JYVASKYLA STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE
186

Teppo Hiltunen

Environmental Fluctuations and
Predation Modulate Community
Dynamics and Diversity

¢

- JYVASKYLAN I YLIOPISTO



JYVASKYLA STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE 186

Teppo Hiltunen

Environmental Fluctuations and
Predation Modulate Community
Dynamics and Diversity

Esitetéddn Jyvaskyldn yliopiston matemaattis-luonnontieteellisen tiedekunnan suostumuksella
julkisesti tarkastettavaksi yliopiston Ambiotica-rakennuksen salissa YAA303
tammikuun 18. p4ivédng 2008 kello 12.

Academic dissertation to be publicly discussed, by permission of
the Faculty of Mathematics and Science of the University of Jyviskyld,
in the Building Ambiotica, Auditorium YAA303, on January 18, 2008 at 12 o'clock noon.

UNIVERSITY OF H JYVASKYLA

JYVASKYLA 2008



Environmental Fluctuations and

Predation Modulate Community
Dynamics and Diversity



JYVASKYLA STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE 186

Teppo Hiltunen

Environmental Fluctuations and

Predation Modulate Community
Dynamics and Diversity

L.

S
UNIVERSITY OF H JYVASKYLA

JYVASKYLA 2008



Editors

Jari Haimi

Department of Biological and Environmental Science, University of Jyvaskyld
Irene Ylonen, Marja-Leena Tynkkynen

Publishing Unit, University Library of Jyvaskyla

Jyviskyld Studies in Biological and Environmental Science
Editorial Board

Jari Haimi, Anssi Lensu, Timo Marjoméki, Varpu Marjomaki
Department of Biological and Environmental Science, University of Jyvaskyla

URN: ISBN: 978-951-39-8592-9
ISBN 978-951-39-8592-9 (PDF)
ISSN 1456-9701

ISBN 978-951-39-3077-6
ISSN 1456-9701

Copyright © 2008, by University of Jyvaskyla Jyvaskyld

University Printing House, Jyvaskylda 2008



ABSTRACT

Hiltunen, Teppo

Environmental fluctuations and predation modulate community dynamics and
diversity

Jyvaskyla: University of Jyvaskyld, 2008, 33 p.

(Jyvéaskyld Studies in Biological and Environmental Science

ISSN 1456-9701; 186)

ISBN 978-951-39-3077-6

Yhteenveto: Ympériston vaihtelut ja saalistus muokkaavat yhteison
dynamiikkaa ja diversiteettid

Diss.

Predation, environmental fluctuations, and immigration are commonly
expected to affect community dynamics and diversity. However, interactions
between these factors are largely unknown. A further complication is that rapid
evolution of species interactions potentially alters ecological community
dynamics. The role of environmental fluctuations in ecological dynamics of
competitive communities was explored in a simulation study. We explored how
the patterns of species diversity are affected by the frequency spectrum of
stochastic environmental variations and density independent immigration rates
in a competition model. Next, three microcosm experiments were conducted
where heterotrophic aquatic bacteria were exposed to different resource
fluctuation regimes and / or a protozoan predator Tetrahymena thermophila.
Both the simulation study and the experiments revealed that fluctuating
environments can promote diversity. Furthermore, diversity patterns produced
by fluctuations are altered by immigration and predation. These results suggest
that the environmental fluctuations and predation jointly affect community
dynamics and diversity. In experiments with predation, the bacteria evolved to
resist predation better. These changes altered the ecological properties of the
predator-prey interaction. For example, an increase in prey grazing resistance
may explain the observed strong decrease in predator densities during
experiments. Thus, the ecological consequences of predator-induced rapid
evolution need more attention.

Keywords: Bacteria; evolution; microcosm; resources; Tetrahymena thermophila;

stability; stochastic environment.
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1 INTRODUCTION

All populations are affected by various intrinsic and extrinsic forces, and by
their interactions. Intrinsic forces are, for example, competition within species.
Extrinsic forces influencing populations are usually divided into abiotic, such as
climate and resource availability, and biotic factors, such as competitors and
predators. Another categorization classifies whether populations are controlled
by forces acting from above or below in the trophic structure, i.e. whether
populations are bottom-up or top-down controlled. It has been debated for a
long time whether the abundance of a species in a particular trophic level is
primarily controlled by predation or by resource availability, i.e. bottom-up or
top-down control of populations (for reviews see Hunter & Price 1992). Bottom-
up regulation can result from scarcity of basal resources leading to stronger
competition for resources. In contrast, top-down regulation emphasizes the role
of predators in food webs. Many theoretical and empirical studies have
traditionally focused on only one of these factors despite the fact that these
factors often work simultaneously and interact in a complex way, particularly
in fluctuating environments.

One of the most striking features of life is the overwhelming diversity. The
question that continues to fascinate biologists is: why are there so many
different species or genotypes even in seemingly simple environments? Thus,
many theories have been developed to explain diversity patterns found in
natural communities.

