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Abstract

The data presented 1in this thesis are the result of
laboratory experiments, executed concurrentiy with a year-long
field study.

Microcosms (20 1 wvolume) were filled with mixtures of
natural low and high salinity waters in order to give a salinity
range from £ 5 ppt, 10 ppt, 18 ppt to 2 26 ppt. The mixed
waters were enriched so as to simulate the entrainment of
nutrient-rich, saline water in a salt wedge estuary. Nitrate-N
(20 wug-at 1-1'), phosphate-P (2 pug-at 1°1) and silicate-Si
(50 pug-at 1°') were added to the highest salinity microcosm,
proportionally 1less to lower salinities. A distinct pattern of
autotrophic and heterotrophic growth developed resembling
natural events in the Fraser River estuary during the period
between winter and late spring. Despite seasonal variability of
the source waters, the simulated spring bloom was reproducible
under constant laboratory conditions, thus allowing the

continued performance of experiments. Skeletonema costatum and

Thalassiosira spp. were consistently dominant in the simulated

bloom, as they are in the Strait of Georgia. The salinity
values influenced the microplankton ecology with respect to
phytoplankton species composition and heterotrophic activity.

In Light- and Dark-experiments nutrient uptake and growth
kinetics of bacteria and algae were studied, as well as the role
of heterotrcphic micreoflagellates. The interactions of the

microplankton were described in numerical models. In the
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presence of high substrate concentrations (5 mg 1-' glucose =
| 2 mg 1°' glucose-C), the glucose cell quota of bacteria
determined the timing of the heterotrophic bloom, while grazing
parameters and the gross growth efficiency of the
microflagellates determined the absolute numbers. With an
ecological efficiency of 57% between the two trophic levels, the
Dark-model represented a system which was neither substrate nor
predator controlled, but something in between. The Light-model
gave an estimate of nitrogen recycling by microflagellates.

In perturbation experiments the impact of high organic load
(glucdse), shading, Cu, a heavy metal mixture, and the herbicide
2,4-D on the microplankton populations was monitored. Naturally
occurring perturbations had much greater impact on estuarine
ecology than anthropogenic ones, even when pollutants were added
at concentrations exceeding tﬁose in moderatély polluted

estuaries,



ADSEIACE v eeveeeeeecoesnesoeasssossssssseassssssssansssssall
List of TablesS .iveieeeereeencscecssnancnsnns ceeeena eee..Vii
List Of FiQUIeS tceveevecrooesesoosssasssnsassssassansasasviii
Acknowledgements ...eeeeescecasasscasacseacconcocsooso

eressseX

Chapter 1
INTRODUCTION ® 8 5 & & B S & 5 & S P O B PO O S eSS BB e e

Chapter 11
GENERAL METHODS ....ctccecscecosccsocsscscsocsooncs

1’ INTRODUCTION ..D..'...l"'I.I....‘..........-
2. LABORATORY EXPERIMENTS ..ictetearocnosncssoscnccs
2.1 Experimental Set-UP seveevcsesssccssccssancnss cesesed
2.2 Sampling DesSign .uieevieeeescescassesocnsananas P
2.3 Replication Experiments ...cieesscesccscosnscsas P

3. ANALYSIS OF SAMPLES ...ttt cetereocesnoccacsssososssccnaossld

3.1 Nutrients .c.eeeeeeeeconess I
3.2 PigmeNtsS .suveeeeessenesnsssssaosnossensasnnnsns R
3.3 Total Bacterial NUmbers ...cciceescecsscessssscocesld
3.4 Dissolved Monosaccharides ....eeeecsovecesssacocasslb
3.5 Heterotrophic Activity c.iveeeeieereceneesocnecnsenssalhb
3.6 Phytoplankton And Microzooplankton .....ceeeeeee...18

Chapter III
THE STANDARD PATTERN ...ccccceecetccsnccaconsna

B B
1. INTRODUCTION .:iceeeeceeccsnccavonssoccas ceeesscenanes ..19
2. PATTERN OF EVENTS ...cieeecrneocesoosansocns ceeceseenssll
3. VARIABILITY it ueeeccossessensansnscsonasoscnssscsacoessld
4, EFFECTS OF SALINITY ...icceeeccesoossntsosesanosoassonnnscs

5. EFFECTS OF ABIOTIC FACTORS ..vccececensnnososasossssasssldB
5.1 Bottle EffectsS teveveeceeosessossossasesssasssssosssslB
5.2 Constant Physical Factors. ....eeeeeeesosncanseessss3
5.3 Nutrient AdditioON ...iceveeeoesccscssseassascccssaseddl

6. INTERACTIONS OF THE BIOTA ..t eceecsscasssosscascssccsaesidd
6.1 Dark-eXperiments ..ceeeeseosasasoccscsscssannssoesesdd
6.2 Autotrophs And HeterotrophS .....iveeeseeecosnensssadS

7. SUMMARY v vvvvvveoneennnanoassoessssssesessssonaosaeseasd3



Chapter IV v
NUMERICAL MODELING ....l..‘l...............'....l...l.....ss

1.

2.

3.

4.

INTRODUCTION .o.o.oo.-oo;.oo‘.o...0500000'000.0000000-055

MODELING OF DARK-MICROCOSMS ..ccceeovocsccsacosancoccsseed?
2.1 Variables, Parameters And ConstantsS ...cececeesessed?
2.2 Simulation And Comparison With Original Data ......59
2.3 Simulation Of Different Salinity Microcosms .......64
2.4 Discussion Of Parameter ChangesS .....cecsesccessss.68

MODELING OF LIGHT-MICROCOSMS ...ctcececcecscoscnnscsnesl2
3.1 Variables, Parameters And Constants ...cececeveesssel?
3.2 Simulation Of The 10 ppt Salinity Light-microcosm .74
3.3 Simulation Of Other Salinities .c.ceveececsccccosaaslB
3.4 The Distribution Of Inorganic Nitrogen ............82

SUMMARY ....--.-o.---..-....---o-.---.-.......-...-....89

Chapter V , '
pERTURBATION EXPERIMENTS .........I'..Q...O....-....‘I.I..91

4.

INTRODUCTION ..'.........I.......ll...ll............l.'91
MATERIALS ANDMETHODS .oo..oo.-.o00000-00000-000100.00093

RESULTS AND DISCUSSION &« evveeceocecoesncessansascanesssadb
3.1 Effects Of Glucose .'.....'..'...........‘..'...'-.96

3.2 Effects Of Light o.n-ooo-no.c..tooo-.-on.o-cooc.oo105

3.3 Effects Of Heavy Metals ..ceeeeeescecoccsocaccceaasalll
3.4 Effects Of The Herbicide 2,4-D ...iiveeernnreecesstlB

SUWARY'.O.tl....l.o..n......Ol.'.l.l.........l....ll.t125

Chapter VI
FIELD STUDY IN THE FRASER RIVER ESTUARY ...c.ceeonencsesel2?

1.
2.

3.

4.

INTRODUCTION I.‘......-...I...-..‘..Q.......I-........127
SAMPLING IN THE FIELD ..........'....l..........."DI"ZQ

RESULTS AND DISCUSSION .cveeeceeacccassassssesasssssassl3l
3.1 Inorganic Nitrogen And Phytoplankton .............131
3.2 Dissolved Monosaccharide Concentrations ..eeeeee..135
3.3 Bacterial NUmbers .....cceeeeeesercccsscsssssascessl3B
3.4 Heterotrophic Activity civeseeceenscccsccncccaesssld
3.5 Interactions Of Biotic And Abiotic Factors In The
EStUBLY ctvevrnsroossossssssossasosssssescnssnsssessldd

SUWARY -.u..o.o.ooo-QoooQQOInO'.00..00.-..0-0¢-l00.00148



Chapter VII
DISCUSSION ......0....“.'...D.....'l‘....l...."...I..'..150

10 INTRODUCTION 0...C.........'....O...'.C'...........'0.150

2. METHODOLOGY cececececoaccsosescoaosnsnssessasessssssassesld2

2.1 Spring Bloom Simulation .eeesecscsesccscssecsssseslb2
Simulation Of The Salinity Range ...ccecesecesesss154
Replication And Reproducibility ..ceesscceccecessssl56
Analytical MethOdS ..ceveecccssessesscccccsnsssscasld?

W N

H

MERITS OF NUMERICAL MODELING «.cececcecsccscncassslB0
The Dark-model ® ® 6 & @ © & © S 0 0 & & O G O O O O O OO0 &G OO O O SN SN s 1 60
The Light-—model * e ‘. [ EE N N I I I I I I B B N RN RN I N N I B BN R 1 64

w

L]
w w3 NN
N — (1

4. PERTURBATIONS AND POLLUTANTS IN MICROCOSMS ...cceeeeesl167
4.1 Heterotrophic PopulationsS ..eeceececesccccsccccccss 168
4.2 Autotrophic populations ..'...'..Q.....'.l........]?o

5. GENERAL CONCLUSIONS ..o.'o-‘-otoo.Q.o..oo.t..00000000000173

BIBLIOGRAPHY ..o0-0..0..Ooqo'ta...'.o.l........u..-000000176
APPENDICES .. ..ttt iiiereeeeaceocnncosanasns e ceerereans 1 - 22

vi



—~

o wvii

List of Tables

Relative heterotrophic activities at different salinities
in the laboratory. .0..lI......I.l.........0..'.‘.........34

Composition of Multi-element-mix according to Thomas et al.

(1980). .l........l'.0....A....Q.l...0000.00'00.0000000.0.94

Relative abundance of species in Control and after glucose
additions. O..............‘.....l..."...l..'.ll...0.....103

Relative abundance of species at 2.5 ppt and 10 ppt salinity
after metal perturbation..0".....O...'0........‘......-.112

Relative abundance of species at 18 ppt salinity after metal
perturbation. C.'.ll.O0.I.‘.l.0....0l....'l'..l.....'....113

Bacterial numbers at different seasons of the year in the
Fraser River estuary. 0.....I..."..........'..........'.139

Relative heterotrophic activities at different seasons of
the year in the Fraser River €StUArY. ciseveseccccoccesssld2



1.

12.

13.
14.

15,

16'

17.

viii

List of Figures

Sampling stations off the Fraser River mouth; sampling sites
for laboratory experiments. .......ciieiiiiiiiiinnaeeensa10

Laboratory Set’up. Qovo-‘o.o..oo‘o.o.c-.ooooooo....o-o-o-.u“

Concentrations of nitrate and nitrite, chlorophyll a,
bacteria and microflagellates in 18 ppt salinity microcosms.

ol.o-c.o.c--olo'-0no.ooooo.o-ooooco.-toooo.o.oo'h..000000522

The pattern of chlorophyll a concentrationé; data collected
at different SEASONS. .c.ceeeseecscssssassssnssccncsasssseelb

The pattern of bacterial numbers; data collected at
different SEASONS. .eceveesocssorsscsasccsrnsasossnssscnsassll

The pattern of nitrate and nitrite concentrations; data
collected at different SeasOnNsS. ...ceeevceceeacsocsesesesas28

Nitrate and nitrite concentrations in replication
experiments. .'..Q.I...‘....I...I....I‘I....I..l.l'.‘.‘..‘zg

Bacterial numbers in replication experimentsS. ....eceeees..30
Chlorophyll a concentrations in replication experiments. .31

Relative abundance of diatom species in microcosm
experimentSo ..I.I.O'CIC.'l.........'IQ....".".l.‘....l'36

Microcosm experiments with and without nutrient addition., 42

Bacterial numbers, monosaccharide and nitrogen
concentrations in Dark-experimentS. ceeeececscvcssssecesesdb

Correlation between chlorophyll a and phaeophytin a. .....51
Simulation run with original parametersS. ....cevevescesssasb60

Bacterial and microflagellate numbers in Dark-experiments.

o....00'Oolo"o.oco.oco.--oo.-oocoaoo00000000-000000.0000061

Two possible simulations of the 26 ppt salinity Dark-
microcosm' '...lI".l..'C...‘.l...l'.'l...'.....".....'...ss

Simulation runs of the 10 ppt and 18 ppt salinity Dark-
microcosms. ....'.'...O...I'.'.'........O..........'I....‘67



18.
19.
20.

21.
22.
23.
24.
25,
26.
27.
28.
29;
30.
31.
32.
33.
34.

35.

ix

Model of 10 ppt salinity Light-microcosm. ...ceceveceeaces??
Models of a 18 ppt and 26 ppt salinity Light-microcosm. ..81
Simulation of a 5 ppt salinity Light-microcosm. .....0....83

Bacterial numbers, ammonium and nitrate + nitrite
concentrations in Dark-experimentsS. .....ceceececscescsesseBb

Bacterial numbers in Control and after one and three
additions of glucose. s eeosrsecesvvessnessssessesescscesessIB

Nutrients, bacteria and chlorophyll a after glucose
perturbation at 5 ppt salinity. ceeeeeeeccccorssscsnsassssdd

Chlorophyll a concentrations at 10 ppt and 26 ppt salinity
after glucose perturbation. ...........I..'..'....‘....."OO

Glucose perturbations in 5 ppt salinity microcosms at
different Seasons. OIQOOIO'..l..l.'..'.l....‘....."l0000101

Chlorophyll a concentrations in Control and shaded
microcosms. ...Q.............'.....'..‘.'.'.ll...l.l..‘.‘106

Relative abundance of dominant diatom species in Control and
shaded microcosms. .....I'.Q......l..................l....108

Chlorophyll a concentrations in 10 ppt salinity microcoesm
after ten-fold Multi-element-MiX, ...ovevsoescosocssvessslld

Chlorophyll a curves at different salinities after addition
of Multi-element-MiX. ..cveeecerecsesescsscsassnnaseasseasllb

Chlorophyll a curves at different salinities after addition
of Copper. .-........'....I...I......'.......C...O.......117

Chlorophyll a concentrations in 26 ppt salinity microcosms
after 2'4—D additioni 0......'..'.....'......OQ..C.Q..C..120

Chlorophyll a concentrations in 10 ppt salinity microcosms
after 2,4-D additionl ..‘...........I.'....I.......I..'..121

Nitrate & nitrite and Chlorophyll a concentrations with
respect to increasing salinities. ...ecieececreseneesnesal32

Changes in dissolved monosaccharide concentrations with
respect tO SAlinNity. teeeeececesesecsvsocsscssnscsscsnsssansal3b

Seasonal cycle of bacteria, heterotrophic activity,
chlorophyll a, dissolved monosaccharides, nitrate + nitrite,
and temperatUr@. sceeececsssessossssesscssosnssssecssnsoansldd



Acknowledgements

I wish to thank my supervisor, Dr. T.R. Parsons, for his
advice, patience and support. I am grateful for the criticisms
of the guidance committee, Drs. P.B. Crean, K.J. Hall,
P.G. Harrison, P.H. LeBlond and A.G. Lewis. Helpful discussions
and assistance was given by Dr. P.J. Harrison. Dr. W.J. Emery
and K. Thomson provided the opportunity for the field study in
the Fraser River estuary.

