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Accumulating evidence indicates that species interactions such as competition

and predation can indirectly alter interactions with other community mem-

bers, including parasites. For example, presence of predators can induce

behavioural defences in the prey, resulting in a change in susceptibility to para-

sites. Such predator-induced phenotypic changes may be especially pervasive

in prey with discrete larval and adult stages, for which exposure to predators

during larval development can have strong carry-over effects on adult pheno-

types. To the best of our knowledge, no study to date has examined possible

carry-over effects of predator exposure on pathogen transmission. We

addressed this question using a natural food web consisting of the human

malaria parasite Plasmodium falciparum, the mosquito vector Anopheles coluzzii
and a backswimmer, an aquatic predator of mosquito larvae. Although

predator exposure did not significantly alter mosquito susceptibility to

P. falciparum, it incurred strong fitness costs on other key mosquito life-history

traits, including larval development, adult size, fecundity and longevity.

Using an epidemiological model, we show that larval predator exposure

should overall significantly decrease malaria transmission. These results high-

light the importance of taking into account the effect of environmental

stressors on disease ecology and epidemiology.
1. Introduction
Disease ecologists increasingly realize that community structure and species

interactions influence the intensity of epidemics in wildlife populations

[1,2]. Among species interactions, special attention has recently been devoted

to predation and its possible role in disease dynamics. In particular, both

theoretical and empirical studies have demonstrated that predators can

indirectly affect pathogen transmission through changes in host abundance

(i.e. density-mediated effects) [1,3]. However, besides direct consumptive effects,

the mere presence of predators in the environment can exert non-consumptive

effects on prey with important consequences for the functioning of ecological

communities [4,5].

The non-consumptive effects of predators are widespread [6] and include

changes in prey development, morphology, physiology and behaviour [7,8].

These phenotypic responses to predation risk are costly and can alter the

nature of the interactions with other species, such as pathogens [9]. Predator

exposure can modify the key traits that govern host–pathogen interactions

through trade-offs between anti-pathogen and anti-predator defences. First,

exposure to predation can reduce immune response making prey more vulner-

able to pathogens [10]. For example, sparrows exposed to a cat had a significant

reduction in T-cell response compared with sparrows that were exposed to a

http://crossmark.crossref.org/dialog/?doi=10.1098/rspb.2015.2430&domain=pdf&date_stamp=2015-12-16
mailto:olivier.roux@ird.fr
http://dx.doi.org/10.1098/rspb.2015.2430
http://dx.doi.org/10.1098/rspb.2015.2430
http://rspb.royalsocietypublishing.org
http://rspb.royalsocietypublishing.org


rspb.royalsocietypublishing.org
Proc.R.Soc.B

282:20152430

2
rabbit [10]. Second, predation risk may also elicit behavioural

changes in ways that increase the rate of contact with patho-

gens. For example, water fleas (Daphnia magna) exposed to

predatory fish tend to spend more time near the sediment

where predation is less frequent, but where the risk of

infection by fungal parasites is higher than at the water

surface [11]. Finally, predators can influence traits that are

not involved in direct interactions with pathogens, but

which can be important determinants of pathogen trans-

mission (e.g. fecundity, longevity, size). For example, water

fleas exposed to predation risk are bigger and release more

infectious fungal spores upon death [12].

Predator-induced phenotypic changes can be especially

pervasive in prey with discrete larval and adult stages

for which exposure to biotic or abiotic stress during larval

development can have strong carry-over effects on adult

phenotypes [13,14]. In the wood frogs (Lithobates sylvaticus),

for example, Groner et al. [15] showed that larval exposure

to predation alters adult immune response to a fungal

pathogen. However, to the best of our knowledge, no study

to date has examined possible carry-over effects of predation

exposure on pathogen transmission. Of particular interest

is the possibility that such cascading effects shape the

transmission of medically important vector-borne diseases.

A growing body of literature, indeed, indicates that environ-

mental stress (e.g. competition, predation and food shortage)

experienced during vector larval development can have a

profound impact on life-history traits (e.g. growth rate,

fecundity and longevity) [16–19] and thus potentially

impact pathogen transmission through changes in adult

vectorial capacity. For example, recent studies have shown

that intra- and interspecific competition during mosquito

larval development can weigh heavily on the transmission

of filarial worms and arboviruses through indirect carry-

over effects on vector–pathogen interactions [20–22]. Despite

the high predator diversity and abundance in mosquito larval

environments, no study has yet explored whether predator

exposure can have carry-over effects on the transmission

potential of mosquito-borne diseases [23].

