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bstract

In agroecosystems, parasitoids and predators may exert top-down regulation and predators for different reasons may avoid
r give preference to parasitised prey, i.e., become an intraguild predator. The success of pest suppression with multiple natural
nemies depends essentially on predator–prey dynamics and how this is affected by the interplay between predation and
arasitism. We conducted a simple laboratory experiment to test whether predators distinguished parasitised prey from non-
arasitised prey and to study how parasitism influenced predation. We used a host-parasitoid system, Spodoptera  frugiperda  and
ne of its generalist parasitoids, Campoletis  flavicincta, and included two predators, the stinkbug Podisus  nigrispinus  and the
arwig Euborellia  annulipes. In the experiment, predators were offered a choice between non-parasitised and parasitised larvae.
e observed how long it took for the predator to attack a larva, which prey was attacked first, and whether predators opted to

onsume the other prey after their initial attack. Our results suggest that, in general, female predators are less selective than males
nd predators are more likely to consume non-parasitised prey with this likelihood being directly proportional to the time taken
ntil the first prey attack. We used statistical models to show that males opted to consume the other prey with a significantly
igher probability if they attacked a parasitised larva first, while females did so with the same probability irrespective of which
ne they attacked first. These results highlight the importance of studies on predator–parasitoid interactions, as well as on
oexistence mechanisms in agroecosystems. When parasitism mediates predator choice so that intraguild predation is avoided,
atural enemy populations may be larger, thus increasing the probability of more successful biological control.
usammenfassung

In Agrarökosystemen können Parasitoide und Prädatoren ‘top-down’-Kontrolle ausüben. Aus unterschiedlichen Grün-
en können Prädatoren parasitierte Beutetiere meiden oder präferieren. Der Erfolg der Schädlingskontrolle mit mehreren
ntagonisten hängt entscheidend von der Räuber-Beute-Dynamik ab und davon, wie diese vom Wechselspiel zwischen Prädation
nd Parasitismus beeinflusst wird. Wir führten ein einfaches Laborexperiment durch, um zu prüfen, ob Räuber zwischen para-
itierten und nicht parasitierten Beutetieren unterschieden und um zu untersuchen, wie Parasitierung die Prädation beeinflusste.
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ir nutzten ein Wirt-Parasitoid-System mit Spodoptera  frugiperda  und einem seiner generalistischen Parasitoide, Campoletis
avicincta, und nahmen zwei Räuber hinzu: die Schildwanze Podisus  nigrispinus  und den Ohrwurm Euborellia  annulipes. Den
äubern wurden eine nicht parasitierte und eine parasitierte Spodoptera-Raupe zur Auswahl angeboten. Wir beobachteten, wie

ange ein Räuber benötigt, bis er eine Raupe attackiert, welcher Beutetyp zuerst angegriffen wurde und ob sich die Prädatoren
ach einer ersten Attacke entschieden, den anderen Beutetyp zu fressen. Unsere Ergebnisse legen nahe, dass generell weibliche
äuber weniger selektiv sind als männliche und dass die Räuber mit höherer Wahrscheinlichkeit nicht parasitierte Beute fressen,
obei diese Wahrscheinlichkeit der Zeit bis zum ersten Angriff direkt proportional ist. Wir nutzten statistische Modelle, um

u zeigen, dass sich Männchen mit signifikant höherer Wahrscheinlichkeit entschieden, die andere Beute zu fressen, wenn
ie als erste die parasitierte Raupe attackiert hatten, während Weibchen mit derselben Wahrscheinlichkeit fraßen, unabhängig
avon, welchen Beutetyp sie zuerst attackiert hatten. Diese Ergebnisse stellen die Bedeutung von Untersuchungen zu Räuber-
arasitoid-Interaktionen unter Beweis, aber auch solche zu Koexistenzmechanismen in Agrarökosystemen. Wenn Parasitierung
ie Wahl des Räubers so beeinflusst, dass ‘intraguild predation’ vermieden wird, können die Populationen von natürlichen
egenspielern größer sein, wodurch eine erfolgreichere biologische Kontrolle wahrscheinlicher wird.

