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Abstract:

This study examined epilimnetic bacterioplankton abundance and production and their relationships
with ambient environmental factors in a eutrophic reservoir. Its major objectives were (1) to quantify
epilimnetic bacterial abundance and production, (2) to identify roles of temperature, inorganic and
organic nutrients in regulating bacterial abundance and activity, and (3) to investigate interactions
between bacterioplankton and phytoplankton. Field data were gathered for two consecutive years
during the ice-free season. Field and laboratory experiments were based on nutrient enrichment and
isotopic tracer (14C, 3H) methodologies, plankton size-fractionation and metabolic inhibition
techniques. Bacterial abundance and production averaged 1.7+0.6 (=1 SD) x 1076 cell ml*-1 and
0.28+0.19 (+1 SB) ug C 1*-1 h*-1, which were strongly correlated with water temperature, chlorophyll
a, and particulate N. Both field data and results from in situ and laboratory experiments showed that the
dominant factors regulating bacterioplankton varied seasonally. Field and laboratory experiments
collectively demonstrated that inorganic nutrients directly limited bacterial growth when insufficient
inorganic nutrient were present and indirectly limited bacterial growth by limiting phytoplankton
growth when phytoplankton products were necessary for bacterial growth. Bacterial growth was
enhanced in the presence of phytoplankton photosynthesis and was stimulated by an increase in
phytoplankton density. The movement of motile bacterioplankton toward phytoplankton was also
stimulated by an increase in phytoplankton density. Bacterial optimal growth temperatures from
different seasons were always higher than in situ temperature. These findings collectively suggested
that temperature and nutrient collaboratively regulated bacterioplankton growth. Inorganic nutrient
regulated bacterial growth both directly and indirectly via phytoplankton products. Enhancement of
bacterioplankton growth by dissolved organic carbon occurred only under, inorganic nutrient replete
environment. Phytoplankton products were important nutrient sources of bacterioplankton.
Temperature, inorganic nutrients, and phytoplankton products were all factors regulating
bacterioplankton growth in the studied system. This conclusion does not support the common view that
growth rates of bacterioplankton are always limited by the availability of reduced carbon substrates.



CONTROL OF BACTERIOPLANKTON ACTiVITY IN A EUTROPHIC
ILAKE EMPHASIZING RELATIONSHIPS AMONG BACTERIA,

CYANOBACTERIA AND NUTRIENTS

by

Lizhu Wang

A thesis submitted in partial fulfillment
of the requirements for the degree

of
Doctor of Philosophy
in

Biological Sciences

Y MONTANA STATE UNIVERSITY
: Bozeman, Montana

. August 1992




APPROVAL
of a thesis submitted by

Lizhu Wang

This thesis has been read by each member of the thesis
committee and has been found to be satisfactory regarding
content, English usage, format, citations, bibliographic
style, and consistency, and is ready for submission to the
College of Graduate Studies.

Uuut ITWT -
Date
Approved for the Major Department
24 Anmvif 192,
Date Head, Major Department

Approved for the College of Graduate Studies

Datfe Graduate Dean



iii

STATEMENT OF PERMISSION TO USE

o

In presenting thié thesis in partial fulfillment oflthe
requirements fér‘a aoctoral degree at Montana State
'University, I agree that the Lib:ary shall make it available
to borrowers uﬁder rules of the Library. I further agree
that copying of this thesis is allowable only for scholarly
purposés, consisfent with "fair use" as prescribed in the

U.S. Copyright Law. Requests for extensive copying or

reproduction of this thesis should be referred to University -

Microfilms International, 300 North Zeeb Road, Ann Arbor,
Michigan 48106, to whom I ﬁave‘granted "the exclusive right
to reproduce and distribute copies.of the dissertation in
and from microfilm and the right ﬁo.reproduce and distribute

by abstract in any format."

Signature

Date | g/zo/72




iv
ACKNOWLEDGEMENTS

I would like to sincerely thank the following who
assisted to bring this study to completion. Dr. John Priscu,
my academic adviser and graduate committee chairperson,
directed the study,/provided field and laboratory
assistahce, and assisted-in preparation of this
qissertation. Drs. Calvin Kaya, Thomas McMahon, Gordon
McFeters, Warren Jones, and Robert Brown (graduate school
representative), each of whom read the aissertation
manuscript and provided valuable and constructive
criticisms. Drs. Robert White, David Ward, Walter Dodds and
Kirk Lohman, who served on my graduate committee during
various phases of this project, provided advice and.
encouragement at critical times. Dr. Hans Pearl provided
guidénce‘during the early phases of this work. T. Sharp, and
T. Galli provided field and laboratory assistance. N.
Kangatharalingam helped on tﬂe chemotatic experiment design.
T. Miller, my cohort in this profect, gave invaluable
perspective and friendshib when it was most needed. My
appreciation also goes to the faculty and graduate students
of the Department of Biology at MSU, who helped and
encouraged me through my study.'I greatly appreciate Dialian
Fisheries College, P. R. China, who provided mé the
opportunity to study in the U.S.. This project was funded by

the Soap and Detergent Association grant to Dr. John Priscu.




v

TABLE OF CONTENTS

Page
LIST OF TABLES ......... e s e e s e e s s e s e es e a s eeeaen s : ix
LIST OF FIGURES ..veveeecencnnnes e xi
ABSTRACT .cceeeeeeacans e e s e ecesecscssesessecesssessesns XV
CHAPTER 1. GENERAL INTRODUCTION ..... ceiesrecesscssae 1
Literature Overview ......ce00000 s essasssceccannnn 3
Bacterioplankton Abundance and Production ....... 3
Factors Regulating Bacterioplankton Abundance
and Production ....ceeerirrececcccnccccnns e eeeens 7
HypothesSes ...cieieieteeeteeescnssnsccscsssssscassccsns 11
Objectives .....ceeeececne e csssseceens e eeccansee 12
Test of Hypotheses and Organization of Report ..... 14
CHAPTER 2. BACTERIOPLANKTON ABUNDANCE AND PRODUCTION:
RELATION WITH BIOTIC ANP ABIOTIC FACTORS .. cceecocses . 17
Introduction ...eeceeeeeecccnacenans tetssseecceaann 17
Study Site ..ttt ittt i ii it et ct it i 18
Materials and MethodS «.oveveenn. ceeeaans cetecsesesas 19
Field Procedures ....c.eeeeeeeecns cescessessaenne . 19
Laboratory Procedures o'oo.o---oooo.aoo‘-oo....o.. : 21
Data Expression and Bacterial Conversions ....... 23
Nutrient and Rlver Water Enrichment Experiments . 24
Results ..;.............;..........;........ ..... .- 26
Bacterioplankton Production, Biomass, Abundance
and Doubling Time ....ceveeececcscnons cessnss cecss - 26
Phytoplankton Production, Chlorophyll a, and
Organic and Inorganic Nutrients ....cceceecesenns 28
Correlations Among Bacterioplankton Varlables,
Phytoplankton Variables, and Other Biotic and
Abiotic VariableS teceescecsrecocsccscccsossansanss 34
Effect of Stratification on Epilimnetic :
Bacterioplankton Growth and Abundance ......c..... 36

Seasonal Variation of Factors Regulating -
Bacterioplankton Activity and Abundance ......... 36




vi

TABLLE OF CONTENTS - Continued

Nutrient Differences Betweén River Inflow and
LaKke Water ..cceeeeeeceeososeccnccacsscncsncsseensses

DiSCUSSION t.iititt it ieeeineeeesesenssennnnnonns

Bacterioplankton Variables ......cc0eeve cees e .

Relation between Bacterioplankton
Phytoplankton .....cceeceeceessnnos

and

Factors Regulating Bacterioplankton ......cccoce.
Influence of Nutrient Input from River on Lake
Bacterioplankton and Nutrient Composition ........

CHAPTER 3. HETEROTROPHIC BACTERIOPLANKTON NUTRIENT

DEFICIENCY ..ceeecoconacos s eeecass e e es s ceseecs o
Introduction .....ciceiiiieiiitiencenencaitonconnanns
Materials and Methods ...ceveeeececccsssssocscs cennen

Studysite ® ® & o » 5 & 6 8 9 O .‘.............'...O..‘.Il..
Experimental ProCedUrYeS ...ccessesscsscsccsscsaens
Water Chemistry ..... cectececerscenscacesenee cenn
Particulate Matter Analysis ...eceeceecceccasnss cens
Biological Rate Measurements ..... et ececerseaens
Statistical Analysis ....c0c0ee.. coecessasseseans
ReSULES ..t erernerecneeencccccccnnans s easeseeans

Initial Conditions of Experiments .

Nutrient Responses of Bacterloplankton and

Phytoplankton .......cc00.. cesaen

Relationship between Bacterioplankton and
PhytoplanktOn ....‘.onocitooolooooto'loooholooo...-o‘o

DiSCUSSIiON t.iviieerreoenecscscsscsccncesessosnonsasos

OF BACTERIOPLANKTON TO NUTRIENT ENRICHMENT

. CHAPTER 4. INFLUENCE OF PHYTOPLANKTON ON THE RESPONSE

Introduction .......... e e erceeeeeasaaans ce

Materials and MethodS ...eceeecesecs

Initial Conditions ..cieeeeeccrcccococssrsacscnsns
Phytoplankton Exclusion Experiment ..............
Inhibition -of Photosynthesis Experiment .........

Page

39
43
43

43
45

47

48
48
49
49
49
52
52
53
54
55
55
55
65

72

79

79°

80
80

81
83




vii

TABLE OF CONTENTS - Continued

Page
Test of Significance ......... Ceeeecsssssssseann " 83
ReSULLS ..viiiiirenneennnnsoncnns Ceececscosnacsscns 84
Background Conditions ......eeceeees.. Ceee e 84
Nutrient Effects on Bacterioplankton ............ 85
Phytoplankton Effect on -Bacterioplankton ........ 89
Nutrient Effect on Phytoplankton ..... ceeececensan 89
Discussion ....eeeven.. e e eeeaae e 93
CHAPTER 5. STIMULATION OF BACTERIOPLANKTON BY
AQUATIC CYANOBACTERIA ....... ceeocene teeeeacecann e e oo . 97
Introduction ............ e eccrassatsecstasessennne 97
Materials and MethodS .veeeeeeeeeeeeeessenseenneees 99
Sample Collection ....... cecseccans teeeesesecsaaen 99
Experimental Conditions ...ceeeeeeivecersccesccanas 100
Experimental DesSign ...ieeeseerccesoscsscnscenans 100
Routine ProceduresS ....ceccesecesecsesscssscoscscss 104
Determination of Nutrients, Chlorophyll a, and
Bacterial ParametersS ...ceceeeeccessossacccnonsans 104
Statistical Analysis ....cceieneeeiiernecnannannns 106
Results ........... e eseee s e s v essescessessesienas e 106
DiSCUSSION tteveteeeteceneresconscssatsosccssscansccsaes 119
CHAPTER 6. LABORATORY EVIDENCE OF BACTERIAL
CHEMOTAXIS TO CYANOBACTERIA ® ® 6 & & & & & 0 8 8 0 0 P S G O 0 S e 08000 ' 123
‘Introduction cecscccnnas et ecescesecsesesacscasenas 123
Materials andMethods ® ® ® O O ¢ & & P O 6 O O P 6 O S @ O OO O O S 0O 0D 125
Isolation of Bacteria and Cyanobacteria ..... sess 125
Preparation of Bacteria and Cyanobacteria for
the Experiments ....... Ceeececccessreseenecccsnn o 126
Chemotaxis Apparatus ....... cesaee ceeosrsreceane 128
Chemotaxis Assay ProceduresS ..cceceesssnscoscss .o 128

ReSULLS toviennroincceeneessecscoscssnonsacosssnssna’ 131

DiSCUSSION toveeeveeesoeeeososescsosscsaasaanasssias 134




viii

TABLE OF CONTENTS - Continued

CHAPTER 7. LABORATORY EVIDENCE OF TEMPERATURE

INFLUENCE ON BACTERIOPIANKTON ¢t ceeesonssoconocacees
Introduction ............ e e e s ssesecnacenesss e
Materials and Methods .......... ceessen cecorscocaan

Abundance RESPONSE ..vcevescccesss cecescncaan e e
Activity Response ...... Ceseececeiesssseaascaacns
Biological and Chemical Measurements ........... .
Calculation of Temperature Characteristics ..... i
Results ..ceveveeennns cececcscns e ceseseeas

Temperature Optima of Different Bacterioplankton
Populations ..ciieiiieieererteneanencocccnconnnnns
Temperature Effect on Bacterloplankton Maximum
DENSIEY tvvvereeereeressetaninsssessnsaccnennnnsns
Interacting Influence of Temperature and Nutrients
‘on Bacterioplankton Growth and Maximum Density ..

Discussion ....... .......;... ........... cecesceanns

CHAPTER 8. GENERAL CONCLUSIONS AND MANAGEMENT
IMPLICATIONS ...... et ecesrecesserensennen ses s cteacas

General CONCLUSIONS tvevvernronenncsosesoansascannsos
Management Implicationsr.......... ............... o

REFERENCES (e cecceccceccconsoccsnsce sececccans cesesanse

Page

140
140
141

141
142

145
146

147

147
148
154

155

165
165
169

172




ix

‘LIST OF TABLES

Table

1.

2.

10.

11.

Nutrient enrichments in the laboratory

‘experiments ......... cesecccea cesecenas ceescaneas

Correlations of bacterloplanktbn and phytoplankton
variables against inorganic and organic nutrients
in Hebgen Lake durlng 1988 and 1989 ceecercnanens

Comparison of mean summer season epilimnetic
phytoplankton variables and nutrient
concentrations in the Grayling Arm and main body
of Hebgen Lake during 1988 and 1989 .......c.c.u..

Correlations of bacterial variables against
various biotic and abiotic factors for different -
seasons in Hebgen Lake ....... ceescsrsssestreaannn

The mean nutrient concentrations of the ,
epilimnetic water column and river inflows in
Hebgen Lake during 1988 and 1989 ...vccceccccsaces

Nutrient additions for microcosm experiments at
Grayling Arm of Hebgen LaKke ..ceeessscsccccosncons

Initial temperature, chlorophyll and nutrient
levels for the microcosm experiments in the
Grayling Arm of Hebgen LaKe .veeesscesssceosaccans

Effect of nutrients on bacterioplankton and
phytoplankton in the microcosm experiments in
the Grayling Arm of Hebgen Lake .........ccceceenn

Correlation coefficients between bacterioplankton
variables and phytoplankton variables from the
microcosm experiments in the Grayling Arm of
Hebgen LaKe cecccececcccncccsccssosssscessassossnosssnce

Time-course mean of bacterial thymidine

incorporation, bacterial cell number, and specific
activity in the phytoplankton exclusion experiment
and photosynthesis inhibition experiment .........

Correlation coéfficients between cyanobacterial
chlorophyll and bacterial. thymidine incorporation,
and. cell NUMDEr ..ccciecesscocccssssccscnnsconnnns

Page

25

35

38
42
44
51

56

58
73

88

114




X

LIST OF TABLES - Continued

Table _ - Page

12. Regression slopes of bacterial,thymidine

13.

14.

15.

1s6.

17.

18.

19.

20.

incorporation, bacterial cell number versus
cyanobacterial chlorophyll for each time the
experiments were sampled .........ccc00vcctrccncnns 115

Bacterial thymidine 1ncorporatlon and cell number
for each experiment ............. cescsescsecensens 117

The concentration of chlorophyll, DOC, and NH4+
at different densities of A. flos-aquae and L.
birgei in the 3 experiments .....ccceeeecececenas 118

Simple linear correlation coefficients between
chlorophyll concentration in the syringes and the

mean dpm of 2 or 3 replicates of radiolabled

bacteria attracted into the syringe for a given
chlorophyll concentration in the July and August
experlments ............. cecsessessensassnns ceosee 135

Regressions of chlorophyll concentrations in the
syringes with dpm of the radiolabled bacteria
attracted to the syringes in the July and August
eXPErimMeNtS tiviiesteseosccossensscssnscssesssensnss 136

In situ temperature, optimal temperature of

growth, the energy of activation of growth, and

Qlo values of growth for bacterloplankton

in Hebgen Lake .......... T Aoy

Maximum density and the time required to reach
the maximum density for A. hydrophila incubated at
different temperatures and nutrient conditions ... - 152

Background nutrient concentrat;ons and

bacterioplankton abundances for the

bacterloplankton abundance and activity response
experlments s e eceseesesressacsessesasscanes s sac e 153

Mean bacterloplankton thymidine incorporation and .
cell abundance in dlfferent nutrlent treatment
experiments .....cveececccnncs ceeseasesessasseenns 157




xi
LIST OF FIGURES
Figure ’ : : Page

1. Map of Hebgen Lake showing the three permanent
lake sampling stations and the four river water
sampling sites ....iiiiiiiiiiiiietttenceeneeenennas 20

2. Hebgen Lake seasonal distribution of epilimnetic
bacterioplankton production and biomass during
1988 and 1989 ® o 2 ® o 0 o o0 oo'oou.o-o'o'.--ooo.- nnnnnn LI . 27

3. Hebgen Lake seasonal distribution of epilimnetic
bacterioplankton cell number and doubling time
during 1988 and 1989 ....ceeeececsncesccccsocanans 29

4. Hebgen Lake seasonal distribution of epilimnetié
phytoplankton production and chlorophyll
concentration during 1988 and 1989 ...cccecoccccen 30 .

5. Hebgen Lake seasonal distribution of epilimnetic
phosphorous variables during 1988 and 1989 ....... 31

6. Hebgen Lake seasonal distribution .of epilimnetic
nitrogen variables during 1988 and 1989 .......... 32

7. Hebgen Lake seasonal distribution of epilimnetic
DoC, POC, DON, and temperature during 1988 and

1989 © % 6000000000000 0000000000s000000000.00000000 33

8. Mean summer epilimnetic bacterioplankton

production, doubling time, biomass, and cell

number at stations I and II in Hebgen Lake during

1988 and 1989 ...vcceccccns et essenscsasesseracssses 37

- 9. Bacterioplankton thymidine incorporation in the
nutrient and river water enriched lake water ..... 40

10. Bacterioplankton cell number in the nutrient
and river water enriched lake water .....ccceceee. 41

11. Bacterioplankton thymidine incorporation,
bacterial cell number, and bacterial specific

t

59

activity in the June 1988 experiment .............
12. Phytoplankton 14002 uptake, chlorophyll
concentration, and phytoplankton specific activity
in the June 1988 experiment .........ccevceecnenn. 60




xii
LIST OF FIGURES -- Continued
Figure Page

13. Bacterioplankton thymidine incorporation,
bacterial cell number, and bacterial specific
activity in the August 1988 experiment ........... 61

14. Phytoplankton‘14002 uptake, chlorophyll
concentration, and phytoplankton specific activity
in the August 1988 experiment .....ccceeeeeceees . 62

15. Bacterioplankton thymidine incorporation,
bacterial cell number, and bacterial specific
activity in the October 1988 experiment ..... ceeas 63

16. Phytoplankton 14C02 uptake, chlorophyil
concentration, and phytoplankton specific activity
in the October 1988 experiment ..... cecssssecansans 64

17. Bacterioplankton thymidine incorporation,
bacterial cell number, and bacterial specific
activity in the June 1989 experiment ............ . 66

18. Phytoplankton 14CO2 uptake, chlorophyll
concentration, and phytoplankton specific activity
in the June 1989 experiment ....ccceeeceveenncenes 67 -

19. Bacterioplankton thymidine incorporation,
bacterial cell number, and bacterial specific
-activity in the August 1989 experiment ........... 68

20. Phytoplankton 14CO2 uptake, chlorophyll
concentration, and phytoplankton specific activity
in the August 1989 experiment .....ecceecccccccsas 69

21. Bacterioplankton thymidine incorporation,
bacterial cell number, and bacterial specific
activity in the October 1989 experiment ..........’ 70

22. Phytoplankton 14002 uptake, chlorophyll
concentration, and phytoplankton specific activity
in the October 1989 experiment ...ccceesccccessccs 71

23. Bacterioplankton specific actiﬁity in the filtered
lake water and whole lake water in the
phytoplankton exclusion experiment ...... cevsseaea. 86




xiii
LIST OF FIGURES -- Continued
Figure _ Page

24. Bacterioplankton specific activity in the DcMU,.
dark, and light treatments in the inhibition of
photosynthesis experiment I - ¥

25. Bacterioplankton cell number, thymidine
1ncorporatlon, and specific activity after 72 h of
incubation in the phytoplankton exclusion
experiment ....... ceveeeees Ceesececnearnansasennes 90

26. Bacterioplankton cell number, thymidine
incorporatlon, and specific activity after 72 h of
incubation in the photosynthes1s inhibition )
experiment ............ ceeevececscevscsessasseaas . 91

27. Initial and final chlorophyll a concentration
in the whole lake water treatment. of the
phytoplankton exclusion experiment and in the
light treatment of the photosynthesis inhibition
experiment ......... e sssssnss s esssssnssasnsnacs 92

28. Bacterial thymidine incorporation and cell number
at different densities of A. flos—-agquae at
different lengths of incubation in experiment 1 .. 108

29. Bacterial thymidine incorporation and cell number
at different densities of L. blrgel at
different lengths of incubation in experiment 1 .. 109

30. Bacterial thymidine incorporation and cell number
at different densities of A. flos-aquae at _
different lengths of incubation in experiment 2 .. 110

31. Bacterial thymidine incorporation and cell number
at different densities of L. birgei at
different lengths of incubation in experiment 2 .. 111

32. Free-living bacterial cell number in the water

: outside of the tubing and attached bacterial cell
number to the outside surface of the tubing at
different densities of A. flos-aquae after
5 days of incubation ......ceieiiieiiiiiiiencenannn 112




- xiv

LIST OF FIGURES - Continued

Figure

33.

34.

35.

36.

37.

38.

39.

40.

Free-living bacterial cell number in the water
outside of the tubing and attached bacterial cell
number to the outside surface of the tubing in
different densities of L. birgei on day 5 after
incubation ..... ceteecccccen cecetetseenencen creoeene

Appératus used to assess the chemotactic o
attraction of bacteria to cyanobacteria ..........

Chemotactic response of A. hydrophila to varlous
concentration of Anabaena flos-aquae,
Aphanizomenon flos-aquae, and Lyngbya birgei in

the July experiment ........ cececcetsesssesessenas

Chemotactic response of A. hydrophila to various
concentration of Anabaena flos-aquae,
Aphanizomenon flos-aguae, and Lyngbya birgei in
the August experiment ......cccceceeecenn ceececons

Thermostat used to assess the effect of
temperature on bacterioplankton activity ........

Optimal growth temperature of different
bacterioplankton populations from Hebgen Lake in
lake water treatment experiment ......cccicieeerenen

Optimal growth femperature of different
bacterioplankton populations from Hebgen Lake in
nutrient treatment experiment .......cccccccecccns

Thymidine incorporation of the summer
bacterloplankton populataon from Hebgen Lake ceeee

Page

113

129
.132

133
144

149

150

156




XV
ABSTRACT

' This study examined eplllmnetlc bacterioplankton
abundance and production and their relationships with
ambient environmental factors in a eutrophic reservoir. Its
major objectives were (1) to quantify épilimnetic bacterial
abundance and production, (2) to identify roles of
temperature, inorganic and organic nutrients in regulating
bacterial abundance and activity, and (3) to investigate
interactions between bacterioplankton and phytoplankton.
Field. data were gathered for two consecutive years durlng
the ice-free season. Field and laboratory experlmeTEs wer
based on nutrient enrichment and isotopic tracer ( ;|
methodologies, plankton size-fractionation and metabolic
inhibition techniques. Bacter%al abundaTce and production
averaged 1. Z+0 g (1 SD) x 10° cell ml and 0.28+0.19 (+1
SD) ug C 17 , which were strongly correlated with water
temperature, chlorophyll a, and particulate N. Both field
data and results from in situ and laboratory experiments
showed that the dominant factors regulating bacterioplankton
varied seasonally. Field and laboratory experiments
collectively .demonstrated that inorganic nutrients directly.
limited bacterial growth when insufficient inorganic
nutrient were present and indirectly limited bacterial
growth by limiting phytoplankton growth when.phytoplankton
products were necessary for bacterial growth. Bacterial
growth was enhanced in the presence of phytoplankton
photosynthesis and was stimulated by an increase in
phytoplankton density. The movement of motile
bacterloplankton toward phytoplankton was also stimulated by -
an increase in phytoplankton density. Bacterial optimal
growth temperatures from different seasons were always
higher than in situ temperature. These findings collectively
suggested that temperature and nutrient collaboratively
regulated bacterioplankton growth. Inorganic nutrient
regulated bacterial growth both directly and indirectly via
phytoplankton products. Enhancement of bacterioplankton
growth by dissolved organic carbon occurred only under
inorganic nutrient replete environment. Phytoplankton
products were important nutrient sources of
bacterioplankton. Temperature, inorganic nutrients, and
phytoplankton products were all factors regulating
bacterioplankton growth in the studied system. This
conclusion does not support the common view that growth
rates of bacterioplankton are always limited by the
availability of reduced carbon substrates.
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CHAPTER 1
GENERAL INTRODUCTION

During the past decade, the ecological role of
heterotrophic bacterioplankton in both mariné and freshwater
ecosystens ha;—received unprecedented attention (e.g., Van
Es and,Méyer—Reil-1982}"Wetzel 1983;_Azém et al. 1983;
Williams 1984; Ducklow et al. 1986; Sherr et al. 1987; Sherr_

and Sherr 1988; Scavia and Laird 1987; Cole et al.'1988;

Pomeroy and Wiebe 1988; Christiffersen et al. 1990; Gebre-

Mariam and Taylor 1990; Riemann and Bell 1990; Gomes et al.

