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Abstract In species with restricted dispersal, traits
may become genetically fixed leading to local
adaptations. Therefore, predator avoidance in a prey
species may differ between populations experiencing
different predator regimes, but also between sexes
within a population due to different vulnerability to
predators. In this study we used male and female
Gammarus pulex from two different predator
regimes: fishless ponds, where invertebrates are the
dominant predators and ponds with predatory fish. In
the laboratory we examined refuge use, mortality,
leaf decomposition rate and pair-formation in
G. pulex when exposed to predator cues from either
invertebrate predators or fish. Individuals from fish
ponds spent more time in refuge and had a higher
mortality than those from fishless ponds independent
of predator cues. There was no effect of pond
predator regime or predator cues on leaf decompo-
sition rates. Further, fewer individuals formed pairs in
G. pulex from fish ponds than from fishless ponds.
Male G. pulex had a higher mortality and a higher
decomposition rate than females independent of
predator cues. However, there was no difference in
refuge use between sexes. Our study shows that there
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are general differences in behaviour traits, both
between predator regimes and sexes in G. pulex.
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Introduction

Predators are of great importance in freshwater
ecosystems, since they may have a large impact
upon prey community structure and dynamics (e.g.
Lima & Dill, 1990; Carpenter & Kitchell, 1993;
Wellborn et al., 1996; Abjﬁrnsson et al., 2004). In
addition to having a direct lethal effect on prey
abundance (e.g. Cooper et al., 1990; Holomuzki &
Hatchett, 1994; Nystrom et al., 2001) predators can
also have an indirect effect by, e.g. inducing changes
in prey behaviour (e.g. Holomuzki & Short, 1988,
Turner et al., 1999, Nystrom & Abjérnsson, 2000). In
aquatic habitats prey often use chemical cues to
recognise predator presence, which enables them to
respond to and lower the risk of predation (e.g.
Bronmark & Hansson, 2000). For example, a number
of studies have shown that prey species may change
their activity level, habitat use, forage at different
times or alter their foraging behaviour in response to
predator cues (e.g. Douglas et al., 1994; Sih &
Wooster, 1994; Nystrom & Abjérnsson, 2000).
Predators may thus affect ecosystem processes, such
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as grazing and decomposition, by direct (density-
mediated indirect effects; Peacor & Werner, 1997)
and indirect (trait-mediated indirect effects; Peacor &
Werner, 1997) effects on their prey (e.g. Obernborfer
et al., 1984; Mclntosh and Townsend, 1996; Turner,
1997; Peckarsky & Mcintosh, 1998).

In aquatic systems invertebrate prey may be
exposed to a range of different predators (e.g. fish,
invertebrates, waterfowl) that differ in foraging
strategy. Hence, in order to survive prey species
have to respond differently to different predators (Sih
et al., 1998). If the composition of the predator
assemblage differs between different habitats, for
example, lakes and ponds, then the local predator
regime may give rise to local adaptations in prey
defences, given that migration rates among habitats
are sufficiently low (e.g. Mccarthy & Fisher, 2000;
Abjﬁrnsson et al., 2004). Further, responses to
predators may differ not only between species and
predator regimes but also between sexes within a
species due to different vulnerability to predators. For
example, male water striders (Aquarius remigis) shift
to safer habitats (refuge) and decrease their activity
when exposed to fish, whereas female water striders
do not respond at all (Krupa & Sih, 1998). Also, as in
many taxa, males tend to be larger than females (e.g.
Goedmakers, 1981), and since larger individuals are
more vulnerable to positive size selective predators
males may react stronger to these predatory cues
(Cothran, 2004).

Here, we investigate the influence of predation
regime on behaviour and mortality in males and
females of an ecologically important freshwater
species, the amphipod Gammarus pulex. G. pulex
are common in both lentic and lotic freshwater
systems and occur in both fish and fishless systems.
Although G. pulex are considered detritivorous, they
are generalists and cannibalism has been documented
(Dick, 1995, McGrath et al., 2007, Felten et al.,
2008). To increase chances of mating, males search
for females and then guard them until mating is
possible (precopulatory mate guarding; Parker,
1974). This strategy is considered to be costly for
both males and females, with some costs being sex-
specific (Robinson & Doyle, 1985; Dick, 1995;
Plaistow et al., 2003), while others (e.g. increased
predation risk from fish) apply to both sexes (Ward,
1986, Cothran, 2004). Because G. pulex has a
restricted ability to disperse, their exposure to
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predator types outside the habitat is limited, and they
may therefore be adapted to the local predator regime
(;\bjérnsson et al., 2004). Several Gammarus species
respond to chemical cues released from different
predators or from activity associated with predation
(Williams & Moore, 1985; Wisenden et al., 1999;
Abjérnsson et al., 2000, 2004; Wisenden et al., 2001;
Bollache et al., 2006; Kaldonski et al., 2008). This
makes G. pulex an excellent organism to test predator
induced behaviour under different predator regimes.