1.1 Forces that affect diversity

There are many mechanisms that affect diversity, such as fluctuations in
resources and predator pressure. Mechanisms maintaining or generating
diversity can be divided into fluctuation-independent and fluctuation-
dependent mechanisms (Chesson 1995). Examples of fluctuation-independent
mechanisms are resource partitioning, frequency dependent predation, and
immigration (Abrams 1998, Grover 1997, Roughgarden 1995, Tilman 1982,
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Gendron 1987, Huntly 1991). These mechanisms can also operate in the
presence of environmental fluctuations, but do not necessarily require them.
Fluctuation dependent mechanisms can be divided into two broad classes:
relative nonlinearity and storage effect (Chesson 2000).

1.1.1 Fluctuation independent mechanisms

Prey resources (or environmental productivity) and intensity of predation are
independently expected to have a unimodal relationship with prey diversity
(Connell 1978, Tilman 1982, Buckling et al. 2000, Kassen et al. 2000). Reason for
decreased diversity in high productivities may be increased total competition or
faster population dynamics which leads to faster exclusion of competitive
inferior species. Moreover, with complex resources species can use different
parts of resource and avoid competitive exclusion. A mechanism by which a
predator promotes diversity is e.g. when prey species or genotypes have a
trade-off between competitive ability and predator defense such that
competitively superior species are more vulnerable to predation (Leibold 1996,
see also figure 1c). Predation can also reduce the prey population size which
can decrease interspecific competition (Paine 1966, Meyer & Kassen 2007).
However, if predation is too intense or predators selectively feed on
competitively inferior species, it can also have a negative effect on species
diversity (Sih 1985, Cadotte & Fukami 2005). The effect of predation is also
found to depend on environmental productivity (Jiang & Krumins 2006). The
relative importance of predation is expected to be higher in productive
environments, whereas when resources are rare, the relative importance of
competition is greater (Proulx & Mazumber 1998, Worm et al. 2002).

Coupling the local competition process to density-independent
immigration has been suggested to have a very large positive effect on diversity
in addition to reducing variability in the total number of individuals in the
community (Loreau & Mouquet 1999, Ives & Hughes 2002). The species that are
driven to a low density or extinct by the local competition process can be
rescued by density-independent immigration. Moreover, under strictly
exclusive local competition, the distribution of competing species is expected to
change from a monoculture to unimodal distribution, and then more evenly
distributed when the rate of immigration increases.

1.1.2 Fluctuation dependent mechanisms

The competitive exclusion principle predicts that competition in a homogenous
environment will reduce species diversity (Hardin, 1960). However, several
processes can slow down or prevent the decline of diversity. At a local scale,
fluctuating environmental conditions, or disturbances, can decrease the
population size of dominant competitors or reverse the competitive ranking.
One of the earliest ideas about the mechanisms maintaining diversity was
proposed by G. E. Hutchinson (1961). He noticed that the commonly used
equilibrium competition theory is contradictory with the fact that 30 to 40
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species of planktonic algae, with similar resource needs, could be found in the
same lake. Since its discovery, this apparent failure of competition theory is
known as the “paradox of plankton”. Hutchinson (1961) then proposed that a
gradually changing physical environment could explain the diversity of
plankton in natural populations. When the physical environment gradually
changes over time, no single species remains competitively superior a
sufficiently long time so that it could exclude other species. Later, ]. H. Connell
(1978) introduced his intermediate disturbance hypothesis (IDH) based on
Hutchinson’s earlier work. In this seminal work, Connell proposed that both
frequency and intensity of disturbances would affect patterns of diversity. He
suggested that the highest diversity would be maintained by disturbances that
occur with intermediate frequency and intensity. This is because with weak
disturbance, competitive exclusion by the dominant species occurs, and with
strong disturbance, only species tolerant of the stress can persist. More recently,
the positive effects of various environmental fluctuations on diversity have
been demonstrated in many experimental studies, especially with plankton
(summarized in Grover 1997; Sommer 2002; Shea et. al. 2004). In contrast to
many studies done with plankton, to my knowledge there are no experimental
studies with bacterial systems where a chemically complex detritus resource
temporally fluctuates independently of the level of detritus input. Moreover,
there are no studies which simultaneously investigate the effects of fluctuations
and predation in this type of study system.

Variation in resources can have particularly profound effects on
population growth rates, community composition, and productivity (Grover
1997, see also figure 1A). However, a fluctuating environment does not itself
promote diversity, but creates conditions for coexistence-promoting
mechanisms to work (Chesson & Huntly 1997; Chesson 2000; Roxburgh et al.,
2004; Shea et al. 2004). In competition theory, the two mechanisms that promote
coexistence are relative nonlinearity and the storage effect (Chesson 1994; 2000).
Species are defined to be relatively nonlinear when they have differently
shaped curves defining growth as function of some environmental factor. (see
also figure 1B). For example some species may have better performance in high
resource environments and other species have better performance in low
resource environments. Furthermore, when resources fluctuate, bot species can
coexist. Moreover, relative nonlinearity is potentially an important mechanism
that promotes diversity in communities utilising multiple resources, such as a
chemically complex detritus resource (Huisman et al. 1999). However, in the
presence of multiple limiting factors, theoretical and empirical investigations on
the effect of relative nonlinearity have so far been poorly investigated (Huisman
et al. 1999). Generally, storage effect occur when there are overlapping
generations and it is a refuge from bad environmental conditions. Moreover,
populations build up “storage” of dormant forms during the favourable
environmental conditions so that species are buffered against extinctions during
unfavourable conditions (Chesson 1994). This type of buffer may result from a
variety of life-history traits: seed banks in annual plants, resting eggs in
freshwater zooplankton, and long-lived adults in perennial organisms (Chesson
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2000, and references therein). In these systems germination or hatching can
occur over the number of seasons from seeds or eggs produced in any single
year. One example of a buffer mechanism included in the storage effect in
bacteria could be the production of spores during favourable environmental
conditions, which could help the species avoid becoming extinct during
unfavourable periods.