1991; Robarts and Wicks 1990; Mariazzi et al. 1991; Sorokin

~and Mamaeva 1991; Toolan et al. 1991). It is now’®

increasingly recognized that ﬁeterotrophic bacterioplénkton
are not.only responsible for the degradatioﬁ of organic
matter and recycling of nutrients, but also are iﬁportant
producers of éarticulate organic carbon, throuéh the
consumption and assimilation of dissolved organic matter -
released by'phytoplankton.'Thus, they may providg a route
for the assimilation of dissolved organic carbon into thg
classical fdod chain. Such advancements were made possible
by (1) new fluorometric techniques for the enumeration of
natural bacteria (Zimmermann and Meyer-Reil 1974; Hobbie et -
al. 1977); and (2)‘the devélopment of new techniques for
assessing growth rates of natural bacterial assemblages

(Fuhrman and Azam 1980; Karl 1986; Moriarty 1986).
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In the years since 1946, when ZoBell (1946) published
his éeminal book on marine microbiﬁlogy, it has become
evident that heterotrdéhic bacteria play an important role
in nutrient cycling in the sea (Pomeroy 1970; Sorokin 1978).
The importance of.heterotrophic bacteria in freshwater
cycling hés,also been recognized as stated by Wetzel (1983):
"In aquatic ecosystems, most organic detritus is metabolized-
by bacteria. The organic¢ matter brought to a lake would
quickly £fill the basin if it were not decomposed by
bacteria, and the lake would cease to exist". The views of
these authors consider bacteria only as a sink of organic
carbon. A

The new microbial paradigm that implicates bacteria and
small algae and protozoa in major pathways for carbon flow
was first developed for the pelagic food webs of
oligotrophic oceans (Azam et al. 1983; Pomeroy 1974, 1984;
‘Sherr'and.Sherr 1988), and is now being récognized in the
plankton of lakes and rivers (Porter 1984; Meyer et al.-
1985; Stockner and Antia 1986). Thesé views stress the role
of bacteria as sources of organic carbon. Heterotrophic
bactefioplankton are a large and dynamic cqmponent of
aquatic ecosystems. Bacterial production can be as high as
150 ug carbon 171 @71 and reach 50% of the planktonic
primary produétion in both fresh- ana saltwater. ecosystems
(Cole et al. 1988). In a Russian reservoir, bacteria

provided 75% of the food consumed by animals, while other
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planktonic organic'matter provided only 25% (Sorokin 1972).

Although the importance of bacteria as mineralizers and
biomass producers is now unquestioned, field data oﬁ the
quantification of pérameters that describe specific roles of
bacteria are still scarce (Van Es and Meyer-Reil 1982). The
ultimate role bacteria play in food chains is an issue at
the forefront of aquatic ecology (AZam ét al. 1983; Wright
and Coffin 1984; Sherr et al. 1987; Gebre-Mariam and Taylor
1990) . Fundamental questions concerning relationships
between heterotrophic bacterioplankton and their eﬁviréﬁment
in aquatic ecosystems which remain unresolved are: What
environmental factors regulate seasonal patterns in
heterotrophic bacterioplahkfon abundance and production? How.
do these. factors interact? What role does organismal
interaction play in regulating heterotrophic
bacterioplankton abundance and‘prodqction? The understanding
of the role of heterofrophic bacterioplankton as |
mineralizers and biomass prqduders in aquatic écosystems and
wise management of such ecosystéms will depend upon how well

these questions are answered.

Literature Overview

Bacterioplankton Abundance
and Production

The observation and preliminary description of
microorganisms in natural habitats date back to the . o

seventeenth century with the!initial microscopic studies of




Van Leeuwenhoek (1677). However, the founding principles of
microbial ecology as a specialized branch of science were
not éstablished until thehlate nineteenth century. The study
of miéroorganisﬁs in natural habitats represents one of the
least developed and most.poorly quantitated areas of
microbiological research (Karl 1986). The entire subject of
aquatic microbial ecology is a neglected frontier in
"limnology (Wetzel 1983).

Early attempts to détermiﬁe the abundance of
bacterioplankton in aquatic ecosystems useq culture
techniques which underestimated abundance by .two fo three
orders of magnitude (Williams 1984). Direct staining
techniques originally used erythrosin, but subsequently used
fluorescence stains such as acridine §range (Hobbie ét al.
1977j and DAPI.(Coleman 1980), which have beeﬁ adopted as
virtual standards. Many studies have been done ﬁo
investigate bacferioplankton abundance in both marine.(e.g.,
Ferguson and Rublee 1976; Goulder 1977; Palumbo and Ferguson
1978; Wright 1978; Ferguson and Palumo 1979; Meyer-Reil et
al. 1979; Fuhrman et al. 1980; Fuhrman and Azam 1980; Wright
and Coffin 1984; Sorokin and Mamaeﬁa 1991; Gomes et al.
1991’ and freshwater (e;g., Pedrés-Alié and Brock 1982; Bell
et al. 1983; Scavia and Laird 1987; Chrzanowski and Hubbard
1988; Marvalin et al. 1989; Gebre-Mariam and Taylor 1990;
Robarts and Wicks 1996; Mariazzi et él. 1991) . Reported

bacterial numbers were greater than 5.0 X 10° cells 171 in
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estuarine interiors, 1.0 X 102 to 5.0 X 102 cells 1'i in
tidal inlets and coastal regions,land ranged from 0.05 x 10
? to 1.0 x,109 cells 171 in eutrophic offshore and ocean .
waters (Van Es and Meyer-Reil 1982). Reported bacterial
numbers in freshwater ranged'from 0.1 X 10° to 1.0 X 10°
cells 171 in oligotrophic lakes (Pedrés-Alid and_Bréck 1982;
‘Scavia and Laird 1987) .and from 1.0 X 102 to 10.0 102 cells
171 in eutrophic lakes (Coveney et al. 1977; Hobbie and
Wright 1979; Riemann et al. 1982). Bacterioplankton
abundance in a given environment varies in a relatively
'small range (107 - 109 cells 1'1); it is generally-thought
that grazing limits the upper limit (Azam et al. 1983).
Bacterioplankton activity measurements stemmed froﬁ the
introduction of l4c-tracer technique by Parson:and
Strickland (1962) during the late'1960'§ and early 1970's;
This technique enables the uptake of selected organic
substrates by natural communities to be.studied under in.
situ conditions. As the information provided by such a
technique is restricted to the-fate of selected substrétes,
several new methods for the determination of heterotrophic
bacterial activity have developed. One such new method
deveioped by Hagstrdém et al. (1979) used the frequency of
dividing cells to convert bacterial culture data into growth
rates of natural populations. Another new method developed
by Fuhrman and Azam (1980, 1982) utilized the incorporation

of [3H]-thymidine into DNA to measure bacterioplankton DNA




doubling time and to convert it into pfoduct%on rate.
Contrary to [3H]-thymidine, [3H]-adenine has been proposed
to meaéure‘ total microbial production, although [3H]—
adenine may be incorporated into RNA and DNA by both
prokaryotes and unicellular algae (Karl 1981). These
methods were developed first in marine environments and have
been consiaered as the most promising methods that are
currently available.(Azam_at al. 1983; Haéstrém 1984;
Moriarty 1986). Now they are widely used in fresﬁwater
environments (e.g., Pedrdés-Alié and Brock 1982; Riemann et
al. 1982; Bell et al. 1983; Bell and Kuparinen 1984; GUde et
al. 1985; Lovell and Konopka-1985; Scavia et al. 1986,
Nagata 1987; Chrzanowski and Hubbérd'1988; Gegre-Mariam and
Layor 1990; Robarts and Wicks 1990;-Mariazzi et al. 1991).
Repofted bacterioplankton production rangea from 0.08 to
5.60 ug ¢ 171 hfl in‘saltwater (see review by Moriarty,
1986) and 0.1-13.7 pug ¢ 171 h™1 in freshwater (Bell.et al.
1983; Chrzanowski and Hubﬁard 1988;IC61e et al. 1988; '
Robarts and Wicks 1990; Mariazzi et al. 1991{.

Despite current wide use of bactefioplankton enumeration
and growth measurement techniquésj it is still difficult to
evaluate precisely the ecological significance’of estimates
from different areas and periods of time because of the
combined uncertainty of thesé measurements (Hagstrdém 1984).
For example, .the methods designed to measure the bacterial

growth rate to the nearest order of.magnitude has been




regarded as a considerable advance (Hagstrém 1984). Although
a significant body of daté on- bacterioplankton abundance and
production have been emerged, the complexities of natural
ecosystems and their resident microbial populations still
overwhelm our technological and analytical capabilities
(Karl 1986). It is evidént that a thorough understandiné of
,the flow ofjthe nutrients and carbon in aquatic eéosystems
will require knowledge of the ﬁarameters that regulate
bacterioplankton abundance and production. Both abundance
and production.are likely affected by a mosaic of
environmental factors in bo%h fresh gnd saltwater
ecosystens. ?hese factors have iong been a matter of
considerable speculation (Cole et al. 1988; White et al.
1991). It is certainly evident that more studies are needed
to identify such factors and to relate these factors to
bactefioplankton abundance &nd production in natural
environments.

Factors Requlating Bacterioplankton ‘
Abundance and Production

Much of the microbial literature on aquatic systems
maintains the notion that bacterioplahkton abundance and
production are coﬁtrolled,hor directly related to, the
supply of decomposable orgénic matter, but little
quantitative data exist (Hobbie and Rublee 1977; Cole 1983;
Cole et al. 1988).'Becau§e of the difficulties of precisely

quantifying the supply of labile 6rganic matter in a systen,
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many studies have tried to estimate variables, such as
primary production, which would be related to that supply.
Although many studies have traced products from algae or
cyanobécteria to heterotrophié bacteria (e.g., Bell and Lang
1974; Paerl 1976; Cole et al. 19827 Bell 1983; Jensen 1983;
Chrost and Faust 1983; Jensen and S¢dergaard 1985;
Feulillade et al. 1988; Sundh 1989; Chrzanowski and Hubbard '
1989; Gomes et al. 1991), direc£ tests showing an increase
in bacterioplankton prodﬁction’as a function of organic
matter supplied from phytoplankﬁon are scarce. Among the few
studies addressing this subject, Peterson et al. (1985),
working with arctic benthic algae, found that heterotrophic'
bacterial activity incubated in light was significantly
higher than in the_dhrk. Murray et al. (1996), in a study of
an algal-bacterial biofilm, also found that bacterial
thymidine‘incorporation was four to sixteen~fold greater in .
the presehcé of diatoms than in their absence. These studigs
imply thaf a strong cpupling between bacterioplankton and
phytoplankton will 'exist in pelagic systems. Such
speculation has been indirectiy indicated by the positive
correlations between bacteriopLankton abundance and
phytéplankton biomass, betweeﬁ bacterioplankton production
and primary production from certain lakes (Pedrés-Alidé and
Brook 1982; Bell and Kuparineﬁ 1984; Lovell and Konopka
1985; Riemann and S¢ndergaard 1986; Scavia.et al. 1986;

Douglaé et al. 1987; Chrzanowski and Hubbard 1988; Bj¢rnsen
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et al..1989; Marvalin et al. 1989} Jonas and Tuttle 1990;
Robarts and Wicks 1990) and large scale empirical models |
(Bird and Kalff 1984; Cole et al. 1988; Cur;ie 1990; White
et al. 1991). However, lack of correlation between
,bacterioplankton and phytoplankton productioe has also been
reported (Wriéht and Coffin_1984; Coffin ana Sharp 1987:;
Joint ahd Pomeroy 1987; Nagata 1987), which indicafes that
phytoplankton products may not be the only factor regulatlng
bacterioplankton abundance and productlon.

Net consumption of dissolved inorganic nitrogen and
phosphorus by bacterioplankton have been'reported in both
laboratory experiments (Fﬁhrman et al. 1988; Horrigan et al.
1988) and natural water étudies (Wheeler and Kirchman 1986:
Vadstein et al. 1988; Vadstein and Olsen 1989). The
limitation of bacterioplankton growth by dissolved inorganic
nutrients has received little attention. Because
bacterioplankton have a relatively high surface to volume
ratio, they should be strong competitors for mineral
nutrients, relative to‘phyfoplankton. Indeed, studies in
both marine and ffeshwater systems have shown that bacteria
can consume more of the available dissolved inorganic
nitrogen and phosphorus than phytoplankton (Currie and Kalff
1984; Wheeler and Kirchman 1986; Vadstein et al. 1988). The
question to what extent either organic carbon or inorganic
nutrients may limit bacterioplankton production has remained

unanswered.
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Temperature has'been considered one of the most

important factors influencing bacterioplankton activity and
production (Hagstrém and Larsson 1984; Wiebe 1984; Pomeroy -
and Deibel 1986; White et al. 1991); Positive correlations
between bacterioplankton prodﬁction and témperature have
been reported from various marine and freshwater studies
(Wright‘and Coffin 1984; Coffin and Sharp 1987; Joint and
Pomeroy 1987; Nagata 1987; Chrzanowki and Hubbard 1988;
Marvalin et al. 1989; Autio 1990; Robarts and Wicks 1990;
Mariazzi et al. 1991; White et al. 1991). The question as to
whether these correlations indicate direct effect of
tempefature on bacterioplénkton production.reﬁains to be
answered. Only a few Studies have been done on the
temperature regulation of bactérial production occurring
naturélly in water columns. Ducklow and Kirkman (1983)
showed a 4-fold increase in [3Hj-thymidine incorporation
.when water temperature was raised from 3.5 to 18 ©c. Pomeroy
and Deibel (1986), in a study of Newfoundland coastal wafer,
found that particulate materials that would be utilized by
micrborganisms in 2 to 3 days at 20 to 25 °C required 11
days at 4 °c and 18 days at -0.2 °C. Servais and Billen
(1989) also found that up to 85%_of‘the increase in
bacterial activity could be explained by higherutemperature
in the River Meuse at Tihange. In some cases, both
phytoplankton production and‘bapterioplahkton production

were positively correlated with temperature (e.g./
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Chrzanowski and Hubbard 1988; Robarts and Wicks 1990;

Mariazzi et al. 1991). In other cases, only bacterial

_ production was correlated with temperature (e.g., Wright and

Coffin 1984; Coffin and Sharp 1987; Joint and Pomerory

1987) . Whether temperature directly affects bacterioplankﬁon
production or_temperaturé affecfs substrate supply from
phytoplankton, which indirectly affects bacterioplankton
production, is not clear. The role of water temperature as a
factor regulating the growth of microbial population has
received relatively little attention (Lovell and Konopka
-1985). There is an increasing demand to'study the regulation
mechanism of temperature Bn bacterial growth, especially the

possible interactions with phytoplankton and the supply of

organic carbon to bacterial production (Pomeroy and Wiebe

1988; Robarts and Wicks 1990).

Hypotheses

A unifying theme in this study is the relationship
between the abundance and préduction of heterotrophic
bacterioplankton and ambient environmental factoré in a
eutrophic ecosystem. The following hypotheses were tested.

1) One or more ambient environmental factors that.
regulate bacterioplanktén growth can be identified by
statistical correlation analysis from data collected during
an extensive field survey.

2) Bécterioplankton activity is not always regulated by
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organic carbon supply.

Inorganic nitrogen and inorganic phosphorus are as
important as organic carbon in controlling.bacteriopiankton
growth. The dominant limiting nutrient varies seasonally,
depending on conditions such as organic carbon, inorganic
_nitrogen and inorganiﬁ phosphorus supply. Nutrient supply
from river inflow plays an important‘role in regulating
epilimnetic bacterioplankton growth.

3) Inorganic nutrients can limit baéterioplankton growth
directly when inofganic nutrients are in short supply.

_ Inorganic nutrients can also limit bacterioplankton
growth indirectly by limiting phytoplankton growth when
phytoplankton products are necessary for bacterioplankton
growth. Phytoplankton products (presumably via extracellular
release) are important substrates for bacterioplankton
growth. .

4) Water temperatﬁre is an important physical factor
controlling bacterioplankton growth in nature. Temperature
and nutrients regulate bacterioplankton activity u

collaboratively.

Objectives.

The major objectives of my research were, firstly to
"quantify seasonally epilimnetic heterotrophic
" bacterioplankton abundance and production in a eutrophic

lake, secondly to evaluate the role of organic carbon,
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inorganic nitrogen, and inorganic phosphorus in regulating
bacterioplankton abundance and production through both
laboratory and field experiments, thirdly to investigate the
interactions between bacterioplankton and éhytoplankton and,
finally to identify the role of temperature in reguiating_
bacterioplankton abundance and activity; The specific .
objectives of this study were to:

1) Assess the importance of bacterioplankton abundance.
and prodgction in Hebgen Lake relative to other eutrophic
ecosystens.

2) Correlate bacterioplankton parameters with ambient
variables tb identify important factors related to
bacterioplankton'énd test whether‘these.factors change
seasqhally.

3) Investigate the importanée of nutrient input from
river flows in regulating bacterioplanktén growth.

4) Test if inorgahic nitrogen and inorganic phosphorus
stimulate bacterioplankton activity and whether such
stimulations are direct or indirect via phytoplankton
products; | '

5) Verify the #elationship between bacterioplankton
activity and phytoplankton biomass and pﬁotosynthesis‘
activity. :

6) Determine the optimal-growth ﬁemperature of natural
bacterioplankton for summer, winter, 'and for an isolate, and

dbcument the potential limitation of temperature on

¢
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bacterioplankton growth.
7) Examine the effect of temperature on the nutrient

regulation of bacterioplankton.

Test of Hypotheses and Organization of Report

The research was carried out in a gutrophic reservoir,
Hebgen Lake, in southwestern Montana. Most of the drainage
of Hebgen Lake lies within Yellowstone National Park. The
unique feature of this area is that it'receives minimal
impact from human activities, i.e. it is naturally
eutrophic.

As part of an extensive study aimed at defining the role
of organic and inorganic nutrients on bacterioplankton and
bhytoplankton in Hebgen Lake, I approached this study‘from
both a monitoring and an experimental perspective.

The remainder of this dissertation is presented in 7
chapters. Chapter 2 presents baseline data collected during
the 1988 and 1989 ice-free seasons in Hebgen Lake. The
baseline data have been used to develop a correlation data
base, which revealed important environmental factors closely
related to baéterioplankton parameters (test of hypotheses
1) . The monitoring data have also been used to determine
ambient conditions at the time of the field and laboratory
experiments and to.corroborate and expand upon the
experimental results (supporting data foﬁ hypotheses 2; cf.

Chapter 3 - 7). Chapter 2 also presents results from
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laboratory experiments conducted with lake water enriched
with river water during various t%mes of the year in 1989.
These experimen?s have been used to test the effect of
external nutrient loading on bacterioplankton growth
(hypotheses 2).

Chapter 3 describes how nafural assemblage of_
bacterioplankton and phytoplankton communities were enriched
with inorganic and organic nutrients in 20-liter microcosms
.incubated‘in the lake aﬁd the iaboratory-at different
seasons of 1988 and 1989. Suchrekperiments have provided
information on inter%ctions between bacterioplankton and
nutrients, phytoplankton.and nutrients, and bacterioplankton -
and phytoplankton. These.experiments have also revealed
information on whether organic and inorganic nutrients
stimulate bacterioplahkton activity, and whether the
stimulation is different at different seasons or years
(hypotheses 2).

Chapter 4 presents laboratory gxperiments describing.
natural bacterioplanktoh communities enriched with.organic
and inorganic nutrients in the presence and absence of
photosynthetically active phytoplankton. These experiments
have been desiéned to demonstrate whether inorganic
.nutfients can directly stimulate bacterioplankton activity
without the effect of phytoplankton (hypotheses 2). |

Chabter 5 presents laboratory experiments separating

different concentrations of two species of cyanobacteria
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from heterotrophic bacteria by dialysis tubing. These
experiments were designéd to test whether phytoplankton
products are important substrates for heterotrophic bacteria
gfowth and to provide evidence as to whether high
phytoplankton biomass can support high heterptrophic
bacteriél abundance and activity (hyﬁotheses 3). Chapter 6
also presents laboratory experiments deéigned to test the
chemotactic movement of heterotrophic bacteria toward
different 'concentrations of three cyahobaéterial speéies
(hypotheses 3).
| Chapter 7 describes laboratory experiments designed to
test temperature effect on the activity of both natufal
bacterioplankton assemblage énd an isolated single bacterial
species (hypotheses 4).

Chapter 8 summarizes my major cdnclusions’and management

implications resulting from the research.
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CHAPTER 2

EPILIMNETIC BACTERIOPLANKTON ABUNDANCE AND PRODUCTION:

RELATIONSHIP WITH BIOTIC AND ABIOTIC FACTORS
Introduction

The significance of the heterotrophic bacterial
community, both as a potential food resource for larger
consumer organisms and in the regeneration of-nutrients
necessary to support primary production, has attracted
considerable attention in recent yeérs.'A number of studies
have shown a close coupling between heterbtrophic bactefial
growth or biomass and phytéplankton primary production or |
chlorophyll a (Fuhrman et al. 1980; Chrzanowski and Hubbard
1989; Marvalin et al. 1989). Other studies have attempted to
quantify the transport of organic carbon from phytoplankton
to bacterioplankton (e.g., Cole et al. 1982; Jensen 1983;
Jensen and Sondergaard 1985; Feuillade et al.'1988;
Chrzanoﬁski and Hubbard 1989; Sundh 1989; Tranvik-1989). It
has been suggested that bacterial production is controlled
by, or is directly related to, the supply of decomposable
matter (Cole et al. 1988), which has. been confirmed by the
study of a hypertrophic lake (Robarts and Wicks 1989). In.
studies emphasizing factors controlling bacterial
production, Marvalin et al. (1989) found that epilimnetic
phytoplanktoﬁ productivity and temperature played major

roles in controlling bacterial development. Bjornsen et al.




18

.(1989), studying a eutrophic estuary, found that
phytoplankton was the dominate source of bacterial
substrate. Gebre-Mariam and Taylor (1989) also found that no
significant positive correlation existed between bacterial
variébles and inorganic phosphorus, nitrogen, and total
diésolved solids. However, Vadstein et al. (1988) sho&ed
that bacteria have a substantially higher phosphorus
requirement than do phytoplankton and aét as net consumers
of inorganic phosphorus. Bacterial abundance and production
have also been shown fo be correlated with particulate
organic carbon and nitrogen in the Chesapeake Bay (Jonas ana
Tuttle 1990). Other studies have shown that bacteria are net
consumers of inorganic nitrogen and phosphorus, and théy may.
compete for such ﬁutrients with phytoplankton (Rhee 1972;
Parker et al. 1975; Whgeler and Kirchmen 1986; Hofrigan et
al. 1985). In general, these studies have revealed that
bacterioplankton production maj be limited by inorganic
phosphorus and nitrogen in addition to organic garboﬁ./

The objectives af this study were té determine the major
factors controlling bacterioplankton production in a natural
eutrophic system, with an emphésis on the effécfs of

nutrient supply.
Study Site

‘Date were collected at three permanently budyed stations
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(Figure 1) in Hebgen Lake, located on the upper Madison
River at latitude 44©951'55' and longitude 111°20'05"
r~

(Martin 1967). The maximum depth was 6.5 m for station I, 20

m for station II, and 10 m for station III during the study

period. Based on temperature profiles, the upper 5 m depths

were chosen to represent the epilimnion depth for the
stations. Lake water samples were collected biweekly at 0O,
3, and 5 m for bacterial variables, and at 0, 1, 3, and 5 m
for other variables during the 1988 ice-free season at

station I, II, and III. Lake water samples were collected

_evefy 2 to 3 weeks at 0, 1, 3, and 5 m for all variables

during the 1989 ice-free 'season at station I, and on 8 June,
19 July, and 8 October 1989 at station II. Riveér inflow
J

samples were collected at the time of lake sampling during’

1988, and on 21 May, 26 July, 13 August, 20 September, and 8

‘October dﬁring 1989. The sampling sites are shown in Figure

l.

Matérials and Methods

Field Procedures.

Samples wefe collecfed between 1100 and 1200 h using a
4-1 Van-Dorn water sampler. 14CO2 based nutrient bioassays
were incubated at the locatioﬁ of water collection for 4-6 h
followed by filtration (Whatman GF/C). 3H—thymidine based”
nutrient bioassays were incubated in a dark box at the

temperature of collection for 20-30 minutes.




