasus
kerathuryzs [(San Felig &t al., 1976}, Penaeus aztecus [(Venkatsramlah et &I.,
1975), Ccallinectes sapidis {Milliken et al., 1933}, Solea solea and Scophthal-
mes maximes [Aronovich and Spektorova, 1971}, Sparus auratus (hlessic, 1974) )
and Dicentrarchus labrax [(Barahona=-Fernandes and Girin, 1976},

In vwiew of its high price { wholesale price up to 20 U5 dollars per
kilogram fresh weight), live as well as frozen Artemiz adults are presently

used as a luxury food source in the pet market and, to gome extent, for ra-
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search work in lobster and prawn farping [Anonymons, 15973, Although natural
brine shrimp populations are still the most impertant source of commercially
avallable Artemia, they are only axpleited in a few aress in Canada, France
and the USA with a total yearly output of approximately 1,000 metric tons.
The futures output from nature where Artemiz has to date been recordad from
more than 150 hahitats (Persoone and Sorgeloos, 1980) will probably increase
considerably. Bowever, new exploitations should be carefully planned, taking
ints account maximum sustajinable yields (in crder not to affect cyst produc-
tion] and the potential local role of Ariemia as energy source for migrating
and Lreeding waterbilrds {Herbst and Dana, 1980; Rooth, 1965). New sultable
argag for the production of substantial tonnages of Artemiz biomass (and even-
tually cysts} can furthermore be considered, without any sarious risks for
ecological disturbances, by converting thousands of hectares of hypersaline
lagoons and abandoned salt-—ponds, which can be found allowver the world [Se-
rence and Wehbber, in Henpel, 1970; Rabanal and Beuechel, 1978), into Artemia-
blotopes; this implies of gourse well-defined inoculaticn and production pro-
jects.

Lately, another interesting source of Artemia productien has come into
perspective. Tertiary treatment plants for industrial affluents of high sali-
nity are sapabls of producing substantlal amounts of adult Artemia. HOWEVEr,
attention shall be paid to the eventual bicaccumalation of toxic substances
(Milligan et al., 1980).

The present outpubt of brine shrimp from controlled intensive culturing
systems 1z still limited. However, in viaw of the very important progresses
made in this field (see hereunder) the interest in this type of Artemia pro-
duction iz considerably increasing. When L1t comes to a choice, cultured Arte-
mia are always to be preferred over brine shrimp harvested fxom nature. The
latter animsls indeed often carry paragites or suffer from bacterial and
fungal diseases (Persoone and Sorgeloog, 1580);: furthermore they have mostly
been starved for daye before shipping to their final dastination.

Since it has been shown that ... progreszlvely larger Ariemia ... WEIe
raquired by the £ish as they grew themselwes" [Purdom and Preston, 1977 an
adaguate and simple techhology for cheap production, in the aguaculture hat-
cheries, of brine shrimp larvae of ilntermediate size will receive more and

more attention {Barahona-Fexmandes g& al., 1977).
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FProgress in controlled intensive Artemia culturing

Most of the technigues which hawve beasn described in the past for high
density culturing of Artemis in batch eystems have only limited application.
This 1s dus to sither the complexity of the technigue and/or the limitaed
avallability or the high price of the food used [(see reviews in Bossuyt and
Sorgeloas, 1980; Dobbeleir ot 2l., 1980).

A major lnnovation in the technology of Artemia batbtch culburing wWwith po-—
toantial for worldwide application iz the air-water-liff raceway, originally
daveloped for the intensiwe cultyre of post-larval pepaeid shrimp (Mock et
al., 1973) but podified for brine shrimp celturing at the Artemia Reference
Canter (Sorgelons et al., 197Th] . Details on design and conatructian az well
as the description of simple food distribution systems are given in Bossuyt
and Scrgeloes (19B0Q) . Food dosing in this raceway method is hased on readinga
af water turbidity, which allow automatization of tha food diseribution by
use of turbidimetric devices (Wersichele ef al., 1973}. & cheap and worldwide
available food source was found in using ricebran (Sorgeleoos, L4Y7B; Sorgeloos
et al., 1980). It now appears that many other types of agricultural waste
produets, such as whey-powder can also ba used suecessfully as A monodiet for
hring shrimp culturing (Dobbeleir ek a1, 19800 .

Presently 10 gram gysts can be converted intoc 2 kg pre-adult Arkemia
within two weeks in a rageway of 1 m* . The protein content and amine acid
camposzitlon of Artemia fed ricebran do not differ significantly from thaose of
brine shrimp harvested frot nabure (Sorgelons et z2l., 1980) . However, in wview
af the differences in fatity acid composition, further studies are needed tS
evaluate the nutritional value of brine shrimp raised on waste products for
varicus cultured organisms and, if necessary, to consider diet Formulaticns
andfor alternations (Dobbeleir ek al., 1980).

