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Eco-evolutionary dynamics in freshwater systems
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ABSTRACT

There is an increasing recognition that evolutionary dynamics may occur at timescales that are sufficiently rapid to impact ecological
responses to environmental change and influence ecological dynamics. In the development of the emerging paradigm of eco-evolutionary
dynamics, studies of freshwater organisms have been very important. Here we highlight a number of key observations and achievements,

and point to remaining challenges.
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ECO-EVOLUTIONARY DYNAMICS

Ecological and evolutionary processes have largely
been studied separately, yet growing evidence suggests
that ecological and evolutionary dynamics can occur at
the same temporal and spatial scales (Hendry and Kinni-
son, 1999; Hairston et al., 2005). This implies that there
is potential for a wide range of interactions between eco-
logical and evolutionary processes (Hairston et al., 2005;
Thompson 2005; Schoener 2011). Evolutionary change
may potentially influence population (Pelletier et al.,
2009), community (Urban et al., 2008) and ecosystem dy-
namics (Fussmann et al., 2007; Matthews et al., 2011). If
eco-evolutionary interactions are widespread under natu-
ral conditions, they may fundamentally alter the way pop-
ulations, communities and ecosystems respond to
environmental gradients and change (Fussmann et al.,
2007; Urban et al., 2008; Pelletier et al., 2009). Ignoring
these interactions can distort our predictions of biological
responses to human impact, such as fisheries (Olsen et al.,
2004), land use and urbanization (Cheptou et al., 2008),
and climate change (De Meester et al., 2011; Urban et al.,
2012). For instance, urbanization drives seed trait changes
in plants (Cheptou et al., 2008), which may feedback,
through their effect on dispersal, on metapopulation and
metacommunity structure of plant species at a regional
level. Eco-evolutionary dynamics may often be important
in the case of anthropogenic change, as it has been
claimed that eco-evolutionary dynamics will be especially
important in the case of strong selection pressures and ex-
treme environments (Hanski 2012).

The field of eco-evolutionary dynamics integrates in-
sights from ecology and evolution and may fundamentally
change our understanding of ecological and evolutionary
processes. A prerequisite in the study of eco-evolutionary
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dynamics is that both ecological as well as evolutionary
processes are considered. Eco-evolutionary interactions
imply that ecological processes influence evolutionary
change, evolutionary change impacts ecological processes,
or both, and that these interactions happen at overlapping
time scales. Evidence for evolution occurring on timescales
potentially overlapping with ecological processes has in-
creased steadily in the past 20 years (Thompson, 1998;
Hendry and Kinnison, 1999) and has contributed greatly to
the development of the concept of eco-evolutionary feed-
backs. This research direction has precedent in studies of
character displacement (Aarssen, 1983; Chesson 2000;
Schluter 2000), colonization dynamics (Roughgarden,
1972; Parsons, 1983) and stress ecology (Antonovics,
1972). However, proof of the principle that genotypic iden-
tity strongly impacts ecological dynamics (Yoshida et al.,
2003; De Meester et al., 2007; Fukami et al., 2007; Venail
et al., 2008; Harmon et al., 2009) and that these changes
can occur over short time spans (Hairston et al., 2005;
Becks et al., 2012) have only relatively recently inspired
the idea that eco-evolutionary dynamics may be common
and may strongly impact the ecological dynamics we ob-
serve in nature. Understanding the impact of eco-evolution-
ary dynamics may be crucial to better understand both
ecological and evolutionary dynamics.