Miles

Figure 1. Map of Hebgen Lake showing the three permanent sampling stations
a, 11, 111) and the four river sampling sites (I, 2, 3, 4).
The map i1s modified from Martin (1967).
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Samples for bacterial abundance were fixed with particle-
free formaldehyde (3% final concentration) immediately after
collection. All samples were transported oﬁ ice to the
laboratory for final analysis. |

Laboratory Procedures’

Dissolved:Nutrients. Nitrate was determined by cadmium
reduction (Eppley 1985), ammonium by thé phenol hypochloriteA
method (Solorzano 1969), and soluble reactive phosphorus
(SRP) by the molybdate methqd modified fbr arsenate
interference (Downes 1978). Total dis$olved phosphorus .(TDP)
ﬁwas measurea using the acid hydrolysis procedure of.
Solorzano and Sharb (1980) followed by orthophosphate
determination (Stainton et al. 1977): dissolved org;nic
phosphorus (DOP) was computed from the difference between
TDP and SRP. Total dissolved nitroéen (TDN) was measured by
persulféte digestion (D'Elia et al.“19f7) followed by
" determination of nitrate.by Cd reduction. Dissolved orgaﬁic-
nitrogen (DON) waé computed by subtracting the sum of
nitrate and ammonium from TDN. All of the above samples were
-prefiltered‘in the field through. Whatman GF/C filters and
frozen before analysis.

Particulate Matter. Chlorophyll a was determined by
fluorometry on 90% acetone extracts (Strickland and Pa;sonsg
1972). Fiuorescence was.measured‘with a Turner model 112
fluorometer on pre- and post-acidified samples and compared

to a chlorophyll a standard (Sigma) treated in.the same
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manner. Particulate organic carbon (POC) and particulate
organic nitrogen (PON) were measured with a Carlo-Erba model
1106 elemental analyzer calibrated with standard amounts of
acetanilide. Particulate organic phosphorus (PP) was
determined with the acid hydrolysis procedure of Solorazano
and Sharp (1980) followed by orthophosphate measurement of
the digestion (Stainton et al. 1977). Dissolved organic
carbon (DOC) was analyzed uéing Dorhmann Carbon Analyzer.
Total nitrogen (TN) was the sum of TDN and PON; total
phosphorus (TP) was the sum of TDP and PP; and total organic
carbon (TOC) was the sum of DOC and POC. ,

Radiqisotope Bioassay. Phytoplankton 14002 upfake was
measured by adding 14C-NaHCO3 stock (ICN Radiochemical Inc.)
to lake water to a final lc activity of about 0.05 uCi ml™
1, The photosynthetic reaction was términated by filtration
of the entire sample‘throughiwhatman GF/C filters. Seven ml
of CytoScint scintillation cocktail (ICN Radiochemical,
Irvine, CA) was added to the filter in a 20-ml scintillation
vial and counted with a Beckman LS-100C sdintillation
spectrometer. Efficiency was computed by the extefnal
standard chaﬁnels ratio.

Bacterial 3H-thymidine incorporatioh was determined by
adding high activity (55 ci mmole™1) methyl-3H-thymidine (in"
70% ethanol) (Icﬁ Radiochemical INC.) to a 10 ml water
sample (final concentration 10 nM) in a 20-ml glass

scintillation vial. The thymidine was evaporated to dryness
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and rehydrated with deionized water before use to eliminate
products of self radiolysis and to remove ethanol. Thymidine

incorporation was terminated by adding 10 ml ice-cold 10%

(w/v) trichloroacetic acid (TCA) to each vial followed by

extraction overnight at 4 °c. The extracted sampIes were
then filtered onto 9.2 um membrane filters (Poretics Co.).
After rinsing the filter 5 tiﬁes (2 ml each rinse) with 5%
ice-cold TCA, the filter was transferred to a 20 ml
polyethylene scintillation vial witﬁ 7.0.ml CytoScint
scintillation cocktail (ICN Radiochemical, Irvine, Ca).
Radioactivity in each sample was determined by standard
scintillation spectrometery using a Beckmaﬁ LS-100C liéuid
scintillation counter. The counting effibiency was

determined by the external standard ratio method using 3g-

toluene as a reference and acetone as the quench agent.

Data Expression and Bacterial Conversions

Data Expression. All data used for correlation analysis
were expressed as 1-1 (biomass, abundance, physical and »
chemical data) or 171 n-1 (production data) at each sampling
depth. For other anélysis, bacterioplankton and'
phytoplankton biomass'and abundance, physical and chemical
data ‘from the first 5 m of Hebgen Lake were integrated and
expressed as m~2 (5 m'3). Bacterioplankton and phytoplanktbn
production data from the first 5 m depth were integrated and
éxpressed as m~2 nh~l (5 n3 h';). All the integrated units

wefe then converted and presented as'depth‘integratéd mean
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(171 or 171 n71y,

Bacterial Conversions. The portionlof 3H-thymidine.

incorporated into DNA was determined by the method of
Servais et al. (1987). A COnveréion factor from molé 3u-
thymidine incorporated into DNA to number of cells pfoducéd
was 1x1018 (Moriarty 1988).'Bacterial cell counts were made
using the acridine orange direct count technique.(Hobbie et
al, 1977) with a Nikon Labophot epifluorescence microscope.
‘Bacteria were filtered onto irgalan-black;stained 0.2 um’
pore sized Nucleporé polycarbonate filters and stained with
acridine orange. At least 200 cells were counted in a
minimum of'20 fields. Bacterial size was estimated with a
calibrated ocular micrometer. The corresponding biomass and
production were calculated, in terms of carbon, using the
coefficient of 560 fg C um™> (Bratbak 1985).

“

Nutrient and River Water

Enrichment Experiments
Q

Three‘laboratory.experiments weré.conducted during May
(experiment 1), July (experiment 2), and October (experiment
3) 1989. Surface water enriched with ammonium, phosphorus,
mannitol, and river water (singly and in various
combinations; see Table 1) were incubated at the temperature
of céllection.(Table 1) in a laboratory incubator in 1-1
polyethylene bottles. A photon flux density of.150 pE m~2s71
was provided by cool-white fluorescent lamps with 12 h

light/dark cycle. The incubation period for May was 5 days

and. for June and October was 4 days. River water used to
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Table 1. Nutrient and river water enrichments in the
laboratory nutrient enrlchment experlmgnts. Control
presents ambient leve%s, + and PO " are in
units of ug N or P 1 ’ mannltol in mg 17, and
river in % of lake water. NA=treatment not

" applicable.
Treatment ' May 0 July October
Temp (o) ' 14 18 - 15
Control 0 .0~ o o
NH,*-N . NA NA 200
PO, 3-P NA NA _ 50
NH,"-N & | NA NA £ 200
PO, ~3-P NA “NA - " 50
Mannitol _ 91 91 91
River water 50 50 ' " 50
NH,"-N & .. 100 | 100 - NA
mannltol 91 , 91 NA
Po,~3-p & 50° 50 - NA
mannltol 91 91 - NA
NH,*-N & . 100 100 NA
Po, 3-P & 50 50 - NA

mannitol : 91 91 NA
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enrich the lake water was a mixture from sampling sites 1 )
and 2 (1:1) for experiment 1 énd 2, and was a mixture from
sampling sites 1, 2, and 3_(1:1:1) for experiment 3 (see
Figure 1 for sampling sites). The mixed river water was
filtered through a 0.45 pm filter to remove'particlés before
mixing with lake water collected from the surface of station
i. Bacterial 3H-thymidine incorporation'and cell number were
measured before starfing the incubation éor all 3
experiments, on days 1, 3, and 5 for experiment 1, ahd on

days 2 and 4 for experiments 2 and 3 using the methods

described above.
Results

.Bacterioplankton Production, Biomass,
Abundance, and Doubling Time

Depth integrated mean epilimnion bacterioplénkton
production varied throughout the sampling seaéons. The
minimum productipn (<0.1 ug c 11 h™l) was found in both
early spring and late fall; the maximum (>0.8 ug C 171 h'1)
was found in 1até July and early August for all the three
‘samplihg stétions'in both 1988 and 1989 (Figure 2)..The
hminimum depth integrated mean bacterioplankton biomass (<20
ué c 1'1) occurred in the spring (May and June) and the
maximum (>50 pg C 1'1) in mid;summer (early August). Depth -
integrated mean biomass was about 40 pg C 171 during fall

1988 and 1989 in all three stations (Figure 2).
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Depth integrated mean'baéteriéplankton abundance had the
same trends as biomass (Figuré 3):owing to the presence of
simiiar sized‘bacterial cells over the season. Depth
integfated mean bacterioplankton doubling time was
highest during late spring and fall, and lowest during early .
spring and summer pf both 1988 and 1989 at all three
stations (Figure 3). |

Phytoplankton Production, Chlorophyll a,
and Organic and Inorganic Nutrients

Depth 1ntegrated mean epilimnetic phytoplankton
production was 12 4 ug C 1 -1 p-1 (range 2.5-36. 6) at statlon
.1, 8.1 ug C 1 1 n-t (range 1.8-13.6) at station 2, and 8.9
Lg C 171 p-1 (range: 3.9-13.1) at station 3 over the sampling
period. Depth integrated annual mean epilimnion chlorophyll
a concentration was 9.8 ug l'l'(range 1.5-21.1) at station
1, 5.84 pg 171 (range 1.2-12.0) at_statibn 2, and 5.8 pg 171
‘(range 0.7-27.2) at station 3 during the sampling season.
The seasogal patterns of phytoplankton depth'integrated mean
production and'chlorophyll a are shown in Figure 4.

Seasonal trends of inorganic nitrogen and phosphorus,
orgaﬁic carbon, and organic nitrogen and phosphorus are
shown in Figures 5, 6, and 7. Phosphorus parametéfs (SRP,
DOP, TDP, PP) had similar seasonal patterns for the 3
stations duriné 1988 (Figure 5); SRP was less than 10 pg 1~
1, DOP ahd PP were less than 30 ug 171 during most of the
study period (Figure'5). Nitrogen parameters_(NH4+,.NO3_,

TDN, PON, DON) varied substantially throughout the season;
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their concentrations were higher at station 1 during most of.
the study beriod (Figure 6, 7). Maximum DOC concentratioﬁ
occurred during late summer and fall and did not have the
same seasonal pattern as POC (Figure 7). Water tempefature
showed the same seasonal pattern in all the three stationé
in both 1988 and 1989 (Figure 7).
Correlations Among Bacterioplankton .

Variables, Phytoplankton Variables, and
Other Biotic and Abjiotic Nutrients

Bacterioplankton production. and specific activity
(thymidine ﬁptake per bacterial cell) were most strongly
correlated to water temperature (r>0.5, p<0.001) fol;owed by
' PON (r>0.26, p<0.05) and chlorophyll a (r>0.23, p<0.05).
Bacterioplankton.préduction and specific activity were
inversely correlated with TOC:TN and fOC:TP ratios (p<0.001)
followed by DOC and SRP (p<0.05, Table 2); Bacterioplgnkton
biomass and abundance were most strbngly correlated with
.chlorophyll a (r>0.39, p<0.001l) followed by water
temperature (r>0.36, p<0.01). No significant negative
correlations were found between bacterioplankton biomass or
abundance and other variables (Table é).

PP, PON, POC, TN, TP, and TC were strongly correlated
(p<0.01) to,chlofophyll a condentration and phytoplankton
biovolume. The ratio of TN:TP was also correlated with
chlorophyll a and phytoplankfon biovolume (p<0.05) while
water temperature, inorganic nitrogen and inorganic |

phosphorué showed no significant corrglation with
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Table 2. Linear correlations (r) of bacterioplankton and

phytoplankton variables against inorganic and

organic nutrients in Hebgen Lake during 1988 and
1989 (n=86). BP=bacterial production; BAPC=
bacterial activity/cell; BB=bacterial biomass; BA=
bacterial abundance; CHL=chlorophyll; PHYB=
phytoplankton biovolume; PPR=phytoplankton

production rate. NS not significant at p>0.05; r

values are listed only when p<0.05. All data were

transformed (1ln) before analysis.

Parameter BP

BAPC

NS

BB BA CHL. 2 PHYB PPR
Temp 0.60 0.52 0.40 0.36 NS NS 0.35
'CHL 0.28 0.:23 0.41 0.39 1.00 0.62 0.41
PHYB NS NS NS NS 0.62 1.00 0.36
PPR NS NS NS NS 0.41 0.36 1.00
SRP -0.25 -0.35 NS NS NS NS NS
TDP NS NS 0.28 _ 0.28 0.83 0.45 0.26
DOP NS NS 0.32 0.29 0.30 NS. NS
PP 0.28 NS 0.29 0.28 0.83 0.45 0.26
NH4+-N NS, NS NS NS NS. NS NS
NO3--N NS NS 0.26 NS NS NS NS
TDN NS NS NS NS 0.41 0.24 NS
DON NS NS NS ' NS NS NS NS
PON 0.33 0.26 0.30 0.24 0.83 0.56 0.31
DoC -0.28 -0.43 NS NS 0.29 NS NS
POC 0.28 NS 0.30 0.29 0.89 0.61 0.42
TN '0.30 NS 0.30 0.28 0.79 0.51 NS-
TP 0.28 NS 0.29 0.29 0.83 0.45 0.26
TOC NS NS 0.26 0.29 0.72 0.41 NS
TN: TP NS NS NS NS 0.25 0.40 NS
TOC:TN -0.44 -0.54 NS NS NS NS NS
TOC:TP -0.40 -0.47 ‘NS NS - NS NS
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chlorophyll a or phytoplanktoh biovoluﬁe (Table‘Z).
Phytoplankton production was significantly (p<0.01)
correlated with water temperature, POC, and PON. Chlorophyll
a, phytoplankton production and phytoplankton biovolume were
all correlated strongly (p<0.0l1, Table 2).. '

Effects of Stratification on Epilimnion
Bacterioplankton Growth and Abundance

Integrated average epilimnetic bacterioplankton
production and'biomass during fhe summer (July-August) wefe
significantiy'higher (p<0.05) at station I (with unstable
thermal stratification) than at station II (with stable
thermal stratification). Bacterioplankton doubling time was
significantly shorter (p<0.01) at station I than station II
(Figure 8). Phytopiankton variables (chlorophyll, biovolume,
PPR) were significantly higher (p<0.05) at station I than at
'station II (Table 3). All inorganic nitrogen, inorganic ‘
phosphorus, orgaﬁic nitrogen, organic phospharus and 6rqénic
carbon were consistently higher at étation I than at station
11, exceﬁt ammonium which showed little différence between
stations (Téble 3). The ratios of TOC:TP and TOC:TN were
higher at station II than at station I (Table 3).

Seasonal Variation of Factors Regqulating
Bacterioplankton Activity and Abundance

Correlation among bacterial variables, phytoplankton

variables, nutrient variables and temperature. During spring

(May-June) , bacterioplankton production, biomass, and

numerical abundance were significantly (p<0.05) correlated
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Mean summer (Jul-Aug) epilimnetic bacterioplankton production;
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Hebgen Lake during 1988 and 1989. Open boxes are station 1,
and crossed boxes are station II.
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Table 3. Comparison of mean (+ 1 SE) summer season’
"epilimnon phytoplankton variables and nutrient
concentrations at station I and II in Hebgen Lake
during 1988 and 1989. Symbols are as in Table 2.
Errors on TP, TN, and TOC were obtained by
propagating errors associated with each form.

Parameter Station I - . Station IT
Temp (°C) 18.1+0.5 ' 19.2+0.3
CHL (ug 171y 10.8+1.8 - 7.5+1.2
PHYB (mg 171) 6.441.2 o 1.840.8
PPR (ug C 171 n71 19.5+2.8 11.3+0.8
SRP (pg 171 6.3ii.5 . 2.7+0.4
TDP (ug 171 38.949.2 23.9+4.8
PP (pg 1°1) 20.6+2.3 S 8.3+0.8
NH,t-N (ug 171) 9;zi;ﬂo . 11.0#5.1
NO;™-N (ug 171 28.7+11.0 3.6+1.2
TDN (pg 171) 249.5133.1 146.7+19.4
PON (ug 11y 290.9+66.0 ) 127.7+14.8
poc (pg 171 4470 +750 2890 +660
pPoc (ug 171 1733.44362.5 1136.4+130
TP (pg 171) 59.549.5 ' . 32.2+44.9
™ (ug 171 540.8+73.8 274.4+24.2
Toc (pg 171)  6203.4+833 ' 4026.4+673
TOC:fN:TP (weight) 103:9:1 | 126:9:1
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with water température. All other measured variébles showed
no significant (p>0.05) correlation with bacterial variables
(Table 4). During sumnmer (July-August), bacterial variables
were most strongly correlated to phosphorus variables.
B&cterial variables were significantly negatively correlated
to the TN:fP ratio whereas carbon variables showed no
éignificant correlation with bacterial variables (Table 4).
During autumn (September—Nermber), bacterial production and
specific activity were strongly correlated with nitrogen |
variables (r>0.41, p<0.05) and temperature (r>0.43, p<0.01),
and baqterial biomass and abuﬁdance were strongly correlatéd
with certain nitrogen variables (PON, TN) (r>0.32, p<0.05)
and phytoplankton biovolume and chlorophyll a (r>b.39,.
p<0.05) . Phosphorus variables sho&ed no significant
correlation (p>0.05) with bacterial variables (Table 4).

Nutrient and River Water Enrichment Experiment. During

the May experiment, river water and.combinations of DOC,
NH,*, and PO4-3 enrichments’increaséd both bacterial
thymidine uptake and cell numbers'(Figure 9A, 10A). All
nutrient.(singly and in combinations) and river water
.enrichments stimulated bactefial thymidine uptake and cell
numbers during the July experiment (Figure 9B, 10B). PO4'3
enrichments did not stimulate bacterial thymidine uptake or
cell nﬁmber during the Octobér experiment (Figure 9C, 10C).

Nutrient Differences Between

The annual mean concentration®of phosphorus in lake
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Figure 9. Bacterioplankton ”“H-thymidine iIncorporation
in nutrient enriched lake water. In A and B,
O +control, # +C, A +C+N, A +C+P, O +C+N+P,
m +50 river water. In C, Q control, # +C,A
+N, A +P, 0 +N+P,m +50% river water.
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Bacterioplankton cell number in nutrient
enriched lake water. In A and B, Q control,
# +C, A +C+N, a +C+p, O +C+N+P, m 50% river
water . In C, Q control, # +0, A +N, 4+P,Q
+N+P, m 50% river water.
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Linear correlations of bacterial
against various biotic and abiotic

variables for different seasons iIn Hebgen

variables

Lake. Symbols are as in Table 2. NS not

significant at p>0.05;
only when they are significant at p<0.05.
All data were transformed (In) before

analysis.
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water was essentially the same as river water. However, the
concentpations of nitrogen and organic carbon in lake water
were consistently higher than the river water. The ratio of
TOC:TN:TP (by weight) was 147.5:8.0:1 in lake water and

80.6:3.7:1 in river water (Table 5).

Discussion

Bacterioplankton Variables

The meaﬁ‘epilimnetic bacterial production (0.28 ug C l'll
h-1, range 0.09-0.82) of Hebgen Lake is low compared with
that for the freshwater‘énd saltwater systems (average 1.1,
range 0.02-6.38 ug 11 h'l) summarized by Cole et al.
(1988) . The average epilimnion bacterial biomass énd
abundance (41.49 pg C 171; 1.86 x 102 cell
1'1) are also low compared with other eutrophic lake data of
80-130 ug C 17! (Riemann et al. 1982) and 3.9-31 X 10° cells
1-1 (Gebre-Mariam and Taylor 1989; Marvalin et al. 1989;
Robarts and Wicks‘1990). Bacterioplankton production, as a
percent of phytoplankton production, ih Hebgen lake (2%) is
much lower than the‘reported mean value (20%) from a range
of aquatic systems (Cole et al. 1988) although if is within
the range reported by Robarts and Wicks (1990) of 2% for
Hartbeesport Dam, a hyﬁertrophic reservoir in Africa.

Relation Between Bacterioplankton
And Phytoplankton

The strong correlation (r>0.23, p<0.05) between bacterial

variables and chlorophyll a over the entire study period
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Table. 5. The mean (+ 1 SE) nutrient concentrations (ug 1 l)
of the epilimnetic water column and river inflows
in Hebgen Lake during 1988 and 1989. Symbols are
the same as in Table 2.

Nutrient . River infiow Epiliﬁnetic lake water

SRP 10.8+1.9 ©9.4+42.7

TDP 23.9+2.9 .29.0+4.6

PP 15.1+4.3 " 15.9+3.0

NH, -N 9.6+3.1 © 11.6+4.0

NO; ™ -N 14.2+3.7 ' 27.2410.3

"TDN - 109.0+11.0 ' ‘200.9119.9

PON 35.9+46.5 157.4+438.1

DOC 2515 +475 5490 +364

POC 626 +79 | 1140 +165

TP 39.0+5.2 44.915.5

TN 144.4412.8 ° 358.3+43.0

TOC 3141 +482 ' 6630 +399

TOC:TN: TP (weight) 80.6:3.7:1 147.5:8.0:1
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implies a close coupling between bacterioplankton and
phytoplankton biomass in the epilimnion of Hebgen Lake. The
lack of a significant correlation between bacterial
variables and phytoplankton productién may be due to the
variable effect of underwater irradiation, the regression
was done on discrete samples déwn the‘wéter column which
does nof take light éttenuation into effect. However, the
non-significant correlation between bacterial and all
~phytoplankton vafiables during spring and summer in concert
with a significant correlation during the fall indicates
that epilimnetic bacterial production is affected by'
phytoplankton during'only part of the ice-free season.
Positive correiations between bacterial and phytoplankton
variables have been reported for a number of other marine
and freshwater environments (Fuhrman et al. 1980;
Chrzanowski and Hubbard 1989; Marvalin et al. 1989; Robarté
and Wicks 1990). Lack of correlation between bacterial and
phytoplankton variables were also found in some marine
environments in which watef temperature was strongly
correlated with bacterial variables (Coffin and Sharp 1987;
Joint and Pomroy 1987). Our findings support these latter
results in that bacterial variables were significantly
(p<0.05) correlated with temperature but not phytoplankton
variables during the spring.

Factors Regulating Bacterioplankton

Entire Study Period. That bacterial biomass and
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abundance were highiy correlated with organic phosphorus and
particulate Qrganic nitrogen and carbon (Table 2.2) infers
that these are the main sﬁbstrates reguiating
bacterioplankton in Hebgen Lake. The stréng correlation
between these organic nutrients and phytoplankton variables
(Table 2) further implies that'pﬁytoplankton are an
important source of such nutrients; The negative
correlations between bacterial production and specific
activity with SRP and DOC imply that high bacterial activity
can effectively reduce these nutrients. Therefore, high .
concentrations of essential nutrients do not necessarily
indicate high bacterial production. The correlations between
bacterial wvariables and.TOC, TN, and TP suggest that they
are important bacterial substrates. When these three
nutriénts are compared, TN and TP appear to be the most
deficient forms. This is supported bf the strong negative‘

correlations between bacterial production or specific

activity and ratios of TOC:TN and TOC:TP.

Seasonal Difference. Our correlations infer that
bacterioplankton in Hebgen Lake are most closely associated
with water tempefature during spring, with phosphorus
followed by nitrogen during summer, and nitrogen followed by
"organic carbon during fall. This conclusion is supported by
our laboratory experiments, which showea essentially the
same results (Figure 9, 10). Seasonal variation in factors

controlling bacterial production and abundance has also been
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reportéd for other aquatic environments (Jonas and Tuttle
1990).

Influence of Nitrient Input from River gg‘Lake
Bacterioplankton and Nutrient Composition

External nutrient input from river inflow is an
important bacterial nutrient source to Hebgen Lake. This
conclusion is’éupported by all of our river water bioassays
which showed increased bacterial thymidine incorporation and
bacterial abundance.with the.additioq of river water (Figure
‘9, 10).

The lower ratio of TOC:TN:TP- in river water relative to
lake water (Table 5) indicates that lake ﬁater has
relatively more organic carbon. It has been reported that
bacteria are phosphorus limited when the C:P ratio is 8.3-
58.8 by Qeight (Vadstein and Olsen 1989). Reported bacterial
C:N and N:P &eight ratios are 2.3-8.3 and 4.7-8.7 (Linley
and Newell 1984; Vadstéin and Olsen 1989). Hebgen Lake water
had lower proportions of'nitrogen and phosphorus compared
with organic carbon (TOC:TN=19:1; TOC:TP=i48.1) than the.
reported ratios. However, the ratio of TN:TP (8:1) of the
lake water is in the range of thé reported valueé.
Difference in these ratios can be used to explain why river.
water enrichments to Hebgen Lake water stimulated bacterial

activity and abundance in our laboratory experiments.
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CHAPTER 3
HETEROTROPHIC BACTERIOPLANKTON NUTRIENT DEFICIENCY
~Introduction

Heterotropﬁic bacteria are largely responsible for the
degradatioh of organic ﬁattér and regenerétioﬁ of minerals
in aquatic ecosystems. It has been suggested that bacterial
production is controlled by, or is directly related to,'the
supply of decompésable organic matter (Cole et al. 1988).
Correlations between mean bacterioplankton production and
chlorophyll a concentration or photosynthesis (e.g. Fuhrman
et al. 1980; Bird and Kalff 1984; Bj¢rnsen et al. 1989;
Marvalin et al. 1989; Roberts and Wicks 1990) suggest that
phytoplaﬂkton products may be an important source of
substrate for bacterial growth. However, bacterioplanktony
effectively compete with phytoplankton for inorganic
nitrogen and phosphorus in both oligotrophic and eutrophic
systems (Priscu aﬁd’Downes 1985; Vadstein et al.‘i988;
Vadstein and Olsen 1989). These findings indicate that
iﬁorganic nutrients may be as important as organic nutrients
in regulating bacterioplankton growth in aquatic systems;
Although direct stimulation of bacterioplankton growth by-
inorganic nutrient enrichments has been demonstrated in |
1aborétqry studies (e.g. Horrigan et al. 1988), nutrient
stimulation of bacterioplankton activity in natural

environments is generally indirect, transmitted via
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phyfoplankton (Riemann and S¢ndergaard 1986;‘Bj¢rnsen et al.
1989) . '

The purpose of our study was to examine the response of
bacterioplankton and phytoplanktoﬁ to experimental
manipulatibn of dissolved organic carbon (DOC), inorganic
nitrogen and inorganic phosphorus in a eutrophic lake. The
following basic questions were addressed: Can inorganic
nutrient enrichment stimulate bacterioplanktén activity? If
so, is this étimulation direct or indirect (resulting from

stimulation of phytoplankton)?"