Special thanks to Dr. J. Parslow who introduced me to
computer programming and gave invaluable help with the numerical
modeling and to Dr. K. Banse, School of Oceanography, University
of Washington, for his guidance and encouragement that led to
the completion of my studies.

Technical assistance was given by many individuals, members
of the DOUBC, particularly E. Nutbrown and H. Dovey, and various
fellow students.

I received financial support from the Natural Sciences and
Engineering Research Council of Canada, Summer UBC Graduate
Fellowships and Chevron Fellowships in Oceanography.

I am grateful for the moral support and generosity of Mr.
and Mrs. J. Bene of Vancouver; to them I dedicate this thesis.



I. INTRODUCTION

Estuaries are of great importance to biological
oceanographers for two reasons; first, for their generally high
biological productivity and second, because they are centres of
human activity. Many of the world's largest metropolitan areas
have developed near estuaries. Through their role in
transportation, food production, waste disposal, and various
recreational pursuits, estuaries are significant to human
welfare. At the same time, commercial fisheries have been
damaged and some completely destroyed by pollution; these
include fish species which use the estuary as a migratory route
(e.g. Pacific salmon) as well as those which breed in estuarine
areas and use the estuary as nursing grounds for their young
(e.g. herring, cod, flatfish species).

Since the mid-1960's, the need for a more comprehensive
understanding of estuarine ecosystems has stimulated conferences
and symposia summarizing the knowledge of the natural
characteristics of estuaries (Lauff 1967), as well as stressing
specific biological topics such as estuarine microbial ecology
(Stevenson & Colwell 1973), physiological aspects (Vernberg
1975), estuarine processes and interactions (e.g. Cronin 1975;
Wiley 1976 and 1978). The impact of pollutants on the flora and
fauna and the problems associated with eutrophication are
gaining increased consideration (Perkins 1974; Neilson & Cronin

1979). Most of the studies are 1largely descriptive, but the



investigation of processes is needed for a better understanding
of the estuarine ecosystem. A comprehensive discussion of
microbial ecology 1in a brackish water environment is presented
by Rheinheimer (1977). Based on a field study in Kiel Bight
(Baltic Sea), laboratory investigations and numerical modeling,
the role of bacteria and fungi and their contribution to total
production is evaluated.

Estuaries are among the most complicated aquatic
ecosystems, They are transition 2zones and frontal regions
between freshwater and marine environments. Their biological
processes are intimately linked and influenced by bextreme and
rapid fluctuations of environmenfal conditiohs, among them
salinity, light and temperature. Due to constant mixing and
transportation of - organisms away from an estuarine study area,
the value of ecological surveys is very limifed. Surveys can
indicate only that changes are occurring. 1In order to study
processes of growth, physiology and interaction of the estuarine
biota different approaches are necessary. |

Mathematical simulation models of varying complexities have
been generated in an attempt to synthesize existing knowledge
into a systematic and integrative scheme (Kremer & Nixon 1978;
Hamilton & Macdonald 1979). Although these models are valuable
in the interpretation of interactive components of the estuarine
ecosystem, they suffer from the lack of realistic resolution
(Vernberg et al., 1978). The natural frequency of the processes
to be simulated has often been 1ignored during the data

collection.



Elaborate continuous-flow apparatus are necessary in order
to simulate tides or seasonal changes in river flow rates in a
laboratory. A series of chemostats has been used in a study by
Cooper & Copeland (1973). With their system it has been
possible to investigate the responses of an estuarine plankton
community to variations in Hydrological factors and the impact
of industrial effluent with changes in freshwater input rates.
It still has to be proven whether complicated continuous flow
apparatus will necessarily give more realistic results.

Some success in studying biological processes in a water
column has been achieved 1in large scale 'mesocosms' (Grice &
Reeve 1982). Up to 1500 tons of seawater have been captured and
the primary, secondary and tertiary production have been
fcllowed wunder experimental conditions. 1In an estuary the same
approach is restricted by the lack of physically stable mooring
sites as well as spatial limitations in the presence of all
other activities on a busy estuary, such as the Fraser River
estuary in British Columbia.

An alternative approach has been adopted in the experiments
of ﬁhis thesis. The estuarine environment is simulated with
respect to changes in salinity using containers which allow the
study of the microplankton community. This reduces the size of
the containers required from 'mesocosms' to 'microcosms'
(c. 20 1). I define microcosms according to Leffler (1980) as
small, living models of processes rather than models of specific
natural ecosystems. Usual aquaria and single-species cultures

are normally excluded. The changes in scale "between beakers



and bays" (Strickland 1967) require the alteration of important
physical factors, e.g. turbulence and light. The consequences
of these changes are poorly understood. Therefore, microcosms
and natural ecosystems possess their own characteristic
properties, and microcosms can serve as valid models of
ecosystems only for properties that are common to both (Leffler
1980).

The research presented here 1is designed to answer four
questions. First, does the natural cycle of events with respect
to the microplankton 1in the Fraser River estuary differ with
increasing salinity values? Second, is it possible to reproduce
some characteristics of estuarine microplankton ecology
(e.g. the diatom spring bloom) in laboratory scale microcosms?
Third, if the answer to the second question 1is yes, can the
simulated events bé replicated with sufficient accuracy to allow
for the performance of meaningful perturbation éxperiments?
Fourth, is it possible to represent the events observed 1in the
experimental microcosms by a mathematical model which would help
to understand how the microcosm components interact?

Microplankton studies 1in the Strait of Georgia and the
Fraser River estuary have previously been performed
(e.g. Parsons et al. 1969; Stockner et al. 1979; Albright 1977,
1983b), but so far the effects of salinity variations have never
been thoroughly examined (Harrison et al. 1983). Therefore, in
order to answer the first question, a one year field survey in
the Fraser River estuary was undertaken simultaneously with the

laboratory experiments. The field sampling over a salinity



range from £ 5 ppt to 2 26 ppt is described in Chapter VI. The
results of the field study are compared to laboratory
experiments, and behavioural similarities are evaluated and
discussed.

In answer to the second question, an estuarine salinity
regime is simulated with respect to 1increasing entrainment of
saline, nutrient-rich deep water, which permanently fertilizes
the estuary. The collection of high and low salinity water, the
mixing of the waters, and the initiation of the microcésms are
described 1in Chapter II. The evolving pattern produced by
growth differences of the biota is similar to that of a natural
spring bloom (Chapter III).

Autotrophic and heterotrophic growth is studied in Dark-
and Light—experiments. An attempt is made to isolate factors
which influence production 1in the microcosms, to investigate
interactions among the living components, and to evaluate the
role of microflagellates as part of the estuarine plankton
community.

In answer to the third question, the replicability of
microcosms is studied (Chapter III). The aim is to prove that
the pattern of events generated in the laboratory is
reproducible despite physical, chemical and biological changes
in the parent water masses collected at different seasons of the
year. In this way, perturbations of the simulated phytoplankton
bloom can be performed at any time.

Perturbation experiments help in determining which factors,

natural or man-made, have the greatest impact in altering the



microplankton ecology of the simulated estuary (Chapter V),

In order to answer the fourth question, uptake and growth

rates of phytoplankton and bacteria estimated in Dark- and
‘Light-experiments are used as a basis for the mathematical
simulations described in Chapter 1IV. Numerical modeling is
thought to help 1in the interpretation of processes under
investigation and in the identification of the important
variables in the microcosms.

While a biological model such as the estuarine microcosm
creates new data, a mathematical model based on these data is an
inexpensive way.to represent the processes observed, to provide
better wunderstanding of the same, to perform more extensive
perturbations and to aid in the testing of hypotheses. Finally,
it is intended that these results will assist in answering a
larger guestion; what are the forcing functions for
phytoplankton growth in an estuary and can these be perturbed by
anthropogenic effects? This guestion is discussed in

Chapter VII.



II. GENERAL METHODS

1. INTRODUCTION

The use of containers, ranging in size from small flasks to
large plastic bagg, is a relatively recent development in marine
ecological research. Pioneering work has been done by
Strickland & Terhune (1961). 1In a large floating plastic bag
they were able to follow changes in the plankton population.
Pilson & Nixon (1980) reviewed 21 representative marine micro-
and mesocosms, summarized difficulties with scaling, natural and
artificial light, turbulence, water exchange, predator exclusion
and variability.

The size of containers chosen for the experiments reported
in this thesis allows for the study of bacteria, phytoplankton
and microflagellates. They hold sufficient water for frequent
sampling over a three-week period and represent the upper limit
which can be managed by one or two people. This size is a
compromise between feasibility and minimal statistical
reguirements. The _microcosms are run as batch cultures; the
operating time 1is short. Constant physical factors and a
constant initiation method improve replicability between
microcosms and the reproducibility of experimental results
between seasons.

An initial nutrient enrichment was thought to be necessary

because of seasonal variability in the substrate of the source



waters. Low natural substrate 1levels 1in batch cultures may"
result in growth so small that significant. differences of
population changes are impossible to observe. The addition
enhances already high nutrient levels, as well as ensuring
growth of the microplankton population when levels are low.
Consequently, experiments can be performed at all times of the
year. The initial enrichment simulates the decreasing
entrainment of nutrient-rich water in a salt wedge or highly
stratified estuary.

A meaningful comparison of 1laboratory and field data
requires the parameter measured to be the same. As such, the
microplankton community 1is studied by enumeration of bacteria
and micfoflagellates and by identification of the major
phytoplankton species. The biomass of the latter is estimated
by chlorophyll a measurements. Nitrogen is considered to be the
limiting factor for autotrophic growth (Antia et al. 1963;
Ryther & Dunstan 197t); therefore, concentrations éf nitrate
plus nitrite have been measured. Glucose 1is wused as the
substrate in evaluating relative heterotrophic activity, because
almost  all bacteria can wutilize glucose (Mandelstam et
al. 1982). In the field, determination of dissolved
monosaccharides gives an indication of a readily usable carbon

and energy source for heterotrophs.



2. LABORATORY EXPERIMENTS

2.1 Experimental Set-up

In the experiments described below, Pyrex fiasks (c. 20 1)
were filled with a mixture of natural low and high salinity
water. Low salinity surface water (< 5 ppt) was collected from
the banks of the Fraser River main arm c¢. 200-500 m upstream
from Steveston harbor at high tide. The high salinity water was
pumped from c. 20 m depth at the West Vancouver Laboratory of
the Dept. of Fisheries and Oceans (Figure 1). On collection day
the waters were mixed in order to give a salinity range from 2-
5 ppt, 10 ppt, 18 ppt to 26-30 ppt (Figure 2). Four flasks
represented one unit. A total éf 12 flasks allowed for a
control unit and t&o experimental units.

All experiments were performed at 12°C in a controlled
environment chamber. The flasks were positioned in front of
banks of four daylight fluorescent tubes, so that an irradiance
of 200-250 wuEinst m-2 s-!' was measured 1in the middle ofAthe
empty containers. The irradiance was saturating for diatom
species and smaller dinoflagellates (Chan 1978). All
experiments were performed on a 12:12 LD-cycle. The waters 1in
all flasks were magnetically stirred and aerated with sulfuric
acid (3%)-washed air. Nitrate-N (20 pg-at 1-'), phosphate-P
(2 pg-at 1-1'), and silicate-Si (50 ug-at 1°') were added to the
highest salinity flask, proportionally less to lower salinities.
These additions were made to both control as well as

experimental microcosms. Together with the initial nutrient
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enrichment, 1.2 uM EDTA+iron and 1 mg 1-' of glucose were added
to all salinities in order to ensure non-limiting growth

conditions for the microplankton under study.

2.2 Sampling Design

After collection and mixing of the low and high salinity
waters on day 1, the biota was allowed to adjust to laboratory
conditions overnight. 1Initial samples were taken on day 2 prior
to nutrient addition and/or start of the experimental treatment,
24 h later and then every second day for two to three weeks.
All samples were collected by suction from the flasks using
Tygon tubing of 8 mm diameter. By the end of the experiment the
initial volume of the microcosms was reduced by c. 33%.

Chlorophyll a, nitrate, bacteria and microzooplankton were
sampled as described above. For the determination of nutrient
uptake rates and growth rates of bacteria and phytoplankton,
additional samples were taken at 12 h intervals during the
exponential growth phase. Depending on the questions asked 1in
experiments, plankton was sampled during the lag phase, during
exponential growth, at the end of exponential growth and after
nutrient exhaustion (senescence). The sampling of other
parameters has been described 1in the appropriate chapters

elsewhere.
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2.3 Replication Experiments

Replication experiments focussed on two questions: what is
the variability between duplicate flasks and how does the
response pattern of the microcosms change with respect to
seasonal changes 1in the water chemistry? Replication of
microcosms with 1identical treatment was tested over a salinity
range from < 5 ppt to 2 26 ppt during different seasons of the
year. The comparison focussed on variability in peak heights
and on rates of increase and decrease of parameters measured.
Plankton samples were compared for relative abundance of
species.

Data generated in microcosms usually are in the form of a
time series for each parameter measured. If the series from two
idéntically prepared microcosms are compared, they may exhibit
similar form, but be shifted in phase. When data are compared
at any one instance, the analysis of the variance would likely
infer that the two microcosms do not replicate. With
appropriate statistical tests it is possible to eliminate the
effects of phasing and compare the real time dynamics (Haque et
al. 1980), something which was not done in the present thesis.

Seasonal variations in the response pattern of the
microcosms were examined by comparing the 4-flask control units
which were run concurrently with all experiments. The time
series of the control units reflect the variability due to both
seasonal changes in the chemistry of the different water masses

and sample variation.
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3. ANALYSIS OF SAMPLES

3.1 Nutrients

All samples collected in the laboratory and in the field
were 1immediately filtered throhgh glass fiber filters (Whatman
934-AH, 42.5 mm diameter), stored in Nalgene bottles and frozen
to -20°C. Samples were stored for not more than three weeks and
then quickly thawed before analysis. Automated determination
for nitrate plus nitrite was done as described by Armstrong et
al. (1967). The range of concentrations was 0-30 ug-at N 1-';
samples with higher concentrations were diluted with a known
amount of deionized distilled water before analysis.