This study addresses this question using a natural

food web consisting of the parasite Plasmodium falciparum,

which causes the most severe form of human malaria, the

mosquito Anopheles coluzzii (formerly the M molecular form

of An. gambiae s.s.), which is one of the main vectors of

P. falciparum in Africa, and the backswimmer Anisops
jaczewskii, which is the most important predator of An. coluzzii
larvae in Burkina Faso [24]. Previous studies on this system

showed that Anopheles larvae display significant anti-predator

behaviours in the presence of backswimmers, consisting of

both lower feeding rates and activity [25,26]. We hypothesized

that investment in larval anti-predatory defences has carry-

over effects on a series of traits that play key roles in the

spread of malaria (i.e. components of vectorial capacity). On

the one hand, we predict that adult mosquitoes exposed to pre-

dators during their larval development may have reduced size,

fecundity and longevity, making them less efficient vectors.

On the other hand, they may show enhanced vector compe-

tence for P. falciparum, making them more efficient vectors.

When combined, these conflicting effects can make it difficult

to predict the overall consequences of predator exposure on

malaria transmission. To explore this issue, we built an epide-

miological model and examined how these effects interact to

shape malaria transmission.
2. Material and methods
(a) Insect collections
Experiments were conducted on mosquito larvae obtained from

wild An. coluzzii females collected in the village of Bama in south-

western Burkina Faso (West Africa; see electronic supplementary

material for details).

The backswimmer A. jaczewskii (Hemiptera: Notonectidae)

is the most abundant and widespread predatory bug in mosquito

larval habitats in our study area [24]. Predators were collec-

ted in Bama rice fields and were fed daily ad libitum with

An. coluzzii larvae.
(b) Exposure to predator
Initially, 17 400 first-instar mosquito larvae were randomly

assigned to a predation group or to a control (i.e. not predated)

group. Predator exposure was performed by placing a single

A. jaczewskii individual in a plastic container with mosquito

larvae (300 larvae per container). A total of 58 containers (29 exper-

imental and 29 control) were used over two replicates (see

electronic supplementary material for details). The predator was

free to feed upon the mosquito larvae during the entire period of

larval development. The presence of a predator and chemical

cues associated with killing and consumption have been shown

to induce anti-predator behaviours in An. coluzzii [25,27]. This

design allowed the study of mosquito responses to total preda-

tion-derived stimuli (chemical, visual, mechanical cues) instead

of fractions thereof [25,27]. We therefore favoured the most

ecologically relevant situation in which both consumptive and

non-consumptive effects occur, but only larvae that survived to

predation (i.e. those that suffered from non-consumptive effects

only) contribute to malaria transmission as adults.

Mosquito larvae were provided with Tetraminw Baby Fish

Food ad libitum twice a day, and excess food was removed to

avoid water pollution. Owing to predator consumption, mosquito

larval densities varied over time in the experimental containers.

To avoid the potential effects of changes in density on adult life-

history traits [21,22], we standardized the larval density by

randomly removing supernumerary larvae from the control con-

tainers on one occasion when larvae reached the late second

instar (see electronic supplementary material). At the end of

larval development, the nymphs were collected and placed in plas-

tic cups at equal densities for emergence in 30 � 30 � 30 cm cages

covered with a mesh and provided with water and a 5% glucose

solution until experimental infection.
(c) Experimental infections
Infections of predator-exposed and control mosquitoes were

carried out using natural P. falciparum isolates obtained

from 5- to 10-year-old children from the villages of Soumousso

and Dande in southwestern Burkina Faso [28]. Briefly, 4- to

6-day-old female mosquitoes were allowed to feed simul-

taneously on membrane feeders filled with infectious blood. As

a negative control (non-infected mosquitoes), females were fed

on the same blood in which the gametocytes (i.e. the infectious

stages of parasites) were heat-inactivated [28]. Females that did

not feed were discarded. Fully fed females were kept under

insectary conditions and enclosed in cages measuring either

30 � 30 � 30 cm (50 mosquitoes per cage) or 20 � 20 � 20 cm

(25 mosquitoes per cage) for infection and longevity assays,

respectively. A total of three wild parasite isolates from three dis-

tinct gametocyte carriers were used (one for the first replicate

with a gametocytemia of 168 parasites ml21 of venous blood,

and two for the second replicate with 216 and 560 parasites ml21,

respectively). After feeding on the blood, four groups of mosqui-

toes were obtained: (i) those exposed to both predator and
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infection; (ii) those exposed to predator only; (iii) those exposed

to infection only and (iv) unexposed control mosquitoes.

