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Abstract Many ovipositing mosquitoes, as well as other species, can detect biotic factors
that affect fitness. However, a female mosquito seeking a high quality oviposition site (e.g.
one with low risk of predation and competition to her progeny) must often balance the
competing risk of increasing probability of mortality to herself while she continues to
search, against increased probability of finding a high quality site. Such oviposition site
selection may affect adult population size. We examined a female mosquito’s expected
strategy of oviposition site selection under conditions of varying predator prevalence and
adult mortality risk, by combining a detailed structured population model with a Markov
chain implementation of the adult behavioural process. We used parameter values from the
specific mosquito-predator system, Culiseta longiareolata-Notonecta maculata, although
the overall results can be generalised to many mosquito species. Our model finds the
evolutionarily stable strategy of oviposition site selection for different parameter combi-
nations. Our model predicts that oviposition strategy does not vary smoothly with varying
environmental risk of adult mortality, but that certain oviposition strategies become
unstable at some parameter values. Mosquitoes will distribute their reproductive effort
between breeding sites of varying predation risk only when adult mortality is low or larval
competition high. Our model predicts that females will continue searching for predator-free
pools, rather than oviposit in the first site encountered, regardless of the risk of mortality to
the adult. The ecological basis for a reproductive strategy with alternative behaviours is
important for understanding the effect of biotic factors on the population dynamics of
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mosquitoes, and for the development of biological control strategies, such as the dis-
semination of predator-cue chemicals.

Keywords Culiseta longiareolata - Evolutionarily stable strategy - Notonecta maculata -
Oviposition site selection - Reproductive strategy

Introduction

Natural selection should favour a strategy of habitat selection that maximises fitness
(Fretwell and Lucas 1969). For example, selection of foraging sites should be influenced by
density-dependent effects to avoid intraspecific competition. Predation risk also may
influence habitat selection, with individuals preferring sites either with lower predator
densities (Silberbush and Blaustein 2011), or with habitat features such as structural
complexity that reduce predation risk (Sadeh et al. 2009). Many species of arthropods and
amphibians deposit progeny (eggs or larvae) that are constrained to the breeding habitat
until metamorphosis, so that the choice of oviposition site is very important. In choosing
sites for oviposition, females have to consider multiple—and possibly conflicting—factors
to arrive at a site selection strategy that will optimise their own fitness (Blaustein 1999).
The site selection strategy may have consequences at the population level, as natural
selection favours strategies maximising surviving offspring, thereby increasing population
size, and this could be important in interpreting and designing biological pest control
experiments, e.g. Spencer et al. (2002a), Shaalan and Canyon (2009), since manipulation
of predator distributions could bring about reduction in pest population sizes.

Many oviparous species avoid oviposition in habitats with high risk of predation to
their larvae, including mosquitoes (Blaustein et al. 2004; Reguera and Gomendio 2002;
Rieger et al. 2004; Vonesh and Blaustein 2010), anurans (Binckley and Resetarits 2002;
Rieger et al. 2004), terrestrial bugs (Reguera and Gomendio 2002) and mites (Choh and
Takabayashi 2010). However, exclusive avoidance of habitats in which a larval predator is
present could lead to overcrowding of predator-free habitats, and could result in negative
density-dependent effects on offspring fitness. In addition, continuing to search for pre-
ferred sites incurs additional risk of adult mortality (Ward 1987). We expect a three-way
tradeoff among larval predation, larval density, and adult mortality (Fig. 1).

In an environment that is riskier to an ovipositing female, females might be expected to
oviposit in the first habitat encountered, regardless of the fitness it confers.

An alternative possibility is that when the overall environmental adult mortality is high,
adult population size becomes low, and so larval density is low across all sites. Pools free
of conspecific prey larvae and predators then become more desirable and worth continuing
to search for. Therefore, a species that can detect predators and conspecific density might
be expected to adopt a “mixed oviposition strategy”, in which it distributes its reproductive
effort among alternative reproductive behaviours (Austad 1984): it lays some eggs in
predator-free environments and some in predator-inhabited ones.

One kind of reproduction-distributing strategy is “stochastic”, sensu Dawkins (1980):
the probability of choosing a habitat is positively related to the perceived fitness benefit of
that habitat. This probabilistic outcome is in contrast to that of an ideal-free distribution
(Fretwell and Lucas 1969) in which the forager knows the habitat qualities of each patch.
The stochastic strategy would evolve within the population to an evolutionarily stable
strategy (ESS) (Dawkins 1980; Maynard Smith and Price 1973), so that when the entire
population adopts the ESS, a deviant strategy with a different proportion of eggs in each
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Fig. 1 Qualitative schematic diagram of the three-way tradeoff among larval competition, predation, and
adult survival. Pure strategies minimise adult mortality (fop apex) by ovipositing in the first pool
encountered, minimise predation (right apex) by ovipositing only in predator-free pools, and minimise larval
competition (left apex). Mixed strategies in the bottom half of the triangle, where adults are selective about
oviposition site, balance predation against larval competition

type of habitat would gain no fitness benefit over the common strategy and would not
spread through the population.

