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Abstract. There is increasing evidence that rapid phenotypic evolution can strongly
inﬂuence population dynamics, but how are such eco-evolutionary dynamics inﬂuenced by the
source of trait variation (i.e., genetic variation or phenotypic plasticity)? To investigate this,
we used rotifer–algae microcosm experiments to test how the phenotypic and genetic
composition of prey populations affect predator–prey population dynamics. We chose four
genetically distinct strains of the green alga Chlamydomonas reinhardtii that varied in their
growth rate, standing levels of defense, and inducible defense. To additionally test for strain
speciﬁcity of plasticity responses, we quantiﬁed protein expression of each strain in the
presence and absence of rotifer predators (Brachionus calyciﬂorus). We then tested how
different strain combinations inﬂuenced the outcome of pairwise competition trials with and
without rotifer predation. We tracked individual strain frequencies using quantitative
polymerase chain reaction (qPCR), and compared the observed dynamics to a suite of ecoevolutionary models of varying complexity. We found that variation in trade-offs between
growth and defense between algal strains strongly inﬂuenced the outcome of competition and
the overall predator–prey dynamics. Our purely ecological model of the observed dynamics,
which allowed for the presence of phenotypic plasticity but no trait variation between strains,
never outperformed any of our eco-evolutionary models in which strains could have different
trait values. Our best ﬁtting eco-evolutionary model allowed strains to differ in an inducible
defense trait. Overall, our results provide some of the ﬁrst experimental evidence that variation
in phenotypically plastic responses among prey genotypes can be an important component of
eco-evolutionary dynamics in a predator–prey system.
Key words: coexistence; competition; eco-evolutionary dynamics and feedbacks; induced defense;
intrapopulation diversity; phenotypic plasticity; predator–prey systems; proteomics; rapid evolution; tradeoffs.

INTRODUCTION
A central goal of ecology and evolution is to predict
how the phenotypic and genetic variation among individuals inﬂuences population and community dynamics
(Kokko and López-Sepulcre 2007, Ezard et al. 2009,
Ozgul et al. 2009, 2010, Hanski 2012, Reznick 2013,
Smallegange and Coulson 2013). There is increasing
evidence that intrapopulation phenotypic and genetic
variation of certain species (e.g., top predators, founder
species, keystone species) can have wide-ranging effects on
both the structure (Crutsinger et al. 2006, Harmon et al.
2009, Matthews et al. 2011, Bassar et al. 2012, Whitham et
Manuscript received 24 January 2014; revised 1 May 2014;
accepted 8 May 2014. Corresponding Editor: E. Van Donk.
7 Corresponding author. E-mail: blake.matthews@eawag.ch