Abjérnsson et al. (2004, 2009) found differences in
refuge use and life history strategies between
G. pulex from fish and fishless ponds. Our aim with
this experiment was to study if these differences are
primarily driven by population level differences in
trait values rather than plastic responses to predator
cues. Further, in addition to previous studies looking
only at effects from fish cues, we want to study
chemical cues from both predatory fish and predatory
invertebrates, and if they trigger different behavioural
responses in G. pulex from fish and fishless ponds,
respectively. Also, to quantify if these responses
differed between sexes, we looked at males and
females separately. Furthermore, we examined if
there were differences in mortality rate between the
two predator regimes and sexes. Since male and
female G. pulex differ in both size and behaviour, we
also measured decomposition rate of leaves, their
main food source. Pair-formation might increase their
vulnerability to predators, therefore, we also mea-
sured pair-formation frequency in G. pulex from
different predator regimes.

Materials and method
Experimental animals

Gammarus pulex individuals were collected by
handnet from three fishless ponds and three fish
ponds near Lund, southern Sweden. Both the fish
ponds and the fishless ponds were situated in an
agricultural region and each ranged in size from
0.5-1 ha. All ponds were surveyed for the presence
of fish using both net and electro-fishing. Crucian
carp Carassius carassius (L.) were the most abundant
fish species in the fish ponds. Due to low population
densities in some ponds, we had to difficulties in
finding enough experimental animals and were forced
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to pool individuals from fish and fishless ponds,
respectively. Further, the focus of this study was to
investigate differences due to predator regime, not
differences among populations per se. The three
populations from fish ponds were kept together in one
aerated 15-1 aquaria, whereas the three populations
from fishless ponds were kept in another aerated 15-1
aquaria. G. pulex were fed rinsed alder leafs (Alnus
glutinosa) and frozen chironomids. The sex of
G. pulex from fish/fishless ponds were determined
according to Goedmakers (1981). Since both paired
and unpaired individuals where collected, pairs where
placed on paper for a few seconds, this is enough for
the males to release the females. For each pond type,
~350 individuals of each sex were kept in separate
15-1 aquaria for at least 3 weeks prior to the start of
the experiment. Total length (mean + SD) of the
G. pulex used was for males 15.0 &+ 1 mm and
females 14.4 + 2 mm.

A mixture of predatory invertebrates (Notonecta
glauca, Aeshna sp., Agabus sp., and Acilius sulcatus,
in total 30 individuals) were collected by handnet in
the fishless ponds and kept in an aerated 15-1
“invertebrate predator holding aquarium” and fed
frozen chironomids and G. pulex. Crucian carp
(20 individuals, mean length: 96 £+ 4 mm) were
collected by trap-netting in a pond in the University
Park, Lund. Crucian carp were kept in an aerated
200-1 “fish holding aquarium” and fed frozen chir-
onomids and G. pulex. The day:night regime was set
to 14:10 h and the water temperature was kept at
18 £ 1°C. All experimental animals were allowed to
acclimatize to laboratory conditions for 3 weeks prior
to the start of the experiment.

Cue preparation

The predator cues were prepared 3 days prior to the
experiment by adding either 10 invertebrate predators
(Notonecta glauca n = 4, Aeshna sp. n = 2, Agabus
sp. n = 2, and Acilius sulcatus n = 2) or 3 crucian
carps to an aerated 15-1 “invertebrate cue aquarium”
and “fish cue aquarium”, respectively. Both the
invertebrates and the crucian carp were fed 10
G. pulex three times/week in their cue aquaria
throughout the experiment. Concentrations of preda-
tor cues from cue aquaria, were strong enough to
stimulate predator induced behaviours (Ahlgren,

personal observations). Control water was prepared
in the same way but without animals. Both the
invertebrate predators and the crucian carp were
exchanged once a week with new individuals from
the invertebrate predator and the fish holding aquar-
ium, respectively. The amount of water used as a cue
was continuously replaced with the same amount of
tap water.