(d) Mosquito traits
A series of mosquito traits that play key roles in determining

the intensity of malaria transmission were measured, namely

mosquito larval development time, adult size, fecundity, longe-

vity and competence for P. falciparum. Development time—this

is the number of days from egg to emergence as an adult.

Competence—this is the mosquito’s ability to develop and transmit

malaria. More specifically, vector competence is characterized by

infection prevalence (i.e. the proportion of mosquitoes that

develop infection upon feeding on an infectious blood meal) and

intensity (i.e. the average number of parasites in infected mosqui-

toes). Here, we gauged competence at two distinct points in time

over the course of infection. On day 7 post-blood meal, the midguts

of about 40 females from each group were dissected, and the pres-

ence and number of oocysts (immature, non-transmissible stage of

malaria parasites) were recorded under the microscope. These

female mosquitoes were also used to gauge adult size and fecund-

ity. On day 14 post-blood meal, the heads and thoraces of about

50 other parasite-exposed females were dissected, and the presence

and quantity of sporozoites (mature transmissible stage) were

determined using qPCR (see electronic supplementary material

for details). None of the control mosquitoes (heat-inactivated

blood meal) became infected. After oocyst and sporozoite quanti-

fication, three groups of mosquitoes were obtained according to

their infection status: uninfected control, exposed–uninfected

and infected mosquitoes. Adult size—on day 7 post-blood meal,

one wing per female was measured as a proxy for adult size (see

electronic supplementary material for details). Fecundity—we

measured three surrogates for fecundity: (i) egg prevalence

defined as the proportion of females with developed eggs in

their ovaries (i.e. gravid) on day 7 post-blood meal, (ii) egg load

defined as the number of eggs in gravid females and (iii) egg

size wherein five eggs per female were randomly chosen and

measured from tip-to-tip and their mean length per female was

used in our statistical analysis (see electronic supplementary

material for details). Longevity—after the blood meal, females

(n ¼ 25 in two different cages for each group to avoid a possible

cage effect) were provided with a 2.5% glucose solution every

other day and water ad libitum every day. Dead females were

counted and removed every 24 h. Whereas size, fecundity and

competence were gauged over two replicates using three different

gametocyte carriers (see electronic supplementary material for

details), longevity was measured using only one carrier.

(e) Statistical analysis
All analyses were conducted in R (v. 2.12.1). Female wing

size was analysed with a linear-mixed model (LMM) with larval

treatment (exposed to predator or not; hereafter, ‘predator

exposure’) as a fixed effect and replicate as a random effect.

Larval development time was analysed with a Cox’s mixed

model with predator exposure, sex and their interactions coded

as fixed effects and replicate as a random effect. Oocyst and

sporozoite prevalence were analysed using binomial generalized

linear-mixed models (GLMMs). Infection intensity was analysed

separately at the oocyst and sporozoite stage with a negative

binomial GLMM and a LMM, respectively. Wing size, predator

exposure, gametocytemia and their interactions were considered

fixed effects, and blood donor was considered a random effect.

Egg prevalence was analysed using a binomial GLMM with wing

size, predator exposure, female infection status and their inter-

actions as fixed effects and blood donor as a random effect. Egg

load and egg size were analysed separately using a LMM with

wing size, predator exposure, female status, egg size (in egg load

analysis) or egg load (in egg size analysis) and their interactions
as fixed effects and blood donor as a random effect. A data

subset made of gravid females only was used. The effect of

oocyst intensity on mosquito fecundity was also assessed. Survivor-

ship was analysed with a Cox’s proportional hazard regression

model with predator exposure, exposure to parasite and their inter-

action as explanatory variables. For model selection, we used the

stepwise removal of terms, followed by likelihood ratio tests.

