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Abstract Phenotypic plasticity is predicted to evolve
when subsequent generations are likely to experience
alternating selection pressures; e.g., piscine predation on
mosquitoes (Culex pipiens) varies strongly depending on
habitat type. A prey-choice experiment (exp. 1) detected a
predilection of common mosquito predators (sticklebacks,
Gasterosteus aculeatus) for large-bodied mosquito larvae,
suggesting that larvae could benefit from suppressing
growth under predation risk, and experiment 2 confirmed
reduced pupa size and weight when we exposed larvae to
stickleback kairomones. In experiment 3, we measured
adult (imago) size instead to test if altered larval growth-
patterns affect adult life-history traits. We further asked
how specific life-history responses are, and thus, also used
kairomones from introduced Eastern mosquitofish (Gam-
busia holbrooki), and from algivorous, non-native catfish
(Ancistrus sp.). Adult body mass was equally reduced in all
three kairomone treatments, suggesting that a non-specific
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anti-predator response (e.g., reduced activity) results in
reduced food uptake. However, imagines were distinctly
smaller only in the stickleback treatment, pointing towards
a specific, adaptive life-history shift in response to the
presence of a coevolved predator: mosquito larvae appear
to suppress growth when exposed to their native predator,
which presumably reduces predation risk, but also affects
body size after pupation. Our study suggests that (1) not all
antipredator responses are necessarily predator-specific,
and (2) fluctuation in the cost-benefit ratio of suppressing
larval growth has selected for phenotypic plasticity in C.
pipiens larval life histories. This implies costs associated
with suppressed growth, for example, in the form of lower
lifetime reproductive success.
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Introduction

Predation is a major selective force driving phenotypic
diversification including adaptive variation in prey species’
life histories (Reznick and Endler 1982; Crowl and Covich
1990; Riesch et al. 2013), morphology (Walker 1997,
Langerhans et al. 2004), and behavior (Dixon and Baker
1988; Lima and Dill 1990). Characters that provide pro-
tection from predation often show heritable (evolved) dif-
ferences in mean trait expression between species or
populations that are exposed to different predation regimes
(Reznick 1982; Langerhans et al. 2004). However, building
defensive traits can be associated with considerable costs
(e.g., Stevens et al. 1999), and so inducible trait expression
(i.e., phenotypic plasticity) ought to be favored under
certain conditions (Hebert and Grewe 1985; Dodson 1989;
Agrawal 2001; Benard 2004); but see, e.g., DeWitt et al.
(1998) and Auld et al. (2009) for costs of phenotypic
plasticity. Classic examples of inducible morphological
responses to predation risk come from studies on water
flees (genus Daphnia), where juveniles produce neck-teeth,
helmet-like structures, or elongated spines on the dorsal
surface of the carapace in response to predator presence
(Krueger and Dodson 1981; Hebert and Grewe 1985;
Dodson 1989). One condition that favors the evolution of
inducible predator-defense traits is provided when indi-
viduals can move between habitats that differ in predation
risk across generations. For example, insects with complex
life cycles can experience starkly divergent predatory
regimes during their (aquatic) larval stages (Wilbur 1980;
Palmer and Poff 1997), but since imagines can move freely
between water bodies for oviposition, successive genera-
tions often experience different predatory regimes, and so
plastic responses to predators in larval life histories, mor-
phology and behavior are to be expected (reviewed in
Benard 2004).

Predation is often size-selective, and predators tend to
consume large individuals to optimize their net energy
uptake (Brooks and Dodson 1965; Reznick 1982; Wellborn
1994; Plath et al. 2003) unless gape limitation or problems
of handling large prey items lead to different patterns
(Werner 1974; Nilsson and Bronmark 2000). In holome-
tabolous insects, life history responses to predation on
larval stages ought to be governed by early emergence to
evade predation, which can result in reduced body size at
metamorphosis (Peckarsky et al. 2001; Benard 2004;
Beketov and Liess 2007), as somatic growth is largely
restricted to the larval stage (Nijhout and Wheeler 1996).
However, even if accelerating larval development is
impossible, larvae could still suppress growth to evade
size-specific predation. On the other hand, previous studies
on culicid larvae reported on delayed developmental times
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when exposed to kairomones, probably because larvae
reduced activity and fed less, resulting in delayed devel-
opment (Beketov and Liess 2007; van Uitregt et al. 2012).
Some studies, however, found no developmental response
to predation risk at all (e.g., Caudill and Peckarsky 2003
for larvae of the mayfly Callibaetis ferrugineus hageni),
and so holometabolous insects seem to react to predator
cues along a continuum of reaction norms.