In one set of laboratory experiments, ammonium ( 0 to 8 ug-

at N 1-') was measured concurrently (Slawyk & MacIsaac 1972).

3.2 Pigments

The analysis of chlorophyil a and phaeophytin a was carried
out according td the methods described by Strickland & Parsons
(1872). In the field, 500 ml to 1000 ml of seawater was
filtered, 1in laboratory experiments 200 ml to 500 ml, depending
on the density of the phytoplankton bloom. To the last 100 ml
of each sample 1 ml of magnesium carbonate suspension was added.
The 0.45 um filters (Millipore, 47 mm diameter) were stored in
the dark in a desiccator and frozen to -20°C. Storage time
prior to analysis did not exceed three weeks. The extraction
was done in 90% acetone overnight. Following centrifugation,

the clear supernatant 1liguid was pipetted into a 10 cm path



15

cuvette. The extinction was measured in a Perkin-Elmer Double
Beam Spectrophotometer (Coleman Model 124 D) at 750 nm and
665 nm against a 90% acetone blank containing a dissolved
Millipore filter. For determination of phaeophytin a, samples
were acidified and remeasured after 5 min. The concentrations

of chlorophyll a and phaeophytin a were calculated according to

the equations given in Strickland & Parsons (1972).

3.3 Total Bacterial Numbers

Subsampling for enumeration of total bacterial numbers was
always done first. Using an automatic pipette, 10 ml aliquots
were placed into glass wvials and immediately preserved with
filtered (0.22 um) formaldehyde (final concentration of 2%).
Samples were stored in the dark at 5°C for no longer than ten
days (Daley & Hobbie 1975).. Bacteria were stained with acridine
orange and counted on 0.2 um Nuclepore filters (Hobbie et al.
1977). A microscope with an epifluorescent wunit including a
broad band blue excitation filter was used for enumeration. Ten
fields and a total of at least 200 bacteria were counted.

Total numbers were calculated according to the eguation

cells _ stained area of filter 1
= X

ml area of counting grid 0.95 x 2

X = mean number of cells in 10 or more fields
2 = ml of sample filtered

0.95 = dilution factor after formaldehyde preservation
stained area of filter = 2.0x10%um?

area of counting grid = 9,200 um?



3.4 Dissolved Monosaccharides

Dissolved monosaccharides (MCHO) were analysed by the
method described by Johnson & Sieburth (1977) and Johnson et al.
(1981). The excess borohydride was destroyed with 0.05 ml of
0.7 N HC1 instead of 0.36 N HCl. The higher‘acidity assured
complete oxidation, thus improving monosaccharide recovery.
Otherwise the outlined procedure was followed meticulously.

The three part analysis begins with a borohydride reduction
to convert pentoses and hexoses to their sugar alcohols. The
total alditols are then oxidized with periodate, to form two
moles of formaldehyde per mole of monosaccharide. The
formaldehyde is analysed spectrophotometrically with 3-methyl-2-
benzothiazolinone hydrazone hydrochloride (MBTH). The method‘is
suitable for concentrations as low as 40 upug 1-1 total
monosaccharide carbon. Salinity has no effect on the test.

The exclusion of contamination from the sensitive
MBTH assay was finally achieved without precombustion of the
glassware. In all determinations glucose was wused as the

monosaccharide standard.

3.5 Heterotrophic Activity

The measurement of relative heterotrophic activity is based
on the following considerations. If one assumes that .W“ax
(maximum uptake velocity) changes with time but the value
(Kt + S,7 K¢= transport constant at 1/2 maximum uptake rate,
S.= natural substrate concentration) does not, it means that
bacterial populations become 'more active' or 'less active'

(Parsons et al. 1977). According to Griffiths et al. (1977)
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Vmax 1S5 correlated with single substrate additions and gives .a
measure of relative microbial activity. The measurement must be
related to two variables: (1), the number of bacteria and (2),
the metabolic state of the bacteria. Since the number of
bacteria is determined 1independently by counting, further
variation in relative metabolic activity can be diagnosed as
being due to the metabolic state of the bacteria. .

Samples for heterotrophic activity measurement were
processed immediately after subsampling on shipboard or 1in the
controlled environment chamber. Duplicate dark bottles were
filled with 100 ml aliquots and incubated with uniformly
labelled D-['*C(U)] glucose (specific activity 4.8 mCi mmol-',
New England Nuclear). Only one concentration of substrate
(165 ug glucose) was added and the net uptake of labelled solute
measured. Field samples were incubated for two hours at ambient
temperature + 2°C; laboratory samples were incubated for one
hour at 12°C. After filtering through 0.22 um filters
(Millipore, 25 mm diameter), filters were placed in
scintillation vials filled with 10 ml of Aquasol-2 (New England
Nuclear). A blank was filtered immediately after addition of
'4C-glucose to 100 ml of seawater. Samples were counted 24 h
later in an Unilux III Liquid Scintillation System (Nuclear
Chicago, Des Plaines, Ill., USA). A standard '“C-source was
used for efficiency correction.  Given the specific activity of
t4C~glucose, the incubation Eime and sample size, the uptake of
glucose in ug 1-1'" h-1? was calculated. This relative

heterotrophic activity was then related to the total number of
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bacteria 1in the sample, and expressed as glucose uptake in

ug h~' per 10° bacteria.

3.6 Phytoplankton And Microzooplankton

For analysis of field and laboratory plankton populations,
100-200 ml samples were preserved with 5-10 drops of Lugol’'s
solution (200 g KI + 100 g I, in 2000 ml H,0 + 190 ml glacial
CH;COOH) . Counting and 1identification was done in a Palmer-
Malony chamber (volume 0.1 ml). A total of 400 cells 1in at
least four fillings were counted. Heterotrophic and autotrophic
flagellates were not separately enumerated. Based on 400 cells,
the relative abundance of species in the sample was calculated.

Flagellates wére grouped according to size, small ones of
< 25 pm and large ones of > 25 um 1length. To calculate cell
volume, the dimensions of 20 cells were measured; the

phytoplankters Skeletonema costatum and Thalassiosira spp. were

assumed to be cylindrical.

In laboratory experiments live cell counts for growth rate
estimates of phytoplankton were done by using a Fuchs-Rosenthal
chamber (volume 3.2x10-2 ml). Live microzooplankton estimates
were arrived at by employing the same chamber. It was assumed
that the numbers of flagellates leaving the field of view was
equal to the number swimming 1into view, Again green and
colourless flagellates were not distinguished. The largest
zooplankters in the microcosms were tintinnids. These were
enumerated aftef preservation with a drop of Lugol's solution in

a Palmer-Malony chamber under low magnification.
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I1I. THE STANDARD PATTERN

1. INTRODUCTION

The ‘'captured' microplankton population 1is thought to
represent a viable part of the estuarine ecosystem. Containment
ensures that the biota can be monitored over a period of time
and facilitates manipulations by the researcher. The 1initial
nutrient enrichment results in a distinct pattern of autotrophic
and heterotrophic growth. This standard pattern resembles a
natural diatom spring bloom. Due to simulation of the estuarine
salinity and nutrient regime, the total biomass will increase
with higher salinities, while the sequence of heterotrophic and
autotrophic growth remains the same. The salinity range, and
seasonal and experimental variability influence the standard
pattern as do abiotic factors due to the experimental set-up and
so-called bottle effects. This has to be kept in mind when
analyzing the results and comparing them to the field.

In order to investigate the processes which generate and
govern the standard pattern, heterotrophic growth is studied 1in
Dark-experiments. Further increases in organic substrate help
to estimate bacterial growth rates and threshold concentrations
for uptake. Phytoplankton growth rates and nitrogen cell guota
are obtained from Light-experiments. The experimental data
gathered 1in this way are used to test the numerical models as

shown in Chapter 1IV.
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The standard pattern represents a simulation of a
phytoplankton bloom, which 1is 1initially characterized by a
period of unlimited growth and high productivity. Under these
conditions, the impact of natural and man-made perturbations on
the microplankton population can be examined and separated from
other possible factors which influence autotrophic and
heterotrophic growth. The importance of the standard pattern
will become apparent 1in perturbation experiments described in
Chapter V, where it serves as a control. Deviations from the
pattern will be used to show the impact of the imposed

disturbances on the simulated bloom.
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2. PATTERN OF EVENTS

The initial nutrient addition assured non-limiting growth
conditions with respect to nitrogen, phosphate, silicate, iron
and organic substrate. It created an environment similar to
that preceding a natural phytoplankton spring bloom. Figure 3
shows a typical pattern of nitrogen and chlorophyll a
concentrations and bacterial and microflagellate numbers as
found in the microcosm experiments, While absolute values
differed, the pattern of events was similar at all salinities.

The bacterial population responded in between 24 and 48 h
to the change in the environment and to the nutrient (glucose)
addition. Numbers peaked in a first bloom between days 3 and 5,
dropped sharply by day 7, and increased to a second
heterotrophic bloom following the phytoplankton bloom.
Autotrophic growth started after a lag phase of 3 - 5 days, and
chlorophyll a values peaked between days 7 and 11, depending on
the size of the 1inoculum and the dominant algae. At day 7
nitrogen (nitrate and nitrite) was nearly exhausted and
bacterial numbers reached a minimum. Increasing concentrations
of phaeopigments by day 9 indicated decay of cells as nutrients
became limiting (see Figure 13). An initial decrease in
microflagellate numbers at intermediate salinities, 10 ppt and
18 ppt, was most likely due to the abrupt environmental changes
which occurred when high and low salinity source waters were
mixed. In all experiments, microflagellates seemed to follow

thHe initial increase 1in bacterial biomass closely, while a
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Figure 3 - Concentrations of nitrate and nitrite,
chlorophyll a, bacteria and microflagellates in 18 ppt salinity
microcosms. Mean values of six experiments are shown. For

standard errors see Figures 4, 5, 6.
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correlation with the second heterotrophic bloom was less
striking. High numbers cof tintinnids (30 to 80 ml-') were found
by day 15. |

The nutrient addition on day 2 increased the background
level of nitrate. Bacteria and phytoplankton need nitrogen for
protein synthesis, but both prefer to take up ammonium because
it is less energy costly (Conway 1977; Mandelstam et al. 1982).
Therefore, the initiél concentration of ammonium (approx. up to
4 ug-at 1°') was exhausted before the nitrate plus nitrite was
taken up (cf. Figure 21). Nitrogen compounds excreted by the
microzooplankton were assumed to be recycled immediately by
bacteria " and phytoplankton, wuntil another substrate became
limiting.

The model becomes unrealistic from day 7 on with respect to
a natural bloom, because in the Fraser River estuary the biomass
of herbivorous zooplankton is>closely related to the primary
productivity (Parsons 1979). These grazers, mainly copepods,
were not observed 1in the microcosms. The largest grazers
present were several species of tintinnids, which seem to forage
on the microflagellate population (Spittler 1973; Heinbokel &

Beers 1979).
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3. VARIABILITY

Seasonal changes in the Fraser Rivér are in general much
greater than in the high salinity water collected from 20 m
depth in Burrard Inlet. Temperature in the surface water of the
former varies between 0°C in January and 19°C in August
(Benedict et al. 1973), while in the deep saline water it varies
only between 7 and 10°C during the year (Davidson 1979).

Nutrient concentrations showed a distinct seasonal cycle.
Nitrogen (nitrate plus nitrite) values ranged from 4.1 upg-at 1-°!
to 19.6 wg-at 1-' in the river water. Lowest concentrations
were found 1in September, highest in January. In the high
salinity water, values ranged from 22.5 ug-at 1-' in Sept to
47.7 pg-at 1-' in April. Likewise, ammonium concentrations
varied with the seasons, but were reported to be lower and less
variable in magnitude (Shim 1977; Drinnan & Clark 1980).

Seasonal differences in the plankton community with respect
to biomass and species composition caused considerable
variability in the inoculum. Water collected during the winter
months was dominated by microflagellates as described by
Takahashi & Hoskins (1978) for winter conditions 1in Saanich
Inlet. Accordingly, 1lowest chlorophyll a concentrations were
found in Qaters du;ing this period, while during the other
seasons phytoplankton were more abundant, thus increasing the
biomass of the inoculum,

Bacterial numbers were consistently higher in the brackish

river water, fluctuating between 1.04x10°% - 2.06x10° ml-', while
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bacteria in the high salinity water varied between 0.19x10° -

1.03x10% ml-'. The numbers represent total cell counts and no
distinction was made between free or particle-attached bacteria.
The proportion of the latter decreases with increasing salinity,
and in the Strait of Georgia 85% of the bacteria are free-living
(Bell & Albright 1981).

Beside variations in biomass, the microplankton community
also experiences physiological changes during different seasons,
e.g. photosynthetic rate increases with warming of the water in
spring (Takahashi et al. 1973) and ©periods of maximum
heterotrophic activity are found in summer and fall (Albright
1 1977).

Despite the many known and unknown sources of wvariation,
the simulated pattern in the microcosms remains the same. The
resulting chlorophyll a, bacteria and nitrogen curves (Figures
4, 5, and 6) represent data collected at different seasons of
the year (winter, spring and fall), so that variability reflects
seasonal differences in the response of the different waters as
well as differences between the microcosms.

The replication of microcosms was examined 1in seven
experiments at two different seasons; results are _shown in
Figures 7, 8, and 9. Nitrate and nitrite concentrations were
~not significantly diffefent between replicates considering a
precision of % 1.14 ug-at 17! 'in sample analysis. Bacterial
counts were based on enumeration of ten microscopic fields and a
total of at least 200 cells. According to Student's t statistic

the relative error (a=0.05) of the mean (n=10) bacterial numbers
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Figure 4 - The pattern of chlorophyll a concentrations;
data collected at different seasons (winter, spring, fall).
Bars indicate mean + 1 S.E.; n=number of experiments.
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Figure 7 - Nitrate and nitrite concentrations in
replication experiments: dashed and solid lines in (a) and (b)
represent identical treatment; in (c¢) and (d), water of one
microcosm (dashed) was filtered through a 116 um net.
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samples.
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was 15% (Venrick 1978). Variability was greatest 1in the
chlorophyll a concentrations. The precision of the analysis was
+ 1,51 pug 1-1 for chlorophyll a values ranging from 0 -

10 ug 1-'. Since chlorophyll a concentrations at the height of
the phytoplankton bloom exceeded this range up to seven-fold,
dilution of the acetone extracts was necessary. Therefore, thé

precision was considerably lower in these samples.
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4, EFFECTS OF SALINITY

The laboratory model simulates the estuarine ecosystem with
respect to a saiinity range. Therefore, this environmental
factor 1is discussed separately from all the others which
influence the microplankton ecology. Several properties are
closely associated with salinity, among them nutrients,
bacterial activity ahdvphytoplankton species composition.