 2016 Gesellschaft für Ökologie. Published by Elsevier GmbH. All rights reserved.
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ntroduction

Biological control strategies may involve multiple natural
nemies. In such cases, ecological interactions amongst con-
rol agents and the pest must be studied prior to release in
he field, as effects on pest suppression may be non-additive
Ferguson & Stiling 1996; Cardinale, Harvey, Gross, & Ives
003). The degree to which natural enemies affect food webs
n agroecosystems varies and depends upon species’ interac-
ions and life-history trade-offs. In this sense, when two or
ore generalist predators are used to control the same pest, it

s important to assess to what extent their niches overlap, and
hether there is spatial and/or temporal refuge, particularly

n situations where interspecific competition is strong or leads
o intraguild predation, i.e., one competitor predates another
Frago 2016). Since negative interactions between control
gents significantly influence pest suppression (Denoth, Frid,

 Miers 2002), in food webs where parasitoids and preda-
ors are natural enemies of a pest a desirable outcome for
iological control would be parasitised prey avoidance by
redators.

In agroecosystems, parasitoids and predators may exert
op-down regulation, as the system is less heterogeneous
ver space and time (Schmidt et al. 2003), and interactions
mongst them affect herbivore populations in different ways.
ecause intraguild predation seems to be ubiquitous in nature

Arim & Marquet 2004), parasitoid–predator interactions go
eyond exploitative competition and predators may avoid or
ive preference to parasitised prey, for various reasons.

In a scenario with indirect effects of intraguild preda-
ion, where predators do not avoid parasitised prey, these
redators may, under suitable conditions, coexist with par-
sitoids (intraguild prey). First, when competition is weak,

s may happen due to generalist behaviour of predators
nd frequency-dependent predation. Second, when intraguild
redation occurs the conditions for species coexistence may

N
w
p

atural enemies; Parasitism-mediated predation; Pest suppression

hange, depending on the lower relative efficiency in resource
xploitation by intraguild predators than by intraguild prey
Holt & Polis 1997; Arim & Marquet 2004). Essentially,
hen suppressing pests with multiple natural enemies, there

re two key points to be observed, (1) whether a natural
nemy displaces the other, as in the case of specialist preda-
ors or lack of refuge given overlapping niches, and (2) the
nterplay between predation and parasitism, i.e. avoidance of
arasitised prey or intraguild predation. A greater diversity of
atural enemies can either enhance or disrupt pest suppres-
ion, depending on the niches of the species involved in the
ood web and whether antagonistic interactions occur, such
s intraguild predation (Frago 2016).

Here we study how parasitism affects predator choice using
est, predator and parasitoid species that naturally occur in
groecosystems. We conduct a simple experiment in which
wo predator species are offered a choice between parasitised
nd non-parasitised prey and use statistical models to predict
he probability of a predator consuming the other prey given
ts first choice. Our hypothesis is that predators distinguish
arasitised from non-parasitised prey and have a preference
owards feeding on a particular type of prey, which can be
pecies- and/or sex-specific. We observe how parasitism-
ediated predation occurs and discuss, based on ecological

heory, the effects of this type of predation and possible con-
equences on population dynamics. Finally, we highlight and
iscuss implications for biological control.

aterials and methods

iology and natural history
The fall armyworm Spodoptera  frugiperda  (Lepidoptera:
octuidae) is one of the most important maize pests
orldwide, given its capability of substantially reducing
roductivity in these agroecosystems (Desneux, Ramírez-
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omero, Bokonon-Ganta, & Bernal 2010). There are several
redators that feed on S.  frugiperda  larvae and eggs,
mongst which two generalist species, the Neotropical
tinkbug Podisus  nigrispinus  (Hemiptera: Pentatomidae) and
he ring-legged earwig Euborellia  annulipes  (Dermaptera:
nisolabididae), naturally occur in maize fields and are

onsidered promising natural enemies (Lemos, Ramalho, &
anuncio 2003; De Bortoli, Otuka, Vacari, Martins, & Volpe
011). These predators have different feeding habits. Even
hough both touch prey with their antennae prior to preda-
ion, P.  nigrispinus  inserts its mouth parts into the prey to
uck its hemolymph, while E.  annulipes  uses its forceps to
old prey and then feeds using its chewing mouth parts.