Accelerated emergence times and/or suppressed larval
growth ought to be balanced by trade-offs (sensu Wilbur
1980; Stearns 1989) involving the competitiveness of lar-
vae and ultimately, adults’ realized reproductive potential
(Bradshaw and Holzapfel 1992). Such a trade-off was
demonstrated for the mosquito Aedes notoscriptus: when
larvae of this Australian species were exposed to chemical
cues of the native piscine predator Hypseleotris galii they
reduced activity and, therefore, were better at avoiding
predation than larvae that were not previously exposed to
predator cues. However, predator-exposed larvae had
reduced larval growth and development, were smaller at
metamorphosis and less resistant to starvation than non-
exposed ones (van Uitregt et al. 2012). Larvae of our study
species, the common house mosquito Culex pipiens
molestus (Forskal), inhabit stagnant or slow-flowing
waters, ranging from small temporary puddles to large
oxbow lakes (Vinogradova 2000). While transient water
bodies are mostly predator-free environments, larvae in
permanent (and mostly larger) water bodies are heavily
preyed upon by multiple predators, including fishes,
notonectid backswimmers, dytiscid beetles, dragonfly lar-
vae, and others (Vinogradova 2000). Like several other
aquatic invertebrates, Culex larvae detect predators through
kairomones—natural chemicals released by their potential
predators (Dodson et al. 1994; Ferrari et al. 2010). Little is
known about the chemical structure of kairomones; an
ongoing debate considers the question of whether (and to
what extent) the predator’s diet (Huryn and Chivers 1999;
Beketov and Liess 2007), its cutaneous mucus (Forward
and Rittschof 2000; Alvarez et al. 2014) or its bacterial
flora (Beklioglu et al. 2006) affect the chemical composi-
tion of kairomones. However, there is evidence that kair-
omones differ widely even among similar taxa (Lass and
Spaak 2003; Relyea 2003; Ferrari et al. 2010). When
exposed to kairomones originating from aquatic
heteropterans or beetles, mosquito larvae (Culex spp. and
Aedes spp.) reduce their activity (Sih 1986; Ohba et al.
2012), and imagines appear to use kairomones of larval
predators as a cue to avoid high-predation environments
when searching for oviposition sites (Spencer et al. 2002;
Ohba et al. 2012; Afify and Galizia 2015).

A number of studies focused on predator—prey interac-
tions between culicid mosquito larvae (including the genus
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Culex) and non-indigenous predators that have received
attention as potential biological control agents against these
vectors of human diseases (e.g., Krumholz 1948; Rosen-
heim et al. 1995; Kumar and Hwang 2006). For example,
Offill and Walton (1999) compared a common native
predator of Culex spp., the three-spined stickleback (Gas-
terosteus aculeatus Linnaeus) and Gambusia affinis (Baird
and Girard), an introduced predator that is often used in
mosquito control programs (Krumholz 1948), in terms of
their efficiency of larval predation and found higher pre-
dation rates in G. affinis. However, predator—prey interac-
tions between the widely distributed common house
mosquito and its common native predator in Europe, G.
aculeatus (see Medlock and Snow 2008), have received
little attention in empirical research. Therefore, our first
question was whether stickleback predation on C. pipiens is
size-selective, and we conducted a prey choice experiment
in which individual sticklebacks were offered two different
size classes of mosquito larvae to answer this question. Our
first experiment corroborated an increased predation risk of
large-bodied larvae (see “Results”), and so we conducted
another experiment to investigate potential predator-in-
duced larval life history responses by raising larvae in
water containing kairomones from sticklebacks, or water
without kairomones in the control treatment. Specifically,
we asked whether (size-specific) predation risk results in an
accelerated developmental time and/or reduced larval body
size, as measured by the size at pupation. Because we
detected several life history responses when larvae were
exposed to stickleback kairomones, we expanded our study
and asked if mosquito larvae respond specifically to the
presence of naturally co-occurring insectivorous fishes, or
if any fish species elicits those responses. This question is
of particular interest because of the increasing impact of
invasive species—including non-native teleost fishes—in
freshwaters worldwide (Mack et al. 2000; Sakai et al.
2001). Native, predator-naive prey species may be more
vulnerable to predation by introduced, unfamiliar predators
due to their inability to recognize novel predators and to
show adaptive antipredator responses (Salo et al. 2007). In
our third experiment we therefore compared life histories
of native mosquito larvae exposed to no kairomones
(control), kairomones from a non-native algivorous fish
(Ancistrus sp.), sticklebacks, and from Eastern mosquito-
fish (Gambusia holbrooki Girard). The latter species is a
severe predator of mosquitoes that has been introduced to
southern Europe from the USA for malaria prophylaxis in
the 1920s (Vidal et al. 2010), but does not presently co-
occur with mosquitoes in Germany, where our study pop-
ulation of C. pipiens originated. We predicted the strongest
shift in life histories to occur in response to chemical cues
of sticklebacks, but a weaker or no response at all when
exposed to kairomones from Ancistrus and mosquitofish. In