Materials and Methods

- Study Site

Experiments were conducted in the Grayiing Arm of Hebgen
Lake, a eutrophic reservoir, located on the upper Madison
River, Montana. The Grayling Arm is one of the three bays of
Hebgen’Lékevwith its own water inlet and a narrow connection
.with the main lake. The Grayling Arm had an area of 8 km?
and a maximum depth of 6 m at the time of'éur experiménts.
éhytoplankton in this portion of the lake were dominated by -
cyanobacteria over moSt of the ice=free season. A detailed
physical, chemical and biological description of Hebgen lake
is given by Miller (1991);

Experimental Procedures.

Bioassay experiments were conducted during June, August,

and October of 1988 and 1989, each extending up to 5 days.
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Water from 0.5 m depfh was placed in 20-L polyethylene
collapsible carboys attached to floaté anchored at 0.5 m
near the deepesf part of the Grayling Arm. For both October
' experiments, containers were incubated in the laboratory at
an irradiance of 150 pE m™2 s'l, provided by cool white
fluorescent lamps on a 12:12 h light:aark cycle, at the
temperature of collection. |

Water for our experiments was filtefed with 280 pm pore
size Nitex mesh to remove large grazers except during
October 1988, and August and October 1989 when large cyano4‘
bacteria filaments and aggregates were present. Three |
nutrient treatments were used in 1988 and six treatments in
1989 (Table 6). Unamended controls were included with each
experiment. Nutrients were added at time zero during the
1988 experiments and daily during the 1989 éxperiﬁents (sée
Tablé 6 for schedule). This continuous addition of nutrients
during 1989 was adopted to ensure that nutrient depletion
did not occur and to simulate more closely advected nutrient
addition which dominates the nutrient budget in Hebgen Lake.
Water chemistry, 14002 uptake rate, chlorophyll a
concentration, 3H-thyniidiné incorporatioﬁ rate, and
bactérial cell concentr;tion were dgtermined on each day of
the experiment. Bottles for 14C02 uptake (3 light and 1
dérk) were incﬁbated in the lake alongside each cubitainer:;

3H-thymidine incorporation samples were incubated in the

dark at in situ temperétures.




Table 6. Nutrient additions (ug L1 for NH4+ and PQ473, mg L1 for mannitol)
for experiments in the Grayling Arm.of Hebgen Lake. See Table 2 for
ambient concentrations before each addition. :NA = not applicable.
Nutrients were added on day 0 only during 1988 experiments; nutrients
were added every sampling interval during 1989 experiments except

mannitol which was added on day 0 and day 3 only.

s NH,*-N & NH,"-N & Po, 3-p &

Control NH4+—N» PO, ~-P PO, “-P Mannitol Mannitol Mannitol
1988 NA , " NA NA
Experiments 0 100 50 NA 91 NA NA
1989 140 140 93
Experiments o 140 93 93 91 91 91

TS

F N KLl
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Water Chemistry.

Water was filtered through Whatman GF/C.filters and
frozen for later analysis of the following "dissolved"
constituents{ Concentrations of N03' and NH4+ weré
determined by Cd reduction (Eppley 1978) and the phenol
hypochlorite methdd (Solorzano 1969), respectively. Soluble
reactive phosphorus (SRP) was measured usiné the molybdate
‘method modified for-Aso4_ interference (Downes 1978). Total
dissolved phosphorus (TDP) was measured according to
Stainton et al. (1977) after acid hydrolysis (Solorzano and
Sharp 1980). Dissolved organic phosphorus -(DOP) was
estimated from the differeﬁce between TDP and Sﬁﬁ. Total
dissoived nitrogen (TDN) was determined as NO;~ using the Cd
reduction method (as above) following persulfate digestion'
(D'Elia et ai. 1977) . bissolved organic nitrogen (DON) was
estimated by sﬁbtracting the sum of NO3' and NH4+ from TDN.
Dissolvea organic carbon (DOC) was analyzed with a Dorhmann
Carbon.AnalyZer standardized with glucose.

Particulate Matter Analysis.

Particulate material was coliected on precombusted What-
- man GF/C filters and frozen for 1atgr analysis. Chlorophyll
a was determined by fluorometry on 90% acetone extracts.
Fluorescence of samples before énd after acidification was
measured with a Turner model 112 fluérometer standérdized
~with pure chIordphyll a standard’ (Strickland & Parsons

1972). Particulate organic carbon (PC) and particulate




53

organic nitrogeﬁ (PN) concentrations were measured with a
Carlo-Erba model 1106 elemental analyzer calibrated with
standard amounts of acetanilide. Particuléte phosphorus (PP)
concentrétion was determined using the same methods
described for TDP. Total organic carbon (TOC) is the sum of
DOC and PC; total nitroéen (TN) is the sum of TDN and PN,
énd total phosphorus (TP) is the sum of TDP and PP.

Bacterial cell concentrations were determined on samples
filtered onto 0.2 um polycarbonate filters, stained with
acridine orange, and counted using epifluorescence
microscopy (Hobbie et al. 1977).

Biological Rate Measurements -

Photosynthetic rate ﬁas determined in 150 ml
borosilicéte bottles by adding 14C-NaHCO3 to a final
activity of ca. 0.05 ucCi m1'1.~Samples were incubated for 4
h (near midday when in situ). Uptake was terminated by

filtration through Whatman GF/C filters. After acidification

and drying, 8 ml of Scintiverse E (Fisher) was added to the

filter in a 20-ml scintillation vial and counted with a
Béckman LS-100C scintillation specﬁrometer. Efficiency was
computed by the external standard, channels ratio. Dissolved
inoréanic carbon, required for photosynthetic rate
calculation, was computed from alkalinity titrationé during
each sampling interval.

Thymidine incorporation was determined by‘adding

methyl—3H thymidine (ICN Radiochemical Inc.) to 10 ml lake
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water in a 20 ml glass scintillation vial yielding a final
concentration of 10 nM thymidine. The 3H-thymidine stock (in
70% ethanol) was evaporated fo dryness and rehydrated with
deionized water before use to eliminate volatile products of
self radiolysis'ana to remove ethanol. The inoculated sample‘
was incubated at in situ temperature in the dark for 20 to
30 minqtes. Activity was terminated by adding 10 ml of 10%
ice-cold trichloroacetic'aéid (TcA) to each viai. The sample
- was then extracted overnight at 4 °C followed by filtration
onto 0.2 pm polycarbonate filters which were rinsed 5 times
.with 2 ml each of ice-cold 5% TCA (Fuhrman and Azam 1980).
Radioactivity was determined by liquid scintillation |
counting as described above. We use fhé term "incorporation"
to denote the actiVity remaining in the TCA insoluble
fraction. Microautoradiography showed that 3H—thymidine was
incorporated exclusively by the bacteria;vno activity was
noted in cyanobacteria or eukaryotic algal ffacfions (H.W.
Paerl, unpublished data).

Statistical Analysis

To determine the effects of nutrient enrichments,
bacterioplankton thymidine inco;poration and cell number,
phytdplankton 14CO2 uptake and chlorophyll.g from each
treatment were compéred'with controls by'multifactor
analysis of variance (Neter et al. 1985). The comparisons
were done on triplicate subsamples from each treatment for

all time-course data. To overcome potential grazing
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influences on bacterioplankton abundance, bacterioplankton
specific activity (thymidine incorporation/cell number) for
each treatment was also compared with the control using the
saﬁe statistical method. Siméle linear regressién’analysis
was conducted to test relationships between bacterioplankton

and phytoplankton in each treatment of each experiment.
Results

Initial Conditions of the Experiments
Initial conditions for all six experiments are presented
in Table 7. The dominant phytoplankton, in bercent of total

biovolume were Anabaena spiroides (73%) in June 1988, A.

circinalis (92%) in August 1988, Aphanizomenon flos-aquae.

(52%) and Asterionella sp. (35%) in October 1988, A.

circinalis (64%) in June 1989, Fragilaria sp. (47%) and

Aphanizomenon flos-aguae (34%) in August 1989, and

Aphanizomenon flos-aquae (97%)-in October 1989. The maximum
chlorophyll a concentration occurred in October of both
years. Physicél and chemical conditions varied considerably'
among experiments providing a unique environmental setting
for each experiment.

Nutrient Responses of Bacterioplankton and Phytoplankton
3

June 1988 Experiment. PO, ~ addition significantly

(p<0.01) increased both bacterioplankton and phytoplankton
production. The maximum rates for thymidine incorporation

and 14002 uptake were 1.6 and 1.2 times higher than those of
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Table 7. Initial temperature (OC), chlorophyll a
(Chi @& g 1-1) and nutrient levels (g
I-1) for the microcosm experiments in the
Grayling Arm of Hebgen Lake. Symbols are
defined iIn "Material and Methods",
Phytoplankton refers to the dominant genera
representing more than 60% of the biovolume.
Ana = Anabaena. Aph = Aphanizomenon.
Ast = Asterionella. Fra = Fraailaria.

1988 1989
Nutrient Jun 22 Aug 21 Oct 23 Jun 20 Aug 8 Oct 19
Temperature 17 2 12 16 19 10
chl a 30.3 15.6 144.5 4.5 5.0 48.5
Phyto- Ana. Ana. Aph. Ana. Aph. Aph.
plankton Ast. Fra.
nh4+-n 3.8 61.1 12.5 9.9 4.2 6.0
NOj *-N 2.6 64.0 5.6 10.2 7.9 94.1
TDN 140.0 570.0 390.0 176.0 146.0 255.0
DON 133.7 4449 371.9 155.9 133.9 155.0
PN 514.8 299.1 1192.2 137.2 74.2 244.9
SRP 2.8 39.1 7.7 18.1 5.1 18.1
TDP 10.4 57.1 22.5 28.0 17.8 38.4
DOP 8.2 18.0 14.8 9.9 12.7 20.2
PP H-Ta 166.8a 72.1a 16.9 9.9 45.7
DOC 2834 7012 7749 2839 6960 6552
POC 3416 2288 7751 761 559 1364
TN:TP 26 4 17 9 8 6
TOCITN 10 n 10 9 34 16
TOC:TP 249 42 164 80 27 A

a. Data were collectecl from the surface of lake water within 10 days of
the experiment.
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the control, fespectively. Maximum thymidine incorporation
occurred 1 day before that of maximum 14C02 uptake. NH4+
addition reduced thymiaine incorporation (p<0.01) and did
not have a significant effect on 14002 uptake (Figures 11,
12; Table 8). PO4"3 addition increased baéterioplankt;n cell
concentration,(p<o.01) and chlorophyll a concentration
(p<0.01);‘othef treatments induced no siénificant effects on
bacterial cell concentration compared with the control
(Figures 11, 12; Table 8). None of the treatments had a
significant effect on bacterioplankton specific activity.

Auqust 1988 Experiment. Mannitol addition significantly

(p<0.05) stimulated bacterioplankton 3H-thymidine
incorporation and specific activity. NH4+ addition increased
(p<0.01), and mannitol addition decréased (p<0.01),
phytoplankton 14002 uptake. NH4+ and PO4'3 additions
significantly (p<0.01) increased bacterial cell

concentration (Figures 13, 14; Table 8).

October 1988 Experiment. Mannitol addition elevated both
3H-thymidine incorboration and bacterial cell concentration
(p<0.01f but not specific activity. PO4-3 addition decreased
3H-thymidine incorporatioh but showed no significant effect |
on bacterial cell concentration and specific activity. NH4+
addition enhénced (p<0;01) 14CO2 uptake but none of the
'bacterioplankton parameters. 14002 uptake.decreased

'significantly (p<0.01) with mannitol addition. (Figures 15,

16; Table 8).
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Table 8. Effect of nutrients on bacterioplankton and
phytoplankton in the microcosm experiments
conducted in the Grayling Arm of Hebgen Lake.
Significance refers to comparison with unamended
controls by multi-factor Analysis of Variance. NS
= not significant at p>0.05, + and,- = significant
increase and decrease at p<0.01, -" =
significant decrease at p<0.05, NA = not
gpplicable. SPA = specific bacterioplankton

H-thymidine incogporation; Thym =
bacterioplankton “H-thymidine incorporation;
Cell = bacteriii cell concentration; PPR =
phytoplankton 'CO, uptake; Chl =
chlorophyll a concentration.

Treatment NH,* & NH,* & Ppo,3 &
NH4+' PO‘,‘.'3 P04'3 Mannitol mannitol mannitol

1988 experiments

Jun: SPA NS NS NA - NA NA
Thym - + NA NS NA NA
Cell N + NA . NS NA NA
PPR NS + NA NS NA NA
Cchl NS + NA NS NA NA

Aug: SPA - NS NS NA + - NA NA
Thym NS + NA + NA NA
Cell + + NA NS NA NA
PPR + NS NA - NA NA
Chl NS NS NA NS NA NA

Oct: SPA NS NS NA NS NA NA
Thym NS - NA . + . NA NA
Cell NS NS . NA + NA NA
PPR + N§ NA - : NA . NA
Chl NS - NA - NA . NA

1989 experiments :

~Jun: SPA + NS + . + C o+ +

Thyn + NS + + + +
Cell + NS + + + +
PPR + NS + NS + NS
Chl + NS + NS + NS

Aug: SPA + + + + + +
Thym + + +. + + +
Cell + + + + + + -
PPR + + + NS + NS
Chl + NS + NS + NS

Oct: SPA + + + + + +
Thym + + + + + +
Cell NS NS + + + +,
PPR NS - NS N§ NS =
Chl + NS NS - NS NS
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Figure 11. Bacterioplankton thymidine incorporation (A),
bacterial cell number (B), and bacterioplankton
specific activity (C). The mean of three
observations + I SE 1is presented.
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Figure 12.



61

N h

0.10.-

0.05-

nmole |

4.00—

N

cell

2.00-

1

100-

1

N h

cell)

pmole (I

Dayl Day2 Day3 Day4 Day5
Figure 13. Bacterioplankton thymidine 1incorporation (A),
bacterial cell number (B), bacterioplankton
specific activity (C). The mean of three
observations + 1 SE 1is presented.
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Figure 14. Phytoplankton 17C02 uptake (D) , chlorophyll a
concentration (E), and chlorophyll specific
14C02 uptake (F) in the August 1988 experiment
Mean of three observations + | SE 1is presented



63

0.10--

Q
o
£ 0.05-
c

6.00-

M

4.50-

3.00-

109 cell

1.50-

pmole (109 cell)- 1 h- 1

Dayl Day2 Day3 Day4 Day5

Figure 15. Bacterioplankton thymidine 1incorporation (A),
bacterial cell number (B), bacterioplankton
specific activity (C) in the October 1988
experiment. Statistic errors are as 1in Fig. 14.
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June 1989 Experiment. All treatments except Po4‘3
increased JH-thymidine incorporation, bacterial cell
concentration, and specific activity (p<0.01). Maximum
stimulation of bacterioplankton parameters occurred in the
mannitol plus NH4+ treatment (Figures 17, 18; Table 8). All
treatments containing NH4+ significantly (p<0.01) increased
both 14602 uptake and chlorophyll a céncentration (Figures
17, 18; Table 8).

August 1989 Experiment. All nutrient additions

significantly (p<0.01) increased 3H—thymidine incorporation,
bactefial cell poncentration, and specific activity.
Nutrient additions containing NH4+ elevated (P<0.01) 14CO2
uptake and chlorophyll a concentration (Figﬁres 19, 20;'
Table 8). Bacterioplankton and phytoplankton densities
increased to the greatest extent in the treatment containing
P0, ™3 plus NH,*. .

3

October 1989 Experiment. All nutrients, except PO, > and

NH4+, significantly (p<0.01) increased 3H-thymidine
incorporation, bacterial céll concentration, and specific
activity (Figures 2i, 22; Table 8). %co, uptake was
negatively influenced by PO4'3 (p<0.01) and chlorophyll a
was positively influenced (p<0.01) by NH4+ addition (Figures

21, 22; Table 8).

Relationships Between Bacterioplankton and Phytoplankton
Cofrelations; grouped by treatment and experiment,

showed that, in 13 of the 132 cases, the bacterioplankton
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Figure 18. Phytoplankton 14C02 uptake (D), chlorophyll a
concentration (E), and chlorophyll specific
N4 COg uptake in June 1989 experiment.The mean
of three observations + | SE 1is presented.
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Figure 21. Bacterioplankton thymidine 1incorporation (A),
bacterial cell number (B), and bacterioplankton
specific thymidine activity (C) 1in October 1989
experiment. Statistical errors are As in Fig. 20.
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14c()2 uptake (F) in October 1989 experiment.
Mean of 3 observations I SE is presented.
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parameters (3H-thYmidine incorporation, cell concentration)
were significantly (p<0.05) correlated with the
phytpplankton parameters (14CO2 uptake, chlorophyll ‘a)
(Table 9). Among these, 2 of the 33 regressions between
bacterial 3H—thymidine incorporation and 14CO2 uptake showed
positive‘correletions (p<0.05). Two of the 33 regressions
between bacterial cell concentration—and 14002 uptake showed
positive correlations (p<0.055. Five (2 positive, 3

negative) of the 33 regressions between bacterial 3H-:

thymidine incorporation and chlerophyll a, and 3 (1

positive, 2 negative) of the 33 regressions between
bacterial cell concentration and chlorophyll a showed

significant (p<0.05) correlations (Table 9). .
Discussion

In a number of our experiments, nutrient enrichment
increased bacterioplankton cell number and thymidine
incoréoration. Because changes in cell number and thymidine
incorporation may result from both growth and losses via
grazing, they may not necessarily reflect the actual growth
response to nutrient addition. For this reason, we included
bacterioplankton cell specific activity, defined es pmole
thymidine incorporation 102 cell™! h™1, as a bacterial
growth parameter which is independent of grazing and is
consequentl& a more realistic estimator of actual response
to nutrient addition.

)




Table 9. Correlation coefficients (r) between bacterioplankton
variables (thymidine incorporation, bacterial Eell
concentration), and phytoplankton variables (1 CO,
uptake, chlorophyll a) from the experiments in the
Grayling Arm of Hebgen Lake. '

1988 . 1989

June AUQUSt‘ A October June August ‘ October
Treat- Bacterio- ] _ : .
ment plankton PPR CHL PPR CHL PPR CHL PPR CHL PPR CﬂL PPR . CHL

_ Control  Thym 0.93: 0.25 0.11 0.67 -0.47 -0.93: -0.22 0.46 0.05 -0.20 0.54 0.10
: Cell  0.99 0.41 -0.44 -0.23 -0.16 -0.89 0.37 0.59 -0.43 0.28 -0.26 -0.26

Thym 0.87 -0.72 0.52 0.83 -0.32 -0.21 0.88* 0.99* -0.51 -0.82 -0.11 -0.22

NH
4 .
Cell 0.64 -0.40 0.42 0.22 0.27 0.49 0.50 0.60 -0.73 -0.94* 0.59 -0.25
PO,*-3 " Thym 0.11 -0.27 -0.40 0.55 -0.26 -0.64 0.58 0.51 -0.10 -0.61 0.67* -0.02
cell 0.08 0.17 -0.21 -0.43 0.52 -0.65 -0.47 -0.73 -0.67 -0.39 0.89 0.47
NH4+ & . Thym NA NA NA NA NA NA 0.21 0.31 0.80 0.46 0.32 0.68
P04-3 Cell NA NA NA NA NA NA 0.12 0.04 -0.40 -0.72 -0.38 0.61

Mannitol Thym  -0.92" -0.98" -0.07 0.90: 0.22 -0.61 0.01 -0.64 0.08 -0.290 -0.16 -0.08
cell  0.51 -0.49 0.02 0.89 0.29 -0.72 -0.35 0.18 -0.35 0.17 -0.34 0.01

NH4+ & Thym NA NA NA NA NA NA 0.85 0.19 0.24 -0.89 -0.33 0.75
mannitol  Cell NA NA NA . NA NA NA 0.18 -0.17 -0.59 -0.71 -0.55 0.86
po4'3'& Thym NA NA NA NA  NA NA  -0.85 -0.39 -0.27 -0.67 -0.70 -0.31

mannitol  Cell NA ‘NA O NA NA NA NA -0.62 0.28 -0.63 -0.84 -0.67 -0.21

#PR:phytoplankton 14(:02 uptake} CHL=chlorophyll a; Thym=bacterioplankton thymidine incorporation;
Cell=bacterial cell concentration; NA=not applicable; *=significant correlation at p<0.05.
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Inorganic phosphorus and nitrogen enrichments increased
bacterioplankton thymidine incorporation, cell number, and
specific activity in many of our experiments indicéting that
inofganic nutrient addition can stimulate bacterial
activity. Interestingly, the limiting nutrient differed
among experimehts and showed no clear trends over the
season. The nutrients stimulating bacterioplankﬁon actiQity
were organic carbon, inorganic phosphorus, and inorganié
nitrogen in 2 of the 6 experimehts and were inorganic
nitrogen and orgaﬁic carbon in 1 of the 6 experiments.
Inorganic phosphorus alone increased bacterioplankton
activity in 1 of the 6 experiments as did organic carbon.
The variable response to nutrient addition presumably
reflects differences in ambient water-chemistry and
physiology of the bacterioplankton at the beginning of the
experiment. Vadstein and Olsen (1989), working with
" chemostats, reported that bacterial growth becomes
phosphorus limited when TOC:TP is between 8.3 and 58.8 (by
. weight). During our experiments, all initial TOC:TP ratios
exceeded 80, except in August 1988 when the ratio was 42.

3

Hence, it is not surprising that 4 of our 6 PO, ° additions

showed significant stimulation of bacterioplankton activity.

* and amino acids are generally considered to be the

NH,
primary nitrogen sources for bacterioplankton in natural
waters (e.g. Billen 1984, Wheeler and Kirchman 1986). When

ambient concentrations of free amino acids are low, bacteria
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may be forced fo utilize NH4+ as a nitrogen source (e.q.
Wheeler and Kirchman 1986). Chemostat studies have also
shown that NH4+ and ﬁ03- aaditions stimulated heterotrophic
bacterial activity (Hérrigan et al. 1988). The reported
range in bacterial C;N (by weight) content of 2.3-8.3
(Linley and Newell 1984). is below the initial ambient TOC: TN
level in all of'our experiments implying that nitrogen was
in short supply for,bacterioplankton.relative to orgénié
carbon. Reiatively high TOC:TN‘in Hebgen Lake may e#plain
why most NH4+ additions significantly stimulated
bacterioplankton activity. |

My results indicate that.inofganic nutrients can’
stimulafe'baéterioplankton activity through direct.
utilization. In one case, following PO4'3 addition (June
1988), bacterioplanktén 3H-thymidine incorporation was out
of phase (1 day before)'with phytoplanktbn 14Coz uptake and
chlorophyll a concentration. That 95% (125 out of 132) of
the correlations between bacterioplankton and phytoplanktén
" variables were insignificant or negafive supports our
conclusiéniofndirect bacterial stimulation by.inorgénic
nutrient addition. Our results corroborate previous reports
that bacterioplankton growth can be limited by inorganic
nitrogen in natural waters (Wheéler énd Kirchman 1986,
Horriéan et al. 1988, Vadstein et al. 1988, Vadstein and
Olsen 1989, Toolan et al. 1991). .

Although inorganic¢ nutrient enrichments seemed to
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directly séimulate bactérioplankton activity in certain
cases, indirect stimulation via phytoplankton products also
appeared to exist. That 5% of the correlatioﬁs betweén
bacterioplénkton and phytoplankton variables were
significantly positive supports this contention.
Bacterioplankton growth and thtoplankton production has
been shéwn to be correlated in both coastal waters (Fuhrman
et al. 1980) and fresh waters (Chrzanowski énd Hubbard 1989,
ﬁarvalin et al. 1989, Robarts and Wicks 1990). The roughly
eqﬁal nﬁmber of positive and negative correlation
coefficients obtained in our study when bacterial activity
was compared wifh'phytoplankton production indicates that
indirect enhancement of bacterial growth by phytoplankton
products‘may be important at certain times only; direct
uptake of added inorganic nutrients is presumably
responsible for the lack of a consistent trend.