We refer to eco-evolutionary feedbacks if both direc-
tions of the interaction, ecology influencing evolution and
evolution influencing ecology, are studied and observed
in the same system. Here one can differentiate between a
very strict definition of a feedback, where the evolution-
ary change in the trait value feeds back on the same eco-
logical process that caused the trait to change (e.g.,
predation impacting the evolution of a defence trait that
immediately impacts predation rates), or a more relaxed
definition where the feedback can also involve other eco-
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logical processes (e.g., predation impacting the evolution
of a defence trait that impacts competitive strength or
host-parasite dynamics). We here use the relaxed defini-
tion, referring to any feedback between ecological and
evolutionary processes. There are still relatively few stud-
ies that considered the complete feedback loop of ecolog-
ical processes leading to evolution and the resulting
changes feeding back to ecological processes. A strong
example is given by the evolution of grazing resistance in
the alga Chlamydomonas caused by changes in predator
(rotifer) densities impacting subsequent rotifer dynamics
(Becks et al., 2012). Many studies rather provide proof of
concept for parts of the feedback process (De Meester et
al., 2007; Harmon et al., 2009) or focus on the impact of
phenotypic trait variation without explicitly considering
genotypic trait variation (Palkovacs and Post 2009; Walsh
et al., 2012). These latter studies certainly provide con-
vincing evidence for the potential of strong eco-evolution-
ary feedbacks, but rely on the assumption, often
substantiated through references to heritabilities of the
traits studied as quantified by other studies, that the phe-
notypic differences are linked to genetic differences. Sim-
ilarly, studies quantifying only the effect of genotype
identity on ecological dynamics provide strong indica-
tions for the potential impact of eco-evolutionary feed-
backs, but rely on the assumption that the differentiated
genotypes used in the experiments are the product of re-
cent evolution. For instance, De Meester et al. (2007)
showed that genotype identity in the water flea Daphnia
magna can influence community assembly in zooplank-
ton. While the genotypes used in this experiment were iso-
lated from neighbouring populations that were connected
until a few years before the study, this study did not doc-
ument the full process of genetic differentiation in the two
ponds and its feedback on community composition.
Evidence that eco-evolutionary dynamics may be
widespread may lie in the fact that they have been con-
sidered and quantified in studies from several ecological
fields. Eco-evolutionary dynamics are observed in evolu-
tionary demography, as evolutionary change in trait values
alters fitness, which feeds back on population dynamics
(Pelletier et al., 2007; Ozgul et al., 2009; Ozgul et al.,
2010; Smallegange and Coulson 2013). Similarly, eco-
evolutionary dynamics have been considered extensively
in studies of host-parasite and other co-evolutionary dy-
namics (Thompson, 2005). For example, genotype iden-
tity and associated virulence and resistance impacts
disease spread, population dynamics and epidemiology
(Duffy et al., 2009). These examples indicate that the
recognition of dynamic interactions between ecological
and evolutionary processes and their importance is not
new. However, one should not derive from this that eco-
evolutionary dynamics is just a new term to refer to obvi-
ous and widely recognized dynamics. The field incites so

much enthusiasm because eco-evolutionary dynamics can
explain substantial portions of biological systems that the
study of ecology or evolution in isolation cannot, and this
increased understanding has important practical benefits,
for instance in predicting changes in community and
ecosystem properties or responses to anthropogenic envi-
ronmental change.

ECO-EVOLUTIONARY DYNAMICS:
AQUATIC SYSTEMS AS MODELS

While powerful studies of eco-evolutionary dynamics
have been carried out on terrestrial (Crutsinger et al.,
2008; Poisot et al., 2011; Agrawal et al., 2013) and marine
(Reusch et al., 2005) systems, it is striking that many stud-
ies of eco-evolutionary dynamics and feedbacks have
been carried out using freshwater systems (see further).
We see several reasons for this. First, freshwater systems
are clearly delineated habitats in a terrestrial matrix,
which makes it easy to determine the boundaries of pop-
ulations and determine connectivity among populations.
This is a major advantage of ponds and lakes (De Meester
et al., 2005) but also holds for rivers, where connectivity
is high within but low among river catchments and species
such as fish are bound by direct hydrological connections.
Most studies of eco-evolutionary dynamics in freshwater
systems indeed either focus on lake and pond populations
or on lakes or pools that are interconnected by rivers.
Three-spine sticklebacks independently colonizing lakes
in northern Canada and showing parallel radiations (Bar-
rett et al., 2008; Jones et al., 2012), alewives in land-
locked or connected lakes (Palkovacs and Post 2009), and
guppies in pools of tropical streams (Bassar et al., 2012)
are all examples of river-connected study systems fea-
tured in eco-evolutionary research. In addition to offering
well-delineated habitat patches in a hostile matrix, the dif-
ferences in ecological conditions among even neighbour-
ing aquatic habitats are often strong, such as when habitats
differ in the presence of dispersal-limited predators
(Reznick et al., 1990; Orsini et al., 2012).