The parasitoid wasp Campoletis  flavicincta
Hymenoptera: Ichneumonidae) is also naturally found
n maize and shows great potential in controlling S.
rugiperda (Matos Neto, Cruz, Zanuncio, Silva, & Picanço
004). This species lays one to four eggs on S.  frugiperda
arvae and when these eggs eventually hatch they develop
nside the host, killing it by the time adult parasitoids
merge from their pupae (Patel & Habib 1987). When a
arva is parasitised its physiology changes, most notably, in

 biological control context, its growth decelerates reducing
esource consumption, eventually leading to death (Godfray
994; Beckage & Gelman 2004). Similarly, when the
redators attack, even though they may not entirely consume
arvae, the damage they inflict when inserting the mouth
art (P.  nigrispinus) or holding prey with the forceps (E.
nnulipes) may reduce resource consumption and even kill
arvae, although not instantly.

arasitism and choice tests

In this work our goals were to determine whether the
redators (1) were able to distinguish parasitised larvae from
on-parasitised larvae and (2) had preference for feeding on
ne of these larvae in two-choice systems. To achieve this, S.
rugiperda  larvae were obtained from Laboratório de Biolo-
ia de Insetos of ESALQ-USP, Piracicaba, São Paulo, Brazil.
. nigrispinus  eggs were obtained from EMBRAPA (Camp-
na Grande, Paraíba, Brazil) and maintained in Petri dishes
ith moist cotton until they hatched. Immature specimens
ere maintained in these same Petri dishes and received only
istilled water until they reached the third instar, from which
pecimens were transferred to plastic containers (350 ml –
round 20 individuals per container) with glass tubes filled
ith water and sealed with cotton attached to the lid. Speci-
ens were then offered S.  frugiperda  larvae and when adults

merged, different couples were selected and kept in separate
ontainers of the same type. E.  annulipes  eggs were obtained
rom Universidade Federal da Paraíba, Areia, Paraíba, Brazil

nd maintained in Petri dishes on moist paper until they
atched. Nymphs were maintained in the same Petri dishes
ntil adults emerged, which were separated in plastic con-
ainers (350 ml – three couples in each container). Specimens
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eceived an artificial diet consisting of 50% corn powder, 25%
owdered milk and 25% silkmoth pupae powder, replaced
very two days. C.  flavicincta  adults were obtained from Lab-
ratório de Resistência de Artrópodes a Táticas de Controle
f ESALQ-USP, Piracicaba, São Paulo, Brazil. All insects
ere maintained in climatised chambers at 25 ◦C, 70% rel-

tive humidity and 12 h photophase, with the exception of
. annulipes, for which the temperature was 26 ◦C and the
hotophase was 10 h.
An experiment was conducted using Petri dishes on which

ne adult specimen of P.  nigrispinus  or E.  annulipes  was
laced together with two S.  frugiperda  third instar larvae,
ne of which had been previously parasitised by C.  flavicincta
Fig. 1). Parasitised and non-parasitised larvae were placed
ndividually in small plastic containers (3 ×  2 ×  2 cm) 24 h
rior to experiment set up and predators were fasted for the
ame period of time. The experiment was carried out using a
andomised complete block design with 33 temporal blocks
nd four treatments in a 2 ×  2 (sex and species) factorial struc-
ure: P.  nigrispinus  males and females and E.  annulipes  males
nd females (Fig. 1).

Each experimental unit was observed for one hour and the
ollowing were recorded: (1) how long the predator took to
ttack; (2) which prey was attacked first; (3) which prey was
ffectively consumed (since the predator may opt to interrupt
onsumption to consume the other prey); and (4) whether
oth prey were consumed within one hour. The possible
utcomes are summarised in Fig. 2.

tatistical analyses

For the time until attack data, Cox proportional hazards
odels (Aitkin, Francis, Hinde, & Darnell 2009) were fit
ith a linear predictor given by

ijk =  βj +  αi +  γk + (αγ)ik,  i =  1,  2,  j  =  1,  .  . ., 33,  k  =  1

(M

here βj is the effect of the j-th block, αi is the effect of
he i-th species, γk is the effect of the k-th sex and (αγ)ik is
he interaction effect between the i-th species and the k-th
ex. Likelihood ratio tests (LRT), that compare nested mod-
ls using the maximised likelihood functions, were used to
valuate submodels. In the following, the LRT statistic is
epresented by λ and, under the null hypothesis of the sim-
ler model being true, it has an asymptotic χ2 distribution
ith degrees of freedom equal to the difference between the
umber of parameters of the compared models (Aitkin et al.
009).

