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ABSTRACT

Research Supervisor: Prof. T.F. FEarsons

The production of planktonic  herbivcrcus food chains‘ vas i
examined ' in large scale continuous cu;turesv ﬁsing a déep.
‘nutrient-rich source of seawater to promote high pfqddctivity‘
rates. . Both.tﬁrbulent and non-turbulent up¥elling systems were 
investigated ~in omne-stage culture experirments with flushing .
. rates .ranging from 0.25)daj - to 0.75/day.ﬁlThe systems vere
analyzed in terms of the dynamics oflthe primary community and
.tﬁeir,suitability for the growth and sutvivalhof two bivalvé
molluscs, oysters ( Crassostrea_gigas )1aﬁd scallops ( Chlamys -

hastata hericia ).. The results indicated that a . high flushing

réte:ofgthe-continuous culture systeh (G.75/day) was tequired for
the groath' of the scaliops under natural forcing conditijions. ,
"Maximum rates of 16.8% per montﬁ' éere échieved at # deptﬁ of one.
métre, dhe.to é_reduced light intensity and temperature at this
depth ccnmpared with surface ‘ccnditons.;liln contrast, the one-
'stagé.culture systeﬁ with a flu;hing rate of O.és/day‘ provided
suitable . enviroﬁmental conditions 'fbr - the growth of oysters,
3althou§h an experimental ccmparison of two stbcking densities
'indidatqd that the phytoplankton concentréticn,limited the.g;éwth

of Crassostrea gigas at densities kelcw commercial levels..

In:the‘tuo-stage culture éXperimenfs, the dynamics of the
iof: fhe  primary communitiés were mcnitored at consﬁént and
vériablé' flushing rates, ranging from 0.10/day to 1.00/day, in
turhulent upwelling systems with natural forcing conditions. The

dynamics of the primary community were predicted with reasonable



iii
aécuracy using a numerical simulaticn model with experimentally
_deferminéd parameters and values of the forcing variabies.r The
~growth of the.oysters was also exapined as a function of their
SiZe,"théir density and various primary coﬁmuﬁities'asva food
Source. . Tﬁe_ results indicated that a primary system with a
flushing‘rate.of 1.0)day prbvidea the'most'suitaﬁle enﬁirbnméntal
cénditiqhé.‘fo; the‘ prcducfign‘of OisthSgtl The maximum - growth
rateé attaiﬁed'durihg the expetiméht'(la%/ﬁéek) were.gieatér than

rates measured in an 'optimal'. field lccaticn im British Columbia. .
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CHAPTER 1., ' INTRODUCTION

Maximizing organic produciion in aguatic ecosystems is an
»esseniial component of effective,fisheries managemegty(Paloheimé
and Dickie, 1970; Saila, 1971), aguaculture develcpment  (Pillay., .
1970), and eutrophication control {Di Toro et -al. , .1975;.
Bierman gi‘gj-L . ‘1974)-; ‘Observations of highly.‘produciive
ecosystems, such. as areas of wupuelling (Cushing,  1971) and
estuarine envitonments (Teal, 1962; cdum and Séhleske, 19£1;
Ryihet,, 196§),,.indicate',the importance c¢f time:. and space
variables in'detefmining both £he production and organization of
pfimary, secondary, -and tertiary ccmmunities.,'Extensive.studies
of these ecosystems. usingA field experiments and explanatory.
multidimensional models have described with?vaFYihg complexity\
the production and organizétion.cf that partiéulér'food'chain oT
web, exemplified by Walsh and Dugdale (1871, Wiége.rt\ et al. .
(1973) and Caperon (1973) respectively. . Hosever at this complex
level of interactions » ¥with inherent ncn—linearities, ecosYsten
responses to naturéli or artificial perturbations' are less
predictable, particularly if-ﬁarémeter valqes'for .the . original
model . are estimafed or borrowed  frcm the«literature.(Saila,
1973) . | |

| Two ,complementarf Tesearch aprroaches +to improve this
situation- are, first, to reduce tte complegity and connectivity
of the natural ecosystem by initially ‘*subsystemizing?  on a
trophic. basis, and secondly, to investigate controlled
ecosysteuns, with known forcing conditions using.time and space.

as control‘éarameters.f In the first case for example, analysis



of phjtoplanktonic subsystems include studies of naturally
eutrophic environments ~which emphasize ércduction {(Patten and
van Dyne, 1968; HWinter et al.. , 1975; Smayda, 1973) - and
otganiiation -{Platt and subba Rao, 1970; ﬁcaliister‘gg-g;.x-,.
1972) , scme relating specifically to time, expressed as the
flushing .‘rate: of the  systenm (Dickman, 1?69;U Cassin and
McLaughlin, 1971), or to space (Platt,197z).. In the second
cdse;u~controlled experiments of o:ganic.pioductiop have varied
ig»ope:atiénal écale,unnﬁber of trophiC'ievels, and - cperatibaalu
controi in ternms of.time and space, as outlined later in this
chapter...

Conditions for maximizing production at the primary 1evel_;
have been proposed by Steele and Menzel (1562), Steeman Nielsen
'(LQBZ);«ahabTakahashi énd’Patséns (1972):?by foéusing on the
importance of spatial cOnSideiaticns~suéh as turbulent mixing
and the depth of the vater column. In additicn to these field
‘and controlled experiments, more theoretical aéproaches to.
pfoducticnvand organization . of planktonic systens have . been
cdnsi@ered» by Bella . (1970), Grenney et al. (1973a), Grennej
ggng;¢4 (1973b), Ross 45973), Platt et al.. (1977)  for
phytoplankton and by Phillips (1974), Steele (1974), and Steele
and Mullin (1977) for higher trophic.ievels;,» |
| ' The:. importance 6f. the flushing"rate and of = spatial
considerations in determining the production and Structure of
marine_écosystems,:provided the Fkasis for the present research
strategy rtd'_examine production 1in- planktonic systems. K The
.hypothesis was that prodnction in bivalve fcod chains could be

enhanced by using a deep nutrient-rich source of seawater and an.



optimal - flushing raté énd sbatia1 structure cf'tﬁ;:ecosystém to
maximizeﬂvproductivitym,' In order - to - test th@$‘ §ypdthe§i$,
dupliéatéﬂcontrqllgd ecbsystéms aéie.designﬁd ﬁitﬁwthé-folloaing,
operationa;“capahilities:‘ | |
‘1., a large COntinuous culture . tankflsystem‘“iﬁ’whiqﬁlthé:
' ,flushing.:raté. could be varied and ,chtro;led,w aga. ihe
ﬂseaaater either upwvelled xﬁith a . minimum,Qf.tuxbulence 5},
artificially mixed. . | |
:2m,”a. deep nutriéntfrich source . of.vseaﬂafeflgto"éihanée
primarf prﬁductivity., |
_3,; a -telétively shallow ' water column (about:1 metre) to
miaimize'1ight:limitation of :the yrimarjvccmmunity.;
4... a choice between controlled, chstant.forcingf.COnditions
: pf;lig&t and'teméefature;to simplifyvtie system,re3pbnse, or, -
‘natnfally fiuctuating .envifcnmental‘ ccrditions to simulate,
p:oductioﬁ.in-the‘field-, | | |
5., utilization of the. producficn syster as a one—staée
““culture by placing the herbivores in-situ , orzéxpansion to a
? ta6-stagé; culture systen, aith"theﬂprimaiy.prodnctioh:taakf

; teeding intc a set of herbivo:evtanks.;

Uéing this controlled system, the objectives of : the
résearch, yerevgséentially two-fold. . The first objective was to
ei#minei the: production . aﬁd orgénizaticn- of a natural
phytoplanktonic.community‘at varioué flushing rates in turbu;ent
npuelling systens for a'signifiqant‘pe:iod‘ofvtime'(greater:than.
~one  month), and td analyge numefically the ecosystem responses
‘with a ‘deterministic matiematical_ modelA usihg" simulation

technigues. . The flushing Trates ranged fronm O-AO,day;lutollmO



day—T,during the experiments sincevthe groath. of phytoplankﬁon
is enhanced at -;hese raées (Brpun and Parsons, 1972) énd they
represent attainable flows for smaill ﬁaricultuze impoundmentsf,
The second objective was to exanmine the resﬁlting growth.of
the herbivore populations in both one-stage and two-stage.

cultures. Populatlons of oysters ( Crassostrea gigas ), in the

form.cf commercial cultch * , and scallops ( <Chla®ys gastata~

hericia ) which were confined in net cages,Auerefpositionéd at,
specific substations ‘and depths.in the primary prodﬂctign.fanks.,
Their grosth and effect . on the priméry commdnjty. was mqnitbredv
during the one-stage culture exfperipents.. Bivalves were chosen.
as the experimental herbivores since they prcduce a cdmmerciaily
harvestable resource at a ldw, ecologically efficient level in
the. food chaintﬂ'Furthgrmo;e, the.spatia;:heterogeneity of. the
herbivores could Se experimentally ccntrolled.. In the two-stage
culture experiment,.grbwth of juvenile (Crasscstrea gigas were
examined using artificially cdﬂstrdcted"cultch. {(wvith eight
oysters per cultch), designed to simulate the cultch used - in
cemmercial production.: The production of ycung oysters ebuld
then be:determined,as a function of the following factors; size
.of]thevoysters, denSity‘oflthe oysters,.ahd flushing rate of the:
system., The dynamics of  the .temperaiure, standing stock of
phytoplankton, oxygen, ammonia and urea in the herbivore tanks,
aené analyzed'as gqvariates.,

Examples of studies pertineat to this Tesearch, which .

1A 1arge oyster half-shell with oyster spat attached to 1t, for .
strlnglng frcm rafts. .



basically inciudes produdtiVe marine planktcnic écosystéms, are
cétegorized in Table I with the following observations.. .

Firsi,' there. - have Deen  few® xarine ecosystems uhich_h&ve
been:experimentally controlled at a 1a¥ge-sca1e field lévél.r
One . example, however, is the 750 acre tidal impoundment of the
"Lummi Indian Tribal;Enterprisé.J This mariculture systenm ‘reiies
oR . the natural surface plankton as the focd supply for reafing.
moiluscs and a supplement to the comﬁgrcial diets for ,raisidg,
salponids.. A marine .impoundment utilizing deep nutrieni-riqh.
seawaterﬂlshiels ana Hood, 1970) could be even more beneficial
by enhancing 'productivity, and reducing high surface
températuces.énd bacterial levels, .

Secondly, nine large sbale'experiments are notable in their
variability.éf trophic analysis and.éperaticnal control in time.
and  space. . Of .the four continuous culture studies, two {Baab
et:als, , 1973; Halone.ging;;, , 197%5) . utilized nutrient-rich
seawater . from depth and were conducted in a semi-tropical
envi:onmebti with average experinental temperatures greater than
Ca. . 25.9C . The Halone study is of limited value with only a
four . day experimentéi duration and a phytoplackton population {
Chaetoceros ) which.is probably a sub-optiral herbivore diet due
to itS'moiphclogy.ﬁ The Baab study, which . concentrated on: the
mollusc populations, determined that their ccntrclled ecosystenm

favoured the growth of Ostrea edulis rather . than (Crassostrea-

species.. A preliminary experiment to tke present research
{(Brown and Parsons, 1972) exanmined simulated wupwelling at
various flushing rates of nutrient-rich seawater and the effect

/

on the maximization and stability of primary communities. .



Thirdiy, an organic source of nutrients, diluted sewage,
.has been used in a series of medium-scale continuous cultures
investigated by Duanstan and Téno:e, and ptovides' a useful
specialized system for eutrophication ccantrol and mariculture
production. .

Fourthly, five small~scalevcdntinuous"culture studies are.
~included "as’' examples of controlled experiments which providé
insights into . maximizing producticn 't ., although they ére
limited in-scale for applications tq mass culture production in
hatcheries. . In plankfon research,.ccntipuous cuiture:techniques
.haye been applied nmostly -en a small-scale to  elucidate
pﬁfsiblogicalnprinciples of . nutrient;“tempezafure' and light-
limitation, ~either . in a turbidostat (Erpley and Dier,.1965;.
Maddux and Jones, 1964) or in a chemostaf A Capércn, "1967;
Eppley et-al., , 1971; Caperon and Myer, 1972; Davis g; al. -,
3933;:Rarrison et al. ., 3 1976 ; _Davis,‘ 197¢€; Cohway,_.1977),,
Finélly,ftavof the‘sméll-scale.studies.in7Tatle“1'have utilized'
agiracewaj for operational control (Walker and Zahradnik,'1976;
Kirby-Smith and Barber,‘ 1974), althougk in terms of
'optimi;ation, this'System has the-disadvantaée of providing only
'.ateal;o: two-dimensional productidn.; | _

Table I :is not intendeé as a ccnplete 1i$ting;of'fieid or
laboiatory studiés on the: growth of marine 4phytopianktoﬁ; or
bivalve . molluscs, the bherbivores used in this research. , What

Table I - represents is a sample of studies which. have

1 .For a discussion of the continuous culture. technigue, see
Taylor (1960) and Oppenheimer (1566) ..



experimentally aéknowleaged the significance. of either the scale
of operation, trophic level .cr time and space as control
parameters, Or more. usually, a-combination of these. factors, in-
the organigation and production of phytoplankton and planktonic

herbivores. ,

Other . investigations +tc¢ improve. produ;tionv of
bi?alves have ranged from breeding and cclléction éf seed
{(Loosanoff and Davis, 1963; Imai, 19€7), tc ‘rearing_ bivalves
using rafts (Quayle, 1969,1971) . and trays (Parsons,l197u) to
increase :production in the natural envircoment._  Some have.
concentratedion-physioicgical factors which affect’the'growth of
biialves, ~including  studies by Waine {1972), Snra and Baggaley
,(1976),.aﬁd feeding experiments by Tenore and Dumstan ' (1973b,c)
and ¥alne (1970) which indicate the importance of the type bf.
the phytoplankters, as well as the“.relaticnship‘.betueen the
uptake. rate at var1065=concentrations of”phytoplankton., |

The research presented in ;hisv dissertation'"has been
structured tc provide éompﬁrisons tetween non-turbulent and
turhulent'continuous:cultures in either a.ohe-stage or two-stage
systen, at various flushking rates of the system., Five
confinuous culture,exberiments, ranging frqm three to teﬁ veeks
dnratign,‘ were conducted’ during this stqdy.; The forcing .
cohditions of light, temperature and nutrients were essentiallj
constant during Experiment 1., . Experiments 2 to 5 were conducted
in outdoor continuous culture systems in crder to examine the
effectsoi more.néturalvconditions of light and temperature on
productioﬁ.in fplanktonic' 1 foodvchainﬁ..
i:. Thé “term planktonic is . used  throughout this study to

~incorporate the fact that the experimental bivalves vere
suspended in the water column and fed on the phytoplankton.,



in  Experiment 1 ({Chapter 3), duplicate nocn-turbulent

upﬁellingAsystems Were used to examine the dynamics of a .natural

phytoplankton community and the resulting growth of 'an 3in situ

population of scallops, at a flushing rate of O.S'danl;'“ in .
Experiment?s 2 and 3~(Chapter‘u), the cne-stage  production of
both. oyster and scallop food chains was examiped in a turbulent
upgelling.system-u Chapter 5 preéentS'the results and discussion
of 'Experimentv 4, an ‘analysis of the dynamics . of primapy
communities at two ccmpara£ive flushing rates (0.50 day-1 and
flmGO' day-l. )= . The expérimenial design = uas expanded in
EXheriment. S to .include an examination of éariablé'flushing
tates of : the: primary systen during the‘_experimental period
(Chapter,is), and the éuitability of ihé.resulting phytoplankton
communities as a food source foi :the two-stage culture of
oysters»(Chapter\7).x An analysis of the dyramics 6f-tbe primary
community,-.using.a simulation model, is preseﬁted in Chapter 8.,
Chapter 9 ptovides a comparative discussion. cf +the. results of
the . five‘ experiments, and‘.the corclusions from the_studyAare

sdmmarized in Chaptet 10.,



IMENTAL FACILITIES ANL METHODOLOGY

CHAPTER 2.  EXPER

Ekgetimental Facilities

All continuous culture experiments were conducted ' using
‘large.iank.faéilities at the Pacific Envirorment Institute; West
Vancouver, - B.C... The incoming seawater for the experimental
system was punmped from a depth of ca. . 60 feet in English Bay,
passéd through a 5 micron filter'and provided a source.of cooi,
nutrient-rich seawater ( 11 °C , 20 ubF nitrate 1=1- )  to the:
production system resevoir. The .flov rate from the seawater
"rTesevoir .to the experimental tanks was expressed as the flusbin§
rate (FR), determined by the flow rate required to replace the
totalfvoiumemofAthe_éxperimental tapnk in one daj; that is

FR( day=? ) = y'V‘l
where: v=flow rate (1 day—® )  and V=tank volume (i)., The 
.flushing‘ rate temained--’relatiVely corstant during the
. eXperfiments bY wusing a gravity-feed methcdvfrom the resevoir,
with;the f1ou controlled by in-line'valves._ Flushing - rates up
toj1;0 day—-1 .could be attained using thié mefhod.f All materials
used . in - the systen were . *inmert! , including the fibreglasé
resevoirs and ekperimental tanks, 11/5 w pycg 13- piping and

fittings, -and plexiglass and tygon sasplers. .

1.5 denotes a registered trademark,
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- One-stage -Culture Experiment with Constant gorcingagonditiog§-

' The indoor . facilities for Experiment 1 are illustrated in
Figqrev1,-including-surfaﬁevand side views of the experimental
iahks., These. duplicate production‘ tanks héd'a volume of 720
litréS‘ahd the depth of -the water column was 0.8 nmetres., The
upiellihg» ratg,of 0.4 mysday was.éonstaﬁt over ihe whole area of
thé!tank,bj<using a rectanguiar—shaped inflcwu Apipe with" small

holes vevery 5 cm apart., In-situ samplers sere. located in both

tanks at the surface, mid and bottom depths at half the distance.
from the end of the tank to the centrally 1located .levelling

pipe. .

ggeestage~§ultnre»Exgerimentsug;;glgatural Forcing Conditions

As - illustrated in Figutes 2 and 3; duplicaté:tank systens
(A an B) :were set up on én outdoor Flatform for Experiments 2
and 3. EBach consisted of a covered seawater resevoir (320071.
‘volume): Hﬁich'gravity-fed to a large production tank. (3.0 m
diame ter, €a. ., 7500 1 volume)., The inflow pipe near the bottonm
of -the production tank was 5ngled- towards the centre of the
ténk,uvanduthe.ﬁatef flow was directed pérpendicularly upward at
half the distarnce (0.75 m) tc the sampling tuhe,y as shown in
Figure . 3 for Tank a., The§inflouing’éeauater to the production

tank was sampled from the resevoir outflos tsing a tygon-tubing

siphone  Ip situ samplers ! were located at three *stations' in

t Three long pieces of blackened tygcm tubing were inserted into
a PVC .standpipe and used as siphcas. . '
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the ceater of the production tank: surface (0.05m), mid {0.5m)
and bottocn (5.0&3(T The. total depth of the water column was 1.1.
m.. The seawater outflow from.the surface of the productibn tank
vas sampled using a T-joint with a reduced ngon jfitting.," The
produciion tanks were covered with a thin  (1/8") sheet of
plgxiglass to reddcenaerial-contaminéiion»and.photo-iﬁhibitidn.}

Tuelve substations were established in.eaéh ptoductiqn.tank.
for location of the herbivores during Exgetiment 2 and 3, as
illustrated in Figure (2 for Tank B. K Tank A sas used'to'examine
the .growth of  the . Pacific .oyster, Crassostrea gigas ., and
;cmmé;ciai cﬁltqh_ietg strung at surface, mid apd bottom depths
per.substatich.; The . cother exPeEimentél Lerbivores, Chlamyéi
hastata  bericia (scallops), were .confined. to rectangular net
cages, constructed Qith avplexiglass frame ( ca., 30cm X 20cm
4xncmn ) - and herring seine net;f -These ‘cages ﬁeré suspended
horizontally at the surface, Rmid or botton »dépths in Tank . B

during Experiments 2 and 3. .,

. Iwo-stage Culture Experiments with Natural Forcing Conditions-

The experimeatal tacilities' for Experimentsvu.ﬁnd 5 are
illustratea in Figures 4 and 5. The primary production tahks
uete‘.identic;l to tﬁe oné—étage culture Syétem, except there
vere ‘no hérbiVores in situ and tnrbuleﬁt,diffﬁsion was actively
produced in both Tanks A anﬁ B by usiné submersible,pumgs.:
Outfiow from eifher prima:y;tank:could-he fed'into.‘the smaller
-herbivore: tanks {170 litres), shown in Plate I..  T#o were used
for .acclimation and the other fcur as ekperimenfél tanks to

examine three: densities of oysters ( 16, 32 and 48 oysters per
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tank .respectively), plus a contrcl (no oysters).. All tanks had

-in situ circulatimg pumps to keep the system homogenous. .,
Throughout  the: text, & and B are included in the
identificaticn of experiments as a reference to the appropriate

tankAsystém.;

Methodology

‘The samé sampling fprocedures .were followed for. all
experiments. Water.saﬁples ( 4 litres) ﬁere;taken f;om the five
!stations® in the production system ( inflcw(I),  surface(S),
mid(m;. bottom(B) éﬁd outflow{Q0) ) :between CE0O and 0900 hours
(2ST)afor‘the peasurement of physical, chemical and biological.
parameters., The samples were analyzed in . the laboratory
according to the methods outlined below. . Measurements  on . the .
:expecinental animals were made in the 'aguarium wet-lab\to
minimize: handling. A description and derivation of the :
variables and parameters which pertained tc the primary systems

are summarized in Appendix 1.,

d Salinity-

Physical Parameters: Light, Temperature a

During E#periment 1, céntinubus artificial. radiation' yas
provided by viialitea fluorescent tubes, which simulated solar
radiation . in "specttai compcsiticn in the . range of
phbt05ynthetically available radiafion‘(BAR) frbm;gg., uoo-7oq
nm;b There was no differenmce inm the' radiaticn Vihtensities of-
0.10 -langley min—? between the duplicate éultureAtanks, and a 5%

decrease :in PAR at the periphéry of each tack was not considered
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a significant reduction.
Duriﬁg fheg exéeriments conducted outdccrs; measurement of
the incident sclar radiétion (SB) was continvally récorded under .
the"plexiglassﬁsheét'éobering the experimental  tanks, using ’a
‘solariﬁeter - {5% precisicn) with a 'calikbrated YSI& recording
millivoltmeter (chart speed= 2" per hour)., The plexiglass
reduced the. incideﬁt sclar radiation hy'10%.,.The light curves
~were integrated_fo: four hour intervals, including the period of
the primary productivity experinments, and then summed for daily
radiation  estimates . ( langley day-%® ). £ Estimation. of the
photosynthetically active radiation (PABR) was based cn Suckling
"(1974) who determined experimentally that +the PAR was not a.
functicn of’cloﬁd-covér, and: |
PAR = 0.50 ‘SR + 0.0 (r2=0.9$§)
Similar results were- previously found by Szeicz (1966).. A
'submafine. ~ photonmeter (Maddux, 1366) was placed in the
vexperimentalyiank,to determine the ‘'sclar tadiatiom at depth
(PARZ)sbynmeasuring,the extincticn coefficient (EXTK)., However,
continual - problems with seawater leakége into the photocelil
produced unreliable measvrements; ccnsequently, estimates of
BXTK. were based on Biley's empirical relaticn between the
extinttionncoefficieht and the chlorcphyll a concentration:
EXTK = .04 + (.0088%CHLA). + (<O054% (CHLA%%.66667))

uhichiproved_;eliable for a range of chlorophyll a- Qalhes when
Othe# pa:ticu1ate mattet Has‘minimal { Biley, 1956){5=

'~_Temperatures‘ were nmeasured to 0.1 °C using a thermometer
.inSerted. into the seawater sample., During tke first hélf of

Experiment 1, _ig»s;tu thermistors connected . to a 2-channel
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Busfraks:, recordea temperatures at the'surfacé ana bottom of
the two productivity.tanks,»primatily t§ deteét any evidence of .
thermal:inétébility;; Témperature fluctuaticns of ca.:. 0.2 ©°C
occurred in the tanks only during the ten minute sampling'pefiod
véach-dawa | | |

Saliniiy éamples twere collected daily in saliniffvbottlés

fronm the inflow and analyzed using a Beckmané salinometer, .

- Nutrient Parameters.

Nitrate, ammonia, urea, feactive‘phosphcroﬁs and siliéate.

nutrients _uére” d9termined»_nsing tke. mgthods outlinéd in.
Strickland and Parsons (1972)‘< .Daily samples for: ni{rate
determinations were.an;lyzed using the ¢admidm-copp§r reduction .
column method, either manually in Experimenis 1 to 3, or .with a
TeChnicona-;Auto-analyzer .in; Experiments 4 and 5. . The :samples
vere stored at 2 °C in the dark»and usually dnalyzed withiq a.
fey days bi 6011ection: however;.theré.uas no significani-changé
.(Eksbl):‘iq concentrations of nitrate with a storage duration of
eighinday8;gffhé precision of‘the;méfhoa*uaSIZ%; measuted oﬁer‘
the;irange. of im situ concentratiocas (:0 - 25 uM N i=1 ) and
differences between the manual -and automated ’methods. were: not
significant since:the colunns were replaced at the fipst éigﬁ of
deterioration iﬁ either case (Hager et al.. , 1972)..

Ammonia - concentrations uere_determined manually using .the
phenoléhypocblcrite.methOd., Although éare was taken. to reduce
-coﬁtamination .of samples Ly acid cleaning glassware, éovering
flasks and using double'déionized distilled water, the précision

of the'method.( S;E.E 0.26 uM¥ N 1-31 ; n=3 ) was poor relative to
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" the lov ip situ concentraticms ( < 2.0 ud N 1-%. ). Urea

ahalysis vas Dbased on the uréase methcd with tﬁe inherent
problems of the ammonia analysis.. Since ammcaia and urea
'samples were ‘fxozen for a few weeks before analysis,
varlabllltles in the: concentiatlcns ‘of these nutrients may have
1nc:eased (. Degobbis, 1973).. Only occas1ona1 measurenents of
- phosphorots and silicate were taken since nitrcgen appeared to
be  the priﬁary nutrient limiting phytoplankton productivity,

like many coastal ecosystems. .

F*Pnima;x Paxameters:-StandingvStcck.-grimarz-Productivigx‘ and -
Commun;tx Structure |
The standing stock .of - phytoplankton was usually measured
every day at all four 1n situ stations as the concentratlon of
chlorophyll a (CHLA), as outl;ned in Strlckland and Parsons
(1972).. Water . samples were fiitered through 0.8 micron
ﬂillipéres Ad filters and the pigments extracted immediately in
10.0 al of sPectrophotcmetric grade acetone. The tgbes,were.
stored in a freezer for taQ to seven days_-béfore_ chlorcphyll;
éarotenoid and phaéopigménts‘ sere determined using a Beckman
Acta 118 spectrophotometer., Calculaticns of pigment
conéentrations ‘'were  based on the. Parsons and Strlckland {Ps.Sa).
egquations, althohgh there was no dlffepence ‘"between these and
the SCOR/UNESCO (5/0) eguations for'CﬁLA:
~CHLA(P.S-».= 1;0 # CHLA (S/0) (r2=1.0; n=05)
The precision oflthe method at the 30 ug.Chi@g 1-1 level was ah
average standard error of 0.5 ug Chl a 1—-*  , based on eight

dupliqate,déterminations.J
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Tb estimate the. phytcbenthic standing stock, plexiglass
platés:uere.suspendéd'in theaprimaryftanks,geach with four 2 cn
xAé cm glass slide attached Sy'piasiic clips. . Algae wWas scra?ed
from both sides of the slide ( 20 cm2? ) chte a preweighed GFC
filter, and dnéiicate‘chlorophyll-g and biomass estiiates were
determined.. . -

Tl:?timary préductivity was estinmated approxinately evefy
thfée:days as net carbon fixed per litre per h§ur using the
method outlined in Strickland and Farsons (1972)-,‘A 100 ml
iatér sampleﬂuaé placed in a smail-(112 ml) .ECD bott;e and 6ne
ampoule . cf 5 ucC radioactiie: sodium bicarbonate (in 3% NaCl
solution) added to this., This ~production bottlé and a
éqrrésponding dark . bottle were suspended borizomntally in the
éxperimental‘tahk.using'plexiglass holdets,: and  incubated ' for
4.0 houis frém'gg., 0900 - 1300-hours,(psT).,'After incubation,
the samples sere .immediately filtefed throughl 0;45 mjcron HA
‘Millipored filters, then placed in scintillatioﬁ~ vials
containing 15 ml of Aquasolé scintillation fluid. . Samples were.
counted tﬁice;'_each ‘fof.ten minutes,'using 5 Paékard'Tri—Carba
LSC&.. . The . determination of,-carbonate Carboﬂ required to
Calculate the raté of carbon fizxation was based on the pH .
method. . ‘PrGCision estimates for 14C prcductivity between
duéiicate bottles ranged frcm aﬂcoefficient of variation of 11%
for values < 10 ug C 1-t h;*l to 9% for produéiivities->v75 ug C
1=1 .hr=1 . |

Exudation-of'ofganic.carbonw was determinped once . a week
‘using.a modification of thé.methqdoioéy.outlined,in'Andersbn and

Zeutschel  (1970).. 5 nl of filtrate from the 19¢C productivity .
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samples were acidified,uitﬁ phosghoric acid tc a pH of 3.0 and
then‘ bubbled with nitrﬁgen- gas fer 20 pminutes to remove any .
inorganic radioactive carbon.. 2 ml . aliquots were:transfeired to
scintillation vials comtaining 10 ml of Aguasoclé scintillation.
fluid and the prepared samples counted for 10 minutes. -

'dxygen 'samples were téken'on'a daily basis in 300 ml BOD
bottles, except in Experinent I They wvere fixed ‘immediately
apd stored im the dark for analysis within a day or two. 6 An
anélysis'df variance during Experiment 3. indicated that there
was no 'gignificant difference in oxygen cencentration\between
bottles stored in this manner. , . PFrimary productivity and
resplratlon were.§l<o~estimated using the 1igh£ and dark,botfle.
oxygen technlgue { Strickland and Parsons, 1972)f, Lighi énd'
dark . BOD bottles were suspended horizontally by plexiglass
holders during the same - period as the tédioéctivev carbon
experiments. , A photosynthetic quotieat of 1.2 and a respifatory
qubtient‘ of 1.0 were .used in ihe conversicn td'carhon‘hnifs.g
The" ' precision . of . the. method based on éuplicates was a
coefficient . of variation of 0.8% at the 325 mg oxygen 1—! hr-!
level, 1.0% at the 300 mg oxygen 1= hr-4 and 7.5% at the 250 ng
ox&gen&l“1~hr°1 levei., | | .

Hater samples (250 ml) ‘were also collected semi-weekly for.
phytoplankton species compositicn apd size determination., A 10
ml:subsample €as fixed’with'Lugol sciution and examined in a 5
cc sedlmentatlon .chanber ulth a Zeiss inverted microscope. . The
remalnlng sample was stored at 2 °C in the dark until. it Could
be counted cn a Model B Coulter COUnters as cutllnea in sheldon

and Parsons (1967) . .- The analysis. employed a flou-through‘ rate
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v
 of 0.044 ml sec—! using a 100 micron aperature.. Eleven particile
'diémeters’ ranging from 2.82 .to'"28.5.microns were counted in

triplicate and then avefaged.“

- Secondary Productivity -

A

Experiment 1.

scallops { Q§;g91§-53§;§33‘yericig,)juere collected at ca...
20~§etres by divers near Victoria, British.'tcluﬁbia. t40 weeks

. beEore . the- étart» of Experiment 1 (ExP1)."They were put into
"holdinghténks and provided Hith.a~cohstént supply of seawater
Arfnom~-the resevoir : tank (Figure  1). . Ten litres of sdfface
'>Seawater'from English Bay were added to the tanks every couple
of - aays.;  50 Ahealthy scallops qere.seleéted.as experimental
animals.d and a few wvere cleaned of encrﬁsting sgonges ( Myxilla:

incrustans- , Mycale adhaereas ).. The scallops were tagged,.

weighed'andvmeaSured, and added to the benthcs of Tank A on Day
‘stf After one month, the Chlamys were re-measured and weighed

to determine their growth..

Experiment 22

Crassbstrea-gigggﬂcultch were obtained from a commercial
grower mnear Victoria om April 25 and  kept in a 3000 litre
holdingrtankﬂuith»unfiltered running seawater ( ca.. 29 ppt, 13

i .The larger scallops vwith the boring sponge Cliona .celata were
rejected. . ‘ ’
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°C o, 10 litres of phytoplankton stock . were_;dded to the
holding tank every couple of days. . Twelve cultch wvere. tagged
for identification and transferred at the beginning.of EXP2A to
~smaller tanks receiving- the cutflow from Tank A. . The total
weight, weight in water and number of oysters per_Cu;tch.aeré
measu;éd befpre their ‘additioan to the <c¢ne-stage continuous
culture . experiment . on Day 6. Foqr:strings; with cultch at the
éurface:(o.l.m), nid (0.5 m) amd bottom -(G.Sm)  depths, were
located at  substations 1 to 4 (Figure Z). . The oysters ‘were
grown for five weeks before the final measurements were made of

the .growth variables. .

- Experiment 2B -

At . the beginning of EXP2B, six dozen scallops were
collected-at.ﬁhe same locatiom in Victoria and 64 were selected
as,experimentalfanimals., They were;orderéd.ky.length and aeight
into :four groups of incréasing.size; and within each grqﬁp'of'jé
scallbps;"ome—half; were tandomly. selected for a cage_to'be
1o¢atéd at .mid depth and the other ﬁalf.er.a cége‘to-he located
at the bottom station. , The same procedu;e“uas adopted - for -tﬁe
threé larger size groups.}xThelspallops were acclimated for four
days  in . small covered +tanks fed Ly the outflcw from Tank B. .-
After”the,séallops were ueigﬁed and nmeasured, the Cages were
transferred on Day 10 of EXPZB to their designated substation. .
The four cages at the.mid depth.were'located at 'substatién's' 1.
to -4, while the four cages‘af the bottom depth were located at .
substation*s 5,8,9 and 12 (Figure 2). ., One. mcnth 1later, final.

measurenents were made of the growth variables, .



20

Experiment 3A

The . 24 . oyster ‘cnltchm selected for EX?BA Wwere tagged and
transferred during EXP2A to ‘the semall holding tanks fed by thé
outflow. from Tank A. . The growth variables were measured on Day
6 of_EXP3A,'and 8 strings with cultch at the surface, nid and
bottom depths, were located at substaticns 1 .to 8 in Tank A..

riqal‘meagptementS'uere;takenwafte; two weeks of growth.

Experiment 3B

Another nine dozen scallops uere collected. at  the sane
Victoria . location on . Day 7 of EXPéB., The same procedure used in
EXP2B was adopted - for : the sélectionA of.the 96 experimental
animals and grouping them into four classes of increasing size..,
~in £his experiment‘(EXPBB),’fhgre dere enough scallops tq,string
‘four cages (containing 8 staliéps per.cage),at.the.surféce depth
‘(SUBSTN'é 6,7,10'and 11) as uell_as the mid and bottom stations. .
The scallops were  acclimated~:fo:Tthree days as ia EXP2B, énd
after thef Wwere Weighed and meésured, the céges wereatragsferred‘
on .Day 11 to the. appropriate SUBSTN. in . Tank . B., The finél

measuremnents were made of the growth variables after one month. .

Experiment 5

- Juvenile Crassostrea gigas were obtained from a commercial.
oyster grower pear Victoria, British Cclumbia and held in a.3000
litre. tank . ohtdoors-.until the start cf, the. hervivore
- experiments. . Unfiltered”‘running seasvater (29 ppt, 13:°C) was

constantly supplied to the -holding tank. and 10 1litres of
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phytoplankton stock were added to the.tank.every.COuple of days.,
A small. hole (1/32%") was:drilled in thegumbo of the shell for
wiring the oysters to small square plexiglass boxes designed to
simulate cultch (Plate II), so growth variability between and
within size groups could be assessed.. | |

Details of the design of the two-stage continuous culture

experiments are presented in Chapter 7.. The linear dimensions

{length, uwidth and depth), weight in air (.t 0.1 .g), weight in.

water : and whole volume of .the individual cysters were measured
as growth variables. .

A:description and the .derivation of the variables pertinent
to the herbivore growth experiments are summarized - in Appendix

A 2w .
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CHAPTER 3. . ONE-STAGE CONTINUQUS CULTURES IN NON-TURBULEN

————————— T WP i A Sl S O e . S-S ST SO

URWELLING SYSTEMS WITH CONSTANT FORCING CCHDITIONS -

Thé' initial ekperiment: was vdesigned and conductea to
examine.physicél,and biological. vériahles in duplicate non-
turbulent ﬁéveiling systeﬁs with a flushing taieuof 0.5 day—? .,
-Théaexperimental.system, described iﬁ Chapter 2, permitted the
exémination Iof .ﬁhe phytoplankton dynamics under.controlled;;'
constant . foicing conditions.  This ' experiment. (EXP 1) ¥as
conducted' for ten weeks, beginaing 6n Gectober 1., After the
tanks were filled with'filtetedﬂinflouing”seaiater and initial
sahpiés, takeh; veachf tank . ¥as ,séeded withhf10: litres of.
phytoplankton stock which had,been cqllected‘frcmAthe surface of
English Bay and passed through a. smallfléiaﬁeter {S54u) wire
‘screen- tol remové any * zooplankton.  The: tenthic hefbitores,,
Chlamstgggggig‘gggggig ’ aefe.intxoduced.intolmank.A on Day U5
to @etetmine"the.Suitébility of this continﬁous‘culture system

for .the survival and growth. of a local écallcp population.. .