In the Fraser River estuary, nitrogen in the surface layer
is supplied from entrainment of sea water (Tully & Dodimead
1957; Parsons et al. 1980) rather than by import from the river
(Stockner et gl; 1979). Nitrate data of the source waters
(Fraser River and Burrard 1Inlet) confirmed the entrainment
mechanism. Values in waters of 20 m depth always exceeded those
found in the river surface waters.

Silicate is higher in the fresh water than in the sea water
and substantial 1increase in cohcentrations has been observed
during the beginning of the annual freshet (Parsons 1979).
Another nutrient that appears to be higher in the Fraser River
is vitamin B,, (Cattell 1973). Concentrations of organic carbon
are closely associated with fhe decomposition of phytoplankton,
but appreciable quantities are land-derived via runoff (Stephens
et al. 1967). The availability of micronutrients (e.g. trace
metals) is greatly influenced by changes in salinity (Cross &
Sunda 1977). While nitrogen and consequently phytoplankton
biomass increase with higher salinities, organic carbon and

silicate show a reverse relationship.
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According to Seki et al. (1969) the metabolism of bacteria
is affected by salinity changes, and because of their slow
growth rates in the natural environment due to low levels of
organic substrate, bacteria need some time to adapt to a new
salinity regime (Takahashi & Norton 1977). Valdes (1980) has
shown in transplant exberiments, that the majority of freshwater
bacteria is killed when placed in marine water, but their marine
counterparts remain viable in Fraser River water. The same
author suggests that heterotrophic activity of the latter is
even stimulated within a certain salinity range.

In microCosm' experiments, higher relative heterotrophic
activity was found at 10 ppt and 18 ppt salinity (Table 1), in
those containers where high and low salinity source waters were
mixed. It appears that the mixture provided better growth
conditions for one or several bacterial strains of either
natural population.

Table 1 - Relative heterotrophic activities at different
salinities in duplicate laboratory experiments. Rates are based

on uptake of '“C-glucose and expressed as ug glucose h-' per 108
: bacteria.

< 5 ppt 10 ppt 18 ppt 2 26 ppt
8.56-17.63 57.35-91.33 51.82-65.58 27.68-42.85
(%13.10) (X74.34) (%58.90) (%X35.26)

In the microcosm blooms Skeletonema costatum and
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Thalassiosira spp. were consistently dominant, as they are in

the annual spring phytoplankton bloom in the Strait of Georgia.
The dominant diatoms showed a distinct pattern under the
different salinity regimes as shown in Figure 10. At < 5 ppt,

Thalassiosira spp. were dominant, while at 10 ppt, S. costatum

always comprised more than 90% of the bloom. At =2 18 ppt, the
relative abundances of both remained constant with S. costatum
being dominant.

The increased abundance of S. costatum at 10 ppt, at
relatively low but not the lowest salinity, has a correlation in
a sédiment assemblage analysis in Howe Sound, B.C. (Roelofs in
press). Howe Sound is a high runoff, estuarine inlet in which
the Squamish River at the head of the inlet markedly lowers the
salinity of the surface waters. Mean monthly discharge of the
Squamish River was greater in 1974 (i.e., lower salinity in the
surface waters), when S. costatum was the dominant both in the
phytoplankton (Stockner et al. 1977) and in all 24 sediment

assemblages, than in 1973, when Thalassiosira spp. were dominant

in the phytoplankton. Salinity values (0-20m) in both 1973 and
1974 did not fall below 10 ppt except at the mouth of the

Squamish River (Stockner et al. 1977). Although a dominance of

Thalassiosira spp. was never observed 1in the laboratory
microcosms with 2 10 ppt salinity due to the weed-like growth of
S. costatum in cultures, the results of the experiments might
explain the dominance of S. costatum in an unusual year, such as
1974, when surface water salinity was markedly lower,

Although salinity is not the only controlling factor of the
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abundance of S. costatum, these results demonstrate a consistent
relationship in the microcosm and in the field studies (Roloefs

& Spies unpubl. MS). Skeletonema spp. seem to thrive wunder

brackish water conditions as noticed in Kiel Fjord, West Germany
(Lenz 1977). The main reason might be the absence of
competition in an extreme environment where fresh and salt water
mix. A minimum of species abundance is reached at about 6 ppt
salinity (Remane & Schlieper 1971).

The effect of salinity on phytoplankton species requires
further study. Morphological changes in valve configuration
have been observed in S. subsalsum (Paasche et al. 1975). The
cell shapes of estuarine S. costatum are very variable, but it
is not known whether there 1is a correlation with changes in
salinity. |

At £ 5 ppt, freshwater algae contributed considerably to
the total biomass in phe microcosms, but their numbers decreased
rapidly in higher salinities. The abundance of microzooplankton
was always greater 1in the river water than in the deep saline
water. One explanation might»be the occurrence of both coloured
and colourless microflagellates'in the surface water of the
Fraser River, while at 20 m depth in Burrard Inlet
photosynthetic flagellates might be 1light-limited and less
abundant. Entrainment of deep saline water in the estuary mixes
nutrients as well as colourless microflagellates into the
surface layer, thus increasing the abundance of

microzooplankton.
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5. EFFECTS OF ABIOTIC FACTORS

5.1 Bottle Effects

Isolating natural waters in any kind of container will have
effects on the growth of the biota, but very little is known of
the causes and magnitude of these bottle effects. They are
dependent on the volume to surface ratio of the container,
decrease with increasing ratio, 1i.e. larger containers, and
increase with increasing nutrient levels (Zobell 1943).

When working with natural microplankton, wall growth of
bacteria cannot be prevented by any currently known method
(personal communication, Dr H.W. Jannasch; Marine Biological
Laboratory, Woods Hole). Marshall et al. (1971) have discussed
bacterial attachment to container walls. Measurements by
DiSalvo (1973) show that rapid irreversible attachment can occur
within 1 - 2 minutes. Also, 1increased concentrétions of
dissolved organics, such as glucose in the microcosms, stimulate
production of bacterial substances which mediate adhesion (Corpe
1974). Succession in colonization 1leads from bacteria to
protozoa and diatoms. Harte et al. (1980) have successfully
reduced visible surface growth by pouring the contents of their
containers into clean ones on a weekly basis.

Because of the short duration of the experiments concerned
with in this thesis, wall growth was not taken into
consideration. With the decline of the phytoplankton bloom
visible surface growth occurred in all containers. At this time

initial glucose and nitrogen concentrations were exhausted and
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wall growth was maintained by recycled nutrients.

Containment of natural water isolates the enclosed
organisms, and, depending on the volume, even a short incubation
can change the taxonomic composition and abundance of
microplankton. Container volume, incubation time and nutrient
regime may affect the course of <changes within contained
populatibns. Diatoms are generally more successful than
flagellates (Smayda 1957; Venrick et al. 1977), a trend also
observed in the microcosm experiments. Some species might get
physically damaged during sampling procedure and mixing in the
laboratory.

A reduction in species diversity can be explained on a
theoretical level with the hypothesis of "contemporaneous
disequilibrium" (Hutchinson 1961; Richerson et al. 1970). It
states that a large number of species can coexist in- a
homogeneous environment consisting of many water parcels, if
these parcels are prevented from coming into equilibrium due to
a continuous input of ©perturbations. Thué, isolation from
natural environmental fluctuations 1in containers should move
populations towards equilibrium conditions and reduce species

diversity (Venrick et al. 1977).

5.2 Constant Physical Factors

Constant physical factors in the 1laboratory reduce
variability and improve replication. This is an advantage for
statistical‘analysis, but makes any model less realistic because
the ﬁatural environment is variable.

Artificial light has a different spectrum than sunlight and
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a constant Light:Dark cycle eliminates seasonal changes in
daylength, which is less important when only one event of a
yearly cycle is studied. In the laboratory microcosms
irradiances were relatively high, favouring diatoms and smaller
size classes of cells (Chan 1978). 1Irradiances were assumed té
be saturating even at the peak of the phytoplankton bloom. The
initial drop 1in chlorophyll a conéentrations may be caused by
adaptation to higher light in the laboratory (Cosper 1982) and
by sedimentation of large diatom species, in spite of mixing.

At all seasons water of the Fraser River was more turbid
than the high salinity deep water. Sedimentation occurred
despite constant stirring in low salinity microcosms. Large
particles were removed by filtration of source waters through a
116-um-mesh Nitex screen without influencing bacteria numbers,
nitrogen and chlorophyll a concentrations (see above Figures 7
and 8). With the decline of the phytoplankton bloom,
particulate matter settled in all contaihers. Similar
observations were made during shipboard tank experiments (1 m3
volume) by Smetacek et al. (1980). According to these authors,
settling of an increasing percentage of particulate matter was
obviously caused by nitrogen deficiency. The sediment material
had consistently higher C/N and C/Chl ratios when compared to
the suspended matter, indicating the dependence of sinking rate
on composition of particles.

The importance of mixing within enclosed water columns was
observed in Controlled Ecosystem Pollution Experiments (CEPEX)

at Saanich Inlet, B.C.. Unmixed containers consistently showed
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rapid sedimentation of large-celled diatoms and their
replacement by small flagellates (Thomas & Seibert 1977). Only
brief daily stirring maintained larger phytoplankton cells; the
N:P ratios were lower and more similar to the 'Redfield' ratio

than in wunstirred containers (Eppley et al. 1978). Mixing.

(0]

seemed to favour the growth of diatoms and increased
chlorophyll a values (Oviatt 1981).

The limited air exchange in the microcosms was overcome by
gentle air-bubbling, which ensured aerobic conditions. The
constant temperature of 12°C was about the mean value which
plankton experiences during spring in the Fraser River estuary
(Benedict et al. 1973). Keeping physical factors constant
facilitated the study of salinity effects in the estuarine

laboratory model.

5.3 Nutrient Addition

The initial nutrient addition ensured that despite varying
concentrations of macro-nutrients during the year, a basic
supply of nitrogen, phosphate, silicate and organic substrate
was available for heterotrophic and autotrophic growth. When
background levels were high, as in winter and spring, they were
boosted; at other seasons development of the standard pattern
wés ensured. Experiments without 1initial nutrient addition
showed the same basic pattern but resulted in much lower biomass
of bacteria as well as phytoplankton. An example is shown in
Figure 11,

The height of the initial bacterial bloom was reduced by

half without glucose being added. The residual heterotrophic
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Figure 11 - Microcosm experiments with nutrient
addition=control (solid lines) and without addition (dashed
lines) at 8 ppt salinity; a - chlorophyll a concentrations

(ug 1-'), b - bacterial numbers (x10° ml-').
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bloom was due to an increase in bacterial activity caused by the
change in the environment, i.e. containment. In these
microcosms, bacteria wutilized the organic substrate present in
the‘source waters. The glucose addition did not influence the
second heterotrophic bloom which followed the decay of the
phytoplankton, because the added amount was already exhausted in
the first bloom.

EDTA+iron was necessary to counteract bottle effects. Iron
is known to adhere to ‘the wall of glass vessels and to
precipitate 1in stored water, at which point it is slowly or no
longer available to the organisms at all (Lewin & Chen 1971).
The artificial chelator keeps iron in solution, so that algal
growth is not limited by the lack of it. The addition of
EDTA+iron was an important feature in the simulation of

conditions preceding those of a natural diatom spring bloom.
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6. INTERACTIONS OF THE BIOTA

6.1 Dark-experiments

To study heterotrophic growth without interference by
autotrophs, microcosms were kept 1in the dark (black garbage
bags). The initial addition of 1 mg 1-' glucose was increased
to 5 mg 1-', and in two microcosms even further to 5 mg 1-' on
three consecutive days in order to enhance bacterial growth.
Parallel to the dark-experiments, four microcosms with standard
treatment were monitored. Beside the usual sampling intervals,
samples were taken every 12 h between days 3 and 7.
Concentrations of total dissolved monosaccharides, nitrate and
nitrite, as well as aﬁmonium were analysed. The absolute values
of the latter might be affected by freezing and storage, as well
as technical problems in the analysis of low salinity samples
(Degobbis 1973; Eaton & Grant 1979). Therefore, the emphasis is
on the general pattern, rather than absolute concentrations.
The methods of analysis are described in Chapter II.

In the dark microcosms chlorophyll a concentrations never
exceeded 5 ug 1-1%. Initial total monosaccharides were
299 ug 1-' in the river water and 156 ug 1-' in the high
salinity water. After addition of nutrients including 5 mg 1-!
glucose, bacteria responded during the next 36 h with a doubling
of numbers at < 5 ppt, a five-fold increase at 10 ppt, six-fold
at 18 ppt and nine-fold at 2 26 ppt salinity. In the lowest
salinity, nitrogen was limiting bacterial growth (see

Figure 21). By day 4 ammonium concentrations at < 5 ppt and
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10 ppt salinity were below detection. Nitrate and nitrite were
exhausted by day 5.5 at < 5 ppt but at 10 ppt concentrations of
2 - 3 ug-at 1°' were measured until the end of the experiment,
while in the range of 10 to = 26 ppt salinities, glucose became
limiting by day 3.5 to 4.5.

The experimental set-up favoured aerobic bacteria which
were able to utilize nitrogen for protein synthesis and carbon
as substrate and energy source. The uniform morphological cell
shapes during the first heterotrophic bloom indicated that only
one or two species could réspond to the sudden increase in
substrate concentration and were able to outcompete all the
others present 1in natural waters. This phenomenon 1is not
uncommon in nature. The autochthonous or steady-state
population consists of slowly growing cells, which are well
adapted to the prevailing environmental conditions. A sudden
change 1in these conditions, e.g. substrate influx, gives rise
to an exponentially growing population (Brock 1971).

