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Predators can strongly influence prey populations through both consump-
tive and non-consumptive effects. Nevertheless, most studies have focused
on the consumptive effects in driving evolutionary changes. By integrating
experimental evolution and resurrection ecology, we tested the roles of
non-consumptive and consumptive effects in driving evolution in a Daphnia
magna population that experienced strong changes in fish predation
pressure. All resurrected genotypes were pooled, inoculated in outdoor
mesocosms, and exposed to free-fish or caged-fish treatments. Non-
consumptive effects induced rapid, repeatable changes in the clonal
composition and associated genotypic trait changes that were similar in
magnitude and direction to those imposed by killing. Both non-consumptive
and consumptive effects caused a shift towards a dominance of the high-fish
period clones that can perform better under fish predation, and this may be
explained by the higher intrinsic growth rate of the high-fish period clones
under predation risk. The genotypic trait changes (e.g. reduced body sizes,
earlier maturation, more and smaller offspring) of the Daphnia in the meso-
cosm experiments were in the same direction as the adaptive trait shifts
observed in situ through resurrection ecology. Our results demonstrate
that non-consumptive effects can induce rapid adaptive evolution and
may represent an overlooked driver of eco-evolutionary dynamics.
1. Introduction
Predators play a pivotal role in population, community and ecosystem ecology
[1]. Predators can affect prey in two ways: through consumptive and non-
consumptive effects [2–4]. Direct killing is well known as a strong selective
agent that may cause rapid adaptive evolution in prey populations [5–7].
Non-consumptive effects in turn are well known to plastically induce changes
in prey life history, behaviour, morphology and physiology [8–10], and may
even cause mortality [11–13]. Nevertheless, non-consumptive effects have
been understudied as a selective agent and the potential role of non-
consumptive effects in driving rapid evolution remains untested. Quantifying
and contrasting both types of predator effects that co-occur in nature is crucial
because they may be of the same magnitude [1], yet may differ in direction [12].
For instance, if the development of costly defences induced by non-
consumptive effects results in a lower fitness of the prey in the absence of
actual killing [14], one may expect that there would be selection against individ-
uals that are very sensitive to predator kairomones in conditions where the
predator does not impose a real threat.
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Two powerful ways to study rapid evolution are exper-
imental evolution [15], where a selective factor is directly
imposed on experimental populations, and resurrection ecol-
ogy [16], where subpopulations separated in time of a natural
population that underwent known changes in a selective
factor are resurrected to reconstruct evolution as it occurred
in nature [17,18]. Both approaches have been widely used,
and by integrating both approaches, one can obtain a power-
ful test of hypotheses in a controlled and replicated way on
whether specific selective factor(s) can drive evolution
along the trajectory as observed in nature. When using preda-
tors as a selective factor, experimental designs including
treatments with a caged-fish or free-fish predator would
allow disentangling the non-consumptive and consumptive
effects in driving rapid evolution.