Dynamics of the Primary ompunities

The flgSSing rate,rémained relatively ccnstant at 0.5 day-1
.-througﬂoutxthé experiment,,although cn a few days the rate
decreased.to'as.loﬁ.as 0.45 day—1 . However cn Day 31 the water
level} in. Tank . A increased by 2. inches due to clogging of the:

in -situ levelling pipe byla'filamentons-Naviculgqmat hhich. had’

been growing on. the overflow pife sirce Day 13.. The same.

problem occurred in Tank B bn,Day-u3'a1though,the situation was
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more. severe since ‘the tank overflowed for about half an hour. .
In each case, thé.ﬁgvicﬁla around the pipe were removed.

 ”£§1§12£LfEnvironment 

fﬁef‘cohtinuous ~sonrce of photosyuthetiCally ' availébie
1  raéiation ~of 0.10- langley mln'l represented a daily. radlatlon
flﬁk'off#ﬂu langiey day—1 . . The" ‘resulting in s;g_-» emperatgres 
‘ﬁg;el/gignifiCantly ‘different between . deyths' but essentiallyi,
igogstahtvﬁetween tanks and within depths for j?he first ’eighk‘
,“wééks- ofl the expériment, avéraging 4.5 °C=(i sii°c-)lat’thé

surface, 12.0 °C. (: -1 °C ) at the ‘mid statlon and 10.5 °C {2 =1
QOC ) at the. bottom statlon.,‘ﬂurzng }the ~last two - weeks,, the
._average' teage;atnre. decreased 3 °C at the. snrface of the
-ta%ks,and gg.is1,5 QC.at the.;mld ‘and bottcm,-statlons.,‘ The -
_tepperatﬁté and séiinity.of tﬁé.inflcwing'seauater ﬁas,cénstant

at»iOmQ °C*(i1.1u°C~).énd 29,2 PPt'(t 0.6-pp{)‘duting EXP1.

lm

 Nutrient Condit

‘The éoncenttatlons of zthei 'ndtxients ' importaﬁt ~in
phytoglankton product1V1ty #ere. measured at various tlmes durlng
'thewexperlmentw,"Samples of ‘the. inflowing seauater were.analyzed,
‘ befo:et ;ﬁhe”: start':.bf_ EXP1, with the. xesulting. averagé
concentrations: nitrate (NQB)'= 17.8 uH H:l;{_, znm'ntm:i.'aa(MHB). =
0¢886.ﬁa‘ U e phdSéhate {EOY4) = 1 75‘ua P 1=t , silicate.
(5103)~= 71.3. ud si 11 T.,f>The tatlos of ‘these :ﬂutrient-

coécentrétions_ suggeste& -that the_AexperimeniéII systenm ‘would
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probably. be nitrogen;limited LEN

The: concentration -of nitrate.during EXP1 is.illﬁstrated in
Figures 6 and 7.. The.high.inflow NO3 was relatively constant,
avetaging 23.6 ufl N 1-1 (SE = 0.39 uy N 1-1 ;n=35)= during . the
fitstn.five‘”aeeks.,' The'patiern of’dampedicscillations:fot the

n __t trate concenttatlon ¥as 31m11ar between tanks for " the

fpse

first three weeks, with an NO3 minimun of <2 uM N 1-1 by Day 10, .
jreco‘very to: levels of ca. 15 uM N 1-1 by Day 15, and then a
decrease.to. pitrate concentrations of 2-5 uli N 1—t . Throughout
the .experiment, the NO3 at the béttom station was significantly
greater  than the surface concéntration.ﬁ.nuxing the fourth and
fifth*weeks, the average'nitrate31evels in Tank - B were about .
twice. as high as in Tank Ao, There was a high negative .
co::elatibn tetween NO3 at the surface and bottom stations for.
‘the: dnratlon of EXP1A.» The sape trend ¥as nct apparent in Tank .
B, " althongh thls may have been partly due to the tank .
oyerflosiag,on bay 43..,

The averagefiweekly inflow conéentraticn of phosphate was
2r93knnf9~1’1,to:bothatanks.ﬁ\As in:the"caéeléf N03, the PO4 = at
ihe: bottdm station was greater:thanithe,phosphaie concentration
at-the surface and outflow stations.. Phosphate levels vwere
never. less than-0.5 u¥ P 1-1 , even when NO3 values.ueré ca. . 2

M. N lti » Aindicating that PO4 . did =not limit primary
.productivity,J |

After the introductiocn of the scallops: to the. systen, the
dlfference betueen the net concentration vci ammonia at . the
1. Results from Antia et al.. (1963) indicated that a similar

primary community had a N/P ratio greater than 12, whereas the
N/P -ratio of the seavater source was cnly 10..
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bottom .station was SLgnlflcantly hlgher in Tank A (1.50 uM N 1—

). than Tank B (0.10 uM N 1-1 S

Phytoplankton Dynamics

-Standing Stock

The; phytopl&hkton” stock was measured as the .chlorophyll a
cbncént:aticn (CHLA) every two tc three days for,the.fiist five
veeks -of EXPY... During this time,  the phytoplaﬁkton stock .
ge@érally followed a pattern va'éamped ~oscillations in both
ta@ks,-rvith the  initial tloom on Days & and 9, a reduced
_seédndary maximum approximately two seeks iatet and a third
increasel'at :the;end of the five week pericd (Figures 8 and 9).,
. The stock levels increased siggificantly‘uithf depth througﬁout
EXP1.. . 'The: magnitude of?the"blccmAuas'the same in both tanks,
averaging SQ.SVug Chl'a 1-* and 54.5 ug Chl-a 1=t in Tanks A and
B fespectively, although tie secondary phytcplankton‘maximnm7Was
not -as large in Tank B. . This probably resulted - from the ' fact
that . the benthic diatom, Navicula sp.. ', which. Has' more
~pr¢v&lént in Tank B, further reduced the:  PaR atv}depth in a
systenm. which was alteady lighfvlimited.u A‘ccmpaﬁison of CHLA
- hetueén=tanks A'and B -during the Gpost-blcem ‘period (t>10),
produced ° averages of 18.8 ug Chl-a 11 (SD=5.19):§nd-7.4.ug Chl
a-1=1 .- (SD=6.49) at the surface, 21.2'ug.Chlfg.lflH(SD=9.]7)_‘and
16.% ug .Chl a 1-% (SD=9.88) at the mid depth, and 29.1 .ug Chl a
-t~(SD=18,57}aana 27.0 ug Chl 3-1-1.(SD=36.7M)- at ‘ the botton

depth‘g
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After - the scallops vwere added to Tank.Alon,Day.QS, the .
phytoplankton stock was reduced to less than 5 ug Chl a 1-t at
the . bottom station, which was ‘less than the"3urface and.mid
statims and ca.. 40 ug Chl a 1-1 less than the vCeresponding
value for Tank.B,;'Ddring the initial bloom,”estimatés were made .
in both  tanks of the phytgplankton stock which sank to the
benthos . The phytobenthos was neasured. co pays 9, 10 and 4 .
as 180 ug Chl a 1-1 (£ 5 ug Chl a 1-4 ), 256 ug Chl a 1—-1 (¢ 11.
ug. Chl.a 1-* ) and 343 ug Chl 3;i~1-(1.11.ug Chl~§-lfl~), which
fepresented an -average value of.ZB.Q,ug Chl .a 1-1 day-* .. - On
avetage;‘ the . phytobenthos concentration was approximately 2.5
,ti@es.the; phytoplankton concentraticn 'in. the . water» ¢olumn,
representing an -average net sinking rate. of .1.0 m/déy or 1.4 .

n/day with respect to the water colupn. .

=Priméri\Productivitz:

Primary ptoductivity;:ates cn hourly .basis vere low in both
tanks during the experiments (Figures 10 and 11).. Values‘ vere
‘less . tham 30 ug C 1-% hr-% , except on Day 49 at the bottom
station.. fhen standardized on a standing stcck basis, primary
productivities (ASS) = ranged from 0.0 ug C {ug Chla)—?! -hr—? at .
the bottcn station-to_a'valué‘of 51 .ug C (ug 'Chla)fl;‘hr—i on
Daj 19 as illustratéd in Figure 12{w'Théfva1ues“cf‘ASS were’
similar between tanks but decreased ISignificantly with depth. .
t Circular plexiglass collectors were constructed and placed at
known 1locations on the bottom of the tank before the start of
EXP1.., These collectors wvere retrieved by placing a covering
plate . {(with amn O-ring on the inside surface) ‘attached to an

inflexible 1 metre rod, over the benthos collector and bringing
it to the surface.
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Excluding bay.19 tﬁe;standatdized productivity rates during th
experlment ‘averaged- 0 96 ug C. (ug Chla)—1. hr‘l (av §D=.40),v0 716
ug. € (ug Chla)~1 hr—¢ (av’ SD—.Z!) and 0.40 ug C (ug Chla)—? hr-1
(av SD-qzﬁy at tne surface, mid and botton stations

reépectively.;

- Phytoplankton Stock ggmgosition:

During the initial bloon, -Skeletcnema~rccétatug-was the

dominaat : phytoplankter, balthought several other species of

didtoms . ( - Nitzschia SpPP.., » Thalassiosira spp. . » Navicula sp. -
,zgggetoceros-gggg.)vgere also present-: Increased numbers and
diversity :of_ nanoéfiagellétes L were.apparéntvétifhe.surface'
station duriﬁg thei third and fourth weeké., By the end of the
sixthyueek,rgkg;ggggggg gg§§g}ggnvés not_present-iq the surface

samples. . ThreeAdinoflageliates ( Peridipium sp.. , Gympnodinium .

SPs- o Dinophysis sps. ). a’ green flagellate, and  the
. filamentous Navicula sp. - were. the. dominant phytoplankters. .
The -dominance of'§keletonemé costatum at. the »id and botton

stations was replaced,by.gitzscgig.sgg;r_, Thalassiosira sp. . .

and Rhizosolenia Sps . - . After the scallops uere added to Tank .

A, - Chaetoceros ' sp.. became the dominant phytoplankter.at the

bottomlstationICOmpared with Tﬁa;gggiositg £Pe . in Tank B. .

2 Flagellates in the 2-20 micron size range (See Parsons and
Takahash1 (1973a),. p.6),, ‘
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Growth and Survival of the Scallop Populaticn

The results of Experiment 1 indicated that +the non-
turbulent  upwelling system with a modefatelexchange.rate (0.5
day—1 ') -provided a suitable enfironment' fcr.. the ~growth of
gglé31§fhastataiggg;gigw.; After the.scéllops ¥ere introducéd to
thég benthos of Tank. A on Day 45, the amcunt of .detritus aﬁd
phytoplankton at:the bottcm station was reduced and the scallops
were often . obéefved swimeing .- in :thé ventral diteétion:
indicating their need for remdva1 bf pseudofeces. . |

- The. 50 scallops: ranged in length from 3.0 Cm to 6.6 cn and
weighed 5.0g. to 51.7g initially.. The frequency distribution of
the  experimental popnlaticg based op.length‘(i) in@iCdféd that‘
30:-0f -the 50 Chlamys were in-£he 4,0-4.9 cm range,.avéraginguums
cm‘{SD:-ZS).J The 8 scallops ih:the.a.o-a.g -cm range- averaged
3.§“¢qc(so=t29y:in length.  Cf fhe remaining 12 scallo?s, 7=yereA
in: the 5;0*5;9.cm range'(dvﬂL=15.Qcm; SD=.,22) and 5 were longer
than 6.0. cm (av L= 6-2ém: SD=433). . The corresponding . total
wéight=.per .scallop' at t(0) averaged 6429 (SD:-33), 32.691
(SD=2.77)., 24.5g (SD=3.35) and 37.0g (5D=10.28) = for the four
size groups.. . ' I R | |
| After the four week growth experiment, most of-thevChlamzs-
hadflaid down a thin, darkly pigmented band of new sheil.: The
,anrage.wincrease‘ in lemgth = (NETL) and width . (NETﬁy.of the
scallop population was 0.09 cm (SD=.096). .and 9.05 cm (Sb:.QBS),
whichﬂ'represented growth rates of 2.0% éné‘l.Z%frespectively
during the month. However, -NETL was also a function of the size.

ofithe;scallops, and the net length as .a percent increase . from.
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the initial length (PEBL), ranged fron 5.1% for the small size
gréup to 2.0%, 1.8% and 0.0% for the three larger .size clésses
respectibely.f The average'increaée in tota1 uej§ht.(NETWT) was
.ZmiﬁfsalthoughNNETHT was alsc a function of the size of ‘the.
' scallops.., The smallest Chlamys had the highest growth ratés of
6.9%, compared with rates of 2.9%, 1.3% and 2.7% for'iheu larger
size classes. . |

The 60* depth of the _seawvater intake at the Institute was
similar to the depth from which the scallcp population was
- collected, suggesting that theit,endémiclphysiCal environment of
temperature  and salinity was probably fairly similar to the
expétimenfal “conditions.., Althcugh- the light. intensify was
;highera;tﬁana the natural'envircnmeht,.the3ggggg1§ did not seenm.
~bothered by this, and were observed actively feeding on the
‘phjtohenthos and occasionally swipming a;ound the.tankmf The
most significant difference between the natural and experimental
environments was the phytobenihic concentraiioh, and the .results
of“tkis.expetiment indiéated'thaf this iypé of upwelling. systenm

enhanced secohdaryAproductivity.in~thé,séallop food chain. '
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CHAPTER ‘4., ONE-STAGE CONTINUOUS CULTURES 1IN NON-TURBULENT -

I

UPWELLING SYSTENS HITH NATURAL FGRCING CCNDTIONS -

iy s—— WS -

Turhulent upuelling’systems at various flushing rates vwere
exqﬁined~as growth environments for the =sessile planktonic
herbivores. . To evaluate the culture systen uhder.mo:exnatatal
‘.foncingzcondtions cf solar tAdiationvand tenperature, two sets
of - controlled : experiments (designated as Experiments 2 and 3)
werégcouducted outdoors in duplicate tank. systems at low and .
'high-flushing rates.., |

In Experimgnt 2, the dynamics of the primary communities
and the growth -of . two different herbivore populations were
éxqmined in- one-stage.contindouSrcéltures at flushing rates of .
0¢25'ééy;1w-,v1n earlier experiments, this flushing rate had
promoted a mixed diatom/phytoflagellate,écmmunity and iesqlted
in environmental conditions‘potentially_suitablé‘for the growth
of oYsters.. In EXP2, survival and giouth cf 'oystersj (

- Crassostrea gigas ) -and scallops ( Chiamys tastata. ggticia-l)‘

were, exanmined in Tank. A and Tank B respectively,ytb‘obtaih'a
fifst. approxiﬁation of the factors lihiting : secopdéty
ptoductiviiy and to compare éhanges in:the.primarYACOmmunity
caused by different herkbivore populations.,

Based in part'onvthe'results of EXER2, a’ siﬁilar Qnefstage
continuous culture. system was re-examined in Experiment 3 with
thé“follouing modificationss:

1., Tank A was étocked with twice the density of.herbivores {
oyster cultch at eight substaticns ) . while psing. the - same

‘flushing rate (0.25 day-1 ) since optipal temperatures and
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:suitable”phytoplankton stocks were produced in this system. .

 2%gTankmB was stocked with scallops at the surface,. mid and
bottom' depths but the flushing rate was inc;eased three-fold
tofO,?S»déyfl to promote a suitable groutk envirénmentr for
these. herbivores primarily - by lowering the’ in situ-

temperature. .

Comparison of Iwo Herbivorous Food;Chains.at'a.Lou-?lushing Rate

A ———— —— —  ——

Both production tanks A and B vwere. filled with filtered
. Seawater. on. June 18, the flushing rates adjcSteﬂ to 0.25 day—1! .
and'thehinitial physical :and chemical conditions mopitored aﬁv
09d0 hr. {(PST). ~Surface seawater from English Bay was cdllected
and'filteredfthrough,a 54y pnetting to remove zooplankton. . .Zdn
%litres of>t£is hatural,phytoplankton-éommnnitj were added to the

sutfaée{of each production tank .at 1100 ‘hr. . This seed community

consisted mainly of diatom chaihs, predcninantly Skeletonema
ugggggﬁggpandAghaiassiosira-ggzg s as well as Nitzschia §p§ii. .
“Navicula~'§2;,., and a few nand-flagellates;ﬁ The flushing rates
'rgmained'relatively constant at 0.25 déy’ilin both tanks during
: ftﬁé@iexpériment;; In the oyster  ténk,l the 5% coefficient of
'évéfiation-(CV)?fbrvthe:flushing'raténuas primarily due to growth
.oiwfbeafilamenfous beﬁthicidiétem, Navicula gp.. , around the
: ipﬁlow pipe,'reducing'tSe flow rate intc the tank. This was not
?Aap§a;eﬁt;_unfill Déy 33 at which time the algal mat was removed.,
':JThéttotal dutagion of Experimeni 2’wa§ 6 weeks in Tank A (EXP2A)

and 5 weeks in Tank B (EXP2B). ., The Crassostrea gigas population
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vas added to Tank A on Day 6. The cages containing the Chlanmys-
were strung at the. appropriate substations on Day. 10, as
outlined. in Chapter 2. .

Dypamics of ‘the :Primary Copmupities

The : dynamics of . the physical, chenmical and primary
broductivity _ variables for both. Tank A and Tank. B are.
1liu$tfatéd in FPigures 13 to 25. Descriptive statistics . for
bofh,.the' forcing " (incoming) -and inp §i§ggéalues of the primary
variables are summarized in Tables 2 and 3 for EXP2A . and EXP2B
respebtively..v #here appropriate, a breakdown into‘the pre-

grazing.and'grazing periods are included for the.measurements.j

ethéical:Environmehgx

Solar radiation at the surface of the. tapks (SR) . ranged
considerably dufing the experiments, from 110 langley‘fday"“_1 on
Days 6 and 7.to 550 langley day—1! for an extended period ;during.
- the fourth week {Figure 13) ¢ .. The large CV of 35%‘§ased.onianv
average .SBR of 410 langley day—1 indicated thke lack of an ideally
constant . solar ,radiatioh level. There was o significant

- difference between .the inflow temperature of 10.9 °C.to the two

taqks and during the experimental period, im situ temperatures
(TEMP) fluctuated in response tc the variability in SR (Figures
14 . and 15) .., The thermal structure between the‘ tanks was
similar.fincludipg a significant decrease _in TB&P with  depth
B fhe' values in the gplot are for incident SR, which wés_io%
higher than SR just above the surface of the water, as mentioned

in Chapter 2., This was also true for the cther graphs of SR
during Experiments 2 and 3. . »
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{Tdbles 2 and .3)Q}» The :difference in tempsréturevbetween the
i'sufface-and totton depths was ca.. . 5 ©9C during the extended
'period Qf::high"»sa.f At éampling time during the.experiménts,f

maximum in situ temperatures were .ca.. 21.0. o¢c .- although ‘an

examinétion* of the ‘diel. temperature variation on" two sunny days
_ Showed that . 15.0 °C temperatures at sampl;ng time increased: by
gg;, 5 98¢ :at the sutface and outflow stations, and 2-3 °C at the .
.mid, and bottom stations_ by late afternccn,.  The. ?alinity
‘évétéged 28;3 ‘ppg andAluas essentially - ccrstant ddfing the

experiments.(cv=2-2%)mp

Nutrient Conditions

Initial.pﬁosphaté concentrations_avéragéd 2.15 uM P 1-% and
. the . relatively . constant NzP uatomic ratio of 8;5',for;;the
inﬁloving seawater indicated that hitrogén was the  limiting
nuir%eni for . the primary' formaticn of1-particuiate organic
matter.g
The greatest source of Azt:cgen was in the form of nitrate,
with lnflow.concentratlons averaglng.18.5 ud N 1-1 withip an 11-
27fuM'N.l*1 range»{CV=393)." There‘Vas»nb significant difference
‘ flou NO3 between .tanks except dnrlng the fifst.‘ueekt_uhen
nltrate levels 1ncreased . im them 1nflow‘ tc. Tankvé for some .
: reason.l Houever, the fluctuatlons in the xnflow NO3 . with  time
:,&eié,irealf andnthe»general-decreasxng.trend‘could_be'atttihﬁted

£Oga'décréasing,tidal‘height‘at samplinghtiﬁé 1‘during the first .

1 The intake pipe for the Institute's seawater system is higher
in :the water column at . .lov tidal heights and since NO3 increased
alth ‘depth, the inflow contalned 10Her nitrate concentrations. .
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part  of -the experiment and also to an iﬁflux cf a surface wate;
mass- (high temperatures and ~oxygen: levels with 1low nitrate
coﬁcentrations).- probably due to unstable ccnditions in English
Bay during the last week of : the exfperiment, The . high . initial
;g=§;§g-nitrate concentiations {22.5 uM N 1—-1 ) wvwere depleted at
all4-stations‘ by Day 6, averaginglless than 1 uM N lfl-during
boﬁh,expe:iments (Figures 16 _and 17) o . fheref was a minor
recovery to 'non-limiting pitrate concentrations at the end of
.tyq‘second and fourth weeks. .

‘Infléw;émmonia éoncentrations were 'low (maxé1-85 udM N 11
n);; and'uith‘anAaverage;concéntratica of 0.7a:um N 1-1 (SD=0.42)
coﬁtributed‘little toythe séurce;Of’nitrogen~for'the.system., In
both production tanks, NH3 -remained 5t“103'5teady state levels (
caw, 0.0 = 0.7 ud N 1=t ) indicating:thai any excreted NH3 by
thé“.oysters‘vot scallops was taken up .igmédiately. by . the.

thtoplankters.¢

Phytoplankton Dynamics

The dynamics of the.  resultant primary . communities,
including' the . phytoplénkton sfaﬂding stock (CHLA), primary
productivity {(PROD) : and the- primary prodnptivity' rate
standardized per unit of.standing'stéckﬁ(asé), are illustrated

. in Figures 18 to 25.,
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- ——_—— ———— -

In - the oyster:.tank (a), a subsurface maximum of
phytoplapkton { ca.. 46 ug Chl a 1-%1 ) developed by Day 5,
followed by a surface maximum Qf_only.half=this concentration on
Day 6 (Figuré .18).; This indicated: ihat 'éinkihg of  the
phftoplanktop fthrough'the.aafer-coldmnAuas a significant faétar
in}determiningihe'sphtial distribution of the*ﬁtimary comﬁunity
and at times was greater théﬁ the'upiellingnrateidf 0.25 myday..
Dutiné the - g:ézing period (tSG),' CHLA decreased to average

values:of 3.3 ug;Chi a 1-% at .the surface, 4.2 ug Chl a 1~  at
the mid depth, and 6.8 ug - Chl a.1-%1 at the bottcn é;atiOn.,
Except at the bottom_station, the ph;toplanktcn stogk"assﬁmed a
quasi;.éteady-state; with biveekly periodic oscillaticns of ca. .

1ﬂ5=ﬁg,Chl.g;1—au.?'A"secondary chloroéhyll maximum;occurred' at
the“'bottcm 'statiqn at the’End-of four weeks in reSponse-to the .
Sighificantzincrease in the inflow NO3 cohcentration.»

;‘”In;the scallop taak (B), the initial blcém occurred at the
wsamef-timez>(Day 6) and was similar in magnitude to the oyster .
‘téhk,iHowevet;;the‘post-bloom dynamicé varied to Scme eXtent
(Figﬁre; 19) .. The duration of s the bloom was. tso days‘lonéet in
Tank B in the,absencefof any grazing pressure., The stasnding
stock during theagraziﬁg\perio@.in,Tank B (t>10) averaged 5.7 ug
Chl"g- 1f1~>,»_1-6 ug Chl a 1-1 pore than the value during the.
cofrésponding period in EXP2A., This was prirsarily due to the.
sighificant increase in CHLA to levels of:ca.. 13 ug Chl a i-1
. subsegquent to the pétiod~of‘hi§h infloa NO3 .at the end of the
fourth Heek; and, .as Qeﬂtioned 1atet,.to the rémo?al\of‘floating

algal clumps at the surface of the tank..
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O0xygen Level

The; 6xygen concentration (0XY) in the inflow 'to.boih
production systems was relativelj.constan;l (Cv=6%). durimng . the
exﬁetimént, ~averaging 7.5 mg 1-1. with‘ad average saturation
level .of 82%.. Within the oyster tank, a positive net production
of oxygen (OXYN) was maintained and'Figure_ 20 illustrates . the
effective . dampiqg.,of-the oxygen levels after the initial bloon
'of.gg-, 17 ng £-1~.pfsignificant differences ' in .OXY'.occhrred
between depths, coincident ‘*uith the  periods of thermal
stability, although.fqr.the-total experimental period, the mean.
concentrations apd variances were simgilar between,dépths (Table
2),'averaging»ggma 11.6 ng 1-3 with a CV=Z4%. ~The tank was
supersaturated during most of the expériment, reaching a maximum .
of ;g§¢J“ 210% during the ihitial rhytoplankton bloom -and
averaging approximately 140% at all depths. .

"Thewéxygen {curyes exhibited a similar paitern in ihe_
scallop  tank, but average O0OXY vconcehtrations at depth:were,
’loger,,and lérger‘variances.océn:red with time (Figuré 21).. At
thé;vend}of the'fourthzweek,IOXYQen levels at the botton station
© . were ‘reapced temporarily below ~inflowing  concentrations,

probably due to high respiraticn rates of the scallops as a.

result of the high in situ temperatures., A - similar oxygen
stress . was not evident at the mid statiom, but as noted later,

one-half of the scallops died during EXP2B  at this depth. .
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Primary Productivity

‘Thefprikary productivity curvés fo; Tank A followed a
siﬁil&r. pattern tovthe[standing'stocks,‘5nd the mpaximun 7a1ues
ranged from 110 to 170 ug C 1=¥ hr—* -from the surface to botton
du:ing the initial‘bloom»(iigure 22) - . |

‘A simi}ar. pattern of prima:y_productivity uas evident in
Tank. B (Figure 23), but the tategi were -ca., .35% greater,
partially as a result of the higher standiﬁg stock .
. concentrations. . iﬂ significant difference in PROD oqcntred
betuéen 'tanks' and siations cn D&y 10 as a result.of the high
nitrate concentration (26 ub N 1-1 ) . in. the .inflow. to the.
scallop - tank . on. the previous daf:. this .suggested that the
phytopian#tou productivity was already hutrient?iimited by . this
time¢;“ ’

. The: staamdardized primary productiyity (ASS):'fluctuated
considerably at all statiéns during EXP2a.(Eigutef 24), ranging
from 39 ug C. (ug Ch].a)-'1 hr'1 .;vDuring the grazing period, the
damping of the oscillaticns was minimal, with a decreése in the
raqgeV(é,S—V;S ug C (ug Chla)=3* hr-1 ) and an “increase in  the
peﬁiod 4io;two veeks) « . The;wariability.iu,ass between stétioas
was also greater at this tisme. K The gaximum éélue of ca.. 9.0 ug.
C (ug Chla)—l~hrf;‘atvthe.endfof the' initial 'bloom indicated
 that although ig~§;gé npitrate cohcéatraticné were depleted ,
intracellhlar nitrogea . levels were .not '.limiting‘ primaty
*pigdnctivity on Daf 8., The éignificant{increasé"in Ass.bn Day
- 15 at :all stations was unpredictable, since at this tinme, -there,
wasv a lower ianflux of HNO03 (plus a tempcrary increase in the.

in §itulnitrate levels) and SR and TEHPfHere‘less -than on Day
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12.., . This indicated that perhaps sowme sicrc-nutrient, ;uch'as‘a
'iitamin,:has limiting: primary productivity.  During the f£fifth.
- week, .. there Qas evidence of light limitation of - prinary
“brodnctivityvinaiank.a, with ASS greatest at the. surface and
éiéaét}-at.,the bottom, attritutable toc the low level of ipcomigg
' 5§lar¢radiatioq.w During most - of the post-bleccm period the
:hiQhestwstandatdized éfoductivity-rates were at the mid station;
ffhis seems reasonable since ccmpared' tc the bottcm station,
phytoplankton at the mid depth uculd have a h1gher proddctivity.
as functzonf of . -S ,‘uhlle ccmpared to the surface which was
relatively ‘isolated. physically, phytoplankton ‘uould have a.
highet' productivity rate as a functicn of +the limiting
nutrieﬂt(s).,

The standardized productivity rate .in tke scallop tank. was
uﬁétableq as .illuﬁtxated im Pigure 25... The curves’' exhibited
,@ndaméed'éscillations»of a 1argevamp;itude'and considerably . out
.6§_ pﬁése. between depths. . Thevhigh.valhe.at~the bottcm-station»
on%DéyJiO coﬁfirmed that the high inflow NO3 cn the. previous day .
'#é&uéed the¢1eve1uofAautiient'limitation;p-The a#e;age vaiue " of
niﬁsé.:during the EXP2B was Ca.. 5.6 ug C (ug Chla)=? hr—i for all
»depths;ﬁtﬁe-averages hetﬁeen<tanké were similar despite the high

variances. .

Cemposition of the Phy lanktcn Community

The bloom . in both tanks was dcoinated: by Skeletonema

costatur ‘( ca.. 60% by'numhers) and Thalassiosira spp. . (20%) -
with . other'diatoms { Chaétoceros "SPPs. ., . Navicula spp.. And

NltZSChla  SPPs - ) and’\ nano—flageliates centributing
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approximétely iO% each. After the Qadition of the cyéters to
Tank . A, Chaetoceros sSps .- becameLthe dominant phytoplankter.
During the fifth week, a thick mat of the filamentous benthic
‘-ﬂéxggg;g;'ggab vas removed from the:inflow'pipe;, However'there
. ués no significant recoverylof;the phytoplanfton stock. .

- Navicula sp.., was also a problem in Tank FB., During the

;zthirdfygek,aflocculent clumps of :the algae, which also contained
$¢él§op  feces, floated on the surface of the tank. K The problen

Navicula were removed fronm

”¢?6f§éﬁed‘and on Day 28, the clumps of
éhéhSﬁgface of Tank B.., As illuétrated in Figure 19, 'there was
qﬁhimﬁédiate.recovery of the thtoplanktcn stccka -

- ~Gr6i£h‘g§1the erbivores, Crassostrea gigas, during EXP2A

.Tﬁé results rof the oyster ‘g;owﬁh during EXP2A afe
summarized in Table 4, which includes the net increase in the
three  Height' var;ables - total weight . (NETWT), meat weight.
(NETWM)vand shell welight (NEEWS).W Only the percent increase in
. meat' ﬁeight (BEBQM) could be calculated since there .was no wvay
 of»éétimating.the.prbportion of live shell in the cultch. The
‘galculaticn of NETWHAand NETH®S per oyster pe;'week was based on
 §§ew§gmher of oysters greater than 2.0lcﬁ., It Wwas impossible to

. . get;accurate measurements of the linear. dimemsions of the

However thele vas'a considerable range in size within
'hétﬁeea the cultch., A few cultch had oysters with 1lengths
5 cm. . The NETHM: NETWS ratio was also calculated.

There was significant groswth of -all the cultch during

;Q:he percent increase in neat weighf»ranged frem 10.9% to

ngke bighest average rate fot:the four substations was
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ZS%Jaﬁ~£heimid depth, although this mean could nct be considered

. significantly greatets‘than'the other two depths in viéw of the
-variability betveen SUBSTN;J The averageiiﬂcrease in meat weight

. per :oyster per week was 0.24 g (SD=.QSi;gj.f The corresponding

~value. for shell weight was 0.83 g/zoo/wk, which ranged f:om’O.S

,g/goq/wk to 1.17 g/zoo/%k.  There uas aléo a. large range in the

. NETWM:NET®S ratio from 0.16 to 0.40., The highest average ratio
~and least variability was 6.32 {SD=.037) at the bottom station..

Hovwever, since this ratio is a function of the size and number

of oysters per cultch, a large variance is not unexpected.,

Growth of <the Herbivores, Chlamys géstagg hericia, during

- EXP2B | | . S ﬁ

The results of +the survival (NSURV) and growth of the

rscallop population during EXP2B,a;e summarized in Table 5. . Less
'thanﬂyalf of ~the 32 scallops' at thezbfour -mid substations

'.snrvived; ‘of the scallops that did SurviVG, most lost weight,

"except in‘Cage.z which had a 1.1% increase in .totél weight

. (HGTT) o . The smallest scallops im Cage i,had'the.lhrgést*average

‘petﬁent,~increase .in length (0.5%) and  din width (2.0%).. In
‘ comPQrison,.all'df*the¥scallops in the fourvcages at the bottonm.

.depth survived., Hovever mostr$callops decreased in total veight

and the average .perceat .loss ranged frce 5.0% for Cage 9 to

.30;5%,f9r,Cage 12u(§hi¢h contéihed the largést scallops).,

As mentioned earlier, the avVerage temperatures during . the

~grazing . period were 15.6 °C at the botﬁom depth and 17.2 °C at

"the mid depth., However, during prperiods of high SR, ‘the

- difference increased to ca.. 5 °C- ‘e .. The sclar radiation also

1
g o4
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'decreasedvsignificantly with deéth;‘ T£efefcxe, high values of
SR or. . TEMP, or more.likely 5 cogbinatipntof.hcthzvariables, Were
probahly responsible for the loﬁ squivélrand"grosth_rates.;
| ‘ , I |

Purther 321§5tigationf‘gg;gggiglgggg Fgod Chain at ap Increased
Heubivqgg Demsity o

E;éBA uaé initiated and‘coﬁducted:ia the same manner as
':EXRZA;:IeXCept.thatxthe in §i§§ herbivogéAdensiiy ¥as dbubled to
| 24 . oyster cultch, using 8 ,subétati@@s.r The 'tank  became
i Cohtamiﬁated with zoéplankton after.a-cbupleACf’ﬁeeks and EXP3A
éas resﬁarted-oﬁ August 20 and?conductediiorf cnly  three weeks
because  of .the delay. . The oyster cultégiyere adéed 0 the tank .
on .Day 6 at :the éppropriate substations; 'as outlined in Chapter

¢
i 3
{ ¥

gzham;_§ of -the Primary Communlty

The .flushing rate remained comstant at 0.25 day—4 during
the~experimentw(cv=1%)-4 The results fo;ﬁ;peiphysical, chemical
- and ‘ptimaryﬂ.variables' are.illhst:atedjin_Figures 26 to 32 and

-sunnarized in Table 6. .

- Physical Environment -

Although the weather uasibetter durigg:,EiP3a tian EXP2aA,
the average "incidegt sclar ;:adiatiopfﬁa§'11%“1ess-due té the
shorter daylength (Figure 26);, Houéveri in terms -of the
temperature, there ®as no significant difference in TEMP between

r
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experiments‘; The . reducfion iﬁ sclar;iadiaticn was: compensated
. for by an increase in the temperature of 'the. inflow to mainfain
the 16..2 ©°C average., AsS 'shcwn‘vinglfigure‘27, the tank was
considerably better mixed dﬁring Exéjé, even during the

' afte;nooh.u

- Nutrient Regiume.

'Nitratel conéentratiens -ﬂefe féonfi#qélly mcnitbre& during
- the first twelve days of the.expérimentgfvlnflbﬁ ieyels averaged
.21‘Qﬁpgvm-lfl,(sn=2;05) whigh;ias not' siggificant1y 'diffe;ent
f;dm~¢the' EXP2A average of 2?;8 ubi: 8§ 1-1 (Sb=3.62) for the sane
?efiddf;*ﬁheninfloﬁ NO3 was probably low .during the last week of
‘the experiment, as evidenced by.  the- high»finflow tempe:étu;es
.grom' Day 14 on, .and the.sﬁbseguent,lou,ihficw-COncentration of
12;93umvﬁvlflvon Day 20.,»;g;§i§g nitr;te. ccocentrations were
depleted to values lesé than 1.uM N l~1=aftéi the blcom (Figure
28) , .although by the end of;thé.expetiment, bigh in situ 1e§els
we:ej»recorded at all stations:uniiké EﬁéZA.;‘LowAinflow.ammonia
conceqtiaiions averaging 0;50'dﬁ.N'lf?~cdntribdted little to the
! mitrogen source fotighe production 'syétem. "The in situ NH3
: coﬁcent:atiog at any depth vasVnot'significantly_diffepent ffom,

~the inflow value at any time during the experiment..

Phytoplankton Dynamics

. Standing Stock .