Whereas batch culturing in air-water-lift raceways has a potertial world-
wide application in aquaculture hatcherlies for the produstion of brine shriop
of various s5izes, a much more intensilfied mass production can be achieved in
flow-through syatems. This is, however, only possible Iin a very restricted
ouember of situations. In a joint callaboration effort, the St. Crolx Maripe
Statich of tho University of Texas Marine Science Institute and the Artemia
Refarance Center dewveloped a technlgue for flow-through culturing of brine
shrimp in wery high densities (Tokias et gl., 19749). The keys toc success with

this particular techomlogy are the circular screen cylinder (which must be



changed regqularly) and the ecleaning effect of an aeratlon collar fixed at the
bottom of the filter cylinder to keep the screen free From zlagging.

The flow-through teeis carried out in Sk. Crolx were run with the effluent
of the two algal ponds of the loecal Artificial Upwelling Project (Roela et al..
1976) . By extrapolaticon from repeated 100 liter trials {Tobias, pers. comm.)
it has been caleculated that 30 gram eysts cap be converted in a 1 m’ rCank
inte 25 kg edult hicwass within twa weeks ! The maximue productivity poten—
tial of flow-through culturing has not yet been reached in St. Croilx. water
temparatures during the pericd of the experiments wera rather low (22 - 25 *C),
and has & consequence of the limited cell densities in the algal cultures
(5 10" Chastoceros curvisetus cells mi™ ') the maximum Artemis density had to
be restricted te 12,000 individuals &7 . Laboratory tests indicate, however,
that densjties in flow-through cultures may reach 40,000 Artemia 271
mura, l967).

{Hi-

The zuccesses obtalned se far in replacing live algas by inert dietas
guch as wheypowder or ricebran, will now be further stodied. At the same bEime
endeavounrs Will he made to further automize the flow-through culturing tech-
nique. '

ISh-gtudies on the produstion potential of varilous Artemia races [e.q.
differences in grewth rate (Tobias et al., 1980; Vanhaecke and Sorgeloss,
1980h) , temperature cptimum, food sonversion efficiency, proteln content, atc.l
indicate that it will become possible to select strains with impreved charac-
teristics for intensive culturing.

As pointed out above the potential sites where Artemis flow-through pro-
duction 15 possible are much more limited than for batch culturing in elosed
raceways, especlally with regard to the need for large volumes of seawater at
a temperatura within the range 20 to 30 ®C ., As potentlal sources of al-
ternative enerdy, Ooean Thermal Energy Conversion systems (OTEC) azs well aa
gecthermal projects are gaining more and more interest [(Bardach, 1979; Ano-
nymous, 1579). In an OTEC-plant Artemia could be grown in the effluent on an
inert diet or on phytoplankton culturee produced in an artifigial upwelling
syztem of the &t, Croix-type (Roels et al., 197&) coonected to the same OTEC-

Ih plant. Singe the salinities of geothermal water ranga from bracklsh up to
EIDU ppt brine, Artemla is the only invertebrate which can be cultured in such
h&wide zalinity range. For the same reason flow-through culturing of brine

H;mp can be considered in the warm brine gffluent of Qesalinlation plantsa.
Y
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Semi-industrial preducticn of Artemiz should now be started in pilot-
plants in ordar to assess the economisal feasihility of a potantial annual

output of thousands of tens of animal protein from these new bigo-industries.

Potential use of Arfemis as proteln socurce

From the foregoing it already appears that the yearly producticn of brine
shrimp may increase substantially during the next decade. haide from an im—
proved perspective for the uee of Artemia in the aquarulture hatcheries, it
becomes cbvious that other applications show very high potential even inclu-
ding direct usa in human nutritien. Although the acceptability of brine shrimp
as food for man might seem to be speculative or restricted to a few areas in
the world, it is certainly worthwhile to be considerad, not the least for
third world countries. From an energetic point of wiew brina shrimp preduction
is a mech more efficlent way to produce amimal protein than culturing of car-
nivorous fish and crugtaceans with Artemia and fish meal asg diet ingredients !

Direct consumptlon of brine shrimp by man has been and is still practised
by primitive trikes 1n America and Africa @ *... Iodians inhabiting this region
used bo collect large guantities of this crustacean which they dried and used
as food™ (Jenzen, 1318}. The Dawada-p=aple in Libya consume dried Artcmia

ar

flakes asg 4 superh source of protein rich in B-carotene and riboflavins"
[Ghannudi and Tufall, 1978) and market these "... pains d'Artemia" as o nurci-
Civus delicacy over a wilde area [fmdney, 1928, in Bowill, 196d; Delga =x al.,
1960; Monod, 196%}. Taste panel tedts on Artemle conducted in Hawail should
be further extended since "... the response to an experimental shrimp tempura
prepared from frogen brine shrimp wes guite favorable” [Davidson, 1974; Hel-
frich, 19%3).

If not vused directly as human food, drtemia meal can be wsed as & rich
scurce of animal probein in livesstock diets {Anconymous, 1978}. In this regard

dried brine shrimp may ke used ags a wvaluahle alternative to fish meal, E3pe-

cially in those countries that are entirely dependent on fish meal import.
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Concluding remarks

In couclusion Artemia ghould ne longer he copsidered as a luxury food in
aquaculture but rather as a chaap and high guality source of animal protein.
Hov, more than ever, many aspacts dealing with the use of Artemia in agua-
culturs need to be studied further in order to reach this geoal, & first pro-
mising step in this direction ie the Aquaculture Flanning Frogram for Hawaii
(Anonymous, 1978) in which brine shrimp has been considered as a first prio-—
rity spacles.