Microcosm nutrient enrichment experiments ceftainly have
drawbacksvfor studying bacterioplankton growth limitation,
although nutrieht enrichment experiments have come into wide
use in studieélof phytoplankton nutrient limitation (e.q.
Goldman 1978, Elser and Kimmel 1986, Dodds and Priscu 1990).
. Results from nutrient enrichment bioassays may be misleading
with respect to actual in situ responses bwihg to isolation
of bacterioplankton from external soﬁrces of nutrients and
by alteration of physical, chemical, and biological

environment during incubation (Elser and Kimmel 1986, Dodds
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and Priscu 1996). Despite these limitations, our microcosm
nutrient bioassay approach offers perhaps the best method
known for estimating in situ conditions (Elser et al. 1990,
Dodds and Priscu 1990). Our use of-semi-continuous nutrient
addition (year 2) .and relatively large containers (20 1)
should have alleviated many of the artifacts resulting from
containment.

Our experimental results show that organic carbon,
inorganic nitrogen and inorganic phosphorus enrichments
‘significantly increased bacterioplankton 3H-thymidine
incorporation, cell concentration, and specific activity at
various times of the year in a eufrophic lake. Inorganic
. nutrient enrichments appeared to stimulate bacterioplanktdn
activity both directly and indirectly via phytoplankton

-~

products. It is not clear why some single nutrient additions
(2 cases 6f carbon and 1 cases of pho;phorus addition)
‘increased bacterioplankton and decreased phytoplankton
growth. It is also not clear either why some other single
nutrient additions (1 case of nitrogen and 1 case of
phosphorus addition) increased phytoplankton activity while
concomitantly decreasing bacterioplankton growth.
Competition for a deficient nutrient may explain these
results, although further experiments on these interactions
ére required before final conclusions can be drawn.

It has been increasingly recognized that bacteria,

flagellates, and small ciliates are significant components
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of freshwater food webs (Porter.et al. 1985, Porter et al.
1988) . These micfoheterotrophic organisms feed: on
bacterioplankton and form a "microbial loop" to the
traditional grazer fpod chain (Azam et al. 1983, Sherr and
Sherr 1988, Christoffersen_et al. 1990). Inorganic nutrient
regulation of bacterioplankton growth is one of the
important aspects-in microbial ecology tﬁatAhas only
recently been considered. The present study reveals how the
growth of bacterioplankton, a primary component of the
"microbial loop", is potentially fegulated in a freshwater
ecosystem. Further studies on the direct regulation of
bacterioplankton gctivity are required for.a more thoréugh

understanding of bottom-up control of aquatic foodwebs.
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CHAPTER 4 ot

INFLUENCE OF PHYTOPLANKTON ON' THE RESPONSE OF

BACTERIOPLANKTON GROWTH TO NUTRIENT ENRICHMENT

Introduction

Heterotrophic bactefioplankton are not only responsible
for the degradation of organic matter and recycling of
nutrients, but also aré important producers of particulate
organic matter (Azam et al. 1983). Thus, they may provide a
route for the assimilation of dissolved organic matter into
élassical food chain. Because of the ecological importance
of bacterioplankton in aquatic ecosystems, knowledge of the
factors regulating their activity will lead to a more
thorough ﬁnderstanding of ecosystem processes.

It is commonly believed that phytoplankton'growth is
limited by inorganic phosphorus and nitrogen (Eler et al.
1990) but that bacterioplankton growth is limited by organic
carbon (Azam et al. 1983; Bj¢rnsen et al; 1989; Riemann and
S¢ndergaard 1956). Phytoplankton are thought to be fhe main
suppliers of the carbon used by bacterioplankton_(cﬁrrie
1990) . Inorganic phosphorus and nitrogen concentrations
therefore may determihe phytoplankton abundance, which in
turn, can regulate bacterioplankton growth (Currie 1990).
Such a relationship is supported by the positive corrélation
between bacterioplankton productioﬁ and phytoplankton

biomass (Cole et al. 1988; Fuhrman et al. 1980; White et al.
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1

1991). This relatioﬁship is also consistent with the fact
‘that bacterioplankton inorganic phosphorus. and nitrogen
uptake systems have highef affinities for phosphorus and
nitrogen than those of phytoplankton (Currie et al. 1986;
Currie and Kalff 1984; Vadstein and Olsen 1989). Recent
studies have shown that bacterioplankton growth rates can be
stimulated directly by inorganic phosphorus enrichment in
both oligotrophic lake water (Coneney and Wetzel 1992) and
mesotréphic lake water (Toolan et al. 1991). These findings
indicate that bacterioplankton growth is not controlled
solely by the availability of organic’carbon substrates.

To address the questions of whether inorganié phosphorus
and nitrogen or organic carbon limit bacterioplankton
growth, and whethef this limitation is influenced by
phytoplankton in a eutrophic ecosystem,'we conducted two
types of experiments. In the first, bacterioplankton growth
response to nutrient enrichment in whole lake water samples
was compared with samples from which phytoplankton were
removed. In the second, bacterioplankton growth response to
nutrient enrichments in lake water with a photosynthetically
viable phytoplankton assemblage was compared with treatments

where photosynthesis was inhibited.

Material and Methods

Initial Conditions

Organisms weré collected from Hebgen Lake, a 50 km?
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eutrophic reservoir located‘on‘thelupper Madison River 33 km
west of Yellowstpne National Park on 22 Septeﬁber 1989
(phytoplankton exclusion experiment) and 19 June 1990
(inhibition of photoéynthesis experiment). 'In both
experiménts, 900 ml lake water was placed in duplicate.
autoclaved one-liter flasks on a.Glo Gyrotory Shaker -at 60
rpm. An irradiance of 120 uE n~?2 5™l yas provided by 40 W
"cool-white" fluorescent lamps. Water temperature was
maintained at approximately 25 °c.

thtoplankton Exclusion Experiment.

Two treatments, one with and one without phytoplankton,
were used in the experiment. Water was filtered through 1.0
ym membrane filters, then examined under an epifluorescence
microscope to verify the absence chlorophyll “
autoflubrescencé in phytoplankton-free treatments. In
treatments with phytoplanktén, water was filtered through
280 um size Nitex mesh to remove large grazers and detritus.
In both treatments (with and without phytoplanktdn), three
iﬁitial nutrient enrichments were established with the
following additions: control (ambient levels), 140 ug NH4+-N
li'ter'.l plus 93 ug PO43'-P liter™1, and 91 mg mannitol
liter™1,

éhlorophyll a subsamples were dollected from each flask
af the start of the incubation and at the end of the

experiment on day 5. Chlorophyll a concentrations were

measured by initial extraction in 95% ethanol heated to
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boiling (79 °C) followed by overnight extraction at 4 ©c
(Sartory and Grobbelaar 1984). Fluorescence of the extract
was measured with a Turner model 112 fluorometer and
compared to a chlorophyll.g,standafd curve made using pure
Anacystis chlorophyll a [Sigma Chemical Co.].

Bacterial 3H-thymidine incorporation and cell number
‘were measured 4 h after sﬁarting the incubation, and on days
1, 3, and 5. Bacterial thymidiné inéorporation was ‘
determined by adding high activity (55 ci mmole'l) methyl-
3H]thymidine (ICN Radiochemical Inc.) to 10 ml water samples
(final concentration 10 nM) in 20 ml glass scintillation
vials. 3H-thymidine was evaéorated'to.dryness and rehydrated
with deionized water before use to eliminate products of
self radiolysis and to remove ethanol. The inoculated sample
was incubated at 25 9C in the dark for 30 minutes. Activity
was terminated by adding 10 ml ice-cold 10% trichloroacetic
acid (TCA) to each vial. Following overnight extraction at 4
Oc, samples were filtered onto 0.2 um membrane filters |
(Poretics Cofporation). After rinsing 5 times (2 ml each
rinse) with ice-cold 5% TCA, the. filter was transferred to a
20 ml scintillation vial and 7 ml Cytoscint scintillation
cocktail kIéN Radiochemical, Irvine, CA) was added.
Radioadtivity in each sémple was determined by standard
liquid scintillaﬁion spectrometry using a Beckmap Ls-100C
counter. Counting‘efficiency wés determined by the external

standard ratio method using 3H-toluene as reference and
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acetone as the quenching égent. Samples for bacterial counts
were fixed with formaldehyde (3% final concentration) and
stored at 4 °C. Bacterial cell counts were made using the
acridine orange direct count technique (Hobbie et:al. 1977)

with a Nikon epifluorescence microscope.
: r :

Inhibition of Photosynthesis Experiment

Three treatments (light, + photosynthetic inhibitor,
dark) were‘started'ﬁith water filtered through 280 pm size
Nitex mesh to remove large zoop;ankton and detritus. The
‘photosynthetic inhibitor, 3—(3,4-Dichlorophény1)-1, 1-
Dimethylurea (DCMU), was added to a final concentrétion of
5%¥10~% M in one treatment. Flasks were covered with two
layers of aluminum foil for the dark treatment. All three
treatments were subjected to three nutrient addition levels:
control (ambient levels); +140 ug NH4+-N liter~1 plus 93 ug

PO43'—P liter™1; and +90 mg glucose liter™1

. Chlorophyll a
concentrations were measured 4 h after the start of
incubation and on day 5; bacterial thymidine.incorporatioh
and cell‘number were measﬁred aaily over the entire 5 days
of the experiment. Analytical mefhods were the same as
described for the phytoplankton exclusion experiment.
Test of Significance

To determine the effect of indrganic P and inorganic N
and organic C, bacterioplankton specific activity (thymidine

incorporation per cell number) from each nutrient addition

was compared with controls by multi-factor analysis of
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variénce (Snedecor and Cochran 19805. The comparisons were
done on replicate samples from each treatment for all time
course data. A t-test was used to compare the influence of
phytoplankton on bacterioplankton cell number,
bacterioplankton thymidine incorporation and
bacterioplankton specific activity.afﬁer 72 h incubation in
whole lake water with samples from which phytoplankton were
removed or photosynthesis was inhibited. The nutrient
influences on phytoplanktoh chlorophyll a at the end of the
experiments (120 h) for different nutrient additions were
also compared with controls using a t-test. Because grazing
by protozoans can influence cell number and thymidine
incorporation, specific activity should yield the most
realistic estimate of bacterial response to experimental

manipulation.
Resulfs

Background Conditions

During the phytoplankton exclusion experimént, the
dominant phytoplankton species in the whole lake water
treatment were the cyanobacterium Anabaena spiroides (69% of
total volume) and the chrysophyte Ochromonas sp. (13% of
total biovolume). Before starting the incubation, the
experimental water had the following conditions: chlorophyll
.a = 3.5 ug liter-l; soluble reactive phosphorus (SRP) = 10

©g literfl, NH4+-N = 11 pg liter™l, and dissolved organic
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carbon (DOC) = 66 mg liter_l. Duritg the inhibition of
photosynthesis-experiment, the dominant phytoplankton in the
experimental watef were the chlorophytes Schroederia sp.
(48% of total bioyolume) and Closteridum sp. (43% of total
bio&olume). At the beginning of'thé incubation, the
experimental water'had the following conditions: chlorophyll
a =178 pg 171, SRP = 8 ug liter™, NH,"-N = 9 ug liter~!,
and DOC = 75 mg liter™1, |
Nutrient Effects on Bacterioplankton - -

~Organic carbon enrichments significantly increased
bacterioplankton»spegific activity in both whole water and
filtered lake water treatmehts in the phytoﬁlankton |
exclusion experiment (p<0.0l1). At the end of the incubation,
bacterial épecific'activities in 6rganic carbon treatments
were 2 to io times higher compared with controls (Figure
234, 23B;‘Table 10). Inorganid phosphorus and nitfogen
stimulated bacterioplankton specific activity in the whole
lake.water~treatment only (p<0.01), which was 1.5 times
higher than control (Figure 23B, Table 10) . Bacterioplankton
specific activities were increased only'by inorganic P and N
enrichments in tﬁe ﬁhotosYnthétié inhibition ekperimeﬁt,
(p<0.01). Inorganic P and N enrichment increased
bacterioplankton épecific activity 4 times more than the
control in the light treatment and 2 to 3 times more in the
ligﬁt treatment than in the photosynthetic inhibitor.and

dark treatments by the end of the experiment (Figure 24,
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Bacterioplankton specific activity in filtered
lake water (A) and whole lake water (B)
treatments in the phytoplankton exclusion
experiment. Error bars are ~ I SE (nh=2) and are
shown only if larger than the symbol.
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Figure 24. Bacterioplankton specific activity in the DCMU (A), dark
(B), and light (C) treatments in the inhibition of

photosynthesis experiment. Error bars are ~ 1 SE (F2)
and are shown only If larger than the symbol.



Table 10. T%me-course means of ?actirlal thymidine incorporation

H-THY, mole 11ter , bacterial cell number
(CELL, 18 spe01flc activity (SP-ACT,
pmol [10 cell] ) in the phytoplankton
exclusion experlment and the photosynthesis inhibition
experiment. All measured points were used in the
multi-factor analysis of variance to test the significant

~difference between control and the other treatments.

Phytoplankton exclusion experiment

Photosynthesis inhibition experiment

- Algae presence Algae absent . Light 7 Light+DCMU Dark

Nutrient  3H- sP-  3H- ©sps 3H- sP-  3H- sP-_ 3H-  sp-
additions TRY CELL ACT THY CELL ACT THY CELL ACT THY CELL ACT THY CELL ACT
Control 0.04 3.23 11.3 0.02 2.54 7.12 0.08 2.07 '36.3 0.08 2.16 37.3 °0.08 2.08 38.2
P+N 0.06 3.78 15.0 0.03 3.18 8.55 0.43 2.71 99.1 0.18 3.12 63.4 0.19 3.12 66.0
+C 0.08 3.82 19.6 0.06 3.51 17.6 0.09% 2.04% 39.7% 0.082 2.17° 38.3% 0.08? 2.20? 36.0°%

a Not significantly different from control at p>0.05
All the other nutrient enrichments are significantly different from control at p<0.05

.88

T10

YT




R T, S

89

Table 10).
Phytoplankton Effect on Bacterioplankton

Bacterioplankton thymidine incorporation, cell‘humber
and specific activity in all nutrient enrichments with
phytoplankton present were significantly higher (p<0.05)
than in the same enrichments with phytoplankton absent
.during the phytoplankton exclusion experiment (Figure 25).
Time-course average thymidine incorporation, specific
activity andicell number were respectivély 1.8, 1.4 and 1.2
times higher in the treatment with phytoplankton.

~Photosynthetic activity increased thymidine

incorporation and bacterial specific activity in’the
inorganic phosphorus plus nitrogen enrichﬁents only during
the photosynthetic inhibition experiment (Figure 26).
Controls. and organic carbon enrichments were not
significantly influenced by photosynthetic inhibition

(Figure 26).

Nutrient Effect on thtoplankton.

Phytoplankton chlorophyll a was increased significantly
in the inorganic phosphorus ﬁlus nitrogen (p<0.01) and-
organic carbon (p<0.05) enrichments .compared with controls
in the whole lake water treatment during the five-day
phytoplankton exclusion experiment (Figure 27A4).
Phytoplankton chlorophyll a was increased siénificantly

(p<0.01) by inorganic phosphorﬁs and nitrogen enrichment

only in the light treatment during the five-day
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Figure 25. Bacterioplankton cell number (A), thymidine incorporation (B)
and specific activity (©) after 72 h of incubation in the
phytoplankton exclusion experiment. Open bars indicate whole
lake water (phytoplankton presence); crossed bars represent
filtered lake water (phytoplankton absent). Error bars show
+ I SE (n=2) and are shown only if larger than the symbol.
*=p 0.05; ** =p 0.01.
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Figure 26. Bacterioplankton cell number (A), thymidine incorporation (B),

and specific activity (©) after 72 h of incubation in the
photosynthesis inhibition experiment. Open bars = light
incubation (photosynthesis presence); crossed bars = +DCMU
(photosynthesis inhibited); hatched bars = dark (photosyn-
thesis inhibited). Error bars show + 1 SE (n=2) and are

shown only if larger than the symbol. ** = significant at

p 0.01.
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800 =

200-

CON N+R +C

Initial (INI) and final chlorophyll a concentra
tions in the whole lake water treatment of the
phytoplankton exclusion experiment (A) and in
the light treatment of the photosynthesis inhib
ition experiment (B). Error bars are ~ 1 SE
(n=2) and are shown only if larger than the
symbol. * = different from control (CON) at

p 0.05; ** = different from control at p 0.01.
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photosynthetic inhibition experiment (Figure 27B).
Discussion

Stimulation of bacterial'activity by organic é addition
occurred during the 1989 experimént only, implying that
ambient organié carbon levels limited bacterial growth at
this time..Conversely, lack of stimulatién by organic carbon
during the 1990 experiment indicated an 6rganic cafbdn
replete system. The result from 1990 are different from

those in 1989 in that organic carbon addition showed no

A

stimulation on the specific growth rate. Lack of DOC
sfimulation'of bacterial acfivity has also been shown for an .
oligotrophic l&ke (Conveney and Wetzel 199%) but differs
from DOC enrichment experiments conducted on Lake Michigan
bacterioplankton (Pernie et al. 1950). Conéiderihg results
from.thése other systems, my results may be related to fhe
ambient phytoplankton biomass (i.e. trophic state) at the
time of the experiment, which was almost 50 fold greater in
1990. The large particulate organic carbon pool (mostly |
‘'phytoplankton) in 1990 presumably increased the supply of
dissolved organic carbqnxand supported relative high
bacterioplankton specific‘adtivity (5 fold higher in 1990
than in 1989). Although I contend that the phytopiankton DoC '
supply rate'Was greater in 1990, the DOC pool size was
similar to that in 1989. Similar DOC pool sizes can occur,

despite different supply rates, if DOC is in a dynamic
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equilibrium between uptake and supply. Such an equilibrium
concept is supported by the data of Herbst and Overbeck
(1978) who found that algal products never accumulatéd in
growth medium because bacterial utilization of DOC balanced
algal release. Bell and Sakshaug (1980) also reported that a
4-fold increase in bacterial activity was enough to prevent
a large‘acéumulation of dissolved extracellular products
during an algal bloom in Trondheimsfjord, Norway.

Inorganic phosphorus and nitrogen enrichments stimulated
baCterioplahkton specific activity .in four of-our five
treatments where phytoplankton activity was absent or
suppressed (Figure 23B, '24A, B, C), indicating that
inorganic phosphorus and nitrogen can directly limit -
bacterioplankton grthh in our study Lake. Such results are
supported by recent reports of inorganic P stimulation of
bacterioplankton growth in an oligotrophic lake (Coveney and
Wetzel 1992) and in a mesoeutrophic lake (Toolan et al.
1991). Inorganic.phoépporus and nitrogen limitation in
ﬁebgen Lake have also been found for phytoplankton growth
(Figure 27). My results do not support the common view that
the growth of bacterioplankton in nutrient-deficient lakes
is always limited by the availability of reduced carbon
substrates (Currie and Kalff 1984).

Phytoplankton stimulated bacterioplankton specific
activity duriﬁg our 1989 experiment, an apparent organic

carbon insufficient situation, regardless of nutrient
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enrichments (Figufé 25) . The higher bacterioplankton
-act1v1ty in the whole water compared to the flltered water,
was apparehtly not the result of fllterlng injury of
bacteria because hlgh bacterial activity was observed in the
organic carbon enrichment after. flltratlon (Figure 23A)
This result'implies that materials released from
phytoplankton might have compensated the shortages of
organic carbon‘for_bacteriopiankton. This contention is
supported by the results from other studies showing enhahcéd
hactgrial activity in the presenﬁe of algae (Murray et al. .
1986; Peterson et al. 1985). However, the stimulation of
bacterioplankton by phytoplanktoh during our 1990
experiment, an apparent inorganic phosphorus and nitrogen
deficient 51tuatlon, occurred only in the inorganic
phosphorus and nitrogen enrichment (Figure 26). This result
indicates that phytoplankton products control bacterial
growth only when excess phosphorus and nitrogen are
available, implying that the commensualistic felétionship
betwéen phytoplankton and bacterioplankton, with fespect'to
DOC exchange, occurs only undér inorganic phosphorué and
nitrogen replete situations. This contention is suppofted by
our resu}ts showing that inorganic phosphorus and nitrogen
enrichment stimulated bacterioplankton activity in the 1989
experiment (apparent carbon deficient énvironment) when
phytoplankton were present (Figure 23B).

’

We have used specific activity as an index of
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bacterioplankton.growth. The use of this index has several
advantages in interpreting our results. Firstly, specific
activity (a physiological parameter)'would respond rapidly
and direétly to a limiting nutrient enrichmenﬁ. Secondly,
specific activity should be independéﬁt of small changes in
initial cell density, allowing direct comparison between
whole-water and filtered-wéter treatments. Finally, direct
grazing effects on bacterioplankton cell density are
eliminated.

In summary, my experiments demonstrated that
bacterioplankton growth can be stimulated by direct

additions of inorganic phésphorus and nitrogen without

[}

involving bhytoplankton, and that both bacterioplankton and

phytoplankton can be stimulated by inorganic phosphorus and
nitrogen enrichments. Indirect stimulation of
bacterioplankton from inorganic phosphorus-and nitrogen via
phytoplankton products occurred only when organid carbon was
in short supply. Collectively, our results from two seasons
inaicate that nutrient limitation of phytoplankton and
bacterioplankton varies temporally in Hebgen Lake. Moreover,
the commensﬁalistic relationship between phytoplankton and
bacterioplankton is not always present. The in;ensity of
this latter relationship apparently depends on ambient DOC

levels.
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CHAPTER 5
STIMULATION OF BACTERIOPLANKTON BY AQUATIC CYANOBACTERIA
Introduction

Phytoplankton cells can felease a substantial portion of
their photosynthate to their environment under certain
conditions (Larsson and Hagstrém.197§; Feuillade et al.
1988; Sundh 1989’. Such'release can result from actively
growing and senescing phytoplankton and may arise from
mechanical breakage by grazers (Nalewajko 1977; Lampert
1978). Operafional distiﬁctions between production by
healthy cells and other modes 6f organic carbon loss by
phytoplankton are controversia; (Cole et al. 1982). The term
"photésynthetically produced dissolved organic carbon"
(PDOC) hasvbeen.used by Wiebe and Smith (1977), Cole et al.
(1982), and Sundh (1989) to include releases from
. phytoplankton. We uée the term "phytoplankton products" to
include all soluble products released during both active
growth and senescence. Studies have shown that phytoplankton
products can be used by bacteria (Larsson and Hagstrdém 1979;
Beli and Sakshaug 1980; Cole et al. 1982; Feuillade et al.
1988; Chrzanowski and Hubbard 1989; Sundh 1989) aﬁd can
account for 30-90% of bactgrial carbon uptake (Coveny 1982;
'Larsson and Hagstrém, 1982). Therefore, phytoplankton

products-are potentially important substrates and energy.
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sources for bacterioplankton gro&th.

Methods to evalﬁate the importance of phytoplankton
- products to bacteria growth include correlations between in
situ phytop;ankton and bacterial activity (Larsson and
Hagstrém 1982; Marvalin et al. 1989; Robarts and Wicks
1990), size fractionation and radioisotope labeling of
‘bacteria and phytoplankton (Derenbach aﬁd Williams 1974;
Larssqn and Hagstrdm 1982; Cole et al. 1982; Feuillade et
al. 1988; Chrzanowski and Hubbard 1989; Sundh 1989) and
antibiotic inhibition of bacterial activity (Chrost 1978;
Jensen 1983; Jensen and Sondergaard 1985). There are,
however, problems associated with these mefhods (Jensen and
Sondergaard‘1985; Sundh 1989). Problems aSsociated.with size
fractionation techniques include size overlap of
bac?erioplankton and phytoplankton, and difficulties in
separating attached bacteria from phytoplankton (Jensen and
Sondergaard 1985). The use of antibiotics is often
complicated'by secondary effects.on phytoplankton (Derenbach
and Williams‘1974;_Chrost 1978), which makes calculations of
1natural release and uptake difficult (Jensen 1983} Jensen
and sondergaard 1985). Factors influencing direct activity
or biomass correlations between phytoplankton and
bacterioplankton include losses owing to grazing on
bacterioplankton and phytoplankton, both of which can yield
misleading relafionships.

Despite methodological problems, a substantial amount of
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work has been done on the. release of phytoplankton products
and its subsequent assimilation by bacteria (Cole et al.

1982; Jensen 1983; Jensen and Sondergaard 1985; Feuillade et
al. 1988; sundh 1989). Mosf of the studies have been
qualitative in their approach or havé compared.fhe
heterotrophic utilization of phytoplankton products with
primafy b{?duction; few have treated the quantitativé role
of phytoblankton products in relation to bacterial growth
'(Rieﬁann and Sondergaard 1984). The purpose of our study was
to examine the dependence of bacterial activity'and grthh
on cyanobacterial density using drganisﬁs collected from a
eutrophic lake dominated by cyanobacteria. Our ekperimental
approach utilized dialysis membrane to physically separate

the test bacteria from cyanobacteria.