The:dynamics of the phytoplankton 'Edmmunity’ during EXP3A
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are illustrated in Pigure . 29.. Both thke standing stock_aﬁd
pr@mary productivity curves exhibited damped 'bscillatibns “with
apptoximately a . one uéek.peribd.ﬁlthe blccm occurred on Day &,
and durlmg the pre-grazing petlod CHIA was 36% higher compared
Hlth EXPZA, and the difference in CHLA between depths was less,
ranging from 13.9 to 16.2 ug Chl Aa l‘ - o, During the grazing -
.perlod -(t>6),-the'phytoplankton =tock averaged 7.3 ug ChlﬁQ l°1
_compared wlth 5.2 ug Chl a 1-1 for the corresponding - period in
EXPZA,ylnesplte.of\the41ncreased.graz;ng pressure.  However, the
phytopiankton stock was prlmarlly Chaetocercs sp. . , which was

A e -t i} k.

appargﬁf;y rejected by the oysters as a suitahle food'sourde,_

- Qxygen. levels

The lack of coastancy in the iﬁflon seawater condiiicns was .
'also;abparent in.the,oxygen .concenitation {Figure 30), " which
averaged only 7.04 mg 1-! with' .a CV. of 10.2%. .  Although in situ
oxygen levels followed a similér patternlof-damped :oscillations
as . Exéza,.the”maximum 0XY~cbnée$trationjof 4.1 .ng 1—1uwasv£3,h
BWQAani-l»léveivand.the period. was approximétely a wveek, one-
haifg;he;duratioa‘in EXP2A. ., Thefe-wés no significant difference
;n‘oxfgén.levels betveen depths, and a high pcsifive correlation'
was appatent between the produéfiohvcf'oxygeh and CHLA from two
days previously., The average~vaiue of 0XY during the experiment
was 9.92 mg- 1-¥: which represented a. 50% decrease in the
productipn,-of'bxygen (OXYN) compared with tke first three weeks

of EXP2A. .
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grimari-Peructivity

" The primary pfbductivity réteé'ﬁere sigilar béiéeén. depthé
throughout the experiment (Figure 31), averaging 27.2 ug-C -1-1
hr=t" , and wvere élso positively _correlated. with the
phytoplankton . stock.p-'The standardized primary -productivity
‘(Ass)wéxhibited undamped oscillations (Eigute 32), ranging from
. 1¢21;dpring - the 'pre-grazing ‘periOA- to 8.8 at the end of the
eiQe:im?nt.”’During'the grazing: period, ASS uas greatest-at the
_,béttomAstation indicating that the system was not light-limited..
However, the high -;g;§;§g:ni;;ate:conbentraticn at the end of
the.experiment.aléq suggested ﬁhat ancthet. nutrient, perhaps
. Vitamiﬁ. B12, - wvwas iimitingi primary productivity  in this
experiment, as well as Experiméét Ze . The.pattern cf ASS between
EX23kLuané EXP22 was very different.. The -initial naxinun
occurrea' on'Day 3 in EXP3A, and the average value of Z.Q.durind
: théﬂprevgrazing,period'uas 25% less than in EXP2A., During  the
ig:;zigg‘fperioﬁ,:theﬁstandardizéd productivity rate.éveraged 4.3
'Tugic.(ng'Chla)'i:hr;‘.,vvhich iés alsc 25% less than"the-’mean

for the corresponding .time periéd‘in,EXEZA-,

‘Composition -of ‘the :Phytoplanktcn Community

gThé'éomposition of -the phytcplankton comepunity during EXP3A
iaé ~similar : to EXP2A, with §§g1etonemé}§g§3§$gg domihatipg the
- bloom .and Chaecher051§£;; the . dcminaht--pbytoplankter, during
-the;»grazing,period.j Large numbers of‘qano-flaéellatES'wére not
- found in either EXP2A or EXP3A in contrast to a similar culture

syétem.y(Pﬁ=0.25 day-t ) with no ig situ herbivore population
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(Brown and Parsons, 1972). The bicmass of Navicula Spas on the
inflow pipe was less in EXP3A although there was some growth on
the oyster <cultch. By the end of the experiment, Tank A was
very clear and large amounts’ of fécal material were apparent on
the bottcn of the tank..

4

Growth of the Oysters at a Higher to¢kigg Density

The results of the oysteflgrouth duging EXP3A, in which the
stocking density was doubled from EXP2A, are sumparized in Table
7.  The average change in NETWM per oyster per week was 0.16
g/zoo/wk (SD=.159) compared withk 0.24 g/zccy/¥k (SD=.051) for
EXP2A., However, the large variakility within substations
rtenoved the chance of any significant Gfprobability that the
growth during EXP3A was less due to the increased stocking
depsiiy;_ The variability was also high between depths and the
: ma#imumA average values at the bottcm staticn of 0.23 g/zoo/wk
(SD=.178) for NETRN and 0.50 g/zoo/wk (SD=.37€) for NETWS were
not significantly greater -than the surface cr mid substations.,

. The same  problen with vétiébility existed for the
NETYWM:NETWS ratio, which ranged from .03 to 1.00 and averaged
- 2«37 (SD=.285) for the 24 cultch. This value sas higher than the’
average ratio of 0.29 (Sp=0.70) during EXP2A. The higher
temperatures~during the fourth‘and fifth week of EXP2A may have
promoted an’ increased growth in shell weight, particularly at

the surface depth which had a NETWH:NETWS ratio of 0.26.
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_kurtherginvestigétigg~g§~the Scallop-¥ood Chain at -an- Increased

- Flushing Fate of ithe System

. The flushing rTate was set. at 0.75 day—! for Experiment 3B
and the; tank seeded at 1500 hours on July 2§, in the' same manner
vastXPZB.M As outlined in Chapter 2, the scallop'¢cages were

introduced into Tank .B on Day 114for,6ne‘mcgth._

-Dynamics ggitheugtimary~Communitz,

5",Durihg. the,'experiment,-‘the-yflushi£g;zate,did‘not remain
cb@étant at_O.lS day—? 1cv=9.4$) due to préblems with, the'
se;ugte;. system and high sediment loaGS'reéucing the flow rate
ihtoqgh  thé filter . to the. tesevgirié:»The flushing rates
sometimes’ decreased to 0;6 déy‘i-butruere.readjustéd to 0.75 .day
f!w»at";sampling tine. . The résults'cf EX?JB arexillustrated in

Figures'33-t0_39 and.statisticélly summarized in Table 8.

. ' Physical Environment -

v
'
1

although fhé.sblar radiation was Bi?less,than»in EXP2B due.
tog@eqreaéing daylength, the variabliligyTin-SE during EXP3BR was
. less . (CV=28%), Aéspecially at thé.beginning of the experiment
' (Figure 33)., During the bloom. period :(Days 1—6); the solar
;adi@g%on -was 15% .greater for EXBBS‘tﬁan the same period in
EXP2B; . Because of 'the .increaéed flushing ‘rate, the average .
. in.situ temperature was lowered to 14.8{°C-at all depths, which
-reéresented a -net thermal :increase of 3.4 °C fo:.thié production

~ system (Figure 34).. The net ‘increase, in EXP2B was - 5.5 ©°C
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indicating' that tripling the' flushing ~rate caused a 2.0 °C
decrease in the in situ temperature at. sampling time. . The

diurnal ‘inCrease was less than 2.5 °C .

Nutrient Regipme

. Inflow nitrate concentraticns averaged 19.3 ull N 1-1, whichl
wvas not -significanily higher than EXPZB,'and the variance was
- less (CV=10%). . In-situ concentrations 6f hitrate vere 'again
depleted by Day 6 and averaged 0;3 u¥d N 1-2 in the.tank.uith no
significant recovery from . limiting concentraticns during the
égperiment (Eiguré 33) .. The average inflow ammonia
cqpcenfrafion was.oglf 0.42 uM N 1-1:,  .There was no Significaat
~;g¢§;$g-change'in NH3, indicatiﬁg that a ~steady-state existed
: betaeen ,the.uptake of NH3 by the phytoplarnktcn and-egcretioh of

NH3 by the scallops. .

Phytoplankton Dymamics

Standing Stock

The standing ‘stock, measured as  the Chlorophyll a.

concen;ratibn,‘,is illustrated. in Figute.Bé,f The initial bloom .

‘peéked on Day 6 coincident with the depletica of in situ NO3..
However, a . larger secondary saximum of ca. 40 ug C 1-1% hr"ii
ocgﬁnréd,on.bay 10 in response to an increase in the - inflow
aitéate;» conceﬁtration.f During fhe ' giaéing' period, the .
phytoplanktoﬁ stock display=d a_seriés‘ of:.damped osciliati@ns

and maintained a quasi steady-state level at ca.. 30 ug Chl a1l
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—x ,<and'there wvas no significant difference  between depths..
',The? dynanmics of:thetphytbplanktcn stock"ai this higher flushing
rate of 0.75. day—¢ Qere'considetaﬁly_diffetené.than CHLA during
EXP2B . (FR=0.25 day-! ).. The‘phytoplanktcn stock averaged 23.7
"~ ug Chlng.l'l fér-the.total ~experimental period, approximately.
thrée.‘times tﬁe average CHLA value du:ing7EXPZB and éireétly
pt@pqrtional téfthe differenceAin flushing xateé;, During . the
:grazing‘ period, the ratio increased to 5:1=indicating that the-
effectaaf.the increased FR . in this e3xperiment dominated the
:systgm,}j The grazing pressure did not cause a decrease in CHLA,
and in fact; the.exéretion.of‘ NH3 by the séallops may . have

enﬁahcedythe:primary productivity rate. K

»Oxygen‘Levels.

Thé 6xygen curvés for EXP3B-(Fi§ure 37) showed a corpletely
different . pattern from the previous results in EXP2B, supported
f bjw the . ieprodqcibility between depths.. The average, 0XY
: codcentnation vas 11;45  mg 1-t during EXP3E and there was no
&ifferenée between statioms. Thefe-uererfhreé ma jor differénces
in'tﬁejdxygen.concentratiOn during EXP3B ccmpared with .EXP2B: .
Afinst,f:the, iniiial' 0XY maximum‘during‘the tlconm vas T70% less;
second,-a steady—state level of oxygen was wmaintained for - the
duration . of EXP3B, exemplified by the 1cu average CVAof_S.Z%
during the  grazing period and a standard deviation which.
. approached the value for the infldw;f_ihird, the net oxygen
'.concentration (OXYN) was 25% less~during~th£’yre-grazing -period

--and 50% greater during the grazing-peziod;;
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Primarl,Productivity»‘

The . primary productivity fate reached a.maximunm valué of ca
{g:80 ug. C .1—=1* hr—1! oa Day S.and decreased. in a series of damped
oscillations to steady-state. rates ,(Figure 38). During the’
experihent,»PROD averaged 38.3 ug C 1! hr-t and there was no
significant difference betveen depths. . ‘The _paximunm standardized
‘primAEX productivity raté ~occurred . threé days before the
p@jtop;aﬁkton bloom in EXPZB;,andﬁin,contéaét to 'EXP3B, ASS was’
" less . ”during "the . grazing . periqd vdqeﬁ'tc.'the. high . éHLA'
coﬂcenx;ationqu The valdes of ALS sere'relétively constant at a’
lo@,ra;e of 1.1 ug C {ug Chla)-? hr-1 during the.grazing. éeriod
,iy?Contnast.to,the higher average value (6.0 ué C (ug Chla)-1 hr

1) .and gteaterjvariability during ﬁxpzs (Figure_39).§

Cemposition of the Phytoplanktcn Compupity

In {contrast to EXP2B, Skeletonema ccstatun repained the.

dominaht:phytoplankter during the experiment.  Other diatoms in

" significant numbers were  Nitzschia spps. , Navicula sp.  and

-'Egalassipsira-sg._ . and only a few flagellates were noticeable. ,
. More:significantly, there were no clumps of the filamentous
- Navicula Sp. floating on the sufface of -the tank at any time

“during-the EXP3B.,

oL
C .

' g:owt&:ggAthésggg lops at a Higher Flushing Rate

. The results of the survival and ;growth of the scallop
" population during EXP3B are summariéedgin Table 9. . In'spite of

the increased fiushing ian this experiment, all of the scallops

i
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died at the surface substations, approiimately one- half died at
'the mid deptb and only one Chlamys died: at the bottom depth. .
Only . the scallops at. the bottom station Shcwed anY appreciable
growth during EXP3B., The maximum percent . increase in total
weight was the . greatest im Cage 9, averaging 16.8% above the
init;ai average weight of 16.5 g. However, the largest scallops
Min;Cagéslz increased by only 1.2% ét ~the bottom depth.,  The
sﬁ&llest sca11ops'at the bottom (Cage 8) had the largest percent
.increasecof‘1a8% in length with a corresponding increase of'O.S%
in widih.g | -

As pointed out earlier, the tempefature durihg.thé grazing
periqq averagéd 14.5 °C and there was no significant difference
:iﬁaTENE.betyeed depths., . Thérefore it appears that the increased
1ight - intemsity -was the primary cause of ‘the 100% mortality at
Ethé:suffacea.; Approximately one~half of thcse ‘SCaliops Were
dead within a week, , Secondly, vthe envircnmental conditions
féﬁgltingAfxém the iﬁcreased £lushing rateﬁprovidéd a favourable

benvizogment for the growth of’gh;amxs-atia depth of 1 metre. ;
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UPHELLING SYSTEHS: DYNAMICS OF ‘THE PBIMARY COMMUNITY AT

COMPARATIVE FLUSHING RAT

S et | A e

()
=5}
fth

The: dynamics of natural. phytoplanktcn communities  in

turbulent ',sysfems_ with no grazing gpressure were first

inveStigatedlin~a set of experiments which ccrmpared. two constant

flushing’ rates of the primary system.., The flushing rates in the .

dnpliéate;priméry systeﬁs were controlled at' 0.5 day-! during

EXRQAdnénd' 1.00  day—?! during EXPUB in tﬁis s€t of experimeqts.,

Duringﬁthesfive Heek»eXperimentai pé:iod} the rates remained.

_re;atiﬁély, constant at 0.49 day-?* (SD=.019) and 1.00 day—?
.(SD§.9031;§ However, as a re#ult’of outéide "interference wwith
themexperimental facilities cn Day 12, the central sampling tube
in- Tank A became. angled toward. the iﬁfloﬁ pipe in the t;nk-
: CQﬁseguently, the apparent significant differences im  the
vdriabie measurements between the bottom station and the other
:stqtiqﬁs- {(surface, mid and outflow): . in this tank can be
Vjexp;qigéd as sampling inccmpletel& mixed inflosing seauafer.ﬂ
' afte; each. primary tank was fillédk with the filtered
f"inflouiﬂg s€awvater and the.flushing rate§ set,; initial samples
'wéreA_féken frem both tanks., Then each tank was seeded with 10
litreg»éf~phytoplankton'stock which had been collected from the
surfgcet of English Bay and passed through .a small‘diameter:wire
screen .. to Temove any zooplénkton.ﬁ The experimenté were
terminéged on ﬁay 35 due_td problems with the seawater systen

intake . at the Institute.

i3
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Dynamics  of “the. Primary Ccmpunities at Iwo Comparative

Flushing Rates

'Expefimental. results for the two primaryatanks (EXP4A and
"EXPU4B) are graphically illustrated.in.Figures 40 to 56 and the
,daté' gtatistically, sumparized - in: Tables 10 to 15.. In the
-stagisﬁical analyses, 'a"andmftf“refe: to the factors station
‘and* ti@e; xesPeéﬁively, and the term 'éignificanti indicates a
statistical.probahility,level of‘o.oﬁ unless ' otherwise stated. .
Var;éhles -and parameters are scmetines referred to by their
coméutér nanes, and.Apéendix 1 . contains 'al‘éummary. of their

description and derivation.

Physical Environment

. Incident solar radiation  (SB) 03¢i;iated considerablfAftom,
.110?560f langley day—-! , averaging cCa.. ' 380 langley day-!
-(SD:QSOiA.during the ~experiments .(Figure .BO)-A' There was no
sustained period Of high solar radiation levels and in fact, the
-sigﬁificance;of‘.the serial correlation ccefficients for SR

indicaigd a strong forcingfperiodicity~to both primary systems A

and° B {Table 10).. - The resulting i

situ temperatures (TENP)

-‘varied:significantlyfwith time in both tanks (Figure 41) -and the.
hig@:a?erage correlations of r(A)=.748 and tr (B)=.804 between the
lsolaru':adiation and the .netA temperature increase (TEMPN) -
persisted at a significant level for 'at least cne day in both
/tanks,;éaxticularly.in~Tank'A with the lower flushing rate;w The
'muiiigle\cortelation for TEﬁP andltEHEN with Station. and time

was 1)0,99, and the . temperature in Tank A averaged 14.6 °C
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,(av;SD=1§28), ‘a net incréase of 4.2 °C ftoﬁ the infiow
ﬁemperature.f A~ pattern of weekly periodic ' oscillations in
_ tem§e;atﬁte. and a high. correlation between statioans were
Similgxly apparent in Tank B, bkut at this higher flushing rate
of.1,p'daj~l, the average temgeratureiand amplitude'ﬁete reduced
{.to 33-9;°C:(av SD=0.77), a net increase of 2.6 .°C . Although_
theﬁtaygrage .solar" radiation decreased -slightly during the
,hut?;éntfdepletédA period of the experiments, theré ‘was no
éignifigant reduction in the ipn situ .tenmperatures in either
ténkignltfshquldbalso be noted that .during the experiment the.
temperhtnfe- and. :salinity of the ~inflowing seawater 'were
reiaii§eiy constant to both tanks at'10.4. dc'=(av15D=0;90) and
o Zz.gﬁippt'.($D=0;79) and there was no éignificant co:telation_of‘

'eithétivariable,ﬂith.incident solar radiaticn (Table 10).,

"Iﬁflou nitrate concentrations (NO3)-to bhoth ﬁanks ¥ere more .
| vaﬁiab&é;with'time, avetaging 18.8 uM N;l*i (£V=1Q-5%},- due .in-
paci;tb the correlation between.ﬂQB_aﬁdltheﬂvarying_tidai.ﬁeight‘
_ata‘sahpiingﬁtime;:as mentioned'inaChapter 4e - Hbﬁever, althouéﬁ
thé;ﬁiaal:height at sampling time sas high dﬁ:ing the first two
ueéks'voi the experiments, the nitrate concentration waS‘lowér
than-ajerége-due’tO'the preéencelof a‘suxface water maés in the
ﬂvidinity of -the seawater intake. 6 This was also detected by the
“higher;infion tepmperatures and oxygen levels duriag.this period,
»and thefhigh,correlations between these three 'variahlés are
vexifiéd in. Table. 10. 6 The inflow NO3 QaS‘also‘significantly

.correlated with the solar radiation from t#o days previously. .
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Although = there was no signifiéant difference in the inflow
nitgfate between tanks, nutxienf depletion.ﬂaé apparent by Day 6
at>the10.5 day—1 flushing raté in TankAA.Qith a two day time 1lag
‘ at;]the  1.0 dhy—i-flushing rate.in Tank.B (Figure 42). . During
. the. post blocn perlod, the 1nflou NOB remalned at the average
'leve1¢‘of‘gg.y 19 up N 1—* , but there vas: nc in situ nitrate in
TankABAand-the presence of sporadic. high concentrations of
nitsate,.intﬁahkua are attributed to:therinécmplete‘mixing.; The
- concenttation of nitrate utiliied by the primary cdmmunity ¥as
- calculated (NO3N). and included in the statistical summar;es.n
iTheé'COntribution of ammonia and urea as nitrcgen sources
’for the prlmary systems was pinimal. . There'was no significant
uptake "of these nutrients in either tank .due to the low average
infliow concentration of ammonia QO.QQ.uﬂ N 11 ) and urea (0.86
ul N 1-% ) and - to the large _variapées within'and between

stations during the experiment..

. Phytcplankton -Dynamics

Standing Stock

f'Thezéhytoplanktoﬁ standing stocktwas estimated each day as
: chio;ophyll.a-, In Tank A, the initial blcon wasQQOincideht with
putrient, depletion'on Day 6 (Figure ﬂ3)»and_for-the.duratioh of
themexperiment (t=2§); the stamding stcckAaveraged 18.3 ug Chi a
lf}ninéluding<the_higher‘value‘of 20,5 cug Chli a 1-t at the
-bottom;;stationt“ Although -the:é,uas a signific;nt»iarianée in

-CHLA.uith:time_at all four stations (av CV=32%), the correlation

——

wvas poor between . the bottcm staticn and the other in situ
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stations for CHLA, as well as TENP, NO3 and.oxy; after Day 12..
; Hogevef the standing stock at the cther staticns oscillated
fai:ly ‘regplarlyb with a one week period, with makima'oécurring
on Dayqul,.2u and 31 and the minima ca Days 21 and 28.. |
‘-Thé dynamics,of=the phytopiankton blcon exhibited several .
major bdifferences in Tank Be . - Pirst, the initiﬁl‘bloom.was

prqdu¢gd subsequent to the depletion cf in situ nitrate on Day

8, . duef'tp .the 1low influxes‘of sblar radiation and nitrate at
thié-timg.ﬁ The CHLA maximum did not cccur until Day 15 except
- at ihevb@ttom station,-which,had a significanily higher standing
' stock . from Day 9 to Day 12 due to a problem maintaining the
artificial turbulence at this time., Secondly, the standing.
_sgock;ddring the nitrate-depleted pexiod (t;27) averaged 40.6 ug -
‘Chl a 1-1 and theré:was a significant (E>.01) but small increase
withh‘éépth-s' For_ the tota}- experimental period, the average.
standiég;stock~infrank B (1.0 day—? FR) was 3Z.6 ug Chi ai-* ,
.exaéflj'2.0~times~the chlorophyll a concentration in Tank A . (0.5
.dayrlgiéa);, Thixdiy,Aalthough the dyranmics of the phytoplankton
standing stock .were considerably different between tanks in the
“zfitst few veeks, the timing of the naxﬁma and:minimabduring the .
last'tﬁd_geek54were similat.hfﬁouéver, . the standing stock . in
Tank"'BA exhibited a pattern éf damped oscillations after the
- :initiqlA'blocm compared witﬁ the gmore. unstable pattern of
oscillations ‘in T;nk A. . This was exemplified statistically by
: the; similarities in . the variances. between tanks for CHLA

although .the standing stock was twice as larce in Tank B. .
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- Pigment Ratios

St e -

ihe”.coégentrations of chloroéhyll Q.(CBLB), chlotophyll Ql
(CHLC)l-and carotehqids (CT) and the pigrent ratios are
.summari2€d~in Table 11 and-TabléJiz, inéluding’;he ratios of the
éigmenﬁs -in the seed populafion;; The chlorcgphyll g:cﬁlprophyll
gfratio,(EA)hénd carotenoid:chlorophyll a ratio (CTA) dﬁring the
expg:ihgnts ére also illustrated in Figqte ’QQ and Figure 45.,
During .{pe. nitrate-depleted period (t=29), alllpigmeats ratios
in-hotﬁ-tanks Yere significanfly different sith  time, but not
: betueen:'stations.ﬁ iverage 'pigment ratics for this pefiod '
indicgtedva decrease in the BA ratio from €.105 in .the- seed
pophlagicn to 0.086 and 0.042 ip Tanks A and B respectively, as
well aé'large decreaSes in the CA ratio. The ave;age}CTA ratios
0fjﬂm2§ﬂ&ﬂd*1g32.iﬁ~the tanks showed littléﬁchange frem the 1..12
ratiq*fot the 1initial populaticn.. The“;kultiple_ correlation
betneen:the‘pigment ratios and both'the independent fact ors TIME
and;.S?AtIOE" was >0.90 for both tanks, except for.the.C:A‘and
C:CT<ra£ios shich probakly reflects the poor ’precisicn of the
c#lp:bphyll. ¢ measurements (see Strickland and Pérsons, 1972,

Ps 187) .,

Oxygen Leyvels

‘Théwoxygen conéentration (OXYy ,»a forcing variakle as well
as; a state-deternined variable, averaged 7.56 . mg 1-t -
{av SD§4575).in'the inflow to both tanks during the experimental
perioda. . In-Tank A, the-oﬁY maximum and the mazximum net increase

in- oxyéén‘(bxxﬁ) Wwele not coincident with tke ipitial depletion
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: ofwnitratevand ﬁloomvof:phytoplanktéa (Eigufe usj, but . ccurred =
on Day 19 ( 0XY{19)=13.35 mg 1=t ,a=3; CGXIN(19) =6. ﬂ? ng 1’1»:

;a=3) ras a result of the high inflow nitrate concentraticns and
- solar ,tadiaiione from Days 18 to 20 Excldding»the botton -
isﬁation, thé.average,okygeh.level duringlthe post-bloom period
4(;=29).'nas 11.18 mg 1—* , which represents a 3.71 mgvi*i;net.

increaseﬂiu oxygén in Tank A.ﬁiThe variance in. 0X¥ and OXXN . was

i

hlghly slgnlflcant with tlme but not between statlons.; However,

~in -Tank B, there was a significant dlfference in OXY and OXYN

between statioas, - ulth small posxtlve dev1at10ns ftom the 'grand{
mean-. erljthe surface and mid stations - and small.negativev
dev%ations for the bottonm and Outflaw staticns.fr TheAAmultlple
coriglatidn- céefficientv fo; QXY, and OXYN with both factors
'-rem’a;ngdfhigh at >0.94 (Table w).

'iriargé;increase in oxygen did cccur in Tank . B subseéuent
Atoéptbe 1n1tlal deplet1on of nitrate on Day & { OXYN(12) 5.65 ng
, 1*# -a—u), although two larger maxxma of 5. 91 Bg 1—1 and 6. 35 ng
lftwoccurred on Days 26 and 34 respéctively. (Figure . 46).  The
net&iincrease in oxygen in Tank'B Has‘zoﬁ larget.than-ig Tank A
fct;t§e b6mpatab1e time pericdll(t>65, averaging 4.44 . mg 173
(av\sﬁ:OQJSJ),; tOxyéen_saturatidn (SAT)vinéreased in both tanks’
f:om:about.YB% to supersatuiatedflevels’éveraging greétér:ifhan-
130%1 §g;ing the poSthLcoﬁ‘period-and,the analysis‘of variance

. E " s . :
pattern..mas similar to the OXY and O0XY¥N results for both tanks..
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grimarliProductivigz

Piimary productivity, including an analysis -of the
components, was neasured using the radiccarbon technigue for.
‘estinates of net Aparticulate” carpcn fixatico {PROD) . and
eiudatiqn- of organic carbon (EXC), plus the oxygen method for-
-vmeasu:emegts'of g%oss productivity (PGO), Trespirationm (RES) - and .
the resultant net productivity'(PNO), which yere converted to
=carbon'gnits using a pPhOotosynthetic guotient aP.Q.f of 1.2 and a.
lrespi;ato:y.gubtiént (R. Q.). of 1. 0., »
The gross productivity rates (PGC) were high in both Tanks
" A..and - B, averaging 220 ug  c 1-1»1;::-1 and 340 ug C 1-t hr-1
respe;iiwely, for the surface, mid and bottcm stations for the.
ten . TI&ES (every third day starting oﬁ bay 6).. Aithough ;here
: yas,novéignificant difference in PGO ketween stations, there was
a signifiCant.variapce in these prcductivity rates with tine,
particniarly in Tank . B in which the phytcglankton,makimum did
not-oqcﬁt.until Day 15 (Pigure 47)., The =multiple ‘correlation
for.tPGd.'with TIMNE and STAfION was relatively popr.in Tank A
(r=-18) compared with Tank B‘(r=.96);due £o the deviant bottonm
station in Tank A..  After " the first three weeks there ﬁas'a
higher correlation betueeﬁ tanks. . | |
| _»The:repiratibn rate (RES) avéraged.uo ugic 1-1 hr-1 and 47
ug..c',_lf1 hr—t -durihg Exfynkand EXBUB, andvthe patterns were
simiiar~with particularly high rates c¢n Day 12 (Figure 48). The
,averAQeA'net productivity?, based on the oxygen method (PNO),
was . 82% and B86% of +the gross prodUctivity im Tanks A and B
:‘reSPeciively., However, the net productivity rate deternimed by

théh carbon—14 method (PROD), was cnly a .small fractiom of PGO
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(0.21 .in Tank A and 0.17 in Tank B), indicating that there was a
large .average discrepancy between. the two‘methods'of estimating
*net ~productivity?.. As also suggested Ly . other étudies
(MchAllister et al., ,1964; Eppléy and Sloan, 1965) , .PROD ap?eéﬁs
to reb;esent the net fixaticn of particulate carbon, takiné/into
account the losses of cellular:carber due tc exudation (EXC)- as
ueli,‘as respiration. , The 14C productiyity'xaté was relatively
constant duriang both expetiménts»(Pigure 49) élthough there was
a significant difference between stations in Tank .A due-to‘the
- higher values at the bottom station. .

Daily estimates of PEOD uére calqulated (ECDY) -to normalize.
:any,differences in solar radiation.'between days during the
incubation :period.; Thé rate. of productivity was;muitipliéd by
tﬁe.ratio of -the total solar radiaticn during the day to the
solar radiation. during the incubation period (see Appendix 1).
The rationale for this conversion faétor uas:that since ééOD. is
a  hyperbo1ic function  of SB.('Chapter'a)'and thetproductivity
rates vere measured during . the  pericd of -maximum SB;'-déily.
prdductivity 'estimates‘ could be expected tb.te propottional‘to
thg logér light.1eve1s'duriné the repaining ‘:early. morning ~and
late‘.aftetnoon.;periods.) The resulting estimated fixation of
patticnlgte‘carbohaave;aged 0.35 mg C 1-1 dyT! and 0.46 mg C 11
dy-? ii‘Tanksvn‘and B,~and-there uére ncﬁﬁajcr changes in the 14
Céproéqqtivity with time (Figure 50);f In terums of _dailyv.gross
p:édqc;ivitj, PGODY values averaged 2.1%1 mg C 1-1 df-ixand 3.17
mg C.1—1 dy-! during the experiments, with a raximun value (a=3}
of 4.21.mg € 1% dy—! on Day 12 in Tank B (Pigure 51 .,

Vaiues for the productivity'cOmpcneht.Variabies were also
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staﬁdardized'on a standihg stock tasié ( ug C {ug Chla)—2% hr-1 )
represented by PGOST, PNOST, RESSI, Ass_TAnd EXCST. . The
.st@haardized.grbséjptoductivity (PGOST) osciilated “during the
experimehts, although there was a_decreasing trend with.time,
pg;tieplarlylinATank A (Figure.SZ).f As indicated in Table 13
and Table 14, the  average vand‘ maximum‘valués:of PGOST were.
higpenain in Tank:i and there wés-morélvariability compared with .
Tank B. . | |

'-All the compounent variables of PGOST were also greater in
magnitude in Tank A, with averége values of 2.4 for RESST, 2.0
_for‘assvand 6.5 for EXCST, compared with RESST=1.5, ASS=1.7 and
Excsi=6mo- for . Ténk B. . The highest assimilatiocn rates (ASS=7.2
ug C: {ug Chla)~! hAr—1 ) occurred in both tarks three.days before
eéch,System_reéChedvits maximﬁm standing stock 1eve15'during.£he
initial;bloom period (Figure 53);L,Dnring the post-bloom period,
the standérdizgd net primary Froductivity. remained cdnstant
be;uéén'mbotb STATION and TIﬁE., Althcugﬁ ttere were only five
measurement . tinmes for . the ‘exudation rate, :EXCST generally .
dedreaséd' in. both tanks vit£ tine and the values were
signifigéntly lower -at the bottom station in Tank A., The
standardized respiration rate during EXF4A and EXPUB was similar
-to QES,: with maximum values'occurring;on Day 12.. However, ih
'ExﬁuB. the,highest;REsST valués,aére apparent cn Day 6 (Figure“"

54) .
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gstimationﬁg§~Parameters for a grimaiy Productivity Model

Since the . exudation ,xate' was only measured every second
productivity time, a productivity coppcnent analysis was based
on. t=5, a=3 to- evaluate the parameterS' in 'the."follouing_

ptoductivity.sub—ﬁodel:

Gipss‘Productivity = Aséi@ilation t.Bespiration.f.Exudation
or 1= ASS/PGOST + BESST/PGOSTJ*aEXCST/PGOST'
Thefresglts are .shown in Table 15;,~Pirét, this additive model
seems a good approxihation_,of the experinmental results. The
estimated gross productivity (ESTPGO) is clcse to 1.00 in both .
tanké -and there was no significant differences in ESTPGO with.
TIME or STATION. ., Second, the estimate cf the rarameters forvthe
éomponeni:variables are similar ketween tanks in fspite of the
_4diffe€en¢e, in flushiag rates, with aésimilatién representing
; abqntaZO% of .the gross productivity and losses of ca-. 20% to
s pespiration and ca. . 60% to exudation. 6 Wher the respiration and
assimilation éomponents were 'calculated for t=10 and a§3, the
Values.uere‘similar; indicéting,that these"pa:amefric estimates
based . on t=5 are reaédnahle., The assimilatica “fraction
increased during the fourth and fifth Qeeks of the ' experiments,
partichlariy in - Tank A, suggesting ‘that. APGO increased in
vresponée;to;higin inflow éoncéntrations._ \Alsé the exudation
fractiod: of gross productivity (EEGO)  was lowest when the

NO3/CHLA ratio was highest.':

Parametric estimates were also calculated for the initial

sldpe; hLPHACF ( ug € (ug Chla)—% hr—? (ij/min)fl ) in .the



62

hypetholi; productivity'versus light (PAR) relaticnship.. Since
';the -measurezents of ‘the extinction coefficient.(EXTK) were of
questionable accuracy due to faulty 'eéuipment; thé' solar
radiatiqn at depth (PARZC) used in the calculation-of'ALPHAC,
" Was estimated-usingﬁﬁiléy's formulaticn of EXIK (See <Chapter 2)
in the following équation:

PARZ ( langley mim=1 ) = (PAR2C/240.) * EXP(-EXTK*Z) -.

The éverage value for ALPHAC, 1140 d§ C fug Ch1a)—1vhr'i1
(ly/min)?l , Wwas predictably puch lower than for ALPHAG., .
ﬂaximnw' ALPHAC values of 30.0 cccurred in both tanks on.Day 30
(Figﬁre,SS), at which time.sa'and-TEHP.were kelow average and .
,NO3KIN)fabove average. , Although the standiné stock and nutrient
flux in Tank B were double the levels in Tank A, the standing
- stock . per unit: of nitrate was equal.. Therefore it seens
reasonable . that thére were no significant differences in ALPHAC
_bétween tanks since both' systens had predorinantly diaton
communitiés., The - initial slope based on gross productivity
(ALPHAG) was very similar for both tanks; averaéiné 64.3 ug C
(ugtChia)‘l»hr‘l (1y/min)‘1., although in both casesAthere ¥vas a
sighifiQaﬁt increase in ALPHAG with depth due to‘the;dectease in
| PARZO : {Figure 56). . The.significant variability in ALPHAG.yith_
time ' was nct surprising since both ASS and PARZ varied
significantly with time., A similar analysis of variance ¥as

obtained for ALPHAC. .
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~Cemposition of the Phytoplanktcn Community

The sizé’co&pbsition of ,the. phytcplazktcn' community was
ﬁonitoted' during ' both experiments usinglthé‘Coulter Counter.. .
‘The . nhﬁbers of particles ;ere converted  intc  volume
concentrations (micions per ml), asA-outlinéd in Shelddn and
 Parsons (1967) , an& plotted as a'functidn of the’particle” size,
measured ds the diameter (micrOnS)./v Figures 57 to 61 are.
representative of the results during both.the bloom and post-
" bloom périods of EXPUA., The'Afirst point “tc . note. is. the.
.similarity.in’the;shape of;the'vOlume'veISus vsize curves over
time, . The unimodal +trend with  the maximum volume at 18.%.
microns -during the bloom (Figures 57 and 58) persiéted
throughout the experiment (Figures 22 to 25) - with 1little
variation inp the_ maghitude  over time. . Seccndly, ‘the. size
cqmposition ﬁaS‘ similar between stations, and the correlation
betveen the Coulter cohnts andTChlorofhyil a uas genefally good
except for a time lag in.the particle vclumes during the.initial_
bloom.:

The .results for EXP4B +were similaf “to EXP4A in most
respec;s; exéept for'two features. The particle volumes  dhring
the.‘ihitial;:bloom ;were,,higher -on Day 12 ,tha;" Day'9,-and
secéndly,«thé/ﬁagnifude of the'maximum'volﬁme;petg'ml in EX?QB
was about twice as large #s EkPuA.y

Throughout  the experiments, the dcminant phytoplankter was
Skeletonema costatum in both sysiems., In EXP4BE, the other few
‘specieS'-présenta‘uére most11  diatoms, . including Chaetoceros
gggiggg§~131w, Thalassiosira aestivalis {(2) and Nitzschia spp..

A fildmentous benthic diatom. ( Navicula sp., ) w¥as apparent on
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thewsiQes‘of the primary production tank, but the sfan@ing Stoék,
¥as ;qwﬂceﬁpared with the phytéplankton étock.J in cd@parison,
ihel;previoug experiments indicated that prcductionf6£ benfhic -
diaioms #as significant in non-turbulent systems. . 'Iﬁ EXRQA,"
tﬁeref-was a greéter diversity of .éhytcplankters and a few
.flagellgﬁe species.were noticahlé during the +the post-bloon.
pgtiqq,ﬁvincluding gzmnodinium-éfg, s a gggggggggggg;spécieSwand
soméﬂéfyptoﬁonadsmﬁ There uas'alsé leés gggigglg on the:siées 6f
Tank A than Tank B.. | |

These fiﬁdings.are cénsistent uith”pfevicus;lahoratory' and
fieid-'results which indicafeé that systems with louer,ﬁutrient
flukes'~tend to have;1mo£e: phytoplankton diversity, and an
increase. in the nutrient concentration causes"én increase in.the
dominance . of diatoms. . At high flushing rates of 2.0 -day-t ,
most of,the'phytbplankton community was washed out of the‘system
and the primary commﬁnity became dominated by benthic diatoms

such,as,the;naviCUIa-sp.J {Brown and Parscns, 1972). .
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CHAPTER 6., IHO-STAGE CCNIINUOUS CULTURES 0F~PLANKT

-HEBVIVOROUS FOOD LHAINS DYNAﬂICS OE TﬁE PEIHABY COMMUNITY AT

" YVARIABLE FLUSHING BATES

A ,Set of two-stage continuous culture experiments were
investigated in the two production syStemS»., In this case, the
dynamics of the primary ccnmunities were examined |using
controiled, but variable, flushipg‘ rates of the systemn., 'In
production  Tank: A. thet initial.flushing rate (FR) ;vas set at
O¢ZS day-1 for two weeks duratiqn.ﬂ Oon Days 14 and 28 the
flushing.;raies vere alteted ‘16' 0.50 day-? and 0.10 day-t
respectively. . The experiment in this tank ended after 6' weeks
due;,tg vcontamlnat;on “of the przmary .systen by two herblvorous
prétozoans, one a holotrich ciiiate (Dileptus sp?) and the other
" a .hypotrich. . The experiment in production Tank_é vas continued
to Day 49, with the.flushing rate réset'fronvthe initial rate of
1,00 - day—t to O.SO‘day;i'on Day 41., In the second stage of the

Ptoducfion system, the outflcw from either Tark A or B was fed

at different rates into the four herktivore tanks containing the.

threeudensities of oysters plﬁs cne ccntrol. This provided four

unique experimenta1>conditions (Experiments I to IV) and the

experimental -‘design for  : the investigaticn of the two-stage

continuous cultures is summarized in Table 16. . The results are

presenfe@ inzchaptér 1o .