Experimental setup

We set up 60 aerated 2-1 experimental aquaria
(16 x 14 x 9cm, 1 x w x h) with 3 £0.1 g of
rinsed and dried alder leafs (as food source and
refuge) in each. G. pulex were divided into treatment
groups according to pond predator regime (fish- and
fishless ponds), sex (male and female) and treatment
(control, invertebrate- or fish cue) all replicated five
times (Fig. 1). Twelve G. pulex were added to each of
the 60 aerated 2-1 experimental aquaria according to
the categories above. Cue (0.05-1; either control,
invertebrate- or fish cue) was added to the experi-
mental aquaria in the morning 5 days a week, plus
another three randomly chosen days in the afternoon
to stimulate predator induced behaviours. The day:
night regime was set to 14:10 h, the water temper-
ature was kept at 18 & 1°C and the experiment was
run for 31 days. One replicate (female from fishless
ponds, invertebrate cue) was removed due to techni-
cal problems. Three times a week the number of dead
G. pulex was counted, removed and replaced with
new individuals in all the experimental aquaria.

Refuge use

To determine if G. pulex refuge use was influenced
by pond predator regime, sex and/or predatory cues,
we quantified the number of G. pulex outside of the
leaves 20 min after the addition of the cue. Since a
few G. pulex were missing at the end (not replaced)
of the experiment a mean number of individuals for
each aquarium were calculated. The total number of
individuals under the leaves (refuge) was divided by
the mean number of individuals for each aquarium to
get the proportion of G. pulex using the refuge. A
three-way ANOVA (pond predator regime, sex and
treatment) was used to analyse differences in refuge
use.
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Source Sex
Pond with
fish Q

Pond without

fish < Q

Fig. 1 Experimental design for the refuge use, mortality and
decomposition rate experiment

Mortality

To assess if G. pulex pond predator regime, sex and
exposure to predator cue had an effect on mortality,
we counted the number of dead G. pulex three times a
week in all the experimental aquaria. A three-way
ANOVA was used to analyse the results (pond
predator regime, sex and treatment).

Decomposition

We also wanted to determine if there were any
treatment effects on decomposition rate. When
terminating the experiment after 31 days, the remain-
ing leaves in each aquarium were collected and dried
at 60°C for 48 h and weighed. The remaining leaf
mass was then subtracted from the initial leaf mass to
get the total leaf consumption. To calculate the
decomposition rate/individual we used the mean
number of individuals for each aquarium. Differences
in pond predator regime (fish pond and fishless pond),
sex (male and female) and treatment (control, inver-
tebrate- or fish cue) on decomposition rate were
analysed by a three-way ANOVA.

Pair-formation

Six males and six females from either fish or fishless
ponds were placed in thirty 2-1 experimental aquaria
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(16 x 14 x 9cm, 1 x w x h) with 3 £0.1 g of
rinsed and dried alder leaves in each. We had three
treatments (control, invertebrate- or fish cue) all
replicated five times. Three days a week the number
of individuals in pairs were counted. The mean
number of pairs/possible number of pairs, were
calculated using the mean number of males and
females/aquarium. Differences in the proportion of
pairs was analysed with a two-way ANOVA for
effect of pond predator regime (fish pond and fishless
pond) and treatment (control, invertebrate- or fish
cue). Following the procedure described above dif-
ferences in refuge use was tested with a two-way
ANOVA.

Statistical methodology

When necessary, data were arcsine transformed to
meet the assumptions of normality and equal vari-
ance. Non-significant interactions were removed from
the analyses. Tukey’s HSD test was used to assess
differences among treatments following a significant
ANOVA. All statistics were carried out using PASW
Statistics 18 for Mac OS X.

Results
Refuge use

Individuals from fish ponds had a significantly greater
number of individuals in the refuge than those from
fishless ponds (three-way ANOVA: Table 1; Fig. 2).
Sex and treatment had no significant effect upon
refuge use (Table 1).