al. 2012, Agrawal et al. 2013) and dynamics (Hairston et
al. 2005, Pelletier et al. 2007, Keith et al. 2010, Ellner et al.
2011, Becks et al. 2012) of communities. There is also a
growing recognition that phenotypic evolution and
community dynamics can occur on similar timescales
(Thompson 1998, Hairston et al. 2005, Fussmann et al.
2007, Cortez 2011, Schoener 2011), leading to a contemporary interplay between evolutionary and ecological
dynamics in nature (Post and Palkovacs 2009, Matthews
et al. 2011, Schoener 2011). While recent research on ecoevolutionary research has documented the pervasive
inﬂuence of trait variation on communities, it is an
ongoing challenge to determine how the origins of trait
variation (e.g., plasticity, genetic variation) inﬂuence
population, community, and ecosystem dynamics (Bolnick et al. 2011, Ellner et al. 2011, Farkas et al. 2013).
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Intrapopulation variation in functional traits can arise
from a combination of both genetic diversity and
phenotypic plasticity, and distinguishing between these
sources is important for predicting the effects of trait
variation on population and community dynamics
(Bolnick et al. 2011, Cortez 2011, Schreiber et al. 2011,
Yamamichi et al. 2011, Kovach-Orr and Fussmann
2012). For example, variation in prey defense traits
originating from plasticity vs. genetic variation can have
contrasting effects on the cyclical dynamics (Cortez
2011) and the persistence and stability of predator–prey
communities (Kovach-Orr and Fussmann 2012). The
origin of trait variation is also important for understanding the dynamics of competitive communities,
because variation in the heritability of traits involved
in inter- and intraspeciﬁc competition can inﬂuence the
likelihood of species coexistence by affecting the relative
strength of natural selection and the speed of adaptation
(Vasseur et al. 2011). In some situations, the rapid
phenotypic response of plastic traits is analogous to
rapid evolution of traits with high heritability (Vasseur
et al. 2011), but evolving systems can also exhibit certain
cyclical dynamics that are not possible in systems with
adaptive phenotypic plasticity but no evolutionary
change (Cortez 2011). Although recent empirical studies
also suggest an important distinction between the effects
of heritable and non-heritable trait change on population and community dynamics (Ozgul et al. 2010, 2009,
Ellner et al. 2011), many eco-evolutionary experiments
primarily focus on how heritable trait variation affects
population and community dynamics (Becks et al. 2010,
Farkas et al. 2013). Hence, there is a growing need for
experimental tests of how trait variation originating
from multiple sources (e.g., plasticity and genetic
variation) can inﬂuence eco-evolutionary dynamics
(Bolnick et al. 2011, Hanski 2012).
Studying the eco-evolutionary dynamics of predator–
prey systems is a useful starting point for testing how the
origins of trait variation might inﬂuence population and
community dynamics (Fussmann et al. 2000, Yoshida et
al. 2003, 2004, 2007, Becks et al. 2010, 2012). In prey
populations, plasticity-induced changes in defense traits
can occur readily within a generation and might lead to
rapid increases in individual ﬁtness without changes to
the genotype distribution, whereas natural selection can
drive genetic changes over multiple generations that lead
to more persistent trait change within populations. Such
differences in timescales are known to affect the stability
and dynamics of predator–prey models (Cortez 2011,
Schreiber et al. 2011), where adaptive phenotypic
plasticity tends to synchronize predator–prey oscillations and increase system stability (Yamaguchi et al.
2011, Kovach-Orr and Fussmann 2012) and rapid
evolution of prey traits tends to desynchronize cycles
and increase the lag between predator and prey
oscillations (Cortez 2011). In models that include prey
evolution the predicted increase in lag matches qualitatively with empirical work on the predator–prey
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dynamics of rotifers and algae in microcosm experiments (Yoshida et al. 2004, Becks et al. 2010, 2012). In
such experiments, the evolution of algal defense traits
can cause predator–prey cycles to shift from a quarterphase to a half-phase lag (Yoshida et al. 2003, 2004),
which is an effect that is unlikely caused by the mere
presence of phenotypic plasticity in algal defense traits
(Cortez 2011). However, algal species and strains can
also differ in the reaction norms of prey defense traits,
and there is considerable experimental work in some
species showing how plastic strains can increase
population stability of upper trophic levels (Verschoor
et al. 2004, Van der Stap et al. 2006, 2007). However,
less is known about how the dynamics of intrapopulation variation in prey defense traits, arising from the
combination of both genetic and plasticity differences
among strains, can affect the overall system dynamics.
In previous eco-evolutionary experiments with rotifers
and algae (Chlamydomonas reinhardtii ), prey evolution
was shown to occur via changes in the proportions of
genetically distinct strains over time, starting from
experimentally manipulated levels of standing genetic
variation (Becks et al. 2010, 2012). Among the prey
strains, there is presumed to be genetic variation
underlying the traits governing the trade-off between
growth rate and defense, such that at high rotifer density
grazing pressure causes evolution toward better-defended but slower-growing strains, whereas at low rotifer
density competition for limiting nutrients causes evolution towards poorly defended but faster-growing strains
(Yoshida et al. 2007, Becks et al. 2012). An important
evolving trait in these algal populations of Chlamydomonas reinhardtii is the propensity of cells to clump into
palmella, which are aggregates of multiple cells that have
lost their ﬂagella and are enveloped in a mucous
envelope. The palmelloid phenotype is thought to
provide resistance to both ingestion and digestion by
rotifers (Lurling and Beekman 2006, Van der Stap et al.
2009). Direct measurements of broad-sense heritability
of palmella formation in Chlamydomonas suggest that
this defense trait can be highly heritable in some strains
(Becks et al. 2010). In addition, contrasting patterns of
gene expression in a Chlamydomonas population (multiple strains) at different stages of the predator–prey
cycle suggest that multiple gene transcription pathways
might lead to a defended algal phenotype (Becks et al.
2012). However, there is also some evidence for the
induction of Chlamydomonas defenses in response to
rotifer predation (Lurling and Beekman 2006), as is
common in other algal species (Van der Stap et al. 2006,
Van der Stap al. 2009), and strain speciﬁcity in the
phenotypic response of Chlamydomonas to multiple
environmental stressors, including rotifer predation
(Fischer et al. 2012). Taken together, such previous
work suggests that a rotifer–Chlamydomonas model
system is useful for experimentally testing how intrapopulation variation in the reaction norms of prey
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TABLE 1. Parameter estimates (mean 6 SE) based on 48-h incubation experiments for each algal strain of C. reinhardtii, where
standing and total protection are calculated from the fraction of cells in palmella without and with rotifers, respectively.
Heritability
Parameters
Growth rates, q (cells/d)
Standing protection (s)
Induced protection (i )
Total protection (T )

CC125
a

1.14
0.10a
0.13a
0.31ab

6
6
6
6

0.05
0.03
0.06
0.11

CC2342
b

1.54
0.02a
0.09a
0.20a

6
6
6
6

0.12
0.01
0.04
0.07

CC2343
ab

1.48
0.05a
0.50b
0.62b

6
6
6
6

0.09
0.04
0.10
0.08

CC2344
b

1.57
0.43b
0.14a
0.56ab

6
6
6
6

0.12
0.11
0.03
0.10

2

H

Slope

0.85
0.80
0.50
0.65

0.99
0.98
0.95
1.0

Notes: Induced protection is calculated as described in Materials and methods: Strains and growth conditions. Broad-sense
heritability (H2 and the slope of the relationship between the trait measured in the parental generation [x-axis] and in a subsequent
generation [ y-axis]) is calculated following Becks et al. (2010). Signiﬁcant differences between strains (P , 0.05) are indicated with
superscripted lowercase letters based on Tukey’s post hoc test, following an ANOVA (means sharing a letter are not signiﬁcantly
different).