Numerous arthropod and amphibian species adopt a mixed oviposition strategy,
including mosquitoes (Blaustein et al. 2004), golden egg bugs (Reguera and Gomendio
2002), treefrogs (Binckley and Resetarits 2002), cherrybugs (Nakajima and Fujisaki 2010),
and others, reviewed in Mayhew (1997).

Larvae and pupae of the mosquito Culiseta longiareolata are highly vulnerable to
predation by the backswimmer Notonecta maculata (Blaustein 1998). Conspecific larval
density can strongly influence larval survival (Kiflawi et al. 2003a; Munga et al. 2006) and
adult fitness (Reiskind and Lounibos 2009). Therefore, a tradeoff would be expected
between the advantage of avoiding habitats with high predation risk and the disadvantage
of high larval density. C. longiareolata females may use chemical cues to detect and avoid
high larval conspecific density (Blaustein and Kotler 1993; Kiflawi et al. 2003a, b) and risk
of predation by N. maculata (Blaustein et al. 2004; Silberbush and Blaustein 2011).

Using a nonlinear stage-structured population model Spencer et al. (2002a) predicted
that C. longiareolata should always oviposit in pools without N. maculata to maximise
individual fitness, and if it did so, adult population size would increase. Spencer et al.
(2002a) considered two types of habitat: pools where N. maculata was present, and pools
where they were absent, which were assumed to occur in equal proportions.

We extended the Spencer et al. model to incorporate a varying prevalence of N. maculata
pools in the environment, and varying adult mosquito daily survival. We explicitly modelled
the tradeoff between continuing to search for “higher quality” pools and the risk of mortality
while searching, and we investigated the resulting qualitative changes in reproductive strategy.
Pool “quality” was determined by both predator presence or absence (an environmental
factor), and larval crowding, which is a function of the mosquito’s site selection strategy.

Predator density is correlated with mosquito success in surviving to emergence as an
adult (Eitam and Blaustein 2004; Murdoch et al. 1984). When given pair-wise choices,
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female mosquitoes can quantify predation risk (Silberbush and Blaustein 2011). In a
mosaic of different Notonecta densities, Culiseta mosquitoes treat the pools as either
predator-free or predator-present (Eitam and Blaustein 2004).

We expected that the competing risks of N. maculata predation and larval density-
dependent competition, together with adult search mortality, will cause mosquitoes to
display a mixed oviposition strategy, where the female sometimes lays her eggs in pred-
ator-free pools, and sometimes in predator-inhabited pools. Some data support this
hypothesis (Blaustein and Whitman 2009; Kiflawi et al. 2003a). Site preference (i.e.
selectivity) should depend on maternal mortality risk, as well as predator prevalence and
larval density. We expect adult mortality risk to be the main determining factor on ovi-
position strategy, and we investigate whether a mixed strategy is more or less likely when
the mortality risk to adult mosquitoes is high.

Methods

We simulated mosquito oviposition using a hybrid model, combining two different tech-
niques to capture two different aspects of the system: a structured population projection
matrix to describe the population dynamics, and a Markov chain to describe the behaviour
of adult mosquitoes in response to environmental cues. We use C. longiareolata and N.
maculata as our model system, in particular because many parameter values have been
measured, though this model could be adapted to other mosquitoes and other predators. In
canyon pools in the deserts of the Middle East, C. longiareolata is by far the most abundant
organism (Blaustein and Margalit 1995; Blaustein et al. 1995), and is subject to conspecific
density dependent effects (Kiflawi et al. 2003a). C. longiareolata is often without influ-
ential competitors for months after the rainy season begins, before some pools are col-
onised by tadpoles of its competitor Bufo viridis (Blaustein and Margalit 1995; Blaustein
and Margalit 1996; Stav et al. 2010).

Our models simulated a system with eggs laid into two pool types in the environment,
predator pools and predator-free pools. Eggs hatch into larvae, which are subject to pre-
dation and density-dependent intraspecific competition. After larvae metamorphose into
pupae and then into adults, the adults (after a blood meal and egg development) seek
oviposition sites and lay eggs according to a strategy that takes into account both predator
presence/absence, and existing larval density.

We simulated the population dynamics separately in each pool type using the structured
population projection matrix. This model calculated the number of individuals in each
stage of the mosquito lifecycle in each pool type, and we then used a Markov chain model
to calculate the predicted oviposition rates in the different types of pools, given behav-
ioural parameters. These two combined models calculated the equilibrium adult population
size and the relative fitness of individuals who used the two types of pools.