Here, we carried out experimental evolution trials under
replicated, semi-natural outdoor conditions to test, and com-
pared the roles of non-consumptive and consumptive effects
in driving rapid evolution in the water flea Daphnia. We capi-
talized on a resurrection study of a natural population of
Daphnia magna in which evolution was quantified across
three historical fish-stocking periods with distinct selection
pressures: no fish predation pressure (pre-fish), high fish pre-
dation pressure (high-fish) and reduced fish predation
pressure (reduced-fish) [6,19]. We then carried out exper-
imental evolution trials with the three subpopulations
matching these historical fish-stocking periods under three
mesocosm treatments: no fish present (no-fish), a caged fish
(caged-fish, where fine gauze prevented direct predation)
and a free fish (free-fish). The experimental mesocosm popu-
lations were composed of an equal mixture of six clones from
each of the three resurrected subpopulations matching the
historical fish-stocking periods that were studied earlier
[6,19]. After six weeks of selection, we quantified shifts in
clonal composition of each experimental Daphnia population,
and found that not only direct killing but also non-consump-
tive effects itself favoured the D. magna clones from the high-
fish period that can better deal with fish predation. By inte-
grating the shifts in clonal composition with the previously
determined genotypic trait values for 14 life-history, mor-
phology and behaviour traits [6], we reconstructed the
evolutionary shifts of the multivariate genotypic trait values
for the experimentally selected populations and compared
these with the resurrected natural population. This approach
enabled us to directly compare the outcome of the exper-
imental evolution trials with realized evolutionary
trajectories in nature. We found that the genotypic trait
changes in the experimental mesocosm populations were
similar under non-consumptive effects and under direct kill-
ing, and moreover in the same direction as those in the
natural population under fish predation pressure. These
results show that non-consumptive effects may induce
rapid adaptive evolution of anti-predator traits in prey
populations, and thus may be an overlooked driver of
eco-evolutionary dynamics between predators and their prey.
2. Material and methods
(a) Daphnia population and laboratory culture
Clones of D. magna were hatched from dormant eggs retrieved
from layered sediments of a natural pond in Oud-Heverlee,
Belgium (50°50022.1600 N, 4°39018.1600 E). This pond has a
well-documented historical record of fish abundance over 30
years: no fish stocking in the first years after digging from 1970
to 1972 (‘pre-fish’ period); high fish stocking (greater than
250 kg ha−1) from 1976 to 1979 (‘high-fish’ period); and reduced
fish stocking from 1988 to 1990 (‘reduced-fish’ period) [19]. Rest-
ing eggs were hatched from three depths of a sediment core,
corresponding to these three historical fish stocking periods
[19]. The low genetic differentiation in neutral microsatellite mar-
kers among clones of the three periods indicates that they are one
continuous population [19]. For the current study, we used six
clones of each resurrected subpopulation matching the historical
fish-stocking periods (total of 18 clones), a subset of the clones
used in a previous study [6]. Clonal lineages were established
and kept in the laboratory prior to the experiment. The prob-
ability of mutations impacting the genotypic trait values of
individual clones is low even over a period of 15 years due to
the low annual turnover in individuals [20].

To prepare the experiment, we started five independent
maternal lines of each clone under standardized conditions (bio-
filtered tap water, 20 ± 1°C, 14 light : 10 dark, daily feeding with
1 × 105 cells ml−1 of the green alga Scenedesmus obliquus, refresh-
ment of the culture medium every other day). The animals were
cultured under those standard conditions for two generations in
the laboratory to minimize the interference from maternal effects
prior to the mesocosm experiment. For themesocosm experiment,
we worked with juveniles from the second brood.
(b) Mesocosm experiment
To quantify and compare the non-consumptive and consumptive
effects, we exposed experimental mesocosm populations for six
weeks to one of three predator selection regimes in outdoor
mesocosms: no-fish treatment, caged-fish treatment and free-
fish treatment. In the caged-fish treatment, the fish predators
could not consume the prey but could impose non-consumptive
effects through chemical cues (i.e. fish kairomones). In the free-
fish treatment, both non-consumptive and consumptive effects
could occur. Experimental mesocosm populations containing
six clones from each of the three historical fish-stocking periods
were inoculated in the mesocosms. This allowed to test for
rapid evolution by quantifying shifts in the frequencies of the
clones from the three historical fish-stocking periods. Each meso-
cosm was started with an experimental population of 144
juveniles where each clone (i.e. eight juveniles per clone) was
equally represented. Juveniles from the second brood that were
24–48 h old were used for inoculation. Each treatment combi-
nation was replicated in five mesocosms resulting in total of 15
mesocosms (3 mesocosm predator treatments × 5 replicates).