Mortality

Gammarus pulex from fish ponds had a significantly
higher mortality compared to G. pulex from fishless
ponds (three-way ANOVA; Table 2; Fig. 3) and male
G. pulex from both fish and fishless ponds had higher
mortality compared to females (three-way ANOVA;
Table 2). There was no effect of predator cue
exposure on mortality (Table 2). There was no
significant interaction between pond predator regime
and sex (Table 2), however, there was a trend
suggesting that males from fish ponds having the
highest mortality.
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Table 1 Three-way
ANOVA for effects of pond
predator regime (fish and
fish free ponds), sex (male
and female) and treatment
(fish cue, invertebrate cue
and control) on refuge use

Treatment
CIcontrol
Invertebrate
M Fish

100

Refuge use (%)

Male Female
Fish pond

Source df Mean square F Sig.
Pond predator regime 1 754.087 17.127 0.000
Sex 1 21.166 0.481 0.492
Treatment 2 39.372 0.894 0.416
Pond predator regime x sex 1 25.328 0.575 0.452
Pond predator regime x treatment 2 60.926 1.384 0.261
Sex x treatment 2 42.601 0.968 0.387
Pond predator regime x sex x treatment 2 10.503 0.239 0.789
Error 47 44.030
Treatment
20 - [] Control
Invertebrate
M Fish
2> 15+ %T
©
T
)
E 10
3
o
l_
5 -
NN
\
N\
N 0 T T | i
\
§ Male Female Male Female
Fish pond Fish free pond
\
Male Female Fig. 3 Total mortality for male and female from fish- and fish-
Fish free pond free ponds exposed to fish cue, invertebrate cue or control

water. Values are the means = 1 SE

Fig. 2 Refuge use for male and female from fish- and fish-free
ponds exposed to fish cue, invertebrate cue or control water.

Values are the means & 1 SE

Leaf decomposition rates

There was no difference in total decomposition rates
between fish and fishless ponds (three-way ANOVA:

Table 2 Three-way
ANOVA for effects of pond
predator regime (fish and
fish free ponds), sex (male
and fe-male) and treatment
(fish cue, invertebrate cue
and control) on mortality
rates

Table 3). Also, decomposition rate did not differ
between treatments (control, invertebrate- or fish
cue) (three-way ANOVA, Table 3), but there was a
significant effect of sex, with males having a higher

decomposition rate than females (three-way ANOVA;
Table 3, Fig. 4).

Source df Mean square F Sig.
Pond predator regime 1 1045.126 39.147 0.000
Sex 1 1966.603 73.662 0.000
Treatment 2 15.414 0.577 0.565
Pond predator regime x sex 1 99.499 3.727 0.060
Pond predator regime x treatment 2 3.185 0.119 0.888
Sex X treatment 2 4.777 0.179 0.837
Pond predator regime x sex X treatment 2 28.217 1.057 0.356
Error 47 26.698

@ Springer



44

Hydrobiologia (2011) 671:39—49

Table 3 Three-way

ANOVA for effects of sex Source df Mean square F Sig.
(male and female), pond Pond predator regime 1 0.000 0.003 0.960
predator regime (fish ponds
and fish free ponds) and Sex 1 0.006 13.003 0.001
treatment (fish cue, Treatment 2 0.000 0.060 0.942
invertebrate cue and » Pond predator regime x sex 1 0.000 0.081 0.777
contr(?l) on decomposition Pond predator regime x treatment 2 0.000 0.951 0.394
rates/individual
Sex x treatment 2 0.000 0.673 0.515
Pond predator regime x sex x treatment 2 0.000 0.037 0.964
Error 47 0.000
Treatment Table 4 Two-way ANOVA for effects of pond predator
€ CControl .regime (fish ponds and fish free ponfis) and trAeatment (fish cue,
@ NInvertebrate invertebrate cue and control) on pair-formation
2 020 1 MFish S df M F Si
= ource ean ig.
g square
= NS
'-g 0,15 % Pond predator regime 1 0.162 34.302 0.000
S § Treatment 2 0.043 9.036 0.001
;f:3 § Pond predator 2 0.000 0.099 0.906
& 0,10 ~ § regime x treatment
a
€ § Error 24 0.005
o
O
8 0,05 - §
| .
c
]
g § Treatment
0,00 & [IControl
' Invertebrate
Male Female Male Female 0,40 - mFish
Fish pond Fish free pond .%
o
Fig. 4 Decomposition rate/individual (gram) for male, female % Q
and pair G. pulex from fish- and fish-free ponds exposed to fish > 0,30 1
cue, invertebrate cue or control. Values are the means £+ 1 SE §
. . . & 0,20+
Pair-formation experiments Cé ’
I
L}
Individuals from fishless ponds formed pairs more = 0104
frequently compared to individuals from fish ponds ’
(two-way ANOVA; Table 4; Fig. 5). Also, there was
a significant effect of treatment on pair-formation 0,00