Materials and Methods

Sanple qulection

The cyanobacteria, Lyngbya birgei and Aphanizomenon

flos-aquae, were collected from the surface water of Hebgen

Lake, Montana, a 50 km? éutrophic reservoir located on_the
upper Madison River near Yellowstone National Park (see
Miller 1991 for a detailed description). The cyanobacteria
were transported at the temperature of collection ﬁnder
darkness to the laboratory. The organisms were transferred
to sterile flasks and maiﬁtained in filter-sterilized (0.2

.um) lake water for 3 to 5 days at 25 ©C and 120 pE m~2 s~1
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to acclimate them to the experimental conditions. Surface
lake water containing(natural bacteriopl;nkton popﬁlations
was also collected and transported in the dark to the
1abora£ory and used for experimental bacterioplankton
inoculation within 20 h of collection. Samples wereé

'collected during September 1989 and August 1990.

Experimental Conditions

All incubations were at room temperature (25 + 1 OC) on
a Gio Gyrotory Shaker (New Brunswick Scientific Co.) set at
60 rpm. Light was provided at a 12 h light/dark cycle by
four 40 W cool white fluorescent tubes with a photosynthetic

2 ¢=1, Incubations were

photon flux density of 120 yE m~
conduqﬁéd in 1000 ml (experiments 1 and 2) and 250 ml
(experiment 3) flasks for 5 days. Duplicate flasks were used
for each treatment. |
Experimentél Design

Three experiments were désiqned to test the response of
free living and attached bacteria to byanobacterial density.
The response of natural, free¥liVin§ bacterial populations
to cyanoﬁacteria was determin;d by thymidiﬁe incorporation
and direct counts of free-living bacteria (Experiment 1).
The response of bacteria isolated from cyanobacteriél
aggregates was also determined by thymidine incorporation
and direct counts of free-living bacteria (Experiment 2);
The response of natural, free-living bacterial populations

to cyanobacteria was measured as free-living bacteria, and
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as attached bacteria associated to the surfaces of the
tubing that wére’used to separate the test bacteria and
cyanobacteria (Experiment 3).

Experiment 1 (September 1989): L. birgei and A. flos-
aquae were filtered (20 mm Hg vacuum) onto 8.0 um
- polycarbonate membrane filters and resuspended in filter-
steriliéed (0.2 um) lake water to obtain chlorophyll a
concentrations of 368 and 507 ug 1'1, respeétively. The
cyanébacteria were pipetted into spectra/por molecular-
porous membrane tubing (2.5 cm diameter; MW cut off of
12,000-14,000) to partition them from the test bacteria.
Control tubes were filied with lake water filtered through
1.0 ﬁm membrane- filters to eliminate cyanobacteria and other
phytoplankton (confirmed by microscope observationj.

The experiment was éondqcted‘in 1-1 flasks filled Qith
900 ml filtered (1.0 um) lake water each containing 4
individual dialysis tubes. Cyanobacterial concentration was
adjusted by varyiné the number of tubes filled with
cyanobacteria; tubes not reéeiving cyanobactefia were filled
with 0.2 pm filter sterilized lake water. Usihg this method,
we achieved 5 cyanobacterial densities for each species
("control", "low", "mid-low", "mid-high", and "high") thle
maintaining the same number of tubes per flask. The final

a at each cyanobacterial

concentration of chlorophyll
density was ekpressed~as the combined mass of chlorophyll a

in all tubes of each flask per unit water volume within the




{1 e e e e

102
flask. The purpoée of using the same number of tubes per
flask was to eliminate the effect of tubihg surface area on
bacterial activity at different cyanobacterial densities.
_ Experiment 2 (September 1989): .L. birgei and Aélglggi

a,

.ggggé were concentrated to 147 and 206 ug L-l chlorophyll
respectively, as described in experiment 1, The
cyanobactérial tubes were prepared and the final chlbrophfll
a concentrations were determined .as in experiment 1 except
that the "high" cyanobacterial density was omitted. The
bacteria employed in‘experiment 2 were those physically
associated with cyanobacteria isolated a; follows. L. birgei
and A. flos-aquae éémpies wéré rinsed thfee times with |
filtered lake wéter (0.2 um) on 8 pm filters and resuspended
in filtered lake water. The cyéﬁbbacterial suspensions weré
.then éxpressed three times through 22, 23,:and‘26-gauge
needies to remove'as many bacteria attached to the
cyanobacteria as possible. The suspensions of bacteria and
cyanobacteria (0.5 ml) were plated on amended lake water.
agar (ALWA) using a spread plate technique. The ALWA
contained 0.1% bacto-yeast extract, 0.25% bactd—dextrosg,
0.2% bacto-peptone, and 0;2% bacto-agar in lake water
filtered through a 0.2 um filter. The agar medium was
autociaved at 1.1 kg cm™2 pressure for 15 minuteé before the
inoculation. The inoculated agdr plétes were incubated at

room temperature (25 + 1 ©C) for 48 h. Two morphologically

' distinct bacterial colony types, which accounted for >95%
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total colony forms, were isolated from each of L. birgei and.
A. flos-aquae cultu;gs. The 2 types of colonies were '
transferred separately into aﬁended lake water broths (ALWA
w;thout bacto-agar) . Tﬁe broth cultures were incubated at
room temperature for 48 ‘h. Lake water filtered through 1.0
Mum membraﬁe filters and autoclaved under 1.1 kg cm™2
préssure for 40 minutes was prepared in fwo 10-1 containers.
Equal amounts of both broth cultures isolated from the same
cyanobacteria were pipetted into the autoclaved lake water
. to obtain a bacterial density of 1.6x10° cells m1~1
.(determined microscopicaliy). Nine hundred ml lake water
with inoculated bacteria was transferred to each of the
experimental flasks.
o Experiment 3 (August 1990): L. birgei and A. flos-aquae
were concentrated into 4 different densities by filtering as
describeq in experiments 1 and 2. Thirty ml of eacﬁ density
of each cyanobacterial species was added to each of four-
spectra/por molecularporous membrané tubes, which had thé-
same MW cutoff as in experiment 1 and 2 but a diameter of
2.86 cm. Lake water (200 ml), prepared as in experiment 1,
was added to each of five 250-ml flasks: The four‘tubes_
containing different concentrations of each cyanobacterial
species were tﬁen suspended in each 6f the 4 flasks. One
additional tube filled with 1.0 um filtered lake water was
suspended in a fifth flask as a_control‘for each

cyanobacterial species treatment.
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Routine Procedures

in experiments 1 and 2, bacterial cell numbers and
bacterial activities were determined at 6 h, and on days 1,
3, and 5 after the beginning of incubation. The bacterial
cell numberé in the surrounding medium, and the outer
surface qf the tubes in-expériment 3, were énumerated on day
5. To enumerate bacteria attached to thé surface of the
tubes, 1 cm from each end of the tube was tied and cut off
to reduce the effect of the ends of the tube. The tubes Wére
then placed into autoclaved 40 ml 0.2% sodium dodeéyl
sulfate (SDS) in'3%'aqueous-formaldehyde followed by mixing
on a G10 Gyrotory Shaker at 175 rpm for 5.minutes.
Microscopic examination showed that this procedure removed
virtually all the bacteria from the surface of the tubes.

NH4+ ana dissolved organic carbon (DOC) were measured on
day 1 and day 5 using the methods described below. To avoid
significant‘reduction of the water volume in the flasks,
aliquots of sample from replicate flasks were mixed before
analysis.

Determination of Nutrients, Chlorophyll a,
and Bacterial Parameters.

* and DoOC were determined by the phenol-hypochlorite

'NH,
method (Solorzano 1969) and a Dorhmann Carbon Analyzer,
respectively. All the samples were prefiltered through
Whatman GF/C filters before analysis. Chlorophyll a was

measured fluorometrically after extraction in 95% ethanol .

(Sartory and Grobbelar 1984).
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Bacterial 3H-thfmidine incorporation was determined by
adding high activity (55 ci [mmolj‘l) methyl-3H thymidine
(ICN Radiochemical INC.) to 10 ml samples (final thymidine
concentration 10 nM) in 20 ml glass scintillation vials. The
3H-thymidine stock (in 70% ethanol) was evaporated to
dryness and rehydrated with deionized water before use to
eliminate products of self radiolysis and to remove ethanol.
The inoculated samples were -incubated at room temperature
(25 + 1 °Cc) in the.aark for 30 minutes. Bacterial activity
was terminated by adding 10 ml of ice-cold ;O% (W/V)
trichloroacetic acid (TCA) to each vial. Following overnighf
extraction in TCA at 4 Oc, the samples.were filtered onto
0.2 um polycarbonate filters. After rinsing 5 times,ﬁith 2
ml each of ice-cola 5% TCA, the filters were transferred to
a 20 ml polyethylene scintillation vial with 7.0 ml
Cytoscint scintillation cocktail (INC Radiochemical, Irvine;
CA.). Radioéctivity in each sample was determined by
standard scintillatioﬁ‘spectrometry using a Beckman LS-100C
liquid sc¢intillation counteér. Counting efficiency wés
determined by the external standard rafio method using’3H—
toluene as a reference and acetone as the quenching agent.
Bacterial cell samples were fixed with formaldehyde (3%
final concentration) and stored at 4 ©C until analysis.
Bacterial cell numbers were determined on samples filtered
onto 0.2 um polycarbonate filters counted with a Nikon:

Labophot epifluorescence microscope using the acridine

©
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orange direct count technique (Hobbie et al. 1977).
Statistical Analysis.

To determine the effect 6f cyanobacterial density on
bacterial growth, simple linear regressions betweeh
cyanobacterial chlorophyll and bacterial thymidine
incorporation or cell number were made. Such‘regressions
were done at each time-point for both cyanobacterial species
treatments. To test the effect of cyangbacteria on bacterial
activity, time-course bacterial thymidine incorporation and
cell number aﬁ each density of each cyanobaéterial‘species
was compared.with‘the control by multifactor variance
analysis (Neter et al., 1985). To determine the response of
bacteria from different originé to each cyanobacterial
species, the slopes of regressions between bacterial
parameﬁers and cyanobacterial density for each |
cyanobaétérial species'in‘experiment 1 (free-living
bacteria) was cdmpared with that in experiment 2'(bacteria
associated with éyanobaqteria) using a t-test (Dixon and
Massey 1983)..The differenée between bacterié attached to
the outer surface of the membrane tubes and that in the bulk
watef was also tested by comparisoﬁ of the rgdression slopes

using a t-test (Dixon and Massey 1983).
Results.

Bacterial thymidiﬁe incorporation and cell number for

all 3 experiments over the time-course were usually
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significantly (p<0.05) correlated with chloroéﬁyll a
concentrations of both L. birgei and A. flos-aquae (Figures.
28-33, Table 11). The only exception was that bacterial cell
number did not significantly correlate with L. birgei
chlorophyll a 6 h after incubation in experiment 1 (Figure
29, Table 11). The degree of correlation increased Qith time
of incubation for both cyanobacterial species (Figures 28,
29; Table 11). Thymidine incorporation and cell number of

the 2 unidentified attached bacteria isolated from L. birgei

and A. flos—équae in experiment 2 was highly correlated
(p<0.05) with the chlorophyll a of each species at all
incubation periods (Figures 30, 31; Tablé.llj. Bacterial
numbers in'the bulk water outside and attached to the
cyanobaéterial‘tubes_were also significantly (p<0.01j

correlated with chlorophyll a of both A. flos-agquae and L.

birgei (Figures 32, 33; Table 11). The slopes_of linear
regressions between bacterial parameters (thymidine
incorporation and cell number) and cyanobacterial biomass
(chlorophyll a) at each measured incubation length were
significantly higher (p<0.01) in experiment 2 than in
experimeﬁt 1 for both cyanobacterial species (Table 12). The
slope of the regression between chlorophyll a and attachéd
bacterial number was 2.8 and 2.5 times greater for A. flos-
aguae and L. bir ei, respectively, than for planktonic
bacteria in the bulk water phase outside the cyanobacterial

tubes (Table 12).
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Figure 28. Bacterial thymidine 1incorporation and cell
number at different densities of A. flos-aquae
at different length of incubation in experiment
I. The 1line is a least-squares fit through the
data.
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Figure 32. Bacterial cell number (A) free-living in the
water outside of the tubing (B) attached to
the outside surface of the tubing in different
densities of A. flos-aquae after 5 days of
incubation.
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Figure 33. Bacterial cell number ((A) free-living in the

water outside of the tubing (B) attached to
the outside surface of the tubing iIn different
densities of L. birgei on day 5 after
incubation.



Table 11. Correlation coefficients (r) for least-squares linear
fits between cyanobacterial chlorophyll a, and
bacterial thymidine uptake and cell number in the 3

experiments.
Experiment | Experiment 2 Experiment 3
Treatment 6 h day 1 day 3 day 5 6 h day 1 day 3 day 5 water surface
Thymidine uptake
aquae 0.55 0.82 0.92 0.94 0.93 0.94 0.90 0.99 NA NA
*hk *xk ko Kk E *x
I. birgei 0.53 0.96 0.84 0.86 0.84 0.86 0.79 0.79 NA NA
Cell number
aquae 0.71 0.92 0.93 0.94 0.84 0.96 0.84 0.92 0.90 0.96
E ** E *xk KKk *x *x ko ko
I. birgei 0.48 0.96 0.75 0.82 0.87 0.92 0.81 0.81 0.85 0.91

**  Significant at p<0.05
*** Significant at p<0.01
NA  Treatment not included in the experiment

141*



Table 12. Regression slopes of bacteflal th¥m1d1ne incorporation (10_4 nmole
thymidlne [ryg chlorop?yll , bacterial cell number

(10 cells [ug chl)
for each time the experiments were sampled?.

) versus cyanobacter1al chlorophyll a

A. flos-aquae L. birgei
6 h déy 1 day 3 day 5 6 h day 1. day 3 day 5
Thymidine uptake
Expt-1 0.07 0.50 0.93 2.75 0.10 2.07 1.57 3.68
Expt-2 0.47 3.22 11.78 36.62 2.01 6.52 36.54 31.70
Cell number :
" Expt-1 0.36 2.31 2.72 3.50 - 0.31 1.61 3.56 3.01
Expt-2 1.31 5.95 8.16 8.55 2.18 11.21 12.14 14.29.
Experiment 3 , , - -
Free NA NA NA 13.16 NA NA NA 7.94
NA 19.70.

Attached NA NA NA 36.51 NA NA

t-tests were used to compare slopes between experiment 1 (Expt-1) and

experlment 2 (Expt-2), as well as between the bacteria of free living (Free)

and bacteria attached on the surface of the tube (Attached).
are 51gn1flcantly different at p<0.01.
NA Treatment not included in our experiment.

—

All the tests

ET1

T T ——r
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Time-course means (average of measurements at 6 h, days
1, 3, and 5 for experiment 1 and 2, and éay 5 only for
experiment 3) of bacterial thymidine incorporation and cell
numbers at each density of cyanobacteria is listed in Table
3. Bacterial thymidine incorporation and cell numBers were
usually significantly higher (p<0.05) at all densities of A,
%los-aggae and L. birgei with respect to controls in both

experiment 1 and 2 (Table 13), the exception being thymidine

" incorporation at the lowest density of L. birgei. In

experiment 3, bacterial cell numbers in thé bulk water
outside the cyanobacterial tubes and on the outer surfaces
of the tubes were generally significantly higher (p<0.05)
than those in controls; free-living cells at the "low" and
"mid-low" cyanobacterial densities and attached cells in fhe.
"low" density L. birgei treatment were exceptions (Table
13) . The responses of bacteria to cyanobacteria were weaker
at lower densities of both species of cyanobacteria in all
the 3 experiments (Taﬁle 13).

Chlorophyil a concentrations of A;_flos-aggae and L.

+ birgei increased less than 18% during the 5-day incubation

in both experiment 1 and 2 (Table 14). In ekperiment 3,
chlorophyll a concentration on day 5 was below detection’
after the SDS wash owing to apparent chlorophyll degradatioﬁ
by SDS. Concentration of DOC consistentiy'decreased from day
1 to day 5 at all cyanobacterigl densities in both

experiment 1 and 2 (Table 14). Concentrations of NH4+
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Table 13. Bacterial thymidine uptake (nmol I-1 h-1)
and cell number (106 ml-1 or xI10°
cm-2) for each experiment3. Values
represent the time-course means (6 h,
days I, 3, and 5 from 2 replicate
flasks. See text for details.

Chlorophyll a gradient

Treatment control low mid-low mid-hig high

Experiment 1
A. flos-aquae

Thymidine uptake 0.008 0.010 0.011 0.014 0.017%**

Cell number 2.937 3.305 3.807 4.180 4 753%**
L. birgei . e

Thymidine uptake 0.008 0.088 0.013, 0.016 0.018

Cell number 2.937 3.340 3.713

w

931 * 4.204

Experiment 2
A. Tlos-aauae

E E

Thymidine uptake 0.038 0.066 0.083 . 0 .095%** NA
cell number 4.627 STHRT"  6.431 7 .121%%* NA

1. birgei
Thymidine uptake 0.030 0.044 0.079 0 .225%%% NA
Cell number 4.859 6.228 6.904 7.880 NA

Experiment 3

A. flos-aquae St reke
Free-living cell 1.151 1.594%% ~ 1.875 2222 NA
Attached cell 0.798 1.672 2.451 3.598 NA

I. birgei . ek
Free-living cell 1.269 1.582 1.585 1.891 2212 .,
Attached cell 1.106 1.815 2.903 3.613 4.561

a AU the significant levels were tested by multifactor variance
analysis.

** Significant compared with control at p<0.05

=== Significant compared with control at p<0.01

NA Treatment not included in the experiment
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Table 14. Concentration of chlorophyll a, DOC,
and NH," in treatments with different
densities of A. flos-aquae and L. birgei
for each experiment. NA=treatment not '
included/in the experiment.

Chtorophyll a " poc , NH, -
wg UH g 7Y @t
Treatment day 0 day 5 day 1 ' day 5 day-1 day 5
Experiment 1
A. flos-aquae
control 0.00 0.00 7.1 76.2 5.0 23.9
Low | 19.92  20.60 76.4 75.0 16.9  40.3
Mid- Low 39.84  41.20 78.2 71.4 8.8 22.3
Mid-high 59.76 .61.80 .79 61.8 124 53.8
High '79.68  82.40 60.5 43.9 1.5  66.4
L. birgei :
Control 0.00 0.00 S 77 76.2 25.0 23.9
Low 14.82  14.72 7T 66.5 23.2 115
Mid- low 29.62  29.44 65.1 57.6 25.0 16.9
Mid-high 44.46  44.16 T 65.2 55.4 22.3  10.6
High 59.28 58.88  63.5 48.8 18.9  13.3
Experiment 2
A. flos-aquae .

" control 0.00 0.00 171.4  154.3 259.7  16.0
Low 13.07  14.27 137.4  128.9 244.6  305.6
Mid-low 26.13  28.53 . 112.5 97.2 205.8  615.9
Mid-high  ° 41.12  42.81 - 90.0 78.4 186.0  739.9

L. birgei ' ) . g
Controt - 0.00 0.00 - 107.8 94.0. 121.2  13.3
Low 9.00  10.57 105.3 91.3 127.5 13.3
Mid-low 18.00  21.14 144.5  118.0 118.5 15.1
Mid-high 27.00 31.71 140.0  103.6 7%6.3 7.9

Experiment 3

' A;'flos-aguae
Control 0.00 NA NA 5.8 NA 9.7
Low . 0.99 NA NA 26.3 NA 20.0
Mid-low 2.68 NA NA 27.6 NA 23.2
Mid-high 7.20 NA© T NA 26.1 NA  142.7
High NA NA NA NA NA NA

L. birgei \

Control 0.00  NA NA . 4.9 NA ' 50.2

Low 1.2 NA | NA 16.1 NA 5.2
Mid-low 3.88 NA NA 11.8 N Y 7.7
Mid-high 6.62 NA NA 13.0° NA 2.8

High ’ 16.51 NA . NA 14.9 NA 4.4
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increased in A. flos-aquae and decreased in L. birgei

treatments over the same period at all cyanobacterial

densities in both experiments 1 .and 2 (Table 14).
Discussion

Our experiments fevealed a sigﬁificant positive
correlatipnlbetween cyanobacterial density'and
bacterioplankton thymidine incorporation and cell numgers.,
fhese results corroboraté the positive correlations observed
between bacterioplankton abundance or production and
phytoplankton biomass from other pelagic systems (e.q.
Fuhrman et al. 1980; Larsson and Hagstrdm 1982; Bird and‘
Kalff 1984; Cole et al. 1988; Chrzanowski and Hubbard 1989,
White et ai. 1991); In an"expefimental laboratory study of
model algal-bacterial biofilms,'Murray et al. (1986)
reported that bacterial thymidine incorporation'was 4 to
16-fold greater in the presence of diatom algae than in
their absence. Bacteria incubated with algae in an arctic
river were also found to be more active duriﬁg periods of -
high algal pﬁofosynthesis (Peterson ef al. 1985)% Our
results, in concert with_thése correlative and experimental
studies, iﬁply that materials from eukaryotié algae and
cyanobacteria are important sﬁgstrates for bacterial growth
in aquatic systens.

Although our experimental methodology has many.

advantages over previous studies of algal-bacterial




. Y . Pl

120
interactions, several potential weaknesses should be noted.
Firstly, the 1.0 um filters.uséd to isolate the bacterial
inoculum in the experiments eliminated éhYtoplankton and
bacterial grazers, but may also have eicluded bacteria
larger than 1.0 ﬂm. Hence, the bacterial response we
measured would reflect only those organisms smaller than 1.0
um. Secondly, the molecular weight cut-off of the tubing
allowed only compounds smaller than 12,000-14,000 molecular
weight to pass through the membrane barrier. It has been |
reported that 95% of the dissolved orgaﬂic carbon compounds
released by marine phytoplankton have molecular weightl
smaller than 3,500 (Wiebe & Smith, 1977). Consequently, our
selected molecular weight cut-off range will isolate
Jbacteria from only a small (and presumably more
recalcitrant) fraction of that released by the
cyanobacteria. Thirdly, bacterial growth inside the tubes
may contribute to the cbnsumption of a portion of the
cyanobacterial products, thereby underestimating the
potential effect of c&anobaéterial products on bacteria
outside the tubes.

During the 5-day incubations, chlorophyll a
concentration increased less than 18% in the experiments
indicating that there was no substantial net growth of the
cyanobacteria. Despite the physiological state of the
cyanobacteria, higher densities of cyanobacteria did produce

increasingly higher bacterial growth and activity. The
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consistent decrease in DOC concentration from day 1 to day 5
in experiments 1 and 2 af all densities of cyanobacteria
indicates that DOC consumption exceeded production during
the experiments. The decreases of‘DOC concentrations with
the increase of cyanobécterial densities on day‘S_for both

A. flos-aquae and L. birgei in experiment 1 and for A.

flos-aquae in experiment 2 indicates that bacterial activity
can control DOC under our experimental‘éondition, éven with
an apparently high DOC supply rate. Several other studies
have indicated that bacterial use of phytoplankton products
is rapid. Herbst and Overbeck (1978), using axenic algae and
2 different bacteria cultures to test release and
coﬁsumption rates of phytoﬁlankton products, found that
algal products never accumulated in the growth medium‘
because bacterial use balanced release. Bell and Sakshaug
(1980) also reported that a 4-fold increase in bacterial
activity was enough to prevent a large accumulation of
dissolved extracellular products'during an algal blopm in
Trondheimsfjord, Norway.

our eXperimentsnshowed that the bacterial species in
close association‘with the cyanobacteria (presumably
attached) had a greater response to cyanobacterial.prodpcts
than free-living forms. Bell and Sakshaug (1980) also found
that bacterial response was greater when bacteria were
exposed to algal species to which they were in close

association with in nature. We further observed that the
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responses of bacteria to cyanobacteria were greater for
those forms attached to the surface of the cyanobacterial
tubes than_tﬁose that were free;lijing. The greater activity
on the tube surface may have resulted from a number of -
physiological or genetic factors (e.g. Marshall 1992) which
we did nbt investigate. |

In conclusion, oﬁr éxperiments revealed a direct
dependence of bacteriopiankton abundance and activity on
cyanobacterial density. This response was strongest in |
bacteria closely associated with cyanobacteria and those
ablé to attach to surface near the source of the
cyanobacterial products. The cOmmensalism we obser;ed in‘our.
experiments may play a major role‘in thé‘reguiation of
bacterial abundance and succession in natural aquatic
systeﬁs. Future studies should focus on the physiqlogical

and/or genetic mechanisms by which bacteria réspond to.

cyénobactérial products.
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- CHAPTER 6

" LABORATORY EVIDENCE OF BACTERIAL

CHEMOTAXIS TO CYANOBACTERIA

Introduction

The materials reléased from living and senescent
phytoplankton include carbohydrates, lipids, peptides,
organic phosphates, volatile substances, grpwth*inhibitors

| and stimulators, enzymes, phenolic substances, vitamins, and
toxins (Jones and Cannon 1986), which arevusuélly lumpéd
under the-term "extracellular products" (Fogg 1966). It has
been well known that-these extracellular products play an
important role in supporting bacterioplankton production
(Larsson and ﬁagstrém 1982; Burney et al. 1982), which in
turn plays an important role in the microbial loop. (Azam et
al. 1983). However, dissolved organic matter.(DOM)‘in the
form directly utilized by bacterioplankton, is often at low
concentrations in aquatic ecosystems (Azam‘and'Ammerman
1984) . How can such a diluted labile DOM pool supporf high
bacterioplankton pfoduction?