During the. experiméntal pericd, .fio Ielated aspects of
priﬁaty productivity were investigafed., A series of
p;oductivity versus 1light experiments were conducted as a

- function of the temperature and ‘the nutrient - status of ‘the

phytoplankton; ‘tovestimate'the.effeqts of these three variables
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on.the:prihary productivit] of the system.,. The procedure and
tesulfs are lprésenfedA in Chapter 8. . The primary'productivity
was also analyzed in a seriés of enrichment ‘experiments to
veriff that some micro-nutrient sas not limiting thejsyéiem-
The .procedure 'was similar -to the other radiocarbon uptake
méasureménts .eicept that the samples from Tank B were enriched
withAéither Guillard®'s F medium, or a vitamin mix (with no B12).
. or vitamin B12 only. . The lattéx'tac enrichments'were made at
tﬁe‘samenconéentration'as the additicn of the F medium (Table
17)... EXperiments were: conduéted on two., days of varying 1light
‘inténsity,.one at a lightflimiting'levelf and.lthe' other .- at a
light-saturating level. The results indicated that only the B12
en:ichment at  the high lighffintensity produéed A significant
increase inifhe primary productivity rate.in ccmpariscn to the
control.. . ﬁowever;.there was no significant increase in primary
produgtivity on either day Bifh the F enrichment which contained
the éame concentration of vitamin B12. - Therefore is seenms

-prqbable'that,ﬂo3 was the primary limiting autrient during these

experimenis‘,
Dzngmicgr of e Primary Compuhities at Varjable Flushing Rates
duripg the Experimental Period

After each primary taﬂk ¥as ‘filled with 'the filtered
inflowing seawater and the flushing rates set, initial samples
'ftém:gaéhntank‘were-taken., In'thié set of experiments, each:
tankiuas seeded with 10 1itreé of.phytqplanktcn stock from EXPUB

so that both experiments would have similar initial primary
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éommunities, composed mainly of Skeletcpema ccstatum plﬁs a few
othér,‘diatoms and flagellates 1 ., Results of the experiments
(E;PS#,EX?SB) ‘are illustrafed‘vin “Figures 62 to 90, | with
statistical sunmaries in Tables 18 to 23., In the following
discusgidn.6f=sxpsa, Period'5‘1, 2 and 3‘refer to the 0.25 day-!

¢ 0.50 day-t , and 0.10 day-? flushing rates respecCtively.,

~Physical Environment

During.ihe first six ueeké, -which . includes ihe total
experimental ~period for Tank A and the a.okday—BVflushing rate
period in Tank .B, the 1incident solar radiaticn' a?eraged 400 -
lapgley,‘dayfl.(SD#IOés.k'As illustrated in Figure 62, the means
and: variances for SR xere very different ketveen ”tﬁe three-
pgriods: of variable flushing rates in EXPS5A, averaginé’SOO
lgngley day~4 (SD=15) - during Period 1, 340 1langley day-! .
.($D=132) for the second 'period‘and 380 langley day—t  (SD=49)
duringithe tbird‘period {(Table 18f.w The ccabinaticn of the
va;iability .in solar 'IadiationA and flusbhing rate-iesulted in
aéetagé:net temperature.increases,(TE@EN) of 6.7 °C , 3.8 ©°C ,
éﬁd;8‘8°c.during the three tuo-week.periods,in EXPSA,; The 1arge
vagigbility .in TENP duripg fhe expétiment in Tank A.(Figuie 63)'
uasvdue to the coincidence of a reinfﬁrcing effect of SR with
t#e alteration in flow rate, particularly during Period 2, when
the FR was increased to 0.50 day-t (with a subsequentx‘decréase

in ATEN?)‘and SR was lo¥er than average.,K Temperatures reached a

! .EXP4B was terminated two days beforé the start of Experiment 5
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naxinum of 21.9 OC during theko.ad day-1i FR ‘and averaged'19.8 oC:
,.cdmpared'with 18.7 ©C .at the 0.25 day-* FR and 16.0 day-1!  at
the 0.50 day—t FR.  The température.averaged:18-1300 during
' " EXP5A, and although the corrélation ‘betueen the‘ four in ' situ-
stations ¥as high {r=.994), there 'uas a 'statistically‘
sigﬁificant but small (0.6 °C ) Qecrease ~in  TEMP with depth.
(Table. 20).. The temperature in Tank .B during the same period
(t;1;ul).averaged 15.0 °C , with 1less ,vaFiabilityb with time
jcv;6;1%). although there was élso a signific;nt deciease of 0.3
°C. in TEHNP with‘depih. The tem;éxature during the last week of.
EXP5B. {FR=0.50 -day-?! ) remained .at the average valué., The
salinity -was essentially constant at 27.2 prt (SD=0.92) during

both experiments. .

: Nutrient Regime .

"infléﬁ nitrate to both systems sas similar but extrémely
variable .aith timé,' averaging 16;5'um.N l-il(av SD=8.80)« . As
illustrated.ih Figure 64 , there was a decreasing'trend in the
inflow nitrate  concentration for . the first three ueeké,
_incxeésing‘to‘levels greater vthan 20 uM ® 1-1 dﬁring the
remaining period., The inflow NO3 concentrations during the.
three peiiods cf EXP5aA avéraged 14.3 uf N 1-1L(SD=2.91},-1Q,] ul
N.lfl-(SD=7.70) and 21.9 uM N 1-1 (SD=3.24) tespectively.j The
loa"inflpv.concenftationSrduring the third aeekuqould be partly
atttibuted-to the fact that the sampling tinme ccincided with low
tide.L is desc;ibed in Chapter 5, this caused an undefestﬁmation
: iq‘the'inflow concentration cn a'daiiy,hasis.J-An.algorit%m was

designed to partially compensate'fér theLdiscrepancy.f A tidal .
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ratio uWas calculated based on the.ambuht.of time during the day
that  the. tidal height was above the height at sampling time to
t he aﬁounf of time per éay that the tidal heigﬁt was below the
height at sampling'vtime; this factor was then applied to the
nittaté concentration at saspling time .to estimate a revised
daily . iafloa nitrate qoncentrétion, TNO3{IN)e. . The results
indicated that the inflow nitrate value of 16.6 uM N 1-1 .
averaged for t=1,41 increased to 19.0 ud N 1-1 for the same time
period when the temporalveffect of the tide upcn sampling was
takeﬁ.into accodnt.ﬁ However, no factor uésuinciﬁded to. account
. for thei'inc:ease( in nitrate'cﬁncentraticn'with_£ida1:height,
éinée the tidal amplithde and'raté of-chanée.in ﬁ03 with  tidal
height‘ varied' during the experimental pericd., So the revised
éétimates of TNO3 probably. still underestimated the. actual.
average: inflov nitrate concentration.

‘ In Tank. A;' the depletion of nitrate cccurred by Day 5Aat

the .0.25 day~i1 flushing ‘rate, and there ¥as no in jin situ

récovery of significant NO3 for the remainder of the experiment.,
The . net uptake of nitrate '{Nb3ﬁ) by the primary’COmmunitj
iqcréaged during the experimenﬁ, averaéing S.3 uM N 17 -, 4.1
uM ;N. 1=1 . and 21.9 uM N 1-1 for the three per.iodsg the
_coptésponding valués based on the tidal correcticn factbr,

'?HOBN,‘ were . 12.0 QH N 1-1 , 16.3 uM N 1-¢ and 24.7 uf N l41 ..
p-;Niﬁféfe»deéletiQn did'ndt occur until Day 7'in Tank - B (?R=l.0‘
.dayfl ) -and Signiiic;nt éoﬁcentratioqs‘(>2 uM N 1-3 ) of nitrate
were. appareﬁt on  Days 12 and 13.. The tank was very clear at .
thi? time and much of the phytoplankton stock had sunk to tke

benthoS,. in spite of +the in situ circulating pumps. 6 However
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Skeletonema costatum was still the domxnant phytoplanktertf As

- ————————

in Experiment 4, inflow ammonia and urea concentrations were low.

(<1 . uM N 1-% ) during the-experimeats.q

thtoglankton-Dynamics

Standin

Q
Nl

Thé initial phytoplanktoﬁ bloots vere coincident' with
nutrient;depletion in both Tanks A and B (Pigure 65) and were of
a 51mllar magnztude (35-40 ug Chl a 1-1 ) e ihe CharaCteristic
‘minmimum in CHLA followlng autrient depletlcn Was apparent by Day
9. ;n Tank A .and by Day 12 13 Tank B.. In Tank A, the CHLA level
étatilized at cd., 8.9 ug Chl a lfl during the last ‘three' days
of . the 0.25 day-* FR period. . after the flushing rate ¥as
doubled to 0.5 day—! on Day 14, the phytoplarnktcen inéteased to
gg.;‘.21\ug-Chl a 1-1 and restabilized at 17.1 ug Chl g‘l‘llfrom
Dajs 19 .to 22+ . This was approximateiy.doﬁble -the  steady-state
value. during  the. first period,,,'Thef large increase~in‘the
phytopldnktoﬁ Stdck.duringAthevremainitg 6 days of the Second
pecriod ;(EB=O.SG day-t ) Has'significantly correlated withuthe‘.
large: positive trend in the inflow nitrate coﬁcenttation from
Day'21 to Day 28 and the high incident solar radiation from Days
21. to 23.Jl The results indicated that there uas-é 2 day lag -
between the more favourable forc1ng conditicns for productivity
and the . resultant increase 1n_phytoplanktcn stock, and byAthéL
end:ofﬁthe second period in T#nk'a, the stock levels had reached
aS-ug:Chl.Q;i*lf.; After the FR was lowered: tc 0.10 day=! omn Day

28, the phytoplankton stock decreased to concentrations between
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‘15-20 ug Chi a 1-1 , before appfééching hear-zerq values at‘the
end of the experimént due to the contaminaticn o¢f the primary
jtank».by protozoans.

| During the. nutrient-depleted  period ir Tank .B (t>6)} the
‘thtoplankton stock reac&ed a'steady—state value from Days 19—22
which was sipilar to Tarnk A, alfhcugh the FR was twice as 'high
as ‘Tank ‘Ae . However, after the increase iﬁ incoming.NOB and SR
at this time, the phytoplankton stock . doubled by Déf7 23 and
~reached waxinmun levels of ca., 60 ug Chl a 1-t* , except at the
; outfloufétationiﬂhich was significantly lower for some. reason.,
The _phytoplanktoﬁ stock . displayed a series of damped
oscillations following. this klocm, decreasing to 5 level of ca..
=3b»ug Chl g-lfi at the end of the 1,0 day—? FR period., The
standing stock ‘remained at a Similar'coqcentration in Tank B
ggging the 0.5 day-! FR (t=42,49). There was a small
significant increase_in CHLA with depth in -kcth ianks (Table 20
and Table 21). . | | |

) .

Pigment -Ratios

The . cohcentratidn of CHLE, CHLC, and carotenoid (CT)
tpigments :aré;summarized in Tables 18 and 19. Ali the accessory
pigments and the calculated pigment ratios were significantly.
'variable,:with-'time although _gehe:élly. not éifferent between
étations.f in Tank A, after nutrient—deplefion_ had éccurred
{duning_ tket d.2S vday41 FR period;l there was a significant.
igérease4in the BA ratio (Figure 66);3 Howeyer, by the €end of‘
the second period, CHLB concentrations were reduced to zero at

this higher FR., CHLB again  in¢reased during Period 3,
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contributing. to an exponential increase in thé BA‘ratio., The
CTA rafio is illustrated inl Figure 67 and the correlation
between ' the. CTA and BA ratio was high for both tanks. . During
; thelfirst'six weeks. of EXP5B (FR=1.00 éay‘i‘ ), there was an.

exponential='decreasé in the EA ratio, except for an increase to
- L., 0.1L£rom Day 16 to 22, which was coincideht with the low

inflow nitrate concentrations. .

Ooxygen levels

. Inflow. oxygen concentrétions (0XY) avéréged 7.26 mg 1-1.
-"(av :SD=.835) for both tanks during the first six weeks.  The
%changeé in ip situ oxygea levels during the experiments are
‘illustrated in Figure 68.. In both tanks, OXY ‘maxima were
'iCOincident'-ﬁith;the iniiial‘phytoplankton.blboﬁ, and in Tank A;
ﬁthei13.§3 mg 1—-1 average oﬁ Day 5 was the maximum vaiue during
;thetseiperiment.j There was also a signiiicant difference in
'oxygenwhetaeen statiéns in both tanks;, In Tank. A, this was
‘pacticularly evident during the 0.10 da:ﬁ"i FR period.. To
lccmpensite for the  variability . in  the inflcw oxygen
‘concentration, the;net,oxygen.increase (OXYN) was calculated for
'each";g_gigg-sfation,; The‘corielaticn heiueen OXYN and CHLA was
’higb'.(r=,830), particularly’ gith a. cne day timé}lég for CHLA
A(;=,888)a;‘Exc1uding the bottcm staficn which was significantly

iower, OXYN reached an average maximum cf 6.99 mg 1-% on Day 29,
whiéh.repiesented an oxygen comcentraticn of 13.21 .mg 1l-% and an
oxygen saturation level of 160%. In Tank B, the éveragéfvalue'
of 0XY was only 1.00 mg 1-2 higher for t=1,uj.and‘the maximum on

Dayw32 ¥as not much.larger than for Tank . A. The correlation
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between OXYN and CHLA for the same time period was also high in
Tank B (r=.812), but with no time lag. Oxygen saturation levels

were similar to Tank A..

Pripary Productivity

Results from 'the primary produqtivity measuréments aré

snmmarized in Tables 20 and 21., The.number cf TIMES (days) . used

n- the analysiS‘was eleven, represented by every third_day from
Day 6 as in EXP4A and EXPUB 1 ..

_+ The . ‘gross' productivity rates " in Tacks ‘A and B are
illustiated.in Figure 69. . Iﬁ koth cases there was a significant
variability iﬂ gross ptbduétivity. with time since,'PGO is a
function of,CﬁLA.m However, in Tank A, the maximunm rate.occur:ed
on Day &, @ne'day before the CHLA maximum, while in Tank B the
‘initiql EGO'ﬁaxihum ¥as ccincident:ﬁith.the,CHLA makimum on Day
:J.f{Aularge secondary maximum of 460 ug C .1-1 hr—?! also occurred
in,‘Tank,fB‘ on Day 33, with an estimated daily value (PGODY) of"
3.33[mg Cl;;ildf—i ~., There sere no significént differences
betueeh stations fof any of the proauctivitf variables and the
average gross productivity during EXP5A and EXPS5B was 160 ug C 1
;l'hrjf»and 304:hg cC 1-1 hr-i‘respectivély., The pattern betuéen
PGdﬁdnﬂ PGODY was similar duiing' the experiments (r(A)=.96;.
r(ﬁ)q.gs), except the gross - productivity om a. daily.basié
, decre#sed during the secondary bloom: {Fiqure 70) « The

tespiration ‘rate (RES) was relatively ccnstant during both

1 The data for Day 15 is missing for all prcduct1v1ty variables
in Experlment 5...
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experiments, averaging,gg.? 42 ug € 11 hr‘}; and only iananknB
was there a marginal significant differehce:'in RES Qith time
(Figure; 71). . The net_productiviiy based cn the oxygen method
(PNO)-Has highly correlated #with PGO in both. tanks A(r>.97)- and
the’ rate based on the radiocarben meﬁhcd (PROD) was also
sig@iiicantly correlated with PGO and PNO ‘(Figure 72). . The
correlation aés greater in Tank A (av r(A);.BS) than for Tank B
;(avgr(3}=.ﬂ7).w The average PBOD rates duriﬁg the‘ experimehts '
Jere 51L'ug‘ é 17t hr—-% and 101 .ug C‘l-'l hr=31 in the two tanks,
which represented daily. net productivity rates of 0.51.mg C 1-1 .
del-and'O.Bvag C.1-t dy-%*-. The changes in BCDY with time are
il}ﬁst:ated invFiguie 73. . | |

The effect of ‘the‘ variable; flushing: rates .on ptimary
p;oductivity- was analyzed by comparing the productivity
vériables étandardized per unit of CHLA,, Tke resulfing PGOST,
RESST 'and ASS éurves are illustrated in figures"7u to 76.
Maximum . étandardized gross productivity rates of at least 20.7
ug C (ug.Chla)—1 hr—1 were attained in Tank A subsequent to ‘the
:initiql_ phytoplankton bloom, And secondary maxina were also
~apparent on Day 21 during Period 2 (FR=0.50 day-? j and on ﬁéy
- 39, during Period 3 -(FB=0.10‘ dayf:l ) -when the standing stock
ley§l épproached zero, The pattern for PGOST in Tank B ‘Was
soméuhat‘ different. . During the first tvo Wweeks, the.
standardized gtoss productivity vas relatively constant, ranging
from.ggm£'10-15 ug C (ug Cﬁla)‘l hr=* . Only during the  second
‘fﬁOfHeeh;:peiiQd was the correlation ﬁigh betseen thevtwo tanks
for:PGOST, although the variability withutime ﬁas agaiﬁ less in

Tank . Bo. During the third two-week period, EGOST sigﬁificantly'
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increased. to a maximum of ca. .20 ug C (ug Chla)~—?! hr—' in Tank
B,  while the avérage,values remained at,g§.< B'ug C (ug Chla)—-1 .
hr-1 in Tank A until the increase én Lay = 39., These npaximum
-values in both tanks are greater than the high‘Pmax's found in

Tokyo Bay, also during a Skeletonema costatum kloom (see Parsons

‘ and'; Takahashi, 1973a). .

| Thé standardized reSpirétion rate (RESST) was more iariablé
dufing EXPSAj(Figu:e.75), especially during . the bioom period

ﬁheh ga., 45% of the gross productivity was 1c§t to reSpiratiqn
coméaréd with ca.. 13% for Ténka (Takle 22) . During the second
pgriod 6f EXPSA, RESST dééreaséd to -a low rate of 1.5 ug C - {ug
Chla)f1<ht-15, the sane vaiﬁe'for EXPS5B during the corresponding.
time period..  After the FR was reduced to 0.1 day4i in Tank a,
RESST .increased by 75% while the standardized réspiration rate .
_increasea by only 20% duriug~Petiod 3 in Tank E. .
The - ’Stahaardized net ' productivity : rate (ASS) was
;characterized by damped oscillations duringvperioa. 1. iﬁ EXP5A
(riguzé' 76) , averaging aS.O ]ug‘.cn (ag <Chla)—? hr-1 .. ihe.

variahility in Tank.B u§s 1eés.evenveven thoughA the.,magnifade
' &@5 greater at . 6.5 ug C (dg Chia)fl‘hr-i:._ The.assimilétiog
_ratesﬂgeré the the lowest ( 2.5 ug C (ug Chla)-t hr-1. )  during
Period 2 in both tanks.,6 The rate increased in Tank B on Day 27.
in’ response to the  large increase in the inflow nitrate
concentration.ﬂ'_The.rate also increased in Tank A during Period
3 in:spite'of the five-fold decfease in FR. . 3 close examination
of ASS as a function of STATION in Tank .B (Figure 76) suggested
t?Oﬁ interesting features. . The 1linear increase in inflow NO3 .

 £:¢@ §§,ﬂ-3 uf N 1-t on Day 20 to ca.,. 20muM'N l‘*r'by . Day 24
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failed .to - alleviate the nutrient-limited state of the
phy;oplankton by Day 24., However, the system had become . light-
~ linmited  by Day 27, indicated by the high assimilation rate at
‘the surface compared with the bottcm station. By Day 33, the

éhytoplanktom stock appeared to become nitrate-limited againe. .

- Bstimation of Parameters for a Pripary Productivity liodel:

A' pro@uctivity cecmponent lanalysis sigilar to. the one
oﬁtlinéa in Chapter 5 was uéed to evaluate the proportion of
grogs. productivity represented iy assimilaticn;'fespiration and
exudation. . The}results are shown in Table. 23.. The estimated
gross' productivity (ESTPGO) was 6% higher than-1,00 in Tank A
ahd 16% lower than expected in Tank B. . In tke case of EXPSB,-
' .the.fétio of exudation to gross productiyity (EEGO) was suspect. .
The: es;imates of BPGO.trespiration:gxcéé_productivity) and APGO
(a#éimiiation:gross productivity)  were G.{S - and 0.36
respéctively, -regéidless of whether the estimates were-based on .
the prbductivity'data for theAfotal experimental . perioa (t=11) -
or . only- the times when EXC was measu;ed {t=5). . Therefore EPGO .
#as probably closer to 0.50., On the other hand, if the values
for - RPGO and APGO were based on the total experiment in'EXPSA,
then ESTPGO closely apprbximated the expected vélue of 1..00. .
Summariziﬁg;;in EXP5A respiration and exudation each.represented
ca.. 30% of :the grosé prbductivity with ca., 40% attributed to
assimila;ion;  in EXPS5B, the 1largest propcrtion of gross
productiyity. vas channeled through exudaticn ( ca. 50% ), the
assimiiation.compénent deéreased slightly to gg.ﬁ 35% and the

respiration fraction was 15%, about half. the value in EXP5A. .
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Values for ALPHAC ( ug C (ug Chla)=—2 hr-! (ly/min)-1 ), the
ipitiai"slope in ' the 1sC productivity - versus 1light (PAR)
relationship, were also estimated fron the,éss and éARZC,daté as
in Chapter 5., In EXP5A, ALPHAC reachked a mazxisum of gé.f 60 .ugw
C (ugA Chla)—3%  hr—t* (ly/min)—* at the. bottoﬁ station: and
décpeased to an average value of 11.7 ug C (ug ‘Chla)=! hr=t
(ly/min)—! - during Period 3 (Figure 77). . ihe average value for
EXP5A .was 14,0 ug C (ug Chla);l-hr°i (iy/min)*l_rcomparéd .Qith
15.7 ug C (ug ~Chla)-1 hr¥1 (;y/min)fl-fcr EXPSB.;“The IanS£
estimates of ALPHAC occurred on bay 21.in.botﬁ tanks "when the
inflowing NO3 was very low and Sk ﬁaé high. . The corresponding -
estimates of. the initial sldpe‘based on the gross vprodﬁctivity
(AL?HAG)»are‘illu5tr§teﬁfin'Fighre’78.: |

gpmégsition of the Phytorplankton Community

The evolution of :the éhytop}anktcn qommunities in terns of
sizércbmpqsitign are illustrated in Figures'79 to B4 fdf EXP5A
and Fighres 85 to 90 for EXPSE., The éix times or days‘uere
:epresen?ative  of the  structure of the primary comnunity
aPprbxim;tely,one week after each change in.thé flushing rate in
EXPS5A. : The corresponding resﬁlts from fank E were also inclﬁdéd
as a.compérison of a system wmith a,high'constént flushing.fatélw_

puring the initial bloom period in EXE5A (Figures 79 and
80), the%maximum:volume;qf tparticles! uas: fcund at the 22.§
micron Vsiée on Day 6; gith the onsetvof nutrjent—depletion,Athe
decreased maximum volume shiftgd,to the 14,3 u diameter size by

Bay;12,;,8y conmparison, the maximum,vclgme in Tank B was evident
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at,:thé Véame diameier of 22.6 u onlpays 6, S.and'12 (Figures 85v
and 86).!-TheAlater timing of the maxigum garticle volume on Day
9 followed the same trend as thé,phytoplénkton stock_measgxed as
cHLA., o

Dﬁring Period 2'(Days 15—28;, tEEVSize:ccmpositich ini.Tank.
A,,shiﬁﬁed to a.bimodé1>distributionuQith ﬁ§ximum volumes at the
9.0 u and - 18.5 u sizes (Figures 81 and ¢€&2). However, the
phytoplénkton in EXP5B retained a unimodal size distributibn,
althoughﬁthe'diamete: of the‘maximum volume bad shifted to 11.3
ﬁ. by . baf 23_;{Figures 87 and 88)., The cell diameter of the
maxiﬁumfvolumeAincreased again tc 14;3 u by Day 33 (Figures 89
and . 99).¥- During Period 3 in EXP5A, the phytoplanktdn volume
conéeﬁtration-returned to a unimcdal size diétrihution with. the
maximum :vélume at 11,34, althbugh the magnitude had decreased

significantly by Day 39 (Figureé 4% and 47) .,

- Skeletonema costatum was the dominant chytoplankter for the.
dpratiog of EXP5B even on Day 12 ghen tke system was 1initially
depleted of nutrients and the phytoélankton stock was at a
minimum.; The”cther two main diatonm spegiés :in Tank B were

Chagtocgggg decipens (2) andvgitzscﬁia closterium {2) , although

some Rhizosolenia were also apparent at the end of the 1.0 day—!
FR- .;f The - phytoplankton composition during EXP5A was gquite
different from EXP5B. Although present im significant numbers,

kg;gtonemaz;COsta;gg was not the dominant phytoplankter. . &

W

= |

. S S e e

aetoceros species (compressum?)  wasS the dominant phytoplankter .
after the initial bloom and Thalassiothrix and Nitzschia were
also present?in significant numbers.. Throughout the experiment,

Tank A had a . ®Buch higher diversity, with more species of diatonms
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and a variety. of nano-flagellates., By the end of EXP5A, the
species - list also included Rhizosclemia delicatula , a

unicellular Chaetoceros , cryptomomads ( Cryptomonas Sps. , )

and ( Qiﬁxgg;g Sps-. ).. It shéuld be noted .that the species
cogposition, as well.as cell numbers, in Tank A sould have been .
affected by the presence of the pfedatory ciliates which.
?'contahinated' the primary system during the last week of the

. experiment. -



CHAPTER 7., THO-STAGE C CONTINUQUS CUL

URES OF PLANKTONIC

CULT
HEBBIVOROUS FQOD CHAINS: GBONTH OF THE BERBIVOEES

Exgetimegtai Design

Growth of the sessile ‘plahktonic'..herbivcre, Crassostrea

’Siﬂéi e :éas investigated in a;tio°stage culture system.(FigureA
5) using:the ougflow from‘either primaxy -tank A or B as a.
contiduous source"oﬁ ‘phytoplankton aﬁd -cxygen té the four
herbivorertanks., Fouf'oysterAexperiments (EXPI to EXPIV) of one
week duration were conducted.fion pays 18 to 50 during the post=
bloon ‘peridd ‘of the. primaiy 'tanks;; The four 'experiments
A aiffered’ ;n- the. source .of the 1nflou (Tarnk A or B) and in the
flushxng rate of ‘the herblvore tanks (FB- 1-0 day-1® or 2.0 dayf‘

) . to ccmpare various types of phytcplacktcn conmunities
(flageliate,. diatom, or mixed) and varicus concCentrations of
phytoplankton and other growth variables.. The experimental
design is shown in Table 16.

'As. describeé in Chapter 2, Tank 4 was the control with no
oysters and Tanks 1, 2 and 3 were stocked with 2, 4 .and 8 cultch
re599ct1vely, with 8 oysters per art1f1c1a1 cultch.i 96 ,healthy»
ggvenlleﬁ oysters were selected and. then divided into four size
grpups: very small (35-45 am), small.(45°55 .em),  large . (55-65
mm),_and:véry_large (65—75 mmy,} The 8 ?%very sméll' pysters were
att;ched to Cultch #1, while the 32 oysters in ‘the #5255 mm -
range; were randonly chosen for placement cn one of the four

*small® cultch . ( #2 to #5). A similar procedure was used to
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produce the four 'large! cultch (#6 ic #9). and the three ?very
large? cultch {#10 to #iZ), giving'tbe.reguired twelve cultch.
Thetefore-the prodﬁction,of oysteis could be examined to
some extent as a function of their dehsity and size . in each of
the.experiménts.J Before each herbivcre experiment, . the cultch
were held in the outflow f;om the appropriate priﬁary tank for
cas.; 24 hours.  Initial measurements were taken for - the oySter
gtowth variables b(length; width, depth, ' total W¥eight, neat
Height'and shell weighf) and the . 6yster experiments conducted
for one wéek ‘periods. . The temperature, okygen level,
chlorophjll a concentration, urea and ammgnia were @monitored .
once a day at ca.. ,1200 hours PST.. At the end of each
experiment, the oysters ﬁete\again weighed and measured and the

feces énd-pseudofeces ccllected from the herbivore. tanks. .

‘Experimental Results

Results for - the oyster experiments are summarized in
AFigures'91-to 95 and Tables 24 to 26. . Appendix 2 contains the
description and derivation of additicnal variables pertinent to

the;prodhction of herbivores., .

Envigonmentgl7Cond;tiog§~ggring_the oyster Growth -Experiments.

The jin.situ temperatures  during the oyster - growth

experimehts are illustrated in Figure 91.,Iaithough,there was no
significant difference in temperature between tanks in any of
the . four experiments, there was a significant difference

(P=.001) in TEMP between experiments (Table 24) .., In Experiment
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‘3,.£§é temperature during the week averaged the highgst . valae
(23{3. og¢ ),'iesulting,froh two factors. . The temperature of the
4.sou;ce'inflow from Tank A was signiticaﬁtly “kigher than from.
4Ta§k. B {the source inflow for the cther three experimentb) and
the flushing rate‘of‘the‘herbivore tanks in Experiment 3 was
0nlja 1,9 daf—l\., The 18.5 °C averaqge températurg ig Expetiment
‘1;ias tﬁe 1oue§t-and,mo$t variable during the one week period. .
Thet.temperatures in Experiments 2 and 4 averaged 20.2 °C and
'19-5\°C respéctively;w |

| Aé.illustrated in Figure 92, the inflow phyiéplanktoh
§oncehtrafipns - varied considerably within and between
expe:imenfs.; The low inflow CHLA during the latter pért of the
Experiment 3 was coincident vith' the ccntarination of the
primary Tank .A by protozoans, as mentiocned in Chapter 6. . In all
fourAe?pgriments' the phytoplankton concentratiocn in the Comtrol
tank_(a)vuas Significantly lover fhan the inflow concentration,
indicating a proportion of ‘the stock .was lcst to.thé benthos in

spiﬁe;of« the . use of in situ dirculating Fumgs., The loss

averaged 30% 'in Experiments 2 and. 4 at the 2.0 day-1 flushing
fafeAénd-increaSed to 58% at tﬁe 1.0 day-? flushing' rate . in
Expériments 1. and 3., Sincé theré were nc herbivores in the
_confrol~tank, these peréentage,losses 6f phftoplankton dqe to
sinking' would be- highét compared to the cther herbivore tanks
vhi@h,héd a significant but‘variable grazing rate -depending on
the nuamber of oysters per .tank.,

In view of the lack of direct measuremehts of phytoplankton
éinking - rates within each- herkivcre. tank,..thé 'ugtake of

phytoplapktoﬁ (STKGP) vas estimated as the difference between
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the . inflow and in situ - phytoplankton stcck and 'provides'a

maximum estimate.,“The.f;g situ ghytoplankton_'standing stock
‘dgcteased' expconentially im Tanks 1 to 3 during the omne week
period in all four experiments, and the uptake of éhytoplankton
remained fairly constant in EXPII - and EXPIV. 1In EXPI; the
in éigg'phyioplankton stock levels remained low in all three.
he;bivbre' tanks in spite of the increased inflow concentration
during'thetlast'hélf of.the experiment. . | |

_Excluding the. control tank,. there wsas a significant
differencé, (P=.QOO) in STKUP betueén the four experiments, with .
values averaging 22.3 ug Chl a 1-1 s 2425 ug Chl a 1-*, 7.8 ug
Chl 3 .1-1 ‘and 24.8 ug Chl é 1-t in Expériments 1 to 4 {Table
24); although. if EXPIII is excluded, since it was the only
‘ grdvth expeiiment' with the flagellate ccomunity as a food
source, there were no differences in STKUP .between,véxpérimeats
{P=+738) .. However, +the flushing rates in Expétiments 2 and 4 .
yefe“ twicev?as high as in. Experiment 1, ‘and when  the
phytoplahkton - Source was éXpressedlas an uptake rate (STKUPR) ,
'Expériments 2land 4 had similar.avecagé.valués of B.Qjmg. Chl a-
dy-!' , more than double the'uptakéArate'ig Experiménf 1... Since
the stock'concentﬁation inlExperiments 1 and 3 Mére‘graZedvto' a
level approaching zero in the taree oysfer: tanks, only in
Expériﬁénts 2 and 4 was there a sigaificant differehée in STKUP?
between ‘tanks., ‘The phytoplankton_stock.léveis'in.Tank.3 with
the highest density of oystefé WerCe less than 2 ug Chl a 1-! in
botﬁ.EX?IIaand EXPIV. , |

~'The ratio of chlorophyll b to chlorcphyll a (BA) is also

summarized in Table 24, since it gives some imdicaticm. of the
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speéies | composition of the phytopianktcn 'stocka In all
experimenis, the BA of the phytcpiankton.in.the herbivore tanks
uéré  Significantly higher.fthan the <contrcl ﬂhichhretained a.
similar vélue‘ to ihé inflow. ., .Thev oféters .appear to
prefefentially graze the large diatcms, leaving an environment
conducive to the growth of nano-flagellates (i.e..a high lightv
anﬁ temperature,leﬁ:nuttient system). . A;similar.ttend'was also
apparént: between ‘the vherbivore tanks frcm tﬁe 'loi_to high
densities, particularly in EXPI and EXPIV. .

nygen concentrations for thé.féur ojstex experiments are
illustrated ia Figuie $3. . As with the'phytoplanktbn stock, the-
inflovonygen5levels iaried between expe;iments. énd the net
oxygeﬁ uptake was calculated as. the. differenée between the
ihflou and in situ concentrations. . The average uptake dffoiygen
(QXYUP)-in;Experimehts 1 to 4, exCluding the control -tank, W¥as
3.77 &g 1=t , 5.45 mg 1= ., 3.85 ag 11 amnd 5,23'mg 1-1
re;beth&élyt,.During Exﬁéiimeni 3, the oxygen éoncentration in,
thei #hreé, oystérv tanks increased during'the last half of the
expérimeﬁf to leiels above the vihflcw. éoncentration.,
Furthermore, the. uptake in'Tank.BAias the least although this
tank,cohtéined'thé highest densitf -of OySteiS.p This is in.
contrast:‘to  the othet‘three experiments, in thch there was a
significanf increase (p=.006) in OXYUP between Tanks 1. to 3..
When . the uptake .oixoxygén was expressed as a rate, OXYUPR was
least:in EXPI.( 640 mg dy-t ) and greatest in EXPIi (1852 mg dy
—1.) . in contrast fo.thé’résultsjfcflSTKUPB..-By ccmparing the
OXIUPR:STKUPB ratio, it is apparent that this ratio was least

fpr; EXPI (0.17), withlvalues of 0.22 for EXPII and EXPIV and a
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1a:ge.maximum'rétio‘6f JO.QS' for EXPIII;, Furthermore, these
results are pééitively cdrrelated ﬁith temperature. . |
Amhonia, the primary excretory product cf oysters, did not
increasé - significantly in anY of | the v.experiments, Wwith
?roduction rates.of 1.9 ull NH3 l'JA}~O;8'uM NHB'i-;-, 1.4 uM NH3
1-t  and 0.6 un NH3 1-1 . . Theréiuas no ‘significant difference
betweén tanks either, and the results indicate that:  a steady
sta?e; existed between NH3 uptake. hyf phytcplankton énd NH3
_excretion by the herbivores. . There‘ués no éignificant _increése

in UREA concentrations either.,

'6zster Growth :as ‘a ggnctigg~g£ttbeigxgeggmentg;~racto;§

Results of the oyster growth in terss .of 1the three
expérimehtal.faétbrs,‘éxperiment (EXP),'density {DENS) :and size.
(SI@E})  are summafized in Table 25 and Table 26 and illustrated
in Pigures 94 and 95.

| The means and standard deviatibn#- for the six growth
viréables {length, width, depth, total weight, meat weight and
shéllg?eight)'were calculated for each of the twelve. ojster.
culgch {n=8) at the beginqing of ‘each berbivore experiment
:(Table;ZS)., i&e“initial_diménsioﬁs énd ‘weights, ~averaged for
the;tdtal population of oysters (N=96), uére: lehgth(L)= 5.7 cm;
width(W)= 3.2 cm; depth(D)= 1.7 cm; total weight-(WGTT)= 12;8 H
meat .ﬂéight {WGTH) = u.o;g;_shell>weight {RGTS) - 8.8 g.,.At the
endfof gll‘fnur»expefiments, the average length had inéreaéed by
0.4 ¢m (7%, the width by 0.6 cm (18%) and the depth. by 0.2
(12%) « . lThe totail ueight-increased by 50% tc 19;2-g'vwith WGTH

represgnting‘Bz% of the total. ueighf, which was the same

4
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proportion as the initial.measurements. 
The net and percent increases during each experiment were
calculated for all six growth Qariahles for each oyster and the
averages summarized in Table 26. 'Averége.nét.increases'for all
three}dimensionéi measurements of gioathv(NETL,~NETw and' NETD)
were  significantly @ifferent (P>.001) bLetueen 'experimenis.?
ﬂax;mum average. increases bf 0.17 cm, 0.24 cn and 0.08 <cm wéreA
:attained during ELIPII for} NETL,' NETW and:NETD respectivelj;
theée.valﬁes represent more than 40% cf the total increase foi
the . entire experimental period (four weeks) for all three
variables. . Iﬁ terms. of percent iﬁcreases' 1 this reéfesents
values of 3.2% week—-t for PERL, 7m5%.ueek*1:for PEBW and 4.7 %
week=1 for PERD.. The lowest average'net‘inéieases in the liﬁear
dimensiohs of the oyster pdpulgtion occurred in EX?IV, ‘uith_
growth rates of less thén 1.2% per week%.
ihete were alsé significaﬁt differences betuéen.expefiments
in the net increases in the growth-variables>which'uere measﬁred
in terms of ygight.f The largest net increases occprred in
EXPIV, with averhges'ofVZ.lug/oyster for’uETﬁT,.O.Z‘g for"NETHﬁ
And‘ 1;4 é foﬁ NETHS. . Large net increases in the total weight,
neat weight and'shell weight also.occurred_in EXPII , which on.
the . basis of % increase in gqrowth, were the largest:avérage
values'foy total. Geight (PESHT=13.5% wéek#l Yoo meat' weight
.(PERﬁﬁ=1S;Q%) and éhellvééight (PEBHS=12‘6%);J A similar pattern

of growth was apparent in EXPIV and EXPI, with slightly lower

{ . The % growth rate was calculated for each cyster as the aet
- increase during the experimental period divided by the value at:
the beginmning of that experiment. : : »
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éercen£age increases. ' Dutihg EXPIII, there sas  only an 8.1%
igcfease ~in }fhe total weight and the ratio of NETWH:NETWT
dropped to ca.. 0.17 from the 0.37 during EXEI -and EXPII. . It
was low compéted wifh the 6rigi£al WGTH:WGTT ratio of 0.32, bﬁt
by the'eﬁd of,EiPlV, ihe ratio had returﬁqd tc 0.34.. Finally,
thegsmaliest increase in shell weight occurred in EXPIV. .,