1.2 Evolution as a community shaping force

Recently, rapid evolution in species interactions has been shown to alter the
ecological dynamics of the interacting species in laboratory experiments. This
potential overlap between ecological and evolutionary time scales potentially
makes the testing of purely ecological models difficult. Predation is one of the
strongest selection pressures in interactions between species. Rapid evolution in
prey defenses can lead to increasingly resource-controlled population dynamics
(Pace & Funke 1991, Balciunas & Lawler 1995, Morin & Lawler 1995), reduce the
strength of trophic interactions between predators and prey (Yoshida et. al
2007), or change the phase of predator-prey cycles (Yoshida et al. 2003).
Furthermore, an evolutionary increase in prey defense is predicted to stabilize
population dynamics of prey and predators (Abrams & Matsuda 1997, Abrams
2000). In addition to prey evolution, predators may also evolve to be more
efficient and thus, co-evolution is also possible in microbial systems. For
example, tightly coupled coevolution has been shown to occur between the
bacterial host and the parasitoid phage (e.g. Bohannan & Lenski 2000).

1.3 Aims of the study

My aim was to test how temporal variability in the environment and predation
affect community dynamics and diversity. I used simulation modelling and
experiments with aquatic microcosms to explore these questions (for an
overview of the studies see table 1). In the first study, the aim was to explore the
effect of temporal variability using a simulation modelling approach. In the
microcosm experiments, the effects of temporal resource fluctuations (study II),
predation (III, IV), and rapid evolution (III, IV) was explored on several
properties of a prey community consisting of aquatic bacteria and their
protozoan predators. Some of the studies presented in this thesis deal with
evolutionary issues, but the main focus is still on ecological questions. My aim
was to also test whether the rapid evolution of prey defense occurs, and if so,
whether it can alter ecological community dynamics. If evolution occurs, the
interpretation of purely ecological models without incorporating potential
evolutionary change could lead to misinterpretation of results. For example, if
prey defense increases over time, predator pressure should not be misinterpret
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as a constant force affecting prey populations. Moreover, allocation to costly
predator defense could change competitive properties of the interacting prey
species. These changes could potentially modify how environmental
fluctuations transfer to community dynamics and affect diversity. Obviously
these broad issues cannot be comprehensively dealt with in a single thesis.
Thus, the main research objectives in this thesis were limited to the following:

Within these general objectives, more specific hypotheses can be addressed
based on ecological and evolutionary theory:

e What is the role of temporal environmental fluctuations and density-
independent immigration in community dynamics and diversity? (Study I)

* Will environmental fluctuations and predation promote diversity in aquatic,
bacterial communities? (Studies II and III)

* Can predation modulate effects of environmental fluctuations? (Study III)

* Can predation cause rapid evolutionary changes in prey species? (Studies III
and IV)

¢ Can the predator evolve, i.e. does co-evolution occur? (Studies III and IV)

¢ If the species evolve, can this have ecological effects on the predator-prey
interaction? (Studies III and IV)



2 MATERIALS AND METHODS

2.1 Methods in the simulation study

We constructed a discrete-time competition model with stochastic
environmental effects on population renewal. All species competed with an
equal contribution to the density-dependent feedback of population growth.
Our model was constructed so that in a constant environment, all but one
species was excluded from the community. We also introduced scenarios where
each species received a constant amount of immigrants per time step. The
species were assumed to differ in the location of optimal growth performance
with respect to a continuous environmental variable. The performance of a
species followed a Gaussian function with mean p and variance & (Fig. 1 a). The
species i growth rate R; is in the interval 0<Ri<Rmax. The population renewal is
density dependent, following the equation:

N; tRmaxP; (wt)
4
(1+ aijl....,iN}st)

Ni,t+1 G

Eq. (1)

Where:

N; Population size of i:th species at time ¢

Rmax Maximum intrinsic rate of population growth

w Environmental stochasticity

Pit  Proportion of Rmax that species i can achieve in the environment at time ¢
as a function of environment w at time ¢

Y Determines the strength of density dependent regulation, and is set to y =
1 (“contest” type competition)
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a A scaling parameter that determines carrying capacity
si The density-independent number of individuals that immigrate to the
population

The simulations explored community dynamics with a different number of
species (2 - 100) and fluctuations types. The fluctuations had similar statistical
distributions (mean of 1 and range 0.5 - 1.5) but different autocorrelation
structures, or spectra. These ranged from rapidly fluctuating (negatively
autocorrelated), to slowly fluctuating (positive autocorrelation) types. As a
special case, there was uncorrelated white noise. For details about generating
the fluctuations, see Cohen et al. 1998, Heino 1998, and Cohen et al. 1999, as
well as figures 2a and 2b for examples of fluctuations used. Maximum
population growth rates of the species varied between 1.5 and 10, and data
were analyzed using a mean of 100 replicate simulations. The number of
simulation steps was 1000.

