
 

 

 University of Groningen

Native parasitoids and a novel invasive host
Kruitwagen, Astrid J.

DOI:
10.33612/diss.200105680

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2022

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Kruitwagen, A. J. (2022). Native parasitoids and a novel invasive host: Linking evolutionary ecology and
biological pest control. [Thesis fully internal (DIV), University of Groningen]. University of Groningen.
https://doi.org/10.33612/diss.200105680

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.200105680
https://research.rug.nl/en/publications/993c0009-f996-465a-8276-32abcb81840f
https://doi.org/10.33612/diss.200105680


107 
 

Chapter 6 

Evolution of parasitoid host preference and performance in response to 

an invasive host acting as evolutionary trap 

 

 

Astrid Kruitwagen 

Leo W. Beukeboom 

Bregje Wertheim 

Sander van Doorn 

 

 

 

 

 

 

 

 

 

 

 

 

 

Under Review 

Kruitwagen A., Beukeboom L.W., Wertheim B., van Doorn G. S., Evolution of parasitoid 

host preference and performance in response to an invasive host acting as evolutionary 

trap. Authorea. December 01, 2021. DOI: 10.22541/au.163837702.20094685/v1

https://doi.org/10.22541/au.163837702.20094685/v1


Chapter 6 | Evolution of parasitoid host preference and performance 

108 
 

 

 

 

 

 

 

 

 

 

Abstract 

The invasion of a novel host species can create a mismatch in host choice and offspring 

survival (performance) when native parasitoids attempt to exploit the invasive host without 

being able to circumvent its resistance mechanisms. Invasive hosts can therefore act as 

evolutionary trap reducing parasitoids’ fitness and this may eventually lead to their 

extinction. Yet, escape from the trap can occur when parasitoids evolve behavioural 

avoidance or a physiological strategy compatible with the trap host, resulting in either host-

range expansion or a complete host-shift. We developed an individual based model to 

investigate which conditions promote parasitoids to evolve behavioural preference that 

matches their performance, including host-trap avoidance, and which conditions lead to 

adaptations to the unsuitable hosts. One important aspect of these conditions was reduced 

host survival during incompatible interaction, where a failed attempt by a parasitoid 

resulted in host killing. This non-reproductive host mortality had a strong influence on the 

likelihood of establishment of novel host-parasitoid relationship. Killing unsuitable hosts 

can constrain adaptation under conditions which in fact promoted adaptation when 

parasitoids would leave the trap host unharmed and survive parasitoid attack. Moreover, 

our model revealed that host-search efficiency and genetic variation in host-preference play 

a key role in the likelihood that parasitoids will include the suboptimal host in their host 

range, or will evolve behavioural avoidance resulting in specialization and host-range 

conservation, respectively. Hence, invasive species might change the evolutionarily 

trajectory of native parasitoid species, which is important for predicting biocontrol ability 

of native parasitoids towards novel hosts.  

Key-words: host-parasitoid interactions, exotic species, parasitism, ecological trap, 

biological control, evolution  



Chapter 6 | Evolution of parasitoid host preference and performance 

109 
 

1. Introduction 

Parasitoids are insects that lay eggs in or on other insects, and whose immature stages 

develop in or on a host that is eventually killed. They however sometimes accept hosts for 

oviposition that are unsuitable for their offspring to survive (Thompson, 1988; Heimpel, 

Neuhauser, & Hoogendoorn, 2003). One explanation of such ‘bad motherhood’ is the 

invasion of novel host species for which native parasitoid species do not have pre-adapted 

mechanisms to circumvent host resistance, and/or to recognize these hosts as unsuitable 

(Thompson, 1988; Yoon & Read, 2016). When parasitoids attempt to exploit suboptimal 

hosts even when alternative suitable ones are present, the host is considered an 

‘evolutionary trap’ (Schlaepfer, Runge, & Sherman, 2002; Schlenke, Morales, Govind, & 

Clark, 2007). Evolutionary traps can have large ecological impact on ecosystems as 

parasitoids lose resources (time and/or eggs) attacking them, and this can even result in a 

reduction of their population size, ultimately leading to extinction (Kokko & Sutherland, 

2001; Yoon & Read, 2016).  

Yet these maladapted parasitoid populations might be ‘rescued’ by undergoing evolutionary 

change. Studies have shown that parasitoid populations can harbor genetic variation for 

host-choice and host use/virulence (Henter, 1995; Desjardins, Perfectti, Bartos, Enders, & 

Werren, 2010; König et al., 2015; Benoist et al., 2020). This would allow parasitoids to 

escape from an evolutionary trap by evolving avoidance behavior or improved performance 

towards novel hosts (Keeler & Chew, 2008). Both mechanisms would promote parasitoid 

persistence, but only adaption to efficient utilization of the novel host would reduce the 

impact of the invader and would thus be favored from a conservation and biological control 

perspective. Insight in the response to an evolutionary trap is also relevant for the evolution 

of host specialization or host-range expansion. Inclusion of the suboptimal host into the 

parasitoids’ repertoire of hosts species can eventually result in specialization and host-shift 

to this novel host, whereas behavioral avoidance results in physiological host-range 

conservation.  