Mesocosms were cylindrical polyethylene 210 l containers
placed on an open grass field at the outdoor experimental area
of the Division of Ecology, Evolution and Conservation Biology
in Heverlee, Belgium. All mesocosms contained a fish cage
made of plastic netting (mesh size 5.5 mm) that occupied the
upper third of the mesocosm volume, leaving a refuge at the
bottom and along the sides of the mesocosm which could be
used by Daphnia to avoid fish predation through diel vertical
and horizontal migration [20]. All mesocosms were covered on
top with netting (mesh size 1.2 mm) to prevent insects entering.
For the caged-fish treatment, the fish was kept in the upper
third of the fish cage using a gauze (mesh size 0.15 mm) that
allowed kairomones to diffuse but that prevented fish from killing
Daphnia. The gauze was placed inside the plastic netting and the
Daphnia could not move through the gauze, hence could not be
directly eaten by the fish. The gauze used in the caged-fish treat-
ment did not affect the water temperature compared to the other
two treatments (electronic supplementary material, figure S1). For
the free-fish treatment, there were no gauze that the fish could
swim freely inside the plastic netting.
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On 27 June 2016 (day 1), each mesocosm was filled with 170 l
of tap water and 20 l of twice filtered (64 µm mesh size) pond
water (mixture from three ponds). On 1 July (day 5), a 50 ml
inoculum (100 × 106 cells ml−1) of S. obliquus algae was added
to each mesocosm. The addition of pond water and the Scenedes-
mus inoculum aimed at stimulating the phytoplankton growth.
After two weeks, the mesocosms were randomly assigned to
one of the three predation treatments (no-fish, caged-fish, free-
fish). On that day (14 July, day 18), each mesocosm received
144 juvenile Daphnia equally representing the mixed experimen-
tal population (see above for details). Four weeks after Daphnia
inoculation (12 August, day 46), approximately two parthenoge-
netic Daphnia generations at 20°C, one three-spined stickleback
(Gasterosteus aculeatus, body length 4.7 ± 0.4 cm) was added to
each cage of the free-fish and caged-fish mesocosms. During
the experiment, the fish from the caged-fish treatment were fed
frozen Daphnia for two hours outside the mesocosm every 2
days. Caged fish were not allowed to eat in the mesocosms to
avoid the release of Daphnia alarm cues in the mesocosms.
All fish (from both caged-fish and free-fish treatments) were ran-
domly redistributed once a week within each treatment group to
eliminate any possible biases that might arise due to differential
activity among individual fishes.

Nutrients were supplied to the mesocosms to support algal
growth as food resource for Daphnia. On 7 July (day 11) an initial
dose of 1.942 g NaNO3 and 0.774 g KH2PO4 was added to
each mesocosm. This corresponds to 1600 µg l−1 nitrogen and
100 µg l−1 phosphorus which are medium nutrient levels [21,22].
Afterwards, a maintenance dose of 50% of the original dosage of
N and p was supplied once a week throughout the experiment. It
has been shown that anynutrient input by fish excretion in themeso-
cosmswould be overwhelmed by this external nutrient supply [22].

(c) Mesocosm sampling
Samplingwasdone by taking a 4 lwater sample after gentlymixing
the water in the mesocosm and filtering it over a plankton gauze
(mesh size 64 µm). To determine the clonal composition in the
experimental mesocosm populations, 24 individuals were ran-
domly picked out per mesocosm, immediately preserved in
absolute ethanol and stored at 4°C. The remaining Daphnia in the
samples were preserved in 4% formaldehyde for quantifying den-
sity and body size. For some mesocosms (especially those of the
free-fish treatment), more volume of water was sampled to get
enough individuals. Daphnia were sampled every two weeks to
monitor the Daphnia population densities and after eight weeks of
selection the experiment was terminated (7 October, day 102). As
temperatures suddenly dropped below 15°Con 29 September (elec-
tronic supplementarymaterial, figure S1), thereby stronglyaffecting
theDaphniapopulationdensities,Daphnia samples after sixweeksof
selection (25 September, day 90) were used for further analyses.

(d) Body size and density of Daphnia
Average Daphnia body size per sample was quantified both
based on the first 10 adults and on the first 10 random individ-
uals from each sample. The number of adult and juvenile
D. magna individuals was quantified by counting a minimum
of 300 individuals from each sample using a stereomicroscope
(Olympus ZS X-12). The counts were extrapolated to densities
in the mesocosms (number of individuals per litre) [20]. Daphnia
adults (all female) and juveniles were differentiated based on the
length of the first abdominal process, which is clearly elongated
in adults compared to immature females [23].