2.2 Methods in the experimental approach

2.2.1 Study species and culture mediums

Heterotrophic bacterial species obtained from the American Type Culture
Collection (ATCC) and from the Belgian Co-ordinated Collections of Micro-
organisms (BCCM) were used in our experiments. For species names, see table
L. Our criteria for selecting these species included positive growth on both the
nutrient broth agar and hay extract medium used in our experiments. Most of
our test species can also be found in freshwater habitats where they can
encounter protozoan predators and experience resource fluctuations. As a
predator species, an asexual strain of the ciliated protozoan Tetrahymena
thermophila (ATCC 13880) was used. T. thermophila can also be found in
freshwater habitats and has widely been used in microcosm experiments
(Laakso et al. 2003, Jiang & Morin, 2004 Ketola et al. 2004, Mayer & Kassen
2007).

Three types of culture media were used. When cultivating the predator
without living prey, a sterilized proteose peptone-yeast medium was used.
When cultivating the prey bacteria, a medium containing hay extract and
phosphate buffer was used. It is important to note that when predators were
cultivated with bacteria, the predators were not able to use the hay extract as an
energy source. For live cell counts, or when setting up experiments, bacteria
were grown on peptone-yeast agar plates.
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2.2.2 Microcosms and set up of the experiments

We utilized three types of microcosms in our experiments. For short term
experiments and measurements, a plate reader was used. The reader measured
biomass as an optical density from microplate wells which contained 300 or
400pul of culture medium. In studies III and IV, evolutionary changes in the
predator were assessed in loosely capped 15ml conical centrifuge tubes with 9
or 10ml of culture medium. Microcosms in studies II, ITII, and IV were 250ml
polycarbonate Erlenmeyer flasks capped with membrane filters and filled with
40ml of culture medium (for set-up of the experiments, see figures 3 and 4).

For experiments II and III we developed a resource flow apparatus
where programmable peristaltic pumps fed the resource to the microcosms (see
figure 4). With this apparatus, we were able to individually control the in- and
outflow of 30 microcosms. For examples of resource fluctuations used, see
figures 2c and 2d. Immediately after pumping in the resource, an equal amount
of medium was pumped out of the microcosm to maintain a constant volume in
the reactor. The fluid was mixed with a magnetic stirrer at 440 rpm for 1 minute
every hour prior to the addition and removal of medium. To prevent
contamination, the microcosms and tubing were autoclaved using standard
aseptic techniques prior to assembling the communities. Thermostatically
controlled heaters in the tubing set at 95°C were used to block microbial growth
through the tubes that connected the microcosms to the sterile resource stock
bottles. In addition, the outlet tube was submerged in 70% ethanol.

The populations and communities were assembled as follows: if using
only individual species, for example, for growth rate measurements, a small
inoculum (<1% of carrying capacity) was added to a fresh culture medium.
When measuring grazing resistance or setting up long term experiments with
predators, the prey was first grown to carrying capacity and then a small
predator inoculum was added. In multi-species experiments, the species were
grown to their respective carrying capacities separately and then mixed in even
proportions prior to the experiment.

2.2.3 Main variables measured

In all studies, population densities and community composition were
measured. For bacteria, a live cell count (serial dilution and colony count from
agar plates) was used as a measure of population density, and optical density
measurements were used as a measure of biomass. For determining predator
population sizes, a well-mixed sample of the medium was fixed in Lugol’s
solution and digitized images of the sample were taken using a binocular
microscope attached to a video camera. T. thermophila individuals were
identified automatically from digitized images using an image recognition
script (Jouni Laakso, unpubl.). Temporal stability of population sizes and
biomasses were estimated from the time series data as a coefficient of variation
(CV) of each microcosm (i.e. a higher CV indicated lower stability). As a
measure of diversity, we used Shannon’s diversity index (eq. 2). In studies I-III,
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the Shannon index was used to measure species diversity, while in study IV the
index was used to estimate genetic diversity via different colony types of S.
marcescens. The advantage of the Shannon index is that it takes into account
both the number of species and the evenness of the species. The index increases
with species number and species evenness. Thus, the index is perhaps a more
sensitive measure of diversity than just species number. In studies III and IV,
we also measured the evolutionary change in prey species or the prey
community. Competitive ability traits were measured as the maximum growth
rate (rmax), or carrying capacity (K). Changes in grazing resistance (defense
against predation) traits were measured as a prey’s minimum biomass in the
presence of a predator. A potential evolutionary change in the predator’s
maximum growth rate and carrying capacity were assessed as well. Moreover,
we used the predator’s growth rate and maximum population size as measures
of prey food value.

Hvz—le,-ln p Eq. (2).

Where H’ is the Shannon diversity index, S is species number, and
piis the proportion of i:th species in the community.

2.2.4 Statistical analysis

The effect of treatments on the measured variables (population densities,
biomasses, and Shannon diversity index) was analyzed with repeated
measurements ANOVA (RMANOVA). When the sphericity assumption of
RMANOVA was not met, Greenhouse-Geisser corrected F values were used.
The coefficient of variation and evolutionary changes were analyzed with two-
way ANOVA.
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Slow fluctuations

B)
0 200 Time 400 600
= D) Wave length 168 hrs
0 200 400 600

Time (hours)

Examples of temporal fluctuations used. A) Rapid and B) slow fluctuations

used in simulation study I. C) Rapid resource fluctuations used in the
experimental studies Il and IV. D) Slow fluctuations used in the same studies.
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FIGURE 3

Experimental apparatus used in studies Il and III.