defense traits might affect eco-evolutionary dynamics
between predators and their prey.
Here, we experimentally tested how the phenotypic
and genetic variation among strains of an algal prey
population (Chlamydomonas reinhardtii ) can inﬂuence
the dynamics of a predator–prey system (one rotifer
species, two algal strains). To do this, we used
laboratory microcosm experiments with a rotifer predator (Brachionus calyciﬂorus) and a collection of
genetically different algal strains (Chlamydomonas reinhardtii ) that have quantiﬁable differences in both
growth rate and standing levels of defense (ﬁxed traits),
as well as in the reaction norm of one induced defense
trait (plastic trait). To test whether rotifers induce rapid
and functionally signiﬁcant phenotypic responses in our
algal strains, we measured protein expression of each
strain in the presence and absence of rotifers, and
assessed variation in expression across multiple functionally relevant groups of proteins (e.g., cell wall
structure, metabolism, energy conversion). We then
manipulated the starting phenotypic and genetic composition of the algal community so as to experimentally
test how different trait combinations between pairs of
strains affect overall predator–prey community dynamics. We developed a quantitative polymerase chain
reaction (qPCR) method that allowed us to track the
frequency of the two algal strains over the course of each
experiment. We then determined which trait differences
between competing algal strains was the most important
for explaining the observed community dynamics by
quantitatively comparing the outcome of our experiments to a range of eco-evolutionary models of varying
complexity. Overall, this allowed us to experimentally
test how variation in the origin of functional trait
variation within prey populations (i.e., genetic or
plastic) inﬂuences overall predator–prey dynamics.
MATERIALS

AND

METHODS

Strains and growth conditions.—In a previous study,
we documented differences between eight genetically
distinct strains of Chlamydomonas reinhardtii in terms of
their growth rate and protection against rotifer predation (Fischer et al. 2012). For the current study, we
selected two unpalatable strains (CC2343, CC2344) and

two palatable strains (CC125, CC2342), based on
previous feeding experiments (Fischer et al. 2012), and
quantiﬁed variation in three ecologically relevant traits,
including growth rate, standing protection (fraction of
cells clumped in palmella), and induced defense (induction of the palmelloid phenotype in the presence of
rotifers; Table 1). The four strains (CC125, CC2342,
CC2343, and CC2344 from the Chlamydomonas Resource Center, St. Paul, Minnesota, USA) and a clonal
population of the rotifer Brachionus calyciﬂorus Pallas
(Florida Aqua Farms, Dade City, Florida, USA) were
cultured in Talaquil media as described in Fischer et al.
(2012). To measure growth rates of the individual algal
strains we incubated them in 100 mL of fresh Talaquil
media at a concentration of 2 3 105 cells/mL. Algal
growth was determined by measuring chlorophyll
ﬂuorescence at 670–690 nm (excitation at 436–444
nm) at 0, 24, and 48 h.
To measure standing and induced levels of defense we
used a Leica DM IL inverted contrasting microscope
(Leica, Wetzlar, Germany) to determine the proportion
of total cells in palmella after a 48-h incubation either
without rotifers (standing protection) or with rotifers
(induced defense). Standing protection (s) is the
proportion of cells that are in palmella of at least two
cells compared to all cells present in the culture in the
absence of rotifers. Total protection (T ) is measured in
the same way but in the presence of rotifers. Induced
protection (i ) is calculated using the equation (1  T ) ¼
(1  s) 3 (R/g)i, where g is a threshold rotifer density
that initiates an induced defense (Table 2), and R is the
abundance of rotifers. This is a similar formulation used
in two previous models of plasticity of algal defenses
(Vos et al. 2004, Yamamichi et al. 2011). We assumed an
upper limit of 2 for i, given a maximum rotifer density of
50 individuals/L and a maximal increase in the
proportion of cells in palmella from s ¼ 0 to t ¼ 0.99.
We have chosen this simple model because it assumes a
ﬁxed threshold rotifer density for defense induction and
has a single free parameter to characterize variation in
induced defenses (Yamamichi et al. 2011); however, it is
also possible that strains vary in their threshold (g) or
exhibit different and more complex relationships between rotifer density and total protection.
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TABLE 2. Parameter estimates for the differential equations used to model predator–prey dynamics.
Parameter
bB
vB
Q*
KB
k
g
m
d
s0, s1
q0, q1
i0, i1

Value
2.25
125.0
0.05
0.15
0.8
5.0
0.055
0.69
in [0,1]
in [0.72,3.6]
in [0,2]

Unit

Description

Reference

d
no. rotifers/million algae cells
million algae cells/mL
million algae cells/mL
million algae cells/mL
no. rotifers/mL
d1
d1
dimensionless
cells/d
dimensionless

rotifer recruitment per capita
rotifer conversion
density for response switch
density for rotifer half-saturation
prey carrying capacity
induced defense threshold
rotifer mortality rate
dilution rate
degree of standing protection
intrinsic algal growth rate
degree of induced protection

this study
this study
Becks et al. (2010)
Becks et al. (2010)
this study
this study
Becks et al. (2010)
this study
this study
this study
this study

1

Note: Subscript B in bB, vB, and KB refers to breeding rotifers.