Tabkle 1

Crarall gbabé=nf-the-art and markat ptentlal of 24 of the most impoveapl
aquasultury candidate specles or groups of sgecles.

iLna) 5! yes; & e 4 ; in=between scorings [Afker Maah, 1974, in Einee
ardt Rogenthel, 1971
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In hiz mathematical evaluation of the sverall value and market potential
of 24 af the most important aquacnlture candldate species or groups of
species, Nash (1974, in Kione and Fosenthal, 15977) ranks hrine shrimp second
after =almon (tabla 1)}. The recent finding of cheap inert diets for brine
shrimp lifts this species to top place in rank of importance in the field of

aguaculture.
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Hursery culturing of bivalve spat in heated seawater
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Abgtrace

The controlled nursery culturing of melluse spat produced todate by mil-
lions in commercial hatcherles 1s an intermediste stap in molluss farming
which is regeiving were and more attention.

Different technologles for nuraery culturing indocrs as well as cutdoors
have been dewveloped at different places,

The principles are Always basically the same And conaist of culturing
poatlarvae of a few millimeters in zizce vy to a size of a few centimeters in
densities as high as pessikble in speclfic devicez in zaawater which is aven-
tyally enriched with liwve unicellular algae or inert foods.

Thie paper reports on the ficst reszults cbtained in Belgium in an indoor
experimental nursary with spab of Ostrea edeliz, Crasszostrea gigazs and Veme—
Iuplz semidecuszata.

tm the bagis of the yrezults abtained in this small experimental wnit, a
semi-industrial pilot—scale plant has been designed and was recently boplle at
the border af the Sluice—dock in Ostend, Belgium.

This pilat nursery has been conceived as a mulbtivariable unit the ulti-
mate goAal of which 15 to detarmine the cost-benefit of an industrial nursery
utilizing the heated sffluent of a power plant.

Introduction

For several decades the construction of shellfish hatcheriez has been
praconized for the propagation of desirable commercial mollusses I1n arsas where
thay do not reproduce naturally or wharae natural seed iz slther ilnsufficient

or suffers From adverse environmental effluents (Davis and Calabrese, 1369).
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Many hatcheries have however failed econowicaliy in the past dus teo the
unwillingmess and the inexperxience of oyster farmers in handling the small
culcch=free seed produced artificially and the lack of suitable technigues B
and sgquipment for further ongrowth of the molluscs in the natural enviconment.
Besides, scientists also found that mortality of the very young spat wWag wery
high during the two or three months immediately after transplantation from
the tanks to tha sea {Walne, 1961). Large differences hetween the temparatures
in the indoor hatchery and the nateral environment Seed to be the major cause
of mortality. It has indeed been experienced many times that mortallty of
yourng spat is always high whan they are mowed outside in the winter and early
spring, whatever their sige. Morecver, spat of less than 1 mm  (only a4 few
days old} cannot be transferved at any seasen to outdeor conditions with res-
scnable chances of growth and survival [Walne, 1574], and a5 a result sead
below 2 mm 13 rarely sold.

Ongrowth in ocutdoor conditisns 1s most efficient when the geed has al-
ready a size of EB=-10 mm , which also simplifiss counting and eliminates tray
losses. '

Rearing spat up to this size, howewer, puts congidsrable pressurd on com-—
mercial hatcheries. For sconcmic reasons industrial molluses hatcheries can
indeed not ypscale tha wvery expensive indeor algal production te fulfill the
increasing focd demands of the growing spat (Persoone and Claus, 19800,

As a result, new methodologies for the controlled rearing of bivalwe meol-
luses from post-lacval zize to market size have besen developsd and bave proven
ta be technically feasable |Pruder, 1375: Ryther cr al., 1573 Foels et al;,
15978) .

Te be economically feasable, however, such systems must provide and main-
tain the physical, chemical and bilological ccaditions suitable for a rapid
gqrowth, in high densities, at low costs, for commerclally interesting bivalve
SpeCles.

The regirculating system proposed by Pruder (ep, cit.) with a diet of
cultured muncspecific algal species and the flow through system worked out by
Roels ot al. (op. cit,]. in subtropical upwelling conditions have todate seill .
to prove thelr applicability at compercial scale.

This means that presently the intermediate semi=-controlled "nursery™ cul-
turing iz the only technelogy currently practiced to grow spat from hatcheries .

up te a size of 1 to  em where it man be transplantsd tn the nabtoeal
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anvironment for further ongrowth. Because nursery conditions are less sophis-—
tizated and demanding than hatchery conditions, molluscs nurserles can hald
spat longer at less ooot, until it is sold to angrowers) this intermadiate
stage furthermore ensures a more gradual paszage from the hatchery to the

non-controlled grow—sut in the wild {Lucaz, 1976a).