Eco-evolutionary impacts of (genetic) intraspecific
variation on ecological dynamics are clearly not restricted
to freshwater systems, as local adaptation similarly occurs
in terrestrial and marine habitats. However, clearly delin-
eated habitats such as ponds and lakes, river systems, tidal
pools, isolated rocky outcrops, forest fragments, efc. pro-
vide appropriate sampling units. Many aquatic species are
also excellent candidates for studying eco-evolutionary
feedbacks for the same reasons they are model ecological
or evolutionary organisms - ease of culture, short genera-
tion times, small body sizes enabling the establishment of
large populations in controlled experiments, and repro-
duction cycles that allow working with clonal lineages.
These features apply to the water flea Daphnia (Miner et
al., 2012), rotifers (Becks et al., 2012) and protists (Bell,
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2013). Essential features of aquatic systems, especially
ponds, are also relatively easy to capture in cattle tanks
and mesocosms, which enables replicated controlled ex-
periments under semi-natural conditions (Spivak et al.,
2010; Logue et al., 2011). Mesocosm studies can incor-
porate complexities such as multiple trophic levels within
relatively small systems (Verreydt ef al., 2012). This in
principle allows one to carry out experiments offering dif-
ferent conditions in mesocosms to quantify evolution in
these systems, and to subsequently measure the impact of
this evolution on ecological interactions (Matthews ef al.,
2011). Finally, aquatic organisms with sufficiently small
body sizes and fast generation times can also be cultured
under highly standardized constant conditions using
chemostats (Yoshida et al., 2003; Becks et al., 2012). This
is a powerful approach to create constant environmental
conditions that allow very controlled selection pressures
and detailed monitoring of population dynamics, the ver-
satility of which is being increasingly explored in power-
ful studies aimed at detecting the mechanisms underlying
eco-evolutionary feedbacks (Becks et al., 2012). Another
interesting feature of aquatic systems that has yet to be
exploited in the framework of eco-evolutionary dynamics
is the possibility to reconstruct evolutionary dynamics
from layered dormant egg banks (Jeppesen et al., 2001;
Orsini et al., 2013). In systems with a well-documented
history of ecological change and associated evolutionary
dynamics (Cousyn et al., 2001; Hairston et al., 2001) it
should be possible to also quantify the impact of the ob-
served evolutionary changes on ecological processes.

CASE STUDIES

We next highlight the results of selected studies that
explored eco-evolutionary dynamics in inland aquatic sys-
tems. These examples illustrate interesting features and
knowledge gaps while also addressing the potential im-
portance of eco-evolutionary dynamics and how eco-evo-
lutionary dynamics can be studied using different
approaches and model systems. This overview is not in-
tended to be complete but rather to inspire further reading,
as there are an increasing number of exciting studies of
an increasing variety of systems to be discovered.

Rotifer-algae predator-prey dynamics

Some of the best-developed studies of eco-evolution-
ary dynamics involve unicellular algae, Chlorella vulgaris
and Chlamydomonas reinhardtii, and one of their preda-
tors, the rotifer Brachionus calyciflorus. Using C. vul-
garis, Yoshida et al. (2003) showed that the predator-prey
cycles in chemostats differed substantially depending on
whether genetically uniform or genetically diverse algae
were present. Uniform cultures led to short predator-prey
cycles and a typical quarter-phase time lag between prey

and predator peak densities, while much longer, out-of-
phase cycles were observed, and predator and prey peak
lags nearly out of phase were observed with genetically
diverse cultures. These results agreed with predictions of
a model that incorporated evolution of anti-predator traits
in the algae, but could not be explained by non-evolution-
ary models (Shertzer et al., 2002; Yoshida et al., 2007).