Binomial generalised linear models (McCullagh & Nelder
989) were used to analyse binary response variables relating
o attack and consumption, in two stages. In stage one, logis-

ic regressions with a linear predictor given by (M1) were
t to (a) an attack occurrence indicator variable (equal to 1

f there was an attack during one hour of experiment and
qual to 0, if there was not) and (b) an effective consumption
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Fig.  1.  Experimental treatments – two S.  frugiperda  larvae, one of which was previously parasitised by C.  flavicincta  with (A) a P.  nigrispinus
male, (B) an E.  annulipes  male, (C) a P.  nigrispinus  female and (D) an E.  annulipes  female.
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Fig.  2.  Response variables observed in the experiment in

ccurrence indicator variable (equal to 1 if a larva was effec-
ively consumed in one hour and equal to 0, otherwise). In
tage two, logistic regressions with the same linear predictor
ere fit to (a) the variable “given that there was an attack,
hich larva was attacked first” (equal to 1 if it was the par-

sitised larva and equal to 0 otherwise) and (b) the variable
given that there was an effectively consumed larva, which

ne was consumed first” (equal to 1 if it was the parasitised
arva and equal to 0 otherwise), see Fig. 2. In addition, to
xplore the dependence of the attack behaviour on time, for

p
t

e

tages, for (A) first attack and (B) effective consumption.

he stage two analyses, the natural logarithm of the time until
ttack was included in the linear predictor (M1) giving a
aximal model

ijk =  βj +  αi +  γk + (αγ)ik +  δiklog
(
tijk

)
,  (M2)

ith species and sex specific time dependence. Again, all

ossible submodels were compared using likelihood-ratio
ests.

Noting that predators may attack one larva and opt to
ffectively consume the other, a 2 ×  2 × 2 ×  2 contingency
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Table  1.  2 ×  2 contingency table for first attack and effective consumption and possible outcomes of prey switching, considering probabilities
π1 and π2 of consuming the other prey, given the predator first attacked the non-parasitised larva and the parasitised larva, respectively.

First attacked prey Effectively consumed prey

Non-parasitised larva Parasitised larva

N ability 

P π2
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on-parasitised larva Predator does not switch prey with prob
arasitised larva Predator switches prey with probability 

able was constructed for the binary variables species, sex,
rst attacked larva, and effectively consumed larva. For each
pecies by sex combination, we have the 2 ×  2 table of pos-
ible responses as in Table 1. Generically, suppose that π1 is
he probability of consuming the other prey given the preda-
or has attacked the non-parasitised larva first and π2 is the
robability of consuming the other prey given it has attacked
he parasitised larva first. Two situations may occur: (1) if
he predator is not able to distinguish a parasitised larva from

 non-parasitised one, or is able to do it but does not have a
reference, we would expect that π1 =  π2 =  π, say; (2) if the
redator can distinguish parasitised larvae and has a prefer-
nce for a prey type, then we would expect that π1 /=  �2. The
nterest here is to assess whether the different species and sex
ombinations would have different probabilities of consum-
ng the other prey given the type of larva they attacked first.
nitially, a logistic regression model (McCullagh & Nelder
989) was fitted with a linear predictor given by

ijk =  αi +  γj +  τk + (��)ij + (��)ik + (��)jk + (���)ijk,

(P1)

here αi, i  =  1,  2, is the species effect, γj , j  =  1,  2, is the sex
ffect, and τk, k =  1,  2, is the effect of consuming a different
ype of prey than the one that was attacked first, comprising
ight parameters, i.e. giving a different probability of con-
uming the other prey given the predator’s first attack for
ach species and sex combinations. All submodels were also
tted and compared using likelihood-ratio tests.
All analyses were carried out using statistical software R

R Core Team 2015). The Cox proportional hazards models
ere fit using function “coxph” from the package “survival”