Bayas {1973} 13 even more extreme when he states thab : "it ig particu-
larly important not to push any one stage past its limlk. Far exagple the
oyaters should be taken out of the hatchery at  2-4 mm , out of the nursarcy
at 10-15 wm , and out of the trays at 30-4{ om" o be put out in parcs,
"Zeed to about one gram is probably az large a=z one should go in a nurgery."

Pifferent technologles for nprsery culturing indocrs as well as cutdoors
have been developed at different lowations. The baslc principles are, however,
the same for all systems : namely culturing the postiarvas in densities asg
high a3 poseible in specific devices in running natural seawatar eventually
heated and enriched with live unicellular elgas on lnert foods.

Food and temperature are the two first requiremants of pivalves for maxi-
mal growth which Byther and Tenore (1971) call "often mutually exclugive :
first the water temperature must ba in the proper range for the apimals to
pump and filter water: second the water must contain encugh microscopic food
crganigms of the proper size and composition to previde food for the shell-
fish. These two prerequisites are often not present simultanecesly in the
same anvironment. Tropical and semi—tropical watsers are naturally poor in
nutrients and normally lack the level of primary productivity [i,e. phyto=-
Flankton grewth} for substantial molluec growth. The more eutrophle temperats
and boreal watere have tewperatures too low for feeding and growth of bivalves
for at least part and often as much as half the year. Clearly the use of heat
under these clircumstances would enhance the growth of the mslluscs duripg the
inproductive winter months and improve the prospects of their artificial cul-
tivation. "

¥Yet it Iis ohvious to anyons who cares to look at the economics of tha
problem, that artificial heating of tha large wolumes of seawater needed for
commercial moliyge production is theorstically prohihitively axpensive. &
solution ko this problem can, hovever, be found by using, for example, the
waste haat of power plant. Since the increasing demands for electric enargy

have resulted in the location of numerous power plants in estyarine and
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coastal environmente, encrmous volumss of heated seawatsr are at present avai-
lable for maricultural puwrpeses. Some Scientists preconize the direct usa of
marine cooling waters as culturing medium for the molluscs. An example of
auch as direct use of thermal seffluents for growing spat of oysters and clams
1g that of the commercial hatchery-nursery of the Internatlonal Shellfish
Enterprize at Moss Landing, Celiforania {Rutherford, 187%5).

The proklews inherent to a direct wutllization of cooling waters for mol-
luac culturing are of three kinds :
{0} The temperature rise of the seawater (AT} across the condensors of operating
power plants with once-through cooling system ranges from 5 to 40°C with a
mean walue of 18=20°C {&chubel and Marcy, 1973). This means that along with
the centrol of the temperature of the ambient or intake water, the temperature
of tha culturing water should be monitored carefully by dilution with unheated
water or by additional heating in function of the temperature optima and tole—
rances of the shellfish. In this conoecticn, it should be poloted out that
malluscs 1o general, and some bivalve spectes such a5 aysters 1n par:icular;
are among the organlisms most capable of withstanding heat and especially cold
shock (from 20 to 5°C , agcording te Ryther and Teaore, 1971).
{® In order to keep the coaling system free of fouling, blocides are added to
the intake water at rxegular intervals. It is obvicus that these "klow down
products", usually of the type of chlorine, many cause severe mortalities aof
the shellfish, if discharged intc the shellfish nursery,
(3} Entralnmwent threugh the cooling system of & powsr plant is wery harmful fFor
planktonlc orgahisms. Thermal, but alsc physical and chemical stresses cun.re—
sult in a camplete kill of phytoplankton populations. Schubel and Marcy f(op.
cit,] have demanstrated that usually 75 % of the unicellular algae do not
surviwe the paspage through the cooling system. Shellfish cultures may thus
suffer severe food shortage if they do net receive additicnal food. Prom a
detailed stady of the effect on marine life of entrainment through the cooling
system of a power plant the same anthors concluded that eavironmental damage
decreases Wwith increasing excess temperature of the cooling water at which
the power plant i operated. "The cholce of & low axcess temperaturs is sel-
dem if swer, best.”

From what is said akove, it is obvicws that indirect wse af thermal ef-

fluents in a shellfish nursery culture system seems by far more interesting.



Materials and Methods

An experimental nurcsery-culturing wnit was built during spring 1978 at
the border of the Sluice-dock in Ostend {Belginm}. This challow bassin {86 hal
connected via sluices to the harbour end the sea, is well-known for 1te extre—
wely high productiviky resultipg in excellent fattening of 13 months oystars
seeded on the kottom [Polk, 19651,

Seawater {rom theé Sluice-dock (+ 28 ¥) is pumped automatically into a
storage tank of 600 & from which it is pumped continucusly via an inkerme-
diate tank into a distributing reservyojir of 200 £ . The water level in the
latter raservoir is kept vonstant by an overflow which permits distribution
of seawater from this tank to all culturing units by gravity flow., The sea-
water in the dietribating-tank is preheated to a constant temperature {(12°€)
by means of four slegiric heaters.

For the experiments at higher temperatures (15%C) heating of the sea-
water iz performed directly in the culturing tanks by separate aguarium hea-
ters equipped with thermsstats.