Different components in set-up: A) resource stock bottles; B) relay card
connected to computer controlling peristaltic pumps, heaters and
magnetic stirrer; C) resource outlet; D) power supply for pumps and
heaters; E) peristaltic pumps for outflow; F) microcosm; G) peristaltic

pumps inflow; H) computer controlling pumps.

FIGURE 4

Experimental set-up used in study IV

Different components in set-up: A) power supply for heater; B)
thermostat for heater; C) sampling syringes; D) microcosms; E) heating
resistor; F) resource renewal syringe and valve; G) resource renewal

outlet; H) resource stock bottle.



TABLE 1 General overview of studies presented in this thesis

I II III v
Study
Type of study Simulation Microcosm experiment Microcosm experiment Microcosm experiment
model
Outline of the | Competition Factorial experiment with | Factorial experiment with prey | Factorial experiment with
study model with two four species community consisting of three one prey and one
immigration communities and three species with and without predator species in low
types of resource predators in three types of and high prey resource
fluctuations resource fluctuation regimes environment
Type of Autocorrelate | Resource pulses with 168, Resource pulses with 155, 55, Weekly resource renewal
environmental d noise 55, and Th wave length and 1h wave length
fluctuations
Species -2-101 species Community 1 Predator: Predator:
composition Novosphingobium Tetrahymena thermophila Tetrahymena thermophila
capsulatum Prey: Prey:
Pseudomonas putida Novosphingobium capsulatum Serratia marcescens
Bacillus megaterium Serratia marcescens
Budwicia aquatica Bacillus cereus
Community 2
Serratia marcescens
Bacillus cereus
Comamonas aquatica
Cupriavidus necator
Length Simulation | 28 days <690 generations 48 days <1180 prey generations 98 days <2400 prey
run for 1000 generations
generations

61



3 RESULTS AND DISCUSSION

3.1 Environmental fluctuations as driver of communities

Environmentally driven fluctuation-dependent mechanisms that maintain
diversity require that environmental fluctuations change species growth rates,
which then translate into fluctuations in population densities (Ives 1995,
Chesson 2000). For these mechanisms to work, it is essential that the population
growths of different species fluctuate in asynchrony so that no individual
species can dominate long enough for extinctions to occur. These asynchronous
fluctuations can emerge if species have trade-offs in performance, for example
in high and low resource environments. We found that in study II that species
have trade-offs between growth in low and high resource environments (see
also figure 1B). In study III, we also found that species have similar trade-offs in
their ability to grow in high and low resource environments. Moreover, the
species showed trade-offs between competitive ability and predation resistance:
N. capsulatum had the highest growth rates in low resource environments
whereas S. marcescens excelled in high resource environments. B. cereus had the
lowest growth rates in all resource concentrations, but notably the strongest
predator defense (data on the tradeoffs found in study III is not included in this
thesis). Thus, it tentatively appears that the trade-off requirement for diversity-
promoting mechanisms to work was fulfilled in the experimental communities.
Studies II and III demonstrated that fluctuations either made total
community biomass more unstable, or had no effect. In both of the communities
in study II, total biomass was more stable in a constant environment than in a
slowly fluctuating environment. In study III, fluctuation treatments had no
effect on total prey community stability. However, in studies II and III we did
not find that the fluctuation treatment affected the stability of populations of
individual species. This does not necessarily mean that the populations did not
fluctuate, because our sampling interval was quite sparse compared to the high
bacterial growth rates. Thus, rapid changes in population abundances were
probably not recorded due to low statistical power of the experimental data.
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Results from studies I-III supported the general view that environmental
fluctuations promote diversity. In addition we found at least indirect evidence
that relative nonlinearity and other diversity-promoting mechanisms could
have operated (Chesson 2000, Vasseur et al. 2007). In study I, the interaction
between environmental fluctuations and immigration strongly modulated
diversity patterns. Diversity was generally higher in rapidly fluctuating
environments, but this pattern was also affected by density independent
immigration. With more than two species in the community and intermediate
immigration rates, maximum diversity was found during intermediate
fluctuation frequencies. Moreover, a high immigration rate reduced the roles of
environmental fluctuations and population growth rate in the patterns of
species diversity. These results suggest that predicting community dynamics in
natural systems based solely on fluctuations might be difficult unless
immigration rates and biological details of the community are known. In
experimental studies II and III, the slowly fluctuating environment produced a
higher diversity than the constant environment. These results imply that the
slow resource fluctuations allowed sufficiently long periods of low and high
resource levels.