Therneau 2015) and binomial generalised linear models
ere fit using function “glm” from the package “stats” (R
ore Team 2015).

esults

ime until attack

Our results showed evidence that female earwigs are more
ggressive and are prone to attack sooner than male earwigs,

hich, in turn, are more aggressive than male and female

tinkbugs. Fitting the Cox proportional hazards model with
inear predictor (M1), there was no evidence of a block effect
λ =  37.07, on 32 d.f., p  = 0.25) while the interaction between

s
n

l

1 −  π1 Predator switches prey with probability π1

Predator does not switch prey with probability 1 −  π2

pecies and sex was significant (λ  =  4.37, on 1 d.f., p  = 0.04).
efitting the Cox model without a block effect in the linear
redictor (M1) the interaction was still significant (λ  =  7.17,
n 1 d.f., p  < 0.01). The hypothesis that hazards were propor-
ional (Grambsch & Therneau 1994) was not rejected (global
est statistic = 2.33, on 3 d.f., p  = 0.51) and hence the Cox
roportional hazards model can be considered as appropri-
te. It was found that the hazard does not differ for males
nd females of P.  nigrispinus  (λ  =  1.48, on 1 d.f., p  = 0.22),
hile the hazard for females of E.  annulipes  is higher than

or males (λ  =  6.78, on 1 d.f., p  < 0.01).

irst attack and effective consumption

Fitting a logistic regression to the attack occurrence indi-
ator variable using the linear predictor (M1) (stage one),
he interaction effect was not significant (λ  <  0.01, on 1 d.f.,

 = 1.00), but it was found that there was a significant species
ffect (λ  =  5.18, on 1 d.f., p  = 0.02). Only three individuals
id not attack in one hour of observation and they were all
tinkbugs. For the effective consumption indicator variable,
he interaction effect was again not significant (λ  =  2.82, on 1
.f., p  = 0.09), however there was a marginally significant sex
ffect (λ  =  3.77, on 1 d.f., p  = 0.052). Stinkbugs and female
arwigs did not effectively consume any larva in only three
ut of 33 replicates, while male earwigs did not effectively
onsume a larva in nine replicates.

Considering the stage two analysis of the first attack
ariable, the logistic regression verified that there was a
arginally significant interaction effect (λ  =  3.79, on 1 d.f.,

 = 0.052). Summarising these data in a 2 ×  2 ×  2 contin-
ency table for first attacked prey, species and sex (Table 2A)
he odds-ratios showed that male earwigs are more prone to
hoosing parasitised larvae on their first attack than females,
hile for stinkbugs, females are more prone to do so than
ales.
For the stage two analysis of the effective consumption

ariable, the logistic regression fit gave a non-significant
nteraction effect (λ =  0.13, on 1 d.f., p = 0.72), but the main
ffects indicated a clearly significant effect of sex (λ  =  8.31,
n 1 d.f., p < 0.01). Summarising these data in a collapsed

 ×  2 contingency table for effectively consumed prey and

ex (Table 2B), we observe that males choose to consume
on-parasitised larvae with a greater probability than females.

Now extending the model for stage two to include the
ogarithm of time until attack (linear predictor (M2)): (1) for
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Fig.  3.  (A) Stinkbug (solid line) and earwig (dashed line) predicted prob
selected model; (B) female (solid line) and male (dashed line) predicted
obtained from the selected model.

Table  2.  Contingency tables and odds-ratio for (A) first attacked
prey, species and sex, (B) effectively consumed prey and sex, and
(C) consumption of both prey (yes or no), species and sex. NP = non-
parasitised larva, P = parasitised larva.