These studies are complemented by the study of Becks
et al. (2012), which used a different algal species, C. rein-
hardtii. This species demonstrated similar population dy-
namic patterns in the presence of B. calyciflorus and,
unlike C. vulgaris, possesses a heritable defence trait
(clump formation, which reduces the effectiveness of
gape-limited predation) that can be tracked visually. The
complete genome sequence available for C. reinhardtii
also permitted tracking suites of genes whose expression
changed in concert with the degree of cell clumping.
Becks et al. (2012) clearly linked population cycles in the
presence of rotifers to fluctuating selection for cell clump-
ing and to corresponding changes in expression of genes
associated with defence. Trait evolution followed the dy-
namics expected from models that explicitly considered
evolution. Following the methods developed by Ellner et
al. (2011), they also compared the relative influence of
evolving algal clump formation and ecological changes
in algal density on rotifer population dynamics and found
their influence was of a similar magnitude and that evo-
lutionary dynamics were antagonistic to ecological dy-
namics, thus buffering overall fluctuations in population
densities (Becks et al., 2012). This latter result is impor-
tant, as it suggests that eco-evolutionary dynamics may
often be important in reducing rather than enhancing eco-
logical dynamics, and may thus be important in systems
where one would not expect them because the observed
dynamics in population size or community composition
are minor. Finally, Becks ef al. (2012) also used transcrip-
tomics to link genotypic trait values in antipredator de-
fence to gene regulation. Interestingly, while they detected
typical cycles in gene expression, these were not repeat-
able at the gene level, indicating that phenotypic trait
changes in different cycles may be mediated by different
combinations of genes. This observation cautions against
overly optimistic embracing of genomic tools as an easy
replacement of quantitative genetics. In this study, the re-
sults were much more repeatable and easy to interpret at
the level of genotypic trait values than at the level of gene
expression.

While this system produced arguably one of the best
empirical studies of eco-evolutionary dynamics so far,
with a thorough understanding of both dynamics and
mechanisms, some gaps remain. Chemostats are very con-
trolled and simplified systems that deviate strongly from
the complexities in the natural world, both in terms of
species richness as well as in the complexity and variation
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in environmental conditions. One critical extension would
be to test the impact of evolutionary dynamics in a com-
munity setting, where the algae consist of different species
with unique defence mechanisms. Algae differing in de-
fence traits would probably experience differential
changes in relative abundances due to predation. It would
be very revealing if one could document to what extent
under these conditions evolutionary dynamics would still
have an important impact on predator-prey dynamics (de
Mazancourt et al., 2008). Establishing evidence in more
diverse communities will be crucial in showing that eco-
evolutionary dynamics may be important in well-estab-
lished natural settings beyond the colonization phase. In
arecent paper, Hultinen ef al. (2013) report the population
dynamics in chemostats with two predators and one prey
species. This paper did not explore the impact of evolu-
tion, but illustrates that complexity rapidly increases when
intraguild predation is included in the system.