Many previous studies suggest that fluctuations in resources and
disturbances maintain diversity (e.g. Grover 1997, Sommer 2002 for summary).
Our results mainly support these findings. The classic experimental approach
has been to test how temporal resource fluctuations affect species diversity.
These experiments were often conducted with phytoplankton communities that
were exposed to a pulsing supply of a single chemically defined nutrient, such
as phosphorus or silicon (summarized in Sommer & Worm 2002). For example,
Sommer (1984, 1985) found that only two species of phytoplankton coexisted
when inorganic nutrients were supplied continuously, while seven
phytoplankton species coexisted when nutrients were supplied in weekly
pulses. Kirk (2002) reported that when planktonic rotifer species were fed on
algae at 0, 4, or 8 day resource renewal rates, the slowest decline of diversity
was found for the 8 day renewal rate. However, Mclsaac & Gilbert (1991) found
that the longest coexistence between two rotifer species occurred with rapid, 0.5
day interval fluctuations of resource addition. In our studies, the highest
diversity was found for fluctuations with a long 155 or 168h wave length. It
must be noted however, that our study species have faster growth rates than
phytoplankton or rotifers. These results highlight a problem with the scale of
variability that produces the highest diversity: it depends on the life history of
the study species (Hubbell 1973, May 1976, Pimm 1991).

3.2 Effects of predation on diversity

We used the protozoan predator Tetrahymena thermophila to feed on bacteria in
studies III and IV. Our results supported the general view that predation
modulates community composition and promotes diversity due to differential
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responses of the species to predation. In study III, the predator maintained a
higher species diversity, and in study IV a higher genetic diversity (the latter
measured using the Shannon diversity index of different colony colour variants
of the prey S. marcescens). A positive effect of predation on diversity has been
also found in other studies with bacteria. Mayer and Kassen (2007) showed that
predation by T. thermophila can diversify Pseudomonas fluorescens colony
morphology through negative frequency-dependent selection on the P.
fluorescens wrinkly-spreader and smooth colony types. In their experiment, T.
thermophila less effectively preyed upon the wrinkly-spreader prey type,
forming biofilm on the water-air interface of the microcosm. Furthermore, the
wrinkly spreader was also less competitive than the smooth form when
abundant. We found similar tradeoffs between species in our study system
which will be discussed below.

If predation by the protozoa could also maintain and generate bacterial
diversity in natural systems, this could have important functional implications
for an ecosystem. The increased diversity could, for example, increase the flow
of energy from dissolved organic matter to higher trophic levels if more diverse
community is able to utilize dissolved organic matter more efficiently (Sommer
1989). In aquatic ecosystems, the microbial loop is a trophic pathway where
dissolved organic carbon is reintroduced to the food web through bacteria
(Sommer 1989). Bacteria are consumed in the loop mostly by protists such as
flagellates and ciliates (Sommer 1989). Our study system describes a similar
detritus-bacteria-protozoan pathway. Thus, a basic understanding of predation
by a protozoa on bacteria gained with microcosm experiments could also help
in understanding the interactions of natural ecosystems where microbes are
among the most important components, in terms of energy flow and diversity
(Madigan et al. 2000).

3.2.1 Interaction between predation and environmental fluctuations

There was an interaction between predation and resource fluctuations in study
[T such that predation promoted diversity only in the fluctuating environments.
Menge and Sutherland (1976, 1987) found that disturbance could modify the
effect of predation in a case where the disturbance affects predators more than
the prey. The stronger effect of disturbance on predators can be found, for
example, under conditions where the prey can spatially escape disturbance, but
the predator can not. Another mechanism could be that predators usually have
longer generation times than prey, and therefore recovery from a disturbance
may be slower. In previous study Gallet et al. (2007) did not find that parasitoid
bacteria (Bdelliovibrio bacteriovorus) preying on bacteria (Pseudomonas fluorescens)
was affected by environmental fluctuations. In our study system predator
growth rates were however lower than with B. bacteriovorus. Therefore the
ability of our predator species to recover from disturbances was probably
lower. Moreover, we found evidence that the predator was more affected by
disturbances caused by resource outflow mortality than prey. An indirect
indicator for this was a higher CV in predator populations. In addition, prey
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populations can be indirectly affected by fluctuations if fluctuations are
transferred into predator populations and predators are at the same time major
force modulating prey populations Therefore, the interaction between
predation and temporal fluctuations can have an additional diversity-
promoting effect if the predator pressure is influenced by fluctuations.

3.3 Evidence for rapid evolution and the ecological consequences

We did not find evidence of evolutionary changes in predator growth rate or
carrying capacity, which indicated that co-evolution did not occur in our study
system. One explanation for this is that predators have less potential for
evolution due to longer generation times than prey, and because prey
population sizes are larger. Moreover, selection for prey defensive traits is
thought to be stronger than the selection for predator efficiency, e.g. “life vs.
dinner” dichotomy (Dawkins & Krebbs 1979; Vermeij 1994). Unlike most of the
previous studies conducted with bacterial host and viral or bacterial parasitoids
(Bohannan & Lenski 1999, Buckling & Rainey 2002, Gallet et al. 2007), our study
system is a classical predator-prey system where the predator has longer
generation time than the prey and consumes multiple preys before
reproducing.

In both of the studies where the predator-prey system was used, the prey
evolved to have a stronger resistance against predation. This reduced prey
food value for the predator. In study III, grazing resistance was measured as the
whole community’s resistance, i.e. an aggregate measure of the different
species. The evolutionary dynamics were studied in more detail in study IV
with only one bacterial prey species, S. marcescens. Exposure to predators
increased the grazing resistance of S. marcescens only in the high resource
environment, while a decrease in prey competitive ability (biomass production
in the absence of the predator) was observed mainly in the low resource
environment. These results support the theoretical prediction that when anti-
predatory adaptation is costly, evolution of predator-prey interaction is
constrained by prey resource availability (Hochberg & van Baalen 1998; Abrams
2000; Yamauchi & Yamamura 2005).