The non~heated contrel unita receive water directly from the storags
tank; the culturing tempersture in the controls thus varied during the couree
of the experiments parallal to the changes of the outdoor seawater temperatures
in the Sluire—dock.

In function of the type of mxperiments, the velume of the culturing tanks
ranged from 3% to 21 . The flow rate of the wabker was chosen in proportion
to the volume of the culturing units and adjusted ke retentiopn times of 172 ,
1 and 2 howrs ;| respectively.

Clirculation of the water in the culturing tanks was realized by air-water
puNps. In soma of the experiments the air-water lifts are integrated in so
called "wpflow” or 3 D-oylinders placed in the culturing tanks (Bayes, 1%79).
The water [lows in through the mesh bottom of the cylinder. The water flows
upwards through the layer of oysters which cover the bottom and flows out
close to the top via an aperture in the wall of the cylinder in an U-shaped
alr-water 1ift which ensures the aeraticn in the tank and the continucus oip-
culation of the water in the cylinder.

The advantages of such upflow systems 12 that chey permit culturing of
spat plled in several layers instead of the classical mgno=layer practice
which requires moxe than cne hundred times as mmch bray space. Furthermore,

the young oysters do not stick to tha trays when they are grown in this
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"gemi-fluidised® manner, and the fapces and pseudofasces produced are not
accumulated upon or between the spat and de not clogg the meshes of the
hattom.

In mpst af the experiments the unique food supply for the shellfjsh con-
gisted of the natural phytoplankton present in relatively high concentration
in the Slulce-dock seawater; in some of the experiments, howewver, additional
food was provided by separate inflow of a4 suspensicn of living unicallular
algae, micronized rice bran or spray-dried Spirulina cells. The differsnt
feeding regimes wexe preset at the aid of peristaltic pumps. The algal sul-
tures supplied as extra food in some experiments were natural phytoplankton
bleows cbtalned Lo culturing tanks, cutdoore or indoors, depending of the
gcale of the szperiment set up and the time of the year. A detailled descrip—
ticn of the outdoor algal units and the yields cobtainad are given in De Pauw
et al. {15930).

The bivalve species used far all experiments are the oysters Ostrez edy-
liz and Crassostrea gigas, the clam Uenerupis.semidecussata and the musecel
Mytilus eduliz. The ovster and clam spak {sizes of 3}-4 mml criginated from
commercial hatcheries in France and in the 0.K. The mussel epat was collectad
on a breakwater Iin Ostend.

The different growth eXperiments Were canducted at variocus terparatures
and lasted for several manths. As parameters for growth ghell height (linear
distance from umbo to bill) and live individual welght wers measured at requ-
lar intervals of approwimatsly one month. Relative growth vates (¥, baged on

length and r, based on growth] were calculated with the formulas

In L. - 1ln L:
F = —————t
- T
In W, - 1In W,

t

Fy, =

where L is the initial length fin mml, L. the lenght at time t (in mml,
W the ipitial welght (in mg), W_ the weight at time t {in mg) and ¢
the time {in dayal.

Terperatura of the seawater was checked daily. Diasolwed oxygen, ammonia
and nitrite concentration and procentual mortality of the shellfish wers mea-
sured monthly.

The filtration by the shellfish of the suspended Food particles was

roughly estimated by the diffarense in P.O.M. i(particulate organic matter]
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and concentraticon of chl. 2 in the inflowing and outflowing seawatar. P.0L M,
wag measgred by the ash-free dry-welght of the residue on glassfibar filter,
and chl. 2 by in vive floorimetry.

We have to underline here that tﬁa toest temperatures in the heated tanks
could not be stabilized rigoursusly for saveral reasome; they thus represent
the prevailing mean tepperature for the whole experimental paciod.

Temperature curves based on the dally checkings are given in the figures,
Sharp drops Iin the curves of the test temperaturss in the heated tanks are due
to technological difficulties {defective heaters, power failures, etc.].

Eesults
EXPERIMENT 1

Growth experiments were started end April 1978 with juvenile Mytilus edu-
iz, Ustres eduli=, Craggostrea gigas and Venerupis semidecussata, and lasted
for eight weesks.

Three stocking denslties were tried cut : 1, 2 and 4 gfi live welght in
culturing tanks of 35 4 . Flow rates were 3% L , 17.5% and 8.75 E/hour,
raspectively.

The test temperature was 18*°C |, with controls in unheated water. The
chl. & content apd P.0.M. of inflowing and outflowing seawator ware checked
weakly.

The results are given in figure 1.

Data on the effect of flow rate and stocking dengity on the growth rate
of shellfish have been cmitted in this report for the sake of clarity. Tampae-—
rature and chl. a cootent of the inflowing seawater are included in the 3ame
figure,

From the data, it appesars that each sheliffsh species has its proper
growth rate, more or less independent oFf the zize at the start of the experi-
ment. Both oystar specles are fast growers, while juwenile mussels and clams
qrow by far mors slowly. For Mytilus edulis, the shell length increased right
from ths start of the experiment and growth waes clearly improved by heating
the incoming seawater to a temperature of 18°C . This is not the case for
the other shellfish species. Ho significant differsnces were indeed found in

the growth ratez during cthe first half of the experiment in heated wversus non
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heated seawater. In the second half, on the centrary, a difference in growth
rate was obsarved, desplite bhe relatively small increase of the experimental
cemperature during this period of the experiment {37°C).