Daphnia genotype identity and community assembly

De Meester et al. (2007) tested whether establishment
success of an invading zooplankton community in a
Daphnia magna population differs depending on the ge-
netic identity of the resident D. magna populations. They
inoculated D. magna genotypes from two ecologically
different ponds at identical densities and genetic diversity
(eight clones) into mesocosms and let them establish a
stable population before inoculating a species rich zoo-
plankton community and monitoring establishment suc-
cess of these immigrants during four consecutive weeks.
They found that establishment success of immigrant zoo-
plankton differed strongly among treatments with the two
different population origins of the D. magna clones. Pan-
tel et al. (2011) obtained complementary results using dif-
ferent D. pulex-pulicaria populations, finding differential
success of populations invading mesocosms with estab-
lished zooplankton communities. Both these studies thus
provide strong empirical support for community assembly
being impacted by genetic identity. Similar proof of con-
cept has been obtained in studies of plant communities
(Vellend, 2006; Crutsinger et al., 2008). All of these stud-
ies, however, demonstrate that intraspecific genetic vari-
ation impacts community structure but not that the
differences in genotype identity were the result of recent
evolution. These authors thus used existing intraspecific
standing genetic variation rather than evolutionary dy-
namics to show that evolution might impact community
attributes. There is much evidence for rapid evolution in
Daphnia (Miner et al., 2012) and in the case of De
Meester et al. (2007) the two populations from which the
genotypes in the experiment were isolated were connected
until a few years before the experiment. This strengthens
the indications of a potential effect of rapid local adapta-
tion on community assembly. Yet, at this stage, these stud-

ies only provide direct evidence for the evolution-to-ecol-
ogy part of the feedback loop.

Stream guppies and ecosystem dynamics

Studies on the Trinidadian guppy, Poecilia reticulata,
and the stream ecosystem they inhabit hint at a range of
factors possibly driving eco-evolutionary dynamics. By
combining mathematical models, stream flow-through
mesocosms, and in situ manipulations of stream pools, a
strong influence of guppy phenotype on ecosystem
processes could be demonstrated and important advances
were made towards clarifying the mechanism of this in-
fluence (Palkovacs et al., 2009; Bassar et al., 2010; Bassar
et al.,2012). In experimental streams, the effect of guppy
phenotype on factors such as primary productivity, de-
composition, and nutrient flux was as large or larger than
the effect of guppy invasion or of doubling guppy density
(Palkovacs et al., 2009; Bassar et al., 2010). Bassar et al.
(2012) also evaluated the effect of both direct pathways,
such as invertebrate consumption, and indirect pathways,
such as loss of invertebrate nutrient input via excretion,
on eco-evolutionary dynamics and found that indirect ef-
fects of differing magnitude mediated the effect of guppy
phenotype on stream ecosystems. Another remarkable
study simultaneously evaluated the effects of guppy inva-
sion, guppy phenotype, and guppy coevolution (Palko-
vacs et al., 2009). Killifish-guppy coevolution (the
addition of guppy in experimental streams with killifish
from the same or different native streams) affected total
invertebrate biomass and decomposition rates more than
the ecological process of simply adding guppies to
streams, suggesting that the source of invading guppies
may be much more important for stream ecosystems than
their invasion.

Cascades of eco-evolutionary dynamics

Trophic cascades are important in aquatic ecosystems
(Pace et al., 1999), and one may thus expect phenotypic
variation in a top predator to mediate eco-evolutionary dy-
namics at lower trophic levels. Landlocked alewife (4/osa
pseudoharengus) populations independently evolved mul-
tiple times from a core ancestral anadromous population
(Palkovacs et al., 2008) and their phenotypic differences
have been linked to heritable life history variation among
associated lake Daphnia ambigua populations (Walsh and
Post, 2011, 2012). A subsequent study (Walsh et al., 2012)
showed that faster growth rates of Daphnia from lakes with
anadromous alewives impacted algal development and thus
potential ecosystem characteristics. This study nicely illus-
trates the potentially strong impact of phenotypic differ-
ences in top predators cascading down to biomass of
primary producers and ecosystem characteristics such as
net primary production. It evaluates the impact of intraspe-



Freshwater systems dynamics 197

cific phenotypic variation, as the link between phenotypic
and genetic differences in alewife populations is indirect.
Also, while the authors provide evidence for parallels be-
tween their experimental results and the dynamics of zoo-
and phytoplankton in lakes without alewives, with land-
locked alewives and with anadromous alewives, strong
conclusions are difficult as this comparison assumes that
the studied lakes only differ in phenotype of alewives. The
occurrence of anadromous alewife populations differs
across lake types, so it is unclear to what extent the differ-
ences observed among lakes result from timing of alewife
predation pressure or from the phenotypic differences
among the populations (Walsh et al., 2012). Despite these
limitations, this case study thus far provides the strongest
evidence for the potential that evolution of trait values in
specific species impacts eco-evolutionary dynamics at mul-
tiple trophic levels.