Protein expression analyses.—We used proteomics
(Martı́nez-Fernández et al. 2010, Silvestre et al. 2012)
to test whether our four algal strains that vary in
important functional traits (Table 1) also have different
protein expression proﬁles (i.e., a proteomic phenotype)
in the absence of predation, and whether rotifers induce
a signiﬁcant change in protein expression consistent with
a rapidly induced phenotypic response to rotifer
predation (i.e., within 48 h). To test this, we incubated
individual algal strains with and without rotifers,
separated the rotifers by ﬁltration, washed the algal
cells twice with sterile water, froze them in liquid
nitrogen, and stored them at 808C until further
processing. Protein extraction, quantiﬁcation, digestion,
and the following proteome proﬁling by 2D-LC-MS/MS
(two-dimensional liquid chromatography tandem mass
spectrometry) was done as described by Nestler et al.
(2012) with multidimensional protein identiﬁcation
technology (MudPIT) analysis in three independent
measurements that were combined to a total hit number
of individual protein in each sample. Raw ﬁles were
transformed to mascot generic format (mgf ) and peptide
hits were searched using the Open Mass Spectrometry
Search Algorithm (OMSSA) against the Joint Genome
Institute (JGI) Chlamydomonas protein sequence database Version 4.0 supplemented with 76 organelle
encoded proteins (available online).8 False discovery rate
for peptide hits was set to 1%. Putative contamination
by proteins from B. calyciﬂorus was determined with
protein sequence data from Caenorhabditis elegans,
another member of the Pseudocoelomata, because no
sequence data was available for B. calyciﬂorus. Protein
counts from three independent replicates of individual
conditions were merged resulting in a ﬁnal number of
2792 different proteins detected in at least one sample.
Counts for individual proteins were normalized with the
total number of protein counts for each sample and a Gtest, including a Benjamini-Hochberg correction, was
used for further data analyses of differently expressed
proteins. The P value cutoffs for the detection of
signiﬁcantly different expression was set to 0.01 and a
8

http://genome.jgi-psf.org/chlamy/chlamy.info.html

false discovery rate of 0.05 was applied to account for
multiple testing. Categorization of proteins to functional
groups was performed based on the MapMan annotation (Thimm et al. 2004). The relative fraction of
signiﬁcantly up- or down-regulated proteins in each
functional group was calculated by the ratio of
signiﬁcantly differently expressed proteins between
conditions to the total number of proteins detected
within this group in all samples.
Population dynamics and quantiﬁcation of strain
abundance with qPCR.—In order to determine how the
phenotypic and genetic variation among algal strains
can inﬂuence the overall dynamics of the predator–prey
system, we performed a series of experimental trials of
35-d duration where we measured the dynamics of two
algal strains and the rotifer population. We ran
duplicate trials that included rotifers and all possible
combinations of the two algal strains (for a total of 12
trials with rotifers), and additionally ran parallel trials in
the absence of rotifers (six trials without rotifers). We
used the trials without rotifers (N ¼ 6) to conﬁrm that
the observed differences in growth rate between
competing strains would lead to competitive exclusion
by the fasting growing algal strain over the 35-d trial.
We used the trials with rotifers (N ¼ 12) in combination
with models (see below) in order to test how different
types of trait variation within algal populations affect
the overall system dynamics.
All of our trials were conducted in 100-mL cultures,
and had a starting density of 1 rotifer/mL (for the rotifer
trials) and 105 cells/mL and for each algal strain in the
mixture. Cultures were incubated in continuous light
and diluted at a 1:5 ratio with fresh media every 2–3
days (i.e., 20% of the media was retained at each dilution
step) such that overall dilution rate for each trial was
0.69 d1. Rotifer population dynamics were quantiﬁed
by counting live individuals after each dilution step. In
order to ensure an accurate dilution rate of rotifers we
took three replicate samples before dilution and then
conﬁrmed that the actual diluted sample fell within this
range of expected post-diluted densities. Algal cell
numbers were calculated after each dilution using
ﬂuorescence data by linear extrapolation with a stan-
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dard curve averaged from strain-speciﬁc ﬂuorescence
data.
We developed a qPCR method to quantify the
dynamics of individual strains in the mixed algal
populations over multiple generations. Algal cells were
ﬁrst separated from rotifers by ﬁltration and subsequently washed with sterile water. DNA was extracted
using a DNA extraction kit (Stratagene, La Jolla,
California, USA) and analyzed with a Nanodrop ND1000 (NanoDrop Technologies, Wilmington, Delaware,
USA). We used 300 ng total genomic DNA for
quantiﬁcation of relative strain abundance in a nested
PCR approach where the second reaction involved a
quantitative real-time PCR (qPCR) reaction speciﬁc for
each individual strain. Details about genomic sequences,
ampliﬁcation procedure and efﬁciency, strain speciﬁcity,
and detection limits are described in the appendices
(Appendix A: Table A1, Appendix C: Fig. C1).
Modeling of population dynamics.—We adapted previous models of the rotifer–algal system (Fussmann et
al. 2000, Yoshida et al. 2003, Becks et al. 2010) so as to
allow for trait differences between strains in terms of
their growth rate, standing protection, and inducible
defense. Population dynamics of the two-prey and onepredator strain over 35 d were ﬁtted with a set of
differential equations adapted from Becks et al. (2010).
The model equations are