Temperature in this case was thus hot the wigue growth Jetermining fac-
tor. It is chvioys that the typical bloom of phytoplankton during spring in
the Slyice—dock of Ostend, reflscted wery well hy the content in chl. 2, mar-

kedly affected the growth of the shellfish, especially of Q. sdulis, C. gigas
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and ¥, samidecpssata. The critical phytoplankton concantration for growth of

Juvenile M. =dulis is clearly reached earlier during the test.

EXPERIMENT 2

Another series of growth experiments was started early February 197% with
spat of Vanerupis semidecussate and Crassostrea gigas and lasted for 3 months,
Thres stocking densities were used, namely ©.5 , 1 and 2 g liwve
welght/L , in tanks af 17.5 I contenance: flow rates were fixed at 17.5 &

per hour.

The test organisms wers kept in an vpflow sylinder as described above.
Chl. a and P.0.M. measurements were carried out a8 in the previous experiment.

For each of the test combinations two different experimental temperatures
were setb up, namely 12 and 15°C , with one control tank with uvnheated sea-
water for each epecies.

The results are givean in figure 2.

Data on the effect of flow rabke and stocking density are not considered
hare.

The reselts of this experiment corroborate the results of pravious sxpa-
riment, insofar that growth of both shellfish species is minimal during Febru-
Ary and March in spite of the hlghar temperatuere of tha culturing water. &
significant effect of the raise in kemperature can only be cbserved from
April on, when the food level in the ssawater reaches the criticel minimum.
For V. semidecussaka, thie critical concentration is xeached earlier than for
C. yigas. Howevar, once the growth process ie resumed relative growth rates
are higher for the oyster than for the clam apd is for both these species,
higher at 15°C than at 12°¢C .

Since thils experimant was started earlier i the year than the previous
one, 1t can be excluded that the poor growth parformances which were recorded
in the fiist half cof the experiment are due to gome lmpedimant of the growth
reaction of the shellfish capsed hy a slow adaptation €0 the experimental con-
dikians.

EXFERIMENT 3

This axperimant is a raplicate of both previcus experlments on a swaller

scale, but was carried out only on ¢lams of various shell length.
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The data,taken into consideration for this papar, are represented gra-

phically in figure 3.
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The rasults alse corroborate those obtained io both previous experiments,
namely that the growth of v. semidecussata in a controlled system, ig enhanced
by increasing the temperature of the culturing watek, ahb condltion that the
content in chl. 2 oF the water exgeeds a critical threshold. This phenomencn
can be obserwed for juvenile clams witin @ shell length of * 3 mm , L & me

and * 9 gm , respectively.

EXPERIMENTE 4 BAND 5

In the last two seriges of experiments, an attempt was made to eliminate
the testraining influence oo the growth of the shellfish of food voncentrableons
below the criticral threshold. An extra input of food into the culturing system
was therefaore providad by sdding known concentrations of cultured phytoplankeon,
micronized rice bran, and spray dried Spirulima cells, respactively.

The phytoplankton sultures consisted of blooms of natural phytoplankton
from the seawatar of the sluice-dack.

The Blooms were induced in two vectangular outdoors tanks of | o' sur-
face and 250 % wvolume, eguipped with aickift punps to ciroulate the medium
angd to keep the algae in suspension [De Fauw ot al., 15980).

As the algal cultures were run on a [low Chrough basis, the dilubion
rate was adapted to the season, i1.e. to the insolatian vate. After several
yvears of experimenting with swine maaure from bicindustries as a nutrient
source for algae, a slmple standard technigue has been developed by e Fauw
et al, (op. cit.}, in which a 2 % suspension of aeprated manure is used as
sole apurce of nutrients.

The deminant phytoplankton species in the Eirst bhalfl of the experiment
were Skeletorema castata and chlgrelia sp.; in the sccond half Mitzschise sp.
and Phaeodactylum rricornutuyw. the mean algal cell conmentration in the shell-
fish tanks was 163 » 10° cells/mi . which eorrezponds with a2 chl. a cootent
of minimum 24 pg/R

The spray dried Spirulina powder originates from the Texcoco Lake in
Mexico, where rkhls blue gracn alga is grown and harwvested on an industrial
seale {Sosa Texcooo 5.A., Mexico City, Mexicold.

Prior to the micronization process #Ultra[ineﬁﬁ, the rice hran was ex-—
tracted in order to reduce the fat content of this waste product to 1.0h -

2 % . This processing prevenis the inert food to hecome rancid when suspended

in the oyster culbure tanks.
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Growth experiments with VaRerupis semidecussata, Ostrea edulis and Cras-—
FOSLrad gigas Were carried out ag in the exparimental series described pre-

viouely. The experimental temperature was 15-20°C ; water and food suspenslon

Experiments 4 and 5
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were added continuously but separately. The experiments with V. semidecussates
warg not conducted simultanecusly with che axperiments with oysters.