(e) Shifts in clonal composition
We quantified the clonal composition in each experimental meso-
cosm population after six weeks of selection to assess the shifts of
clonal composition in response to fish predation. We genotyped
24 randomly selected individuals from each mesocosm following
[24,25]. The details of the genotyping procedures are in the electronic
supplementary material, methods. All individuals per mesocosm
sample were attributed to one of the experimental clones based on
their microsatellite signature and clones were further classified into
each of the three historical fish-stocking periods.
( f ) Statistical analyses
To test the effects of the mesocosm predator treatment on the fre-
quencies of clones from the different historical fish-stocking
periods in the experimental mesocosm populations we used a
general linear mixed model (GLMM) with the predator treat-
ment, historical fish-stocking period and their interaction as
fixed effects. To take into account that each set of three clonal fre-
quencies (one frequency per historical fish-stocking period)
belonged to the same mecosom, we added mesocosm nested
within the predator treatment as random effect. A significant
mesocosm predator treatment × historical fish-stocking period
interaction would indicate that any specific shifts in the
proportional representation of clones from different historical
fish-stocking periods depended on the specific predator treat-
ment. The relative frequencies of the clones from the different
historical fish-stocking periods were compared within each treat-
ment using linear contrasts with false discovery rate corrected
p-values. For the caged-fish treatment, we identified one meso-
cosm as an outlier for the frequency of high-fish period clones
based on the interquartile range method [26,27] (see electronic
supplementary material, figure S2), and we also ran the analyses
without this outlier mesocosm. As a measure of effect size for the
interaction term in the analyses with and without the outlier, we
used partial η2-values [28]. In addition, as we expected the high-
fish period clones to better cope with predation, we also specifi-
cally compared the relative frequencies of these clones among the
three treatments with a one-way ANOVA. To compare the clonal
composition of the experimental mesocosm populations among
the three mesocosm treatments after six weeks of selection to
the start population in the mesocosms, we used a GLMM that
included historical fish-stocking period, experimental stage
(start versus after six weeks) and their interactions. Densities
were log-transformed to meet the assumptions of normality
and homogeneity of variance. All tests were conducted using
the packages lme4, car, effects, lsmeans and multcomp in R
v. 3.4.1. p-values < 0.05 were considered significant.

To reconstruct the evolutionary shifts in the multivariate gen-
otypic trait values under fish predation in the mesocosm
experiment and compare these shifts to evolution in the natural
population, we combined the information on the final clonal
composition under each of the three mesocosm predator treat-
ments (no-fish, caged-fish, free-fish) and the previously
determined genotypic trait values of each of the 18 clones [6].
For the latter, we used the following 14 life-history, behavioural
and morphological traits known to be important to deal with
consumptive fish predation in this natural population: size of
neonates, size at maturity, early and late offspring size, somatic
growth rate, spine length neonates, spine length at maturity,
age at maturity, early and late fecundity, intrinsic growth rate,
phototactic behaviour, horizontal migration index and alertness
(see details in electronic supplementary material, Supporting
Information). We first performed a discriminant function analy-
sis on the genotypic trait values of all 18 clones for these 14
traits measured under control (absence of fish cues) conditions
to extract two roots. Then, we combined the genotypic values
for each clone and the clonal composition of each resurrected
subpopulation and mesocosm experimental population to calcu-
late the bivariate means (for the first two roots) of each
(sub)population using the equations of both discriminant
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functions. We did so for the experimental mesocosm populations
at the start and at the end of the experiment as well as for the res-
urrected natural subpopulations. Using the same equations of
both discriminant functions, we also calculated the bivariate
means for the trait values measured in the presence of fish
cues. We plotted the resulting bivariate means for each (sub)-
population to visualize the (sub)population shifts in the
phenotypic space determined by the first two roots. The differ-
ences among the natural subpopulations were compared using
MANOVA with the bivariate means as response variables. The
bivariate means for each experimental mesocosm population
after six weeks of selection were compared to the start condition
(bivariate mean: 0, 0) using separate one-sample t-tests.
3. Results
(a) Predator-induced shifts in prey body size and

population densities in experimental mesocosms
The predator treatments changed the body size of D. magna in
the mesocosms after six weeks (adult size: x21 ¼ 18:51,
p < 0.0001, average size: x21 ¼ 16:62, p < 0.0001; figure 1a,b).
Daphnia in the free-fish treatment had a smaller body size
compared to the caged-fish and the no-fish treatments
(figure 1a,b). The predator treatments also changed the
density of adult Daphnia (x21 ¼ 22:07, p < 0.0001, figure 1c).
Specifically, there were fewer adult Daphnia in the free-fish
treatment compared to the caged-fish and the no-fish treat-
ments (figure 1c). The overall pattern was similar for
juvenile densities, but not significant (x21 ¼ 5:04, p = 0.066,
figure 1d ).