(A) First attack

NP P Odds-ratio

P.  nigrispinus Male 24 8 2.47
Female 17 14

E.  annulipes Male 18 15 0.69
Female 21 12

(B) Effective consumption

NP P Odds-ratio

Both species Male 42 12 2.68
Female 34 26

(C) Consumption of both larvae

No Yes Odds-ratio

P.  nigrispinus Male 23 10 1.31
Female 21 12

E.  annulipes Male 26 7 8.54
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pete for S. frugiperda. Moreover, the parasitoid C.  flavicincta
Female 10 23

rst attack, the final selected model included the effects of
lock, species and a species specific time effect (λ  =  4.36,
n 1 d.f., p = 0.04), and hence different linear predictors for
ach species; (2) for effective consumption, the final selected
odel included the effects of block, sex (λ  =  7.68, on 1 d.f.,

 = 0.01) and only a common time effect (λ  =  12.32, on 1
.f., p  < 0.01), corresponding to parallel linear predictors
ver time for each sex. Therefore, the time until first

ttack influences the estimated probability of predators
ttacking the parasitised larva differently for each species
π̂stinkbug = exp{2.31 −  0.53 ×  log(time)}/(1 + exp{2.31

i
p
p

abilities of attacking parasitised prey over time obtained from the
 probabilities of effectively consuming parasitised prey over time

 0.53 ×  log(time)}) and π̂earwig = exp{−0.33 −  0.01
 log(time)}/(1 + exp{−0.33 −  0.01 ×  log(time)})), see
ig. 3A. For effective consumption, females are more prone

o consume the parasitised larva than males, but this esti-
ated probability decreases with time until attack at the same

ate for both males and females (π̂male = exp{0.32 −  0.32
 log(time)}/(1 + exp{0.32 −  0.32 ×  log(time)}) and

ˆ female = exp{1.32 −  0.32 ×  log(time)}/(1 + exp{1.32
 0.32 ×  log(time)})), see Fig. 3B.
Considering the binary variable of whether the predator

onsumed both prey in one hour of observation, given that
here was an effective consumption, from the logistic regres-
ion fit there is evidence of a significant interaction effect
λ =  10.32, on 1 d.f., p  < 0.01). Summarising these data in

 2 ×  2 ×  2 contingency table for consumption of both prey,
ex and species (Table 2C) the odds-ratios showed that female
arwigs appear to need more resource than males.

stimating the probability of attacking a larva
nd consuming the other

Fitting (P1) and all possible submodels, from likelihood-
atio tests for nested models, there is evidence that the
est model includes an interaction between sex and alter-
ative prey consumption and an additive species effect (see
ppendix A – Supplemetary data). Therefore, males have a

tronger preference for non-parasitised prey while females
eem to have no preference (see Fig. 4).

iscussion

In a maize field, P.  nigrispinus  and E.  annulipes  can com-
s exposed to indirect predation when predators feed on
arasitised prey. Coexistence is possible for predators and
arasitoids due to frequency-dependent predation, in which



R.d.A. Moral et al. / Basic and Appli

Fig.  4.  Estimated probabilities of prey switching given the first
a
e

g
d
s
2
b
r
n

c
l
m
&
o
p
L
t
c
a
f
A
o
m
o
p
I

h
t
s
b
l
t
p
p

a
a
r
a
1
u
b
Z
b
(

b
t
T
f
a
o
&
i
u
p
s
t
d

t
p
p
a
f
&
a
p
O
w
e
M
s
q
(
n
p
w

r
a
t
s
a
2
t
c
likely to be successful. Examples of successful pest suppres-
ttack was on a non-parasitised (NP) or parasitised (P) larva for
ach species and sex combination.

eneralist predators are most likely to consume more abun-
ant prey, in this case non-parasitised larvae, in response to
patio-temporal variation in resource availability (Chesson
000). Also, in maize fields, top-down control of pests may
e stronger if there is more species diversity (which may
esult from a polyculture, for example), due to the greater
umber of links in the food webs (Zhang & Adams 2011).
Parasitoid population dynamics are heavily influenced by

ompeting parasitoids or intraguild predation. The latter may
ower the probability of a parasitoid completing its develop-

ent and hence persisting in the system (Duffy, Hall, Tessier,
 Huebner 2005). Even though in many studies predators

pt to avoid parasitised prey, it is possible that some species
refer to feed on this type of prey (Packer, Holt, Hudson,
afferty, & Dobson 2003). This may be due to several fac-

ors, such as higher susceptibility to predation, behavioural
hanges induced by parasitism, or simply due to parasitoids
nd predators choosing the same host/prey because they pre-
er the same phenotypic traits (Knudsen, Gabler, Kursi, &
mundsen 2001). Even though at first the combined effect
f a generalist predator and a parasitoid on pest suppression
ay be an immediate decrease in pest density, this can be

verturned over the following generations due to reduced
arasitism rates, caused by intraguild predation (Snyder &
ves 2001).