The rasults of the growth experiments ara given in figure 4.

From these data, it is clear that the growth results in the contreols fol-
low the general principle of the previous experiments, namely growth of the
shollfizh 1s in the first place datermined by tha amount of Eood available in
the sea water.

When extra food iz added teo the cultures, the results are somewhat diffe-
rent faor the three shellfish species

Veperupls semidecussara growa well when the food supply consists either
af live algae ar of rice brap. Additicn of Spirulina powder did not improwve
growth in comparison to the controal. Whersas the growth enhascement by addi-
tion of food waz obvilous from the baginning of the exparinent when rice bran
was used, the [avourable effect of the additicn oF live algaes, on the contra-
ry, became only aignificant after ane month, WNo evidence has been found yet
that the different species composition of the algal eultures, which is seasan
dependent, might be responsible for this phenomenon.

The Oxtrea edulis spat gave very poor results in this experiment so that
ne significant conclusions can be drawn.

(Crassostread gigas showed a similar growch in the tanks withoot food en-—
rickhment and io those with extra addition of rice bran. Since the average
chl., a content of the spawater in this season was 16 pgfh  and since it was
always above 10 pgfi (concidered as the minimal lewel for sustaining growthl,
ocne can copciude that, conktrary to the resules obtained with V. semidecuscaka,
vice hran in the form in which it was adminiscratred did nat contribute Eo Lhe
grawth of . gigas. On the other hand, growth of this species was speckacular
when the mixed phytoplankton cylture was added.

From these oxperiments, it can ba extrapolated that the probleth oF food
anortagqe, ag a limiting factor for the geewth of shellfish spat in a control-
lad nursery caolburing system, can be solvad by supplyving live phytoplankicn
ar same inett foods to the bivalwe cultures.

Referving to the previous experiments, it is evident that even in bio-
topes which are considered eutrophic, heating of the seawater during winter
and =arly spring, should be accompanied by additiomal food supply bto the
ghallfish. As far as the live phytoplankton cultures are concerned, it should

be pointed out that algal yields under our temperate climatological conditicns,



-ar

vary Wwith the segzons and are minimal during winter. Very large algal cultu-
Iing unilts are thus necessary to cover the nutritional requirements dering the
calder periods of the year to meet the food demand of & relatively small scaled
hursery. It 1s not fully understood yet to what extent the species composition
of a mixed phytoplankton culture contributes to its nubritional value.

The nse of inert foods in shellfish culture had such precarious results
in the past, that a lot of experimentation is necegsary hefors any reliable

advice can be given on this subject.

Dizcusslon and conclusions

The pffect of tomperature on larvae and spat from oysters and clama has
been seudied by several authors. Srowth ls positively correlated with tampe—
ratura up to some limit. Pavis and Calabrese (1949) demcnetrated that spat of
2. edulis kept at 10° showed virtually no growth; at terparatures from
12.5 to 27.5°C , growth of spat increased with each increase in temperature.
The best growth of 0. edulis spat is obtained at 24-23°C  (Walne, 1974} . The
"hiological zare temperatuvre” for growth of many bivalves species is around
13°C  according to Waloe (1965} and  10°C  for Rythar and Tenore [(1971}.

Howewver, 1t has been shown by Lough (197%}) that temperatures at which a
maximim growth response is obtained may put an abnormal stress on the animals
which can ultimately result in high mortality,

Other anvlronmental copditions such as, for example, szalinlcy can indeed
interact with the effect of temperature. In nature, aguatic inwvertebrates are
subject to a variety of environmental changes; they respond to the total ra-
sulting stimplus or stress rather than to sipngle environmental entities
(¥inoe, 1970]. An cxganisn probably cperates most efficiently when ik finds
itself in & sebt of environmental conditions which maximize all its biocleogical
responses. In this regard, it should pe pointed out that increasing the tem—
perature will hasten growth, but mey divert energy frow somatlc growth to go-
nad growth [(Walne, 197&).

¥When transferred to an arcificlal environement, the effect of increaged
topparature will depend on the absolyute temperature employed, the speed of
temperature change apd the previsus environmental history.

ln any case, it is of uttermost importance that an adequate food supply

is provided when vemperature is raised. The experimants described by Walne
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{1874} demonstrate that there is little @ifference in growth between 194
apd 24°C when 0. edulis spat ware cnly fed 5 Tetraselmis cellas per pf
per day. If the ratlen was raised to 10 eells per day, some positive influ-
ence couid be seen resulting from the aelevation of tepperature, bub it wWas
not yntil 20 cells per day were fed that full advantage was taken of the
highest temperature.

The uxperimsants at larger scale arried out by Mann and Ryther (1977)
with spar of Crassostrea gigas. Crassostrez virginica, (strea adulis, Tapes
japmmica, Mercenaris merpemaria and Mytilus eduwlis corroburabte rhese findings.
congistent nigher waiues For live weight, dry meat wewght and condition index
wera recorded throoghout the study at  15°C than at  20°C . Our own resules
should thus be inierpretced 1in Ehe same context.