Population dynamics

The projection matrix technique was based on that used by Spencer et al. (2002a) and
described in detail in Cushing (1996). We considered eight population compartments: eggs
(e), larvae (I), pupae (m), and adults (u), for each of the two types of pools: predator-free
pools (f), and “predator” pools where predators are present (p). The state of the system at
any time was given by the vector j = [es s mys uys ep, 1, my, u,] T where subscripts indicate
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the type of pool. The state after one time step (one day, in our simulation) was calculated
as:

i+1)=A-j@) (1)

where A is the projection matrix defined in (2). The elements of the projection matrix
specify the contribution per individual from each (column) compartment to each (row)
compartment.

Predator-free Predator

Eggs Larvae Pupae Adulis Eggs Larvae Pupae Adults
1-H 0 o0 K,| 0 o0 0 K,
H 1, 0 0 0 0 0
0 A, 1-M 0| 0 0 0 ©

2)

le o M x]0 0o 0o o (
o o o K, |I-H 0 0 K,
0 0 0 0| H I, 0 0
0 0 0 0 0 A, I-M O
| O 0 0 0 0 0 M I

A description of all the symbols is given in Table 1. Three of the values in the pro-
jection matrix, X (the survival of adults), and Kj; K, (the numbers of eggs laid per adult in
the predator-free and predator pools respectively), depend on the behavioural response of
adult mosquitoes to the presence of predators in the pool (Fig. 2), and will be derived from
the Markov chain. H represents the proportion of eggs that hatch to become larvae each
day, and M represents the proportion of pupae that emerge to become adults each day. H,
M, and X are independent of the presence or absence of predators, since Notonecta feeds
only on larvae, not on Culiseta eggs, pupae, or adults. IT and A are nonlinear growth
functions that describe the density-dependent effects on larvae within the pool, as defined
in Spencer et al. (2002a). We describe them here in brief: Let v; be the proportion of larvae
that survives each day in pools of type i, i € {f, p}:

vi = exp(—u — pli/Pi — yN) 3)

where p is the instantaneous mortality rate of larvae at low density in the absence of
predators, f3 is the per capita effect of number of larvae on larval death rate per day (due to
cannibalism and competition), /; is number of larvae in pools of type i, P; is the proportion of
pools of type i (I;/P; therefore being a measure of larval density in pools of type i), y is the
per capita effect of predators on larval mortality per day, and N is the number of predators in
a predator pool. Let w; be the proportion of survivors that becomes pupae each day,

w; =d exp(—al;/P;) 4)

where d is the proportion of larvae developing into pupae per day at low density and « is
the effect of each additional larva on development rate (per larva). Then A = vw and
II=v(l —w).

For the population model, we used the assumptions detailed and justified in Spencer
et al. (2002a), summarised below:

1. All pools in a region are available to every adult female mosquito, and the fitness of
larvae in these pools is affected only by the presence or absence of predators and the
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Table 1 Symbols used in the model and their meanings

Symbol  Description Estimated
value

a Probability of ovipositing in an encountered predator-free pool 0-1

ao Probability of ovipositing in an encountered predator-free pool with no larvae 1

present

b Probability of ovipositing in an encountered predator pool 0-1

bo Probability of ovipositing in an encountered predator pool with no larvae present 0-1

d Proportion of immatures developing into adults per day at low density 1/14

e ep Number of eggs in the predator-free and predator pools respectively -

F Number of eggs laid per adult per day -

G Gestation period 6 days

H Proportion of eggs that hatch each day Va

i Pool type, “predator-free” or “predator” Lp

K; K,  Number of eggs laid per adult each day in the predator-free and predator pools  —

respectively

Is 1, Number of larvae in the predator-free and predator pools respectively -

M Proportion of pupae that emerge each day Va

N Number of predators in a pool 2

Ps P,  Proportion of pools that are predator-free and predator pools respectively 0-1

S Proportion of adults that survive each day on average 0.5-1

Sy Proportion of adults that survive the search for a blood meal 0.25-1

S, Proportion of adults that survive one day of gestation 0.7-1

S5 Proportion of adults that survive the search for a single oviposition pool 0.38-1

T Time (measured in days) 1-4,000 days

us U, Number of adults in the predator-free and predator pools respectively -

1% Proportion of immatures that survive each day -

w Proportion of immatures that become adult each day -

A, A, Proportion of immatures that survive and become adult in the next day in the two
types of pools

I, I,  Proportion of immatures that survive to the next day but do not become adult in -
the two types of pools

z Proportion of adults that survive to lay eggs -

Q Expected adult life span -

o Effect of each additional immature on development rate (per immature) 2.1 x 107*

p Effect of number of immatures on death rate per immature per day (due to 2 x 1073
cannibalism and competition)

Y Per capita effect of predators on immature survival per predator per day 0.23

" Instantaneous mortality rate of immatures at low density in the absence of 1.7 x 1072
predators