dC0
C0 þ C1
bR ð1  s0 Þg0 C0 R

¼ q0 C0 1 
vR ðKR þ maxfQ ; QgÞ
dt
k
 dC0
ð1Þ


dC1
C0 þ C1
bR ð1  s1 Þg1 C1 R

¼ q1 C1 1 
vR ðKR þ maxfQ ; QgÞ
dt
k
 dC1
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One of the assumptions of our modeling is that there
is a continuous ﬂux of nutrients and cells into and out of
the system, as would be observed in a chemostat. Unlike
many previous chemostat experiments that used similar
models (Becks et al. 2012, 2010), we have performed our
experiments in batch cultures with frequent dilutions to
approximate a chemostat environment. To make our
results more comparable to previous models and
experiments we established a dilution rate of 0.69 d1,
which allowed us to maintain the populations for longer
periods of time (e.g., 35 d) in order to potentially
observe multiple predator–prey cycles.
To determine which trait differences between algal
strains were necessary to best explain variation in the
community dynamics, we compared the ﬁt of eight
model variants in which strains differed in up to three
different trait values. Our simplest model variant is a
purely ecological model because we forced both strains
to have equal trait values. All other variants are ecoevolutionary models because we allowed differences in
mean trait values between the two strains, subject to
different combinations of the three constraints (s0 ¼ s1,
q0 ¼ q1, and i0 ¼ i1) that reﬂect different assumptions
about the trait variability between strains. We ﬁtted
each of our model variants to all replicates of our
rotifer trials (N ¼ 12), and ranked the models using
corrected Akaike information criterion (AICc; Burnham and Anderson 2002). Fitting was performed on a
parallel cluster using a Python implementation of the
sequential least squares programming (SLSQP) constraint optimization algorithm (Ho and Harrington
2010, Flamholz et al. 2013), which ﬁnds the best ﬁt of
the model where the parameter space is restricted by
pre-speciﬁed conditions, or constraints; in our case, a
combination of the three parameter equalities s0 ¼ s1,
q0 ¼ q1, and i0 ¼ i1 (Appendix B: Table B1). Using this
approach, we optimized the log-likelihood of the model
explaining the data

ð2Þ
LLðH j ^xÞ ¼ max
r

dR
bR RQ
¼
 dR  mR
dt
KR þ maxfQ ; Qg

ð3Þ

where C0 and C1 are abundances of algae and R is the
abundance of rotifers, g0 ¼ minf1, (R/g)i0 g and g1 ¼
minf1, (R/g)i1 g model the impact of inducible protection, and Q ¼ (1  s0)g0C0 þ (1  s1)g1C1 is the prey
availability taking into account both the standing and
the induced defense (where Q is the density of available
and undefended prey [i.e., the edible algal cells of C0 and
C1] and Q* is the critical prey density where the rotifer
functional response switches from type-I to type-II
[Becks et al. 2010]). The six variables (s0, s1, q0, q1, i0,
and i1) are the three trait values (for the two algal
strains, C0 and C1, respectively), namely standing
protection (s), growth rate, (q), and induced defense
(i ). Additional parameters are described in Table 2.

n
X

logð f ð^xi ; xi ðHÞ; r2 ÞÞ

ð4Þ

i¼1

where LL is log-likelihood, H ¼ (s0, s1, q0, q1, i0, i1) is the
vector of free parameters, ^x ¼ (x
^ 1, . . . ^xn) are the
experimental data, x(H) ¼ (x1(H), . . . xn(H)) are the
corresponding model predictions, and f (; l, r2) is the
normal probability density function with mean l and
variance r2. For reasons of efﬁciency, we simulated the
equations with a ﬁxed time-step (i.e., as difference
equations).
RESULTS
Phenotypic analysis.—We found signiﬁcant differences among strains in their growth rate, standing
protection, and induced defense (Table 1), and some
evidence for variation in the strength of trade-offs
between strains (Fig. 1). Initially we expected that fastergrowing strains would have lower levels of standing
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FIG. 1. Relationships between growth rate of four strains of Chlamydomonas reinhardtii and either standing protection in (A)
the absence of rotifers or (B) induced defense in the presence of rotifers. Lines between the two strains indicate the potential for the
presence of a trade-off between growth and defense.

protection, but this was not the case (Fig. 1A), as our
fastest-growing strain (CC2344) also had the highest cell
clumping (43% clumped) in the absence of predation
(i.e., high standing protection). In addition, one of our
strains strongly increased their cell clumping in the
presence of predation (e.g., CC2343: from 5% to 62%).
Such an induced defense could increase its competitive
ability against faster-growing strains (CC2342, CC2344)
leading to potentially strong trade-offs between induced
defense and growth (Fig. 1B).
The observed variation among strains in their induced
defense traits means that changes in the genotype
frequencies of algal strains over time could correspond
to the evolution of reaction norms within the prey
population. Previous work has found high values of
broad-sense heritability for both growth rate and
standing levels of protection (i.e., cell clumping) for
different strains (Becks et al. 2010). In our study, trait
differences among strains persisted over multiple generations when the strain was grown in the absence of
rotifer predation (Table 1). This is consistent with
previous work showing strain speciﬁcity of growth and
standing protection traits (Becks et al. 2010), while
additionally providing evidence for strain speciﬁcity of
inducible defense traits.
To further investigate the genetic basis of defense
traits and the phenotypic variability among our four
algal strains we quantiﬁed protein expression proﬁles of
each strain in the presence and absence of rotifers (Fig.
2A). From our analysis, we identiﬁed 2792 proteins to
compare expression proﬁles among strains with no
rotifer predation (Fig. 2A), and to compare within the
same strain in the presence and absence of rotifers (Fig.
2B). These comparisons among short-term growth
assays (48 h) revealed two important results. First, in
the absence of rotifers the algal strains differed strongly
in their protein expression across a broad range of
cellular functions (Fig. 2A). This suggests a high level of
genetic and phenotypic diversity among the strains, as
expected from the contrasting growth and defense