this experiment, we focused on size and weight measure-
ments of imagines, which allowed determination of whe-
ther and how larval life history shifts (as seen in our second
experiment) translate into an altered adult body size. Taken
together, our present study is the first of its kind to not only
demonstrate altered larval development in response to
predator cues, but to demonstrate how developmental
plasticity relates to size-specific predation risk, and to what
extent co-evolved and invasive alien (i.e., not co-evolved)
predators elicit the same or different responses in essential
Culex life-history traits.

Materials and methods
Study organisms and their maintenance

A randomly outbred laboratory strain of Culex pipiens
molestus (Culicidae), founded from wild-caught animals
collected near Regensburg, Germany, was obtained from
Biogents AG (Regensburg). The subspecies C. p. molestus
is autogenous, stenogamous, remains active throughout the
year, and mainly feeds on mammalian, especially human
blood (Harbach et al. 1984). Females produce at least one
egg-raft after emergence, for which they do not obligatorily
require a blood meal (Twohy and Rozeboom 1957). Mos-
quitoes were maintained as randomly outbred stocks con-
sisting of several hundred imagines at 22 °C in two cages
(60 cm x 60 cm x 60 cm gauze-covered frames), which
were equipped with a water-filled Petri dish. Adult females
were fed on saturated grape-sugar solution, which we
offered ad libitum in the form of sugar-water soaked paper
towels. Egg-rafts were removed from the culture and
transferred to 10-L aquaria with equal amounts of deion-
ized and tap water for hatching. Larvae were fed weekly on
commercially available fine-ground fish food (Tetra Min®).

All fishes used to produce kairomones for the tests were
maintained in aerated and filtered >80-L tanks at 21 °C
and fed ad libitum with flake food twice a day. Three-
spined stickleback (Gasterosteus aculeatus; Gasterostei-
dae) are widely distributed throughout Europe; they feed
mainly on crustaceans and aquatic insects (Hynes 1950).
Sticklebacks were collected in a small creek in Niederursel,
Germany, and were kept in the laboratory for 2-3 weeks
before experimental use. In our third experiment we also
included a laboratory strain of Eastern mosquitofish
(Gambusia holbrooki; Poeciliidae), presumably of Florid-
ian origin. Mosquitofish were actively released in southern
Europe during the 20th century for mosquito prophylaxis,
and are nowadays present in nearly all southern European
water bodies (Vidal et al. 2010; pers. obs. for Italian,
Spanish and southern French streams), but are currently not
known to have established permanent populations in
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Germany. Our third experiment included a domestic form
of the algivorous South American armored catfish (An-
cistrus sp. Loricariidae), which we obtained from a com-
mercial aquarium breeder.