(b) Predator-induced shifts in prey clonal composition
The final clonal composition in the experimental prey popu-
lations after six weeks of selection differed among the three
mesocosm predator treatments (mesocosm predator treat-
ment × period, x41 ¼ 11:74, p = 0.019, partial η2-value = 0.24;
figure 2). The differences in clonal composition were more
pronounced if we removed one outlier mesocosm (mesocosm
predator treatment × period, x41 ¼ 28:95, p < 0.0001, partial η2-
value = 0.47; electronic supplementary material, figure S3).
Focusing on the clones from the historical high-fish stocking
period showed that their relative frequency differed among
the three mesocosm predator treatments (x21 ¼ 8:38, p =
0.015, partial η2-value = 0.41; figure 2). The relative frequen-
cies of the high-fish period clones were higher in the
caged-fish ( p = 0.04) and in the free-fish ( p = 0.03) treatments
compared to the no-fish treatment (figure 2). Without the
outlier mesocosm, the relative frequencies of the high-fish
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period clones also differed among the three mesocosm pred-
ator treatments (x21 ¼ 35:18, p < 0.0001, partial η2-value = 0.72;
electronic supplementary material, figure S3), and the higher
relative frequency of the high-fish period clones in the caged-
fish ( p < 0.001) and in the free-fish ( p = 0.002) treatments
compared to the no-fish treatment was more pronounced
(electronic supplementary material, figure S3). The clonal
composition in the no-fish treatment did not significantly
change compared to the initial composition (experimen-
tal stage × period: x21 ¼ 4:46, p = 0.11; figure 2), while the
caged-fish and free-fish treatments deviated from the initial
composition (experimental stage × period: both p < 0.0001;
figure 2). Additional analyses showed that the high-fish
period clones had higher relative frequencies compared
with the pre-fish and reduced-fish period clones in both the
free-fish and caged-fish treatments (both p < 0.0001; figure 2).
(c) Reconstruction of evolutionary shifts in genotypic
trait values

Combining the clonal composition with the 14 genotypic trait
values in the absence of fish cues of each clone, we recon-
structed the average genotypic trait value of each
resurrected subpopulation (pre-fish, high-fish, reduced-fish)
consisting of six clones and of each experimental mesocosm
population (no-fish, caged-fish, free-fish) at the start of the
selection experiment and after six weeks of selection. In the
phenotypic space determined by the first two roots of the dis-
criminant function analysis, the bivariate means (each time
based on six clones) of the natural subpopulations associated
with each historical fish-stocking period strongly differed
from each other (Pillai’s MANOVA F4,30 = 61.536, p < 0.0001;
open symbols in figure 3).

After six weeks of selection in the outdoor mesocosms,
the bivariate mean of the no-fish experimental mesocosm
population remained in the centre of the phenotypic space
and did not significantly differ from the start population
(one sample t-tests: p > 0.27 for both roots; figure 3). However,
the bivariate means of the caged-fish and free-fish experimen-
tal mesocosm populations strongly deviated from the start
situation (one sample t-tests: p < 0.05 for both roots) and
shifted toward the bivariate mean of the resurrected high-
fish subpopulation (figure 3). The bivariate means of the
caged-fish and free-fish experimental populations did not
differ from each other ( p > 0.96 for both roots). When using
the trait values measured in the presence of fish cues, the
bivariate means for the first two roots showed very similar
results (electronic supplementary material, figure S4) to
those when using the trait values in the absence of fish cues.
4. Discussion
Combining experimental evolution and resurrection ecology,
we showed that non-consumptive effects can induce rapid
evolution in a period of six weeks (corresponding to approxi-
mately three to four generations of parthenogenetic
reproduction) in prey populations as detected by shifts in
clonal composition and associated genotypic trait values.
Moreover, these shifts were similar to the previously docu-
mented evolutionary trajectories in a resurrected natural
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prey population and in line with predictions on adaptive
responses of prey under predation risk (see the predictions
in electronic supplementary material). As we worked with
mixed populations that contained clones that were already
adapted to fish predation, these trajectories may differ to
what would happen in natural populations. However, there
is large standing genetic variation in this natural Daphnia
population, including the presence of clones adapted to fish
predation in the pre-fish period (electronic supplementary
material, figure S2 in [6]), that may allow rapid adaptation
as confirmed recently by whole-genome sequencing [29].
Shifts induced by non-consumptive effects in clonal compo-
sition and genotypic trait values were largely parallel and
of the same magnitude to those imposed by free predators
that also affected prey by direct killing. In analysing the
changes in clonal frequencies and associated shifts in genoty-
pic trait values, the free-fish and caged-fish treatments
showed very similar responses. Hence, non-consumptive
effects of a predator induced a similar evolutionary response
as direct killing by the predator. This makes a nice illustration
of soft selection, i.e. the replacement by different genotypes
without an effect on densities [30]. Our observation that
non-consumptive effects alone causes evolution in prey
populations extends earlier reports that non-consumptive
effects can have important effects on prey population
dynamics [1,9,31] and can change the species composition
in prey communities [22]. Non-consumptive effects may
affect population dynamics by long-term effects on fecundity
and lifespan [32,33] and by directly imposing mortality
[11–13]. Direct killing in our experiment did affect prey
densities and the phenotypic trait distribution of body
sizes. Indeed, at the end of the selection experiment, body
size and population densities contrasted sharply between
the free-fish and the other two treatments. The observed
shift towards smaller body sizes in the presence of fish is in
line with expectations when predators tend to result in a
population dominated by younger individuals or prey in
a size-selective manner [34]. These differences in phenotypic
trait values hide that the evolutionary trajectory in free and
caged fish is similar, as revealed by the results on clonal
composition and associated genotypic trait values.