In the microcosms with 5 mg 1-' glucose addition on three
consecutive days nitrogen seemed to be limiting before organic
substrates at 10 ppt or became limiting at approx. the same time
in the 2 26 ppt salinity container. With a total addition of
15 mg 1-' glucose the maximum increase in bacterial numbers was
six-fold at 10 ppt, compared to five-fold after one addition,
but inéreased from nine- to 23-fold at = 26 ppt salinity in the
presence of higher nitrate and nitrite concentrations.
Figure 12 shows a composite picture of bacterial numbers,

nitrogen and monosaccharide concentrations at 10 ppt salinity.
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Figure 12 - Bacterial numbers, monosaccharide and nitrogen
concentrations in Dark-experiments at 10 ppt salinity; 5 mg 1-°
glucose was added on days 2, 3, and 4.
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Microflagellate numbers peaked together with the bacterial bloom
(cf. Figure 15). The rapid increase in ammonium beyond day 6
was due to excretion by microzooplankton and exhaustion of
organic substrate below threshold levels and/or limitation by
other essential nutrients. When Dbacterial numbers dropped,
microflagellates decreased with approx. 1! - 2 days delay.
Together with nutrient exhaustion, grazing might have prevented
bacterial numbers from increasing higher than 11.5x10% ml-' and
contributed to their decline. Bacterial biomass remained low
for another 7 days and increased only slightly towards the end
of the experiment.

Heterotrophic bacteria are dependent on dissolved organic
compounds for growth. Only a sméll fraction of the DOC in the
natural environment has been identified (Williams 1975). 1In the
Fraser River estuary vélues range from 1 - 6 mg C 1-' for most
of the year (Albright 1977). Carbohydrates may account for 8 -

24% of the total DOC (Sieburth 1979). In nature (open sea)
minimum threshold values for uptake of monosaccharides are
approx. 50 ug C 1-', which are much lower than critical values
observed in laboratory cultures with pure bacteria'(Jannasch
1970). This agrees with findings in the dark microcosms where
threshold values for uptake were approx. 200 ug C 1-1
monosaccharide (see Figure 12).

The wutilization of soluble organic components by
microorganisms may contribute a significant fraction to total
production (Pomeroy 1974). Bacteria can rapidly assimilate the

more labile portion (Azam & Hodson 1977). By following the
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development of natural phytoplankton and dissolved carbohydrates
in plastic tanks, Brockmann et al. (1979) found a significant
positive correlation between glucose and diatoms, as well as
between dissolved carbohydrates and phytoplankton biomass.
During a natural bloom in the North Sea, glucose comprised more
than 60% of the combined carbohydrate fraction (Ittekkot et
al. 1981). Efficient  heterotrophic utilization reduced
substrate levels to ambient concentrations within a short time;
the decrease was found to be in the same range as bacterial
uptake (Brockmann et al. 1979).

Heterotrophic microflagellates in the size range 3 to 10 um
are effective bacteriovores (Haas & Webb 1979; Fenchel 1982b).
Their normal nutritional mode is to ingest bacteria rather than
dissolved organic matter or a combination thereof at least in
the natural environment, where ambient substrate concentrations
are low (Haas & Webb 1979). When exposed to unusually high
concentrations, protozoa may be able to take wup organic
substrates directly (Droop 1974); In the Dark-microcosms direct
uptake of glucose by micrbflagellates seemed to occur in
addition to grazing of bacteria. No lag phase between a
bacterial bloom and peak numbers of microflagellates is apparent
(Figure 15), contrary to observations in field studies (Sorokin

1977; Fenchel 1982b).



49

6.2 Autotrophs And Heterotrophs

Some interactions between heterotrophs and autotrophs were
seen in the microcosm experiments. The response of bacteria to
allochthonous organic substrate (glucose) is shown in Figure 11
and in the Dark-experiments. Increased levels of dissolved
monosaccharides (up to 685 ug MCHO-C 1-') were observed during
the decline of the simulated phytoplankton bloom as well as the
coupling of primary production with increases 1in bacterial
biomass (see Figures 3 and 13). Oxygen depletion was
counteracted by air-bubbling. Photosynthesis caused pH changes
of up to one unit during the phytoplankton bloom (Appendix 1).
Competition between bacteria and algae could be observed and was
studied 1in numerical simulations and perturbation experiments
(Chapter 1V and V).

Phytoplankton in the natural environment are always
associated with bacteria, and there 1is evidence for mutual
interaction, A positive correlation between the primary
production of phytoplankton and bacterial abundance or microbial
activity has  been found (Es & Meyer-Reil 1982). The
relationship can be masked by allochthonous inputs of organic
matter. While the excretion of organic compounds by healthy
phytoplankton is still debated ' (Hellebust 1974; Sharp 1977;
Mague et al. 1980), senescent and dying algae are a major
source of organic matter, as 1is gfazing activity (sloppy
feeding) by macrozooplankton (Eppley et al. 1981; Pfaffenhdfer

t al. 1982). These compounds can readily be taken up by

bacteria (Larsson & Hagstrdm 1979; Wolter 1982), and may
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determine the seasonal pattern of bacterial abundance
(cf. Chapter VI). Microbial activity might better be correlated
with the concentration of phaeopigments than with primary
production (Fuhrman et al. 1980). In microcosm experiments,
where chlorophyll a and phaeophytin a was measured, the increase
in bacterial nﬁmbers to the second heterotrophic bloom seemed to
follow the appearance of phaeopigments, rather than the height
of the phytoplankton bloom (Figure 13).

Bacteria may inhibit algal growth by modifying the
environment, e.qg. depleting oxygen or changing the pH. The
latter conditions are unimportant in the Fraser River estuary
(Drinnan & Clark 1980). There are reports of bacteria and
viruses that may cause algal <cells to 1lyse (Cole 1982).
Bacteria. produce soluble substances which can inhibit or
-stimulate algal growth and may be of importance in the seasonal
succession of phytoplankton species (Cole 1982). In the
presence of high organic load bacteria can successfully compete
with autotrophs for a limiting nutrient (see Chapter V).

In their function as decomposers, bacteria remineralize
organic matter and replenish nutrients for phytoplankton growth.
Bacteria can enhance algal growth by release of vitamins, e.gq.
vitamin B,, (Haines & Guillard 1974) and the poor growth of
axenic algal cultures indicates that bacteria may have complex
stimulatory effects.

Phytoplankton not only compete with bacteria for limiting
nutrients, they may release antimicrobial substances (Sieburth

1968). In laboratory experiments S. costatum inhibited some
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strains of bacteria with the inhibitory action being strongest
during the exponential growth phase (Kogure et al. 1979). 1In
periods of intense photosynthesis the upward shift in pH may

influence the bacterial activity and species composition (Cole

1982).



53

7. SUMMARY

The pattern of the simulated phytoplankton blooh was
described in terms of changes in bacterial numbers,
chlorophyll a and nitrogen concentrations, and microzooplankton
abundance. The 1initial nutrient addition was followed by a
first heterotrophic bloom which was terminated by exhaustion of
glucose and microflagellate grazing. The heterotrophic bloom
was succeeded by an increase in phytoplankton biomass.
Exhaustion of nutrients terminated autotrophic growth. The
decay of cells gave rise to .a second heterotrophic bloom.
Microzooplankton followed the changes'in bacterial biomass.

Despite the seasonal variability of the source waters the
standard pattern was reproducible. This way, perturbations of
the simulated phytoplankton bloom could be performed at
different times of the year.

The salinity wvalues 1in the experiment influenced the
microplankton ecology. Heterotrophic activity was highest at

10 ppt and 18 ppt salinity. Skeletonema costatum and

Thalassiosira spp. had consistently been dominant in the

simulated phytoplankton bloom. The increased abundance of 8.
costatum at relatively lower salinities (10 ppt) had a
correlation to field studies.

Abiotic factors, such as bottle-effects, constant
laboratory conditions and the initial nutrient addition
influenced the biota of the microcosms and biased the course of

events., Total consequences of the multiple effects resulting
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from enclosure of water in containers were not known.
Dark-experiments facilitated the study of bacteria, their
growth kinetics and nutrient wuptake. The impact and role of
microflagellates was discussed. Autotrophs and heterotrophs
relate to each other in various ways; only some of their mutual
interactions could be studied wunder the given experimental

conditions.
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IV, NUMERICAL MODELING

1. INTRODUCTION

Numerical modeling 1is wused to describe the events within
the laboratory microcosms in terms of the important processes
and organisms. The model should show how the various components
could be interacting and what effect the change of variables and
parameters has. The developmenf of the model will be in two
steps: first, simulation of the Dark-microcosms by describing
bacterial and microflagellate growth and interactions; second,
simulation of Light-microcosms by describing autotrophic and
heterotrophic growth and interactions. By starting off with the
less complicated task, insights and results gained 1in the
development of the Dark-model <can be incorporated into the
simulation of the more complicated Light-model.

The models are partly based on independent studies of
processes and interactions in the laboratory microcosms. Some
parameters and constants are taken from a numerical simulation
by Fenchel (1982b), which describes interactions between
bacteria and microflagellates in a natural ecosystem. Other
data will be estimated from existing literature or have to be
guessed. Due to constant laboratory conditions, the models will
have no abiotic 1input variables. Processes are described in
differential equations and are incorporated into FORTRAN-

programmes (cf. Appendix 2). All rates 1in the equations are
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expressed in units of hours. According to the sampling schedule
of the microcosm experiments, the simulation starts on day 2
(24 h) when initial samples were taken and additions were made.
The models are run for a minimum period of at least 300 h to
cover the experimental observations. Values are printed -out
every 12 h, All simulation is done on the UBC Amdahl computer.
Criteria for the success of the models will be the
closeness in timing and magnitude of events when the simulation
run 1is compared to the experimental results in the estuarine

microcosms.
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2. MODELING OF DARK-MICROCOSMS

2.1 Variables; Parameters And Constants

Variables in the Dark-microcosms were bacteria (X),
microflagellates (Y) and glucose (G). Based on results in Dark-
experiments, glucose was assumed to be the growth-limiting
substrate in the 10 ppt to 2 26 ppt salinity microcoshs, while
at < 5 ppt nitrogen was the limiting factor (see Figure 21),
Only the 2 10 ppt salinities were considered for the numerical
simulation. The processes were characterized by Michaelis-
Menton type functions. The changes of bacterial numbers (X; 10°¢
ml-'), microflagellates (Y; 103 ml-') and glucose concentrations

(G; mg 1-') over time (t) were expressed as

dx RM- G UM . X

— = - X - - Y

dt GK+G XK+X

dy UM . X

— = *Y-EY -D-Y

dt XK+X

dG RM - G Q

—_— = - .x-

dt GK+G EX
RM = maximum growth rate of bacteria
GK = half-saturation constant for glucose (mg 1-')
UM = maximum consumption rate of bacteria
XK = half-saturation constant for bacteria (10® ml-")
D = death rate of flagellates
EY = gross growth efficiency of flagellates per bacterium
Q = glucose quota per bacterium (mg per 10°% bacteria)
EX = growth efficiency of bacteria
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Initial numbers of X and Y were determined in the
laboratory microcosms; the values changed with the different
salinity regimes. 1In Dark—experimentsIRM was calculated from
the period of exponential growth. Rates of 0.05 at 10 ppt and
0.06 at 18 ppt and 2 26 ppt salinity were found. G, at the
beginning of the simulation, was 5 mg 1-' glucose, due to a
constant addition. GK was set to be 0.3 mg 1-'; values for all
bacteria are between 0.2 and 0.8 mg 1-' (personal communication,
Dr J.J.R. Campbell, Dept. of Microbiology, UBC). It was assumed
that flagellates had a maximum consumption rate (UM) of 60
bacteria h“; a gross growth efficiency (EY) of 3x10°°
flagellates per bacterium, and that the half-saturation constant
(XK) was 5x10°% bacteria ml-'. All these values (UM, EY, and XK)
were experimentally found by Fenchel (1982a). The density-
independent death rate (D=0.045) of microflagellates was taken
from Fenchel's (1982b) model. Data of bacterial growth
efficiency on glucose range from 0.5 to 0.95 in the literature
(e.g. }Fenchel & Blackburn 1979; Larsson & Hagstrdm 1979; Bolter
1981). For the present simulation 0.8 was selected as given in
Fenchel & Blackburn (1979). Ferguson & Rublee (1976) provide
data of thev carbon content of average-size marine microbes in
coastal areas. Based on their findings, a glucose cell guota of

0.05 mg per 10° bacteria was calculated.
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2,2 Simulation And Comparison With Original Data

A simulation run with the original parameters (RM=0.06;
GK=0.3; UM=0.06; ZXK=5.0; EY=3.0; D=0.045; 0=0.05; EX=0.8), an
addition of 5 mg 1-' glucose and initial bacteria and flagellate
numbers as found in the 2 26 ppt salinity microcosm, is shown in
Figure t4. The simulation did not fit any of the experimentally
determined patterns in the salinity range of 10 ppt to 2 26 ppt
which are presented 1in Figure 15. The original parameter set
led to a model of unstable prey/predator oscillations, where the
abundance of bacteria was not limited by substrate
concentrations, but by grazing.

According to experimental data (Figure 15), bacterial
numbers peaked between days 4 (72 h) and 5.5 (108 h) with
maximum numbers ranging from 8.83x10¢ ml-' to 10.02x10% ml-"',
Glucose exhaustion coinciaed with the peak of the bacterial
bloom; therefore growth was limited by lack of organic substrate
rather than by grazing. Limitation by glucose was demonstrated
in microcbsms with additions of up to 15 mg 1-1,

The 1increase in microflagellates seemed to parallel
bacterial numbers and a peak was reached at approx. the same
time and up to 24 h later. Microflagellates were counted at
larger time intervals than bacteria. Also, due to the
difficulty of 1live enumeration, the estimates of absolute
numbers showed large variations in replicate counts. The exact
timing of the flagellate bloom is consequently uncertain.

Probable reasons for the failure of the original simulation

run include the following. In Figure 14, it was assumed that
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all of the initially present bacteria were growing by utilizing
glucose. Activity measurements of marine bacteria 1indicate,
however, that the majority of them are not active, but live in a
state of dormancy (Wright 1978). 1In the eutrophic Kiel Bight
(Western Baltic) the proportion of metabolically active microbes
changes between 10 and 56% during the year (Hoppe 1978).
Temperature and nutrient supply seem to be the main criteria for
the bacterial activity state (Albfigﬁt 1977; Hoppe 1978). An
experimental temperature of 12°C and the fact that bacterial
numbers were unchanged over 48 h (lag phase) is also consistent
with the hypothesis that only a fraction of them was growing.

The calculated growth rate for bacteria was not corrected
for grazing 1losses and therefore should be actually higher in
the mvdel.

The initial number of microflagellates was very likely
lower. During enumeration colourless and coloured flagellates
were not distinguished and probably not all were heterotrophs,
i.e. bacteriovores. Considering the size of the flagellates in
the Dark-microcosms, the majority of them was similar in volume
to the smallest species studied by Fenchel (1982a).