To prepare water containing specific fish kairomones,
groups of fish were transferred into aerated and filtered
10-L aquaria that were maintained at 21 °C. In an attempt
to standardize kairomone concentrations, we combined
small groups of stimulus fish such that their cumulative
body size (standard length, SL) would equal about 160 mm
[4 individuals per aquarium for Ancistrus (mean + SE,
SL = 39.3 + 1.0 mm), 4 sticklebacks (39.6 + 2.4 mm)
and 5-6 mosquitofish (26.8 + 1.5 mm)]. Fishes were daily
fed ad libitum with Tetra Min® fish food. Water was
refilled every day after water had been removed for the
experiments described below (Experiments 2 and 3).

Experiment 1: prey choice of three-spined
sticklebacks

Prey choice tests with sticklebacks were performed in 12-L
aquaria. Test tanks were aerated between trials, but the air-
stone was removed before mosquito larvae were introduced.
Before each trial, we collected 14 larvae from our stock
culture, i.e., seven from each of two visibly different size
classes. Two individuals per size class were randomly taken
from this sample and fixed in 70 % ethanol for subsequent
size determination [large size class, mean (£SE) length
from the cephalothorax to the tip of abdominal segment
VIII: 5.2 & 0.1 mm; small size class: 2.8 £ 0.1 mm).
Since our aim was to detect general patterns of size-selec-
tive predation in sticklebacks, we chose mosquito larvae
that clearly differed in size, which allowed visual differ-
entiation of size classes by the observer. To initiate a trial,
an individual stickleback (SL: 39.2 + 1.4 mm) was intro-
duced into the test tank and allowed to acclimate for
10 min. Afterwards, the remaining 10 larvae were gently
introduced into the test tank. We observed the behavior of
the focal fish from approximately 1 m distance and termi-
nated a trial (i.e., removed the focal fish from the test tank)
after five larvae had been eaten. All surplus larvae were
retrieved from the test tank and their size class noted. In
total, we conducted n = 31 independent trials.

Experiment 2: life history responses to stickleback
kairomones (pupae size)

To determine larval responses to stickleback kairomones,
larvae were reared in 100 mL vessels filled with 60 mL
water (equal amounts of deionized and tap water). Each
vessel was covered with fine nylon gauze. We introduced
eight newly hatched (L;) larvae per vessel and thus tested 10
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replicates (80 L; larvae) in both treatments (control and
stickleback kairomones; i.e., n = 160 larvae altogether).
Larvae were fed on ground fish food until pupation. The
consumption of food per larvae increased stepwise as fol-
lows: 0.5 mg (hatching day), 0.5 mg (day 2), 0.5 mg (day
4), 0.5 mg (day 5), and 1 mg per day from day 7 onwards.
All experiments were conducted in a climate chamber at
21 °C, with 60 % humidity and a 12:12 h LD photoperiod.
We exchanged 50 % of the water in the test vessels every
day and replaced it with kairomone-water from the respec-
tive fish tanks or untreated water (according to the treat-
ment). We used water from two replicate stimulus tanks
containing sticklebacks (cumulative SL = 166 £ 3 mm)
and two equal-sized and similarly equipped tanks without
fish (control treatment).

Twice a day all mosquito test vessels were checked for
mortality, and all dead larvae were immediately removed.
Simultaneously, we checked for pupae, which were fixed in
70 % ethanol. We determined the sex of pupae based on
the gonocoxopodites, which are large and partially bilobed
in males but small and spiculate in females (cp. Harbach
et al. 1984; personal observation). The same parameters as
described in Miiller et al. (2013) were measured under a
stereo microscope: abdominal length (AL) from the third to
the eighth segment, abdominal width (AW) at the fifth
segment, and the area of the cephalothorax (CT) in lateral
view.

We asked if any observable life history responses of the
mosquito larvae can be ascribed to the presence of fish
kairomones or whether it represents a response to meta-
bolic waste products of fish and their related degradation
products. We therefore analyzed nitrate and phosphate
concentrations in randomly selected experimental vessels,
the fish tanks and in the tanks containing control water
using colorimetric tests (Merck KGaA, Darmstadt, Ger-
many). Two nitrate and phosphate measurements were
conducted per treatment. Sensitivity of the colorimetric
tests is low, however, all measurements for nitrate and
phosphate were uniformly high in the experimental mos-
quito vessels (~10 mg 17! NO;™; >0.43 mg 1~' H3PO,)
and considerably lower in the fish and control tanks
(~5 mg ™' NO;™; ~03 mg 1" H;PO,). Therefore,
waste products of the larvae themselves seem to have
affected nitrate and phosphate concentrations in the test
vessels, but the addition of fish (or control) water had no
obvious effect on this.