Term removals that significantly reduced explanatory power

( p , 0.05) were retained in the minimal adequate model [29].

Our design included pseudo-replications (mosquitoes belonging

to same rearing container, cage, paper cups, etc.). However, for

logistical reasons, it was not possible to keep track of the origin of

each individual. Thus, mosquitoes were treated as independent

and beside replicate and blood donor, larval containers and adult

cages were not included as random effects.
( f ) Theoretical exploration
To quantify the consequences of larval predator exposure on

malaria transmission, we designed a mathematical model using

the SIR approach [30]. We assumed that the mosquito population

studied could be categorized into susceptible individuals (Sm, i.e.

that could be infected), which then moved to the exposed category

upon infection (Em, i.e. infected, but not yet infectious) and became

infectious (Im, i.e. mosquitoes that can transmit the pathogen).

All adult mosquitoes can produce larvae (Lm) that can emerge as

susceptible adults after their development period. We also

assumed similar categories for the human population (the model

is fully described in the electronic supplementary material) leading

to a classic model for vector-borne pathogens [31]. In the presence

or absence of predators, we simulated the expected outbreak size

in a human population (number of individuals that have been

infected at the end of the season) when one infectious human

was introduced into a population of 100 individuals. We explo-

red the parameter space through a Latin hypercube sampling

with 10 000 replicates for which all parameters were randomly

chosen within their confidence interval based on the data measure-

ments obtained experimentally here [32]. This approach takes

into account the overall effect of predation on malaria transmis-

sion potential (i.e. both consumptive and non-consumptive

effects). Using our model, we also estimated the relative impor-

tance of these two effects on pathogen transmission potential

(see electronic supplementary material for details). Simula-

tions were performed over both one and 10 seasons (short- and

long-term effects).
3. Results
(a) Mosquito development and size
A total of 3231 out of 8700 (37.1%) larvae exposed to preda-

tion survived to the adult stage and 3297 control larvae were

obtained. The male-to-female sex ratios at emergence were

0.94 and 0.95 for the control and predation group, respect-

ively (x2
1 ¼ 0:02; p ¼ 0.88). The mean (+s.e.) larval

developmental time was significantly affected by predator

exposure, with exposed larvae having a longer period of

development than controls (11.10+ 0.01 versus 10.53+0.01

days, respectively; x2
1 ¼ 652; p , 0.0001; figure 1). Males

emerged earlier than females (10.75+ 0.01 versus 10.87+
0.01 days; x2

1 ¼ 27:2; p , 0.0001; figure 1), regardless of pred-

ator exposure (i.e. no sex � predator exposure interaction;

x2
1 ¼ 0:004; p ¼ 0.9; figure 1). Finally, predator exposure

also influenced adult body size, with females emerged from

larvae exposed to predators having significantly shorter
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wings than control females (3195+ 9 and 3338+ 8 mm,

respectively; x2
1 ¼ 145; p , 0.0001; figure 2).
in gravid females and (c) mean size of eggs. ‘Control’ and ‘predation’:
exposure to larval predator. ‘Unexposed’ and ‘exposed’: exposure to
P. falciparum infectious blood meal. ‘Uninfected’ and ‘infected’: infection out-
come in females exposed to an infectious blood meal. Numbers in bars
indicate the sample size. CI, confidence interval.
(b) Competence
Among the 272 females dissected 7 days post-infection, 156

(57.3%) harboured oocysts. Oocyst prevalence and intensity

did not significantly vary between control (n ¼ 134) and

predator-exposed individuals (n ¼ 138) (prevalence (+95%

CI): 53.7+8.4% versus 60.8+ 8.1%; x2
1 ¼ 0:58; p ¼ 0.44;

intensity (mean+ s.e.): 21.3+ 2.6 versus 23.6+2.7 oocysts;

x2
1 ¼ 0:07; p ¼ 0.78; electronic supplementary material,

figures S1a and S1b). There was an effect of mosquito

size on infection prevalence, with larger females being less

likely to become infected than smaller females (x2
1 ¼ 6:34;