The net and percent iﬁcreases in growth aréliilustrated as
a fUnction.oftthe factors density (DENS) and sizg.(SIZE).for all
Six‘dependent‘vatiables.; In Figure 94, the oyster. growth in
:eac§ experimenk "is broken down. by density, with DENS=1.
coriespénding to the lowest density in fank 1, DENS=2 to the
medium _dgnsity‘ in Tankfziand bBNS=3 to_fhe highést:éensity in
Tank.3-wlThe;e was generally ‘a‘ decrease . in the ’averagé net -
linear . dimensioné with an increasing density @f oysters,
paiticﬁlarlyAin-EXPI.and_EXPiI-4 However the ‘differences in the.
lidea:, dimensions between Dﬁus Ware not-significant‘on’a net or
peréen;age basis, éxcept‘in the case of depth for EXPI and
EXPII.  The «results for EXPIII - and EXPIV did -not follow a
siﬁilér_definite pattérn.x The highestvlinearl growth' rates in’
EXPIII were found in the high density tank, while in EXPIV, the
. medium}dénsity tank (2) had'the"lowest-rétes._, ’

Ig_ferms ofvthe}ﬁeiéht variables, there was generally a
significant decrease in total weight, meat weight and shell .
weightrwith an increasing denéity of oysters., However in EXPII,
oyéte:s in the medium density tank grew more than those in the
low - denéity. tank; although on a percentage tasis, this trend
péésisted orly in the case of NETﬁM.; When considering” the

growth . in weight on a percentage basis, the significance levels
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vere less and there was no significant increase in PERWH with
DENS invany‘of the.éxperiments., It appears that the-combinatioﬁ
of a lcw FR of the>éecondary sjstem and low ;nflow.concentration
of phytoplankton was limiting an increase in growth in EXPIIIL;
by: doubling thé flow rate in the oyster tank% in EXPII, only the
ojSiers ia the high"'density tank - (DENS=3) lweré ;1imited in .
growth. : ﬁowevez, in EX?IV theré Was a significant différence in
grbwth betueen DENS although the FR and’v&lueé of the covariates
(STkUP,'OXYUP and'TEHP) were»$imi1ar to EXPII.. In fact the only
differénce betsween EXPII- and EXPIV was the type of phytoplankton
com@unitj., Within experiments, the patterh7betﬁeen shell.yeight
andltotal_wéight-as a function of DENS, were:simila;;d

The efféct' of SIiE upcn growth rateS‘cf.oystersvdiffe;ed
more betieen experiments depenmding on the variables - under
consideratio§'(figu:éq95)-ﬁ in terms of linear dimensions,:thefe
was generaliy é decrease in NETL and PERL with increasing size,
partiqularlytin-EXPI and EXPII ., On the otker hand, although
ihére‘ were significant differences in.uidthibeﬁween'the size of
oysters in scme experiments, there Qas :no sighificant linear
‘efféct (Table 26)., This was also true of NETD and PERD., Imn
terms of the weight variables, the iarge; size 3 and 4 oysters
had the highest net growth rates ia .all expériments, although on
a pefcénfage basis, .the trend waé revérsed.;‘ There. was a
significant 1ineér effect of size upcn PERWT and PERWS ia all
four. experiments.f Growth in meat'ueight was not a fuanction of

SIZE in EXPIII.,
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CHAPTER 8. . ANALYSIS OF IHE RESULIS USING A SIMULATION MODEL

Estipation of -the Physiclggical Farameters during thevgontinuous-

in order to estimate appropriate parametric values for' a
piimary ‘productivity model of this ecosysten, a short series of
eiperiments on photosyﬁthetic p;odﬁctivity - as  a funétion of
light, - temperature and nutrieats (nitrate) wére cqnducted
simultaneously uith‘EXPS-J Phytopiankton saﬁples sere.takén'fromj.
‘the surface .of Tank .B (F.Bo= 1.0 déy%% ). c&  four conéecutive
days <during the initial blcocm period (Days 3 to 7);'and on each
day? éxoductiﬁityiversus'light intensity (PAE) vas examined at
ope;of{thé four eXperimental témperatures { 1ﬂ’°b', 16 °Cc , 18 5—
C. or 2Q5°C});, This process was repeated for the three highest
teméérétuxes during'the initiai‘period of hutfient depletion in
the primary tank (Days 10 to 12);~

| Primary productivity for. the phytorlackten ,Samples was
meaéured_by'the.uptaké cf :adioéétive carhcé in a specially
constructed water-c¢oled incubator, at eight levels of nétural
irradiance using neutral density filters. a1l tﬁe experiments
wére carried’ 6ut during clear, bright days and fhere ¥as no
significént:difference,in SRxbetween 6ays-duxing the inchbation
period ffom 1030 - to 1430 hours P.S.T.. fbe tctal_radiatioﬁ.in
each compértment of fhe .inbubator ¥as measured with the
sglarimefer and‘the“PAR was calculated as 0.50 of this value as

outlined in Chapter 2.. The techniques for ' the nmeasurement of
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'primary productivity and stamding stcck are alsc described
there., . | |

The results of the 'P versus I*' experiments are jillustrated
iﬁ';Figure 96. . ALl values of ‘pximarj.v productivity ?ere
normalized in terms of CHLA, and as expecfed, the curves do not'
.pass‘ through the origin ’ since the 'radiocarboﬁ ) @ethod
approximates net pafticulate prodﬁctivity (icAllister gg'g;."
,1964;5 ﬁppley andv Slban,1965)., The curvés indicated a
hyperbolic tglation betseen Peiand PAR fo;-bcth‘sets_bf nutrient
conditions, and,‘the asymptote increased with temperature. .
During the bloom period, photo-inhibition was apparent at the.
'highest exﬁerimental light intensity for all féhr‘experimental_
temperatpres;l these data points were ot included in the.
eStimation | of the parameters of thefvvaridus ma;hematical
fun?tiéns tested.;

The two‘common'parémetets in the mathematical relationship
betﬁeen.primary productiﬁityiénd.light,‘namely.the initial slope .
ALPHA ( ug C (ugCh.la)""l hr-l_(ly/min)fl ) of. the lineaf.portion
of_lthe.light_satﬁration curve, and EMAX ‘( dd C (ug Chla);l‘h;°l
), the asymptote or photosynthetic rate at cptimal dirradiation,
vere -estimated for . the seven P versus I° e&petiéents-_'Two
hypérbolic ncdels were used io describe the data: the hyperbolic

tangent . -

P® (I) = PNAX * TANH(ALPEA*X (I)/PHAX) - gD

and: Smith's function (Swith,1936)

Ph'(I) = PHAx*ALPHA*X(I)/(SQBT(kfmax*#z;f(ALEHA*X(I))**2)) - BB
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usigg,a‘non-linéar léést squares fit (LSF)vprecedure.outlined in’
Bgvington (1969)._Iihe parametric estimates for ALPHA ahd ;Re, ‘
the respiration term or negative intércept at zero irradiande,
were first calcﬁlaféd u5ing‘ linear fegtéssicn as advised by
Jassby and Platt (f§76)-, The resulting estihates for these
parAQeterS‘Here then used in the estimation cf the gross PHAX. .

.The.mathematical‘résults for both models are.sumﬁarized‘ in
fabie 19, includihg input and output valﬁesvand parameters.  The
PMAX éalues‘neported are.basea.én net productivities ( ug C (ug
Chla) =3 hr-i )~ | ' |

| The least sguares'fit: was evaluated by calcﬁlating_lthe
redgced chifsguate using a grid search technique. In all cases,
the fits were. éxceilent:uithvE>.99.thét‘fhe actual and fitted
data were the sanme.. Furthermore, there was lftfle" differénce
between .ihe: fit 6f the twvo models, although the. standard
deviations of PMAX,.SIGEAA, uere nuch leéé usjnd the TANH Vmodel”
in all 7 ééseé;; ihe values. of ALPHA wuere glsd'Simi;ar between
_bloém,aﬁd'post-bloom cpnditidns af'any given temperature.. The
data in Figure 96 indicatéd that the ENAX's werehléss during the
post-bloom fperiod. A t-test of the hypothesis that the PMAX!s
fqr'blodmland post-blooﬁ conditions (for a giﬁen temperature)
are equél, indicatéd fhat this parameter was not'éignificantly
diffe:entv(?>.10)-betveen fhe'blecm and pést-blcom conditions
for 16. oé";. 18- °C or 20 ©°C .. The variability in the forciag
conditions (SR,TEMP,NOB) during&ExperimehtVS made‘ it difficult
to confirm this hypothesis., Furthermore, the cell size and
self-§hading,of thevphgtoplankton may havezah impbrtant' effect

On-:tbg'.light saturation curve (Platt and Jassby} 1976) as well
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as the. temperature and nutrient status of the cells.
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: Descr;g ion of ¢t _hg g_d

In order to test the.vaiidity cf the' productivity model
using . the experimenially determined parameters, a series'of.
simulations were run using SIMCON, a simulatiocn control command
language_f.,iﬁith the mcdel programmed. in FGBTRAN.;:

rhe.pximaty purpose of the siwmulations sas to predict the
phytoplanktoﬁ stock bver ‘time frcmfuthe ptimafyfprodﬁctivity
ﬁodel'and compare it with the actual exﬁérimental results., The
operatlonal procedure of the 51mu1atlcn allowed the daily values
of ‘the. forcing condltlons, solar radiaticn (SR)..temperature
(TEMP) and .nitrate . (N03), “énd the seed phyfoplankton
concentratlon-_to be read in ihitially;" The inCrease in the
phytoplankton stOck_'was “then 'céldulated bésed - on - the
productivity sodel and this derivative added to the initial.
valgeﬂin order to estimate the phytoélankton stock after that
day’y‘- This :ffinal’ vaiﬁe Wwas then used as tﬁe initiél
phytoplankton stock. fér ~the following day. | The number of
iterations ’cf»‘this - procedure was specified interactively in

SINCON and wvas determined by the number of days in the.

1. Documentatibn for ‘this procedure is available from the UBC.
Computing Centre file IARE:SIHMCON.W
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experiment. . it should be‘ noted that in the <following
discussion, THYTO and P represent the simulaticn -variab;esv for
the phytoplankton stock and assicilation rate, and correséond to
the. experimental vériables CHLA and ASS. . PHAV represénts the .

CHLA data averaged for all four in situ stations. .

The baéic $tructurerf the model included calculation of
the - exiinctioni.coeffjgient 4(EXTK)- hsingn Biley*'s equation in-
wﬁich.EXTK':is~:a functicn of PHYTO (sée Chapter 2). . The:
phoﬁosypthetically available rédiation Was calculated as an
avefagé for the tank (since thé‘syétem was tﬁrhulently mixed)l
uéing the equation:

. PARAV= 0.5%SR/ (EXTK®¥Z) * (1-EXP (-EXTK*Z)) .
.withltbé.abpxopriate convérsion factor to transform the vériable
’into ‘langley min=4% .- The,growth.réte,AGBGﬁE ( t-1 ), was then
estimafed'using the ~ follcwing eguations determined _ffom the
;esﬁltS.of thé P versus Ii experimentss:

| GBOWR = P /CCHLA
where P = PMAX*TANH (ALFHAI*FAEAV/PMAX)
PﬁAX = PTMAX*TANH(AiPﬁAT*TEHP/BTMAK)

and CCHLA is the CARBON:CHLA ratio.,
The estimates of ALPBKI ~were taken diﬁectly from Table 19..
Howéver, because,of_the limited numhér.cf data pcints in the 'P
veréus:’ TEHE', qurves; the estimates of the corresponding.
parameters, ALPHAT (the initial slcpe) and ETIHAX (the ‘maximuﬁ
ptodﬁctivity at the thimal SR and TEMP for the given nutrient
cénditionsf, Here more difficult to predict. A survey of the
literature -suggésted that PHAX approaches a méximum at

temperatures only marginally higher than 20 -°C for a Skeletonenma.
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ostatum- population. So by extrapolation of the data in this

{2}

experiment - (Figure 96, Table 27),_'va1ues from 10.0 to 15.0
seeﬁeatreasonable first apprcximations for PTHAX. . No . direct
~méaéurements of;fhe céxbon:chiorqphyll a parameter {CCHLA) were
possible. . However, other experiments have.indicaﬁed that CCHLA .
is a fﬁnétibn of the phytoplamktcn dynamics, with values of ca. .
30 - durihg 4hloém conditions for a similar phytoplankton
comﬁunity, incre;sing to values of ca., 60 in a nuttient-'
depleted system (see Parsons and Takahashi, 1973a). These CCHLA
val&es vere used ‘in ‘the . simulatiéns during the appropriate
éé;iquﬂ,as indicated by the exferiméntal results., An
‘intermediate CCHLA value of 45 was also used during periods of
reiatively steady~étate phytoplankton cohcentfations._

After the calédlafion: of the"”growth rate of the
phytoplankion; the derivative ¥Was.calculated as:

d (PHYTO) fdt = (GBOH’H*?HYTO)—_(Fatpamo‘)-(smx*pmm) :

The. sinking rate of the phjtc;lankton, SINKIL( ‘t-.1 ), ¥as
introdudeé into the equation as uelllés the flushing rate. Even
though: the system wvas contindally .mixed} some. loss of
phytoplankton to the benthos was appérent, particularly after
_thélinitial depletion of nitrate. .  Sinking rates of 0.10 ;day4lr
to 0.30 day—! were tested in the simulaticn runs based on some

experimental estimates. .
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nulation- Results

The .results of some. of the sinulation ;unS'for Experiment 5
are.illustrated.in'Figures 97-to 100 for EXPSE and Figures 101 .
and 102 for'EXPSﬁ.,_The simplation ahalysis'uasvfirst applied to
the . data from EXP5B, the experiment with tte constant filushing
rate for six ueeks.g Durlng the 51mulatlons, thexFR was set at
1.0 - dayﬁi, ~and on Day 41, was-qecreased tc ‘0«5 day—% as in the
experiment.; The sinking rate was initiolly'sei “at. 0.0 day—i;
aftor-;the b100m,' SINK Has_alte;ed to 0.3 day“ for four days
(since_fhevtank Was vérf clear duringA this‘ feriod), aad then.
held constant at 0.1 day—! for the remainder of the experiment..
The .CCHL .ratio was set at-30,.increa$ed to 60 during the post-
bloom ' period, and reset tc ab intermediatéovaiue of 45 during .
the third week when the‘aotual phytoplankton étock concentration
was fairly étable.J During'thé fourth'Meek,1CCBL_was-alteréd to
30 in view of the large increase in the _inflowf nitrate
concentt;tion (Figure 74). . CCHL was then increoéed to 45 until
the: end of the 1.0 day~* FB period aad resefpto 60 when FR was
altered to 0.5 day—1% .. | |

As illustrated in Figure 97, psing these parameters plus
those derived from the P _versﬁs I* data, a reasonable
approximation of' the actual phytoplarkton stock = (PHAV) = was
estimated by the simuiation model-(PHYTO);u Thefmagnitude and
timing.of the maxima were Similar although the simulated data
had - a one day time lag durlng the first twc weeks compared with
PHAV.)pThe sensitivity of the syctem ¥as tested by altering the
parameters in the model. By increasing SINK from 0.3 day-1 to .

0.4 day—% after :the initial bloom, the «recovery of the.
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phytoplankton stock in the middle of the third Qeek @as reduced
by ca., 50%, although the PHYTO(max) for the sipulation was then
closer to the experlmentel.value of 5u.2 ug Chli. a 11—t ~-(Flgure
98);4 On 'the other hand, hy‘maintaiﬁing a ccnstant SINK of 0.1
dayﬁlgaiter'the,initial‘blooﬁ,‘the' pcst-biccm- oscillations in
phyioﬁlankteh stock are not as closely approximated (Figure 99) . .
A4 significant feature of the plots was hoa the sxmulatlon
model p01nts out the perlods in ,thch SR or No3- were the
predomlnant forcing condltlons.!eThe actual ;and sinulated damped
osc111at10ns after . ’the 1n1t1a1 blcom. and depletion of NO3
. 1nd1cated that the varlablllty in SB had a significant effect on
the»standlng stock. . Houever, during the fourth week, the
.vaziahiiity in . the simulated phytoplankton stock was not
apparent ‘in the experimental results indicatiné that the system
was' not light-linited., The‘growth was then alfunction of the
nltrate concentratlon and the model could be adjuSted' so that
quwaf‘ - a function of the uptake and assimilation of KO3,
‘oﬁten-deseriﬁed' by Michaells—Menten- kinetics.. The original
estimate. of 10.0 ug ¢ (ug Chla)-1% hr—1 fcr the productivity.
parameter PTHAX used in the calculation of  EHYTO (Figure 97).
provided a closer predlctlon of the experlmental standing stock

compared with PTHAX-lZ.O (Figure 100) or hlgher values of PTMAX.,

"The . condltlons and results c¢f EXP5A were more dlfflcult to .

simulate accurately because of :the changes in FR and the use of
louer)Fst (0.1 day-?* to 0.5 day—!? j. wshich would alter the
~magn1tude and - frequency of the parameters iﬂ: the system. .
Simulation runs using a constant value of 10.0 for ?TMAX, with .

the' appropriate flushing rates and reasonahle.estimates of the
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sinking rates (0.25 day—! for Period 1; 0.1 day;'1 for Period 2;
0.5 day—1 for Period 3), resulted in a PHYTO(max) which was
about twice as largé“as_PHAV(max).;'Since PTHAX decreases with
the.nuttienttconcentfation of the system, PTHAX was decreased to
5.0 ug C (ug Chla)—t! hr—t afterAthe,initial bloom and was reset
to 8.0 ug C. (ug (:hla)'-1 hr-1 during Perxod 2 and to 5.0 ug C (ug
Chla) =% hr—t -during Per1od 3. - °1mlla£1y a-<va1ue of 60 was
assigned to CCHL during Period 2 and CCHL=75 for the 0. 10 day—1
FR per%od-g as illusfrated iﬁ Figure. 101, the resulting
‘'sinulated phytoplanktbﬁ stock (?HYTOj did not show a significant
post—bléoh déérease and tecovery (PHAV) . . If SINK wﬁs increased
to 0u6 day—! , the simulation éattern and magnitude. mcre closely
approximateﬁlpHAv.y as might hé.expecteﬁ, the system>'was less
seﬁsitive' to changes 1imn SR Compéred‘to the ccmbination of the
changés-in FR And‘low inflow concént£ations.of N03. 

A gra21ng term (GRAZE) of 0.5 day-! was introduced into the
model starting on Day 27 after the phytoplarkton stock reached
levels of cae«. .50 ag Chl - a 1-1 in response to the high inflou
concentration of NO3. As illustrated iﬁlfigure 103, there w?s a
significant recovery of the phytoplanktomn stqck;'even- with the:
additicnal grazing ’pressure;p This.resulted from' the negative
feedback effect of -the consequent reduction  in the extinction
cdefficienf;v coupled with the hig£ N03-concentratiqn.f Hhen the
Qrazinq rate was increased tb 1.0 day-2 , the primary systen
tcrashed? during the simulation runm.. This scenario corresponded
to.'an.overall phytoplankton loss rate of 2.0 day-*+ .. A siﬁilar
effeét was obtained experimentally by Brown and Paréons (1972)

when a latge.’tank. ¥as flushed at a rate of 2.0 day—?® and the



phytoplankton stock was reduced to zeic._

98
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CHA‘PT,,ER‘Q. . CGHPAQT@IV‘E DISCUSSION OF THE EXPFRIMENTAL _RESULTS -

.Thé'experimental results of this study have"indicated @he
importance of the flushing rate and turbulence of the system in
detérmining the.'dynamics off herbivorous food chains., The
various flushing rates provided a difference 1in the inflow
concentrations of nutriénts and - température, with subsegquent
proportional changes in  phytorlankton stock :and thevavailéble:
radiation_for primary productivity, as well as <changes in the
cohposition of the phytoplankton conmunities. . The primary
p:oducti#ity at all the éxperimental flusﬁing rates (0.25 'day~1
to '1.90 déy-l ) was <€nhanced 'by using a deep.nutfientvrich
.source of seawater which averaged ca. - 20 uM N 1-t during the
experiments, eicept Experiment 1 <uhich was ccnducied in the
autumn.(av NC3 = 24 uM N 1-0 ).

The interaction between tﬂe.flushing rate (0.5 day—t* ) and
a. consiant upwelling rate  in a stratified  water column -
determined the dynamics of the primary .community in the one-
stage culture: with comnstant forci#g conditicns (EXPI). . Unlike .
the,otheriexperiments, this system.waé light;]imiged'due to the.
restrictions on the light intensity uhich cduld.be a&hieved by
an artificial source. The reptoéucibiiity.éf the dynamics of
-the - primary. system . was excellent "betaéen the the-dqplicate ‘
éxperimentalA tanks durihg the’ six~week.‘pie-grazing':period,
particularly in. the} first three"seeks‘-., The differential
‘éinking.ﬁate_of fhe phytoplanktéh,- relative to the cohstant
!upﬁelling rate, contributed to the.significant.in&rease in CHLA'

‘with depth and variability over time. Within each depth, the
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'phjfoplankton= stock digplayed a series of dahped oscillations
“and ieached a steady#state' aftei : 6ne : month,"7averaging,
approximately 30 ug Chi a 1-t. for  the water cclumn,;.The
.jstratificatiou‘of the'system “élso precmoted a change in the
composition 6f the primary community as a function of depth ;n
response -to -the Aecrease in PAR and TENP.. _Hicro-flagellates
were dominant atvthe_snrface’¢ompared with diatoms at thé bottom
stétion.;l The dyhaﬁidé..of ;thev phytopl&ﬁkton community were
complicateéAby a »gall ‘efieét, the growth of a. filamentous
Navicula species at the. surface of the tanks. . This diétsmA
. developed into 1large. flocculent,’mats; . Eupported bY oxygen
'vacuoles', .and furthér; reduced the light intensity at depth,
particularly in Tank B.. | | ’

In contrast, the culture éxpériments .in both the non-
turbulent and turbulent systems'uith natural'forcihg.conditions
of_solar,radiatibn and tepperature were nutrient-linited ‘most of
'the;fime, and there was an»indicétion that scome micro-nutrient
(such ‘as vitamin B12) may have replaced nitrate as the limiting
‘nutrient in-someﬂof=thé experiments. Theglcw flushing rate of
0.25»'day*! b; cOmbined ~with the lack .cof artificial mixing,
allowed a large'ﬁegree{bf thermal stratification to develop,
partiéularly during periods of high solér - radiation. . The
stratification was almost tofally eliminated during Experiments
4 and ‘5 by imtroducihg artificial turbulence. . Despite the.
vari;biiity in SR, TEMP and NO3 between tte experiments, the
phytoplankton bloom . occurred @n "Day 5.41in- all the experiments
.with”anlinitial FR=0.25 day—? ; in cchtrast, .tﬁe CHLA .in ' the

experiments at 1.0 day-! did not reach a paximum until Day 8.
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In a1l cases, the blcon WaSzcoihciﬁent With tﬁe depletién of in-
situ nitrate concentrations. ., The magnitgdé cf the blcem was a
function  of the flushing rate . (ahd . the associated NO3
conceﬁtration) ahd fhe timing and-magnituée ct SR, but ih spite
of ' this, generally ranged Letween 30't° 40 ug Chl a 1-1 in all
of the experiments. . In>the primacy cﬁlthces with . no grazing
pressure . (Experiments 4 and 5), there was a-high‘correlatidn
between the oxygen production and phytoplankton stock._ inf‘the'
- one-stage culture with ih sjitu herbivores, the correlation was
redqcédIAS a result of the ﬁptake.of cxigen @y‘fthe 'ﬁe§bivores
and théf decrease in CELA by,graiing-, The standardized primary
productivity rates (ASS) wsere alsc much greatér in magnitpdevénd
variabiiity during these exéérimenté (ﬁkpeiimehts 2 aad 3),
probably as a result of the lower flushing rate .as ueli as the
‘:graiingﬁpressure,v |
The,resqlts‘in Experiment 4 indicated thaf fér the same
forcing conditions of SR, TEMP and NC3, the Fhytoplankton stock .
dqubLed‘Qhenfthe flushing rate was doubled frcuo 0.5 day—t! to 1.0
dayfl-;.provided that the system was. terbulently mixed to
minimizet‘the loss of phytoplankton to fhe beﬁthos., At flushing
rates'gfeater than 0.5 day—! , the primary ccropunity was mainly
.composéd. of 'diatoms.;v The pignent ratios and Coulter counts
p:ovided‘supporting evidence that there was 1little change. in the.
éoﬁpositinn of the piimary community at constant,lhigh (>O.5 day
'°1)Aflushing fates, although fhe propcrtioh of mnano-flagellates
' increased during: periods of lOH.inflOE NO3.
A compcnent analysis of gIOSS‘primarylprqﬁﬁctivity during

Bxperiments U and 5 indicated that at flushing rates.cf 0.5 day
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—? ‘or greafe:, a large proportion { 50% tc- 60%) of.the'érimary
productivityvvas-'lost' by eiudaticn;‘ccmpaxed with 30% at lower
flushing rates (0;3 day-! and 0.25 dayrl‘ ).f 'The; respiration
fraction in the ~systems with 'bigp. flushing rates was 15%,
approximately one-half the value for the lower flushing..rateé,
probably as a result of the lower in situ temperatures. , The:
aséimildtﬁon fraction was more variahle,and'xanged’frdm 20% to
35% at flnshing fates of at least 0.5 day—1 . -

The *P versus I!? ex;gtiments attempted fo obtain direct
“estimates of param;ters for} a given  culture 'éyétem, as a
functién vof:.the teﬁperatureland‘two conditicns of the nutrient
- status - befofe nitrate-depleticn cfithe-system and_ three days
'éfter“:the systen had Leconme’ nitrateflimited.; Although the .
results indicated a. significant difference.in_'the: standardized
producgivity rates between temperatures, the difference betwéen
the tub.ﬁhtrient conditions was bot’ stgtistiéally 5sigﬁificant.>
Ideally one " would like "P versus I' data at. various
.concentfations of nitrate; however, fhe ‘variability ' in the
infléév NO3 concentration tc the experimental system, combined
vith the natnraijvariability»in”SR and TEMP, did .not provide.
cogditiqns for controlled factoral ezxperiments. However, the 
eStimafés'of:the:parametérs predicted from a non-linear least
«sguates 4fit of a2 TANH model, were used in a phytoplankton
'simulation model with success, particulatly'in the case of EiPSB
(the éxperiment for which. the estimates of PHAX’ PTHMAX and
ALﬁHAC were based). The model-.predictéd the dypanmics and
magnitude of the phytoplankton stock ard illustrated the

experimental time periods when the productivity was independent
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of SR. . The best fit for the simulation runs for EXP5B was
obtained using a . constant value of 10.0 fcr PTHAX, which was
determined from the 'P ' versus I*' data and agreed with the

paximum ip situ- valugs of ASS calculated for the prima;y tanke. |
Alphough_the.parameter CCHL was important viﬂ determining the
-growth rate ( t—t ), onmnly threé represéniative vélues Were were
ésed in -the sinmulation in lieu’bf direct meaSurementS: 30 for
bloon . cbnditioné with ‘nutrient sufficiency, 60 dufing‘ the
initiéi post-=bloon period Qith nufrient dépletion, and 45 during
a. steady4state period. .. These parametric estimates were
sufficiently Sensifive éo provide a%'clcse prediction of the
phytoplaﬁkton stock. , ’ . " j -
Evenlin'the.tﬁrbulent systenms, the: sinking' rate was a
-sigﬁificant factor for about fcur days after the sYstem becane
nut;ient—limited.g At_tﬁe-louer flushing rate and ig the non-
tu:bulentb one-stage cultures, 'SINK was more significant in
deternining the. spatial heterbgeneitj of fbe phytoplankton. .
Conseguehtly, the sipulatiom runs fcrAEXPSI, with the variable
flushiﬁg £3te, did not predict the dscillafions and magnitude of
-the;phy;oflankton stock' aé accurately. . ééweﬁer, the other
pacamneters in ;he nodel sere Aalscl a function of FR, and
estinates of :their magnitude and va:iability'were more:difficult“
Ité-ptedictrf | | |
.The.results of'theuherbivore growth'and survival during the
experiments indicatéd two‘main featufeé;, first; the grouih -of
the scallops vas enhanced in toth tarbulent and non-turbulent
SYStéms'with'high flushing rates {> 0.5 day-t ), pravided‘ that .

the herbivores were. located at a depth of 1.0 m to avoid high.
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iight-iqténsities.b A éomparison'of EXP1. and EXP3B indicated
that.. the groafh was probably limited by tem;erature,durihg EXP1
(av TEMP=9.5 0‘C e, The groutb rate of the scallops reached a.
maxioum of 16.8% at ipn situ temperétures of 14.5 ©°C during EXP3B
(Eﬁ=0;75Hday—1'f.; The'gtouth environment.even'at‘1.0~m was poor.
Evdnring EXP2B (FR#OQZS daf-l ) - as a result of the increased
 tempera;ure 115.§ day—t ), increésed SR at depth and 'decreased
phytoplankioﬂ stock in this:culture éystem., | |

In . contrast, the ‘culture systems with a flushing réte of
0025 day-l'pibvided a sﬁitahle envircnment f;r "ihe growth of
;,Crassost;gg-rjigg§ uith a maximhm grosth faté of 1.i81g/zqo/week.'
Eor ojste:s réngiﬁg in size from 2.0 ‘cm to 5.0 Cm.; It was
impossible to estimate the significance of excreted amménia in‘
 a11eviatingvthe‘ nitrogen—limitétion' of _piinary ‘produétivity.}
However, the 'oyster groufh du;ing the one-stage cultures
appeatgd to #e,limited_by the phytdplankton stock. .

During the:tud~stage culture of oysters-(fxpetiments I to
;IVL, the growth rate. of IQEQSSOstrgg gigas was a- .function of
their density, their size, and the type of pﬁytoplankton
pnqvided as’ thé food source (which was determined Eby the
: flqshing rate of the primary vtankj.; The highest ' rates were
: apéarent in the low density tank, which received ca. 6 20.0 l1l/day
per - oyster during EXPII. and EXPIV., These pctential filtration
raﬁes were loy compared with cthet feeding expériments for .
Crassostrea (ﬁaihe,' 1972;  Tenore and Dﬁnstan, 1973b) & . Walne
'determiqed that the average filt;ation Trate . for . 5.5 cn
;Qggssostrea ‘g;ggg was abouf 6.5'l/hrrin a system wifh a FR=5.0

daY*ie;< However, in the oyster experiments in this study (EXPI
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to EXPI1IV), the ilushing rate of the herbivcre tanks #as liﬁited
‘ bj the fiow rate from the primery:tank.;iln, crder to increase
this feeding rate in a tuo—stage culture,. the ﬁolume of the
primary tank would have to be 1ncreaced since an increaée in:FR

: to levels of 2.0 day-! cnly causes a 'ﬁash-out' of the primary
system.., In terms of size, the hlghest growth rates were found
in the snallest size class, particularly in ﬁxperiment 11, " when
the oysters increased in ueight,by.gg.? 21%. in ehe ueek.d:

A comparieon between the four herbivore experiments during
EXP5 indicateé two majorvfeatu:es.;.Eirsf,“the growth rate of
‘:the;-oysters, was significant tut least during Experiment IIT
(B,J%fpe::week)-: The herblvore tanks were fed at .a rate of 110
day-Lj gith a nano-flagellate commun1ty uhlch ¥as prcmoted by a
flushing rate of 0.10 day—? in the prlmary'tank.;' This primary
system provided a suitable gqualitative fcod source, but the .
concentration of=phytoplanktcn“end maxinum attainable flow rate
of the . herbivore tahke limited the grouth ef the oysters. .
Furthermoxe, the high resultant temperature (223 ©°C ) ‘in the
herbivore tanks during  this :1experiment. ﬁae probably a
signifieant1factor,in the'reductioneof the meat to shell. weiéht
ratio.{a '

Secondly, the.oyster grochAih the otherﬁihree'experiments‘
averaged greater than 10%/week. In each of these exgperiments,
the . phytcplankton communzty was: compcsed of dlatoms, indicating
that elther a 0.5 day-! or 1.00 day-? flushing rate of the.
primary tank prov1ded an excellent food source for the oysters.;
'The ‘highest average growvth rates of 13.5%/week were . attalned in.

the two—stage culture dur;ng Experiment II.; During this
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~experiment, the Crassostrea gigas were fed at a flushing rate of

Z.O-dayfl frcm primary tank .B (FB=1.0 day—-? ), which cOntéined

the highest concentration of CHLA dcpinated by Skelétonemg

costatum . The témperaturé averaged 20.1 °C. , which according

to Quayle (1969) is optinmal for the grcwth'cf Crassostrea gigas

; and,theu;g §;£g oxygen levels were sufficient for respiration.,
HoweverivthefQIOch gf oysters in the.high‘density tank appeared
to be{limited by the phytoplanktcn' concentraticn. . The daté
' indic&téd that 25 ug. CHLA/day/g oyster uas reéuired so that -
_érowth was not limited.by the food ‘concentratibn-, At fhése,

'feeding; levels, growth rates of 17.7i/week cou1d be achieved.,
ivAg~extfapnla£ion of the results, in¢§tpoxating”thé.fact that the
growth .rate decreased with increasing size, iidicated thgt ‘the
'.QX§erimental .oystersA would ﬁe a marketable size of ca., 60 g
-.affer'andther 3.5 months using the Experiment II éulturé“system.“
The grosth rates in this culture systed ~were. 15% greater

than the maximum field rates measured by Quayie (1971) at
Ladysmith Hérhour,.the'best gyster gzcwing'area of the . sixteen
1dcatio£s tested .in Britisﬁ Colunbia. . marketabie oysters were
obtained aftet.tuo yéars, instead of three or four years at the
okher sites. , However, although the gréuth rates of Crassostrea
- gigas were high in the continuous culture system, approximately
four . tanks {(6m diameter X Im déep).wculd‘bs Iequired to achievé.
the.same-productibn as.one of Quayleis raffs., Therefore the.
econqmic. feasibility of growing oystefs in a coatrolled culture

system should be assessed carefully..



107

NL CONCLUSIONS

CHAPTER 10. . SUMHARY

Five continuous-éultqre_expefiments Were conducted to test
the hypothesis that production in bivalve food chains could be
'ehhénced by using a deep ndt:ient-rich source cf seawvater and ahf
optimal flushing rate and spatial structure of the ecoéys;em to
maximize p:oductivity., Thé results indicated that:

Ta The optimal £flushing rate to maximize productiiity in é
turbulent system was 1.0/day.. The system was nitrate-
limited, and :with nathral' forcing ccnditions of “solar
radiation and temperature, a saxinum éhytopiankton‘-stock of
60 ug Chl a 12 was attained in the cne metre water qbldﬁn at
'infléa- nitrate concentraticns c¢f 25 uM N 1-3 Eased‘on a
gompensation light intensity of 1%, the ccmpensaticon depth
fo:;:the system was Ca. . 3.0 ﬁetres indicating that at this
level of inflow nitrate, the flushing rate could be reduced
to - 0.33/day in é 3.0 metre impoﬁndment tc maintain the sane

. phytoplankton concentratiocn. .

2., The chain diatqh §§g;gtoneﬁg costatum dominated the
; ecosjstem' at the 1.0yday flushing rate and was selectively
grazed whenr fed to thé‘commercial oyster Crassostfea.g;gggl-.g
The maximum growth rates of the juvenilei oysters were
achieved when the herhivore:tanks‘ﬁere flushed at a rate. of
‘Zto/day with the outfloﬁ‘frem the"p;imary‘tank {FE=1.0/d4ay) . ,
© gigas (20.1. °C ) aﬁd oxygen-‘levels were sufficient for

respiration requiremeats.ﬁrThévgrcwth rate of the oysters vas
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a function of .their size, with the spallest size group having
the maximum percent increase in weight, and an average of 25
ug Chl a dy—t per gram oyster was regquired t0~achievelmaximum

gtoﬁth rates of 18%/vweek.

3-,Lin térms of the applicaticn of the results to oyster
mariculture, tﬂe: growth rates im the . cptimal. conmtinuous
culture system were ca.. 15% greater than the rates in an
"OPtimél',field 1ocation:in British Cclustia.. A systen of
this size (7500 litres) could suppgort 250 cysters/ m3 of a 10-
gram size, and’ §rovide.a matketéble crop ét the end of the

-first growing season (uheh the oysters are -ca.. 1.5 years

Old) ® -

4,., At lower flushing rates {(0.25,sday), there was a  decrease
: innthe}standing-stock 6f-phytpplgnkton in direct proportion
: to Ithe decrease in'vfluéhing rate., Although the in situ
. conditions, such as temperatire, iere: favourable at  this
- flushing rate, the growth of thevoysters was limited‘by'the

‘lower phytoplankton stock levels and a. change in the

composition of the community from §§eletoneg§.costatug to

Chaetoceros Sp.. =«

5. . Higher flushlng rates alsc enhanced the productlon of the
scallop food chain,. prov1ded that the Chlamzs hastata her1c1a 4
. were growr at a depth of 1.0 wmetre to avoid hlgh‘rsurface
1light .intensities., Maxipum grbuth rates of 16.8% in total

weight per month were attained at a.flushiﬁg'rate cf 0.75/day 
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when the 1in situ tenmperature Was 14.5 o¢ and the
phytoplankton ‘concentratiom - ( 29 wug <Chl a 3.-.1 f was not

liriting growth. However, updér these cenditicns, a faster

growing species such as Patinorecten - yesscensis wculd be

preferable for mariculture production. .