Experiment 3: life history responses to different
predator types (imago size)

In our third experiment, we used a similar approach as
described before, but collected imagines directly after
hatching. We set up three replicate stimulus tanks for each
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of the following fish species and three (empty) control
tanks (i.e., 12 stimulus tanks in total): Ancistrus sp. (cu-
mulative SL = 157 & 4 mm), G. aculeatus (158 4+ 3 mm)
and G. holbrooki (152 &+ 1 mm). We conducted 15 repli-
cates (using 120 larvae) per treatment, amounting to a total
sample size of n = 480 larvae.

Emerged imagines were frozen in individual 1.5 mL
Eppendorf tubes at —80 °C until further processing. Mos-
quitoes were then dried at 60 °C for a minimum of 24 h,
after which their dry weight was recorded using a Sartorius
4503 microbalance (accuracy: 1 pg). Wing length (as a
proxy for body size) was determined to the nearest 0.1 mm
as the distance from the axial incision to the R1 vein (Kref3
et al. 2014) using a dissecting microscope (Nikon AZ100
Multizoom, Nikon Instruments FEurope, Amsterdam,
Netherlands) connected to a digital camera (Nikon DS-Fil)
with an image-analyzing system (NIS Elements BR, ver-
sion 3.22.11, Laboratory Imaging). To determine fat con-
tent mosquitos were rinsed four times for at least 1.5 h with
petroleum ether to extract nonpolar, non-structural lipids,
then dried again and reweighed (Heulett et al. 1995; Riesch
et al. 2010).

Statistical analysis

All statistical analyses were conducted using SPSS 22
(SPSS Inc., Chicago, IL). Numbers of large and small
larvae consumed in experiment 1 were compared using a
Wilcoxon signed rank test. We used multivariate General
Linear Models (GLM) to compare life history traits
between treatments in experiments 2 and 3; dependent
data were z-transformed to standardize units. In experi-
ment 2, ‘developmental time until pupation’ (days), ‘dry
weight’ (mg), ‘cephalotorax area’ (mmz) ‘abdominal
width’ (mm) and ‘abdominal length’ (mm) were treated as
the dependent variables, and in experiment 3 ‘develop-
mental time until emergence’ (days), ‘dry weight’ (mg),
‘wing length’ (mm) and arcsine(square root)-transformed
‘fat-content’ (%). ‘Sex’, ‘treatment’ and their interaction
were used as fixed factors. Since the interaction terms had
no significant effects (experiment 2: Fsi57; = 1.37,
P = 0.24; experiment 3: F; 784 = 0.99, P = 0.46), they
were removed from the final models. To identify the
source of variation in case of significant treatment effects
we used univariate GLMs on all four variables separately
(using non-transformed data) and employed LSD tests for
post hoc pairwise comparisons between treatments. We
illustrated significant effects using estimated marginal
means from the respective analytical models. Mortality
data were analyzed using survival analysis: a log-rank test
was performed to check if larval mortality rates varied
among treatments.

Results

Experiment 1: prey choice of three-spined
sticklebacks

Sticklebacks consumed more large than small larvae in 29
of 31 trials, and a Wilcoxon signed rank test confirmed that
overall more large larvae were consumed (i.e.,
72.9 + 3.2 % of consumed larvae; z = —4.63, P < 0.01,
n = 31; Fig. 1).

Experiment 2: life history responses to stickleback
kairomones (pupae size)

A multivariate  GLM uncovered significant treatment
(F5,128 = 715, P < 0001) and sex effects (F5,128 = 17925,
P < 0.001) on the four investigated life history traits. Uni-
variate GLMs—as a touch-down approach to uncover the
source of variation—revealed that developmental time was
not affected by exposure to stickleback kairomones, while
cephalothorax area, abdominal width, abdominal length, and
dry weight were significantly reduced in the stickleback
treatment (Table 1; Fig. 2). Differences between sexes are
reported in supplementary Table S1.

