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Abstract

Despite being a major selective force, predation can induce puzzling variability in anti-predator responses—from lack of
predator aversion to lifelong predator-induced fear. This variability is hypothesised to result from variation in the trade-offs
associated with avoiding predators. But critical information on fitness outcomes of these trade-offs associated with anti-
predator behaviours is lacking. We tested this trade-off hypothesis in Aedes aegypti, by examining oviposition site selection
decisions in response towards larval predation risk and comprehensively measuring the fitness implications of trade-offs of
avoiding larval predators, using three fitness measures: larval survival, development time and size. In a field study, we find
that adult females show a surprisingly variable response to predators, ranging from attraction to avoidance. This variation is
explained by fitness outcomes of oviposition along a predation-risk gradient that we measured in the laboratory. We show
that ovipositing females could gain fitness benefits from ovipositing in pools with a low density of predators, rather than in
predator-free pools, as predators provide a release from negative density effects of conspecific larvae that might co-occur in
a pool. Interacting selection pressures may thus explain diverse prey responses. We suggest other systems in which similarly
unexpected prey behaviour is likely to occur.
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fitness pay-offs in multiple currencies to explain the puzzle of how
predation risk can induce variability in anti-predator responses—
from attraction to aversion towards predators.

quences of lethal and non-lethal effects of predation on prey
trait evolution (Lima 1998; Preisser et al. 2005; Katz et al.
2016) and the role of predators in structuring ecosystems
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One possible reason for this variability in anti-preda-
tor response is variation in the trade-offs associated with
avoiding predators in the environment (reviewed in Verdo-
lin 2006; Preisser and Bolnick 2008; Preisser et al. 2009).
Any factor generating variation in either the costs or ben-
efits associated with anti-predator behaviour could result in
variation in pay-offs and therefore, variation in behavioural
responses. For example, a central idea in explaining variable
prey behaviour within a population is that trade-offs vary
when animals encounter predation risk that varies in space
and time; animals might tailor their anti-predator behaviour
to the resulting variation in pay-offs in a risk-sensitive man-
ner (Dupuch et al. 2009; Laundre et al. 2010; Juliana et al.
2011; reviewed in Verdolin 2006; Hebblewhite and Merrill
2009). Internal factors, such as body condition, could also
result in variation among individuals in pay-offs associated
with anti-predator behaviours; correspondingly, individuals
closer to starvation are likely to show weaker anti-predator
behaviour by, for example, reducing their avoidance of high-
risk foraging areas (Dill and Fraser 1984; Sih 1992). Such
an explanation, of varying trade-offs arising from variation
in either ecological or internal factors, has been invoked
to explain variation in different prey behaviours (e.g., sex
differences in habitat selection related to sex differences in
food/safety trade-offs, Creel et al. 2005; temporal differences
in the use of productive foraging areas related to tempo-
ral differences in predation risk, Heithaus and Dill 2006;
reviewed in Verdolin 2006; Hebblewhite and Merrill 2009).

Although this explanation of varying trade-offs has been
invoked in the literature (Verdolin 2006; Hebblewhite and
Merrill 2009; Preisser et al. 2009), so far this is largely theo-
retical. In other words, although animals often appear to
behave as though they are balancing the proposed trade-
offs, we lack actual comprehensive measurements of the
hypothesised underlying fitness outcomes, which are typi-
cally assumed or postulated but not estimated. However,
measuring fitness consequences is critical if we are to bet-
ter understand how selection is working, better predict prey
behaviour under a given context, and better explain why prey
behave differently under different conditions. The lack of
these measurements is partly because fitness consequences
of trade-offs (e.g., predation rates, and growth changes due
to changes in prey activity in the presence of predators) are
difficult to quantify (Hill and Dunbar 1998; Creel and Chris-
tianson 2008). Even when measured, they are rarely meas-
ured along a gradient of predation risk (but see Belovsky
et al. 2011). Additionally, these trade-offs usually manifest
in different fitness currencies, for example, the direct and
indirect effects of predators could be in different curren-
cies (such as, mortality and reduced growth); integrating
them into a single fitness measure can be challenging yet
crucial (Livdahl and Sugihara 1984). Furthermore, these
trade-offs may vary non-linearly along a predator density
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gradient; consequently, animals might show a non-linear
response towards predator density. To test whether variable
anti-predator behaviour can result from changing trade-offs
associated with variation in predation risk, we focused on
oviposition site selection (OSS) decisions in the mosquito,
Aedes aegypti, and measured adult behaviour and how it
is influenced by predation-related trade-offs along a risk
gradient.