€. At  very high flushing rates of the 'primary $ysfem
{2.0/day), the phytoplankton stdck.wés uashed.cut of fhe tank‘
and attached  species, such as Navicula ,. dominafed the
system. The productivity of Navicula also increased -in two
cther situations in response. to higher light ieQels: when'£he
system was stratified and a significant proportion of the
phytoplankton stock sank to the tenthos, and éecéndly, when
the grazing rpressure of the ip situ herbivores reduced the

phytcrlankton stock to low levels. .

In conclusion, the large-scale coantinucus culture systém
rrcvided a useful expetimehtal tool for examining the dynamics
of matural phytoplanktcn' ccnmunities, A sipulaticn medel,
incorporating experimentally deternined parameters fortpriméry
productivity and nmeasured values for .the forcing conditicns,
predicted with reasonable accuracy thé‘pattern and maghitude of
the phytorlankton stock, and could be used to examine ecosystems

%ith various flushing rates, sinking rates and grazing rates.
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SCALE GF CEERATICN: LSC {large scale culture- >
scale crvlture—

TECYHIC SCOPE:

P. (primary);

(Cyster) ; Scall(Scallcps)
TIME (Rate of addition):
TINE{Form of nutrient):

batch;

incrg |}

Table 1. Relevant culture studies of marime crganic prcducticn
: in terms of tkeir experimental design and ccntrol (¥)
lS(ALE OI] TEOFHIC lOPERAﬁ. CCNTEGCL]
STUDY |CEERATICK] SCCPE {§ TIHNE |SEACE] CCMMENTS
: " { . M 1 i | 1 :
Haynes, ' }] Field { Natural | none | 4.T.7] Lake system
18731 { food wueb] ' 1 i e )
_Gross et al., | .Field | Natural | batch | } Sccttish lcch
_ 18504 : | food webjy incrg | | '
L.I.T.E., ] Field | Cys | semi-c | } 750 ac. .tidal
1970 "~ { Salmon | natural { .1 impourdment
Takakashi g LscC ] ¥atural | batch | ] 2.5X10m plastic
) et al., 1975| | food web| incrg | ] cylinder
- Baab et al, { LscC { P. Comm | cont ]} ] Two- stage Cult. .
; 1973 : { Oys- | imcrg |} { 45,0001 P.tank.
McAllister . j. LSC { P. Comm | mnone { npcre| Plastic sphere
€t al.,1561] i P 1 | {121 cu n)
Antia et al., | LsC { P. Comm | none | BA.T.}) Plastic sphere
: 1963} o { : 1 i 1 (121 cu m)
Brown and 1 LsSC }] P. .Ccmm | cont ] UFW .} 1800 1 tank
Farsons, 1972] 1 'V inecrg § . | '
Gcldman [ LsC | F« Comm § cont -} A.T.). 20001 tank
‘et al., 1575} . i { incrg | i
Malcne et al.,| LSC | P. . Pop | cont ] 4.T.} 2CC0 1 tank
19751 ' i ! inorg | - {1 4 day €xps..
Strickland i LSC- '| P, Pop | batch - | A.T«] 3r x 10 tank
et al., 1969§ . 1 }. inorg | | .
Ansell et al.,|} LSC ] P. Pop .| batch | 2.T.] 1000 1 tank
1963} PR | { incrg | ) '
Tencre et al.,|] MSC i Cys, | cont ‘4 766 1 tarnk
: 1973} : } Scall -} p. corm | 1 17 - 23 Deg C. .
Dunstan and | MSC ] F. Comm }-semi-c | A.T.}| 400 1 tank
Tenore, 1572} ] _ } . crg | i 20 - 2& Deg C..
Dunstan and 1 Msc { P. Ccam |} semi-c. | '} 40C 1 tazk
Tencre, 1574) | | org | | _
Tencre and ) ssC . | '0ys, 1 cont | ] 9 1 trays
Dunstan, 1973aj | Scall | p. comm | | '
Epifanc and | SsC | Cys }] cont | 1 100 1 tank
Mootz, 1576| “ ' { P- .FOPBS | ] (recircwuvlat.)
falker ard | SsC | Qys ] cont’ i | 10 1 recevway
Zahradnik, 19761 1 . { nat.comnj | (a 1X21X1a0 m)
Kirby-Smith £ | 5sC { Scall | cont i ] 3 1 racevay
Barber, 1574} S | | nat.ccmm| | {+3Xe2%.C5 m)
Ketchunm . | SSC | P. Pops | semi-c |- -B.T.] 8 1 flask
et al., 1949} i i 1.

1000 1) ;MSC (mediunm
100-1000 1) ; SSC (small scale culture- <1GC 1)

Pop(populatlcn), Ccme(ccmmunity) ; Oys

semifc(semi-continuous)ﬁcont{contin)
inorg(inorganic) ;org(crganic) ;Fe. {Fhytopl.)

SPACE: A.T. (artificial turbulence) ;UPW(upwelling) ;blarnk(nct spec.)
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Takle 2. Descriptive statistics summary of selected variakles
-for FXP2A, including a treakdown intc the pre-grazing
and grazing period. Day 37 and 40 measurcments
for CHLA, PRCL and ASS have been e€xcluded ficnm
the statistics for a direct ccmparison with EXPZ2E.
The statistics for CHLA and ASS are alsc given
for thke grazing period corresponding to EXP3A. .

TOTAL EXPERIMENT  PRE-GRAZING GRAZING PEEIOD

(t=1,41) - , (t=1,6) . S (t=7,41)
VAE | STN { N MEAN S.D..| N MEAN S.D. | N HMEAN SeD. |
...... ‘ - - ' - e - W > - l.__-‘_-___-..-._.__,--’i -_-_..-._-_____-_._l
SR ] I | 41 410. 144, | 6 380. 165. | 35 410.. 142,
SAL i I | 41 28.3 0.€1 ] S 1
TEME | I | 41 11.0 ¢.87 | 6 9.6 0.50 | 35 11.2 (.68
: I S 1 41 17.0 2.60 | 6 14,4 3,47 | 35 17.5 2.17
1 M 1 41 16.2 2.26 1 6 13.3 2.79 | 35 16.7 1.76
I B ] 471 15.% 1.62 | 6 13,2 2.€& | 35 15.8 1.02
I O | 41 17.0 2.€61 } 6 4.7 3.88 | 35 17.4 Z2.17
CNC3 ) I | 41 18.2 3,62 ] 6 23.3 1.7z | 35 17.3 .68
1 s | ] 6 1S.4 10.CE | 35 CG.5 0.58
I 8 .6 .15.0 10.49 | 35 0.4 C.34
S | 6 15.4 9S.78 | 35 Q.4 (.55
i o 1| 1 6 15.0 10.04 | 35 0.3 ¢€.36
NE3 ) I | 41 0.77 0.43 ) < R
: | S | 41 0.50 ©C.42 ]
I B 4§ 47 0.42 0.32 ) I
i B | 41 0.64 C.u8 | |
| O 1 41 0.47 “0.31 4 : | o :
OXY | I | 41 7.50 C€.39 ) 6 7.09 0.17 } 35 7.57 (€.06
- I S | 41 11,41 2.60 | 6 9.37 3.57-4 35 11.76 2.28
] M ] 41 11.76 2.82.] 6 9.22 4.01 4 35 12.19 Z.38
| B § 41 11.72 2.76 1 6 9.08 3.%%5 | 35 12,17 2.28
§ 0 ] 41 11.26 2224 1} 6 9.72 3.29 | 35 11.52 . 1.956
SAT | I ) 41 82.. f.1 - | S -
‘ I S | 41 141, .33.2 | I
] M ] 41 143, 35.9 | .
i B | 41 140. 34.1 | _ o .
CELR | S | 18 5.2° €.42 ] 6 8.8 10.12-| 12 . 3.3 Z.48
o i M 18 7.2 10.83 | 6 13.2 17.60 | 12 4.2 3.35
] B { 18 9.5 11.88 ] 6 14.9 19.71 ] 12 6.8 4.21
| O | 18 5.6 6.50.1 6 8.5 10.06 | 12 . 4.1 .46
i s i | I~ 7. 4.3 2.55
I I | 17 s.4 3.1
1 B | 1 | 7 €.2 3.%%
) 0 ] _ | 1 7. 5.1. 3.86
EECD. |* S | 14 20.2 . 1 -
I M | 13 28.6 1 i
1 B 1 14 32.1 I 1 : :
ASS { S | 14 4.9 2.35 1 3 3.5 2.27 | 11 5.3
' I 8 1 14 5.2 1.88 J} 3 3.3 1.67 .} 11 £.7
i B | 1 4.1 2,151 3 2.7 1.27-) 11 - 4.5
1 s I : -1 6 Se1 2476
| B | 1 1 6 - 5.8 1.91
i E | { ] 6. 5.0 Z.91
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Takle 3., Descriptive statistics sunmmary of selected variatles
fer EXP2B, including a kreakdcwn into the pre-grazing
~ard grazing period. See Appendix 1 for a definiticn of
the variabkle names. The statistice fcr CHLA and ASS are
given for the corresponding time periods in EXPZA.

TOTAL EXPEFIMENT PRE-GRAZING GRAZING PERIOD
(t=1,30) . (t=1,10) (t=11,34)

VAE | STN | N MEAN .S.De.| N MEAN S.D. | N MEAN S.D. |

- - ---i e :l - —— - ’ - - -~ ’—.—-.--- o - -‘__.--l

" SE | I { 3% 420. 147. .} 10 390. 172. { 24 520. 139.
SAT '} I | 34 28.3 C.€7 } 10 |
TEME § I .| 34 10.8 GC.86 } 10 9.9 0.61 ] 24 11.2 GC.&u
i S | 34 17.2 2.77 1 10 15.4 3.11 | 24 17.9 Z.29
1 M 1 34 16.4 2.58 | 10 14.3 2.59 | zZ4% 17.2 Z.09
| B | 38 15.71 1.68 | 10 14,0 2.30 } 24 15.6 1.11
] 0O | 34 17.0 2.72 | 10 15.3 3.19 | 24 17.7 z.20
NC3 -] I | 34 18.8 32.58 | 10 22.6 2.CS { 24 17.2 2.78
{ S | : | o | 24 0.5 045
I m N 1 24 0.4 (.40
i B 1 1 | 24 1.1 .54
1 ¢ | : i {24 0.4 C.u3
NH3 | I { 3% C.71 G.u2 | ] '
] S | 34 0.58 0.49 | i
{ ¥ | 34 0.67 C.u4u | |
i E | 34 0.50 «31] {
I 0 { 3% 0.65 0.61 | |
OXY | I | 3% :7.52 0.52 | 10 7.19 0.29 | 24 7.€65 C.54
| S {.34 11.45 - 2.79 1 10 12.03 4.29 | 24 11.21 1.93
] M. 38 11,57 2.94 ) 10 12,11 4,31 ¢ 24 11.35 2.23
4 B 1 34 10.57 3.10 | 10 12.07 4.33.| 24 9.86 Za22
| C 1 34 11.39 2.43 | 10 11.69 3.72 | 24 11.27 1.73
SAT {4 I | 34 81. 6.5 | N
I S | 34 141.. 34.6 | |
i M ] 34 140. 35.9 | ]
| B | 34 125.. 37.2 | i
CHLA | S | 18 6.8 9.69 | 9 9.0 13.00 | 9 4.8 .4.40
I M 1 18 9.7 10.95 | 9 13.7 14.04 | 9 Sa.6 U4.59°
{ B | 18 10.3 1083 | 9 14,0 13.65 | 9 6.6 3.39
] C ) 18 8.8 9.82 1 9 12,71 12.45 | 9 5.9 4u.64
CELA | S | : ] 6 10.6 16.05 | 12. 4.9 . 4.03
] M| I 6. 11,7 16.68 | 12, 8.6 8.03-
! B | ] 6 12.0 15.72 | 12 9.4  7.20°
, 1 ¢ | ) 6 1107 150334 120 7.6 6.15
PFEOL | S | 14 27.1 1 o i .
| M |} 18 32,3 A | |
1 B | 14 B4.4 I I
ASS 1 S | 1 5.3 2.39 | 5 4.4 2.3 | 9 5.8 2z.41
i M ] 14 5.3 3.13 4 5 8.0 1.95 | 9 6.1 :Za.t
. ! E {14 6.2 4,65 | S 5.9 5,66 | 9 €.3 4.37
ASS i s | T3 8.6 3.17 1 11 5.5 2429
' 1 M S 4.1 2.42 | M 5.7 3.32
i B | i 3 4.0 I 1 €.8 1.%1

) - 2.85
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Fesults of the cyster grcwth during Experiment 2B. .
GRWM and GRWS refer to the growth rate of the meat
and shell weights per oyster per seek for a

comparison with EXP3A and EXPS.
ratio ketween NETWM and EETHS. .

SUESTN  NETWT
1 81.0
2 88.5
3 55.5.
4 65.8

"SUESTN  NETHT
1 68.5
2 88.0
4 81.5

SUESTN NETWT
1 .52.5
2 111.5
3 98.0

4 40.0

SURFACE LEETH

NETWH PERWYM GRWHM

11.0 17.3 0.16
19.5 26.0 0.24
1.0 22.4  0.23
4.0 25.9 0.28
MID DEETH

NETHM EEEWM GRWH

11.6

11.5 0.16
23.5 3€.4 0.28
22.5 36.6 0.30

0.25

153.2

BOTTCY DEETH

NET®M FPEEWN GRUN -

12.5 14,1 0.23

23.5 2%.1 0.31

S 24.0 23.3 0.28
10.9

10.5 0.19

NETHS

7C.C

65,0
47,0
51.5

" NETHUS

57,6

64.5
55.5
6545

NETHS -
4.0
-8EL.Q -
74.0

28.5

GEWS

1.00
0.€6

0.68 .-

1.02

GRUS

0.81
€.76
0.74

0.80

GIHS

€.73

0.87
C.S4

NSRATIC is the

MSEATIO

- 162
«283

272

MSEATIC

- .202°

« 364

. 405
. 244

. MSRATIC .

.~ 313
«267

e 324

«356
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Table 5. Growth cf the scallops during.Experiment 2B,
See Appendix 2 for an explanation of the

variables.
MID STATIGCN A
sdESTN NSURY 1 S PERL W SD PERW WGITj SD EERWT
1 4,8 5S¢0 «58 (a5 4o .58 2.0 16,1 4.36 -0.2
-2 4/8 5«6 219 ~-1.0 Sel1 «20 0.1 23.% G.51, 1.1
3 3/8 6.1 .35 -0.1 Bal &322 1.7 29.8 3.33 -0.6

43.8 6.62 -1,

BOTTOM STATION

SUBSTN NSURV L SD EEEL W ~ SD ° BERW "WGTT ST .PERFT.

5 8/8  #4.7 .59 G.3 4.2 .62 0.7 - 13.8 4.11 -9.6
8  8/8 5.6 .27 0.1 4.9 .25 0.3  22.0 3.10 =-5.9
9 8/8 6.1 .22 0.0 5.6 221 0.3 32.5 3.77 =5.0
12 8/8 6.7 <35 -0.3  6.1..43 0.0

44.3 €.76 -10.5
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Table 6. Descriptive statistics summary of selected variakles
: for EXP3A, including a kreakdown into the pre-grazing
and grazing period. See Appendix 1 fcr a definitiomn of
the variakle rames. .. e - o

TOTAL EXPEERIMENT ERE-GRAZING CRAZING fEEIOD

(t=1,21) . (t=1,6) +=7,21)
VAR -} STN | N. MEAN SD i N MEAN SD 1 N HEAN <D |-
------ R i e el B |
SR { I ] 21.330.. 104..] 6 400.. S5, ] 15 300. 108.
TEME | I | 21 -11.6 1.36°'}) 6 11.1 0.17.] 15 11.8 1.58
1 S 121 1623 0.96 | ° 6 15.9 0.49 | 15 16.4 .- 1.08
] M ] 21 16.2 0.92 ) 6 15.8 0.54 ] 15 16.4. 1.00
| E | 21 16.2 0.89 | 6 15.8 . 0.49 | 15 16.3 - €.98
| O ] 21 16.2 . G.98 | 6 15.8 0.%6 | 15 16.4 1.09
NC3 1 I 21 21.0 2,05 | 6 ° 20.4 1.3%5 | N/
NE3 | I | 21 0.50 C.28 | |
| S { 6 0.40 0.29 | ~|
{ M | 6 C.3% C.31) i
| B | 6 0.27 0.17 | -
| 0 |} 21 0.50 (.50 { S
CXY 3 I | 21 7.08 0.72 ] 6 €.73 0.43 | 15 7.16 .C.78
1 S 1 21 9.91 1.89 §{ 6 10.50. 2.84 | 15 9.68. 1.41
| M ] 21 9.88 1.91 | 6 10.56 2.88 | 15 9.60 1.40
{ B 1 21 9.97 2.51 ] 6 10.54 2,84 | 15 9.74 1.75
1 0 1 21 9,92 1.69 | 6 10.36 2.€2 | 15 9.74 1.23
CELA | S § 13 10.4 9.74 | 6 13.9 12.7C | 7. 7.3 5.69
| B 1 13 11.1 11.20 4 6 15.8 14.8C | 7 7.2 5.34
I B ] 13 11.5 11,42 | 6 1642 14.99 | .7 7.5 5.78
1 0 4 13 11.Z 11.50 | 6 16.0 15,10 | 7 7.1 5.¢€4
BEOL | S 1 9 25.0 19.09 | , 1
| I B 1 9 29.3 21.94 | i
| B | 9 27.2 16.83 | |
ASS § S | 9 3.4 1,961 2 2.3 0.¢5 )] 6 ° 4.0 2.18
1 M1 9 3.8 Z.33 | 3 2.8 1.80 | 6 4.3 2.%5
1 B 1 9 3.9 2,711 3 2.2 1.23 {6 4.7 2.S4
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Fesults of the cyster growth during Experiment 3A. .

GBRAM and GRWS refer to the growth rate cf the meat
and shell weights per oyster per week for a

coemparison with EXPZA and EXPS. MSEATIC is the
ratio ketween NETWHM and NETHS. .

SURFACE DEPTH

 NETAT 'NETWM PEEWM GREHM

18.5 4.8 4a4 0412
5.5 2.0 "1.4. 0.06
8.0 2.0 1.9 0.08
6.5 2.5 3.8 0.13 .
6% 0.5 Ce8 0.02"
6.5 1.0 2.6 0.03

24.5 1.0 11.2 C.61.

28.0 5.0 t,3 0C.21.

MIL BEPTH

NETIWT  NETHHM EERWY GRWHN
6.5 2.0 3.5 0.170

19.5 2.5 1.8 0.08

12.0 2.0. 3.3 0.0S8
2. € 1.0 2.4 0.05 -

11.5 4.5 7.2 0.18
8.0 0.5 C.8. 0.03
9.5 2.0 2.9 0.08 .
7.5 1.0 1.5 0.04

BOTITCN STATIICN

NETHT NETWN PEBWM GRHWN

31.0 5.2 4.4 0.18
9.5 4.0 €.5 0.12

18.5 2.0 3.5 0.08

30.0 7.0 10.9 0.23

27.0 5.5 7.1 0.30
u'o 2‘0 202 0006

"24.5 1.5 4.8 0.22
10.0 10.6 (.62

d
WWwunoh o g e

NETWS

-
e 5 ¢ 0 o

e ¢ 2

N el

GRHS

Col5

.25

0425

0.70
0.53

0.75

056

GRES

0- 20
0.50
0.46

0.05

.27

047

0.31
0.27

 GRES

.92
017
0.69
C.77
1. 19
0.C8
0.50

C.47

MSEATIC

2276

<267 -

- .333
<179

«031

- »182 -

- €15
»217

MSRATIC

- 147

" 2200

«000
- 643

- =067

. .267

"MSEATIC

0202

2727
121

"« 304

1

=256
.000
<441

667
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Table 8. Descriptive statistics summary of selected variakles
for EXP3B, including a kreakdcwn intc the pre-grazing
ard grazing period. See Appendix 1 for a deflnltlon of
the variabkle names. :

TOTAL EXPEEINENT PRE-GRAZING - GRAZING FEEICD
(t=1,34) (t=1,11) (t=12,34)
VAR ] SIN | N MEAN SD | N MEAN SD -] N MEAN SO |
e B B e j--—=--- ———mmmm - e 1
SR " I | 3% 380., 105..] 11 . 410., 102..{ 23 366. . 106.
TEME | I § 34 11.4 C€.52 | 11 11.5 €.32 | 23 11.4 0.59
1 S | 3% 14.9 1.05 | 11 15.5 €.78 | 23 14.5 1.0z
1 M | 38 14.8 1.04 | 11 15.5 ©C.76 | 23 14.5 1.02
§ B | 3% 18.8 1.04 | 11. 15.5 0.74 f 23 14.5 1.01
| € f 3% 4.8 1.0 | 11 15.5 C.€3 | 23 -14.5 1.06
NG3 | I | 3% 19.3 2.02 } 11 18.9 1.26 | 23 19.6 2.29
| i s 9 i "] 23 . 0.3 €37
Y R { | 23 0.3 €.34
i B | I 1 23 0.3 0.38
i o 1 : 1 | 23 0.2 0.32
NH3 . I | 34 0.42 -0.29 | "
{ S | 11 0.59 C.87 | |
I ¥ | 11 0.61 €.35.§ i
| B. 1 11 0.60 0.31 4 -
{ O | 34 0.48 . 0.18 | o -
OXY | I | 34 6.S8 0.54 ] 11. 6.93 0.21 | 23 '7.01 C.€5
1S 1 34 11,49 1.59 | 11 10.39 2.14 | 23 12.01 0.50
| M 1 34 11.52 1.58 | 11 10.44 2.18 | 23 12.03 0.4
4 B | 34 11.46 1.54 § 11 10.42 2.16 | 23 11.S6 0.79
] 0 f 34 11231 1.40 | 111041 2.05 § 23 11.74 0.66"
CHLR | S | 18 22.1 12.37 | 9 14.9 13.7C | 9 29.2 4.€7
1 M § 18 22.8 12.54 | .9 .15.8 14.48 | 9 29.7 4.08
1 B | 18. 22.6 12.55 | 9 15.2 14,74 | 9 2S.9 3.56
i 0 | 18 23.0 12.78 | 9 16.2 15.06 | 9 29.7 4.20
EFCD | S | 14 38.3 13.8€ | . ¥
I M { 1% 36.9 14.98 | . i
i B | 14 39.8 19.79 | 4 1 |
ASS ] S | 14 2.4 Z.11 | 5. 4.4 2.51 ] 9 1.2 0.28
b8 1 1% 2,2 Z.13 105 4.3 2,561 9 1.10.10
f B 1 14 2.3 2.13 1 5 4.4 2.33{ 9 1.0 0.26



Table 9.»Growth cf the scalleps during Experiment 3E. .
See 2ppendix 2 for an exglanation cf the:
variables, ‘

6
7
10

11.

SUBSTN NSURY

0/8
0/8
0/8
0/8

SUBSTN NSURY

VI Y

3/8

18

€/8
578

SUESTN NSURV

8
5
g
12

1/8
E/8
g/8
8/8

AU e W

.

.
W o

L |

Ut & W
s o & 0
AD NN

(62 %2 B 3N FY RN
e s o @

SURFACE STATIGN

Sh

«23
" 39

.19

W44

SD

.22

ng

«31

.53 "

PEEL I
N2 3.1
- N/B 3.8
N/A 4.8
N/A ted

PERL #

OO
[ S T T

Ny O W

¥ID STATION

BOTTCM STATION

St

.45
«27
=15
031

PEFL W
1.8 3.3
1.0 4.0
C. 4 4.6
0.4 5.1

Sb

-112

.26

+20
+34

FEEH

N/A
N/A
N/A
N/A

PEEW

O = DO
LI

PERW

[ I o RN,
. L] @ L
nwowm

[\ Ry

WGTT S

6.0 1.08
10.6 2.89
6.3 4,83
EGTT ST
€.2 1.12
S.8 1.3%
8.3 2.48
6.6 6.92
WGTT SD
€.3 1.82
11.4  1.11
- 16.9 2.£7
2%.4 4,23

PERST

‘N2
N/ 2
N/2
N/2

PEE%T

[}
O oa = O
s & & 8.

PEEWT

11.7

4.4

16.8



" Table 10.
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Pearson correlation coefficients betueen tle

- forcing variables during Experiment 4 for bcth

EXP4A SE
"X
E
4 SR
B
. 080
ATENP +=33
5=.660
-« 0C8:
ANG3 t=33
S=.964
~ .3%6
A0XY +=33
S=,042
- L 422
SE1 =32
£=.016
' -.?18 )
SR2 t=31
' S=.528
e u?3
" SE3 t=30

S=.016"

Tank A (uvpper right) and Tank E (lower left).
The variakles include: incident solar radiaticn,
SR (lys/day); inflow temperature, TEMP {deg-C.);,
inflow nitrate concentration, KC2 (uM/litre);

and inflcw cxygen cconcentraticn, OXY (mgslitre). .

As the prefix A in the variable name indicates,
the variables were 'first averaged', sc¢ that
AVAR = (0.5*({VARt + VARt+1), fcr a ccmpariscn
with the daily integrated sclar radiaticn, SK.
SR has been 1agged one to three days (SR1 tc
SR3) to examine the serlal correlation for ‘
solar raélatlcn.:

SR3

LS

ATEMP ANG3 AOXY SR1 SR

<118 .0€5  .345 422  =.118  -.433
£=33 t=33 =33 t=32 . t=31  t=30
S=.512 S=.€640 S=.050 S=.016 £=.528 £=.016

-.769 .678
t=33 t=33

$=.002° $=.002
-.8B8 -.598  =-.137 -.3€4 -.365
=33 t=33  t=32  t=31 =30

<662  -.657
t=33  t=33
§=.002 $=.002

-.137
t=32
S=.254

i} s

[
- N2

oo

.0868

‘.307
~t=30
"S§=.098
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Table 11. "Descriptive statistics of selected variables for
: ‘ EXP43, including statistics for the nitrate-
depleted pericd (t=29). See  Appendix 1 for the
definiticn of the variable names. '

] STN T MEAN . SuD.. SeB. . C.V. EANGE HMAX
—— i-"""'-__" ................. e e > o e e
SR 1 I 34 378. .14S.7. 25.7 3S.€ U453.. S€4.
SAL I I 38 27.3 0.7% 0.14 2.9 3.0 2£.5
TEME | I 34 "16.4 0.41 ©0.07 3.9 1.3 111

. I S 34 18,7 1.29 0,22 8.8 4.4 16.6
' { ®m 34 4.6 . 1.26 0.22. E.6. 4.1 16,3
] B 34 - " 13.1 1,54 0.26 11.8 5.1 1€.1
} 1. 0 34 14.6 1.30 0.22 £.9° 4.4 16.5
TEMEN § S 3% 4.3 1.32 0.23 30.7 4.9 €.1
] ¥ 31 8,2 1.28 0422 30.5 4.5 . 6.1
1 B 34 2«7 1,41 0.24 -52.7 4.8 =,
.1 0 34 8.2 1.32 0.23  31.8 7 5.¢  €.1
NO3 . I 38 18.8 2.56 . 0.44 13.6 9.5 2Z.2
" OXY { I 34 756 0,662 0.117  S.C 3.23 9.97
: I 'S 34 10.85 1.364 0.234 12.5 °5.04 13.26
I M 34  10.90 1.4G6 0.241 12.% 5.20 13.69
'y B. 34 8.98 1.163 0.199 1Z.9. 5.03 11.0C1
. 1 0 33 10.65 1,479 0.254 . 13.& 5,95 13.28
OX¥IN | s 34 3426 1.824 0.313  56.0 6.40 6.21
{ M. 34 3.32 1,822 0.312 =4,¢ 6.73 6.81
] B 38 . 1.39 1.062 0.182 76,4 4.34 2.91
i O 34 3011 1,697 0.324 . 60.8 6.53 6.40
SAT I I 34 1. 7.6 1.3 S.4 35. . 1C7."
4 S 34 126. 17.7 3.0 14.¢ 65. 160. .
I M 3% . 127. 18.1 3.1 14.3 66. ., 1€3a
| B 34 102 1542 . 2.6 14,9 66a . 131,
.} 0 34 125.: 18.8 3.2 15.0 74. . 16C. .
- CHLA } S 34 15.4 7.20 1.23 4€.f 28.F 28.9
‘ 1 M 33 15.4  7.09 1.22 46.0 25.3 2f.4
{ B 34 18.2 B.82 1.51 - 48,5 33.1 3:z.
| 0 34 "16.3 7.82 1.3 48.0 30.7 30C.8
SR 4 I 29 358.,148,0- 27.7 41.€ uys, S5%5€,
TEMP | I 29 10.4 0.39 0.07 3.8 1.3 11.1
-} S 29 . 18.7 1.27 0.24- E.6 4.0 16,6
pOM 29 0 4.6 1.23 0.23 g4 3.7 1€.3
{1 B 29 12.6° 1.39 0.26 10.% S.1 16.1
, { 0 29 1.6 1.27 0.24 8.7 3.9 1€.5
TEMEN | S 29 4,3 '1.28 0.24 2S.8 4.1 €.1
, ] M. 29 4.2 1.24 0.23 29.5 4.1 €.
1.0 29 4.3 1.28 0.24 . 29.8 4.1 €.1
NO3 i I 29 15.0 2.€5 0.49 13.9 a5 22.2
NO3N } s 29 18.7  3.06 0.57 16.4 10.5 22,2
1 M 29 18.5 2.81 0.52 14.¢ 10.6 22.2
I B 29. . 15.3 5.56 1.03 36.3 284.5 2%Z.1
©§ 0 29 18.71 2.98 0.55 16.5  13.1 22.2
oXY | 1 29 7.47 0.669 0.124  S.0 3.23 9.97
‘ 1 S 29 11,20 1.142 0,212 10.2 3.76 13.26
Iou

297 11.30°1.7112 0,207 S.8 4.CF 13.%&9
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SAT

CHLA

CHLE

CHLC
c1
EA
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‘CTA

EC

'Ecﬁ
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 OHEUHOWRUNMOWENMOMENMONE NMOUNERNHOWENODERNONENOWRNOW R VMO WE WO

29
29

29

29
- 29
29 .

29

129

29

29

29
29

29

29
29

29
29
29,
29

29
29
29
29
29

29

29
29

29 .
29

29
29
29

29 -

29

29
23

29
29

29

29

29
29
29
29

29

'29

29
29

29

8.99

456

- «087

00 15 ' .&’

1.26

2,021 2

1.251 0,232
11.04 1.306 0.243
3.73 1.%33 0.285
3.83 1,439 0.267
1.3 1.680 0.201
3.58 1.632 0.303
T 9., 7.4 1.4
"131.. 15.6 2.9
132. . 15.3 2.8
101.. 16.2 3.0
129.  17.2 3.2
"17.2 5.37. 1.00
17.2 5.16 0.%6
20.5 6474 1.25
18.3. 5.50 1.10
el 0.70 0.13
1.4 0.80
2.3 1.18 0.22
1.4 0.80 0.15
11.0 . 2.93  0.54
122 3.4S% 0.€5
S 12471.. 4.01 0.7%
1121 2.97 0.55
- 21.8 6.76
21.6 6.00 1.11
23,2 7.08 1.32
2342 T.26 1.35
“« 105 o
.CS2 - .0u9 .{QCS
«C86 - .051 .010
.119 ,074 .014 .
<081 .046 .G09 .
1,153
.660 " .105 .020
L. €34 115 - .21
2588 .103 - .019
624 ,0¢7 .018 -
1.123
1.283 . .209 - .G39
© 14277 - .196  .036
1.153  .152 - . 028
1.274 - 2159 .030
«CS1 o _
.136 - 5065 .012
<132 .C073 014
2200 .- .112 .021
.127 .06 .012.
- .093 _
.073 .038  .C07
- «068 <038 - .007
" .102  .055 .C10
2065 .037 .007
~526 110"
C .510 - .128 .024
L .521 - .072
".an‘

. 5.03.

E.8¢%

€.40

5.6¢
4,34

6.53

a6

E

52. .
55, -
68. .
4.,

2241
16.¢
23.€

2+ €
3'2
4.€
3.2
12.4
4.4
13. ¢
12.1

25, €

18.8

© 29.8
27.2

«202

T «3€5

«358
- 405

~402°

.768
<677

.573
2257
. «25¢

)~ 4553
207

.13%
. 135
".288

- 161

854
-301 .
- «45¢

11.01
13.28.°

6.21.

6.81

2.91
6.40
1C7. .
1€0. .

163

121.

160, .

Z2€.9 -
25.4
30 8

107 '

_;.'

--2 !

.4
18.2
2C0.7
1€8.0

17.2

3'538
31.6
425
37.0

.54
.2C2
L4C0

210

« 852,
« €93
- 7E8
-S43

1.927
1e €09
1.5€7
1. £90

L2267

«259

.Efg

- e223

.40
s13s5

.293
.1€8

«3775

. EE2

« €46
-~ 754
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Table 12. Tescriptive statistics of selected variables for
FXP4E, including statistics for the nitrate-
.depleted period (t=27). See ‘Appendix 1 for tte
definiticn of the variable rames,

VAR | STN T MEAN Se.De. S.E., C.V. BANGE HM2Y¥
....... ‘ el e e e S Sl S e A i e o S e D A A . A " A o A o
SR} I 34 378. 14S.7 25.7 3S.6 4%53. 5€l.
SAL | I 34 27.3 0.79 0.14 2.9 3.0 Z2E.5
TEME | I 34 104 0.39 0.07 3.8 1.3 11.1
| 'S 34 13.0  0.78 0.13 6.0 2.4 14,2
i m 34 13.0. 0.76 ©0.13 Se§ 2.4 14,2
-y B . 34 13.0 (.76 0.13 E.¢ 2.5 14.2
_ | O 34 13.0 0.78 -0.13 €.0 2.5 14,3
TEMEN | S 3% 2.7 0.76 0.13 28.1 Zel e
' 1 M 34 2.6 0.74 0.13 2f£.5 2.6 . 2.6
{ B 34 2.6 0.76 0.13 29.2 246 Zeb
| O 34 2.6 0.76 0.13 2S.2 2.6 3e8
NO3 ] I 34 18.7 2.87 0.46 15.3 11.3 2:z.7
oXY I I 34 7.55 0.€670 0.115 €.5 3.23 G.¢7
| S 34 11.58 1.645 0.282 14.2 5.64 14.13
{ B 334 11.48 1.653 0,284 14.4 5.41 13.¢6
| B 34 11.26 1.679 0.288 14.9 5.72 14.30
{ 0 34 11027 1. 487 0.255 13.2 5.20 13.75
CXYN § S 34 4,03 1.908 04327 47.2 €75 6.€7
1 M 34 3.53 1.903 0.32€6 U48.U4  €.60 6.74
{1 B 34 3.7C 1.835 0.315 49.6 5.92 6.02
| O 34 3.71 1.711 0.293 H4€.1 S.£86 6.00
SAT I I 34 8C. 7.4 1.3 9.2 36. . 107
1 S 34 131. . 18.9 3.2 4.4 67..  164.
1 M 34 130. 19.0 3.3  14.6 7C. . 1€°%.
{ B 34 127. . 19,90 3.2 15.0 61. 15&.
! O 34 127. 17.2 2.9 13.¢ 67., 1€%.
CHLR | .S 34 3145 15.93 2.73 S0.€ 51.€6 51.7
i M 34 33.1 16.84 2.89 50.9 S4.32 5%4.4
| B 34 34,0 17.08 2.93 S0.3 54.1 54.2
3 o0 3% 33.1 16.97 2.91 £1.3 52.4 5Z.6
SR i I 27 348, 146.4 28,2 U4Z.4 4ys. 5°%€.
TEME | I 27 103 0.40 0.08 3.9 1«3 111
' 1+ 5 27 12.9 0.76 0.15 5.9 2.4 14,2
I n 27 12.9 0.74 0.4 5.7 2.4 14.2
i B8 27 12.9 0.76 0.14%  E.S 2.5 14.4
1 o 27 12.8 0.75 0.14- 5.9 2.4 14,2
TEMEN | 'S 27 Z2e6 0.76 C€.15 '28.% 2.6 3.6
| 8 27 2.5 0.75 0.14 30,0 2.6 3.6
i B 27 2% 0478 0.15 31.:Z 2.6 2.6
1 o 27 2.5 0.75 0.14 30.0 2.5 . I.5
NO3 i I 27 16,1 2.€2 <54 14.8 11.3 2:z.7
NGC3N | S§ 27 19.1 2.81 0.54 14.7 11.3 22.7
| w27 19.1 2.82 0.54 14.&8 11.3 22.7
-} B 27 19.1 2.81 0.54 14.7 11.3 23Z.7
1 o 27 19.1 . 2.79 2S84 14,6 11.3 22.7
OXY S G 7.39 0.644 0.124  B.7 3.23 9.¢7
’ | 5 27 12.26 1,022 0.1%7 £.3 3.€87 14.13
| u 27 1213 1.121 0.216 9.2 U.24 13.%€
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 Table 13.

Results of the analysis of variance ahdtmultiple‘claSsification.analysis for

selected variables for EXPU4A as a function of the independent factors TIME

and STATION. F values and significance levels in:the ANOVA are presented for the
nitrate-depleted period only, since the significance values for the total experi-
ment {t=34) are similar. The tea sampling times for the productivity variables
include every third day from Day 6. Data from the bottom station has been.

excluded {(N/I) in the analyses of the other variables ({TEMP to CCT). NULT R is the
multiple correlation between the dependent variable and both independent variables
TIME and STATION. The MCA table indicates the effect of each category of STATION,
expressed as a deviation from the grand mean, and shovs the time of the minimunm
and max;mum deviations durxng the nltrate-depleted period. .
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'BY TINE BY STATION
F SIG. ] 4 F SIG.