p ¼ 0.012, electronic supplementary material, figure S2). On

day 14 post-infection, among the 128 dissected females, 112

(87.5%) were infected with P. falciparum sporozoites. Sporo-

zoite prevalence and intensity were not different between

control (n ¼ 77) and predator-exposed females (n ¼ 21) (preva-

lence: 88.3+7.2% versus 86.3+9.4%; x2
1 ¼ 0:23; p ¼ 0.62 and

intensity (log of gene copy, mean+ s.e.): 3.38+0.15 versus
3.23+0.22; x2
1 ¼ 0:34; p ¼ 0.5; electronic supplementary

material, figures S1c and S1d). Oocyst prevalence on day

7 post-blood meal was significantly lower than sporozoite

prevalence on day 14 (x2
1 ¼ 34; p , 0.001).
(c) Fecundity
Three proxies for fecundity were measured: egg prevalence, load

and size. The overall egg prevalence was 58.5%. We found a

significant effect of predator exposure on egg prevalence, with

females exposed during their larval development being

1.6 times less likely to develop eggs after their first blood meal

compared with the controls (x2
1 ¼ 6:63; p ¼ 0.009; figure 3a).
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Female infection status (i.e. uninfected control, exposed–

uninfected or infected) and the interaction between infection

status and exposure to predators were marginally non-

significant (x2
2 ¼ 5:56; p¼ 0.06 and x2

2 ¼ 5:41; p ¼ 0.06,

respectively; figure 3a). However, among females exposed to

an infectious blood meal, predator-exposed females that

remained uninfected were less likely to be gravid (predation�
infection interaction: x2

1 ¼ 4:72; p ¼ 0.029; figure 3a). Among

infected females, oocyst intensity had no effect on egg

prevalence (x2
1 ¼ 0:76; p ¼ 0.38). Finally, wing size did not

influence the proportion of gravid females (x2
1 ¼ 0:78; p¼ 0.37).

In gravid females, the mean egg load (+s.e.) was not

statistically different between control and predator-exposed indi-

viduals (136.6+3.2 versus 130.1+3.5; x2
1 ¼ 0:38; p¼ 0.53).

Both the main effect of female infection status and the interaction

between infection status and predator exposure were marginally

non-significant (x2
2 ¼ 5:44; p ¼ 0.06 and x2

2 ¼ 4:84; p ¼ 0.08,

respectively; figure 3b). However, females exposed to both para-

sites and predators developed fewer eggs (predator � parasite

exposure interaction x2
1 ¼ 4:45; p¼ 0.035; figure 3b). Finally,

among infected females, egg load was positively affected by

oocyst intensity (x2
1 ¼ 6:73; p ¼ 0.009, electronic supplementary

material, figure S3). This effect was dependent on egg size, with

highly infected females developing numerous small eggs (oocyst

intensity� egg size interaction, x2
1 ¼ 6:29, p ¼ 0.012). There

also was a significant interaction between predator exposure

and oocyst intensity (x2
1 ¼ 10:54, p¼ 0.001; electronic sup-

plementary material, figure S4). Finally, egg load was

positively associated with wing size (x2
1 ¼ 16:31; p , 0.0001;

electronic supplementary material, figure S5).

The mean egg size in predator-exposed females was smaller

than in controls (420+1.4 versus 429.4+1.2 mm; x2
1 ¼ 23:32;

p , 0.0001; figure 3c). However, there was no effect of female

infection status on egg size (x2
2 ¼ 2:93; p ¼ 0.23) and no inter-

action with predator exposure x2
2 ¼ 3:76; p ¼ 0.15). Among

infected females, oocyst intensity had no effect on egg size

(x2
1 ¼ 0:43; p ¼ 0.5). No trade-off was found between egg

size and egg load (x2
1 ¼ 0:18; p ¼ 0.97).
(d) Longevity
Following experimental infection, 50 females (25 per cage)

from each group were specifically kept for survival assays.
The blood donor used for this longevity assay had a high