Animals that oviposit in discrete patches, such as Ae.
aegypti, can strongly influence their offspring fitness
through their choice of patch, because offspring are typi-
cally restricted to their natal patch till they develop into
adults (Blaustein 1999; Relyea 2001; Angelon and Petranka
2002). In these natal patches, larval predation risk is con-
sidered to be a dominant risk factor for offspring of many
anurans and dipterans (Fincke et al. 1997; Silberbush and
Blaustein 2011). Females of many patch-breeding animals
are known to avoid laying eggs in pools that have predators
of offspring (frogs: Murphy 2003; Rieger et al. 2004; mos-
quitoes: Angelon and Petranka 2002; Spencer et al. 2002;
Eitam and Blaustein 2004; Vonesh and Blaustein 2010).
However, females may also face fitness costs from avoiding
pools with predators. A primary trade-off associated with
avoiding larval predators is high competition between larvae
as larvae experience high conspecific density in predator-
free pools. Both wild and laboratory studies have shown
that high conspecific densities reduce larval survival and
adult body size and increase development time (Agnew et al.
2002; Walsh et al. 2011). In our study, we, therefore, focused
on two important selection pressures—larval predation risk,
the dominant risk factor in mosquito breeding habitats, and
larval competition. The main trade-off we examined for adult
ovipositing females was avoiding larval predation risk trad-
ing off against avoiding larval competition.

In our study, we asked if trade-offs varying along a gra-
dient in larval predation risk can explain variable adult
anti-predator behaviour in Ae. aegypti. Ae. aegypti is a day-
biting mosquito and females typically oviposit after dusk
and before dawn. For locating oviposition sites, females use
long-range visual cues, and for discriminating between sites,
they appear to use short-range gustatory and olfactory cues,
such as volatile compounds and chemicals in the pool water
(Clements 1999; Sparks et al. 2014). Ae. aegypti females
typically deposit eggs on the edges of water-filled contain-
ers, tyres, mud pots, rock pools and tree-holes. The larvae,
feeding on organic and particulate matter, complete their
maturation in these pools and eclose into adults (Clements
1992, 1999). The offspring face a high risk of predation in
these closed pools from predatory dragonfly nymphs and
backswimmers (Fincke et al. 1997; Silberbush and Blaustein
2011). In addition, the oviposition biology of Aedes spp. is
peculiar because eggs (laid above the water surface) hatch
post rainfall; multiple females lay eggs in the same pool,
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hence eggs accumulate in large numbers over a period of
few days and result in high densities of larvae when these
eggs hatch post rainfall (Chadee and Corbet 1990). Due to
these life history characteristics, Ae. aegypti females typi-
cally encounter very high densities of larvae in potential
oviposition sites in the wild for the majority of the breeding
season (Harrington et al. 2008). Thus, larval predation risk
and larval competition are likely to be important selection
pressures acting on female oviposition site selection in the
study species.

Therefore, we first measured the fitness consequences to
females from laying eggs in pools along a gradient in larval
predation risk and fitness consequences of ovipositing in
predator-free pools, where they are faced with the compet-
ing selection pressure of larval competition. Secondly, we
examined female oviposition site selection response along
a gradient in larval predation risk under natural conditions.
We comprehensively measured predation-related trade-offs
in the laboratory by measuring multiple components of adult
female fitness. We measured larval survival and develop-
ment time, and adult body size of survivors, and integrated
them into a single long-term fitness measure, i.e., grandoft-
spring production rate for ovipositing adult females. We pre-
dicted that adult females should avoid ovipositing in pools
with larval predators as larval predation is thought to be the
dominant risk factor; furthermore, the degree of avoidance
should increase along the risk gradient. Female oviposition
behaviour is expected to match larval performance. Thus, we
expected that the strength of adult female avoidance of lar-
val predators along a predation gradient would relate to the
shape of the estimated fitness consequences, that is, females
would strongly avoid ovipositing in pools that entail large
costs of larval predation.