Strikingly, evolution in the presence of non-consumptive
effects lead to the same evolutionary trajectory as in the pres-
ence of a free predator, leading to a population that is
genetically adapted to better cope with the predator.
Indeed, after six weeks of selection, both in the mesocosms
with the caged fish and with the free fish, the mesocosm
populations were dominated by the high-fish period clones.
Stoks et al. [6] in their resurrection ecology analysis studying
14 different life-history and behavioural traits showed that
the high-fish period subpopulation is genetically adapted to
cope with fish predation, both in terms of mean trait values
as well as the phenotypic plasticity responses in the presence
of fish kairomones. The shift towards a dominance of high-
fish clones reflects a shift to smaller animals that mature
faster, produce more and smaller offspring, show stronger
vertical migration, and generally show stronger phenotypic
plasticity responses in response to fish kairomones [6] com-
pared to the original inoculum consisting of an equal
number of clones from all three subpopulations. Note that
the genotypic trait values of the clones studies here were
determined under laboratory conditions in a previous study
[6], whereas in the current experiment we exposed clones to
fish predators under outdoor mesocosm conditions. The
reconstruction of changes in genotypic trait values is there-
fore assuming standardized conditions. Yet the observation
that free fish (and caged fish) induced a shift in population
frequencies that were in line with what was observed in
nature (i.e. a shift to a dominance of clones from the high-
fish period) suggests that this reconstruction in the laboratory
captures key aspects of reality. This is reinforced by the obser-
vation that the clones from the high-fish predation period are
characterized by traits that make them better adapted to coex-
ist with fish [16]. The evolutionary responses we observe are
generally in line with other studies reporting predator-
induced evolution in prey populations [5,12] and with theor-
etically predicted responses to size-selective fish predation
[35]. However, these responses have been typically attributed
to the direct killing effect, whereas our results show that they
can also result from responses to non-consumptive effects
alone. The only other study that directly tested for the effects
of selection imposed by non-consumptive effects showed that
predator cues of dragonfly larvae selected for more active
damselfly larvae that had a greater propensity to evade pre-
dators [12]. However, this study only focused on short-term
selection and did not look at evolution across generations.

The question arises why non-consumptive effects of pre-
dators can induce a similar evolutionary response as direct
killing. To the extent that predator-induced defences are
costly [14], one would expect that non-consumptive effects
alone, while inducing predator-induced responses through
phenotypic plasticity, would not result in evolutionary
shifts in the direction of stronger defences, as the animals
would incur the costs but not the benefits of these responses.
However, in the case of positively size-selective, visual preda-
tors such as fish, predator-induced defences involve the
production of more but smaller offspring [36], and this
might lead to a higher fitness if environmental conditions
are such that a fast population growth rate is a good measure
of fitness, which is often the case when the population suffers
losses from, for instance, predation. Non-consumptive effects
alone can then lead to the selection of genotypes that show
strong predator defences, at least under conditions that pro-
mote high population growth rates (i.e. no strong intra- or
interspecific competition). Previous work showed that the
high-fish period clones have a higher intrinsic growth rate
in the presence of fish kairomones than no-fish and
reduced-fish period clones [6], which is adaptive under con-
sumptive predation as predicted by theory [35]. Possibly, this
plastic response was further enlarged by transgenerational
effects. Indeed, parental exposure to predator cues has been
shown to result in an earlier age at maturation in the off-
spring generation in Daphnia [37]. The higher intrinsic
growth rate of the high-fish period clones may also reflect
more active foraging in the presence of fish cues when prey
are experiencing constant high predation risk, as predicted
by the risk allocation hypothesis [38].