gametocytemia (560 parasites ml21) and yielded a sporozoite

prevalence of 95%. Because almost all exposed mosquitoes

became infected (i.e. there were very few exposed–uninfected

mosquitoes), we considered only the distinction between

infected and uninfected control mosquitoes. Predator-

exposed females had less longevity than controls (7.7+ 0.3

versus 8.8+0.3 days; x2
1 ¼ 8:75; p ¼ 0.003; figure 4). Overall,

infection with P. falciparum had no effect on mosquito survival

(x2
1 ¼ 0:34; p ¼ 0.55). However, when distinguishing the two

main phases of P. falciparum development (i.e. oocyst develop-

ment from day 1 to 9, and sporozoites in salivary glands from

day 10 to 20), infected females survived better during the

period of oocyst development than uninfected individuals

(x2
1 ¼ 10:3; p ¼ 0.001; figure 4 light grey zone), thus confirm-

ing the difference in the infection prevalence observed

between the two developmental phases. In contrast, at the

sporozoite stage, infected females had less longevity compared

with uninfected individuals (x2
1 ¼ 4:74; p ¼ 0.029; figure 4

dark grey zone). Finally, over the entire period of parasite
development (oocyst þ sporozoite), there was no interaction

between infection and predation (x2
1 ¼ 0:34; p ¼ 0.55).

However, during the sporozoite phase, the shortest lifespan

was observed in predator-exposed and infected females,

whereas the longest lifespan was observed among control

females (Tukey’s post hoc for multiple comparison: z ¼ 2.827;

p ¼ 0.024).

(e) Theoretical modelling
The epidemiological consequences of the presence of preda-

tors were highlighted by focusing on outbreak size.

When larvae are exposed to predation during their larval

development (i.e. overall effect of predation: consumptive þ
non-consumptive effects), outbreak size in human populations

significantly decreases by 34% at both short- and long-

terms (control versus overall predation effect: Wilcoxon test,

W ¼ 999 738; p , 0.001 and W ¼ 999 741; p , 0.001, respect-

ively; figure 5). When considering consumptive effects alone

(i.e. decrease in vector density owing to predation-derived

larval mortality), outbreak size significantly decreased by

29% at both short- and long-terms (control versus consumptive

effect: W ¼ 984 574; p , 0.001 and W ¼ 984 501; p , 0.001,

respectively; figure 5). Finally, when considering non-

consumptive effects alone (i.e. carry-over effects of predation

exposure), outbreak size decreased by 14% at both short- and

long-terms (control versus predation non-consumptive effect:

W ¼ 756 701; p , 0.001 and W ¼ 758 474; p , 0.001, respect-

ively; figure 5). The three outbreak sizes, corresponding to the

(i) overall effect of predation, (ii) consumptive effect only and

(iii) non-consumptive effects, were significantly different from

each other (all pairwise comparisons p , 0.001). No significant

difference in outbreak size between short- and long-

terms were found for all scenarios (overall effect: W ¼ 496 203;

p ¼ 0.76, consumptive effect: W ¼ 493 534; p ¼ 0.61 and

non-consumptive effect: W ¼ 474 851; p¼ 0.051; figure 5).
4. Discussion
Our results indicate that the presence of the predator

A. jaczewskii during mosquito larval development can reduce
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the transmission of malaria through both consumptive

and non-consumptive effects. Although predator exposure

did not significantly influence mosquito susceptibility to

P. falciparum, it incurred strong fitness costs in terms of larval

development, adult size, fecundity and longevity. Collectively,

these effects on key epidemiological factors reduce the rate of

malaria spread. Our findings highlight the importance of

taking into account the mosquito larval environment in

malaria ecology and epidemiological studies.

In our experimental design, the predator was allowed to

feed upon the mosquito larvae during the entire period of

larval development. As a result, several potential mechan-

isms could explain the observed negative effects of predator

exposure on mosquito life-history traits. First, the backswim-

mers may have selectively fed upon big larvae such that adult

mosquitoes emerging from the predation group were on

average smaller than mosquitoes from the control group.

However, our data indicate that the distributions of mosquito

life-history traits in the predation group are shifted compared

with that in the control group (see electronic supplementary

material, figure S6), hence suggesting that selection alone

probably could not explain the observed results. Second,

although we removed supernumerary larvae from the control

containers to compensate the loss owing to predation in the
treated group, we cannot completely rule out the possibility

that larval density was slightly reduced in the predation

group (i.e. relaxed intraspecific competition). However,

under this scenario, we would expect fitness benefits (i.e.

bigger adult size, fecundity, etc.) of predation exposure rather

expect than fitness costs. Finally, exposure to predation risk

may have induced a high level of stress and the expression of

costly larval anti-predatory behaviours. As a result, larvae

possibly spent less time performing other activities, such

as foraging, and this had crucial consequences for mosquito

life-history traits.