- e l - -~ -
*%x% _000 §{ 3 8.5 .001
*%x _000 | 3 8.5 .001
16. «000 § 3 1.9 .161
27. .000 § 3 1.9 .161
22. 000 | 3 1.7 .185

16. .000 § 3 2.4 .096
14. 000 § 3 0.6 .567:

18- 000 | 3 0.8 447 ,
8.1 .000 }.3 1.8 .178
16. 000 § 3 2.2 .119
3.3 .000 | 3 1.5 .224
12. .000 § 3 0.1 .929
16. .000 { 3 0.8 .u479
17. .000 3 3 2.2 .115
3.6 000 | 3 0.9 .409
2.8 2030 | 3 1.4 .274
2.7 036 | 3 1.3 .287
5.6 001 | 3 0.0 .984
2.1 .092 | 3 5.4 014
3.6 .011 | 3 1.2 .338
2.2 .079 { 3 5.1 .018
5.0 002 § 3 2.1 .153
2.7 .034 }. 3 0.5 .600
5.0 002 § 3 0.9 .435
4.0 .006 | 3 0.6 .588
6.8 011 ] 3 7.3 .015
13. .000 § 3 5.6 .013
1 3 16....000

ANALYSIS OF VARIANCE

24. .000

MULTIPLE CLASSIFICATION ANALYSIS

DEV'N BY
SUR MID
05 -.06
- 05 -.06
-02 .12
«-02 .12
«3 1.2
-.38 -.38
-05 -.04
-06 =-.23
-0.4 -0.6
01 .00
.02 . .00
-00 .00
«00: .00
00 .00
-02 .00
-11. -18.
-12. -17.
1. . Oa
-6.  -5.
~=09 =-.16
-+ 05 -.04
0.9 0.1
«6 0.0
<4 0.1
<1 =01
<4 1.5
<0 1.6
«8 -0.7

D - T - A - - -

STATION
BOT OUT
N/I .01
N/I .01
N/I =13
N/I -.13
N/I -1,
N/T .76
N/I .00
N/I .16
N/I 1.0
N/I =.01
N/I =.02
N/I .00
N/I .00
N/I .00
N/T -.01
29. N/A
29  N/A
-1. N/A
11. N/A
.25 N/A
1.00 N/A
-1.7  N/A
-0.6 N/A
-0.5 N/A
0.1 . N/A
-2.0 ©N/A
11.6 N/A

3.5 N/A

{-

DEV'N BY
MIN. DAY
-2.03 24
-2.27 - 31
-1.49 30,31
-3.45 13
-22.6 30
' -8.87 13
-1.23 20
-4.39 14
-10.9 28
-0.08 20,25
~0.13 25
-0-25 29
-0.11 20,25
-0.06 20,25
-0.16 20
-115. 30
- 93. 30
-22. 30
-14. 9
-1.01 30
-0. 15 9
- 4.3 30
- 3.3 30
- 1.3 24
- 0.6 24
- 3.6 30
-28.6 15,18
- 7.0 12

TINE -
i MAX. DAY
‘ ———————————
| 1.84 34
| 1.83 19,20
| 2.17 19
{ 2.76 20
{ 29.6 19
1 9.70 - 24
] 1.41 6
{ 6.87 6
1 9.1 7
| .10 34
i .19 28
| .31 19
| .12 34
| .06 28,34
{ .15 9
] 86.. 6,21
1 1024 6
| 65. 12
| 20. 27
f 111 6
1 0.16 6
| 4.3 12
| o4.1 21
| 5.4 12
| 1.0 34
1 .7 5
{ 48.1 21
| 17.5 30

YA



‘Table 14.

Results of the analysis of variance and multiple classification analysis for

"selected variables for EXPUB as a function of the independent factors TINME

and STATION. F values and significance levels in the ANOVA are presented for the

‘nitrate-depleted period only, since the significance values for the total experi-

ment ({t=34) are similar. The ten sampling times for the productivity variables
include every third day from Day 6. Data from the bottom statiom has been .
excluded (N/I) in the analyses of the other variables {TEMP to CCT). MULT R is the
multiple correlation between the dependent variable and both independent variables
TIME and STATION. The MCA table indicates the effect of each category of STATION
expressed as a deviation from the grand mean, and shows the time of the minimum
and maximum deviations during the nitrate-depleted period. .



l
|
|
1
|
H
i
{
i
H
{
|
1
|
CA l
CTA i
BC {
BCT {
CCT |
PGO i
ENO i
RES -
PROD |
PGODY
PCDY |
PGOST |
PNOST 1|
"RESST |
ASS 1
EXCST |
"~ ALPHAG{
- ALPHAC]

‘ANALYSIS
BY TIME

"SIG.

OF VARIANCE

BY STATION
F SIGa..

———— —— — — 1 s —

>
$ 8 5 & 3 8 8 0o ¢ 3 6

ONe 8 &8 8 2

NaOUWONS § WN=-*Nwu=aNWwOEOdNdOowwWw

PV WD OVENWOOREFONENWOYSWNNUNN
: ]
N
U
N

ST MWWRWLWWLWLWWWEEEEEE SR EFFeaEEESR

“d
o
[ ]

[

o
o
—t

-
o2}
]
]
o
o
(=)

B s S T S v GO Grar GD5 e A e S Gaas Gt G DD Stw G G i R B SRee TWe aow See G eaes e ARen dn

NS e Gen Bab pen SIS SA Gah e S0l mua Ehee WA AUl eR BB QEth G S Egu e Nae B e Sew
&=
>
[ ]

{GRAND

I MEAN.

- s v o e oo s s

SUR

-02

- 3-
. 3-
19.

1.0
1.1
-0.1
.1
0.8
-21. 4
- 3.2

- 20. .
23. .

25. .

-

MULTIPLE CLASSIPICATION ANALYSIS

MID

-0.2

-9.5-

'-1.‘5

BOT

2.

~06.

-12

-0.6

-0.6
0.0
0.0

=06
30.9

4.4

DEV'N BY STATION

ou?T

-.02

~.16
-. 16
-1.8
0.3
-.04
.36
1.0
.00
-01
.02

00

=00

-00.

N/A
N/A
N/A

N/A

N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A

|
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I
|
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|
i
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|
|
{
i
|
I
|
|
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l
|
|
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i
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|
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l
|
i

DEV'N BY
-MIN. DAY
-1.07 24
-1.54 31
-7.67 8
-2.25 23
-1.68 23
-26.9 23
-12.7 9
-1.60 20,21
-7.23 19
-20.2 9
- .04 19-21
- .09 .19,22
- <23 9
- .08 20,27
- .04 19-21
-0.1“ 19
-2409. 6
-231. 6
- 24. 9
- 16. 6
~2.26 6
- .13 6
- 3.0 -30
- 2.8 30
- 0.8 24
- 0.7 21
- 2.8 30
-29.2 6
- 6.4 18
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| HMAX.

1.33
1.04
3.53
1.91
1.71
27.7
11.6
3.54
4.31
9.6
e 11
-09
.34
.21
-11

108.
79
29.
18.

1.04
-13
4.6

-

CDm-APLnN
]

-k ~J

.18 .

NORNO =

13,34

20
27

12
33,34
13

15

8

24

15

8
29,33
26

8

8

9

12

12

12
34
12
34
6
18
6
6
18

30

30
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Table 15. . Productivity component aralysis for EXEd.
REGC,APGC and EFGC represent the proportion
of gross prcductivity due to vespiraticr,
assimilation and exudation. ESTEGC is the -
estimated gross productivity based cn the
model: ESTEGO=EEGO + AFGC + EPGC. ., See tike
text for an e€xrlamaticn ¢f the results, .

EXP4 — TABKK A

ANALYSIS CF VAERI2ZNCE i

VAR | GEAND | PMULT { BY SIN }JEY TIME § TOTAL {

{ MEAN | R | A SIG | T SIG | K SIG |

----- R I L e B ey
REGC | 0.21 | .805 | 3 .G8E& | ©:.055 ] 15 .119 |
APGO | D18 | «857 | 3 .271 1 5 0294 15 .0U4€ }
ESTPGO | €.598 | .6S7 | 3 2371 | 5 .4€1 | 15 .372 |
| | | | | |

RPGO } 0.20 | 745 ) 3 .946 }10- .048 ] 30 .0&7 |
AFGO | 0.19-1 €76 | 3 .039 110 ,CC1 § 30 .0C1 |

EXP4 - TANK B

"ANALYSIS OF VARIANCE
BY STN |BY TIME §J TOTAL

VAR | CGRANT |
R | A4 SIG |y T SIG ¥ s1¢
-

i HEAN

B el Il I T I B T - o e wn - -——— -

I !

H i | N
i ) | | |
RPGO | 0.18 | 844 | 3 .387 | 5 4035 | 15 .0€1 |
APGO | 0.19 | <S%3 | 3 .893 §{ 5 .0C0 | 15 .0C1 |
EPGO | 0.63 ] .768 | 3 .526 § 52122 | 15 .193 |
ESTPGO | 0.9S § 762 | 3 .872] .5 .108 { 15 .2C7 |
| - i | -
BPGO { 0.15 1 .807 | 3 .434 |10 .011 | 30 .01€ |
APGO ]| 0.17 §°.921 ] 3 .581 |10 .000 | 30 .0CC |



Table 16,

ERIMARY
PEODUCTION
SYSTENMS

SECONLARY
EECTUCTICN
SYSTENS

129

Experimental design for the investigation of twc-

stage continvcus cultures of plarktonic herbivcrous
food chains, with variable flushing rates in bcth
the primary production tank experiments

and the seccrnéary prcduction tarks

(EXPS4, EXPS5B)
(EXB1 tc EXEH). .

HKesults for the secondary ptoduct:on systers are
discussed in Chapter Ts

EXP

11
I11

Iv

TIMNE FEFICD
{Days)
t=1,14
t=15,28
t=29,41
t=42Z,49

TINE PERIOD
{days)

t=18, 25
+=26,33
t=3%,42

+=43,50

EXP5A

Fa Bo
(/day)

0.25
0.50
0.10

N/A

FeRo .
(7day)

1.00
12.00

1.00

EXPSE
Fa Fu .
(/day)

1.00
1.00
1.00
0.50

SCUECE OF

INFLOW -

Tank B
(FoEe=1.0)
.Tark B
{¥s Be=1.0)
Tark A
{(FaB.=0a1)

Tank E

FRIBARY
CCHECUNITY

Diatcocms
Diatcms
Flacellate

Mixed



Takle 17.

130

Results of tke nutrient enrichment experiments at
low (0.13 ly/min) and high (0.40 1y/min) intensities
of photosynthetically availakle radiaticn durirg
EXP5. The productivity was measured by the uptake of
radicactive carbecn (ug C/1l/hr). The *Vitanin nix' and .
*yitamin B12' additions were made at the sanme o

_concentraticn (*) or at 10x tte ccrcentratlcn {¥*)

as in the 'F Medlum"addltlon._

EXPERIMENT 1 . .. EXEFRIMENT 2

(lcw PAR) L _ - (high PAaR)

Enrichment Productivity  Enrichment Productivity
Control 101.- ' Ccntrcl - 104.
F Medium - F Medium

(10.0 ml) 117. . (10.0 ml) 114,

(1.0 »)  110. . - (1.0 m1)  10&.
Vitamin Mix . Vitapin Mix

(*%) 93. . (*%) A 103, .

| (*) 83.

Vitapin B12 | Vitagin B12

(*%) _ 112, - (¥3) "136.

(*) 123,



- CT

CcCT

. Table 18.
VAR | STN
______ P
SR i 1
SAL ] 1
TEMP } 1

.1 2-5
TEMPN § 2-5
NO3 '

| 2-5
NO3N { 2-5
~TNO3N | 2-5
oXY 11
' ] 2-5
OXYN | 2-5
TOXYN ] 2-5
SAT | Vv
_ | 2-5
CHLA § 2-5
~CHLB | 2-5
CHLC ] 2-5
| 2-5
BA. ] 2-5
CA 1 2=5
CTA i 2-5
BC i 2-5
BCT | 2-5
|

Descriptive statistics for selected variables for EXP5A, including a breakdown
into the three periods of variable flushing rates: F.R.=.25/day for t=1,14;

F.R.=.50/day for t=15,28; and P.R.=.10/day for t=29,41. N represents the total
nunber of data poiats, incorporating both .the factors TIME and STATION.

—— - —- > — ——— - ——n T W W —— s W N - > o -

TOTAL EXPERIMENT
MEAN S.D. RANGE

F.B.=.25/DAY

N MEAN S.D..
14 495,  14.9
14 12.0 0.76
56 18.7 2.16
56 6.7 1.55
4 14.3 - 2.91
56 5.0 8.60
56 9.3 6.19
56 12.0 6.12
14 7.65 .473
56 9.40 1.822
56 < 1.74 1.658
56 . 1.98 1.794
14 84, 6.1
56 119.  24.5
56 9.7 10.67
56 0.9 1.10
56 4.4 4.50
56 12.6 11.45
56 0.143 0.172
56 0.586 0.424
56 1.558 0.464
56 0.201 0.189
56 0.085 0.075
56 0.370 0.179

FtRu=-50/DAY
N MEAN S.D..

14 12.2 1.489
56 16.0 - 1.39°
56 3.8 1.26
14 1.1 7.70
56 0.0 0.08

Fe

B.=.10/DAY
MEAN S.D.
378.  49.0
11.1  0.34
19.8 1.61

8.8 1.38
21.9  1.28
0.0 0.13
21.9 1.20
24.1 1.98
6.55 160
9.73 1.812
3.18 1.896
3.18 1.896
71 2.0
125.  20.06
16.8 9.52

0.3 0.37
10.0 4.87
31.8 14.31

0.090 0.192

0.772 0.503

2.511 1.443

0. 068 0.103

0.021 0.033

0. 054

G B i e S B diad VTN e Ged Wit GRS (s UED Guns B Ee s Gl S Sme ey e SR G

1€1



Table 19. Descriptive statistics for selected variables for EXP5B, including a breakdown

: into the two periods of variable flushing rates: F.R.=1.00/day for t=1,41 and
F.R.=.50/day for t=42,49. Note that the first period (F.R.=1.00/day) corresponds
to the total experimental period for EXP5A. N represents the total number of
data points, incorporating both the factors TIME and STATION. '

- F.-R.=1.00 PER DAY " F.B-=0.50 PER DAY
VAR { STN | N HMEAN S.D. BANGE MAX { N MEAN S.D. RANGE MAX

_...-..'-...j..’____ "__._._..__..-..-__-...-_......_-—..--.. ’_- - - —— "> ———

298. 89.0 259.  380.

i
!
'SR . | 1 } 41 404. 105.6 371. 519.. 4 8 |
SAL  § 1 | 41 27.2 0.92. 3.1 28.9{§ 8 | | ~ {
TEMP | 1 | 41 11.9. 1.10 4.2 14.3 ] 8 10.6 0.46 1.4  11.5 ]
1 2-5 1 164 15.0 ~.925 3.8 16.5 4 32 15.0 0.57 1.8 ~ 16.0 |
TEMPN | 2-5 | 164 ~ 3.1 0.87 4.3 4.9 | 32 4.4 0.83 2.5 5.6 1
NO3 - f§ 1 | 41 16.4 6.18 22.4 24.9§ 8 22.9 1.86 5.0 .25.4 {
) 2=5 7] 164 2.8 6.48 21.9 21.9 ] 32 0.0 0.0 0.0 0.0 |
NO3N § 2-5 { 164 13.5 8.92 29.8 24.9 § 32 22.9 11.76 5.0  25.4 |
TNO3N | 2-5-7 164 15.9 8.06 27.1 27.2 4 32 23.4 1.89 5.6 26.6 |
OXY f 1 1 41 7.29 .884 3.08 8.96 | 8 6.14 0.387 1.00 6.76 |
g 2-5 7 164 10.92 1.612 6.44 14,12 { 32 11.05 0.981 4.44 12.61 |
OXYN ] 2-5 1 164 3.62 1.999 8.08 7.89 j 32 4.90 0.908 3.86 6.27 |
TOXYN | 2-5 ] 164 3.87 1.882 . 7.49 7.89 § 32 4.90 0.908 3.86 6.27 |
SAT | 1 | 41 80. 11.1 38. 101. | 8 66. 4.62 12.  T4. |
] 2-5 1 164 128. 19.4 T4. 88. ] 32 130. 11.6 S51.  148. |
CHLA | 2-5 1 164 25.8 15.78 61.4 61.5 ] 32 32.7 3.96 15.9 41.0 §
"CHLB § 2-5 { 164 0.6 0.88 3.3 3.3 ) 32 0.7 1.52 7.0 7.0 §
CHLC § 2-5 ] 164 15.0 9.76 39.%1 39.1 { 32 20.1 2.95 14.5 30.3 §
CT 1.2-5 ] 164 30.0 17.67 69.3 69.5 ] 32 38.3 5.14 22.5  48.0 |
BA., ] 2-5 ] 164 0.081 0.172 0.943 0.943 | 32 0.023 0.049 0.227 0.227 |
CA ] 2-5 1 164 0.659 0.392 2.285 2.285 § 32 0.616 0.084 0.418 0.959 |
CTA § 2-5 § 164 1.275 0.396 2.359 3.201 § 32 1.169 0.073 0.341 1.338 |
BC -~ ] 2-5{ 164 0.093 0.133 0.545 0.545 | 32 0.036 0.077 0.370 0.370 |§
BCT | 2-5 { 164 0.049 0.075 0.318 0.318 § 32 0.020 0.047 0.189  0.189 | .
CCT 1 2-5 | { 1

164 0.500 0.156 1.013 1.013 32 0.528 0.076 0.379 0.828

(A%



Table 20.

Results of the analysis of variance and multipie classification analysis for
selected variables as a function of the independent factors TINE and STN for
EXPSA. Statistics are based on data from the nitrate-depleted period (T>4). ***
indicates F-values greater than 99. The eleven *TIMES® for the productivity
variables include every third day from Day 6, except Day 15 when the data wvas
missing. The MCA indicates the effect of each category of STATION, expressed

as a deviation from the grand mean, and shows the maximum and minimum deviations
during the nitrate—depleted period. MULT R is the multiple correlation between
the dependent variable and both independent variables TIME and STN. Significance
values in the ANOVA are based on t—-1 df for TIME and a-1 df for STATION.



ANALYSIS OF VARIANCE . ' 'MULTIPLE CLASSIFICATION ANALYSIS

VAR | BY TIME - §{ BY STATION { MULT |GRAND | DEV'N BY STATION | DEV'N BY TIME
RAME 3§ T F SIG..{ A F SIG..] R | MEAN-| SUR MID BOT OUT | MIN. DAY | MAX. DAY
—-———.-’ ............. ’ ________ ._-_..l ...... I ______ ,—-.‘——_-.—------'---_-.—‘—'---——--'— ————— l—‘——-— .....
TEMP § 37 *%x%x _000 { 4 41. .000 § -994 | 18.4 | 0.15 0.09 -.45 0.20 { =~4.5 27 | 2.9 37
TEMPN § 37 **x _000 | & 41. .000 | .995 ] 6.6 ] 0.15 0.10 -.45 0.20 | =5.1 20 4 3.6 36
FO3. ] 37 2.5 .061 § 4 1.0 .482 { .536 | 0.0 } ~.01 -.01 .03 -.01} 0.0 MANY | 0.2 33
NO3N- | 37 #*%% _000 | 4 2.8 .042 }1.000 g 16.5 ] 0.01 0.01 -.03 0.01 § -13.4 20} 8.6 27
TNO3N | 37 *%% _000 | 4 2.7 .05% }1.000 § 18.8 | 0.01 0.01 -.04 0.01 } -9.2 20 | 8-4 34
OXY § 37 **x _000 | 4 12. .000 § .991 310.05 | 0.13 0.04 -.21 0.04 } ~-3.02 41 § 3.58 5
OXYN | 37 **% _000 | 4 12, .000 § .993 | 2.83 | 0-.13 0.04 -.21 0.04 § =-3.35 10} 3.91 29
TOXYN § 37 *%x _000 } 4 12. .000 } .993 | 3.09 § 0.13 0.04 -.21 0.04 § -3.47 10 § 3.65 29
SAT | 37 *%% _000 ] 4 18...000 | -.987 § 126. ] 2.0 0.8 -3.6 0.9 1 -34. 43 g 48. 5
CHLA | 37 *** _000 { 4 4.9 .003 | .99% § 18.8 | -0.6 -0.5 =-1.0 0.1 § ~-18.0 41 | 26.8 26
CHLB § 37 7.3 .000 § & 1.2 .311 | .851 ¢ 0.4 ] 0.0 0.0 0.1 -0.1] =-0.4 23-31 | 3.0 5
CHLC § 37 43. .000 § & 3.2 .025 { .969 | 10.2 § -0.3 -0.2 0.9 -0.4 § -9.5 11 {1 16.96 26
CT { 37 90. .000 §J 4 2.3 .078 § .985 } 27.9 | -0.6 -0.8 0.5 0.9 | -23.5 41 1 28.7 26
BA § 37 8.6 .000 § 4 .79 .500 | .862 §{ 0.07 4 0.0171 0.071 0.00 -.02 § -0.07 MANY } 0.55 41
CA ] 37 6.1 L,000 } 4 1.5 .213 § .829 ] 0.61 ) 0.04 0.02 0.02 -.07 § -0.47 111 1.58 41
CTA ] 37 26. 000 | 4 .62 .606 § 951 { 1.81 ] 0.01 0.05 -.06 0.00 { -0.68 S| 4.30 41
BC 1 37 5.2 000 ) 4 .42 .737 1 .798 | 0.08 |} -.01 0.01 0.00 0.00 § -0.08 23-31 ) 0.41 8 .
BCT } 37 6.3 .000 ] 4 .36 .782 | .824 | 0.03 § 0.00 0.00 0.00 0.00 } -0.03 23-31 j 0.11 9
CCT ] 37 4.0 .000 § 4 3.0 .033 { .769 | 0.35 4§ 0.01 0.00 0.03 -<03 } -0C.26 11} 0.14 24
PGO § 11 .18. 000 1 3 1.3 .284 § -949 § 160. .4 4. - 9. =-13. N/A § ~-104. 9 10S. 21
PNO ] 11 18. .000 jJ 3 0.7 -.523 ] .948 § 119. t -3. 9. =-6. N/A | -107. 91 125. 2%
RES | 11 1.7 2153 | 3 1.4 .267 | 705 { 43..) 6.6 0.2 -6.8 ©N/A ] =-20.9 - 39 | 21.4 27
PROD | 11 34, .000 § 3 1.7 .208 | 972 | 6% | -2.4 4.2 -1.7 N/A | -46.9 9 1 50.1 24
PGODY | 11 .14, .000 4 3 1.4 .261 |} .938 { 1.39 ¢. .04 .08 -.12 N/A 1 -.89 9,39 ] 1.03 21
PCDY | 11 26. .000 § 3 1.8 .197 | .983 § 0.50 § -.25 .34 -.09 N/A § ~-.38 9 | -36 6
PGOST | 11 3.% .010 J 3 1.1 .353 ¢ .801 | 10.6 § 2.1 -0.4 -1.8 N/A | ~=-6.0 i8 § - 17.4 9
PNOST | 11 12. .000 )} 3 1.4 .267 | .929 } 6.5 ] -0.1 0.6 -0.5 N/A § -3.6 18 | 7.2 21
RESST | 11 4.3 .003 | 3 1.4 .259 ¢ .834 | 4.1§ 2.2 -0.9 -1.2 N/A ] -2.8 24 §  18.5 9
“ASS | 11 3.7 .006 } 3 0.5 .626 } 811§ 3.8 {1 0.3 0.0 -0.3 N/A ] ~-2.1 18 | 3.0 9
EXCST { 5 8.3 .006 | 3 1.8 .234 | .906 § 2.2 | -0.2 0.3 -0.7 N/A } ~0.7 - 18 1.3 12
ALPHAG] 11 2.4 .043 ] 3 0.2 .813 | 744 | 39.8 )} =-1.6 =-1.3 2.9 N/A { -17.9 36 § 29.2 6
ALPHAC] 11 2.6 032 | 3 3.1 .068 | .786 | 14.0 ) -2.5 -0.2 2.7 WN/A | ~-6.4 27 } 8.9 24
EPGO | 11 7.1 ..000 | 3 1.9 .170 | .888 § 0.32 § 0.06 -.03 -.03 N/A } -.22 21 3 0.47 9
3.2 012 | 3 1.5 238 | 799 | 0.40 } { -.18 21 «29 6

veT



Table 21

Results of the analysis of variance and multiple classification analysis for
selected variables as a function of the independent factors TIME and STN for

EXPS5B. Statistics are based on data from the nitrate-depleted period {T>6). F-values
greater than 99. are denoted by ***, The eleven 'TIMNES® for the productivity
variables include every third day from Day 6, except Day 15 when the data was
missing. The MCA indicates the effect of each category of STATION, expressed

as a deviation from the grand mean, and shows the maximum and minimum deviatioas
during the nitrate-depleted period. MULT R is the multiple correlation between the
dependent variable and both independent variables TIME and STN. Significance

values in .the ANOVA are based on t-1 df for TIHNE and a-1 4f for STATION.



ANALYSIS OF VARIANCE . MUOLTIPLE CLASSIPICATION ANALYSIS

MULT {GRAND

VAR § BY TINE | BY STATION | i DEV'N BY STATION | DEV'N BY TIME

NAME |} T F SIG. | A~ F SIiG. .} R | MEAN } SUR MID BOT OUT } MIN. DAY ] MAX. DAY
e fmm—mmm e o R e R R B

TEMP | 35 *%**:,000 | 4 25. .000 ) .986 f 5.1 ) 0.12 -.02 -.21.0.10 § ~-2.1 26 | 1.3
TEMPN | 35 *** _000 | 4 25. ..000 § .986 | 3.2 ) 0412 =.02 -.21 0.10 | -2.6 20 1.4 41
NO3 ] 35 37. 000 | 4 1.7 .168 | .962 | 0.3 1 0.0 0.0 0.1 0.0 {1 ~-0.3 MANY | 4.0 13
NG3N | 35 =%*x _000 | 4 1.7 163 ] .999 } 16.2 § 0.0 0.0 -0.1Y 0.0 § -13.7 20 | 8.5 27
TNO3NK | 35 *%% _000 | 4 1.7 .164 | .999 § 18.3 | 0.0 0.0 -0.1 0.0 1 -9.3 20 ] 8.9 34
OoXY § 35 16. .000. 1 4 11a 000 ] .927 111.38 4 0.24 0.21 - 44 -.01 § -2.80 - 12 | 1. 95 32
OXYN. § 35 30.-.000 § & 11. .000 } 955 § 4.17 § 0.24 0.21 -. 44 -.0V | -2.84 20 | 2.96 32
TOXYN | 35 **%x _000 § 4 11. .000 j 947 § 4.47 | 0.24 0.21 ~-.44 -.01 ¢ -2.92 12 | 2.72 32
SAT ] 35 15. 000 § ¢ 12. 000 ] .920 1 134. ) 3.2 2.4 ~-5.7 0.2 1| -32. 12 1§ 25. 8
CHLA | 35 50. .000 § 4 3.7 .015 ¢ .971 § 29.6 | -0.6 -0.4 1.8 -0.9 | -23.3 12 | 24.6 27
CHLB }J 35 47. .000 | 4 .38 .768 § .970 1 0.6 |} 0.0 0.0 0.0 0.0 ] =-0.6 HMANY | 2.3 7
CHLC § 35 68. €00 | 4 1.2 .304 | 979 § 17.1 3 0.0 0.1 0.4 -0.51] =-15.0 11 15.2 26
CT § 35 82. .000-) 4 3.1 .352 | .966 § 34.3 ] 0.0 -0.5 1.1 ~-0.7 § -26.8 12 | 26.8 - 27
‘BA { 35 2%1. .000 | 4 .28 843 | -934 }J 0,03 § 0.00 0.00 0.00 0.00 } ~-0.03 MANY |} 0.07 8
. CA } 35 24. 000 | 4 .98 403 | .943 } 0.57 ) 0.0%Y 0,01 -.01 0.0 § -0.34 11 } 0.31 21
"CTA ] 35 21. 000 § 8 1.3 o265 | .935 ¢ 1.18 | 0.02 -.01 -.01 0.01 } -0.25 T 1 0. 36 36
BC { 35 19. 000 3 &4 .41 .748 | -.928 |} 0.06 § 0.00 0.00 0.00 -.01 y ~0.06 MANY | 0.27 8
BCT ] 35 17. 000 | 4 .35 .789 | .922 ] 0.02 |} 0.00 0.00 -0.00 0.00 § -0.02 MANY | 0.08 8
CCT ] 35 16. 000 } 4 .57 .637 | «919:§ 0.48 | 0.00 0.01 0.00 ~.01 } -0.25" 11 | 0«19 18
PGO ] 11 83. .000 | 3 D.8 465 | .988 § 304.,}  7.. O. =-7. N/A ) =-225. 12 | 155. 33
PNO { 11 65. 000 § 3 0.4 .666 § .985 § 263. § ~-4. -1. 5. N/A | -200. 12 | 148. 33
RES 1| 11 3.2 012 § 3 1.6 .235 §J .800 | qa. | 8.5 ~2.1 -6.4 N/A } -37.2 6 | 25.2 36
PROD § 11 9.6 .000 § 3 0.5 .607 { 911 }) 101. ] ~-5.. -3. 8. N/A | =64. 12 i 139. 27
PGODY | 11 68. 000 | 3 0.8 473 | .986 § 2.56 } .06 .00 -.06 N/A } -1.85 12 ] 1. 27 33
PCDY | 11 8.9 .000 | 3 0.5 .610 ] .905 ] 0.84 | -.46 -.23 .70 N/A | =.52 12 4 1. 12 27
PGOST { 11 15. -.000 ] 3 2.1 L1571 | 941 1 11.0 | 0.2 0.6 -0.8 N/A |} -5.9 18 |} 6.1 36
PNOST | 11 21. 000 ¢ 3 0.7 -507 | .956 1} 9.5 | 0.0 0.3 -0.3 N/A 1 -5.3 18 | 4.9 36
RESST | 11 2.7 .029 | 3 0.2 .842 | .759 | 1.7 | 0.0 0.1 -0.1 N/A g3 =1.3 6 | Te 4 21
. ASS ] 11 8.8 000 ) 3 1.0 .403 1 .908 ¢ 3.8 § -0.4 0.2 0.2 N/A ] =-2.0 27 4.0 -6
EXCST § 5 59. 000 ] 3 0.1 .939 | .984 |4 4.0 § 0.0 -0.1 0.1 N/A | =-2.6 12 | 4.2 36
- ALPHAG] 11 8.0 000 § 3 37. .000 ] 941 ] 48.71 1-15.0 -1.7 17.1 N/A | =-19.7 21 { 17.9 ° 30
. ALPHAC] 11 3.7 015 | 3 22. .000 | .888 ] 15.7 | -6.3 -0.6 7.0 i -8.2 21 4 6e2 9

- N/A

9¢1
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Table 22, = Results for the productivity variatles, averaged for:
the three periods of variable flushing rates in FXP5A,
with EXP5B results during the same time. gericd as a
ccmpariscn. .Saepling times include Days 6,% and 12 fcr
Period 1 (F.E.=.25/day), Days 18,21,24,27 for Feriod 2
{F.B.=,50/day) ané Days 30,23,36,3¢ for Pericd 3
(FoRa= .10/day). HMeans -for the total time period are
found in Takle 20 and Takle 21., S

'EXPSA
FeR.=.25,/LAY FPoB.= .SO/EAY F.F.=.10/12Y
VAR | STN | N MEAN S.De..}] N MEAN Selo:] N MEAN -$.D. .1
- l ..... i-—_,—-_-—---'.----’ _________________ "'""""—"’-"'T‘""
EGO 1 224} 9 111. #6.3 ] 12 224. 88.4-] 12 132.. €2.0
EGC ! 2-4 § 9 69. U4%5.1 ] 12 182. £S5.§& | 12 €3, 4.9 )
RES ] 2-4 | 9 42. , 2061 12 42.  21.3 | 12 40, , 22.1 |
EEOL | 2-4 | 9 56. 40.2 | 12 70. 30.& ] 12 S5. ., 23.6 |
PGOST | 2-4 | 9 16.6 13.28 | 12 8.4 4,40 | 12 8e2 Z.25 |
ENOST | 2-4 | 9 7.1 3.06 | 12 7.0 4,42 § 12 £«5 1.79 |
RESST { 2-4 { 9 9.5 13.1 1] 12 1.5 0.70 | 12 Ze6- 1.30 |
ASS | 2-4 | 9 6.0 2.3 1 12 2.5 0.%4 | 12 3.3 €.70 |
BGODY | 2~4 | 9 1,00 — 414 | 12 1.96 .592 ] 12 111 .13 j§
ECDY | 2-84 | 9 0.47 .322 | .12 €.58 4173 | .12 Q.45 - .185 |
ALPHAG) 2-4 | 9 43.3 31.39 1 12 47.7 17.72 { 12 29.3 11.12 |
ALEHAC] 2-4 | 9 15.3 . 5.68 | 1z .4 B.61 ] 12. 11,7 3.45 |
AEGO | 2-4 | 9 0.45 .203 | 12 0.34% . .145 § 12 0.43 - .135 |
EEGC | 2-4 | 9 085 4276 | 12 0.21 .14€ | 12 0.32 - .142 |
EXPSE
EGO | 2-4 | 9 206. 105.6 | 12 262. 134.2 | 12 . 420. 5€.1 ]
EGC ] 2-4 | 9 179. 8%.9 | 12 225..116.8 | 12 366. . L4.2 |
RES 1 2-4 | 9 27. 2648 1 12 46, 26.86 | 12 5. 2Z.4 |
PEOD } 2-4 |} 9 110., 68.7 | 12 105. 88.2 | 12 91. . Z€.3 |
EGGST | 2-4 | 9 12.6 1.70 | 12 - 7.1 1.8S% | 12 13.7 2.77 |
ENOST | 2-4 § 9 10.9 1.91 | 12 6.1 1.4 | 12 11.9 2.06S |
"EESST } 2-4 | 9 1.7 141 1 12 . 1.5 1.07 | 12 1.8 (.86 |
ASS | 2-4 ) 9 6.5 1.90 | 12 2.6 1.12 | 12 2.9 C.52 )
EGOTLY | 2-4 ] 9 1.78 .913'| 12 2.20 - 874 | 12 3.50 = 467 |
PCDY | 2-4 | 9 0493 -.597 | 12 0.87 .704.} 12 0.75 - .218 |
ALEHAG] 2-4 | -9 35.5 10.68 | 12 4€.71 24.42 | 12 57.7 1€.56 |
ALPHAC] 2-4 | 9 18.7 S.67 | 12 16.4 8.26 | 12 -12.7 €.22 |
RPGO | 2-4 | S | | |

0.13 - .106 12 . 0.20 = 4105 12 0.13 . .C45
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Takle 23. .  Prcductivity ccmpcnent apalysis for FXP5.
. : REGC,aPGO and EPGO represent the propcrtion
cf gross productivity due to resriration,
~assimilaticn and exudaticn. ESTEGO is the
estimated grcss productivity Lkased on tke
subk-nodel: ESTPGO=RPGC + BEGO + EPGO . See
the text for an explanation of the results.

EXP5 — TABK A

ANALYSIS OF VREIARCE

VAR |GRAND | BULT | BY STN {EY TIME | TOTAL |
| HEAN | R} A SIG | T SIG | N SIG |
e B L R j-=m-m==- [-==-mzo-- |
REGC | 0.29 | -798 | 3 .062 | S 2287 | 15 .131 |
APGO § 0.48 | .791 | 3 .489 | 5 .089 | 15 .145 |
EEGO | 0.29 | .657 | 3 549 | S 363 | 15 476 |
ESTPGO | 1.06 | 825 1 3 724 | 5 .042 | 15 .0€€ |
o R | | !
RPGO | 0.32 | .888 | 3 .170 |11 .000 | 33 .000 |
APGO | 0.40 | .799 § 3 .238 |11-.012 | 33 .016 |
EXP5 - TAMNK B

| ANALYSIS OF VAEIANCE

VAR |GRAND | MULT | BY SIN |BY TINE | TGTAL |
| WEAN | E | A SIG | T SIG | § SIE |
------ R Bt B e P oot

RPGO | 0.14 | .856 | 3 063 | S .063 | 15 .0UE |
APGO | 0.36 |-.S51 | 3 .352 § 5 .060 4 15 .00C |
EPGO § 0.34 | .965 ) 3 .081 ¢ 5 -.000 § 15 .0CC |
ESTPEO | 0.64 | .781 | 3 .353 | £ .122 | 15 .1€5 |
1 - | 1 ' H | |
EPGO | 0.15 | .7€4 | 3 966 |11 .024 { 33 .04% |
APGO | 0.36 { .890 | 3-.427 |11..000 { 33-.0CC |



Table 24. Two-stage continuous culture of herbivores. Statistical summary of
’ environmental variables during each oyster experlment (t=8) for the
four tanks (Tank 4= Control). ANOVA's are for Tanks 1,2 and 3 only._
See Appendices 1 and 2 for a descrlptlon of the vatlables.