phenotypes of the strains (Table 1). Second, after 48 h
of rotifers being present we observed strikingly similar
responses of protein expression within certain functional
groups of proteins (Fig. 2B). For example, rotifers
caused all strains to up-regulate proteins involved in cellwall synthesis and general stress response, and, in
addition, caused either up- or down-regulation of
proteins involved in photosynthesis and protein synthesis (Fig. 2B). This suggests that rotifers can cause rapid
changes to a wide range of proteins that could be
associated with functional trait variation within algal
populations and could be relevant for understanding the
outcomes of predator–prey dynamics in our experimental system.
Competition experiments with and without predators.—
An important feature of our competition experiments is
that we are assessing competitive differences between
strains in terms of their maximum growth rate with
unlimited nutrients, as opposed to competitive ability at
limiting nutrient levels (Tilman et al. 1982). The
rationale for this approach is that our frequent dilutions
are replenishing nutrients sufﬁciently such that the
fastest growing will most likely persist through time in
the absence of rotifers. It is nevertheless possible that
competitive interactions among our strains will change
at different nutrient levels. For our experimental setup,
where we conducted pairwise competition trials between
algal strains without rotifers, we found that the fastergrowing strain nearly always became numerically
dominant over the course of the 35-d trials (Fig. 3B,
Appendix D: Fig. D1). The one exception to this was a
case where the two algal strains had a very similar
growth rate (CC2342 and CC2343; Fig. 3B). In trials
with rotifers, we judged the outcome of competition
based on changes in the relative abundance of cooccurring strains in the presence and absence of rotifers
over the same timescale (i.e., from day 9–35; Fig. 3B).
Consistent with the large growth and defense trait
variation among strains (Table 1), we found that the
outcome of competition between strains in the presence

3086

BEAT B. FISCHER ET AL.

of rotifers varied widely depending on the strain
combination. For example, we found cases where
predation seemed to (1) accelerate competitive exclusion (e.g., CC2344 vs. CC2342, CC2344 vs. CC125), (2)
promote coexistence (CC125 vs. CC2342), (3) hinder
coexistence by favoring the stronger-defended strain
(CC2343 vs. CC2342), (4) have no effect (CC2343 vs.
CC125), or (5) have contrasting effects among replicates (e.g., compare replicates of CC2344 vs. CC2343;
Fig. 3B). This latter effect could be explained if tradeoffs between growth and defense vary in either their
occurrence or strength in relation to rotifer density.
This appeared to be the case for the two replicate trials
with the strain that has the fastest growth rate and a
high level of standing defense (CC2344) and the strain
with a fast growth rate and the greatest induced defense
(CC2343; Fig. 3C).
Overall, such algal dynamics in these experiments
conﬁrm that eco-evolutionary dynamics are potentially
important, because strains with heritable trait variation
are changing in their frequency over time, and the
speciﬁc combination of strains seems to qualitatively
affect overall system dynamics (Appendix D: Fig. D2).
In order to quantitatively test which speciﬁc trait
differences among algal prey were the most important
for explaining overall community dynamics we compared the ﬁt of a suite of eco-evolutionary models to the
observed dynamics.
Comparison of eco-evolutionary models.—Our purely
ecological model, which allowed for plasticity in defense
but not for variation in plasticity between strains (i.e.,
no intrapopulation variation in reaction norms), was
never a likely explanation for the observed community
dynamics (Fig. 4, Appendix B: Table B1). Instead, the
most common best-ﬁtting model, which is an ecoevolutionary variant, allowed for differences between
strains in their inducibility of defense (Fig. 4). This
model variant performed particularly well when the
competing algal strains differed markedly in inducible
defense trait (Table 1); for example, when CC2343 was
present (Fig. 4, Appendix B: Table B1). By comparison,
eco-evolutionary model variants where only standing
protection differed between strains ﬁtted well to
competition trials where the strain with the highest
standing levels of protection was present (i.e., CC2344).
More generally, identifying the best-ﬁtting models
depends on the speciﬁc combinations of strains present
in the system and the size of the trait differences between
strains. Across all experiments, the ﬁtted model parameters matched well with independently measured trait
values (Appendix E: Fig. E1), providing additional
support for our models and ﬁtting procedure.
DISCUSSION
Although much is known about the evolution of
reaction norms (Stearns and Koella 1986, Thompson
1991, Scheiner 1993), research on the rapid evolution of
phenotypic plasticity is currently poorly integrated into
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studies on eco-evolutionary dynamics (Cortez 2011,
Ellner et al. 2011, Vasseur et al. 2011, Hanski 2012).
There is ample evidence for genetic variation of plastic
traits in natural populations (Via et al. 1995, WestEberhard 2003, Pigliucci 2005), and both compelling
theory and empirical examples demonstrating how such
plastic traits can evolve in response to selection (Via and
Lande 1985, Stearns and Koella 1986, Brakeﬁeld et al.
1996, West-Eberhard 2005). There are numerous examples in natural populations where plasticity could evolve
relatively rapidly; for example, from de novo mutations
during development (Brakeﬁeld et al. 1996), from
standing genetic variation underlying phenotypically
plastic traits (Tollrian 1995), and from selection on
reaction norms (Olsen et al. 2004). The presence of
heritable variation in the phenotypic response of
individuals to a range of environmental conditions
(Stearns and Koella 1986, Pigliucci 2005) opens up the
possibility that for a particular eco-evolutionary scenario the evolving trait could be the reaction norm of a
phenotypically plastic trait. Indeed, our experiments
show that we can add signiﬁcant explanatory power to
the ﬁt of eco-evolutionary models if we additionally
consider intrapopulation variation of prey reaction
norms.
In our experiments, genetically different prey strains
varied in their induced responses to predation, both at
the level of morphological changes associated with
palmella formation (Table 1) and at the level of protein
expression (Fig. 2). For example, strain CC2344 had the
highest palmella formation in the absence of rotifers
(Table 1) and signiﬁcantly overexpressed more proteins
involved in cell-wall synthesis compared to all other
strains (Fig. 2A). In the presence of rotifers, this strain
also dramatically increased levels of protein expression
across a broad range of functions (green line in Fig. 2B).
More generally, we found some striking similarities in
the proteomic responses of our algal strains to the
presence of rotifers (Fig. 2B), as all four strains
signiﬁcantly up-regulated the expression of proteins
associated with both cell wall synthesis and stress
response (Fig. 2B). If proteins involved in cell-wall
synthesis are associated with palmella formation during
predation stress (Becks et al. 2012), this would support
the notion that palmella induction has a genetic basis
and that its expression in response to rotifer density
varies among strains over short time periods. Although
we are a long way off from explaining the direct link
between variation in protein expression and the traits
governing community dynamics, our proteomic analyses
reveal clear strain-speciﬁc differences in expression
patterns across multiple functional groups of proteins
(Fig. 2B). This is consistent with there being variation in
plasticity among strains that is expressed in the presence
of rotifers over short time periods relative to the
observed predator–prey dynamics.
Variation in both growth and defense traits of our
experimentally assembled algal populations had signif-
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FIG. 2. Comparison of protein expression proﬁles of the strains CC125 (blue diamonds), CC2342 (black squares), CC2343 (red
circles), and CC2344 (green triangles) grown either in the absence (no-rotifer control) or the presence of rotifers for 48 h. Variation
in the percentage of signiﬁcantly different classes of expressed proteins (up- or down-regulation) for all detected proteins (number
in parentheses) were analyzed for various functional groups based on MapMan annotation (Thimm et al. 2004) by comparing
either (A) protein expression of one strain relative to all other strains, all in the absence of rotifers (among strain analysis), or (B)
the protein expression of each strain in the presence and absence of rotifers (within strain analysis). Classes of proteins are shown
on the x-axis and numbers in parentheses are the number of individual proteins in that class. The names of all the proteins in each
class are summarized in the Supplement (AnnotatedProteomics.csv).