Since all DOM sources are particulate, DOM production
events wouid create microzones of high DOM concentration in
thé vicinity of the source. The non-random distribution of
nutrient molecules has led Azamraﬁd Ammerman (1984) to-
propose that bacterioplankton might cluster in the vicinity

of sources of sustained DOM production (e.g., exuding algal
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cells or detritus undergoing hydrolysis)..The speciai
coupling between bacterioplankton and DOM sources Qould
increase the encounter frequency between bacterioplankton
and the DOM émanating from the sources. A similar concept
termed "phycosphere" has alsé been proposed by Bell and
Mitchell (1972) to-descfibe'such spatial relationship
between bacteriopl&nkton and their DOM sources. The spatial
relafionship between bacterioplankton and the DOM
concentration grédients in the vicinity of the sources has
been indirectly demonstrated by a chemotactic attraction of
bacteria to'filtrates of old algél cultures (Bell and
Mitchell 19?2). Highly'species—specific bacterial responses
to ceftainlcarbohydrates, amino acids, and nucleotide bases,
some of fhe possible components of DOM, have also been
observed (Fogel et al. 1971; Gullucci and Paerl 1983).
However, to my knowledge, there is no evidence that
bacterioplankton are attracted directly by héalthy
phytoplankton, althaugh healthy phytoplankton have been"
reported an important DOM source for bacterioplankton growth
(fogg 1983; Jones énd Cannon 1986; Gomes et al.'199£).

The purpose of this study was to investigate the.
validity of the phycosphere concept by measuring chemotactic
attraction of bacterioplankton to different concentrations
of phytoplankton. In the cﬁrrent chapter, motile
bacterioplankton cells isolated from Hebgen Lake Qere used

in laboratory expériménts to show the chemotactic‘response
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of bacterioplankton to chambers containing intact filaments
of N2—fixing and non-N,-fixing cyanobacteria species |
isolated from the same lake. Such a design will provide
evidence for bacterioplankton—phytoplankton phycosphere
relationship, which would provide information on the role of
phytoplankton extracéllular production in regulating

bacterioplankton production.

Materials and Methods

Isolation of Bacteria and Cyanobacteria

The motile bacterium Aeromonas hidrophila (identity
confirmed by Microbial ID, Inc., Newark, Del.) was isolated
from the surface water of Hebgen Lake during September 1989.
This species was iéolated by plating surface lake water on
amended lake water agar containing 0.1% Bacto-Yeast Extraét,
0.25% Bacto-Dextrose; 0.2% Bacto-Peptone, and 2.0%_Bacto—.
Agar in lake water filtered through a 0.4 um pore size
filter. The medium was autoclaved at 1.1 kg cm™2 pressure
for 15 minutes. Aftef growing under room temperature (ca. 25
Oé) for about 30 hours, thé numerically dominant bacterial
type according to Gram staining and cell and coiony
morphology among the isolates was traﬁsferred ohté an
amended lake water medium and sent out to be identified.
This medium contained water filtered through a polycarbonate

membrane filter (pore size, 0.4 um) amended with 0.25%‘

Bacto-Peptone and 1.5% Bacto-Agar. The cultured bacterium
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was then transferred onto and maintained on peptone agar
(0.05% Bacto-Peptone with 1.5% Bécto-Arga) until

experimentation.

The non-N,-fixing cyanobacterium L?nqbva birgei, and the

N,-fixing cyanobacteria Aphanizomenoﬁ flos—-aquae and

Anabaena'flos—aquae were also isolated from eséenfial
ﬁhialgal bloom at the surface water of Hebgen Lake. These
cyanobacteria dominatea the column of Hebgen Lake during
July an August 1990 when the current experiments were
conducted. The cyanobacteria were maintained under about 200
LE m~2 s”1 at 1ake temperature and used for experiments

within three days after collection.

Preparation of the Bacterium and the
Cyanobacteria for the Experiments.

Aeromonas hydrophila was grown on peptone agar (0.5%

Bacto-Peptone with 2.0% Bacto-Agar) for 24 hours at room
temperature (ca. 23 °c) and transferred into lake water
(filtered through a polycarbonate membrane filter with pore

size of 0.2 um and autoclaved under 1.1 kg cm™2

pressure for
15 minutes [here after referred to as filter-sterilized
water]), aﬁended with 0.25% Bacto-Peptone, 50 uM EDTA and 3
mM methionine. The additions of EDTA and methionine were to
ensure the motility of the bacteria (Adler 1973; Gallucci
and Paerl 1983). This liquid culture was grown in a 125-ml

Erlenmeyer flask at 23 °c on a G10 Gyrotory shaker at 60 rpm

to a bacterial density of approximately 1010 cells m1~l. The
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bacterial culture was again transferred (1 ml in 100 ml of
medium) inéo filter-steriliqed lake water (lackihg Bacto-
Peptone) containing 50 uM EDTA, 3 mM methionine, and 100 nM
3H—thymidi-ne (80.7 Ci mmol'l) and grown at condition as
described above for,2 hours. The labgled bacterial-
suspension was then filtered onto a sterile 0.2-um ﬁore size
membrane filter under gentle vacuum and washed 5 times with
filter-sterilized lake water. The bacterial cells on ‘the
filter were resuspended'in filter-sterilized lake water with
50 uM EDTA and 0.005% (wt/vol) Tween 80 to bring thé'
bacterial density to 8.0 x 108 cell ml;l.‘The‘addition of
Tween 80 was to preveht'bacterial attachment to surfaces
(Adler 1973).

The cyanobacterial samples from essentially unialgal

blooms of Anabaena flos-aquae, Aphanizomenon flos-aguae, and

Lyngbya birgei (confifmed by microscopic obser&ation) were
gently filtered onto polycarbonate membrane filters (pore
size, 8 umf. The cyanobacteria on the filters were rinsed
with filter-sterilized lake water three times and then
gently passed through 18- and 20-gauge  sterile hypodermic
needles fitted on 20-ml syringes.'Thé expressed sample was
washed five more times on an 8-um-pore-size membrane filter
with filter-sterilized lake water. This procedure removed
most of the bacteria and debris associated with the |
cyanobagteria while dispersing the aggregates without
causing visible damage to the filaments. The dispersed

bl
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cyanobacteria were resuspended in filter-sterilized lake
water into different concentrations and preincubated.at 25
©C and 200 pE m~2 s™! for three hours before the chemotaxis
assay.
Chemétaxis Apparafus

The chemotaxis reservoir for the labeled bacteria was
Tygon tﬁbing (formulation R-3603; VWR Scientific) with an
inner diamefer of 0.8 cm and a wall thickness of 0.16 cm.
Holes used to insert syringes were made along the tube by a
heated steel wire. The distance between adjacent holes was 5
cm. Before each assa&, the tube was autoclaved at a pressure
of 1.1 kg cm™2 for 10 minutes and then positioned on a
plywood board covered by absorbing péper by thin wires so
that the holes were parallel to the plane of the board. One
end of the tube with 5-cm extension from the last hole was
closed with a metal clamp and the other end with the same
extension length was raised slightly by a piece of cardboard
(Figure 34).

Chemotaxis Assay Procedures

The preincubated cyanobacteriél suspensions were
degassed using a vacuum of 120 ﬁm Hg for about 5 minutes to
remove existing bubbles ana prevent their formation in the
medium. After gentle mixing to ensure homogeneous
suspensions, 0.5 ml of the'cyanobacteria from each_dgnsity
were drawn into a sterile, disposable glass sYringe (Glaspak

B-D; Becton Dickinson, Rutherford, N.J.) of 2.5 ml capacity.




Figure 34. Apparatus used to assess the chemotactic attraction of
bacteria to cyanobacteria.

6¢CT
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Care was taken to ensure there was no bubble formation
inside of the syringe. The tips of two or three replicate
syringes of each cyanobacterial density were randomly
inserted into the holes on the tubing. Two or three syringes
filled with 0.5 ml degassed filter-sterilized lake water
were inserted into the same tubing and'used as qnntrols.

The syringes were mounted horizontally on the plywood
board following adjustment to ensure that the syringe
contents completely filled to the tips of the syringes. The
freshly prepared radiolabeled bacterinl cell suspension was
then slowly introduced into the tubing through the open end
to fill all but the last 2 cm of the tubing. éare Qas taken
.to ensure that no air bubbles which could trap bacteria were
introduced into the tubing. The open end of the tubing was
then sealed.using a metal clamp. The whoie apparatus was
incubated horizontally at 23 + 1 °C for three hours in the
dark.

Two initial cyénobacterial samples from each of the
densities were. taken to determine chlorophyll a
concentration using an ethanol extrnction method (Sartory
and Grobbelaar 1984).

Two initial radiolabeléd banterial samples were taken
and immediately fixed using 5% formaldehyde to determine the
initial radioactivity. Bac;erial cell numbers on the same

samples were also determined using acridine orange direct

counts (Hobbie et al. 1977).
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After 3 hours of incubation, the syringes were removed
from the Tygon tubing and their tips were carefully rinsed
with deionized water. The contenfs of the syrihges were
transferred to sebarate scintillation vials with 3%
formaldehyde (final concentration). Ten ﬁl of‘CytoScint
scintillation cocktail were added to each of the vials. The
radioactivity of the samples was determined by standard
liQuid scintillation spectromeﬁry using a Beckman LS-100C
liquid scintillation counter. The counting efficiency was
determined by the external standard ratio method using 3H-
toluene as a reference and acetone aslthe quench agent.

The experiments were conducted using freshly collected

Anabaena flos—-agquae, Aphanizomenon flos-aquae, and Lyngbva

birgei separately during July 1990. The same procedures were
repeated using all the 3 freshly collected cyanobacterial

species in August 1990.
Results

The effects of increasing chlorophyll a concentrations

of Anabaena flos-aquae,‘Aphanizomenon flos—équae and Lyngbva

birgei on the attraction of A. hydrophila are shown in

~

Figures 35'and 36. The responses of the A. hydrophila to the
: . _
cyanobacteria were measured in terms of disintegrations of

3 per minute (dpm) accumulating in the syringes. Simple

linear regressions on the mean of the replicates of dpm with

~
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Figure 35. Chemotactic response of A. hydrophila to various
concentrations of Anabaena flos-aguae, Aphanizo-

menon flos-aguae, and Lyngbya birgei (expressed
by chlorophyll & in the July experiment.
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Chemotactic response of A. hydrophila to various
concentrations of Anabaena flos-aguae, Aphanizo-
menon flos-aguae, and Lyngbya birgei (expressed
by chlorophyll &) in the August experiment.
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chlorophyll showed that ‘the accumulations of radiolabeled
" bacteria in the syringes were significantly correlated with
the cyanobécterial concentrations for all the 3 tested

species (Table 15). The régression‘slopes for Anabaena

flos—-aquae were 2.41 and 3.75, for Aphanizomenon flos-aquae

were 2.94 and 4.29, and for Lyngbya birgei were 1.07 and

1.33 dpm (ig chlorophyll g)"l’at the 2 different month
. experiments (Tabie 16).

The chemotactic attractions of A. hydrophila by

different cyanobacterial species wWere compared by comparison
of linear regression slopes (Dixon and Massey 1983).
Radiolabeled A. hydrophila were attracted more strongly

" (p<0.01) to Anabaena flos-aquae and Aphaniéomenon flos-aquae

than by Lvnqbyg birgei (Table 16). The attraction difference

between Anabaena flos-~agquae and Aphanizomenon flos—aguae was

not statistically significant (p>0.1, Table 16). -

Discussion

The chemotactic apparatus has been tested before the
actual eXperiments. Neutral red solution was élaced in the
syringes and wate; in the Tygon tubing and vice versa to
verify that there was no significant bulk‘transport of the
liquid from the syringes into the tubing or from thé tubing-
into the syringes. The chemotactic apparatus used in this
study allowed the use of a relatively large quantity of test

materials compared with the amounts used in the capillary
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- Table 15. Simple linear correlation coefficients (r)

: between chlorophyll a concentration in the
syringes - and the mean dpm of two or three
replicates of radiolabeled bacteria attracted
into the syringe for a given chlorophyll
concentration in July and August experiments.

X July experiment August experiment
Cyanobacteria n r p-value n r p-value
Anabaena .
flos—-aquae 11 0.772 0.005 11 0.967 0.000
Aphanizomenon '
flos—-aquae 8 0.936 0.000 8 0.948 0.000

Lyngbya
birgei 11 0.824 0.000 11 0.952 0.000
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Table 16. Simple linear regression slopes of chlorophyll a
' concentrations in the syringes and dpm of the
radiolabeled bacteria attracted to the syringes
in the July and August experiments.

Ana* wv. Aph*. Ana V. Lyn*‘ Aph v. .Lyn

July experiment

Slope" T 2.41 v. 2.94 2.41 ”V. 1.07 2.94 v. 1.07
p-value >0.10 <0.dl< | | <0.01
August experiment | o
Slope 3.75 v. 4.28 3.75 v. 1.33 4.28 v. 1.33
p-value >0.10 <0.01 <0.01
.* Ana Anabaena flos—aquae, Aph = Aphanizomenoq flés—aggae;

Lyn Lyngbya birgei.
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tube method (Adler 1973; Wellman and Paerl 1981). The inner
diameter of syringe tip used in this assay apparatus was 0.9
mm, which is comparable with that of capillary tubes used in
the previous studies (Adler 1973; Wellman and Paerl 1981;
Gallucci and Paerl 1983). fhis smali diameter prevents bulk
flow of'liquid in and out of the syringe.‘How%yer, the
syriﬁge capacity is large, which allows a homogeneous iarge
cyanobacterial sample to be used.

Microscopic observation on the same bacteriél sample
kept in a petri dish during the chemotactic assay has shown
that active motility of the bacterié was maintained in the
suspension for at least four hours. Dégassing the
cyanbbacterial suépensions before starting the experiment
avoided gas bubble formation in the syringe contents
eliminating the possible impediment on bacterial movement.
The EDTA addition was to chelate certain heavy metals to
eliminate their possible impacts on the bacterial motility.
Tween 80 was to prevent bacferialiattachment to surfaces
(Gallucci 'and Paerl 1983). Methionine was added because it
‘has been known that chemotaxié of some strains of bacteria
are stimulated in the presence of methionine (Adler 1973).
The reason for éarrying'out this experiment in the dark was
because preliminary éxperiments shéwed that gas bubbles were
produced in cyanobacterial suspensioﬁs in the syringes when
incubated under light (presumably through photosynthesis).

The significant correlation between cyanobacterial
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chlorophyll concentrations and the amounts of radiolabeled
bacteria attracted to them implies that cyanobacterial
extracellular products establish a chemoaftractive"gradient
(phycosphére),to which the bacteria respond. This result ié
consistent Qith results obtained from alanine; glycine,
sérine, and threonine, the constituents in the extracellular
products of blue-green algae (Gallucci and Pae?l 1983). My
result also conforms to the fesult obtained from filtrates
of old algal cultures (Bell and Mitchell 1972). The results
reported here, in conjunctioh with those rebarted in the
literature, imply that the phycosphere p:oduced by the
phytoplankton influences the abundance and compositioh of
thé bacterial population by releasing extracellular
products. The growth and location of the bacterial.
population may also be‘influenced by the presence of
phytoplankton.

The highly significant differences between the
cyanobacterial species from comparing linéar regression

slopes imply that A. hydrophila responses to different

species of cyanobacteria are different. The two N,-fixing

cyanobacterial species, Anabaena flos-agquae and

Aphanizomehon flos—aquae, showed stronger response by A.

hydrophila than the non-N,-fixing species Lyngbya birgei
does. The responses of A. hydrophila to the two N,-fixing

species, Anabaena flos-agquae and Aphanizomenon flos-aquae,

were essentially the same. These differences may have been
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qaused'by the additional products of N, fixation;
bacterioplaﬁkton have been shown to be strongly N-deficient
in Hebgen Lake (see Chapter 3). |
This study provides evidence of chemotactic attraction

of A. hydrophila to three species of cyanobacteria isolated

from Hebgen Lake. The higher the cyanobacterial densities,
the more radiolabeled bacterial cells were attracted to

them. Anabaena flos-aguae and Aphanizomenon flos-aquae

attracted more bacterial cells than Lyngbya birgei. These

results confirmed the phycosphere theory, in which
bacterioplankton utilize organic matter in close metabolic
and spatial coupliﬁg with éources of organic matter (Azam
and Ammerman 1984). This bacteriopiankton-phytoplénkton
relationship within the phycosphere may serve to support
bacterial production and to maintain pbytoplankton bloom in

freshwater ecosystems.

Ll
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CHAPTER ‘7

LABORATORY EVIDENCE OF TEMPERATURE

INFLUENCE ON BACTERIOPLANKTON

Introduction

The relationship between bacterial growth and
temperature has been a subject of considerable interest
among microbial ecologists. In early studies, mény efforts
have been made to charécterize temperature properties of
different groupé of bacteria (e.g., Ingraham 1958; Baig and
Hopton 1969). Most studies of temperature—bacteriali
relationship have been done on cultured organisms (e.g.,
Christophersen 1973; Van Uden 1984). Since the recognitioﬁ
of the importance of baéteria as sources of organic carbon
in the microbial loop, water temperature has been recognized
as a major factor regulating the abundance and production of
bacterioplankton in aquatic ecosyétems (Coffin and Sharp-
1987; Joint and Pomeroy 1987; Robarts and Wicks 1990).
However, the role of water températﬁre as a factor
regulating the growth of mibrobial population has received

relatively little attention. (Lovell and Konopka 1985) and
demands furthér investigation. In particular, informatidn is
scarce on the temperature regulation of interactions among
phytoplankton biomass, production and the supply of

nutrients to bacterial populations (Pomeroy and Wiebe 1988;

Robarts and Wicks 1990).

[0 L P A
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The aim of this chapter is to 1) estimate obtiﬁum
temperature of summer and winter bacterioplanktén
population; 25 evaluate temperature influence on maximum
density of bacterioplankton; 3) appraise the interacting
influence df'pemperature and nutrient éupply on

bacterioplankton density and growth.

Materials and Methods

Abundance Response

Aeromonas hydrophila (identity confirmed by Microbial

ID, Inc, Newafk, Del.) was isolafed from the surface water
of Hebgen Lake in August i989. fhis species was the
numerically dominant type (on the basis of Gram staining and
cell and colony morphology during dilution plating) among

those isolates. A. hydrophila was maintained on peptone agar

(0.05% Bacto—Peptone with 1.5% Bacto-Agar) under room
_temperature (ca. 18-30 oC) in the dark until
experimentation.

Experiments were carried out during August 1991. A.

hydrophila was grown in 0.5% Bacto-Peptone in filtered (pore

size, 0.2 pm) and autoclaved lake water, at 22 °C on a
shaker in the dark, to a bacterial density of approximately
108 cell m1™l. The culture was transferred into six 250-ml
Erlenmeyer flasks filled with 200 ml filtered (pore size,
0.2 pm) and autoclaved lake water to get a final bacterial

density of 0.1x10% cell m1~l. Two of the flasks were
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enriched with a combination_of 150 yg'NH4+—N, 50 ug PO43'—P,
and 4 mg glucose-C 171 in addition to background nutrient
concentration (NPC treatment). Another two of the.flasks
were enriched with 0.01% Bac£o—Peptone (bacto-peptone
treatment). The remainipg two flasks filled with lake water
were used as lake water treatment. The six flasks were
incubated in a temperature COntrolied incubator at 4 + 1 ©c
on a variable speed rotator at 50 rpm in the dark. Bacterial
cell number from each flask was determined every 20-24 hours
until a maximum density was reached. The above procedures
were repeated at 10, 16, 22, 28, 31, and 34 °cC.

Activity Response

A poiythermostat, modified frém Romanenko (1982),
consisted of a long trough made by transparent plastic. The
trough was dividea into six equal-sized chambers labeled
from I to VI. An ice-cold watér inlet (using tab water mixed
with ice and stored in a cooler as a water source) was
connected to chamber.Iﬂ A hot water inlet ‘(using hot tap
water [ca. 55 OCJ stored in a cooler as a hot water source)
wés led to each chamber from II to VI. There were two small
holes'on‘each of the chamber divisions, which allowed a.
small portion of the water to flow from chamber I to VI. An
outlet was connected on chamber VI. A stirrer located
underneath each chamber allowed the_water to be well mixed
and a uniform water temperature was'obtained in each of the

chambers. By adjusting the amount of water from the hot and
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cold inlets, a desired water.temperature'(il.S O¢) was
obtained in a gi&en chamber (Figure 37).

Twenty liters of Hebgen Lake water were collected in
August 1991 at 0.5 m depth from the surface of the Grayling
Arm and returned to the laboratory at the temperature of
collection. The lake wéter was filtered through 1.0 um
filters to remove most organisms larger than bacteria. Ten
ml of the filteréd lake water were added to each of 36 20-ml
glass scintillation vials. A combination of 150 ug NH4+—N,
.50 Lg PO43', and 4 mg glucose-C 171 in final concentration
in addition to the background nutrient level was added to
half of the vials and referred to as NPC treatment. The
other half of the vials contained unenriched_lake water and
were referred to as lake water treatment. Three vials from
the NPC treatment and three via1s~ffom the iake water
treatment were preincubated in one of the six chambers with
water temperature of 4,.10; 16, 22, 28, 34 °c for two hours.
After the preincubation, bacferia in two (one NPC treatment,
one lake water treatment) of the six vials in each of the
chambers were killed by adding 0.3 ml formaldehyde into each
vial. The sample in each of the 36 vials was inoculated with
high activity (55 Ci mmole'l) methyl—3H thymidine (ICN
Radiochemical INC.) to a final concentration of 20 nM. 3H-
thymidine was evaporated to drynéss and rehydrated with
deionized water before use to eliminate products of self

radiolysis and to remove ethanol. The inoculated sample was
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Figure 37. Polythermostat used to assess the temperature
response of bacterioplankton.
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incubated in the dark for 60 minutes. Activity was
terminated by ‘adding 10 ml ice-cold io% trichloroacetic acid
(TCA) to each vial. Follow1ng overnight extraction at 4 ©c,
samples were filtered onto 0.2 um membrane filters (Poretlcs
Corporation). After rinsing 5 times (2 ml each rinse) with
ice—coid 5% TCA, the filter was transferrea to a 20 ml
polyethyléne scintillationh vial with 7.0 ml Cytoscint
scintillation cocktail (ICN Radiochemical, Irvine, CA).
Radioactivity in each samplé.was determined by standard
scintillatien spectrometry gsing a Beckman LS-100C liquid
scintillation counter. Counting efficieﬁcy was determined by
the external standard ratio method using 3H-toluene as
reference and acetone as the quenching agent. The
fofmaldehyde killed vials were used to correct for non-
biosynthetic 3H—thymidine assimilation. This procedure\was
repeated at 7, 13, 19, 25, 31, and 37 °c.

The above experiment was repeated using a water sample .
collected in November 1991 and the cultured bacterla, A.
hydrophila. The basic medla for A. hydrophlla experlment was
filtered (0.2 um) and autoclaved lake water from the
November sampling.

Biological ggg‘chemical Measurements

Conéeﬁtfations of total nitrogen (TN), total phosphorus
(TP), dissolved o?ganic carbon, and bacterial cell numbers.
for the filtered lake water were measured before the

experiments. TN'concentrations after persulfate digestion
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were determined as nitrate ﬁsing the Cd reduction method.
(Eppley 1978). TP concentrations after persuifate digestion
were measured by an orthophosphate method (Stainton et al.
1977) . Dissolved organic carbon'(DQC) concentrationsiwere
analyzed with a Dorhmann carbon Analizer using glucose as
standard. Bacterial cell concentrations were determined on
samples filtered onto 0.2 uﬁ polycarbonate filters, stained
.with acridine orange, aﬁd counted using epifluorescehce

microscope (Hobbie 1977).

Calculation of the Temperature
Characteristics

The energy activétion (E) of bacterial biosYnthesis,was.
calculated in each experiment by the Arrhenius equation:

v=Ae_E/RT | ' (1)
where:v is the metabolic activity. For the abundance
fesponse experiment, v (equivglent to k) was calculated by
the following equation during‘the exponential growing'phésé:

Ny =N ekt ‘ o (2)

where No and Nt‘are the initial and final bacterial

densit§ (cell ml'l), t is time (h), K is growth

rate (cell m1~1 n=1y.
For the activity response experiment, v was the.3H-thymidine
incorporation rate (nmol 171 h'l). A is a constant (same
unit as v), E is the temperature characteristic or
activation energy of the reéction'(cal mol'l), R is the gas

constant (1.987 cal og-1 mol'l), and T is the absolute

'temperature (°K$ of the reaction. The slope of a linear
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regression of 1ln v against 1/T, for the linear part of the
curve leading up to the optimal-temperature, was used to
determine E. The Q19 Values were calculated from E value by

equation (3):
1n Q10=_. _________ ! : o (3)

where Q49 is the factor by which the rate changes upon
varying the temperature 10 ©c, and T, and T, are the

‘temperature limits (°K) from which Q10 is desired.