In organisms with larval aquatic stages and an aerial adult

stage, development can be shortened to allow individuals to

reach the aerial adult stage sooner and, in that way, avoid

threats such as aquatic predators by leaving the aquatic

environment [8]. In contrast to this prediction, our results

rather indicate a longer period of development under a preda-

tion risk. This can occur when anti-predatory defences are

traded off against foraging rate [33]. In our system, the larvae,

indeed, tended to adopt low-risk behaviours to be less conspic-

uous when under the threat of predation and thus limit their

movements and activities such as foraging ([25] and references

therein). Reduced foraging activity in response to predation risk

can not only increase development time, but can also result in a
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number of other secondary consequences (cascade effects).

First, mosquito larvae exposed to predators were significantly

smaller than control individuals. Similar effects of natural

stressors in larval habitats often arise in other mosquito systems

[18,20,21]. Second, mosquito body size is often positively

correlated with fecundity [34], and accordingly, we found that

predator-exposed individuals had lower fecundity levels

possibly owing to the few resources acquired during their

larval development. A decrease in mosquito reproduction

would dampen the vector population dynamics and hence

the spread of disease [35], all else being equal. Third, smaller-

sized adult females may have less survivorship because of

fewer metabolic resources and/or enhanced oxidative stress

[7,18]. In our study, larval predator exposure, indeed, impeded

An. coluzzii survival, a frequently reported carried-over effect of

larval predation in other mosquito species [16,18]. Longevity is

a core component of disease spread: the longer the vector lives,

the more the parasite can be transmitted. Predator exposure at

larval stages can, therefore, render adult mosquitoes less

efficient in transmitting malaria parasites because they may

complete fewer gonotrophic cycles.

Vector competence, a fourth component of malaria spread,

did not respond to predator exposure. Reduced host resistance

and immune function under predation risk have been demon-

strated in a number of invertebrate host–pathogen systems

([36] and references therein). In mosquitoes, previous studies

have shown that larval environmental factors, including com-

petition and nutritional deprivation, can have latent effects

on susceptibility to pathogens in subsequent adult stages

[20,37]. Here, we found that predator exposure during imma-

ture mosquito developmental stages does not modify adult

susceptibility to malaria parasites, suggesting that in this

system there is no trade-off between anti-predatory and anti-

malaria defences. This further suggests that an investment in

an immune response to P. falciparum may be relatively impor-

tant and take priority over other life-history traits, including

mosquito lifespan and fecundity.

Although predator exposure had no direct effect on

mosquito competence for P. falciparum, cumulative effects

between predator exposure and infection on mosquito

fecundity and longevity were observed. First, exposure to

both predators and parasites induced a lower number of

eggs in a synergistic way (i.e. separately, these two factors

did not affect egg load). Negative Plasmodium effects on mos-

quito fecundity are generally thought to arise from mounting

energetically costly immune responses [38]. In our study,

differences in quality between predator-exposed and control

mosquitoes may have led to differences in the ability to pay

the costs associated with an immune response. Generally,

individuals in better condition should be better able to pay

these costs and still have a good performance overall [39].

Accordingly, control mosquitoes may have been able to

bear these costs because they had enough energy to fuel

both the immune response and egg production. In contrast,

predator-exposed individuals had a reduced energy budget

and had to pay an investment in an immune response in

the form of lower fecundity. Second, predator-exposed

female mosquitoes that remained uninfected after ingesting

an infectious blood meal (i.e. resistant females) were less

likely to carry eggs. This result suggests that females exposed

to infectious gametocytes mounted an immune response effi-

cient in preventing the establishment of the parasite, and that

this resistance was costly only when they were confronted
with predation during their larval development. This con-

firms findings by previous studies on mosquitoes showing

that anti-infection resistance can incur fitness costs in terms

of lower fecundity [38,40]. Third, infected and predator-

exposed mosquitoes had less longevity compared with

control mosquitoes during the sporozoite infection phase

only. This further suggests that predator-exposed females

were in poor condition and were unable to maintain their fit-

ness once infected. In this study, the overall longevity of

mosquitoes was rather short (10 days on average). However,

this assay was conducted under nutritionally stressful con-

ditions, because the mosquitoes received a 2.5% glucose

solution every other day. We cannot exclude the possibility

that providing the mosquitoes with the traditional 5% glu-

cose solution ad libitum would have reduced the difference

observed in survival between mosquitoes exposed to both

infection and predator and control mosquitoes.