The higher intrinsic growth rate of the high-fish period
clones under predation risk may explain why more high-
fish period clones were present after six weeks of selection
in the experimental populations with the caged fish preda-
tors. Indeed, differences in intrinsic growth rate have been
shown to underlie clonal shifts in experimental Daphnia
populations [39]. In support of this, when the pre-fish and
high-fish period clones were separately exposed to the same
mesocosm predator treatments, only the pre-fish clones
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suffered reductions in population density in the caged-fish
treatment while the high-fish clones did not (electronic sup-
plementary material, figure S5c). Note this does not conflict
with the observation that the final densities of the experimen-
tal mesocosm populations did not differ between the no-fish
and caged-fish treatments, as any reductions in the density of
some clonal groups may have been countered by competitive
release of other clonal groups (cf. soft selection [30]).

Our results support the intriguing hypothesis that non-
consumptive effects, separate from direct predation, might
contribute to predator-mediated evolution in natural popu-
lations. This effect might be widespread, as many predators
induce evolution towards earlier maturation and the pro-
duction of more offspring in their prey populations [35,40].
Evolution induced by non-consumptive effects might be
important to increase the rate of evolution to predation. If
non-consumptive effects alone can promote the dominance
of better-defended genotypes, then evolutionary adaptation
to predation can take a head start in settings in which preda-
tors are too low in number or prey are at such high densities
that the individual risk of being consumed is low. In settings
where the predators need to show a numerical response
before they exert a strong impact through killing, evolution
induced by non-consumptive effects might be very important
in fostering a faster adaptation of prey to predators. Similarly,
adaptation to predation would be sustained under conditions
in which predation rates are temporarily strongly reduced,
such as in temporarily turbid waters in which visually hunt-
ing predators cannot hunt effectively.

Our results under controlled and replicated conditions
suggest that, at least under the conditions mimicked in our
mesocosm experiment, non-consumptive effects can induce
rapid evolution that is very similar in amplitude and direc-
tion to the realized evolutionary trajectories in nature. In
the phenotypic space determined by the 14 traits in this
natural population [6], the evolutionary shifts induced by
non-consumptive and consumptive effects were both in the
direction of the genotypic trait values of the natural high-
fish predation subpopulation. Moreover, the shifts of the
genotypic trait values induced by non-consumptive and
consumptive effects were of similar magnitude. This match
between evolution mediated by non-consumptive and con-
sumptive effects will likely depend on environmental
conditions and on the type of predators. Our results suggest
that the parallel trajectories might depend on the degree to
which environmental conditions favour fast population
growth. In more competitive environments, typically
associated with settings in which predators are absent, selec-
tion will likely favour competitively strong animals, which in
Daphnia is positively correlated with body size [41]. The
response is also dependent on the type of predator: gape-
limited invertebrate predators select for larger zooplankton
with larger offspring [42–44], which are typically character-
ized by lower population growth rates. In this case,
evolution induced by non-consumptive effects may not
result in an adaptation to predators, but might even result
in an opposite response.

In conclusion, using an experimental evolution approach
with clones obtained from a resurrected natural prey popu-
lation, we documented under semi-natural conditions that
non-consumptive effects can induce repeatable rapid evolution
in a prey population. Moreover, by integrating the clonal
changes in the experimental mesocosm populations with geno-
typic trait values of each clone quantified in an earlier study [6],
we demonstrate that the rapid evolution was adaptive and
mimicked the evolutionary trajectories under changes in fish
predation in the resurrected natural population. Given that
rapid trait evolution may affect ecological interactions, evol-
ution induced by non-consumptive effects adds a new
dimension to the rapidly growing field of eco-evolutionary
dynamics [45] between predators and their prey, by showing
that non-consumptive effects, in addition to consumptive
effects, have the potential to drive such dynamics.
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