Methods and materials

Measuring fitness trade-offs associated with 0SS
decisions

To understand the evolution of female oviposition site
selection, we first measured the range of possible fitness
consequences of ovipositing in habitats that varied in larval
predation risk. We followed this experiment with a second
experiment to measure adult oviposition in habitats that var-
ied in predation risk. To first quantify predation-related fit-
ness trade-offs, we conducted a laboratory study using arti-
ficial pools that varied along a gradient in predator density.
We artificially deposited larvae in these pools, thus mimick-
ing decisions made by females, and measured the number
of surviving larvae as well as their reproductive value, i.e.,
contribution to the future gene pool. We varied the number
of deposited larvae to reflect a primary trade-off to avoiding

predation, namely larval competition in predator-free pools.
To capture the fitness consequences for females, we meas-
ured larval performance using three fitness measures: larval
survival, development time and adult body size of surviving
larvae.

We conducted laboratory experiments from November
2013 to February 2015, with individuals from a colony of
Ae. aegypti mosquito, maintained in our laboratory at the
Indian Institute of Science campus, Bangalore. The colony
is maintained at a 14:10 h day and night cycle, at 27 +5 °C.
The colony was set up in February 2013, with an initial
batch of eggs procured from the National Malaria Research
Institute. To quantify larval performance under different
intensities of predation risk and conspecific competition,
we established artificial pools of 30 cm diameter and 6 cm
depth in the laboratory that were representative of container
size in which Ae. aegypti typically lay eggs (Harrington et al.
2008). We used nymphs of the granite ghost dragonfly (Bra-
dinopyga geminata) as predators for the experiment; these
were collected from overhead tanks at the institute. Drag-
onfly nymphs commonly occur in the rock pools and cattle
tanks that Ae. aegypti use for oviposition and are voracious
predators of larvae (Fincke et al. 1997; personal observa-
tions, Chadee and Ward 1998; Alencar et al. 2016). We used
similar sized predators (8—11 mm) for all trials. We used
four levels of predator density: 0, 1, 2 and 4 to represent
a naturally occurring gradient in predator density in rock
pools (unpublished data) and had six levels of offspring
(larval) densities: 20, 30, 45, 70, 100, 155 for each preda-
tor density level, resulting in 24 combinations in a factorial
design framework. We chose the larval density range using
a combinational approach. We used data from the literature
(Southwood et al. 1972; Chadee and Corbet 1990; Wong
et al. 2011) and from preliminary trials to select a wide
range of larval densities that are likely to occur naturally.
The preliminary trials examined larval densities arising from
wild females ovipositing in artificial containers that were
placed in our institute campus to arrive at a representative
range of larval densities (See Online Resource 2). For the
experiment, each pool was filled with 1.5 I of distilled water
and 0.2 g of larval food (dried and powdered fish food) was
added. We placed an equal number of similar sized refuge
sites (pebbles) in each pool. We added freshly hatched first
instar larvae from the colony to each pool and allowed them
to acclimatise for 5 h before adding the predators. We ran
three replicates of this experiment, resulting in 72 artificial
pools in which we used 5040 first instar larvae, of which 474
males and 556 females survived.

Each trial started with the addition of larvae and ter-
minated when either all larvae had pupated or were dead
for all 24 pools. For every pool, we measured three fitness
components. To estimate larval survival, we counted the
number of larvae that matured to pupal stage. We measured
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development time (the time taken by larvae to pupate) by
surveying each pool every 5 h for larvae that had matured
to pupae. We collected the surviving pupae in individual
vials and chloroformed the eclosed adults. These adults were
sexed and then dissected for wing length measurements as
wing length is a reliable proxy for estimating size in this
species (Briegel 1990; Armbruster and Hutchinson 2002).