The predator to prey ratio declined during the experiments in both
studies. This indicates that evolution in prey grazing resistance also had a
considerable effect on ecological dynamics of the predator-prey system.
Resources may start to play a more important role in controlling prey
communities when the effect of predation decreases. Further support for the
evolving trade-off in competitive ability and predator defense is found in study
IV. It is also possible that rapid evolution of grazing resistance interferes with
diversity-promoting mechanisms. One mechanism through which this could
occur is when population dynamics becomes more stable. The stabilization of
prey population dynamics is expected to occur when predation increases prey
diversity by selecting for more defensive individuals (Johnson & Agrawal
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2003). In a fluctuating environment, stabilization can ultimately lead to
decreased diversity if the diversity-promoting mechanisms are no longer able to
operate. For example, if species diversity is maintained because good
competitors are more vulnerable to predation, reduced vulnerability and
competitive ability may lead to lower diversity because species become too
similar and the tradeoff disappears. This situation is similar to fig. 1C, but with
more similar trait properties between the species. Moreover, the ability to
allocate to different traits depends on the resource environment. The potential
effect of evolution on trophic dynamics and diversity highlights the need for a
deeper understanding of how evolution could change predictions of ecological
models.



4 CONCLUSIONS

Tradeoffs were found between species performance in low and high resource
environments. This could have led to a situation where fluctuations
destabilized predator populations and total prey community biomass. The
existence of tradeoffs gives support to the hypothesis that fluctuations are
transferred to populations, and consequently the frequency dependent
mechanisms that maintain diversity could have operated. With slow
fluctuations, the longest periods of low and high resources could have occurred.
Consequently, these periods could have also been most efficient for diversity
promoting mechanism to operate. Furthermore, our results support the general
view that environmental fluctuations and predation are forces that can maintain
species and genetic diversity. Evidence that these factors promote diversity was
found in all of our studies (fluctuations: studies I-III, predation: studies III and
IV). Interestingly, both predation and density independent immigration
interacted with environmental fluctuations and produced diversity patterns
which were different from those that fluctuations produced as an isolated
factor.

All experiments reported in this thesis were conducted according to
similar methodology used in many previous microcosm studies where a
protozoan predator feeds on bacteria, which in turn feed on a nonliving detritus
resource (e.g. Gause 1934, Petchey 2000, Morin 2004). However, studies
presented in this thesis also take into account the composition of the bacterial
community. We found that predation causes rapid evolution of prey and
consequently impacts the ecological properties of the predator-prey interaction.
Without knowledge of the evolutionary changes, ecological models may no
longer produce meaningful explanations for the observed community
dynamics.
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YHTEENVETO (RESUME IN FINNISH)

Ympiriston vaihtelut ja saalistus muokkaavat yhteison dynamiikkaa ja
diversiteettid

Populaatioekologia tutkii populaatiokokojen vaihteluita ja niihin johtavia syita.
Vaihtelu populaatiokoossa voi olla seurausta populaation sisdisist4 ja ulkoisista
tekijoistd tai niiden vuorovaikutuksesta. Ulkoisia populaatiokokoihin vaikutta-
via tekijoitd ovat mm. eloton ympérist6 ja sen vaihtelut sekd vuorovaikutukset
toisten lajien kanssa. Sisdisid populaatiokokoihin vaikuttavia tekijoitd on esi-
merkiksi kilpailu saman lajin eri yksildiden vilill4. Paljon keskustelua on myos
heréttanyt kysymys sddteleekd populaatioita sen yld- vai alapuoliset tekijat
ravintoketjussa. Yldpuolisena sddtelynd pidetdan yleisesti saalistajia ja alapuoli-
sena ravinnon saatavuutta.

Saalistus, ympariston vaihtelut ja tulomuutto ovat populaatioiden kan-
nanvaihteluihin ja yhteiséjen monimuotoisuuteen vaikuttavia tekijoita.
Aiemmissa tutkimuksissa on yleensé keskitytty vain yhden tekijan vaikutuksen
tutkimiseen, kun taas tarkedt tekijdiden valiset vuorovaikutukset ovat saaneet
vdhemmaén huomiota. Perinteisesti kadytetyt ekologiset mallit olettavat lajien va-
listen vuorovaikutuksien olevan muuttumattomia. Viimeaikaisissa tutkimuk-
sissa on kuitenkin havaittu, ettd nopea evoluutio voi muuttaa lajien vilisid
vuorovaikutussuhteita. Nopean evoluution mahdolliset vaikutukset populaa-
tioiden kannanvaihteluihin tulisikin tarkemmin huomioida ekologisessa
tutkimuksessa tulevaisuudessa.