B tepperature regime optimal for growth must compromise betweenh the sti-
mulation of feeding and meat production, on ope hand and mlnimizing excessive
shell growth, production of gonadal material and potential physioclogical
ctresses associated with high temperatures on the nther hand.

The expleitation of the advantages of increased temperature resulis in
an iocreased vulnerability to proleonged stress, since the animatl is dependent
an limlted stored regerves to maintain a normal metabolic rate during perlods
when the food collected L& wnadeguacso ta support this rate {Ansell and Zivadas,
1973 .

When maolluscs are cultured at optimal cemperatures, their metabolism,
waler pomping, 2nd fesding activity are functiconing at high lewels; A0 the
water, howevey, dops not contaln adequace food in guality and quantity far
cheir grawth or even for their mertakolic requirements, the aninals may be in
a4 [ar worse situation =han if they were allowed to "hibernabe" ab a low lewvel
af metakpalism io unheated water (Ryther and Tenore, op. oIi-).-

h perlbinent guestion is whether the food should be supplled in the form
of algal supplements to relatively small wolomes of heated geawater, or by
providing a greater flow of enciched seawater through the stocsk tanks iHelm.
Helland and Stephenszon, 19733 . Anyhow, in designlng artificial rearing systems
for bivalwes, current speed showld always be sonsidered as a very impartant
variable, sincce the most productive culture system always implles hoth the
plimination of all qrganisms which compete for the same f00d scurce as the
species cultuked, and the estaklishment of optimam physical conditions for

growth [Kirby-Smith, 1972). A suitable waler current i= peuved3ary to stimalate



faading and to carry away the faeces produced (Walne, 1976). The filtration
rate of the hivalwves is indeed significantly correlated with the flow rate of
Sea water, Clearly, at some point the animal reaches its mawimuw filtering
rate and increasing flow rate will have ho further effect (Walne, 1972). Opti-
mal results are found when 30-60 & of the chl. A present in the seawater 1s
removed (Kirby-sSmith, op. cit.: Walne, 1972). When the algal cell concentra—
tion i=s inferior ko a particeler critical level, the bivalve spat gpends re-
latively too much of its energy for pumping, and at very low cell denszities,
tha flltering systenm lt=elf may even hecome completely inadeguate (Fpifanio
and Ewart, 1977; Walne and Spencer, 1974).

In addition to the guantitative aspect ofF the food supply, the gqualita-—
tive aspect should also ba considered.

Many studiesz have been devoted to the nutriticoal welus @f a wide array
of speclas of algae to Buropean, Japanage and American cyster larvae; little
attentlon on the econtrary has been paid yet to the value of different algal
species to post-larval bivalves {Walne, 1970; Epifanic and Mootz, 1976). &
reagonable explanaticen for this phenomenan is the fact that feeding studies
with juvenile and adult oysters Are moch more difficult to carry out hecauee
of the large quantities of micrcalgae neesded and the }limited capacities of
most algal culture systems (Perscona and Claus, 1980). From the few studies
avallable, it appeared that biwvalves fed egual gquantities of different spe-
cleg of algae showed dlfferent growth rates and these growth rates were, be-
aides, dependent of the concentration of algae in the water. Rlgas which were
gl or bad foods for ohe spacies of hivalwve wer? 1n most cases also good or
bad to other bivalve zpeciez, Analyses of amino and fatty acld composition of
reprasentative goodd and bad foodes showed no substantial gualitakive or guanti-
tative differences (Epifanio, 1975). Dietzs conzisting of nixtures of several
Epacies of algae generally yield better growth than particular specles uwsed
separately {Epifanio, 1979).

From the practical maricultural point of view, it {s guite understandable
that recent attenticoh has been forused more oo mixed mass culkbures of phyto-
plankton than on wonoespecific algal cultures. At various locations, several
attempts have bean successful to induce more or less "contrelled sutfrcphi-
gation™, in which maximum potential prodoceion of both algae and molluscs is
abtained, without the risks angd instabllity of highly eutrophic natural sye—

tems: the technologie= are based on compartmentaliziog the ynits for the




growth of the moelluses and their food separataely (Byther, Dunstan, Tenora and
Huguenin, 1972; Mann and Ryther, 1977 Roels, Haines and Sunderlin, 197&6; Lu-
cas, 1976b).

fm the kaziz of these studies and the results obtained in our sxperimen-
tal small-sgale nursery, a semi-industrial pilot-scale plant has heen designed
and was recently bwilt at the korder of the Sluice-doack in Ostend. -

It conslsts of 43 outdoor algal banks of approximately 100 m?  surface
and 100 n’ capacity, each eguipped with different systems of circulation of
the algal suspension.

The nursery proper 1z located indoors and conslists of 4 tanks with rows
of B up-flow cylinders.

The whole system is conceived inm such a way that the infilpence of the wa-
riation of many parapeters <an be azsezsed, such az for example, temperaburse
[indirect heating of the seawatsr), flow rate, recycling of the water, stock-
ing density, type and gquanticy of food, ebo.

The uwltimate goal of this pilot acale plant is to determine the cost he-

nefit of an industrial nursery utilizing the heated effluent of a power plant.
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