Measuring adult female behaviour

To study adult oviposition behaviour, we tested female
response to varying larval predator densities. We conducted
simultaneous-choice trials in an artificial pool experiment at
two outdoor locations at our field site located in the campus
of Rishi Valley School, Madanapalle, India (13.63 N, 78.45
E). At our field site, we conducted 90 binary pool trials from
July to November in 2014 and 2015 at two outdoor locations.
A trial consisted of a treatment pool (representing one of
three levels of predator density, i.e., containing either 2, 4
or 6 predators) paired with a control pool, free of predators:
0-2, 0-4 and 0-6. For all trials, we used artificial plastic
tubs of the same surface area, depth, shape and colour as
container attributes are known to affect female oviposition
behaviour (Clements 1999; Harrington et al. 2008). To rep-
licate treatment conditions from the laboratory experiment
pools described in “Introduction”, we added 1.5 1 of tap
water and 0.2 g of larval food to each tub. We placed two
filter paper ovistrips of 40 cm length and 7.5 cm width along
the walls of each pool for collecting eggs. During a trial, the
pools were set up outdoors at 1600 h and kept exposed to
wild population of females for 15 h as oviposition activity
of Ae. aegypti peaks after dusk and before dawn (Clements
1999). The ovistrips were removed, dried and eggs were
counted with a dissecting microscope. Before every trial,
we cleaned, dried and treated the pools with 70% ethanol
solution to remove possible remaining cues from the previ-
ous trial. Each 15 h exposure period constituted a trial. The
two pools in each binary choice trial were placed on cement
benches of 1 m height and placed 2 m apart. The positions
of control and predator pools were switched every trial to
control for possible position-related biases. In both years,
over the course of the season, we alternated the sequence of
predator treatments used in the binary trials to minimise pos-
sible effects of temporal changes in the number of eggs laid
by females. In total, we conducted 90 trials for adult females
with 27, 29, and 34 trials each for p=2, p=4 and p=6 treat-
ment, respectively. From each location, a subset of 25 eggs
was randomly chosen and allowed to hatch per trial and the
larvae isolated for species identification. We only found eggs
of Ae. aegypti in all our trial containers although we did find
Aedes vexans in rock pools close to the field site. Note that
we were unable to estimate how many different females laid
eggs in a given control or treatment pool from the counts of
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eggs laid. We conducted the experiment over several nights,
but only one replicate was conducted per night per location.
Thus, the replicates of each control—predator pool treatment
between nights were independent.

Statistical analysis
Measuring fitness trade-offs associated with 0SS decisions

The first component measuring female fitness was larval
survival (the probability of a larva surviving to pupation).
We calculated the proportion of individuals that pupated
successfully for each pool and ran a generalised linear model
with quasi-binomial errors (to account for over-dispersion).
We included predator density, initial larval density, repli-
cate number and the interaction between predator and larval
density as predictors. The interaction term was used because
predation rate may depend on the interaction between pred-
ator and prey numbers. We included replicate number to
account for possible effects associated with a replicate, such
as batch of eggs or predators used.

For the second measure of larval performance, develop-
ment time of survivors (time in hours from start of trial to
pupation), we analysed males and females separately, since
females develop at a different rate than males (Clements
1999; Tun-Lin et al. 2000). We could not examine develop-
ment time as a function of the whole range of predator and
larval density combinations tested, because there were too
few survivors in some of these combinations (specifically,
at high predator and low larval densities, number of larvae
<20), which resulted in limited measurements of develop-
ment time for these combinations. Therefore, we focused
on two simpler questions that allowed us to examine the
influence of predator density on development time. We first
asked what is the magnitude of the relationship between
development time of survivors and predator density? For
this analysis, we used data only from pools with high larval
density, that is pools with 155 larvae combined with 0, 1, 2
or 4 predators. Thus, this analysis focused on characterising
the strength of the relationship between predator density and
development time at constant (high) larval density. We ran
a linear mixed effects model using the Ime4 package (Bates
et al. 2015) with development time (in hours) as the response
and predator density as the fixed effect and pool identity as
a random effect. Secondly, to understand whether the influ-
ence of predation varied with larval density, we examined
the effect of adding a single larval predator on the develop-
ment time of survivors along a gradient in larval density.
For this, we used data from treatments with predator density
either 0 or 1 across all larval density treatments. We ran a
linear mixed effects model with development time as the
response variable, larval density as a continuous predictor
and predator density as a two-level factor along with the
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interaction term. Pool identity was included as a random
effect. We ran similar two-step analyses for the third fit-
ness measure, the wing length of survivors, because, as in
the case of development time, we could not examine wing
length as a function of the whole range of predator and larval
density combinations tested.

Integrating the three fitness components to estimate
grandoffspring production rate (GOPR)

The long-term fitness of an individual can be captured by
the number of offspring produced by that individual and the
reproductive value (i.e., expected fecundity) of those off-
spring. Furthermore, maturation time also affects fitness,
since shorter generation lengths contribute to higher fitness.
The rate of production of grandoffspring is one measure that
captures these different components, and can thus act as a
measure of long-term fitness. Integrating multiple fitness
measures into a single index is important because individual
measures could show contrasting relationships with trait var-
iation and could even cancel out when considered together
(Livdahl and Sugihara 1984). We measured multiple fitness
components of oviposition decisions, and combined them
to estimate grandoffspring production rate (GOPR). This
single measure provided us with a framework to compare
the fitness consequences of oviposition decisions, that is,
of laying eggs in pools with different levels of predator and
competitor densities. GOPR for an ovipositing female is the
probability that an egg that she lays survives to emerge as an
adult, multiplied with the expected fecundity of the surviv-
ing offspring upon maturation, divided by maturation time.
In other words, it is her expected number of grandoffspring
per egg, accounting for generation time. To estimate GOPR,
we used data from larval survival, development time and
adult body size measured in our study, with body size used
to estimate fecundity based on equations in the literature
(Armbruster and Hutchinson 2002). GOPR for the ith off-
spring is calculated as:

pi X f;
d

L

GOPR, =

where p; is the probability of survival (0 if the larva died or
1 if it survived to pupate) in a pool with a given predator and
conspecific density. f; and d; are the fecundity and develop-
ment time, respectively, of the ith larva. We calculated the
fecundity of the survivors from the size—fecundity relation-
ship reported for Aedine mosquitoes: y=0.16 +4.22x, where
y is fecundity and x is wing length (mm) on the log,,-log,,
scale. The R? value for this model is 0.74 (Armbruster and
Hutchinson 2002). GOPR was assigned a value of 0, by defi-
nition, for larvae that did not survive in a given pool. GOPR
was calculated for every larva. We ran a linear mixed effects

model with GOPR as the response variable, predator density,
conspecific density and their interaction as predictors, and
pool identity as the random effect.

Measuring adult female behaviour

To measure the oviposition response of females, we used
three indices. First, we calculated “oviposition activity

index” (OAI) (Kramer and Mulla 1979), expressed as i’" ;if ,
T C

where E and E- are the number of eggs laid in the treatment
and control pools, respectively, in a given trial. The value of
OALI, representing proportional differences in eggs laid
between treatment and control pools, ranges from — 1 indi-
cating maximum aversion to + 1 indicating maximum attrac-
tion to oviposit in the treatment pool. We ran a linear model
with OALI as the response variable, and with predator density
and location as predictors.

Second, we analysed the total number of eggs laid in both
pools in a trial. Studies report that Ae. aegypti while skip-
ovipositing (i.e., depositing eggs in more than 1 site) lay
more eggs in suitable than in unsuitable sites (Colton et al.
2003). To understand the relationship between total eggs
laid and larval predator density, we ran a generalised linear
model with negative binomial errors with predator density
and location as predictors. Third, we examined the propen-
sity to reject both treatment and control pools. We measured
the proportion of the total number of trials for each con-
trol-treatment combination in which the females did not lay
eggs in either pool (i.e., rejected both pools). We examined
how the propensity to reject both pools varied with predator
density by simply examining the pattern in overlap of 95%
bootstrapped confidence intervals of the mean of 1 category
with means of other categories.

We used likelihood ratio tests to assess the statistical
significance of model parameters. Where model assump-
tions of normality were not met, we used permutation tests
with 10,000 iterations to evaluate statistical significance and
calculated 95% bootstrapped confidence intervals for each
parameter. We based our inferences on the full model and
dropped only statistically insignificant interaction terms for
ease of model interpretation. We carried out all analyses
using the statistical software R (v.3.2.2) (R core team 2017).

Results

Measuring fitness trade-offs associated with 0SS
decisions

The probability of larval survival was affected by preda-

tor density but the nature of this effect depended on larval
density (Fig. 1; GLM, interaction term coefficient=0.014
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Fig. 1 Probability of survival at 4 different predator densities (4 pan-
els, labelled 0—4) along increasing larval conspecific density (N=72).
In the absence of predators, survival decreased rapidly with larval
density (P=0). In the presence of predators (P=1, 2, and 4), the
probability of larval survival was affected by predator density but the

(95% CI10.008-0.021), y*=336.95, df=1, p<0.001). When
predators were absent, larval survival declined rapidly with
increasing conspecific density (Fig. 1, P=0); the mortality
ranged from 24% at high to 0% in low larval density treat-
ments (Fig. 1), indicating potentially strong competition for
resources among larvae. In the presence of predators (P=1,
2, and 4), the probability of larval survival was affected by
predator density but the nature of this effect varied dramati-
cally as a function of larval density. At low larval density,
survival decreased rapidly with increasing predator density.
In contrast, at high larval density, survival was similar or
even improved at low predator density when compared with
no predators. Probability of survival did not vary detectably
across trials (y?=47.249, df=2, p=0.147, see Table Al in
Online Resource 1).