0] Effect of larvae already in pool on the oviposition decision of an adult 23 x 1073

number of mosquito larvae. Temporary rock pools in Israel often occur in wadis or
exposed areas of bedrock, with many similar pools in areas of a few hundred square
meters (Kiflawi et al. 2003c; Spencer et al. 2002b). Maximum flight distances of many
mosquitoes are several kilometres (Service 1976), so all pools in a small area are likely
to be available to any female.
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Fig. 2 The structured population Predator-free pools Predator pools
model. Each pool (predator and
predator-free) was simulated
separately, with progression from
eggs to larvae to pupae to adults.
Individuals moved from pool to
pool only in the adult stage,
where the parameters of pool
selection (K) are determined by
the Markov chain model

K, K K A,

A . o
1-M ﬂ 1-M
% Pupae
M M
(7 )

2. All females produce egg rafts with a constant number of eggs. The mean number of
eggs per field-collected egg raft is 280 and eggs of C. longiareolata are rarely laid
singly in the laboratory (Van Pletzen and Van Der Linde 1981). Our model did not
explicitly group eggs into rafts.

3. Oviposition occurs only once in each 24-h period. This assumption allowed us to use a
discrete-time structured population model with a time step of one day. C.
longiareolata oviposits only at night (Van Pletzen and Van Der Linde 1981).

4. Predators do not move from pool to pool and their numbers remain constant over time.
N. maculata larvae are wingless (adults can fly but are much less abundant than
larvae). We assumed predator numbers remained constant, because other Notonecta
species have much longer generation times than mosquitoes (Murdoch et al. 1984;
Murdoch et al. 1985). When C. longiareolata densities are manipulated in artificial
pools, N. maculata does not colonise these pools in response to Culiseta densities (Hill
and Blaustein, unpublished data). Thus, we do not expect a numerical response of
Notonecta in a given pool to Culiseta densities.

5. All predator pools are assumed to have the same density of predators and the
distribution of predator pools is homogeneous in the environment.

6. The rate at which predators consume larvae is a linear function of the number of larvae
alone. N. maculata strongly prefers C. longiareolata over other potential prey
(Blaustein 1998), and predator saturation is unlikely to be important at the relatively
low numbers of immature C. longiareolata that co-occur with predators in nature
(Blaustein et al. 1995; Blaustein 1998).

7. N. maculata predation on egg rafts is rare or does not occur (Blaustein, unpublished
data) and predation on adults does not occur. Female C. longiareolata alight on the
water surface when ovipositing, but remain above the surface film and are therefore
unlikely to be vulnerable to attack by N. maculata, which feeds below the surface film.

8. We do not consider changes in abiotic conditions such as temperature throughout the
whole simulation.

ir

A two-patch model does not capture the dynamics of flow between adjacent patches in a
spatially structured array of patches, such as a chain of islands or 2-dimensional array;
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rather, it approximates the properties of an array in which every patch is equally accessible
from every other patch. We choose, however, to use the two-patch configuration since
mosquitoes are considered to range widely and have access to all pools (assumption 1). The
condensation of multiple patches into a stereotyped example of each patch type, making no
assumptions about the nature of adjacent patches, is a well established technique (e.g.
Abrams et al. 2007; Holt 1985). However, if flight search range is limited and restricts the
pools to which an individual female has access, and if pools are not homogeneously
distributed, then the patchiness of predator pool presence might affect the results of the
simulation. In a sensitivity test, we varied the homogeneity of pool distribution under the
assumption that every patch is equally accessible from every other patch, and observed no
significant effect on the simulation results (see Supplementary Material).

Behavioural model

The number of eggs deposited in each type of pool depends on the behaviour of adult
mosquitoes. Lifespan and the preference for each type of pool determine the average
number and location of oviposition events for each adult female. To calculate these, we
represented the adult part of the life cycle as a Markov chain (Fig. 3). The transition
probabilities from one state to another are conditional on an event having occurred. We
now define each assumption in this model and its parameters: S, Sy, S,, S, P; a, and b.

Assumptions

1. Female Culiseta mosquitoes mate soon after emergence. We began our model with a
mated adult female.

2. The mated female searches for a blood meal. We denoted the probability of survival
to a gravid state by S,. We assumed that the search for a blood meal always ends in a
single day either in success or mortality, and that the female becomes gravid on
taking a blood meal.

3. After taking a blood meal, the mosquito gestates for G days. During this time, the
overall probability of survival (not daily) is S,. The value of G is used later in the
model to calculate the expected life span.

4. The mosquito searches for an oviposition site.

5. Pools have one of two predator statuses: predator-free pools which are encountered
with probability P and predator pools which are encountered with probability
P,=1- P

6. Having found a pool of one or the other type, the mosquito chooses whether to
oviposit according to the predator status and the larval density in the pool. We
assumed that pools of the same predator status have identical larval density.

7. If the mosquito chooses not to oviposit, it continues to search, i.e. returns to step 4.
We made the simplifying assumption that the search always ends with either
oviposition or mortality. That is, a mosquito may be choosy during the course of a
single day, but it does not retain its eggs for a second day. There is some evidence
(Kiflawi et al. 2003a; Silberbush and Blaustein 2011; Silberbush et al. 2010) that if
only poor conditions are available, mosquitoes will not oviposit at all; i.e. will
continue to search until they die.