(two-way ANOVA,; Table 4; Fig. 5). Further, a
Tukey HSD test revealed that it was the fish cue that
decreased the number of pairs compared to control in
G. pulex from fish ponds (P = 0.043) Table 5.

Discussion
Many taxa that spend their whole lifecycle in isolated

ponds and lakes have a low dispersal rate (Bilton et al.,
2001), which results in a low gene flow between
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Fish pond Fish free pond

Fig. 5 Pair-formation in G. pulex from fish ponds and fish free
ponds, exposed to fish cue, invertebrate cue or control. Values
are the means + 1 SE

populations. Low gene flow may lead to the evolution
of local adaption in, e.g. predator defences to local
predator regimes (Relyea, 2002; Abjﬁrnsson et al.,
2004, 2009). Our study shows differences in refuge
use, mortality rate and pair-formation between indi-
viduals from ponds with invertebrate versus fish
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Table 5 Two-way ANOVA for effects of pond predator
regime (fish ponds and fish free ponds) and treatment (fish cue,
invertebrate cue and control) on refuge use in pair-formation
experiment

Source df Mean F Sig.
square
Pond predator regime 1 189.982 7.490 0.011

Treatment 2 31.028 1.223 0.312

Pond predator 2 43.319 1.708 0.203
regime X treatment

Error 24 25.366

predators. Individuals from ponds with non gape-
limited fish predators used refuges to a higher extent,
had higher mortality and formed fewer pairs than
individuals from fishless ponds. However, there was
no difference in leaf decomposition rate between
individuals from the different predator regimes, as
leaves may function as both food and refuge. Decom-
position and mortality rates differed between sexes
within predator regimes, with males having higher
mortality rate and a higher decomposition rate per
individual than females. Further, the differences in
refuge use, mortality and pair-formation were found
even in the absence of predator cues, indicating
differences between predator regimes in individual’s
baseline behaviour. Thus, it appears that these differ-
ences are primarily driven by predator regime level
differences in trait values rather than plastic responses
to predator cues. Below, we discuss refuge use,
mortality, leaf decomposition rates and pair-formation
one by one before merging these topics in a general
discussion.

Refuge use

Gammarus pulex from the two predator regimes
differed in their level of refuge use, with individuals
from fish ponds being less willing to leave the refuge
than individuals from fishless ponds, independent of
the presence of predatory cues. This was found in
both the experiment where males and females where
kept separated and in the pair-formation experiment
where males and females where kept together. This
indicates that there are general differences in the
baseline behaviour between G. pulex from the two
predator regimes. When adding fish cues, ;\bjérnsson
et al. (2004) found short term (first 10 min) effects on

the refuge use of fish pond individuals. However, we
found no effect of predator cues on refuge use when
measuring this behaviour 20 min after the addition of
the cue. This indicates that G. pulex quickly return to
their baseline behaviour most likely to minimise the
costs of this predator avoidance behaviour (lost
opportunity costs), e.g. due to increased competition
within a refuge (e.g. Anholt & Werner, 1998).

The response to predators may also differ between
sexes within a species due to, for example, size
dependent differences in vulnerability (Krupa & Sih,
1998; Cothran, 2004), but in this study we found no
difference in refuge use between male and female
G. pulex. However, such behavioural responses may
only occur and/or be detectable at a lower time
resolution and thus, further studies should include
investigation of rapid behavioural responses in males
and females when exposed to predator cues.