SRR | i S l | ANOVA BY
i EXP. I | EXP. 11 { EXP. III | EXP. IV | EXP TANK
| M i o - | ‘

VAR TANK|] MEAN S.D. | MNEAN  S.D. | MEAN S.D. | MNEAN S.D. | S1G. S1G.
---------- el Bl el B B bttt
TENP 11 18.4 2.44 | 20.1 117 | 23.3 - 2.29 } 19.5 1.51 |

2 1 18.5 2.40 1 20.1 1.12 ] 23.3 2.31 1 19.4 ° 1.53 ]| .000 .793
| | B : 2 L I ' |
STRKUP - 1 ] 21.2 14,79 | " 17.7 . 8.80 | 7.2 6.25 | 18.5 6.71 |
o 2 ) 22.6 14,88 | 25.4 11.60 | 8.1 6.86 | 2642 7.69 | .000 .050
3 ] 23.71 15.47 |} 30.4 14.49 | 8.1 6.92 | 29.7 9.60 |
4 | 15.3 10.40.¢4 12.1 7.00 ] 5.8 4.96 | 10.3 5.73 |{
: ! ‘ | : l | A
~ BA T 1 <195 21947 '} 031 .0468 | 400 4416 | 019 .0202 |
‘ 2 | <269 .1306 | .062 L0744 | .668 L4514 |. .068 L0557 | .000 .186
3 ] <326 L1569 | .056 .0579 | .463 .3044 | L1157 1274 | .
4 § 070 - .0833 | .000. .0000 § .229 .2440 | .04 .0223 |
. | ' | i : | |
OXYUP 1} 3.39 1.375 | 4.47 1.198 | 3.97 1.112 | 4.77 0.733 |
2 1 3.88 1,180 | 5.57 1.570 | 4.16 1.662 | 5.18 0.664 | 000 055
31 4.07 1.258 ] 6.31 1.699 | 3.43 1.231 | 5.74 0.566 |
4 )] 1.87 1.276 | 4.37 1.065 | 3.74 0.898 | 4.24 0.757 |
_ S | ' I ' | , | N
- CTA 11 1.35 «120 1 1.50  .219 | 3.80 2.461 | 1.48 «056 :
2 1 1.49 «326 | 1.55 «199 | 3.72 1.038 | 1.45 .091 | .000 .970
3§ 1.55 «285 | 1.47 <220 ) 3.76 0.755 § 1.57 .188 |
4 | 1.56 « 256 | | | 1.52 .152 |

1.54 « 181

6€1



‘Table 25. Descript‘ive statistics for the six growth variables for each cultch at the start
' of each of the four herbivore experiments; TIME=4 summarizes the final measurements.

- LENGTH . WIDTH "DEPTH . TOTAL WGT . MEAT WGT SHELL WGT

I.D.. MEAN S.D. MEAN S.D. MHEAN S.D.. MEAN S.D. MEAN S.D. MEAN S.D. V¥
TIME=0 : - ’ :
CULTCH ALL 5.7 0.97 3.2 - 0.61 1.7 0.30 12.8 4.70 4.0 1.51. 8.8 3.27 96
CULTCH 1 4.0 0.39 2.8 0-40 14 0.21 . 5.7 0.97 1.8 0.38 3.9 0.68 8
CULTCH 2 . 5.1 0.27 3.4 0.35 .7 0-15  10.5 1.66 3.6 0.76 7.0 0.98 8
CULTCH 3 5.1 0.40 2.8 0.62 . 1.7 0.24 = 9.7 3.59 3.1 1.26 6.6 2.37 8
CULTCH 4 4.9 0.19 . 3.1 0.53 1.5  0.20 8.9 2.01 2.8 0.91 6.1 1. 18 8
CULTCH 5 5.2 0.39 2.9 0.50 1.7 0.36 10.2 2.38 3.2 0.75 6.9 172 - 8
~CULTCH 6 6.0 0.19 3.6 0.34 1.6 ~ 0.31 14.4- 2.88 4.7 1.10 9.7 1.88 8
CULTCH 7 5.8 0.26 3.2 0.45 1.7 0.23  12.8 2.37 4.0 0.94 8.8 1.52 8
CULTCH 8 5.8 0.u43 3.1 0.83 1.9 0.2 14,1 3.50 4.3 1.16 3.8 2.48 8
CULTCH 9 5.8 C.16 3.1 0.42 1.6 0.31 13.2 2.85 4.1 . 1.05 9.1 1.80 8
'CULTCH 10 6.9 0.36 3.9 0.73 1.9 0.31 18.3 3.84 5.6  1.41 12.7 2.46 8
COLTCH 11 7.2 0.26 3.6 0.70 - 1.9 0.29 18.3 2.29 5.5 1.17  12.8 1.50 8
CULTCH 12 7.1 0.37 3.2 0.39 1.9 0.24  18.1 3.60 5.4 1.20 12.7 2.55 8
TIME=1 _ ' : )
CULTCH ALL 5.8 0.95 - 3.4. 0.61 1.8 0.28 14.1- 4.87. 4.5 1.56 9.6 3.37 96
CULTCH 1. 4.1 - 0.38 2.9 0.40 1.5 0.18 6.7 .11 2.1 0.4 4.6 0.78 8
CULTCRH 2 5.3 0.35 3.5 0.55 1.8 012 12.0 1.74 4.1 0.73 8.0 1-.06 8
CULTCH = 3. 51 0.39. 2.9 0.59 - 1.7 0.24% 10.6 3.77 3.6 1.29 7.1  2.45 8
CULTCH 4 5.0  0.21. 3.1 0.47 1.6 0.19 10.0 2.06 3.3 0.87 6.8 1.26 8
CULTCH 5 5.3 C.42 3.0 0.44 1.7 0.36 11.2 2.37 3.5 0.80 7. 6 1.81 8
CULTCH 6 6.1 . 0.30 3.8  0.31 1.7 0.26 15.7 2.74 5.2 1.05 10.5 1.80 8
CULTCH 7 6.0 0.29 3.5 ~0.53 1.8 0.23 14.4 2,70 4.6 - 0.98 9.8 - 1.78 8
CULTCH 8 5.8 0.39 3.2 0.84% 1.9 0.23 15.1 3.61 4.6  1.22 10.4  2.52 8
CULTCH S 6.0 0.20 3.5 0.39 1.7 0.28 15.2 2.87 4.9 1.01  10.3 1.89 - 8
CULTCH 10 6.9 0.37 3.9 0.74 2.0 0.28 19.7 4.11 6.1 1.49 13.7 2.66 8
CULTCH 11 7.3 0.29 3.7 0.67 1.9 0.26 19.7  2.64 - 6.1 1.25 13.6 1.68 8

12 7.1 3.4 0.37 1.9 19.1 3«99 5.9 1.28 13.3 2.82 8

'CULTCH 0.42 0-23

oY1



LENGTRH ~ WIDTH - DEPTH - TOTAL WGT = MEAT WGT . SHELL WGT
: I.D.  MEAN S.D. . MEAN S.D. . MEAN S-D. . HMEAN S-D. . MEAN  S.D. MEAN S.D. N
TINE=2 ' '

CULTCH ALL 6.0 0.93 3.6 0.67 1.8. 0425 15.9 Se 27 5.1 - 1.71 10.8 3.63 - 96
CULTCH 1 4.4 0.50 3.2 0.55 1.6 0.16 . 8.1 1.36 2.6 0.46 5.6 0.97 8
CULTCH 2 5.6 0.52 3.9 0.62 1.9 0.12 14.3 2.10 4.8 0.69 9.4 1.48 8
CULTCH 3 5.3 0.38 3.0 0.54 1.7 0.18 11.7 4.11° 4.0 1.57 7.7 2.58 8
CULTCH 4 5.3 0.37. 3.3 0.41 1.6 0.23. 12.1 - 2.04. 4.1 0.83 8.1 1.35 8
CULTCH - 5 5.4 0.47 3.1 0.40 1.8 0.33 12.3- 2.u48 3.9 0.86 8. 04 1.73 8
CULTCH 6 6.4 0.45 4.1 0.38 1.8 0.22 17.4 2.76 5.9 1.03 11.5 1.90 8
. CULTCH 7 6.2 - 0.33 3.8 0.69 1.9 0.24 16.2 3.18 5.2 1.06  11.0 2.1 - 8
CULTCH 8 ‘5.9  0.40 3.4 0.90 1.9 0.28 16.7 3.98 542 1.39 11.5 2.70 8
"~ CULTCH 9 6.1 0.28 3.8 0.50 1.9 0.24 . 16.9 3.02 5.5 .03 11.4 2.05 8
CULTCH 10 6.9 0.36 4.1 0.72 2.0 0.26  22.6 4.72 6.9 1.69 15.6 3.08 8
CULTCH 1% 7.4 0.35. 3.9 0.74. 2.0 0.25 21.6 3.19 6.8 1.36  14.7 2.04 8
CULTCH 12 7.2 0.50 3.7  0.45 2.0 ©0.21 21.1 4.75 6.7 149 14.4 . 3.36 8
"TIME=3 ‘ S :
CULTCH ALL 6.1 0.93 3.8 0.71 1.9 0.27 17.2 5.66 5.4 1.78 11.8 3.96 96
CULTCH 1 4.5 0.45 3.6 0.61 1.6 0.2 9.3  1.53 2.8 0.58 6.5 1.16 8
CULTCH 2 5.6 0.51 4.1 0.70 2.0 0.23  15.5 2.40 5.2 0.82 10.3 1.70 8
- CULTCH 3 - 5.5 0.43 3.3 0.59 1.7 0.20 12.7 4.19 4.2 1.53 8.6 2.69 8
CULTCH 4 5.3 0.38 3.3 0.40° 1.7 0.21 12.7 2.87 4.1 1. 11 8.6 1.85 8
CULTCH 5 5.4 0.51 3.2 0.48 1.9 0.36 13.2 2.75 4.0 0.95 9.3 1.94 8
CULTCH 6 6.4 0.43 4.2 0.51 1.8 0.21 18.4 3.17 5.8 1.23 12.6 2.11 8
CULTCH 7 5.2 0.33 3.9 0.72 1.9 0.20 17.4 3.46 5.4 1.11 12.0 2.38 8
CULTCH 8 6.1 0.46 3.6 1.03 2.0 0.18 18.0 4.37 5.4 1.40 12.6 3.04 8
CULTCH 9 6.2 0.38 4.0 0.60 1.9 0.33 18.7 3.37 6.0 1.08 12.7 2.35 8
CULTCH 10 7.1 0.28 4.3 0.77 2.1 0.26 24.8 5.09 74 1.60 17.4 3.57 8
" CULTCH - 11 7.3 - 0.37 3.9 0.74 2.0 0.26  22.9 3.65 . 7.1 144 15.9 2.40 8
12 7.3 3.9 ~0.50 2.0 6.9 1.51 15.3 3.73 8.

CULTCH 0.48 0.22  22.1 5.13

1



~ cULTCH 12

| LENGTH  WIDTH - DEPTH  TOTAL WGT . MEAT WGT  SHELL WGT
I.D.. MEAN S.D. MEAN S.D.. HEAN  S.D.. MEAN. S.D. . MEAN S.D. MEAN S.D. N

 TIME=4

WO mPOW™MWL PN

CUOLTCH, ALL. 6.1 .91 3.8 0.74 1.9 0.27 19.2 6.15 6.1 1.97 13.2 - u4.27 9
CULTCH 1 L.6 0.43 3.7 0.71 1.7 0.21  10.5 1.77 - 3.2 0.57 7.4 - 1.30
CULTCH 2 5.6 041 4.1 0.64 2.0 0.22 18.1 2.94 5.8 0.72 12.3 = 2.44
- CULTCH 3 5.5 0.41 3.2 0.85 1.8 0.20 4.5 4.51 4.9 1.69 9.7 2.85
CULTCH 4 5.3 0.31 3.3 041 1.7 0.25 4.6 2.96 . 4.7 1. 24 9.9 1.78
CULTCH 5 5.4 .43 3.2 0.46 1.8 0.33 4.6 3.19 . 4.5 .13 1.1  2.23
CULTCH 6 6.5 Q.41 4.3 0.47 1.9 0.22 20.8 3. 21 6.7 1.217 4.1 2.26
CULTCH 7 6.2 0.33 3.9 0.69 1.9 0.21 19.7 4.29 6.3 .34 13.4 3.00
© CULTCH 8 6.1, 0.49 3.6 1.04 2.1 0.20 19.5 4.97 6.1 1.57 13.4  3.46
- CULTCH 9 6.3 0. 35 4.0 0.51 1.9 0.32  21.6 = 3.58 6.7 0.98 14.8 2.81
CULTCH 10 7.1 0.23 4.3 0.79 2.1 - 0.22 27.0 5.42 8.4 .73 18.5 3.77 .
CULTCH N 7.3 0.39 3.9 0.76 . 2.1 0.23 25.2 §.50 7.9 ~1.64 17.3 2.99
7-4 4.0 045 2.0 7.7 1.75 16.7 4.32

0.48 ©0.23 24.4 5.9

i
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Table 26. Fesults cf the net and percent increases per oyster
for the six growth variables, including significance
levels for the effect c¢f size and density on grcwth.
The #,%% %%% jndicate a significant linear relaticn .
at the .05, .C1 and .001 levels respectively.

. NETL NETH -  NETD
EXP NEIN SIZE DENS  HEAN SIZE DENS  MEAN SIZE DENS

I 2108 4112 .121 L1145 .003-.271 <040 o007+ 4CO03

* * . * %
11 "« 174 4012 . 4C7 <242 849 .106 @ .076: .122: .008
E ' . ¥

111 .085 .533 .578 ,168-.0844.5Q1 “«056- 4532 4511

Iv -040 .492- .£23 022 «236- .817 -~ .018 .457 -862

NETHT NETWHHM _ NETHUS

EXP . MEZN SIZE DENS  MEAN SIZE DENS MEAN SIZE LEDNS

I .1.28 «0U41. ,000 046 .070- .CC5 ¢.81 .156- .CG00

Hkk & ¥ % ' $ %%

11 179: 023 .003 " 0.65 .007-.001 1..13 . 103: .GCH

‘ % %k : £ 2°3 1 ® ¥ %

S ITIT 1.24 4036 .315 021 .450 .032 1. 03: .028 570

¥ ‘ ' ; % : %x

IV 266,018 .C02 072 .000- .098 1. 35 .259-.900

. %%
PERL . PER¥ EERD

"EXP MERN SIZE DENS MEAN SIZE DEXS HEAN SIZE LENS

I .012.003.252 - .047-.009 .443 027 .002: .C10

_ T T Bk kK
B & ¢ - +032 .000:.653 .075:.847 117  .047 .025 .C23
. ‘ e ‘ _ * A%
IIT  .011 .196 .318 ~.048 .023 .25€ . .033-.519: ,€56
. * N .

1v <C07-.597 564 - .006 .545 .766 012 .436 .$72

PERHT . PERWH . : - PER¥S
‘EXP MEAN SIZE DENS. MEAN SIZE DENS ME2N SIZE DENS

I «111 .000- o003 = .138-.027 ,294 «162: 4 000- 4 CCB

‘ L E I Tk R £ 1 * %
11 +«135 .000: .083 154 ,008:.117 :.126 .000-.140
: AR * - %% ] Rk
111 -081 .003: .277 «044: ,249 J1C3 . ,089 .003- .6C¢€
‘ * , o *
Iv » 125 .005: ,002 139 4674 .720 ~.120 005 .000
: Ak Bk ‘ : LR LI XS
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Table 27. Nch—linear least squares fit {(LSPF), ﬁsing

a grid search method (Bevington,1968), of

the productivity, B® (ug C/ug CHLA/hr), versts
light, EAF (ly/min), data for loth the 'TAKE?!

and 'SMITE' hyperbclic mcdels. The ;atametet A(N)
ccrrespends to PHAX and represents the raxinmum
net productivity (R®was set tc zero for the
calculaticns). The subrcutire parameters are
described at the end of the Table. . o

I .TANH MCDEL

B8 = PMAX*TANH(S*PAR/PMAX) - g

1. . P VS I- 14 BDEG, (ELCCB),NAIPHA 2,N=7,E-NET

ALEHB,S = 11.83

- XD = 0.043 0.103 0.154 0.231 €.317 0.377 0.48¢
Y (1) = 0.320 1.030 1.650 2.500 3.220:3.250 3,380
YFIT(I)= - 0.506 1.182 1.70% 2.372 2.932 3.217 3.56%
NPIS= 7 “ ‘ ' :
NTEEMS= 1
MCDE= 0

A{1) INITIAL= 3.900 FINAL= 3.98¢
DELTAA (1) INITIAL= 0.050 . FINAL= 0.033
SIGHAR(1)= 1.219 : -

. CHISQR= 0.039 . AVG Y(I)= 2.193
GANMA= 0.196€1 GAMMAN= 0.CES66 .
2. P VS I- 16 DEG,{BLCCN),NBLPHA ,N=7,F. NET
ALPHA,S = 21.83
X (1) = 0.043 0.103 0.154 0231 0.317 C.377 C.48E
Y(I)= 0.200 1.510 2.150 3.960 6.050 5. 190 £.£30
YFIT(I)= 0.932 2.16C 3.083 4,205 S.(76 S.4€7 £.952
- NETS= .7 - o '
NTEEMS= 1
MODE= =~ 0

A{1) INITIAL= 6.200 FINAL= 6,392
DELTAA (1) INITIAL= 0.050 FINAL= 0.067
SIGHAA({T)= 1.012 : ’

CHISQR= - 0.588 AVG . Y(I)= - 3.55¢
GANMA= . 2.93949 - GAMMAN= o £2670
'3..P ¥S I- 18 DEG,(BLGCF) ,NALEHA= 2 N=7,F- NET

ALTHA,S = 25.83

X(I)= 0.043 0.103 0.1%4 0.231°C.317 €.377 G. 48 &
Y (1) = ~ 0.180 1.730 2.68C 4.590 6.€50 72260 7.510
CYFIT{I)=  1.104 2.578 3.714 S.156 €.35€ €.961 7.70C

NPTS= 7 : : -

- NTEENS= 1

MCDE= 0

A{1) INITIAL= 8.500 FINAL= £.553

- DELTAA (1) INITIAL= (0.C050 FINAL= 0.017
SIGMAA{T)= 1. 200
CHISQR= = 0.8667 AVG Y (I)= 4.400
GANNMA= 34 332€¢ CAMNAN= 0.75743
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4. P Vs I- 20 DEG,(BLCCH),N&LPHA 2, N-7  Ee NET
ALEHA,S = 31,89 :

()= 0.043 0.103 0.154 0.231 0.317 0.377 0.48E
Y(I)= O0e 150 1,340 3,6SC 6.010 7.35C E.7EC B.E60
YFIT(I)= 1.362 3.165 4.531 6.217 7.557 8.203 8.952
 NETS=" 7 : '

 NTERMS= 1

 MCDE= 0

A(1) INITIAL= 9.20C0 FINAL= 9.707
DELTAA(1) INITIAL= 0.050 FINAL= 0.167
SIGMAA (1)= 142071

CHISCE=  1.187 AYG Y{(I)=  5.169
GAMMA= 5.93326 GAMMAN= 1. 14785 -

5. .P VS I~ 20 LCEG, {POST- BLOOM),NALEBA =2,N=7, E NET
ALPHA,S = 31.17

)= 0,043 0.103 04154 0.231 0.317 C.377 0.48E
I(I)= 0. 160 2.030 3.230 5.950 6.76C 7.090C 9.000
YFIT(I)=" 1.330 3,074 4.371 5.921 7.C0S€ 7.635 €.228
NPIS= 7 ‘
NTER¥S= 1
MCDE= 4

A{1) INITIAL= 8.700C FINAL= 8.753
DELTAA(1) INITIAL= 0.050 FINAL= 0.017
SIGMAR(1)= 0.982 :

CHISQR= 0.953 AVG Y(I)= 4.889
GAMMA= 4,76638 GAMMAN= 0. 87501

6. P VS I- 18 DEG, (EOST-BLOOM) ,NALEHRE= 2 N =7, E« NET
ALPHEA,S = 24,50

X{I)= 0.043 0.1703 0.154 0.231 0.317 €.377 C.48E¢
Y({I)= 00 130 1,600 2.638C 4,610 £.760 6. €40 . 6.,E4C
YFIT(I)=  1.047 2.432 3.882 4.779 5.811 €.310 €.E8¢
NETS= 7. ' :

NTERNS= 1

MODE= c

a{l) INITIBL— 7.200 TFINAL= 7.474
DELTAA (1) INITIAL= 0.050 FINAL= 0.083

SIGHAR(1)= 1.068

LHISQER= 0.4560 AVG Y({(I)= 4.039

GANNA= 2.30191 CAmHAN=  0,5ESEE

‘7. P Vs I- 16 DEG,(EOST ELGOM),N}IEHE 2, B 7, EaNE]
3LFHB,S = 20.50 -

X{(I)= 0.043 0.703 0..154 0.231 0.317 €.377 C.u4BE
Y(I)= -~ 04120 1,350 2.820 3.780 5.020 4.51C €.01¢0
YFIT(I)= 0.876 2.034 2.912 3.994 4.853 5.26E€ 5.747
NETS= 7 S - , o
NTERMS= 1

NCDE= 0

A (1) INITIAL= 6.200 FINAL= 6.229
DELTAA{1) INITIAL= O, o=o FINAL= 0.017
SIGHAA(1)= 1.080 ‘ L :
CHISCER= 0.264 ° ° AVG Y{I)= 3.430
GAMMA= 131836 GAMMAN= 0. 38436 -
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II. SMITH MODEL:
r® = FMAX*S*PAR/(SQFI((PMAX**Z)%((S*EAE)**Z))) - g8

1. P VS I- 14 DEG, {BLCON) ,NALPHA=Z,N=7,EsNET
ALPHA,S = 11.83

{I)= 0.043 0.103 0.154 C.231 0,317 0.377 C.48¢8
Y (I)= 0.320 1.030 1.650 .2.500 3.220 3.250 3.380
YFITI(I)= 0.506 1.178 1.69% 2.351 2.510 3.207 3.60°%
NETS= 7 ' ' :

NTIEEMS= 1

MCDE= 0

A(1) INITIAL= 3.900 FINAL= 4.615

DELTAA (1) INITIAL= 0.050 FINAL= 0.233
SIGHAA(1)= 1.501 y

CBISQEB= 0.046 AVG Y(I)=  2.1¢3
GAMMA= 0.22868 GAMMAN= 0. 10429

2, P Vs I- 16 DEG, (BLOGM),NALPHA 2,N=7,E.NET
ALFHA,S = 21.83

X(1)= 0.043 0.103 0.154 0.23171 0.317 0.377 0.u488
Y{I)= 0. 200 1,510 2,150 3.96C 6.650 5.18C 5.£30
YFIT(I)= 0.9371 2.149 3.053 4.148 5.C2C 5.458 €.017
NETS= 7
NTERAS= 1
MCLDE= 0

A(1) INITIAL= 6.200 FINAL= 7.292
DELTAA{1) INITIAL= 0.050 FINAL= 0.367
STGMAA (1) = 1.253 , .
CHISQE= 0.592 AVG Y(I)=  3.556
GAMMA= 2.96142 GAMBA Y= 0.83286

3. P VS I- 18 DEC, (BLCOM),NALPHA 2,8=T7,E.NET
ALPHA,~ = 25.83 .

X{(I)= 0.043 0.103 0..154 0.2371 0.317 €.377 C.48¢.
Y(I)= 0. 180 1.730 2.68C 4.59C €.£50 7,26C 7.51¢C
, YFIT(I)= 1. 104 2.568 3.688 5.103 6.295 6.923 7.75%
- NETS= 7 - o
NTERMS= 1

MCCE= = 0

A(1) INITIAL= 8.500 FINAL= 9.844"
DELTAA{1) INITIAL= 0.050 FINAL= 0.450
SIGHAA (1)= 1.496

CHISQER= 0. 664 AVG Y(I)=  4.400
GAMMA= 3.31€27 GAMMAM= . 0.75415
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4, ? Vs I- 20 DEG, {BLCCHM) ,NALFHA=2,¥=7,P. Nfl
ALPHA,S = 31.89

X{Iy= - 0,043 0.1703 0.154 0.231 0.317 0.377 ¢C. 088
Y1) = 0.150 1.340 3.65C €.010 9.350 €.780 8.860

YFIT (I)= 1261 3.150 4.491 €.137 7,472 €.153 S.033

NPTS= 7 :

NTEENMS= 1

MCLDE= ¢

A{1) INITIAL= 9.200 FINAL=11,093

DELTAA (1) INITIAL= 0.050 FINAL= 0.633
SIGHAR(1)= 1.330

CHISQR= 1. 167 AVG Y (I)= 5.169
GANMA= '5.83592 camman= 1. 12912

5. P Vs I~ 20 DEG,(EOST BLOGM),NAIEHR 2,8=7,FENET
ALBHR2,S = 31.17

X(I)= " 0.043 0.103 0.154 0.23171 02317. 0.377 C.uB8¢
Y(I)= 0. 160 -2.030 3.230 5.950 €.5€C 7.080 S.000
YFIT(I)= 1.328 3.055 4,321 5.828 7.003 7.583 £.313
NETS= 1 ' ' : :
NIERHMS= 1

MCDE= = O

A{1) INITIAL= 8.70C FINAL= 9.927
DELTAA(1) INITIAL= 0.050 FINAL= 0.417
SIGMAA(1)= 1.216

CHISQR= 0.879 AVG Y (I)=  UL.EECS
GANMA= - 39499 GAMHAP= : 0 89303

6. P ¥S I- 18 DEG, (FOST BLOON) » NALPHA 2 N=7, E.NET
ALEFHA,S = 24.50

X{1)= 0.043 0.1703 0.154 0.231 0,511«0,377 C.48¢
Y{I)= 0.130 1.600 2.690 4.610 5,760 €.640 €.E40
YFIT{I)= 1.046 2.420 3.452 4,719 5.747 6.273 6.952
NPIE= 7 - _ :
NTEENS= 1
HMODE= 0

A(1) INITIAL= 7.200 FINAL= 8.546
DELTAA (1) INITIAL= 0.050 FINAL= 0.450
SIGMAA{1)= 1.335 :

CHISQR= 0.450 AY6 Y(I)=  4.039
GAMMA= 2.250&2 GAHY AN= 0.55723

7. P ¥8 I— 16 DEG, (FOST‘EIOOH) NALEEA 2, N 7,E.NET
ALEHA,S = 20.50

X{I)= 0.G43 0.103 0.154 O. 231 0.317 0.377 C.48¢E
Y{I)= 0. 120 1,350 2.820 3,780 5.€20. ﬂ €1C €.010
YFIT(I)= 0.875 2.024 2.866 3.944 4.801 .238 5.802
NETS= 7 ' ' :
NTERMS= 1

MCDE= 0

A(1) INITIAL= 6.200 TFINAL= 7.123
DEITAA{(1) INITIAL= 0.050 FINAL= 0.300
SIGMAA (1)= 1.319 o

CHISQR= 0.25%51 AVG Y(I)= 3.430
GAMMA= 1.25428 GAMMA K= 0.36568
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DESCRIFTICN OF PARAMETEES IN THE NCN-LINFRE LSF SUEECUTINE

-8 = Initial élcpe, ALEHA {Input Pérameter)

g® - Respiraticn (Input Parameter)

X = Array of data pts. for indep var (PAR)
Y - Array of data pts.  for dep var (PB)
NTERMS - No. of parameters
HWODE - Determines method of wgting LSF

A - Array of parameters of be estimated
(d=1; A(1)=FMAX)

DELTAA — Array of increments for parameter {(s) A
SIGMAA - Array of St. Dev. for parameter(s) 2

YFIT - Array cf calculated values cf Y
CHISQR - Reduced Chi Square fqr'fit
'BVG - Averége Y(I) value

GAMMA - Sun of ((IFIT (I)-Y(I))**2)

GAMMAN - GAMNA/AVG
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Fighre 2. Duplicate tank systems for Experiments 2 and 3 ..
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Figure 3. Side view of the__ experimental fécilities for Experiments 2 and 3
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vFigur"e 4, 'Side view of the expetimehtal_ facilities for Experiment 4..
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Figure 5. Two-stage culture éystems for 'Experimen.t 5 153
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Nitrate concentration during Experiment lA.

. Figure .6.
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Nitrate qohcentration during Experiment- 1B

Figure 7.
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Phytoplankton stock during Experiment 1A

‘Figure 8.
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.Phytoplénktoh_stock during'Experiment 1B

Figure-9.:
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Figure 1ll. Primary productivity during m.xﬁmﬁ..amnn ‘1B
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Figure 14, Temperature during Experiment 2A
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Figure 17. Nitrate concentration during Experiment 2B
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Figure 18. Phytoplankton stock during Experiment 2A
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Figure 19. Phytoplankton stock during Experiment 2B
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Figure 20. Oxygen concentration during Experiment 2A
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Primary productivity during Experiment 2A
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Figure 24. Primary produc}tivirty (standardized) during E’}:périment 2A
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Primary productivity (standardized) during Experiment 2B

Figure 25.
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Figtire 27. Temperature during Experiment 3A -

w
~
o —_— . v
ol e - SURFRCE
—— MID
_______ —  BOTION
__________ QUTFLOW
m
“'—
°.. T i T | T T T T T 1
%76 . ¢o 1o o 2. 26.0 27.0 360 4.0 .o s1.0

PO
TIME” (DAY)



s.0

2.5

- 176
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Figure 31. Primary productivity during Experiment 35
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" Figure 32. Primary productivity (standardized) dgﬁring Experiment 3A
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Figure 35. Nitrate concentration during Experiment 3B
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Figure 39. Primary productivity (standardized) dui;ing Experime‘nt 3B
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FIGURE 47  GROSS PRIMARY PRDDUCTIVITY
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FIGURE 48  RESPIRATION RATE
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Figure 59. Coulter counts on Day 15 of Experiment 4A
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Figure 60. Coulter counts on Day 21 of Experiment 4A
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. Figure 61. Coulter counts on Déy 27 of Experimer'xtA 4A
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ESTIMATES OF ALPHAG
DURING EXPERIMENT

FIGURE 78

" FLUSHING RRTES

SURFRCE m

0.50 ——

[~

S
!
”_
v |
2R
o o
(3]
o
[
=

e IANKA

BOTION Ao -

o'z . 00gl . g0l 0D ' og
(Nt 7andiS anza 5 suHdd

g
B
Q
om |9
e= +
[~ )
A
B i
ea |
==
o=
)
| =
<en =
L= o
- B
- |
T
- o0
A@M% i
Q
a

TANK B

<468 8
49 8 €

- 490 8-

4 08

g e a

o8

8
< 8
<%

2

R 1 ] R t i . ¥ I -— | D) )
T2 N unsdh® onsa m% 9EHd Y




1000.0

S60.0 600.0 700.0 800.0 a00.0

I

<03.0

—

VOLUME PER ML (X104 )

300.0

160.0 200.0

Figure 79. Coulter counts on Day 6 of Experiment 5A
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Figure 82. Coulter counts on Déy.24 of Experiment 5A
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Figure 85.  Coulter counts on Day 6 of Eiperiment 5B
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Figure 90. Coulter counts on Day 39 of Experiment 5B
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Figure 95. Growth of oysters as a function of SIZE in the two-stage culture
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Figure 96. The 'P versas I
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curves as a function of
temperature and nitrate conditions.
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Figure 97. Comparison of the simulated (PHYTO———) versus actual (PHAV) phytoplankton stock V

during Experlment 5B: Run 1
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Figure 98.

‘Comparison of the simulated (PHYTO---) versus actual (PHAV) phytoplankton stock
during Experiment 5B: Run 2

PHYTO MAX= 59.1883
PHAV MAX= 54.175
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Figure 99.

Comparison of the simulated (PHYTO———) versus actual (PHAV) phytoplankton stock
during Experlment 5B: Run 3
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Figure 100.
. ‘ durlng Experlment 5B: Run &4 .
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Figure 101.

Comparison of the simulated (PHYTO—-—) versus actual (PHAV) phytoplankton stock
during Experiment 5A: Run 1

PHYTO MAX= 62.8214
 PHAV MAX= 45.575
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Figure 102,

Comparison of the simulated (PHYTO——-) versus actual (PHAV) phytoplankton stock
during Experiment 5A: Run 2 .

PHYTO MAX= 44.6487
PHAV MAX= 45.575

0S2



. Figure 103. Comparison of the simulated (PHYTO---) versus actual (PHAV) phytoplankton stock

during Experiment SB Run 1 with a grazing term added on Day 27
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PLATE I

Herbivore tanks in the
two-stage culture
experiments

PLATE II

Artificial cultch in the two-stage culture
experiments
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Description and derivaticn c¢f the variables and.
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<054 (CHLA**,6667)
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parameters used inp this study.
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IC4 - [ PEGSPHATE] UM PCU-P/LITRE
s1I03 { SILICATE] . UM SIC3-SI/LITEE
CXY [OXYGEN ] MG 02/LITRE
OXYN NET {CXYGEN) MG C2/LITBE
S3T  OXYGEN SATURATICN PERCENT (%)
CHLA  [CHLOEROPHYLL a] UG CHLA/LITIRE
CELB [ CHLORCPHYLL b] UG CELE/LITEE
CHLC  [CELOEROPHYLL ] UG CBELC/LITRE
CT  {CARGTENOIDS] UG CT/LITRE
EA RATIO CHLB TO CELA  DIMENSIONLESS
CA  RATIO CHLC TO CHIA DIMENSIONLESS
CTA RATIO CT TO CELA DIMENSIONLESS
EC  RATIO CHLB TO CHIC DIMENSIONLESS
ECT RATIO CHLB TO (T DIMENSIONLESS
CCT RATIO CHIC TC (T DIMENSIONLESS
CCHLA CAEBON/CHLA DIMENSIONLESS

CARECN,/CHLA
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EGC  GEOSS EROD. .{02) UG C/LITSRE/HR (UG 0Z/L/HE) /1.2
INC  NET EEOD..(02) UG C/LITRE/HR (EGG) - (RES)

HES ~ BESPIRATIGN . UG C/LITRE/HE (UG 02/L/HE) /1.0
EEGD  NET PROD. , (C14) U6 C/LITRE/HR MEASURED (4 HR)
EXC EJUDATICN {(C14) UG C/LITEE/HE MEASUBED (4 HE)
PGOST FGC(NCEMALIZED) UG C/UG CHLA/HF - EGO/CHLA

ENCST ENC{NCEMALIZEL) UG C,/UG CHLA/HR ENG/CHLA

RESST RES (NOBMALIZEL) UG C/UG CHLA/BEE _ RES/CELA

ASS PRCD(NOBMALIZEL) UG C,/UG CHLA/HE EROD/CHLA
EXCST EXC(NOBMALIZEL) UG C/UG CHLA/HE EXC/CHLA

EGGDY - DAILY EGO MG C/LITRE/DY  PBGGC* (SE/EAEC) *4,
BCDY DAILY EBEGCD . MG C/LITRE/DY EROD* {SE/E2EC) *4.

BLEEAG P.VS.I INIT.SLOFE UGC/EGCHLA/BE-LY/H IGCG/CHLA/PREZO
ELFHAC P.VS.J INIT.SLOEFE UGC/UGCHLA/HE~LY /M - EECD/CELA/FR2EZC

AFGO EEOD/PGO DIMEBFSIONSLESS "EFEGD/EGC
BEGO RES/PGO DIMENSIONSLESS RES/EGC
EPGO EXC/PBGO DIEENSIONSLESS EXC/EGC
ESTEGG ESTINMATED PGO CIMENSIONSLESS APGC#+EEGC+IIGC
EFMAX MAX. -ASS UGC/UGCHLA/HE LS¥ ESTIMRATE
FTHAX HaX. PHMAX UGC/UGCHLA /HR LSF ESTIWATE
EBYTO SIKOULATED CHLA UG CHLA/LITEE SINULATICN
EHAV AVERAGE CEHLA UG CHELA/LITRE MEASURED
P SIMULATED ASS UGC/UGCHLA/HE SIEULATICN
CECWR SIMULATED GROWTH PEE LAY SINUIATICN
EATE

GRAZE SIEULATELD BATE PER DAY SIHULATICN
i OF GRAZING S :



ATEENDIX 2.

VAF % UNITS ,
S L s s st R Z e R L E R R R R Y I R R R R R R 2 E R E R RS R ]
L LENGTH cH
W WILTH oy
D DEETH o
HGTT " TGTAL WEIGHT GRAMS
HGTHM MEAT WEIGHT GEAMS
WGTS SEFLL WEIGHT GRAMS
NETL NET LENGTH ce
NETH NET WIDTH cH
NETD NET DEPTH CcH
NET®T NET TOTAL WEIGHT GRAMS
NETWE NET MEAT WEIGHT ‘GEANS
NETES NET SHELL WEIGHT GEAMS
EEEL % INCR. LENGTE %
PEEW % INCB. WIDTH ]
FEED % INCB.  DEPTH %
PEERGT % INCR., WGTT %
FEEWY % INCR. WGTH %
EEEWS % INCE. HGTS %
GREHY NETEM/HEEK G/Z0C/HK
GEWS NETHS/WEEK G/Z0C /WK
MSRATIO NETWM:NETHS "DIMENSICNLESS
NSUEYV # SUEVIVGOES NUNEER
S1ZE HERBIVORE SIZE N/A
LEKS EEREIVOEE DENSITY N/A
STKUP UPTAKE CCNC. OF UG CHLA/LITEE
EHYTOEFLANKTCN
STRUGPR  UPTAKE RATE CF UG CHLA/DAY
"~ PHYTOELANKTON
CXYUP UPTAKE CCNC. CF MG 02/1ITEE
CXYGEN ‘
OXYUPR UPTAKE RATE OF ¥G 02/LITRE
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Description and derivation of additicnal

variatles pertaining tc hervivcre growth.

DESCRIETICN

OXYCEN

* DERIVATICK

FEASUFED
MEASURED
MEASURED
FEASUEED
YEASUEED
MEASURED
1 (£f)-1{i)
B(£f)-% (i)
T{f)=L{i)
WGTT (f) -WGTT {i)
WGTN (£) -KGTE4{i)
WGTS (f) ~WGT S (i)
 NETL/L (i)
NETH/W (i)
NETD/D (i)
NETWT/WGTT (i)
NETHM/WGTH (i)
NETHS /¥GTS (d)
CALCULATED
CALCULATED
CALCULATED

Factor ®ith
4 classes

{1=spallest;4=1lergest)

Factcr wuwith
3 classes

{1=1lovest;3=highest)

CHLA{I)~-CHLA (C)
STKUP*IR
GXY (1) ~-CXY ({(C)

 CXYUPB*FR

w
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