The glucose cell quota calculation was based on average-
size natural marine bacteria, which are growing in a substrate-
limited environment. The simulation with £he original
parameters clearly showed that the bacterial glucose quota (Q)
was too low, since the second bacterial bloom resulted in much
higher numbers than observed and glucose was still not depleted.

Enrichment of the growth medium with glucose resulted in bigger
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bacteria (Mandelstam et al. 1982). A rough estimate of the
correct cell quota was calculated by dividing maximum observed
numbers, c. 10x10% ml-', by 5 mg‘l'1 glucose taken wup, which
gave a quota (Q) of 0.5 mg per 10° bacteria. 1In order to
account for grazing losses, the glucose quota (Q) had to be a
little lower than 0.5. If bacteria were bigger, fewer of them
had to be ingested in order to give an equivalent amount of
flagellate biomass, or, with the ingestion of one bacterium the
gross growth efficiency increased.

If there was indeed direct glucose uptake by
microflagellates as discussed 1in the previous chapter, it was
not included in the model run.

The variety of possibilities suggests that there might be
more than one set of parameters which mimics observations in the
Dark-microcosms. The aim was to find the one which seemed
biologically most reasonable. The change of one parameter very
likely would regquire adjustment of others to produce such a
result. Changes in the original parameters could be discussed
by 1listing them sequentially, or by starting with the final
result and describing the alterations which were needed to
achieve 1it. The latter approach was chosen in the subsequent

discussion in section 2.3.



64

2.3 Simulaticon Of Different Salinity-Microcosms

In a series of simulation runs, 1initial conditions and
grazing parametefs were changed 1in order to increase total
numbers in the first bacterial bloom and to convert all glucose
into bacterial biomass. Figure 16 shows two of several possible
models of the = 26 ppt salinity Dark-microcosm. They differ in
initial numbers of microflagellates (Y), maximum consumption
rate of bacteria (UM) and proportionally adjusted gross growth
efficiency (EY). In order to deplete the added 5 mg 1-!
glucose, the cell guota (Q) was increased six-fold from 0.05 to
0.3, while bacterial growth efficiency (EX) and half-saturation
constant (GK) for glucose remained unchanged with respect to the
original simulation. The initial number of bacteria (X), which
were growing at a rate of 0.06, was set at 20% of the observed
value. Initial flagellate numbers (Y) were reduced with the
death rate (D) unchanged. Flagellates were assumed to have a
lower maximum consumption rate (UM) of 0.015 instead of 0.06 and
to be less efficient grazers. The ratio of maximum consumpfion
rate and half-saturation constant for bacteria (UM/XK) was
decreased from 0.012 to 0.005, i.e, the flagellates cleared less
volume per unit time. Due to the increase 1in individual
bacterial biomass, the gross growth efficiency of flagellates
(EY) was adjusted from 3.0 to 12.0 with respect to the decreased
consumption rate (UM). Thus, the maximum carbon intake by
flagellates was 1.5-fold higher. The flagellate bloom lagged
24 h behind the peak in bacterial numbers. Total flagellate

numbers were acceptable, considering the variation in actual
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counts. The possibility of direct glucose uptake could explain

the higher numbers in the microcosm experiments.

Figure 17 shows simulation runs of the 10 ppt and 18 ppt
salinity microcosms. At both salinities the bacterial bloom
occurred earlier than at 2 26 ppt salinity and absolute numbers
were higher. Several parameter changes were necessary in order
to adjust the model. Activity measurements in the Fraser River
estuary indicate that at intermediate salinities the proportion
as well as the numbers of'active bacteria increase (Valdes &
Albright 1981). 1Initial bacterial numbers were indeed higher in
the 10 ppt and 18 ppt salinity microcoshs, therefore X had to be
increased when the proportion of active bacteria was equal to
that at 2 26 ppt salinity. Beside higher initial numbers, more
bacteria (X) may actually grow in the microcosms. An increase
of X to 0.6x10® ml-' and further to 0.8x106 ml-1! was
consequently Jjustified. According to Valdes & Albright (1981)
the mean bacterial volume 1in the estuary increases with
decreasing salinity. To account for bigger bacteria, the
glucose cell quota (Q) was set to 0.4. With an increasing
amount of 1low salinity surface water, it was assumed that the
proportion of heterotrophic microflagellates, which consume
bacteria, decreased, while the proportion of photosynthetic ones
became larger. Initial flagellateAnumbers (Y) were reduced to

0.1x10* ml-' and 0.05x10% ml-1',
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2.4 Discussion Of Parameter Changes

According to experimental results, glucose exhaustion in
the Dark-microcosms had to coincide with the bacterial bloom
because glucose was identified as the growth 1limiting factor.
With a constant initial sﬁbstrate addition (G) and a fixed
initial number of bacteria (X), the change in  glucose
concentrations was related to the growth rate (RM) of bacteria,
the glucose cell quota (Q), the half-saturation constant for
glucose (GK), and the growth efficiency (EX) of bacteria. A
modest increase in the growth rate (RM) to account for grazing
losses had 1little effect on both the timing of the bacterial
bloom as well as absolute numbers and did not 1lead to glucose
depletion. Changes in the half-saturation constant for glucose
(GK) in the range of 0.2 to 0.8 mg 1-' did not affect bacterial
dynamics significantly, because changes were effective only at
low substrate concentrations. The greatest impact on glucose
concentrations (G) was achieved by lowering the efficiency (EX)
or increasing the cell quota (Q); But even with an efficiency
(EX) as 1low as 0.5, glucose still did not limit bacterial
growth., Only an increase in cell quota (Q), making bacteria
bigger, caused substrate exhaustion together with the peak in
bacterial numbers, which were, however, exceeding those found in
the microcosms.

In order to simulate the Dark-microcosms with respect to
absolute bacterial numbers and proper timing of the bloom,
parameters concerning bacterial growth on glucose or those

concerning grazing activity by flagellates could be altered.



69

Reasonable changes in growth rate (RM) were limited to a small
increase in the value and therefore did not have much effect.
Assuming that only a fraction of the microbial population was
actually growing, i.e. by lowering the initial bacterial numbers
(X), the timing of the bacterial bloom was adjusted as well as
absolute numbers. When X was set at 5% of the observed wvalue
and the original glucose quota of 0.05 was not increased,
absolute bacterial numbers exceeded those found experimentally
more than four-fold and the bloom was too late. An increase in
glucose quota (Q) to 0.3 resulted in lower bacterial numbers and
by varying the initial value of bacteria (X), the timing of the
bloom was changed; higher 1initial numbers (X) resulted in an
earlier bloom, while 1lower ones delayed the bloom. The
reduction of X 1in combination with a glucose quota (Q) of 0.3
without changes in grazing parameters resulted in too few
flagellates.

In the original simulation, flagellates controlled
bacterial numbers. With a lower grazing activity due to a
smaller number of bacteria-ingesting flagellates (Y) or due to a
lower maximum consumption rate (UM), bacterial numbers could be
increased at the height of the bloom. A reduced maximum
consumption rate (UM) without a change in the half-saturation
constant for bacteria (XK) resulted in less efficient flagellate
grazing, i.e. higher bacterial numbers and a delayed bloom. In
addition, the time-lag between bacterial and microflagellate
bloom became too long. Alterations of the half-saturation

constant (XK) alone did not 1influence the timing of the
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bacterial bloom significantly, but resulted in lowe; peak
numbers. By decreasing the grazing activity without changing
the gross growth efficiency (EYj of the flagellates, their total
numbers were too low. The density independent death rate (D) of
microflagellates was not altered at all, because there was no
experimental value available.

By increasing the glucose cell quota (Q) six-fold, making
bacteria bigger, and with no change in the maximum consumption
rate (UM), the carbon uptake rate per flagellate would increase
six-fold, resulting in far too large and too few flagellates.
In order to simulate approx. flagellate numbers in the Dark-
microcosms, fewer bacteria had to be 1ingested to give an
equivalent amount of flagellate biomass. Consequently, the
gross growth efficiency of flagellates (EY) had to be increased.
With a glucose quota (Q) of 0.3 and a four-fold increase in EY,
flagellates were 1.5 times as big in terms of glucose quota.
Assuming a glucose quota (Q) of 0.3 and a bacterial efficiency
(EX) of 0.8, an initial glucose concentration of 5 mg 1-' would
yield a maximum number of bacteria of 13.3x10% ml-'. Numbers
observed in the Dark-microcosms were about 36% lower. In
substrate-(glucose) controlled experiments, it appears that the
glucose cell quota (Q) determines substrate limitation, and thus
the timing of the bacterial bloom, while the gross growth
efficiency (EY) determines the number of grazers and the height
of the bloom.

In conclusion, the simulation of the events in the 10 ppt

to 2 26 ppt salinity Dark-microcosms required changes of several
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parameters of the original run. The glucose quota per bacterium
had to be increased in order to convert all added glucose into
bacterial biomass. 1Initial bacterial and flagellate numbers
‘were lowered, because not all of the former were assumed to be
active and growing, and probably not all of the latter were
bacteriovores. The maximum consumption rate of bacteria had to
be lowered and a decreased ratio of maximum consumption rate to
the half-saturation constant made grazing less efficient. With
flagellates grazing on bigger bacteria, the gross growth
efficiency of the former had to be increased in order to give

the proper number of grazers.
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3. MODELING OF LIGHT-MICROCOSMS

3.1 Variables, Parameters And Constants

Variables in the Light—microcosms were phytoplankton (P},
nitrogen (N), bacteria (X), microflagellates (Y)!{ and glucose
(G). Autotrophic growth was expressed as changes in
chlorophyll a concentrations. Forms of nitrogen included
ammonium, nitrate and nitrite; 1initial concentrations of all
forms were added and expressed as a single variable N,
Dissolved 6rganic nitrogen (DON) and dissolved organic carbon
(DOC) were not measured in the microcosm experiments.
Conseqguently, the uptake of DON and DOC other than glucose was
not considered 1in the simulation, and neither were the release
of organic substrates by phytoplankton or remineralisation
processes by bacteria. Thus, the model was restricted to the
initial growth period. Due to the lack of grazers,
phytoplankton cells sank to the vbottom of the container
following nutrient depletion, The loss of cells was not
described. Also not included in the model was the excretion of
nitrogen compounds by microflagellates.

Based on results of the Light-experiments (standard -
pattern=1 mg 1-' glucose), it was assumed that bacterial growth
was limited by glucose and phytoplankton growth by nitrogen in
the < 5ppt to 2 26 ppt salinity microcosms. Only ih glucose
perturbations and Dark-experiments, the addition of 5-15 mg 1-!
of glucose resulted in nitrogen limitation of bacterial growth

at low salinities. Heterotrophs grow on organic carbon, but in
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addition require nitrogen compounds for protein synthesis. The
uptake of both carbon and nitrogen was assumed to occur in a
fixed proportion; thus carbon and nitrogen quotas for bacteria
were considered to be constant. The growth efficiency on
nitrogen was taken as 100% for bacteria (Azam et al. 1983) and
phytoplankton. Algal cells were assumed to have constant
nitrogen and chlorophyll a quota per cell during the entire
experiment. The growth of photosynthetic microflagellates was
ignored, because their total biomass was small in comparison to
the biomass of the dominant algae.

The processes in the Light-microcosms were characterized by
Michaelis-Menten type functions. The equations for changes in
bacterial numbers (X), microflagellates (Y) and glucoée (G) were
the same as in the simulation of the Dark-microcosms (see
section 2.1 in this Chapter). Equations representing changes in
phytoplankton biomass (P) and changes in nitrogen concentrations

(N) over time (t) were expressed as

dap SM- N
— = -P
dt NK+N
dN SM. N QP RM - G
_— = - -pr— - —— . X-0ON
dat NK+N QC GK+G
SM = maximum growth rate of phytoplankton
NK = half-saturation constant for nitrogen (ug-at 1-')
QP = nitrogen quota per phytoplankton cell (pg-at)
QC = chlorophyll a guota per phytoplankton cell (pg)
RM = maximum growth rate of bacteria
GK = half-saturation constant for glucose (mg 1-')
QN = nitrogen quota per bacterium (ug-at per 10° bacteria)
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Initial values of P, N, X, and Y were determined 1in the
laboratory microcosms; the wvalues changed with different
salinity regimes. G, at the beginning of the simulation was
1 mg 1°' glucose (standard pattern), due to a constant addition.
Parameters of bacterial and flagellate growth were taken from

the Dark-microcosm simulation of the appropriate salinity value.

3.2 Simulation Of The 10 ppt Salinity Light-microcosm

In the 10 ppt salinity microcosms, a single diatom species,

Skeletonema costatum, comprised more than 90% of the

phytoplankton bloom, while at higher and lower salinities algal
populations were more diverse.

The parameters describing bacterial and flagellate growth
were the same as 1in the simulation run shown in Figure 16a.
Based on data obtained from Dark-experiments, a nitrogen quoté
for bacteria (QN) of 2.0 ug-at per 10° bacteria was calculated.
With a glucose quota of 0.4 mg (2.2 uM) per 10° bacteria, the
glucose/N ratio per bacterial cell was 1.1, which was in
agreement with the C/N ratio given in Fenchel & Blackburn
(1979).

The calculation of the maximum growth rate (SM) of
S. costatum was based on cell counts during the exponential
growth phase. The value of 0.055 was eqgual to maximum rates
reported by Smayda (1973) and Hitchcock (1980a) in high light
intensity cultures at temperatures of 10 - 12°C, and was equal
to the maximum growth raﬁes of bacteria found in the Dark-
microcosms. While phytoplankton and bacterial growth rates were

equal, algae had a lag phase aboht three times as long as
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bacteria. A combination of factors could be responsible for the
delayed onset of phytoplankton growth. During the initial
heterotrophic bloom, bacteria may have prevented algal growth by
producing inhibitory substances (Cole 1982). Also, changes in
environmental conditions, such as irradiance, photoperiod,
‘osmotic changes, temperature and air-bubbling may have induced
auxospore formation in the diatom population before vegetative
growth resumed, as Drebes (1977) suggested.

Fer S. costatum Eppley et al. (1969) give a half-saturation
constant (NK) of 0.5 uM for the uptake of nitrate. MacIsaac &
Dugdale (1969) calculated a value of 1.0 for natural populations
in coastal water, which is the same as in laboratory cultures.
The higher value was wused in the model. The chlorophyll a
content per tell was calculated to be 0.5 pg in the 10 ppt
salinity microcosm. The same value has been reported by Cosper
(1982) for S. costatum at similar irradiances. The nitrogen
guota was set at 3.0 pg (0.2 pg-at N) per cell (Cosper 1982).
The resulting N/Chl ratio was 6; a value, equal to that given by
Parsons et al. (1961) for nutrient sufficient cells.