8. A mosquito does not become less choosy if it initially encounters only predator pools
and does not oviposit, i.e. there is no change in the “motivation” to oviposit if
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9: Next gonotrophic cycle

Fig. 3 Markov chain representing the adult mosquito’s reproductive life cycle

predator-free pools are not encountered, and the “preference” for predator-free pools
also remains constant (Root and Kareiva 1984).

9. The mosquito is exposed to a risk of mortality 1 — S; each time it searches for a
pool. Choosing not to oviposit in an encountered pool therefore incurs additional risk
of mortality.

10. If a mosquito survives the search and oviposits, it returns to the mated state; female
mosquitoes store sperm in their spermatheca and we assumed that no further mating
is required to take another blood meal and lay another batch of eggs (Spielman et al.
2001, p. 12).

Survival probabilities

No studies estimate adult mortality rates associated with different activities such as feeding
versus gestation. However, many studies have attempted to estimate general daily adult
survival probability, denoted here by S. Daily mortality could reflect a number of envi-
ronmental conditions, such as inter-pool distances (affecting flight time while searching),
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the effects of species that prey on adult mosquitoes, or human intervention such as
insecticide spraying (Roitberg and Mangel 2010). In our simulations, we varied S between
realistic extremes to cover a wide range of environments with different adult mortality (for
empirical estimates, see Kiszewski et al. 2004), and gave only a qualitative relationship
between S and the activity-specific survival rates, S, and S,. Although some mosquito
species may venture out and take sugar meals during gestation (Manda et al. 2007), the
gestation period is still a relatively sedentary activity, and therefore the adult is less
exposed to predation, so we assumed S, > S;, i.e. that the probability of surviving the
gestation period of G days is greater than the probability of surviving the search for a single
blood meal. We performed a sensitivity analysis in which S, and S, were varied by 10% for
constant S, and observed that the results obtained were qualitatively similar (for brevity,
they are not reported here). Although we had no estimate of the mortality while searching
for oviposition sites, we assumed that it too is less risky than searching for a blood meal (as
the mosquitoes are not exposed to defensive reactions of host animals), but riskier than the
daily average, i.e. S, < S; < S. Reiskind and Wund (2009) showed a 32% reduction in
oviposition events in the presence of a predator of adult mosquitoes (long-eared bats,
Mpyotis septentrionalis). We applied this mortality risk each time the mosquito searches for
a pool, i.e. more “pickiness” increases the risk of mortality while searching. Searching
survival rate (S) could be considered a proxy for pool abundance, since if pools are closely
spaced, continuing to search for a superior oviposition site is less risky than if long flights
are needed to find alternative sites.

Oviposition probability

Mosquitoes can use two criteria for choosing to oviposit in a pool (as opposed to
continuing to search for a “better” pool): the presence or absence of predators, and the
density of mosquito larvae in the pool (Munga et al. 2006). We denoted the probability that
a mosquito will oviposit in a predator-free pool as a(l), and the probability that it will
oviposit in a predator pool as b(I), where a(l) and b(l) are functions of the number of larvae
[ currently in the pool. We modelled the dependence of a and b on / as exponential, i.e.:

a(ly) = age™ ™"

5
b(1,) = boe " ®)

where aq and b, are the probabilities of ovipositing in predator-free and predator pools
respectively when there are no larvae present, and w is the effect of larvae already in the
pool on the oviposition decision of an adult. We assume this to be the same constant for
predator-free and predator pools, as it seems plausible that behavioural responses could
evolve more rapidly than life history characteristics. Kiflawi et al. (2003a) showed that
more than 1,000 C. longiareolata larvae in a 36-litre pool resulted in reduction of almost
90% in the probability of oviposition. We therefore selected a value of w = 2.3 x 107>
which is consistent with the above observations, and also varied w around this value. We
further assumed that ag = 1, since a pool without predators and without other larvae
represents the optimal oviposition habitat (all other factors being equal), and a gravid
mosquito should oviposit immediately in such a pool.

As with Spencer et al. (2002a), we assumed that in a population at equilibrium, the values
of ag and b, represent an evolutionarily stable strategy (ESS). This means that no alternative
strategy of ay and by can spread through the population. Since we assumed above that
ap = 1, the oviposition strategy is defined solely by the parameter by. We found this stable
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strategy using the Bishop—Cannings theorem (Bishop and Cannings 1978): if an ESS mixed
strategy by* exists, then the fitnesses of a deviant adopting the two pure strategies (b, = 0 and
by = 1) will be equal. At such a point, if it exists, a deviant with an alternative oviposition
strategy gains no advantage over the common strategy. Using the results of Cushing (1996)
we derived the expected fitnesses of deviants with strategies by = 0 and by = 1, namely,