Results:

Temperature Optima of Different
Bacterioplankton Populations

The optima growth temperature of summer bacterioplankton
population (23 °C origination) was about 29 °C. The optima
growth temperature of winter bacterioplahkton population

(2.1 ¢ origination) was 25 °C and that of room temperature

(20 °C) cultured bacterial populafion was 27 °C (Figures 38

and 39, Table 17). The temperature optima differences among
the tested bacterial populations reflected the ambient water
témpérature where they were'ofiginated. The temperature .
“optima of A. hydrophila obtained from 3H-thymidine
incorporation and cell change'were essentialiy the same.
Nutrient additions had no effect on optimum‘growth

temperature of bacterioplankton regardless of their
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temperature originations (Figures 38 and 39).

The bacterioplankton optimal growth temperatures in all
my experimental treatments were greafer than the ambient
water temperature from which the bacteria were originated.
The difference between optimal growth temperature for
different bacterioplankfon origination was smaller than the
difference between the ambient water temperature from which
they were originated (Table 17).

The energy of activations of bacterioplankton growth (E)
from winter populations were greater than those from summer
populations. Such differences were not significantly
affected by nutrient additions. The Q,, valués for
bacterioplankton growth of winter population were higher
than thoée of summer populations. The trends for E values
.were paralleled by Q.4 Values because of the proportional
relationship between E and Q;, (Table 17).'

Temperature Effect on
Bacterioplankton Maximum Density

The maximum A. hydrophila densityvunder different
temperatures and nutfient conditions are given in Table 18.
Under ambient qu;rient conditions (Table 19), incubation
témperature (4-34 °C) had no significant effects on
bacterioplankton maximum density. However, in the NPC
treatment or bacto-peptone treatment, incubation tempgrature
showed significant effect on bacterioplankton maximum

density. The maximum bacterioplankton density in NPC




Figure 38.

149

Temperature (0C)

Optimal growth temperature of different bacteri-
oplankton populations from Hebgen Lake 1in the
lake water treatment experiment. (A) winter pop-
ulation (thymidine incorporation), (B) summer
population (thymidine incorporation), (C) cultu-
red population (thymidine incorporation), and
(D) cultured population (cell iIncrements).
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Temperature (OC

Figure 39. Optimal growth temperature of different bacteri-
oplankton populations from Hebgen Lake in the
nutrient enrichment experiment. (E) winter popu-
lation (thymidine 1incorporation), (F) summer
population (thymidine 1incorporation), (G) cultu-
red population (thymidine incorporation), and
(H) cultured population (cell increments).
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Table 17. In situ temperature (OC), optimal temperature of
growth ( C), tge energy of activation of growth
(E in cal mol , and Q values of growth for
bacterioplankton populatlons from Hebgen Lake.
The temperature bounds from which E and Qq0 were
dirived range from 4 ©C to the optimum

temperature.

. Origin Optimal ' '
Treatment o temperature temperature E Q10
Summef lake : )
water 19.8 A 27 3668 49.2
Summer NPC :
addition 19.8 27 3721 49.9
Winte{ lake.
water 2.1 25 5618 - 75.4
Winter NPC '
addition 2.1 25 4922 66.1

lake water I

A. hydrophila : :
22.0 28 5113 68.6

A. hydrophila
NPC addition Il  22.0 28 - 5189 69.6

A. hvdrODhlla )
lake water II% 22.0 28 3616 48.5

A. hydrophila . ,
NPC addition II2 22.0 28 1590 21.3

A. hydrophila :
bacto-pegtone 22.0 28 2280 30.6
addition

1 E and Qo values were calculated from 3H-thymidine
1ncorporatlons.
2 E and Q 10 ‘values were calculated from cell increments.
I Experiment for activity response.
II Experiment for abundance response.
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Table 18. The maximum density and the hours taken to reach

the maximum density for A. hydrophila incubated
at different temperatures and nutrient '

conditions.
, ' .BactOﬁpeptone
Lake water NPC addition addition
Temperature (x.106 m1~1 (xlO6 m1i~1 (x10° m1~1

(°c) + "1SE) (h) + 1SE) (h) + 1SE) (h)
4 2.9+1.3 144 3.2+1.7 144 46;61 9.8 192
10 2.6+0.2° 72 4.2+40.5 72 177.8+ 0.6 . 96
16 3.1+0.9 48 4,4+0.2 .48 255.8+15.2 96
22 2.8+0.3 52 18.2+1.4 _ 60 258.7+39.8 72
28 2.8+0.5 20 -13.312;8 20 429.7+28.0 7é
31 2.8+0.4 20 11.1+0.8 20 428.6+13.4 54
34

2.5+0.4 20 ' 8.0+1.1 20 197.9140.6 54
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Table 19. Background nutrient concentfati
bacterioplankton abundances (10
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s (ug 1. 1) and
cell ml 1) for

the bacterloplankton abundance response experlment

and activity response experiment.

Experiment TN TP DOC  Bacterioplankton
Sumnmer activity

response 236 27.5 2760 2.31
Winter activity

response 303 39.4 5029 0.45

A. hydrophila _

activity response 303 39.4 5029 NA

A. hvdrophiia , _ ‘

abundance response 198 24.2 2231 NA

NA=not applicable.
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treatment at 22 °C was 5.7 times higher than that of 4 °c
and 2.3 times higher than that at 34 °C. The maximum
bacterioplankton'density in baéto-peptone treatment at 28 ©°c
was 9.g'times'greater than that at 4 °C and 2.2 times
greater than that at 34 © C (Table 18).

The higher the'incubation temperature, the fewer hours
it took to reach maximum baéterioplankton denéity. The hours
" taken toxreach maximum density at 4 °C was 7.2 times longer
than at 34 °C in both lake water and NPC treatments. It took
3.6.times longer at 4 °C than at 34 °C to reach maximum
bacterioplankton density in the bacfo-peptone treatment
(Table 18).

The highef the maximum bacterioplankton density, thé
longer it took to reach the maximum'dénsity when the
bacteria were incubated in fhe same temperature. Such result
was obvious when comparisohs'were maqe between bacto-peptone
treatment and lake water or NPC treatments. The difference
of in time taken to reach maximum bacterioplankton density
between lake water and NPC treatments is difficult to
. resolve because the observation interval was too long to
allow the detection of\relatively small differences (Table
18).

Interacting Influence of

Temperature and Nutrient gﬁ Bacterioplankton
Growth and Maximum Density

The optimum temperature for maximum bacterioplankton

density increased with an increase of nutrient level. A.
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hydrophila temperature optima were about 16 °C in lake
water, 22 °c in NPC treatment, and 28 °C in bécto-peptone
treatment (Table 18).

The NPC and bacto-peptone treatments significantly

increased A. hydrophila maximum density compared with lake

water treatment. The mean maximum density was 3.2 times
greatef in NPC treatmeht and 92.9 times greater in bacto-
peptone treatment than that in lake water treatment (Table
20). '
‘Nutrient addition significantly increased 3H-thymidine
incorporation of the summer bacterioplankton population but

not winter population or cultured A. hydrophila (Table 20).

The nutrient stimulation of 3H-thymidine incorporation for
the summer population occurred only in the temperature range

of 10-28 °C (Figure 40).

Discussion

The optimal growth temperatures of the tested
bacterioplankton were greater than the ambient water’
temperature'ﬁhen they ﬁere'collected..Romanenko (;982),
Joint and Pomeroy (1987), and Servais and Billen (1989) have
reported a similar difference betwéen optimal growth

temperature and temperature in situ for both natural

bacterial population and laboratory cultured bacteria. No
explanations about such temperatufe difference have been

made by these authors. The optimal temperature of
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O — O Lake water

A — A Lake water
+N+P+C

Temperature (OC)

"H-thymidine incorporation of the summer bacterioplankton population
from Hebgen Lake.

961
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Mean bagEeri?plankton 3H-thymidine incgrpor tion
(nmol 1 h™*) and céll abundance (x10° ml™*) in

different nutrient treatment experiments. NPC =

lake water enriched with inorganic nitrogen,
inorganic phosphorus, and organic carbon.

* Paired t-test on the mean of two repiicates at each
tested temperature.

Nutrient «
Experiment treatment Mean+1SD P-value
Summer . .
activity Lake water 0.104+0.058
response NPC addition 0.116+0.063 0.0122
Winter
activity Lake water 0.021+0.017
response NPC addition 0.022+0.015 0.9337
A. hydrophila
activity Lake water 0.068+0.055
- response NPC addition 0.070+0.057 0.2466
A. hydrophila ,
abundance Lake water 2.786+0.195
response NPC addition 8.914+5.573 0.0270
A. hydrophila )
.abundance Lake water 2.786+0.195 :
response bacto-peptone 137.4+137.4 0.0028
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phytoplankton photosynthesis has been shown to be rélated to
the mid-summer maximum water temperature, which was
interpreted as an adaptation for the organisms to be able to
survive this temperature to remain in their habitat (Baylen
and Brock 1974; Konopka and Brock 1978). Such a |
ﬁhysiolqgical sfrategy to maintain a temperature optimum
higher than in situ to provide protection to phytopiankton
from transient heating seems plausible for the studied
bacterial populations. In a study ip the English Channel,
Joint and Pomeroy (1987) found that bacterioplankton
populations from maxiﬁum temperatﬁre of 9-18 ©C had a
temperature optimum of 22 ©C. Romanenko (1982) found that a
bacterioplankton populafion from a maximum water temperature
of 20 °C had a optimal temperature of 29 °C. The
bacterioplankton populations from Hebgen.Lake with a maximum
- summer water temperature of 20.6 °C had an average optimal
~ temperature of 27 °c. ‘ |
| Ingram (1958) and Baig and Hopton (1969) reported that
"warm-water"'érganisms'tend to héve higher E values than
"éold-ﬁatef" microorganisms. This trend is not clear in
Hebgen Lake where winter population with a lower growth
optimal temperature had.a higher E value than a summer
population. with a higher growth optimal temperature. The
cultured bacteria isolated during summer from Hebgen Lake
appeared‘to have different E values under different nutrient

conditions. Shaw (1967) and Hanus and Morita (1968), in
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studying yeast and bacteria, reported that there was no
consistent difference‘in the E value of me;ophiles.and
psychrophiles. These investigations togethef with mf
results, indicate that the absolute values of E, as Q10
provide little iﬂformation on determining the thermal
'characteriétics of microorganisms.

Effects of temperature on bacterial growth are well
known. As temperature increases, the growfh rate rises froﬁ
an undetectable level to an optimum and then falls back to
an undetectable level. In some cases, there may be more than
one optimum. The study of temperature influence on bacterial
abundance has been done in a similar manner as that on
bacterial growth. Pure cultured bacteria are incubated in a
nutrient enriched medium for a given length of period at
different temperatures. A temperature-density curve similar
to growth can be obtéiﬁéd. As tempefature increases,
bacterial density rises to an optimum and.then falls back to
a minimum level. Although the optimal temperature obtained
frbm measuring bacterial density was lower than that |
obtained from measuring growth rate (éhristophersen 1973),
both methods are essentially the same in measuring optimal
temperature. Such measurements do not provide information on
whether bacterioplanktoﬁ abundance in a given ecosystem is
limited by temperature or factors other than temperature.

My study used a density criterion that measures maximum

bacterioplankton density in a given medium regardless of the
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incubation length, which is not commonly used in liferature.
The measured maximum density is presumably the maximum
density fhat can be obtained in a given water with the
absence of grazers' influence. Such information can only be
obtained from pufe bacterial culture gxperiment because of
the difficulty'in removing the grazing effects during such a
long iﬁcubafion period. When summer Hebgen Lake water was
used as medium,.the maximum bacterial densities obtained
from different temperatures were not significéntly different
(no optimal temperature was found). This similérity of
maxihum,bacterioplénkton densities indicates that the
maximum density was regulatéd by factors other than
temperature. When the same lake water enriched with'NPé or
bacto-peptone was used as medium, an optimal temperature was
found for maximum‘bacterioplanktﬁn density. This result
indicates that the maximum bacterioplankton densities
obtaihed.from below or above the optimal temperature were
temperature limited or inhibited. The results from lake
water and nutrient eﬁrichmént treatments indicate that
bacterioplankton maximum'density in lake water tréatment was
nutrient.limited.

The influence of temperature on bacterioplankton
population size is complex (Christophersen 1973).
Temperature affects not only the rate of cellular reaction
involved in bacterioplankton growth, but also the

environmental conditions where they live in (Sinclair and
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Stokes 1963). The maximum bacterioplankton density in my

_ experiment was the balance of growth and death. For a given

temperature, the growth was over balanced death before the -

population reaches its maximuﬁ and the growth was off

- balanced death after the population reached its maximum. The

bacterioplankton maximum density is the carrying capacity at
that temperéture, which was determined by nutrient and‘other
environmental factors. When the same bacterial population

was incubated in different nutrient levels but under the

same temperaturé condition, the bacteria growing in the high
nutrient medium had a highef‘maximum_density and'a longer
incubation time to reach the maximum density than the
bacteria growth in the low nutrient medium. For the
population growing at different temperatures but the same
nutrient condition, if-sﬁfficient nutrient is provided, a

highest maximum density will be expected at the optimal

‘temperature as in the case of my NPC and bacto-peptone

treatments. However, if insufficient nutrient is provided,

the growth advantage at the optimal temperature is-

) overwhelmed by the nutrient limitation. As in the case of my

lake water treatment, the maximum density showed no

difference under the tested temperature range. These results

imply that bacterial abundance is regulated by both

' temperature and nutrient. The suboptimal bacterial growth

rate at suboptimal and superoptimal temperature may be

explained by enzyme denaturafion. It has been reported that
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the values of the activation energies in the normal range of
growth were in the order of 3;20 kcal mol~l. The .activation
energies célculated from tﬁe data in the range of
temperature minimum were in the order of 30-100 kcal mol~l
and those at temﬁerature maximum were in the order of 100-
300 kcal mol~™ ¥ (Christophersen 1973);

Bacterioplankton abundance has been reported to decrease
from estuarine interiors to coastal rééions to ocean waters

(Van Es and Meyer-Reil 1977). The reported bacterial numbers

in eutrophic lakes (e.g., Hobbie and Wright 1979; Riemann et

al. 1982) were also higher than those in oligotrophic lakes

(e.g., Pedrés-Alidé and Brock 1982; Scavia and Laird 1987);

These reported results support the conclusibn‘presénted here
on that higher nutrient level supports higher
bacterioplankton density. The NPC enrichment stimulated 3g-
thymidine-incorporétion of the summer bacterial pobulation

only at 10-28 Oc. At temperature below 10 Oc the enrichment

did not show any significant effect‘on‘bacterioplankton

growth. A étudy conducted by Scavid and Laird (1987) showed
a similar result that bacterioplankton growth rates were -
strongly related to temperature below 10 Oc. Above 10 ¢,
the relationship with temperature was weak, and it was
likely that substrate supply controlled growth in Lake

Michigan. The NPC enrichment in Hebgen Lake winter water

did not show any significant effect on winter

bacterioplankton and the cultured bacterial populatioﬁs at




Lo ded. L . 7

163
any of the tested temperature range. This may be caused by
the high nutrient levels in the incubation medium (winter
water, see Table 7.3).

Laboratory experiments conducted with summer and winter
bacterioplankton populations and cﬁltured isolate from
Hebgen Lake showed that water temberature, in conjunction
with nutrient level, has significant effects on
bacterioplankton density and growth. Ail the
bacterioplankton populafions used in the experiments appear
to be mesophilic éccording to their optimal growth
temperatures (Morita 1975). All the tested bacterioplankton
populations had highef optimal growth temperature (25-28 °cC)
than the temperature in situ (2.1-22.6 °c), which‘indicates
the activity of these bacterioplankton populétidns are
temperature limited, especially the winter population.
However, NPC enrichment in the summer water significantly
increased bacferioplankton growth only between 10-28 °¢
indicating the important influence of nutrient in this
temperature fange. My results indicate that bacterioplankton
maximum density is determined by nutrient level at a given
temperature if the impact of grazers is eliminated.
Temperature showed significant effect on fhe maximum
bacterial density of the isolate from Hébgen Lake only after
the lake wafer was enriched with NPC. This result implies
that the influénce of temperéture on maximum denéity is

dominant at high nutrient level whereas the influence of
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nutrient is dominant at low nutrieﬁt.level. Bécause the
’nutrienf level and tempefature in Hebgen Lake vary
séasonally, the dominént factor éontrolling bactgriopiankton

density and growth is also a subject of variation.

\
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CHAPTER 8
GENERAL CONCLUSIONS AND MANAGEMENT IMPLICATIONS

General Conclusions

Relative.to the monitoring studies on the epilimnetic
water column and river inflows of Hebgen Lake, the following
'major points could be drawn from the preceding chapters:

1). During the ice-free seasons of 1988 and 1989,'Hebgén
Lake bacterioplankton cell number ranged from 0.6 x 10° to |
2.9 x 10% cell m1™1 (average = 1.7 X 106), which is iﬁ the
range reported from eutrophic lakes (cf. Chapter 1). ‘
Bacterioplankton production varied between 0;09 and 0.82 ug
¢ 171 h™1 (average = 0.28), which is in the lower range
reported from freshwater systems (cf. Chapter 1).

2). Water stratification had a significanfleffect on
epilimnetic bacterioplankton producéion but not on
bacterioplankton cell numbers (Chapter 2).

3) . Regression analysis on data from the entire study
period showed that the bacterioplankton variables ‘
(production, activity/cell, biomass, cell numbér) were most
strongly correlated to watervtempgrature,7chlorophyll a and
PON (Chapter 2).

4). Regression analysis on data from different seasons
showed that:factors significantly éofrelated to
bacterioplankton actiQity and bioﬁass were water temperature-

in spring, TP and TN in summer, and TN and TOC in the fall -
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(Chapter 2).

5). River water had higher propdrtions of TP and TN than
TOC, compared witﬁ epilimnetic lake water. Bacterioplankton
aétivity and cell number were stimulated when lake water was
enriched with river water kchapter 2). Such results suggest
that the supply of TP and TN from river water plays an
important role imn regulating bacterioplankton growth.

The monitoring results have provided general information
on most objectives of this report. However, the conclusions
are not robus£ and need to be further verified. The
relationship between bacterioplankton parameters and
environmental parameters obtained from regressions do not
préve causality; Factors correlated to bacterioplankton
growth are not necessarily factors regulating
bacterioplankton growth and_factors without correlation to
bacterioplankton may not be‘necessarily unimportant for
bacterioplankton. Such diécrepancies became obvious when.
relationships between bacterioplankton parameters and NH4+,
SRP, and DOC, the most prefefred forms of nitrogen,
phosphorus, and organic carbon by bacterioplankton, were
examined. The lack of éorrelation between bacterioplankton
parameters and NH4+, SRP, and DOC do not mean these
nutrients are not important for bacterial growth, but imply
that nutrients supply rates are far more important than
‘their concentrations (Chapter 2). Therefore, several in situ

and laboratory experiments were conducted to verify these
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uncertainties. ‘

Regarding regulétion of bacterioplankton growth by
inorganic and organic nutriéﬁts, the following findings:are
.worthy of reiteration: | |

1) .. Inoxganic nitrogen and phosphorus are as important-
as organic cafbon in the regulation of bacterioplankton
growth. This result_does not’support_the common view that
the growth rates of bacterioplankton'are limited by the
availability of reduced carbon substratés (see Chapter 3 for
"discussion). This conclusion is consistent with the very
recent findings from oligotrophic and meso-eutrophic lakes
(Toolan et al. 1991; Coveney and Wetzel 1992).

2) . The dominant nutrient regulating bacterioplankton
growth varied among different seasons of the same year and
the same season of different years. In four of.my eight
experiments, organic carbon alone significantly stimulated.
bacterioplankton growth. The dominant nutrient stimulating
bacterioplankton‘growth was inorganic phosphorus alone,
inorganic nitrogen ahd phosphorus, organic carbon and
inorganic nitrogen, and inorganic nitrbgen‘ana‘phosphorus
and organic carbon in one of\the‘eight experiments,
respectively (Chapters 3 and 4).

With respect to the relationship between
bacterioplankton and phytopiankton, the followipg
conclusions are inferred from.the present study: .

1). Bacterioplankton growth was enhanced in the presence
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of phytopiankton photosynthesis regardless of inorganic
nitrogen and phosphorus additions (Chapter'4).

2) . Bacterioplankton growth was incréasingly stimulated
by the.increase of phytoplankton density (Chapter 5).

3). The movement of 5acterioplankton toward
phytoplankton was stimuiated by the increase of
phytoplankton density (Chapter 6).

4). Inorganic nutrient enrichments stimulated
bacterioplankton growth both directly and indirectly via
phytoplankton products (Chapters 3 and 4).

Finally, considering the influence of temperature on-

- bacterioplankton growth, the following summarization can be

made:
1) . Bacterioplankton summer populations, winter

populations and an isolate from Hebgen Lake had higher

optimal growth temperature than the temperature in situ.

Such a result indicates bacterioplankton growth is
potentially limited by water temperature (Chaptef 7).

2). The effect of nutrient on bacterioplankton growth
was influenced by temperature. A combination of inorganic
nitrogen and phosphorus and organic carbon enrichments in
the summer lake water significantly increased
bacterioplankton growth only at 10-28 ©C. The same nutrient
enrichment in winter lake water showed no‘significant'effect
on bacterioplankton growth, which was presumably caused by

higher nutrient content in the winter water (Chapter 7).




— b 0 Y O~ — I | { 1)

169
3) . The maximum bacterioplankton density was determined
by nutrient level at a given temperature if the impact of
grazing was eliminated. The influence of temperature on
bacterioplankton maximum density was dominant at high

nutrient level whereas the influence of nutrient was

dominant at low nutrient level (Chapter 7).

Management Implications

There are three general management interests in studying
bacterioplankton. Firétly, bacterioplankton play an
important role in nutrient recycling, which is one of the
crucial factors controlling primary productivity in aquatic -
systeﬁs. Secondly, bacterioplankton_production and abundance
are closeiy associated with phytoplankton production and
abundance. Precise managément of phytoplankton requires
information of bacterioplankton. Thirdly, bacterioplankton
biomass production plays an important role in the microbial
loop, which determinéé how energy is.trahsferred from
organic pfoducts to higher levels of the food chain.

My results, in conjunction with previous studies (see
discussion in Chapters 3 and 4), showed that
bacteriopiankton are not only remiheralize:s but also net
inorganic nitrogen and’phosphorus consumers.
Bacterioplankton growth in Hebgen Lake is both temperaﬁure
and substrates controlled and their maximum density is

substrate controlled if there are no grazers. River inflows
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play an important role in the sﬁpply of substrateé for
bacterioplankton. Therefore, quantitatively and .
qualitatively controls of nutrient input from river inflows
are essential for control of bacterioplankton population in
Hebgen Lake. N

My results showed that bacterioplankton growth is
limited by either organic carbon or inorganié phosphorus and
nitrogen or all three. It is well established that
phytoplankton growth can be'limitéd directly by phosphorus
or nitrogen. Direct inorganic'nutrient limitation of
phytoplankton could lead to indirect inorganic’nutrients
1imitation of bécterioplankton where exuded phytoplankton
carbon is necessary for bacterioplankton growth. |
Alternatively, inorganic nutrients could directly limit
bacterioplankton where insufficient inorganic ngtrients are
present to méintain bacterioplankton growth. The consedquence
of theé latter could result in competition between
bacterioplankton and' phytoplankton for inorganic nutrients.
'A.common ecological problem in aquatic systems is a
cyanobacterial'bioom. The tight- relationship between
bacterioplankton and cyanobacteria may be one of the reésons'
for blooms of the latter. Algal-bacterial exchange within
the phycosphere (discussed in Chapter 6) may serve to
maintain the nuisance blooms on the surface of freshwater

bodies, even when bulk nutrient are low. Therefore, one of

the ways to control cyanobacterial blooms may be to control

T8
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bacterioplankton.

The term microbial loop has been used to describe carbon
flow through a dissolved organic carbon-bacterium;protozoan
food chain rather than through the classical phytoplankton;
zooplankton—predafor food chain. Evidence from béth-marine
and freshwater systems has shown that carboq.flow through
the microbial loop is relatively inefficient bécause of the
additionai steps in the food chain‘(Ducklow et al. 1956,‘
Tranvik 1989). However, it hés also been demonstrated when
bacterioplankton biomass is grazed by macrozooblankton (>140
Lm) the energy transportation is much more efficient than
through microbial loop (Riemann 1985; Christoffersen et al.
1990) . Studies from both eutrophic. lakes and experimental
. enclosures have shown that planktivorous fisﬁ have
significant impact on the dominance of bacterioplankton
grézers (Riemann 1985; Christoffersen et al. 1990) . It may
be feasible to manage plankton communities in Hebgen Lake,
as well as in other similar eutrophic lakes, to prosper
macrozooplankton by control of planktivorous fish. The
dominated macrozooplankton may reduce bacterioplankton and
phytoplankton blooming by érazing, which can also increase

the efficiency of carbon transportation from

bacterioplankton to fish.
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