For the second (development time) and third (wing
length) measurements of fitness we asked two questions:
Firstly, what is the relationship between development time
and wing length of survivors and increasing predator den-
sity? The linear mixed effects model results show that, at
constant (high) larval density, increasing predator density
from O to 4 reduced the development time of female survi-
vors by 28% (y*=8.46, df=1, p=0.003) and of male sur-
vivors by 31% (y*=7.35, df=1, p=0.006) (Fig. 2a). For
wing length, at high larval densities, female survivor wing
length increased by 12.75% as predator density increased
from O to 4 predators (y*>=3.86, df=1, p=0.04). For males,
however, there was no detectable effect of predator density
on wing length (y>=2.94, df=1, p=0.086). Secondly, what
is the effect of a single predator on development time and
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nature of this effect depended on larval density. At low larval density,
survival decreased rapidly with increasing predator density. At high
larval density, survival was similar or even improved at low predator
density when compared with no predators

wing length of survivors at different larval densities? In
the absence of a single predator, female development time
increased with increasing conspecific densities (y>=8.13,
df=1, p=0.004), again indicating competition among larvae
for resources. The presence of a single predator decreased
development time (y*=7.32, df=1, p=0.006) similarly
across different conspecific densities (interaction term,
=172, df=1, p=0.19) (Fig. 2a). For males, develop-
ment time increased with increasing conspecific densities,
and decreased in the presence of a predator. In addition,
this decrease was slightly smaller at higher conspecific
densities (interaction term, ;(2 =3.98, df=1, p=0.04). For
wing length, female wing lengths decreased with increasing
conspecific density in the absence of predators (y*=17.94,
df=1, p<0.001). In the presence of a single predator, wing
length increased (y>=9.48, df=1, p=0.002), but similarly
across conspecific densities (interaction term, y*>=2.88,
df=1, p=0.089, Fig. 2b). For males, conspecific density
had a negative effect on wing length of survivors (y*=18.41,
df=1, p<0.001), but predator presence had no effect
(?=1.92, df=1, p=0.2) (Fig. 2b) (Tables A2 and A3 in
Online Resource 1).

Combining the three fitness components into GOPR
(grandoffspring production rate) revealed that both preda-
tors and conspecifics acted jointly and in a complex fashion
on GOPR, with positive effects at certain points and negative
effects at other points along their gradients (interaction term,
7> =36.85, df=2, p<0.001, see Fig. 1b and Table 1B in
Online Resource 2). At relatively low conspecific densities,
GOPR was highest in the absence of predators and decreased
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Fig. 3 Effect of predator density on estimated grandoffspring produc-
tion rate (GOPR)—an integrated measure of female fitness for dif-
ferent levels of conspecific density. At low larval conspecific density
(20-70), GOPR was highest in the absence of predators and declined
with increasing predator density. The magnitude of this effect

as predator density increased (Fig. 3). In contrast, at high
conspecific densities, the shape of this relationship changed:
GOPR showed a hump-shaped relationship along the preda-
tor gradient from O to 4 predators with a peak at low predator
densities. That is, at high densities of conspecifics, such as
155 larvae, GOPR was higher in the presence of low num-
bers of predators than in the absence of predators. In the
absence of predators, GOPR decreased drastically with an
increase in conspecific density (Fig. 3).

decreased with increasing conspecific density. At the highest conspe-
cific density, GOPR was maximum at low (1 and 2) predator densities
suggesting that predators provide a release from effects of conspecific
competition. Error bars show 95% bootstrapped confidence intervals

Measuring adult female behaviour

We found that females did not reject predator pools com-
pletely. The oviposition activity index was found to vary
from positive values—attraction to predator pools, to nega-
tive values—repulsion to predator pools, along the preda-
tor density gradient. Females rejected pools with high
predator densities (bootstrapped 95% CI on mean OAI was
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consistently negative at predator density 6) and showed no
consistent avoidance or preference at predator density 4
(Fig. 4a). Interestingly, at a low predator density of 2 preda-
tors, females showed a variable but substantially positive
OALI, with the bootstrapped CI on mean OAI ranging from
—0.034 t0 0.651 (predator term, F=4.67, p=0.014). Addi-
tionally, the counter-null (the effect size that is just as well
supported by the data as the null hypothesis) was a very high
positive value of 0.65 (note that OAI ranges from — 1 indi-
cating maximum aversion to 1 indicating maximum attrac-
tion). In addition, we examined the balance of evidence in
favour of (and against) the conclusion that OAI is positive.
We do this through the approach of Gelman and Weakliem
(2009) in assessing “Type S error, which is the error of
concluding that a parameter is positive when the true value
is negative, or vice versa. The bootstrapped 95% confidence
interval of OAI is —0.034 to 0.65, with 96.15% of the dis-
tribution of bootstrapped values being positive. This means
that, in concluding that the true value of OAI is positive,
the probability of committing Type S error, is 0.0485, or
25:1. We infer from these results that females are positively
attracted to predators at the 02 predator treatment. The
location of the experiment did not have an effect on OAI
(F=0.428, p=0.516, Table A4 in Online Resource 1).