Survival analysis revealed that the mortality of larvae
did not differ between treatments (log-rank test, X2 = 3.59,
P = 0.06). While the marginally non-significant effect
suggests a treatment effect, larvae exposed to kairomones
actually had slightly increased (not decreased) survival
(Fig. 3a). Mortality in the control treatment was 20.7 %,
which meets the criteria of acceptable experimental base-
line mortality for ecotoxicological tests in the non-biting
midge Chironomus riparius (Chironomidae) provided in
OECD guideline no. 219 (i.e., 30 %; OECD 2004).
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Fig. 1 Prey-choice preference of sticklebacks (Gasterosteus aculea-
tus) between large- (body length: 5.2 £+ 0.1 mm) and small-bodied
(2.8 £ 0.1 mm) mosquito larvae
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Table 1 Results from ANCOVAs of the experiment 2 using ‘kair-
omone treatment’ and ‘sex’ as fixed factors

Source Dependent variable F df P

Treatment Time until pupation 0.194 1 0.661
Cephalothorax area 26.023 1 <0.001
Abdominal width 6.628 1 0.011
Abdominal length 13.031 1 <0.001
Dry weight 25.801 1 <0.001

Sex Time until pupation 131.191 1 <0.001
Cephalothorax area 305.332 1 <0.001
Abdominal width 189.537 1 <0.001
Abdominal length 222.283 1 <0.001
Dry weight 318.327 1 <0.001

The interaction term was not significant (Fs o7 = 1.372, P = 0.24)
such that only the main effects were analyzed

Experiment 3: life history responses to different
predator types (imago size)

A multivariate GLM detected significant treatment
(F12.791 = 2.86, P =0.001) and sex effects
(F4200 = 342.61, P <0.001) on the four investigated
life history traits. Univariate GLMs found significant
differences in dry weight (Fig. 4b) and body size
(Fig. 4c), while developmental duration (Fig. 4a) and fat
content (Fig. 4d) did not differ between treatments
(Table 2). Post-hoc tests revealed that average dry
weight was significantly lower in larvae exposed to any
of the three fish treatments compared to the control
treatment (LSD tests: P < 0.01 in all cases; Fig. 4b).
Body size (wing length) was significantly smaller in the
stickleback treatment than in the control (P = 0.011)
and Ancistrus treatments (P = 0.004; Fig. 4c). Body size
of mosquitoes from the G. holbrooki treatment was also
slightly reduced (1.03 %), but was not significantly dif-
ferent from the other treatments (P > 0.05 in all cases).
In addition, we found pronounced differences between
sexes, with males emerging faster than females, having a
lower dry weight, smaller wing length and a higher fat
content than females (Table 2; for descriptive statistics
see supplementary Table 2).

The survival of C. pipiens larvae did not significantly differ
between treatments (log-rank test, ¥* = 3.50, P =0.32);

L

mortality in control treatment was 16.6 % (Fig. 3b).

Discussion
We found sticklebacks to exert size-selective predation

upon C. pipiens larvae (“Experiment 17). In case of newly
hatched (L;) larvae exposed to stickleback kairomones,
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pupae became significantly smaller and lighter compared to
the control treatment without kairomones (“Experiment
2”). These observations were corroborated by investigating
imagines, where we found a strong reduction in body size
after exposure to stickleback kairomones (“Experiment
3”); however, body weight was reduced in all fish kair-
omone treatments irrespective of fish identity.

Size selective predation on aquatic arthropods by piscine
predators is well documented for other teleost fishes; e.g.,
bluegill sunfish (Lepomis macrochirus) prefer large
amphipod prey (Wellborn 1994), pumpkinseed sunfish (L.
gibbosus) prefer large dragonfly larvae (Dixon and Baker
1988), and brook trout (Salvelinus fontinalis) exhibit a
preference for large mayfly larvae (Allan 1978). We argue
that lower predation risk of small-sized C. pipiens larvae
by their common piscine predator in European freshwaters,
the three-spined stickleback (G. aculeatus), provides them
with a relative advantage over larger larvae in sites with
high levels of predation, and so we asked if mosquitoes
respond to predation risk with altered larval life histories,
especially with suppressed growth, which was confirmed in
experiment 2.