One very important argument for the importance of eco-
evolutionary dynamics is the commonality of adaptive ge-
netic polymorphism and local adaptation. Populations have
been shown to genetically track environmental changes
within short time spans from months to years. Rapid adap-
tive evolution has been reported in experimental evolution
trials using algae (Bell 2013) and in selection experiments
on sticklebacks (Barrett ef al., 2008), has been documented
from local genetic adaptation in pigmentation in Asellus
aquaticus (Hargeby et al., 2005; Eroukhmanoff et al.,
2009), and is a recurrent observation in studies of the water
flea Daphnia, e.g. with respect to thermal adaptation (Van
Doorslaer et al., 2009a; Van Doorslaer et al., 2010), resist-
ance to pollution (Jansen et al., 2010; Jansen et al., 2011),
salinity (Latta e al., 2012), UV tolerance (Miner and Kerr,
2011), parasites (Ebert, 2005; Decaestecker et al., 2007),
and predation (Cousyn et al., 2001; Fisk et al., 2007, Latta
et al., 2007). Van Doorslaer et al. (2009b) showed that rapid
genetic adaptation reduced establishment success of pre-
adapted, immigrant genotypes, suggesting an eco-evolu-
tionary feedback loop that can potentially affect genetic
structure of the species at the regional scale.

CHALLENGES

The above case studies show that eco-evolutionary dy-
namics are potentially a strong structuring factor of pop-
ulation, community and ecosystem attributes and
dynamics. Each of these case studies has strengths and
weaknesses, but collectively they provide strong proof of
principle that eco-evolutionary dynamics should not be
ignored in our efforts to explain the dynamics and char-
acteristics of natural systems. They also show that it is dif-
ficult to capture in one study both the complexity of the
full eco-evolutionary feedback and its dynamics, and that
often shortcuts are used - using ecotypes or genetically
distant lineages drawn from existing standing genetic
variation at the population or regional level, or focusing

on phenotypic differences. The latter approach is, how-
ever, risky, because phenotypic differences may be medi-
ated by phenotypic plasticity, causing incorrect inference
of evolutionary dynamics.

The overall message from this brief account is that
there is ample evidence for evolutionary changes occur-
ring in the same time span as ecological change and that
the potential of these evolutionary changes to feedback
on the dynamics and nature of ecological processes is sub-
stantial. We have related proof of principle for feedbacks
at the level of interactions among species and the resulting
population dynamics, community composition and
ecosystem characteristics. There is, in other words, much
potential in natural systems for eco-evolutionary dynam-
ics. However, one key challenge that remains is learning
the degree to which eco-evolutionary dynamics impact
the patterns observed in nature. How much insight in pat-
terns and dynamics of populations, communities and
ecosystems do we gain by incorporating eco-evolutionary
dynamics? There is a strong need for studies that assess
the relative importance of ecological and evolutionary dy-
namics in nature and relate this to regional and local
species diversity, as well as to landscape, environmental
and species characteristics. To advance both fundamental
and applied science, it is critical to develop approaches
that combine ecological and evolutionary processes across
natural landscapes. In addition to studying the impact of
eco-evolutionary dynamics in natural landscapes, exper-
imental studies must also increase the ecological com-
plexity considered in their design, to obtain insight on
whether this reduces or increases the importance of evo-
lutionary dynamics. The field of eco-evolutionary dynam-
ics will also benefit from studies that link genes and gene
expression to genotypic trait values. We believe there are
exciting times ahead as these perspectives are realized and
feel that aquatic systems and model species are likely to
play a significant role in this realization.
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