The second measure of female response was the total
number of eggs laid in both control and predator pools. The
number of eggs laid by females in a trial ranged from 2 to 122
eggs. Females laid 74% fewer eggs in high predator density
(6 predators) trials when compared with low predator density
(2 predators) trials (GLM, predator term, ;(2=4.99, df=2,
p=0.08) (Fig. 4b). Location did not have a detectable effect
(;(2 =0.0311, p=0.847, Table A5 in Online Resource 1).

We also measured the females’ tendency to reject both
control and predator pools as the predator density increased.

Females were highly likely to reject both control and preda-
tor pools when exposed to high predator density treatments.
Females were much less likely to do so at the low preda-
tor density treatment (note pattern of overlap of 95% boot-
strapped Cls, Fig. 4c).

Discussion

By comprehensively measuring fitness consequences of lay-
ing eggs along a gradient in predation risk and predator-free
pools in controlled conditions, and in parallel, measuring
wild female oviposition responses along this gradient, we
report that females show diverse responses to larval preda-
tors. We propose that this variation in oviposition responses
can be explained by a non-linear pattern in trade-offs along
the predation risk gradient. We find that females show a
complex response, sensitive to the magnitude of larval pre-
dation risk, while selecting sites for oviposition. Unexpect-
edly, females did not show an aversion, but indeed seemed to
be attracted to pools with a low density of predators. When
predator density increased, this response shifted clearly
towards avoidance: females were strongly repelled by high-
density predator pool treatments, laying relatively more eggs
in control pools than in predator pools. At the highest preda-
tor density treatment, females also substantially reduced the
number of eggs laid and frequently completely rejected both
pools available (predator and control). In our study, through
laboratory and field experiments, we show that the diverse
response of ovipositing females towards larval predators can
be explained by carefully measuring fitness consequences of
trade-offs along the larval predation-risk gradient.

Why do females show such variable responses towards
larval predators—from aversion to attraction? Our laboratory

a b c
1.01 , 1:001
: +
| = -
_ g o
S 0.0- o 307 e
© 2 0.501
S 201 2
-0.51 A 8
[e]
10 1 + & 0.251
.1.0-
0-2 0-4 0-6 0-2 0-4 0-6 2 3 4 5 6

Predator treatment

Fig.4 a Oviposition activity index (OAI) at different predator treat-
ments (N=90). Adult female response was sensitive to larval predator
density—females were attracted to pools with low predator density
treatment (positive OAI) but at high predator density females showed
aversion to predator pools (negative OAI). b Total eggs laid in both
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control and predator pool at different predator treatments—females
laid fewer eggs in both control and predator pools at high predator
density. ¢ Adult propensity to reject both control and predator pool—
female rejection increased substantially with predator density. Error
bars represent 95% bootstrapped Cls
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experiment suggests that the answer lies in the nature of
trade-offs along the predation-risk gradient. We found that
at high larval densities, larval performance, hence adult fit-
ness, is higher in pools with low numbers of predators, than
in predator-free pools. This appears to result from strong
competition among larvae in predator-free pools, resulting
in reduced survival, slower development and smaller adult
size at emergence that affects fecundity. Integrating these
fitness components together we found that, when larval
densities were high, grandoffspring production rate peaked
at low predator densities and was depressed both at high
predator densities and in predator-free pools. Field obser-
vations show that Ae. aegypti females typically encounter
high larval densities for the majority of the season (Chadee
and Corbet 1990; Harrington et al. 2008), and spread eggs
across multiple sites. In these closed habitats, local conspe-
cific competition is likely to be intense and mosquitoes face
large unavoidable costs related to competition at the devel-
opmental larval stage. In addition, the oviposition biology
of Aedes spp. is peculiar because eggs are laid on the walls
of pools/containers above the water level and hatch immedi-
ately post rainfall. This can allow the accumulation of eggs
from many different females, resulting in a mixed cohort
of eggs when multiple females lay eggs in the same pool/
container. Sharing a pool with a large number of unrelated
individuals reduces the probability of an individual female’s
offspring being depredated, due to a dilution effect. Hence,
in a background of high conspecific competition, females
could gain benefits of reduced offspring competition by
ovipositing in pools with a low density of predators, while
at the same time minimising costs of offspring predation
mortality (due to a dilution effect from unrelated larvae).
This might explain the preference of females for low density
predator treatment pools over predator-free control pools.
When predator densities are high, however, our results from
examining the trade-off predict that females are better off
avoiding high-density predator pools, even when conspecific
larval densities are high. In accordance with these measured
trade-offs, females showed strong avoidance of high-density
predator pools. Our study, thus, provides rare evidence for
variation in anti-predation responses among prey animals
resulting from changes in fitness outcomes, when exposure
to predation risk is traded off against exposure to competi-
tion along a predation-risk gradient.