As
Fo = Qok?——
0 Ofl—l'If (6)
A A
Fi=0 K~ 4+ k!~
: ‘f1fnf+1’1fn,,

where the nonlinear growth functions A and IT are functions of larval density and hence of the
common strategy bo*. Qg and Q, are the expected lifespans of individuals adopting the by = 0
and by = 1 strategies respectively, and KO , K}, K,l, are the number of eggs laid in the different
types of pools by the 0 and 1 strategies. Note that a strategy of by = 1 still results in some eggs
being laid in predator-free pools. To determine the values of these functions, we simulated the
full model to convergence for each value of by. We found the ESS value of by, if one existed,
by finding where |[Fy—F;| = 0 using standard iterative minimisation algorithms (fiminbnd(),
Matlab, v7.1). If the fitness of one pure strategy is always higher than that of the other for all
values of by in [0, 1], then the expression Fy = F| does not hold for any value of by, and no
mixed ESS exists: the only stable strategy is one of the two pure strategies.

Once the parameters of this Markov chain were defined, we calculated the expected
number of oviposition events in the two types of pools, predator-free and predator. The
transition matrix T based on Fig. 3 is:

MT _FD OV __PL _FP_PP_LF_LP__ DD
MT [ 0 S 0O 0 0 0 0 0 1-S5
FD |0 0 S 0 0 0 0 0 1-S5
ov |0 0 0 S 0 0 0 0 1-S5
r_PL |0 0 0o 0 P P 0 0 0 o
FP | 0 0 1l-a 0 0 0 a 0 O
PP | 0O 0 1-b 0 0O O 0 b O
LF 1 0 0 0 0 0 0 0 0
Lp 1 0 0 0 0 0 0 0 0
pp | 0o 0 0 0 0O O O O 1

Abbreviations of the states are defined in Fig. 3. Defining Q as the top left quadrant of T
obtained by omitting the row and column of the absorbing state, DD:

0SS 0 0 0 0 00
00 S 0 0 0 00
00 0 S 0 0 00
00 0 0 P P, 0O

Q=10 0 124 0 0 0 a 0 (®)
00 1-b 0 0 0 0 b
10 0 0 0 0 00
10 0 0 0 0 0 0]

The fundamental matrix J is given by J = (I — Q)" L. The expected number of visits to
LF and LP are given by Jyr_.rr and Jyr_, 1p respectively, and these represent the number
of oviposition events in each type of pool.
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To calculate the average number of eggs laid per day, we estimated the expected
lifetime of an adult, Q, by summing the result of the element-by-element multiplication
(Hadamard product) of the fundamental matrix J by the number of days of each step: i.e.
{MT — FD, OV — LF, LP} = one day, {FD — OV} = G days. Assuming 280 eggs per
oviposition event (Van Pletzen and Van Der Linde 1981), and a 50:50 ratio of males to
females, the average number of female eggs laid per day per adult female mosquito (F) in
predator-free and predator pools is:

Jur—ir

Fy = 140
)

F, = 140JMT—>LP

Numerical solution

We iterated the projection matrix A, beginning from a state of two adults in a predator-free
pool, until the populations of all compartments in both types of pools converged (relative
change <10~ per time step). At this point, we calculated the total adult population as
ug + u,, and the oviposition probabilities (a & b), as well as the larval populations sizes for
each pool type. We obtained numerical solutions for varying predator prevalence (P,) and
varying daily adult survival rate S. We fixed the values of other parameters to those found
in previous studies. Spencer et al. (2002a) varied the density-dependent mortality of larvae
(p) between what they considered reasonable values, but more recent studies, e.g. Macia
(2009), have shown that a higher estimate may be appropriate. We chose ff = 2 x 1073
which is the maximum value used by Spencer et al. (2002a). These researchers also varied
the mean number of eggs per adult per day (F), whereas we used a fixed gestation period
G = 6 days to derive F from the Markov section of the model.

Results

An ESS does not exist for all values of daily adult survival S and predator pool prevalence
P,. At low daily adult survival, the fitness of the pure strategy by = 0 is higher than that of
by > 0 for all common strategies, implying that under these circumstances, the gravid
mosquito should never lay eggs in a predator pool with no larvae present. As the daily adult
survival increases, the fitness of the by = O strategy falls (Fig. 4), and eventually intersects
the by = 1 fitness curve, for some value of the common by. This point then represents an
ESS, since when Fy = F, no benefit can be gained by switching oviposition strategy. This
behaviour is characteristic of a saddle-node bifurcation, and indicates the loss of stability
of the mixed oviposition ESS when the daily adult survival is decreased; or the loss of
stability of the exclusive predator-free pool oviposition strategy when the adult survival
increases beyond the critical value. Figure 5 shows the ESS mixed strategy bo* for varying
predator prevalence (P,) and daily adult survival (S) when f =2 x 10>, Remembering
that ap = 1, the probability of ovipositing in predator pools (by) defines the oviposition
strategy overall. Distributing egg rafts between predator-free and predator pools is a stable
strategy only for high daily adult survival rates, and is gradually lost when S falls below
around § = 0.6, although eggs are still laid in predator pools at lower adult survival, when
predator pools are very common.
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Fig. 4 Saddle node bifurcation of oviposition strategy with daily adult survival (S) as the control parameter.
Each graph represents a different value of S, and shows the fitness on the y-axis, against the common
strategy b, on the x-axis. The two lines represent the two types of pure strategy, by = 0 (ovipositing in
predator-free pools) as a solid line; and by = 1 (ovipositing in predator pools) as a broken line. The circle
indicates the location of the ESS. When the curves intersect, an evolutionarily stable mixed strategy is
possible