Regardless of predator exposure, infected females dis-

played greater survivorship rates during the oocyst

infection phase. Consistent with this finding, the proportion

of infected females (parasite prevalence) in the competence

assay was higher on day 14 post-infection compared with

day 7 post-infection, suggesting that infected females,

indeed, survived better than uninfected individuals between

day 7 and day 14 post-infection. A recent study showed that

An. gambiae infected with the rodent malaria parasite

P. berghei enhance their sucrose uptake and accumulate

more glycogens during oocyst development, thereby increas-

ing their survival under starvation conditions [41]. These

findings support the hypothesis according to which the para-

site must manipulate its insect vector in a way that reduces

mortality before the parasite reaches maturity and is ready

to be transmitted [42]. In contrast, at the sporozoite stage,

malaria infection is expected to increase mosquito activity

and mortality [42,43] and, accordingly, we found that infec-

ted females had lower survivorship rates compared with

uninfected individuals. In addition to a possibly greater

activity-associated mortality rate, previous studies showed

that malaria sporozoites can damage salivary glands and,

hence, make the vector more prone to infections by harmful

bacteria and viruses ([44,45] and references therein).

Altogether, our findings strongly suggest that the costs of

P. falciparum infection on mosquito fecundity and longevity

become apparent in stressful environmental conditions

only. Whether malaria parasites cause fitness costs to the mos-

quito vectors remains disputed [45,46]. Most studies on the

costs of malaria infection have been conducted under optimal

laboratory conditions. However, in their natural habitats,

mosquitoes are constantly challenged by various biotic and

abiotic pressures, including resource limitation, competition,

predation, temperature variations and pesticides. It therefore

becomes imperative to examine infection costs on mosquito fit-

ness in conditions reflecting those occurring in nature. Some

recent studies have begun to fill this gap and demonstrated

that malaria parasites reduce the overall fitness of their natural

mosquito vectors when in stressful conditions [40,44,47].

Our findings complement these studies to show that malaria

infection is generally costly for their natural vectors.

In apparent contradiction to this statement was the

observation of an increased number of eggs in highly

infected mosquitoes (positive relationship between fecundity

and infection intensity). This finding may illustrate the

terminal investment hypothesis (also known as fecundity
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compensation), which postulates that when the future repro-

ductive opportunities of an individual decline because of

high mortality risk such as high infection levels, organisms

increase their current reproductive investment [48]. We exam-

ined the first reproductive event only and further studies are

needed to investigate whether this increased egg production

indeed corresponds to a case of terminal investment.

Overall, the theoretical model, fed with our experimental

results, showed that the presence of predators in larval habitat

could decrease malaria transmission in human populations.

Both consumptive and non-consumptive effects contributed

significantly to this decrease. The direct consumption of

mosquito larvae by predators reduced the number of emerging

adults and hence the number of females able to transmit

malaria. The non-consumptive effects resulted in changes

in vector life-history traits playing key roles in malaria trans-

mission. Our findings suggest that direct consumptive effects

are relatively more important than non-consumptive

effects in reducing malaria transmission potential.

In summary, our findings suggest that the backswimmer, a

common predator of mosquito larvae, can influence malaria

epidemiology not only via decrease in vector density (con-

sumptive effects), but also via non-consumptive effects

on mosquito development, size, fecundity and longevity

(figure 6). This may provide us a possible explanation to the

paddies paradox, which describes situations where land irriga-

tion increases mosquito populations without any increase in

malaria transmission [49]. In permanent water collections, the

density of predators is generally higher than in temporary

water [24] and it may, therefore, contribute to reducing malaria
transmission. In a time of renewed scientific and political com-

mitment to malaria control and against biodiversity erosion,

the biological conservation of predators in natural mosquito

larval habitats is an obvious need. Finally, our work highlights

the need to consider larval, and, more widely, environmental

stressors to better evaluate vectorial capacity and produce

more reliable estimates of transmission. This will be useful,

not only to predict in a more natural way the impact on

vector-borne disease transmission, which until now has

assumed that all individuals are equally likely to acquire and

to transmit parasites, but also to better understand the

complex, physiological outcomes of multiple stressors.
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