An alternative explanation for attraction towards preda-
tors is that females are attracted to the microbes that are
generated by killing of prey rather than to predator cues
(Albeny-Simdes et al. 2014). Our experimental results do not
support this explanation as we find that females are attracted
to predator presence in the absence of any killing of prey,
and so are likely to be attracted to cues emanating from the
predator. Additionally, we found an attraction response only
when predators were present at low densities, suggesting a

risk-sensitive response. Another possible explanation for the
variable female behaviour we report, that females are unable
to detect low predator densities and hence do not show an
avoidance response, is also not supported by our findings.
If this were so, females should show similar responses to
control and low predator density predator pools, rather than
the observed positive response to predator pools.

Much empirical work in the field of community ecology
has shown that consumptive predator effects can reduce the
intensity of competition between two interacting species,
which is known as density mediated indirect interactions in
the literature (reviewed in Sih et al. 1985; Gurevitch et al.
2000; Chase et al. 2002). These indirect positive effects of
predators have also been studied in the context of intra-spe-
cific interactions, i.e., within a single prey species, focussing
mostly on prey life history traits. For example, predation
can increase resource availability for survivors and indi-
rectly affect life history traits, such as increased fecundity
and reproductive allotment in guppies (Walsh and Reznick
2008; Zandona et al. 2011). To our knowledge, this is the
first study that has demonstrated a behavioural response
elicited towards predators—attraction to the enemy—as a
consequence of indirect positive effects by predators, within
a single prey species.

Our study also shows that a female’s response to the eco-
logical conditions in a pool appears to be affected by those in
neighbouring pools, suggesting that females make decisions
at multiple scales—both at individual pool and at pool net-
work scales. We predicted that the degree to which a female
should prefer the control (predator-free) pool would be high-
est at high predator density treatments, as the risk difference
between pools is maximum. While this expectation held
for OAI, other behavioural responses were contrary to our
expectation. That is, of the eggs laid, females preferentially
oviposited in the predator pool when predator density was
low but preferentially oviposited in the predator-free pool
when predator density was high. However, the overall num-
ber of eggs laid (summed across both predator and control
pools presented) strongly decreased with increasing predator
density. We also find that females exercise choice through
different kinds of decisions, by either manipulating the num-
ber of eggs laid in a given pool or by completely rejecting
a pool. Females rejected the control pool altogether more
often when it was paired with a high predator density pool
(0-6) than when it was paired with a low predator density
pool (0-2). A possible explanation for females considering
pool networks instead of only the condition in an individual
pool is that sampling pools is costly and sampling a subset
of pools reduces search costs. Several studies in the forag-
ing literature have shown that animals sample for foraging
sites at multiple spatial scales—for example, at the level of a
patch or an individual tree (Kotler and Brown 1988; Kneitel
and Chase 2004; Naniwadekar et al. 2015).
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Prey response to the risk of predation is typically stud-
ied under the paradigm of anti-predator response, with prey
animals in constant fear of predators (Brown et al. 1999;
Coleman and Hill 2014). Our study shows that predation risk
could result in selection for diverse prey responses, rang-
ing from predator attraction to aversion. We predict that, in
systems with spatially structured populations with limited
dispersal, such as rock pools, intertidal zones, and meadow
patches, traits that increase interaction with predators are
likely to be under selection, because local competition can
have large unavoidable costs. For example, many aquatic
systems experience high conspecific competition, result-
ing in large mortality costs (Achord et al. 2003; Hixon and
Jones 2005; Muriu et al. 2013). We suggest that future work
could focus on such systems to test how multiple selection
pressures along a gradient in one or more of these selection
pressures could lead to unexpected variation in anti-predator
responses.
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