Due to the non-linear form of the density dependent response (Egs. 3, 4), it was not
possible to derive a closed-form solution for the location of the bifurcation. Graphically,
the probability of oviposition in predator pools rises with the proportion of predator pools
in the environment, and the bifurcation occurs at much lower S when predator pools are
very common.

Daily adult survival S affects the equilibrium adult mosquito population size more than
the proportion P, of predator pools (Fig. 6), although when adult survival is high,
increasing the prevalence of predators in the environment can reduce adult mosquito
population size by about half.

The probabilities of ovipositing in the two types of pools, a(l) and b(l), are functions of
the density of larvae already in the pool (Eq. 5). At low probabilities of adult survival,
mosquitoes readily oviposit in predator-free pools (Fig. 7a, b), but at high adult survival
rates, when larval density is high (Fig. 7c, d), the probability of ovipositing in predator-free
pools falls to near zero when predator-free pools are common, although the number of eggs
in these pools rises (Fig. 7e). The probability of ovipositing in predator pools (Fig. 7b) also
falls somewhat as they become more common in the environment and the larval population
in them becomes greater, but rises sharply at high predator prevalence as adult survival
decreases.

The magnitude of the larval density-dependent effect, f§, has a strong effect on the
location of the bifurcation, i.e. the daily adult survival S at which the ESS destabilises.
When larval density-dependent effects are weak, the mixed oviposition strategy is only
stable at very high adult survival, but this threshold value of § falls rapidly when larval
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Fig. 5 Probability of ovipositing
in an encountered predator pool,
with no larvae present (bg), as a
function of daily adult survival
(S) and the proportion of predator
pools in the environment (P,,)
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daily adult survival (S) and the .
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density effects increase (Fig. 8). This indicates that strong larval density-dependent effects
are important for the existence of a mixed oviposition strategy.

Varying the value of w, the response of adult mosquitoes to the existing density of
mosquito larvae, did not qualitatively change the results of the simulation, although for
extreme values of w, the mixed strategy was restricted to only the highest values of S (data
not shown).

@ Springer



Evol Ecol

0.8
0.6
Q
0.4 Y/
0.2 PSS L
S Y,
NSSSSSSTSES X
0 TSI %

800
600

L 400

200

Yol

Fig. 7 Larval density and oviposition probability as functions of daily adult mosquito survival (S) and the
proportion of predator pools in the environment (P,). a and b show the probability of oviposition in
predator-free and predator pools respectively, corrected for the existing density of larvae in the pools
(Eq. 5). ¢ and d show the larval population size in the two pool types. e and f show the number of eggs
deposited in each type of pool per adult per day
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Discussion

Our model has shown that distribution of oviposition is a behaviour which does not exist
below a critical larval density. Below that density, mosquitoes can be expected to lay all
their eggs in predator-free pools. Above that density, mosquitoes distribute their eggs
between predator and predator-free pools. A mixed reproductive strategy is evolutionarily
stable only when the density-dependent effect of larval overcrowding balances the effect of
predation. Since the strategy becomes unstable as the daily adult survival decreases, this
qualitative change in adult mosquito behaviour is a form of saddle-node bifurcation. It
appears that the bifurcation occurs as a result of population size changes (larval density),
and only indirectly in response to altered daily adult survival, which determines larval
population size.

This mechanism also explains an unexpected result: at low daily adult survival rates,
mosquitoes are expected to ignore predator pools completely, unless very few predator-free
pools exist in the environment (P, =~ 1). It could be argued that when daily adult survival
is low, mosquitoes should readily oviposit in the first pool they encounter in order to gain
some fitness benefit before falling victim to the high mortality rate. However, on the
contrary, our model predicted that, at low daily adult survival when the total adult pop-
ulation size is low, larval density in predator-free pools is low and so the relative advantage
of a predator-free pool over a predator pool is much higher. A deviant mosquito that
oviposits in predator pools at low daily adult survival cannot compensate for the lower
fitness of a predator pool by avoiding overcrowding in predator-free pools, as the low
overall population size means that these pools are not crowded.