Mortality

Behavioural responses to predator cues may indi-
rectly affect prey growth rates due to reduced
foraging efficiency and decreased access to high
density food patches (Petranka, 1989, and references
therein) and in the long term there may also be a
negative effect on prey survival rates. We found that
even in the absence of predator cues G. pulex from
fish ponds suffered from higher mortality rates than
fishless pond individuals; a potential explanation for
this might be that G. pulex from fish ponds suffer
higher costs of their local adaptations (Abjérnsson
et al., 2004) than G. pulex from fishless ponds.
Further, G. pulex from a habitat with predatory fish
have been found to aggregate and stay close to
conspecifics when exposed to fish cue, a behaviour
that may increase competition for food (Kullmann
et al., 2008) and hence affect growth and survival.
These aggregations may also result into more
aggressive interactions and hence, lead to more
injuries and cannibalism (Plaistow et al., 2003).
Further, the results from this study suggest that
aggregation among fish pond individuals is some-
thing that goes on even in the absence of predatory
cues. Hence the potential negative effects of this
behaviour may be stronger for individuals from fish
ponds compared to individuals from fishless ponds.
In both fish and fishless ponds females had lower
mortality rate than males. Since there was no direct
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predation or any effect of predator cues on mortality it
seems to be a general difference between sexes
affecting mortality. This pattern is found in a broad
range of taxa, and might be due to a “live fast, die
young” life history strategy among males (Bonduri-
ansky et al., 2008). Further, both sexes have been
found to be cannibalistic, however, when females are
close to the stage when their own offspring hatch they
decrease their cannibalistic behaviour in order to avoid
consuming their own offspring (Lewis et al., 2010).
Males may also be more aggressive than females due
to mate searching (Krupa & Sih, 1998) and mate
guarding behaviour (Dunn et al.,, 2008). In our
experiment, males were kept separate from females,
potentially leading to a higher frequency of aggressive
male-male interactions, which may have adversely
affected male mortality, due to cannibalism and
increased injuries from interference with other males
(Plaistow et al., 2003). Further, since males may be
more active than females their encounter rates with
conspecifics, but also with predators, increases (Krupa
& Sih, 1998; Peeters et al., 2009). Increased encounter
rate may lead to increased risk of being eaten or injured
by conspecifics. Also males are bigger than females
and are thus more easily detected by visually hunting
predators (Mcintosh and Peckarsky, 1999). Hence,
males may be under greater stress than females, which
may have a negative effect on their survival.

Leaf decomposition rates

Many prey species decrease their foraging activity
when exposed to high predation risk (Abrams &
Rowe, 1996; Benard, 2004). However, the difference
in refuge use between G. pulex from fish and fishless
ponds had no effect on decomposition rate, which
supports the idea that G. pulex use leaves both as a
refuge and as a food source (Abjérnsson et al., 2000).
Hence, G. pulex from fish ponds may forage on
leaves at the same rate as those from fishless ponds
independent of predatory fish presence. In the light of
foraging rates, this strategy seems to be an optimal
predator defence, as there then is no trade-off
between foraging and refuge use.

We found that males shred leaves at a higher rate
than females. This could be explained by body size
differences between sexes, with bigger individuals
(males) feeding more than small individuals (females).
Also, there may be differences in metabolic rates
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between males and females (Fox et al., 2003), due to
the “live fast, die young” life history strategy among
males (Bonduriansky et al., 2008). This points out the
importance of considering male—female differences
when studying foraging rate.

Pair formation

Local adaptation in prey species is highly influenced
by the main predator type in the habitat (McPeek,
1990; Wellborn et al., 1996). In our fish ponds crucian
carp, which do not suffer from gape limitation when
feeding on G. pulex, is the main predator, whereas
gape-limited invertebrate predators dominate in fish-
less ponds. Hence, in fish ponds G. pulex should
experience an increased risk of predation when they
form pairs due to larger size and reduced mobility,
whereas the opposite pattern should occur in fishless
ponds (Ward, 1986, Cothran, 2004). As with refuge
use and mortality rate, there seems to be a general
difference in pair-formation between fish and fishless
pond individuals. Individuals from fish ponds formed
fewer pairs compared to individuals from fishless
ponds. This is in line with a previous study, showing
that individuals from fish ponds have a different life
history strategy, with being bigger in size, having
lower mating success but producing more offspring
than individuals from fishless ponds (Abjérnsson etal.,
2009). Further, both male and female Gammarus
duebeni have been found to decrease their activity
when exposed to predator cues from fish, which was
argued to decrease encounter rates between sexes and
hence decreases pair-formation (Dunn et al., 2008).
Further, males left females faster in the presence of fish
cues due to a trade-off between mate guarding and
predator avoidance (Dunn et al., 2008). We found the
same pattern in our study, with a reduction of the
number of pairs in G. pulex from fish ponds when
exposed to fish cue compared to the control. On the
other hand, there was no effect of invertebrate
predatory cues on pair-formation in G. pulex from
fishless ponds, probably because pairs are bigger then
singular G. pulex and this should decrease the preda-
tion pressure from gape-size-limited invertebrate pre-
dators (Cothran, 2004; Abjﬁrnsson et al., 2009). The
reason that there is an effect of predator cues in pair-
formation even after 20 min, but not in the other traits,
is probably due to finding a partner being a longer/
slower process than other behaviours assayed.
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Even though the shorter duration of pair-formation
in G. pulex from fish ponds may release them from
some of the costs of pair-formation (Ward, 1986;
Cothran, 2004) they will also miss the benefits of pair-
formation. For example, at high male:female ratios
males have mating advantages through mate-guarding
(Parker, 1974; Hardling et al., 2004), whereas females
may gain from pair-formation by shortening their
intermoult duration (Galipaud et al., 2010).