A simulation run with bacterial and flagellate parameters
as in Figure 16a, with proportionally adjusted initial bacterial
(X) and flagellate numbers (Y), with an addition. of 1 mg 1-'
glucose (G) and with chlorophyll a (P) and nitrogen
concentrations (N) as found in a 10 ppt salinity Light-
microcosm, resulted 1in a premature phytoplankton blocom. Algal
growth started without a lag phase resulting in early nitrogen

depletion. Bacterial numbers matched those found
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experimentally; relatively low total numbers resulted in a small
population of heterotrophic flagellates. According to the model
c. 90% of the microflagellates were photosynthetic.

While at the height of the phytoplankton bloom more than
90% of the algal cells were identified as S. costatum, their
relative abundance at the beginning of the Light-experiments
varied between 8.5% and 20%, Thus, the initial fraction of
chlorophyll a originating from S. costatum cells was small. In
order to simulate a bloom of this species, a reduction of the
experimentally found chlorophyll a value seemed to be justified.
When the initial wvalue (P) was reduced to approx. 5%,
chlorophyll a concentrations showed a sharp increase after a 2.5
day lag phase. In Figure 18, the simulation of a 10 ppt
salinity Light-microcosm (X=0.95; P=0.075; N=19.66; SM=0.055;
NK=1.0; 0QC=0.5; QP=0.2; QN=2.0) 1is shown and compared to
experimental results of seven Light-experiments (standard
pattern). The timing of the bloom and the chlorophyll a peak
value were in agreement with results in the Light-microcosm.
Because the sinking of phytoplankton cells or losses due to
grazing were not included in the model, pigment values remained
high. Nitrogen depletion <coincided with the phytoplankton

bloom.
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3.3 Simulation Of Other Salinities

The simulation of the 18 ppt and 2 26 ppt salinity
microcosms is described and discussed together, because of
behavioral similarities. The higher salinity micfocosms
differed from the 10 ppt one with respect to a shorter lag phase
before the onset of phytoplankton growth, 1in their species
composition and in higher nitrogen, consequently higher algal
biomass. While at 10 ppt salinity, nutrient depletion coincided
with the peak in chlorophyll a concentrations, i.e. the peak of
the phytoplankton bloom, pigment values in the higher salinity
microcosms increased by about 30% for another 24 h folldwing
nutrient depletion. Cells continued to divide and synthesize
chlorophyll a by using nitrogen from internal cell pools.

The assumption of constant nitrogen and chlorophyll a quota
obviously does not hold. Cell quotas vary with growth rate
(Harrison et al. 1976; Goldman & McCarthy 1978) and decrease
with increasing nutrient deficiency. When algal cell division
continues following nutrient depletion, individual cells become
progressively smaller. The wuse of constant quotas causes a
discrepancy between the simulation run and the experimental
data. When the exact chlorophyll a concentration is modeled,
the nitrogen depletion is too late. With the nitrogen depletion
properly timed, the chlorophyll a concentration is bound to be
_too high. In spite of this limitation, constant quotas were
assumed for convenience sake.

At 18 ppt and 2 26 ppt salinity, the phytoplankton bloom

was consistently dominated by S. costatum and Thalassiosira
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spp.; they accounted for about 85% (by numbers) of all algal

cells. The remaining 15% were made up by Chaetoceros spp.,
several pennate diatom forms and flagellates. S. costatum and
Thalassiosira spp. seemed to occur in a fixed ratio of

approx. 3:1. The latter species were not further distinguished,
but cells were grouped into three different size classes. The

smallest Thalassiosira cells had about twice the volume of one

S. costatum cell. While the relative abundance of species at
18 ppt and 2 26 ppt salinity were the same, the proportion of

large Thalassiosira cells in the highest salinity was double of

that at 18 ppt.
Growth rate (SM) calculations were based on cell counts
with no distinction between the different species. While

S. costatum grew faster, the rate of growth of Thalassiosira

spp. was slower, resulting in a mean maximum growth rate (SM) of
all cells of 0.040 and 0.038 in the 18 ppt and 2 26 ppt salinity
microcosms. The mean rate was lower than in the 10 ppt salinity
experiments.

Based on experimental data, an average chlorophyll a
content per <cell (QC) of 0.4 pg was calculated for the 18 ppt
and 2 26 ppt salinities. As outlined above, the nitrogen gquota
showed large variation during the different phases of growth. A
calculated value Dbased on experimental data from the onset of
exponential growth proved to be far too high, while values at a
later phase were virtually zero. Consequently, quota had to be
guessed and adjusted in order to give the right amount of

chlorophyll a at the height of the phytoplankton bloom. At
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18 ppt salinity a nitrogen quota (QP) of 0.25 pg-at per cell was
most fitting, while at 2 26 ppt 0.3 pg-at was chosen. The half-
saturation constant for nitrate (NK) remained wunchanged with
respect to the 10 ppt salinity simulation.

Initial chlorophyll a values (P) used in the models were
about 30% of the original value. Bacterial and flagellate
parameters were taken from the Dark-models shown in Figures 16a
(26 ppt) and 17b (18 ppt). Initial bacterial (X) and flagellate
numbers (Y) were adjusted proportionally, while the glucose
addition was constant at 1 mg 1-'. 1In Figure 19 the simulation
runs of one 18 ppt (X=0.6; VY¥=2.0; G=1.0; P=0.5; N=33.72;
SM=0.04; NK=1,0; 0QC=0.4; QP=0.25; ON=2.0) and one 2 26 ppt
Light—microcosm (X=0.2; ¥=4.0; G=1.0; P=0.75; N=47.87; SM=0.04;
NK=1.0; QC=0.4; QP=0.3; ON=2.0) are shown. The models are
compared to mean values of bacterial, chlorophyll a and nitrogen
concentrations of several experiments (standard pattern).

A simulation of the lowest (< 5 ppt) salinify Light-
microcosm was hampered by the lack of data for bacterial and
microflagellate growth. A Dark-model of this salinity was not
considered because bacteria were 1limited by both nitrogen as
well as glucose., At < 5 ppt salinity, the phytoplankton bloom
occurred later than at 10 ppt and was composed of small

Thalassiosira spp. and green algae. The presence of the latter

species was reflected in the high chlorophyll a gquota (QC) of
1.2 pg. The mean maximum growth rate (SM) for all cells was
0.043. A simulation run with bacterial and flagellate

bparameters as in the 10 ppt salinity Dark-model, properly
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adjusted initial bacterial (X) and flagellate numbers (Y), and
an initial chlorophyll a concentration (P) of c. 7% of the
experimentally found value, resulted in a model which simulated
the < 5 ppt salinity Light-microcosm well. But when this
simulation was compared to the mean values of 7 experiments
(standard pattern), the results were more divergent (Figure 20;
X=1,0; ¥=2.0; G=1,0; P=0.075; N=9.55; SM=0.043; NK=1.0; 0QC=1.2;:
QP=0.5; QN=1.8).

While at 10 ppt and higher salinities the simulation of one
microcosm agreed well with experimental data collected at
different seasons of the year, the £ 5 ppt salinity Light-model
did not compare equally well with experimental data which
included seasonal variability. This might be due to the lack of
data for bacterial and flagellate growth at < 5 ppt salinity or

to a greater variation in the lowest salinity microcosms.

3.4 The Distribution Of Inorganic Nitrogen

Bacteria and phytoplankton need 1inorganic nitrogen for
growth. In most microcosm experiments the uptake by one or the
other could not be distinguished, because algal cells started to
grow while the 1initial heterotrophic bloom was still in
progress. In a few experiments, however, phytoplankton did not
enter the exponential growth phase until bacterial numbers
reached a minimum after the bloom. The nitrogen uptake due to
bacteria ranged from between 3.5 and 4.7 ug-at 1-' in these
microcosms, which was the same amount the Light-model predicted
for simulations with 1 mg 1-' glucose (standard pattérn) and

nitrogen uptake was not significantly different over the



83

Bacteria

10

5-
» 4
/
7
1 — 1 ) L] bl R
2 3 5 7 9 11 days

< 5 ppt salinity Light-

Figure 20 - a - Simulation of a
microcosm;
b - Mean values of 7 experiments (standard pattern) at the same
: + NO, ug-at 1-1)

salinity, but at different seasons.
Chl a ug 1-'; NO,

.
r

(Bacteria x106 ml-'



84

salinity range of < 5 ppt to 2 26 ppt (3.6 - 5.3 ug-at N 1-7;
%¥=4.2). Due to the increase in nitrate plus nitrite
concentrations with increasing salinity, bacterial wuptake
accounted for 38% of the total inoréanic nitrogen at < 5 ppt,
but only for 11% at 2 26 ppt salinity.

In the following an attempt is made to balance inorganic
nitrogen in order to evaluate the importance of nitrogen
recycling which was not considered in the model. When bacterial
growth was enhanced by increasing the glucose addition from 1 mg
to 5 mg 1-', with all other variables and parameters unchanged,
the model predicted a five-fold nitrogen uptake by bacteria of
approx. 20 ug-at N 1-1, The simulated increased bacterial
uptake totally depleted nitrogen concentrations at < 5 ppt and
10 ppt; no phytoplankton bloom could develop. At higher
salinities, the remaining nitrogen provided for an algal bloom
which was reduced by about 50% from the 1 mg level. Peak values
of chlorophyll a were reached 24 h earlier, due to nitrogen
exhaustion. The timing éf the bacterial bloom was not different
from the Dark-model, but numbers were lower at salinities where
nitrogen became limiting.

The pattern predicted by the model differed from
experimentally found datg of élucose perturbations as described
in Chapter V, section 3.1. In microcosms the increase in
organic substrate to 5 mg 1-' glucose caused a delay and
depression of the phytoplankton bloom at < 5 ppt (see
Figure 23), while the impact at higher salinities was less

pronounced. The timing of the bloom was not altered at 18 ppt
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and 2 26 ppt salinity, but peak values were slightly reduced
(Figure 24).

The discrepancy between model prediction and experimental
observations might be caused by two factors: the calculated
nitrogen qguota per 10° bacteria (QN) might be too high (i.e. the
gucta being different when bacteria are growing in high organic
nutrient concentrations), or the mcdel did not take into account
nitrogen recycling by microzooplankton.

With a calculated nitrogen quota (QN) of 2.0 ug-at per 10°
bacteria, the Light-model agreed well with bacterial uptake as
observed in microcosms under standard conditions. The glucose/N.
ratio was eqguivalent to the average C/N ratio in the majority of
bacteria (Fenchel & Blackburn 1879). However, when bacterial
growth was enhanced by the addition of 5 mg 1-' glucose, the
uptake of nitrogen ranged between 16 - 18 u§~at‘N 1-' in Dark-
microcosms which was lower than predicted by the model
(Figure 21). The discrepancy might be explained by actually
lower nitrogen quota 1in -the Dark-experiments or, if nitrogen
guota were unchanged, that the missing 2-4 ug-at N 1-' were
supplied by microzooplankton excretion, something not included
in the simulaticn. Ammonium concentrations in Dark-microcosms
showed a rapid increase during the decline of the heterotrophic
bloom (Figure 21), while flagellate numbers reached a maximum at
or shortly after the blcom.

The nitrogen quota per bacterial cell (QN) may be different
when cells grow in rich medium, because uptake mechanisms for

different substances are not completely independent (Fuhs et
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Figure 21 - Bacterial numbers x10€ ml-' (a), ammonium (b)
and nitrate + nitrite (c) concentrations in ug-at 1-' in Dark-
experiments at different salinities.
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al. 1972). A variety of bacteria accumulate storage products,
e.g. PHB (Poly—ﬂ-hydroxy butyrate) in the presence of an excess
carbon or energy source (personal communication,
Dr H.W. Jannasch, Marine Biological Laboratory, Woods Hole). 1In
a model simulating glucose perturbation, a lower quota seemed to
be justified. 1In order to match the model and bacterial uptake
of 16 - 18 ug-at N 1-' as found in Dark-experiments, the quota
had to be lowered by 20-30%.

To conclude, with a nitrogen quota (QN) of 2.0 ug-at per
10% Dbacteria the Light-model compared favourably with
experimental results as found in Control-microcosms (standard
pattern = 1 mg 1-!' glucose). After increasing the initial
amount of glucose to 5 mg 1-', the model predicted a much lower
phytoplankton biomass than actually observed in glucose
perturbations. As discussed above, the nitrogen guota might
have been too high in the presence of large amounts of organic
substrate. With a cell quota (QN) reduced by 20% to 1.6 ug-at
per 10° bacteria, the model still predicted a reduction of. the
phytoplankton bloom by 75% at 10 ppt and 25% at 2 26 ppt
salinity, while the addition of 5 mg 1-' glucose to Light-
microcosms did not result in a significant reduction at 10 ppt
and only a 16% reduction at the highest salinity. Values for
18 ppt salinity came in between these extremes. The discrepancy
between model and experimental observations can be attributed to
nutrient recycling by microflagellates, which was not included
in the simulation. While at 2> 26 ppt salinity about 10% of the

bloom might be due to "regenerated production" (Dugdale &
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Goering 1967), the proportion increases up to 66% at < 5 ppt
salinity. Not surprisingly, recycling of nutrients is of
increasing importance at low ambient nitrogen concentrations.

Recycling of nutrients could explain the smaller impact of

glucose perturbations in the microcosms.
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4. SUMMARY

The processes in Dark- and Light-microcosms were described
in numerical models. The original data set based on
experimental results, literature data and a model of bacteria
and microflagellate interactions proposed by Fenchel (1982b) did
not simulate the processes 1in Dark-microcosms at any of the
given salinities. Several parameter changes were necessary to
adjust the model to experimental observations, where bacterial
cell guota and the gross growth efficiency of microflagellates
had the dominant effect in determining the timing and absolute
numbers in the bacterial bloom. There was no universal set of
parameters fitting all salinities.

The Light-model, based on results of the Dark-simulation,
experimental and literature data, was restricted to the initial
phytoplankton growth phase, because neither recycling of
nutrients nor any pfocesses followiﬁg the algal bloom were
included. The Light-model agreed well with the processes
observed in the 10 ppt to 2 26 ppt salinity microcosms, while at
the lowestvsalinity the simulation was less close, probably due
to the 1lack of proper data and greater seasonal variability in
the experiments.