At high adult survival rates and low predator prevalence, the probability of ovipositing
in a predator-free pool fell to near zero in our model. This is because mosquitoes continue
searching for low density pools, rejecting almost every predator-free but crowded pool that
they encounter, until they die. If predator pools are rare, mosquitoes are unlikely to find
such low density pools, but since adult daily survival is high, the adults can continue
searching for a very long time. Clearly this assumption is at odds with findings of mosquito
senescence (Styer et al. 2007), but this unexpected behaviour occurs only at the extremes
of our parameter space.
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Black and Dodson (1990) and Austad (1984) recognised that a tradeoff may exist in the
selection of reproductive habitat. Mangel and Clark (1988) developed modelling tools to
predict the optimal reproductive strategy using dynamic programming techniques, and
Ward (1987) demonstrated that time-limited reproducers may choose suboptimal habitats
for reproduction to avoid mortality while searching. Many studies have shown that mos-
quitoes avoid oviposition in habitats with predators present (Angelon and Petranka 2002;
Blaustein et al. 2004; Chesson 1984; Eitam et al. 2002), and mosquitoes also avoid habitats
overcrowded with conspecific larvae (Kiflawi et al. 2003a; Munga et al. 2006). The
population consequences of this tradeoff have been modelled for a number of species, such
as peacock wrasse (Warner et al. 1995), checkerspot butterflies (Singer et al. 1992), and
tree frogs (Resetarits et al. 2004).

Our study consisted of a general modelling approach, and the results highlighted
qualitative features of mosquitoes’ reproductive strategy. Although our emphasis was on
making qualitative predictions, some results agree well with quantitative studies. When
presented with equal numbers of predator-free and predator pools, a number of studies
showed that ~10% of Culiseta egg rafts are laid in predator pools (reviewed in Blaustein
and Whitman 2009). We were not able to make quantitative predictions of adult population
size due to a number of simplifying assumptions in building the model. First, the values of
the mortality risk during different activities (feeding, ovipositing, gestating) were chosen
arbitrarily, although the magnitude relationship between them was realistic. It is not easy to
make empirical measurements of the mortality risk to mosquitoes during different activ-
ities in the wild. Second, our model ignored the activity of gestating females to take sugar
meals. Taking sugar meals lowers gestating females’ survival because it exposes them to
predation (Manda et al. 2007; Stone et al. 2009). However, gestation while taking sugar
meals remains less risky than taking blood meals or ovipositing. Third, our model does not
consider the effect of mosquito size at metamorphosis as a predictor of reproductive
success. Larger larvae may have a greater probability of survival as adults (Manoukis et al.
2006). Overcrowding is likely to affect adult mosquito population dynamics by pathways
more complex than just larval mortality. This connection could be a useful direction for
future research. Fourth and finally, although most parameters of the model were taken from
empirical studies where possible (see Spencer et al. 2002a), in a number of cases where
empirical data were unavailable and assumptions could be simplified, we preferred to
simplify the model rather than assign arbitrary values to ecological parameters. For
example, we assumed that similar pools have identical larval density, rather than a
probability distribution. Our consideration of an ESS solution implicitly assumes that
reproductive strategy is a heritable trait, an assumption discussed critically in Austad
(1984).

Tradeoffs exist in all ecological systems. Understanding how these tradeoffs affect
individual behaviour is necessary to predict ecological responses to environmental dis-
ruption, such as changes in daily adult survival caused by increased scarcity of oviposition
sites. When qualitative changes in behaviour occur as the result of a small change in
environmental parameters (bifurcation), it is particularly important to understand what
behavioural changes are expected and under what circumstances. Bifurcations can cause
catastrophic changes such as extinctions or population outbreaks (Strogatz 1994).
Behavioural reproductive decisions cannot be ignored when investigating population
dynamics, since individuals attempt to maximise their own reproductive fitness, rather than
maximise overall population size (Smith et al. 2000). However, in our model, the effect on
adult population size of behavioural bifurcations (when mosquitoes begin to deposit eggs
in predator pools) appears to be small.
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Although C. longiareolata is not considered an important disease vector, extension of
this work to other mosquito species could be important for the control of medically
relevant mosquito species. Spencer et al. (2002a) and Shaalan and Canyon (2009) proposed
that it might be possible to control the population size of disease vectors by dispersing
chemical cues of predators (predator-released kairomones) in the environment. Supplying
the adult mosquitoes with false environmental cues may cause them to adopt a non-optimal
oviposition strategy, and thus reduce overall mosquito population size. In particular,
placing predator-released kairomones in potential oviposition sites might cause females to
avoid these sites, leading to higher larval density in the remaining, non-kairomone pools,
and therefore more density-dependent mortality. However, such a control strategy would
be effective only if female mosquitoes use a mixed strategy, as appears to be the case with
Culiseta (Blaustein and Whitman 2009). Our findings are important because they indicate
that this occurs only in a limited region of parameter space (high adult survival). We are
currently building models to investigate the efficiency of spreading one or more kairo-
mones for mosquito control.
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