icant impacts on overall community dynamics in
general, and on the outcome of competition between
prey strains in particular. In the absence of predation,
we found that the faster-growing strain always outcompeted the slower-growing strain over the 35-d trials

(Appendix D: Fig. D1) and that greater numerical
dominance was explained by bigger differences in
growth rate between strains independent of variation
in defense traits (Fig. 3B). In the presence of rotifers, the
outcome of competition between strains was more
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FIG. 3. (A) Representative graph of the population dynamics over 35 d of a pairwise competition trial of algae (dashed and
dotted lines) in the presence of rotifers (solid line). Strain CC125 (circles, dashed line) and strain CC2342 (diamonds, dotted line)
were initially mixed in a 1:1 ratio to a total density of 2 3 105 cells/mL with a rotifer density of 1 individuals/mL. (B) The average
ratio of strain 1 (top, slower growing) to strain 2 (bottom, faster growing) during day 9–35 for all strain combinations either in the
absence () or presence (þ) of rotifers in two replicates (solid and open circles for replicates 1 and 2, respectively). Strain
combinations are ordered from smallest difference in growth (left) to largest difference in growth (right). (C) Trade-offs (black
lines) between growth (q) and total defense (s þ i(R)) of different strains at two different rotifer densities (R).

variable, and seemed to depend on trade-offs between
growth and defense traits (Fig. 1). In one instance, for
example, rotifer predation allowed a slow-growing strain
with a strong defense (e.g., CC125) to better compete
with a fast-growing but less well-defended clone (e.g.,
CC2342; Fig. 3B). In other instances, where differences
in growth rate between strains were small, we found that

the most competitive clone in the presence of rotifers
either had a higher level of standing protection (CC2344
vs. CC2342) or a greater induction of defense (CC2343
vs. CC2342). In yet another instance, the outcome of
competition between two trials (CC2343 vs. CC2344)
depended on how growth–defense trade-offs between
strains varied with rotifer density (Fig. 3C). For
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FIG. 4. Summary of the number of best ﬁts
(i.e., the change in Akaike’s information criterion
corrected for small sample sizes [DAICc] ¼ 0) and
good ﬁts (DAICc , 2) for the ecological model
and eco-evolutionary models of varying complexity. The ﬁts were determined for each
pairwise competition trial (N ¼ 12) and based
on a range of models with different constraints on
the parameters (i, induced defense; s, standing
protection; and q, growth rate). An X indicates
that the parameter was allowed to differ between
strains during the model ﬁtting. The strain
combinations for each replicate are indicated by
half circles with different ﬁll (CC125, white;
CC2342, gray; CC2343, black; CC2344, striped),
and the star indicates a tie for the best-ﬁtting
model (Appendix B: Table B1).