We further asked how specific this response is, and
whether mosquito larvae differ in their responses to a co-
evolved piscine predator, a not co-evolved (invasive)
predator, and a non-insectivorous fish. Investigating the
response of native prey organisms to novel (invasive)
predators is of particular interest in light of the steady
increase of biological invasions worldwide (Mack et al.
2000; Sakai et al. 2001). Different predators usually release
predator-specific chemical profiles (Relyea 2001; Iyengar
and Harvell 2002; Relyea 2003), but it remains to be
investigated if prey species can respond to novel predator
types with which they have not coevolved. Moreover, our
second experiment as well as several previous studies
reporting suppressed growth of mosquito larvae exposed to
predator kairomones (e.g., van Uitregt et al. 2012 for A.
notoscriptus; Ohba et al. 2012 for C. tritaeniorhynchus) did
not answer the question of whether suppressed larval body
growth is merely an indirect consequence of reduced
activity (and thus, reduced feeding), or if mosquito larvae
actively alter larval growth patterns as an adaptive life
history response to evade predation—experiment 3 in our
present study provides answers to both questions.

Our prediction for an adaptive response to predation risk
was that larvae might accelerate larval development to
evade predation (see “Introduction”), but we found no
support for such a pattern. Neither did we find delayed
developmental times in our present study (an effect found
in previous studies, e.g., Beketov and Liess 2007; van
Uitregt et al. 2012), and so it seems that developmental
times show rather narrow reaction norms in our study
population. Still, the results of experiment 3 suggest that
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mosquito larvae exhibit an unspecific stress response to
kairomones from different fish species, as it seems plau-
sible to explain reduced body weight as a consequence of
reduced activity and thus, reduced food uptake (compare
Beketov and Liess 2007; van Uitregt et al. 2012). Gener-
ally, time spent foraging correlates positively with the
likelihood of being detected by visual predators or
encountering ambush predators, and so individuals

typically decrease foraging under predation risk (Lima and
Dill 1990; Benard 2004; Stoks et al. 2005). Also C. pipiens
larvae were found to move less when exposed to kair-
omones from a heteropteran predator, the backswimmer
Notonecta undulata (Sih 1986), and reduced foraging
under the influence of predator kairomones was also
reported from other culicid larvae (Kesavaraju and Juliano
2004; Ohba et al. 2012).
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Moreover, we detected another effect—reduced body
size—that was strongest in the treatment with stickleback
kairomones, considerably weaker when kairomones of
insectivorous, but not co-evolved, Gambusia were present,
while no effect at all was seen in the Ancistrus treatment.
Since we did not measure activity in our study, a link
between reduced foraging and reduced body size cannot be
excluded. However, if this explanation was true, and if our
interpretation is correct that equally reduced body weight
in all three fish kairomone treatments is the result of

@ Springer

reduced activity (see above), then we would have expected
at least slightly reduced body size also in the treatment
using Ancistrus kairomones, but no such pattern was
uncovered (Fig. 4c). We calculated the ratio between body
weight and body size. The non-specific body weight
reduction in all kairomone treatments was reflected by a
high body mass-to-body size ratio in the control treatment
(0.270; calculated from EMMs), but the highest ratio
among the fish kairomone treatments was detected when
Gasterosteus kairomones were presented (Ancistrus: 0.254,
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Table 2 Results from ANCOVAs on four variables assessed in
experiment 3 using ‘kairomone treatment’ and ‘sex’ as fixed factors,
and ‘developmental duration’, ‘dry weight’, ‘wing length’ and ‘fat
content’ as the dependent variables

Source Dependent variable F df P

Treatment  Developmental duration 1.357 3 0.256
Dry weight 4498 3 0.004
Wing length 3490 3 0.016
Fat content 1.511 3 0.212

Sex Developmental duration 155.504 1 <0.001
Dry weight 1,097.906 1 <0.001
Wing length 677562 1 <0.001
Fat content 38940 1 <0.001

The interaction term was not significant (F,784 = 0.99, P = 0.46)
such that only the main effects were analyzed