General discussion

Theoretical models suggest that plasticity is favoured
in heterogeneous or fluctuating environments whereas
in stable environments there will be a loss of plasticity
and genetic assimilation of traits, i.e. due to directional
selection traits will become genetically determined
and canalized (Van Tienderen, 1991, Sultan &
Spencer, 2002). G. pulex that live in isolated ponds
should experience low gene flow from other popula-
tions, due to low dispersal rates. Hence, this may lead
to that life history strategies and behavioural responses
to predators become genetically fixed. And indeed, the
differences in refuge use, mortality and pair-formation
suggest that G. pulex have become locally adapted to
their prevailing predator regime. Also, these local
adaptations are not exclusive for a specific pond, since
we found this pattern even after pooling three popu-
lations of the same predator regime. Hence, selection
for these adaptations should have occurred in parallel
in the different ponds.

These adaptations may come with a cost, since
G. pulex have to trade-off fitness related traits against
predator threat. Even though the fish pond individuals
need to spend more time in a refuge, there seems to
be no trade-off between foraging rate and refuge use,
indicating that this is an optimal refuge that provides
both food and cover. However, spending more time
aggregated in refuge increases the aggressive inter-
actions with conspecifics, which increase morality
rates for fish pond individuals (Plaistow et al., 2003;
Kullmann et al., 2008). On the other hand, in fishless
ponds, G. pulex aggregate and hide to a lesser extent
and hence do not pay the costs associated with these
behaviours. Further, since forming pairs increases the
risk of predation from fish, G. pulex from fish ponds
form fewer pairs and hence, they miss the benefits,
but also the costs of pair-formation. Also, both sexes
have preference for bigger partners, and whilst males

may ignore small females, females can resist copu-
lation attempts from small males leading to a
selection for bigger size (Ward, 1984; Elwood
et al., 1987). At the same time size selective
predation selects for smaller individuals leading to a
conflict between the optimum size for mating and
predation risk in fish pond individuals. However,
according to Abjérnsson et al. (2009), fish pond
individuals are actually bigger then individuals from
fishless ponds. It seems as fish pond individuals
allocate resources towards growth and one or few
breeding occasions (Abjérnsson et al., 2009), since
they are more vulnerable to predation when in pair
then unpaired (Ward, 1986; Cothran, 2004). Further,
this strategy increases their risk of predation from
positive size selective predators, but it may also
reduce their life time fecundity compared to G. pulex
from fishless ponds (Abjérnsson et al., 2009). If so,
fish pond G. pulex might pay a high cost for their
adaptations to the local predator regime.

In summary, we found general differences in
baseline behaviour, predator avoidance and mortality
rate both between predator regimes and sexes in G.
pulex. Based on our results, we suggest that fish pond
individuals have to make a trade-off between predator
avoidance and fitness-related behaviour (e.g. pair-
formation) to a higher extent than fishless pond
individuals. Also, males seem to have a “live fast,
die young” life history strategy, which lowers their life
span compared to females. In addition, we suggest that
these differences between individuals originating from
fishless systems, where invertebrates are the dominant
predators, and systems with predatory fish are primar-
ily driven by predator regime level differences in trait
values rather than plastic responses to predator cues.
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