example, strain CC2343 only outcompeted CC2344 at
high rotifer densities, where a potential trade-off could
emerge between total defense and growth rate (Fig. 3C).
Although we are unable to test the repeatability of such
outcomes with only two replicates for each pairwise
trial, our results are consistent with their being
intrapopulation variation in defense traits that have
functional consequences for predicting overall system
dynamics.
Previous research in this rotifer–algal system has
clearly demonstrated the interplay between the ecological and evolutionary effects that constitute eco-evolutionary feedbacks (Becks et al. 2010, 2012). The initial
evolutionary effect occurs because rotifers drive an
increase in the frequency of well-defended algal genotypes through time. Such predator-mediated prey
evolution has the ecological effect of lowering predator
population density and allowing prey populations to
subsequently increase. An eco-evolutionary feedback
occurs because prey evolution is subsequently mediated
by competition for resources in a low-predation
environment, eventually leading to prey genotypes with
faster growth rates and poorer defenses. Many of the
previous experiments in this system were run in
chemostats with a ﬁxed nutrient supply that allowed
for intense competition for resources at low rotifer
densities (Becks et al. 2010, 2012). However, we ran our
experiments in batch cultures that were diluted every few
days, meaning that competition for resources may have
been less intense. This does not preclude the possibility
of eco-evolutionary dynamics. In the absence of rotifers,
the fastest growing strains became numerically dominant over the course of the experiment, and in the
presence of rotifers there was a clear effect of predation
on the frequencies of different algal strains through time
(i.e., phenotypic evolution of the algal population). By
using different prey genotypes we could manipulate the
standing levels of intrapopulation variation in the
growth and defense traits of prey (Table 1), so as to
test which phenotypic differences are signiﬁcant predictors of overall community dynamics. Our observed

dynamics (Fig. 3B, Appendix D: Fig. D2) suggest that
combinations of prey strains with different growth rates,
standing levels of protection, and induced defenses
(evolutionary factors) qualitatively affected predator–
prey population dynamics (ecological factors). In order
to quantitatively conﬁrm this, we tested the ﬁt of our
observed community dynamics to a range of ecoevolutionary models (Fig. 4).
The poor ﬁt of our ecological model to all of our
experimental trials conﬁrms previous work in this
system showing that the mere presence of phenotypic
plasticity is unlikely to explain the observed algal–rotifer
community dynamics (Fussmann et al. 2000, Yoshida et
al. 2003, 2004, Becks et al. 2010, 2012). Indeed, it is the
genetic differences among algal strains underlying
growth–defense trade-offs that strongly inﬂuences the
outcome of predator–prey dynamics (Yoshida et al.
2003, Becks et al. 2010). This is also supported by the
observation that multiple strains isolated from a mixed
algal community exhibited strong heritability of the
clumping phenotypes (Becks et al. 2010). However, we
additionally ﬁnd that the best-ﬁtting eco-evolutionary
model allows for intrapopulation variation in inducible
defense traits between prey genotypes (Fig. 4). This
suggests that intrapopulation variation in the reaction
norms of plastic traits (i.e., induced defense) can be an
important component of eco-evolutionary dynamics
(Chevin et al. 2012, Cameron et al. 2013), and that
trade-offs among such traits can inﬂuence both the
likelihood of coexistence and overall community dynamics.
Overall, our results contribute to multiple, but poorly
integrated, lines of research within the broad ﬁeld of
eco-evolutionary dynamics. For example, we provide
additional evidence that (1) rapid evolution occurs over
timescales that are relevant for understanding ecological
dynamics (Hairston et al. 2005, Ellner et al. 2011), (2)
genetic variation of primary producers can strongly
affect not only the structure (Crutsinger et al. 2006,
Johnson 2010) but also the dynamics of upper trophic
levels (Keith et al. 2010, Whitham et al. 2012), and that
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(3) variation in phenotypic plasticity can underlie the
dynamics of interacting populations (Coulson et al.
1998, 2006, Pelletier et al. 2007, Cameron et al. 2013).
Related to this last point, our work highlights the
importance of considering the combined effects of
phenotypic plasticity and genetic diversity on community dynamics (Yamamichi et al. 2011, Kovach-Orr and
Fussmann 2012). There is ample evidence for genetic
variation of plastic traits in natural populations (Via et
al. 1995, West-Eberhard 2003, Pigliucci 2005), and both
compelling theory and empirical examples demonstrating how such traits can evolve in response to selection in
general (Via and Lande 1985, Stearns and Koella 1986,
Brakeﬁeld et al. 1996, West-Eberhard 2005), and to
predator-mediated selection in particular (Arnqvist and
Johansson 1998, Beldade and Brakeﬁeld 2002, Relyea
2003). Our work suggests that variation in plastic traits
could underlie the phenotypic changes associated with
certain eco-evolutionary dynamics (Hanski 2012), and
highlights the need for more comparative and experimental work exploring how trait variation that is either
genetically or environmentally induced can inﬂuence
eco-evolutionary dynamics in natural populations.
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