A budget of inorganic nitrogen revealed the partifioning of
substrate between bacteria and algaé. At low ambient nutrient
concentrations bacterial uptake may account for a considerable
proportion of total 1inorganic nitrogen. The importance of

nutrient recycling by microzooplankton was demonstrated in the
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discrepancy between the behavior of the Light-model when initial
glucose concentrations were 1increased to 5 mg 1-!' and the
experimental results obtained in glucose-perturbed microcosms.

In these experiments up to 66% of the phytoplankton bloom was

attributed to regenerated nitrogen.
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V. PERTURBATION EXPERIMENTS

1. INTRODUCTION

Estuaries generally are of high biological productivity and
are therefore rather vulnerable to major changes in their
balance. The impact of man's activities and perturbations is
thus of great 1interest. The addition of pollutants (metals,
0il, pesticides) have been shown to be harmful in numerous LDg,
responses, yet, many estuaries have not changed appreciably
despite these pollutants being present (e.g. Marshall 1982). 1In
the Strait 6f Georgia the general level of productivity does not
reflect pollution of this environment, either by poisons or
enrichment (Parsons 1972; Harrison et al. 1983; Waldichuk 1983).

Despite pollution, estuaries are resilient, although in
themselves highly variable environments. Tides, floods, erosion
and sedimentation cause changes on a timescale from hours to
centuries. It is‘ hypothesized that naﬁural and unnatural
perturbations applied to an estuary do not result in a breakdown
of the ecosystem, but may cause shifts in the food chain. The
change 1in estuarine food chains, e.g. from an autotrophic to a
heterotrophic system, might entail higher secondary and tertiary
production under the latter (Parsons et al. 1981).

Obviously, the estuary itself cannot be manipulated to test
the 1impact of various perturbations. For testing the
hypothesis, a biological model of an estuary, consisting of a

series of controlled aquatic microcosms, has been constructed.
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Similar approaches to experiments on the benthic boundary layer
(e.g. Zeitzschel & Davis 1978) and to pollution of freshwater
microcosms (e.g. Taub & Crow 1978) have been reported. This
thesis is novel in its approach to simulate estuarine salinity
values and certain types of perturbations. The response of the
microplankton to imposed perturbations might result in
deviations from the standard pattern and this will then be taken
as indication of a shift in the food chain of the estuary.

Some background data on the natural ecology of the
microplankton of the Fraser River estuary are available. The
area 1S generally dominated by a diatom spring bloom and by a
diatom community of higher diversity during the summer (Stephens
et al. 1969; Parsons et al. 1969; Shim 1976). Heterotrophic
activity of bacterioplankton may dominate the microplankton
during the winter months and constitute an important part of the
community at other times of the year (Albright 1983a,b). Data
on the water guality of the Fraser River have been reviewed by

Drinnan & Clark (1980).
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2. MATERIALS AND METHODS

The laboratory set-up, sampling design and analysis of
samples were described in Chapter II. A total of 10 different
perturbations over a salinity range from < 5 ppt to 2 26 ppt
were performed. With each perturbation experiment, a control,
in form of a standard pattern, was run.

In perturbation experiments the glucose addition was
increased from 1 mg 1-' (standard addition) to 5 mg 1-', in
order to simulate high organic 1load. Single additions . were
compared with repetitive ones on three consecutive days.

With neutral density screens, the incident 1light was
reduced by 90 %. An irradiance of c¢. 22.5 uEinst m~ % s-' was
measured inside the empty and shaded flasks.

The 1impact of heavy metals was tested in perturbations
including the. addition of 30 ug 1°' of Cu as well as a heavy
metal mixture (cf. Table 2) at concentrations of five and ten
times the amount found in a moderately polluted estuary such as
Narragansett Bay, Rhode Island, USA (Goldberg et al. 1977). The
same approach employing the Multi-element-mix was used by Thomas
et al. (1980) 1in a CEPEX study. Table 2 shows the composition
and concentrations of the ten heavy metals in the original
mixture. Since the standard addition of EDTA+iron would affect
the availability of the heavy metals, changes in the
experimental set-up were necessary. The EDTA+iron was replaced
by addition of FeCl, 1in the same molar concentration in the

experimental unit as well as in the control.
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Table 2 - Composition of Multi-element-mix according to
Thomas et al. (1980).

Metal Compound pg 1-1
As V Na ,HAsSQO, 5.0
cd cdcl, 0.75
Cr K,Cr,0, 3.0
Cu CuSO,4+5 H,;0 3.0
Hg HgCl, 0.15
Ni - NiCl, 5.0
Pb . PbCl, 3.0
Sb K(SbO)C“Hu05;1/2 H,0 1.5
Se Se0, 1.5
Zn ZnCl, | 5.0

In British Columbia, the herbicide 2,4-D is used in aerial
spraying of wobdlandé. Application of the same in coastal areas
might affect the water quality of estuaries and inlets. The
herbicide 2,4-D, dichlorophenéxyacetic acid, mol. wt. 221.0,
(D 2128-SIGMA, Chemical Company), was kindly supplied by

Dr M.K. Upadhyaya of the Plant Science Department, UBC. The
pure compound was used in the perturbation experiments rather
than commercial formulations which c¢ontain other chemicals
beside 2,4-D. The acid form of 2,4-D is only slightly soluble
in water, at 25°C 0.09 g 100 ml-', but highly soluble in ethanol

(Herbicide Handbook, Weed Science Society of America 1974). On



95

day 3 2,4-D was added to the microcosms resulting in final
concentrations of 10-% M and 10-® M. The 2,4-D was dissolved in
sub-samples of water from the microcosms. The 10" M
concentration was mixed with 0.5 ml ethanol (95%) to assist
dissolution, before being combined with the subsample and poured
back 1into the microcosms. The ethanol in the highest 2,4-D
concentration increased the total carbon added to 107.5 mg 1-'
(96 mg C 1-' from 2,4-D and 11.5 mg C 1°' from ethanol), thus

increasing the carbon source for bacterial growth.
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3. RESULTS AND DISCUSSION

3.1 Effects Of Glucose

Productivity of an estuaryvis a result of balances between
autotrophy and heterotrophy, and between import and export
(Sibert & Naiman 1980). Estuarine circulation introduces
nutrients from the ocean; rivers introduce organic matter,
sediments and nutrients. These  imports stimulate  both
autotrophic and heterotrophic growth. |

Dissolved organic matter in estuaries includes large
amounts of sugars (Seki et al. 1969) as well as small quantities
of amino acids (e.g. Hobbie et al. 1968). While concentrations
of the latter are low, measurements of flux rates indicate that
the contribution to primary production might be as high as 10%
(Hobbie et al. 1968; Billen et al. 1980). Heterotrophic
populations have considerable potential for oxidizing small
organic molecules. Within a period of 30 h, bacteria are
capable of responding and adapting to a 100-fold increase in
amino acid concentration ( Williams & Gray 1970).

Glucose additions to microcosms of a salinity range from
< 5 ppt, 10 ppt, 18 ppt to =2 26 ppt resulted in a 25 to 75-fold
increase 1in dissolved monosaccharide concentrations compared to
natural ievels found 1in the Fraser River eétuary. The
enrichment in organic carbon gave rise to higher bacterial
numbers and led to lower chlorophyll a concentrations at the
height of the simulated phytoplankton bloom. When 5 mg 1-' of

glucose were added on day 2 together with inorganic nutrients,
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the bacteria responded within 24 to 48 h with an‘e£ponential
increase in numbers as shown in Fiqures 22 and 23. The fastest
response was observed at intermediate salinities, 10 ppt and
18 ppt, while absolute numbers were highest at 18 ppt and
2 26 ppt. With three additions of 5 mg 1-' of glucose on three
consecutive days (day 2, 3 and 4), a further increase in
bacterial numbers was observed at salinities 2 10 ppt
(Figure 22), while at < 5 ppt absolute numbers were virtually
the same after one and three additions (Figure 23).

In glucose-perturbed microcosms (see Figure 23), nutrients
(NO; + NO,) were exhausted 2 - 6 days earlier than in the
~controls. The higher organic substrate concentrations
stimulated microbial growth, resulting in enhanced uptake of
inorganic nitrogen by the bacteria. Beside an increase in
metabolic activity, the stimulation was probably also due to a
change in species composition, namely the rapid growth of a
zymogenous microbial population. Nutrient concentrations in
Figure 23 show the partitioﬁing of substrate between
heterotrophs and autotrophs. The initial decrease was due to
bacterial uptake, the second due to assimilation by
phytoplankton. The pattern was similar at all salinities.

Figures 23 and 24 show examples of chlorophyll a curves
~after one and multiple additions of 5 mg 1-' of glucose. With
increasing concentrations of glucose the phytoplankton bloom was
delayed and/or peak values of chlorophyll a reduced. At < 5 ppt
salinity the impact was greatest. One single addition caused a

delay in the simulated phytoplankton bloom by two days and a
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Figure 22 - Concentrations of bacteria in control (solid
line) microcosms and after one (dashed line) and three (dotted

line) additions of 5 mg 1-' of glucose.



99

5 mg-at 1™
M

3

NO3 + NO

. 6 .
Bacteria x10° m|~!

n_J

21 DAYS

Figure 23 - Concentrations of nutrients, bacteria and

chlorophyll a after glucose perturbation at < 5 ppt; control

(solid line), 5 mg 1-' glucose on day 2 (dashed line), 5 mg 1-!
glucose on day 2, 3 and 4 (dotted line).
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Figure 24 - Chlorophyll a concentrations at 10 ppt and
2 26 ppt salinity: control (solid line), 5 mg 1-' of glucose on
day 2 (dashed line), 5 mg 1-' of glucose on day 2, 3 and 4
(dotted line).
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Figure 25 - Chlorophyll a concentrations in < 5 ppt
salinity microcosms: a - standard pattern (control), b - Glucose
perturbation (5mg 1-' on day 2). Bars indicate mean % 1 S.E.;
n=number of experiments. Experiments were performed at

‘ different seasons.
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reduction in phytoplankton biomass. This’ delayb was observed
consistently at different seasons of the year (Figure 25), while
the reduction of the bloom did not seem to be significant when
mean chlorophyll a values included seasonal variability. After
three additions of 5 mg 1-! glucose, phytoplankton growth was
totally suppressed in the . £ 5 ppt salinity microcosm
(Figure 23).

Table 3 1indicates the composition of the plankton samples
collected on day 9. At salinities of 10 ppt and higher, there
virtually was no difference between the glucose-perturbed
microcosms and the controls. At < 5 ppt salinity the proportion
of small flagellates (< 20 um) was over 10 times greater than in
the control microcosm. After glucose perturbation of 5 mg to a
total of 15 mg 1-' they contributed nearly 50% of the plankton.
The 1low chlorophyll a values in the perturbed microcosms (0.58
and 1.39 ug 1°') suggested that the majority of flagellates
were colourless. The chlorophyll a concentration was about 10%
of the value in the control microcosm.

Algae and bacteria competé for organic substrates of 1low
molecular weight, e.g. urea (Remsen et al. 1972). Evidence
points to the success of bacteria, but opposite findings have
been reported as well (Saks & Kahn 1979). The dominant diatom

species, S. costatum and Thalassiosira, present in the microcosm

experiments are not known to grow on glucose (Hellebust & Lewin
1977). Competition for inorganic substrates, such as phosphate
and inorganic nitrogen compounds has been described and under

certain conditions algal growth can be severely limited
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(e.g. Rhee 1972; Thayer 1974).
Table 3 - Relative abundance of small flagellates, diatoms
and green algae on day 9 in Control and after one and three

initial glucose additions of 5 mg 1-'. Means * S.E. (in
brackets) are given; n=4.

< 5 ppt Salinity
Diatoms & Green Algae 96.0(+1.63) 52.7(+3.02) 52.7(£1.50)

Small Flagellates 4.0(+1.63) 47.3(£3.02) 47.5(£1.50)

10 ppt Salinity
Diatoms & Green Algae 98.8(+0.48) 99.5(+0.29) 97.5(20.87)

Small Flagellates 1.2(£0.48) 0.5(+0.29) 2.5(+0.87)

18 ppt Salinity
Diatoms & Green Algae 100.0 99.5(+£0.50) 97.5(%0.48)

Small Flagellates 0.0 0.5(+0.50) 3.2(20.48)

2 26 ppt Salinity
Diatoms ) 99,2(+0.48) 99.,5(+0.50) 96.8(+1.19)

Small Flagellates 0.8(+0.48) 0.5(£0.50) 1.5(%£1.19)

In the Fraser River estuary low salinities are associated
with low inorganic nutrient levels (Chapter VI). In the
presence of high organic substrate concentrations bacteria may

exhaust ambient 1inorganic nitrogen. Under these conditions
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nutrient recycling by microzooplankton becomes iﬁcreasingly
important as shown in Chapter IV, section 3.4. Following the
addition of 5 mg 1-' glucose, up to 66% of the biomass in the
delayed and reduced phytoplankton bloom might be due to
"regenerated production" (Dugdale & Goering 1967).

Heterotrophic and autotrophic competition for nitrate has
been suggested by Parker et al. (1975) in a stratified estuary.
In the presence of organic carbon-rich and nitrogen-deficient
pulpmill effluent, heterotrophic growth was enhanced, while
primary productivity was inhibited by lack of nitrogen. 1In
spite of very low primary productivity, large standing crops of
both zooplankton and  fish indicated the persistance of a well
developed food <chain (Sibert & Brown 1975). Parsons et
al. (1981) enriched CEPEX enclosures with glucose and studied
the effects on the productivity of the system. Enhancement of
heterotrophic growfh caused depression of photosynthetic
production by algae bﬁt resulted in higher secondary and
tertiary production.

Competition between bacteria and phytoplankton for a
limiting substrate was confirmed in the microcosm experiments.
In the presence of high organic 1load and 1low nitrogen
concentrations bacteria outcompete phytoplankton, causing' a
depression or complete suppression of autotrophs, as observed in
the < 5 ppt salinity microcosm (Figure 23).

Heterotrophic activity was measured on day 3, when bacteria
were in the exponential growth phase. Due to substrate

enrichment, glucose uptake rates were 1-2 orders of magnitude
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higher than in samples from the Strait of Georgia at
corresponding salinities (see Table 1 in Chapter III and Table 7
in Chapter VI). The highest uptake rates were found at

intermediate salinities, 10 ppt and 18 ppt.

3.2 BEffects Of Light

Among the environmental factors thch influence
photosynthesis of phytoplankton are 1light, nutrients and
temperature. In the Fraser River estuary, temperature is
liﬁiting only near the surface during the winter and the spring
(Takahashi et al. 1973). Nutrient 1limitation 1is important
during the summer, while near surface light is the main li