Here we conducted a laboratory experiment to investigate
ow parasitism affected predator choice in a biological con-
rol context. It is important to note that this was a Petri-dish
tudy, representing a simple way of observing the species’
ehaviour under controlled circumstances and was, hence,
imited to such settings. We used statistical models to study

he system and to estimate the probabilities of consuming
arasitised prey or consuming a different prey, given the
redator’s first choice. Results suggested that predators are

s
c
i

ed Ecology 19 (2017) 67–75 73

ble to distinguish parasitised prey, however males tend to
void them. This lack of selectiveness in females is likely to be
elated to their reproductive physiology and in the case of E.
nnulipes, their aggressive behaviour as well (Klostermeyer
942). Also, as the metabolic requirements of females are
sually higher, the 24 h fasting may have influenced this
ehaviour more than it did for males (Kolluru, Chappel, &
uk 2004; Hodin 2009). Moreover, Petri-dish studies can
e biased towards artificially high intraguild predation rates
Ingels & De Clercq 2011).

When a predator takes longer to attack a prey, one possi-
le explanation could be natural individual variability, with
he 24-h fasting affecting each insect differently (Fig. 3).
raditional population dynamics models usually neglect dif-
erences between sexes and the high degree of variation in
ttack rates, which highly influence population trajectories
ver time and ecological relationships (Schreiber, Bürger,

 Bolnick 2011). Statistical models such as the ones used
n this work are particularly useful in describing individ-
al variation so that it can be used to alter pest-enemy or
redator–parasitoid–host models. The probability of con-
uming a specific type of prey can be included in these models
o study these indirect effects of intraguild predation under
ifferent settings, theoretically.

Our results also suggest that the longer a predator
akes to attack, the more likely it is to consume non-
arasitised prey (Fig. 3B). In other studies, involving different
ests and natural enemies, this avoidance behaviour was
lso found for Serangium  parcesetosum, which prefers to
eed on non-parasitised Bemisia  tabaci  larvae (Al-Zyoud

 Sengonca 2004), for females of Rodolia  cardinalis
nd Delphastus  pusillus, which avoid parasitised Icerya
urchase larvae (Quezada & Debach 1973; Hoelmer,
sborne, & Yokomi 1994) and for Geocoris  punctipes,
hich avoids whitefly nymphs parasitised by Eretmocerus

remicus (Velasco-Hernández, Ramirez-Romero, Cicero,
ichel-Rios, & Desneux 2013). While it may not be univer-

ally true, this avoidance may be due to inferior nutritional
uality of parasitised prey, for example Bilu and Coll
2009) showed that parasitised Myzus  persicae  nymphs were
utritionally inferior to their predator, Coccinella  undecim-
unctata, whose development time increased and weight gain
as slower when feeding on parasitised prey.
These results highlight the importance of studies on natu-

al enemy interactions, as well as coexistence mechanisms in
groecosystems. Biological control strategies involving mul-
iple natural enemies must be carefully studied, since pest
uppression success is dependent upon ecological relations
mongst these species as well as their intensity (Amarasekare
000). When parasitism mediates predator choice, in a sense
hat intraguild predation is avoided, natural enemies may
oexist in the agroecosystem and biological control is more
ion using different predators and a parasitoid in combination
an be found in Snyder, Snyder, Finke, and Straub (2006) and
n Gontijo, Beers, and Snyder (2015). On the other hand, if
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eneralist predators prefer to feed on parasitised prey, pest
uppression due to parasitism is likely to be disrupted (e.g.
raugott, Bell, Raso, Sint, & Symondson 2012).
Future work includes laboratory and field experiments to

ssess coexistence amongst these natural enemies as well as
he development of mathematical models to predict time of
xtinction and population dynamics of the system. Moreover,
tudies assessing parasitism chemical signaling pathways to
etermine how predators distinguish parasitised prey would
lso be of interest. Finally, long-term experiments are needed
or a more comprehensive understanding of these interactions
Frago 2016).
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