Gasterosteus: 0.261, Gambusia: 0.254), and so it appears
as if larvae are indeed actively suppressing growth and
thus, become ‘denser’ (i.e., have a higher weight-to-body
size ratio compared to the Ancistrus and Gambusia treat-
ments) to reduce predation risk in the presence of their
common predator. This suggests that, at least in C. pipiens,
the evolutionary history of this predator—prey interaction
seems to be more important than the relative risk of pre-
dation posed by the predator, and some component of
sticklebacks’ chemical cues may allow a specific recogni-
tion of the coevolved predator. The significance of evolu-
tionary history in predator—prey recognition was also
observed by Alvarez et al. (2014), who investigated
predator avoidance behavior of mayfly larvae (Baetis spp.)
to chemical cues (cutaneous mucus). The authors showed
that larvae exhibited no behavioral response to novel
predator species, while larvae did respond to five co-oc-
curring freshwater fishes. However, the response to co-
occurring fishes was not predator-specific even though fish
species differed in their strength of predation on mayfly
larvae. Given that all fish species in our study obtained the
same diet, species-specific kairomones likely stemmed
from a combination of cutaneous mucus and mucosa-as-
sociated bacteria (Beklioglu et al. 2006; Alvarez et al.
2014).

With regards to reduced larval body size, our results
suggest that size reduction confers benefits under preda-
tion risk. However, since body size of female mosquitoes
correlates positively with fecundity (Briegel 1990; Lyimo
and Takken 1993; McCann et al. 2009), this reduction
may come at a cost at the adult stage, essentially leading
to a life-history trade-off. Furthermore, van Uitregt et al.
(2012) found smaller mosquito imagines to be less resis-
tant to starvation, while larger imagines can have longer
reproductive life-spans (Neems et al. 1990), have an

increased ability to disperse (Kaufmann et al. 2013), and
tend to be superior in mate competition (Wellborn and
Bartholf 2005). This trade-off between costs and benefits
of suppressed larval growth likely governs the evolution of
the remarkable plasticity of larval life histories in C.
pipiens we describe here, as subsequent larval generations
can experience starkly different piscine predation
pressures.

Several studies have shown how alternative phenotypes
can be induced through alterations of hormone release and
enzymatic activity, as well as altered gene expression
mediated by DNA methylation and transcription factor
activation (Gilbert and Epel 2009; Miyakawa et al. 2010;
Snell-Rood et al. 2010; Beldade et al. 2011; Sommer and
Ogawa 2011; Schneider et al. 2014). These mechanisms
are highly interactive: environmental cues can affect the
dynamics of hormone production and thus, trigger changes
in hormone titers, while hormones can affect gene
expression (Gilbert and Epel 2009; Beldade et al. 2011).
Future studies will need to address the molecular mecha-
nisms underlying adaptive life-history shifts of mosquito
larvae exposed to predator kairomones. This may also
answer the question of how specific kairomones of the
investigated fish species are and how these affect the
entailing cascades. The reduced body weight in all fish
treatments (Fig. 4b) implies that this particular response is
triggered by chemical cues shared by a broad array of
teleost species, whereas the reduction in body size was
much more specific: the co-evolved predator triggered the
strongest response, but a weak (albeit not significant)
response was also triggered by Gambusia. This may be
explained by the greater phylogenetic proximity between
sticklebacks and Gambusia (Betancur-R et al. 2013),
resulting in somewhat similar chemical profiles. Further-
more, it remains to be tested if mosquitoes will evolve
predator recognition in regions where Gambusia is
invasive.

Finally, the picture becomes even more complex when
other studies on adaptive responses to invasive alien spe-
cies are evaluated. Some studies found no behavioral anti-
predator response of native species to an unknown predator
(e.g., Kesavaraju and Juliano 2004; Kesavaraju et al. 2007),
whereas others found morphological and behavioral adap-
tations to invasive predators (e.g., Flecker 1992; Pease and
Wayne 2014). Thus, our study demonstrates that—with
regards to invertebrate prey presented with chemical cues
of potential predators—the lack of a specific response does
not always equate to an inability of the prey species to
discriminate. Rather, the antipredator response can be
finely nuanced so that only certain traits exhibit a predator-
specific response, while other traits show similar responses
across a range of potential (co-evolved native or invasive
alien) predators.
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