Syrjayttdavan kilpailun periaate ennustaa, ettd tasaisessa ymparistossa
parhaiten kilpaileva laji syrjayttdd muut lajit. On kuitenkin olemassa mekanis-
meja, jotka hidastavat tai estdvét lajien hadvidmistd, ja ndin ollen yllapitavat
yhteison lajistollista monimuotoisuutta. Mekanismit voidaan jakaa ympériston
vaihtelusta riippuviin ja riippumattomiin. Vaihtelusta riippumattomia mekanis-
meja ovat mm. saalistus ja tulomuutto. Saalistus voi esimerkiksi lisitd yhteison
monimuotoisuutta, jos lajeilla on allokaatiokustannuksia kilpailukyvyn ja
petopuolustuksen viélilld. Tulomuutto voi lisdtd yhteison monimuotoisuutta
kasvattamalla hé&vidmisriskissd olevien lajien populaatiokokoja. Vaihtelusta
riippuvat mekanismit voidaan jakaa myos kahteen pédluokkaan: mekanis-
meihin, joissa lajit reagoivat eri tavoin ympéristoon ja mekanismeihin, joissa
lajit pystyvét varastoimaan huonoja oloja kestdvid lepoasteitaan siihen asti
kunnes ympdristé on niille taas suotuisa. Esimerkkina varastoinnista on mm.
kasvien kestdvit siemenet tai bakteerien lepoitiot, jotka selvidvat huonojen
olosuhteiden yli ja taas hyvien olojen aikana elvyttdvit populaation. Jos eri
lajeilla on allokaatiokustannus kyvyssd kasvaa korkeassa tai matalassa
ravintotasossa, voi ympériston vaihtelu edistéé lajistollista monimuotoisuutta.
Kun ympéristo vaihtelee, ei mikddn laji péddse vallitsevaan asemaan ja
kilpailullista syrjdytymistd ei pddse tapahtumaan.

Ensimmadisessd osatydssdni tutkin vaihtelevan ympaériston ja tulomuuton
vaikutusta yhteison monimuotoisuuteen simulaatiomallin avulla. Viitoskirja-
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tyoni kokeellisessa osuudessa tutkin miten ajalliset resurssin vaihtelut, saalistus
ja evoluutio saalin puolustuskyvyssd vaikuttavat kannanvaihteluihin ja
yhteison lajistolliseen monimuotoisuuteen. Kolmessa viimeisessd osatydssani
kdytin akvaattisia mikrokosmoksia. Kdyttdmani kokeelliset yhteisot koostuivat
toisenvaraisista bakteerilajeista ja niitd saalistavasta Tetrahymena thermophila
alkueliopedosta. Osattissdni I-IIl huomasin, ettd ymparistonvaihtelut lisdavat
yhteisén monimuotoisuutta. Osatytssd I havaitsin myds tulomuuton muok-
kaavan ympdéristonvaihtelun vaikutusta siten, ettd suurin yhteison
monimuotoisuus saavutetaan keskiméiraisilli ymparistonvaihtelun taajuuk-
silla. Osatyossa III ymparistonvaihteluiden ja saalistuksen vuorovaikutus niakyi
siten, ettd saalistus nosti bakteeriyhteissn monimuotoisuutta vain kun
ympaéristd vaihteli. Vakaassa ympéristossd saalistuksella ei ollut vaikutusta
bakteeriyhteison monimuotoisuuteen. Viimeisessd osatytssd havaitsin, ettd
saalistus lisédsi Serratia marcescens saalisbakteerin geneettistd monimuotoisuutta,
jota mittasin erilaisten pesdketyyppien avulla.

Osatoissd III ja IV, joissa kdytin alkuelitsaalistajaa, mittasin myos
mahdollista evolutiivista muutosta peto-saalissuhteessa. Osatyssa III havaitsin
saalisyhteison ja osatyossd IV yksittdisen lajin muuttavan evoluution myota
paremmin saalistusta kestdviksi. Saaliin evolutiivisella muutoksella oli myos
ekologisia seurauksia peto-saalis yhteisolle. Esimerkiksi pedon populaatiokoko
laski kokeiden edetessd mikéd luultavasti johtui siitd, ettd saaliin ravintoarvo
pedolle aleni evoluution my&ta.

Tutkimukseni osoittaa, ettd ympériston vaihtelut, saalistus ja tulomuutto
kaikki lisddvat saalisyhteison monimuotoisuutta. Lisdksi nédiden tekijdiden
havaittiin vuorovaikuttavan keskenddn. N&améd vuorovaikutussuhteet ovat
jddneet aiemmin véhdiselle huomiolle, vaikka niiden tutkiminen ja selvitta-
minen on olennaista yhteisdekologian teoriaa kehitettdessd. Havaitsemani evo-
lutiivinen muutos saaliin puolustuskyvyssd on myos syytd huomioida
ekologisia malleja kehitettdessd ja mikrobikokeita tehtdessa. Perinteinen mikro-
biekologinen ldhestymistapa on pitdnyt bakteeriresurssia muuttumattomana
“mustana laatikkona” alkuelitsaalistajille. Viimeaikaisten tutkimusten valossa
tdma olettamus on kuitenkin vaard, silld saalisyhteison evolutiiviset muutokset
voivat heijastua yhteisén ekologisiin ominaisuuksiin. N&din ollen evolutiivisten
voimien vaikutus yhteisdjen ekologisiin ominaisuuksiin on huomioitava
tulevaisuudessa tarkemmin kokeiden tuloksia tulkittaessa.
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