Models that focus on host-parasitoid dynamics typically assume that a compatible host-

parasitoid interaction results in host mortality and yields parasitoid offspring, whereas an 

incompatible interaction (such as a host trap) results in host survival and no parasitoid 

offspring (Hassell & Pacala, 1990; Hassell, 2000; Heimpel et al., 2003). However, a 

mismatch in parasitization strategy and host suitability (incompatibility) can also result in 

‘non-reproductive host mortality’, i.e., parasitoids kill the unsuitable host but do not 

reproduce (Abram, Brodeur, Burte, & Boivin, 2016). This has, for example, been 

documented in native parasitoids attacking the invasive agricultural pest Halyomorpha 

halys (Abram, Gariepy, Boivin, & Brodeur, 2014; Abram, Brodeur, Burte, & Boivin, 2016) 

and Drosophila suzukii (Kruitwagen, Wertheim, & Beukeboom, 2021). Non-reproductive 

host killing is thus a third outcome of a host-parasitoid interaction, but has received little 

attention in host-parasitoid studies despite its common nature (Abram, Brodeur, Urbaneja, 

& Tena, 2019).  
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Empirical and theoretical studies show that non-reproductive host killing can influence the 

population size of the unsuitable host when suitable hosts are present to sustain the 

parasitoids’ population (Münster-Swendsen, 2002; Abram et al., 2016; Huang, Hua, Wang, 

Zhang, & Li, 2017; Kaser, Nielsen, & Abram, 2018). However, the inclusion of the 

unsuitable host in the parasitoids’ repertoire can reduce the overall reproductive success of 

the parasitoid and can consequently feedback on host-parasitoid population dynamics and 

relative host species abundance via complex direct and indirect interactions (Kaser et al., 

2018). For instance, time and/or eggs lost by attacking unsuitable hosts can reduce 

parasitoid population size and release the suitable hosts from parasitism (‘enemy release’). 

As host availability and suitability have a direct impact on parasitoid reproductive success, 

it can also shape the evolution of the parasitoid behavior and parasitization strategies. 

Hence, attacking and killing unsuitable hosts can change host population abundance of both 

suitable and unsuitable hosts (Heimpel et al., 2003; Kaser et al., 2018) and might thus alter 

the strength and direction of selection in response to the host trap.  

The impact of variation in host-suitability on parasitoid ecology and evolution has 

previously been modelled in 1-host/1-parasitoid (Sasaki & Godfray, 1999; Tuda & Bonsall, 

1999; Fellowes & Travis, 2000) and 2-host/1-parasitoid systems (Tuda & Bonsall, 1999; 

Heimpel et al., 2003; Kaser et al., 2018). However, it is unknown how parasitoid induced 

non-reproductive host mortality interacts with genetic variation in host preference behavior 

and parasitization strategy, i.e., the parasitoids’ physiological compatibility with different 

host species. Using an individual based model, we here address the questions: (1) how does 

genetic variation for host preference and parasitization strategy influence the evolution of 

generalization and specialization in response to an evolutionary trap and (2) how does non-

reproductive host mortality (i.e., an incompatible interaction that results in host death 

without parasitoid offspring) influences the evolutionary response of the parasitoid? We 

explore the evolution of parasitization strategy and preference behavior in a 2-host/1-

parasitoid system under various costs of exerting host preference and generalist 

parasitization efficiencies, to identify conditions that would favor trap avoidance and/or 

adaptation to the unsuitable host.  

2. Material and methods 

Model description  

We simulate the evolution of two evolving traits, host preference behavior and 

parasitization strategy (i.e., physiological compatibility with two host species), in a 

population of parasitoids that has access to an original host species (host species 1) and a 

novel invader (host species 2). Generations are discrete and non-overlapping for both host 

species and the parasitoid; we denote their population densities at the start of generation t 

by H1(t), H2(t) and P(t), respectively. 
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Table 1 | Parameters and initial values used in simulations 

Parameter Interpretation Parameter value(s) 

Parasitoid 

𝝁q Mutation rate of host-preference 0;0.001 

𝝁S Mutation rate of parasitization strategy 0;0.01 

𝝉d

P𝟏  ;  𝝉d

P𝟐  Maturation rate of parasitoid offspring for specialists 

(S=1, S=2) 

20 

𝝉d

P𝟑  Maturation rate of parasitoid offspring for generalists 

(S=3) 

46.51; 45.45; 44.44; 

43.48; 42.55 

𝝉s Search time, time for parasitoids to find a patch with 

hosts 

3;7;11 

𝝉a Time after which the parasitoid abandons the patch 

when failing to locate another host 

1 

𝝉e Host-parasitoid encounter rate 0.02 

𝝉r Time needed for parasitoid to recover after foraging 

and localizing the next host-patch 

0.5 

P(t) Initial parasitoid population size 500 

Host 

r1 Growth rate Host 1 4 

r2 Growth rate Host 2 4 

α1 Density-dependent competition coefficient host 1 0.001 

α2 Density-dependent competition coefficient host 2 0.001 

𝝉d

H𝒊 Time for a host to mature 10 

n1 Number patches of host 1 20 

n2 Number patches of host 2 20 

 

Host population dynamics 

The environment is structured into patches that each contain a small subpopulation of host 

individuals. We assume that the two host species occupy two different niches, so that they 

occur in separate patches and do not compete for resources with each other. The density of 

each host population is regulated at the global scale by density-dependent survival, which 

acts before the start of each parasitoid generation. The surviving hosts reproduce, and 

distribute their offspring randomly over the host patches for their species, after which the 

host adults die. The total number of offspring in a local subpopulation of host species i (𝑖 =

1 or 2) is distributed following a Poisson distribution with mean:   

𝜆𝑖(𝑡) =
1

𝑛𝑖

𝑟𝑖  𝐻𝑖(𝑡) 𝑒−𝛼𝑖 𝐻𝑖(𝑡). 

Here, ni is the number of patches for host species i in the environment, ri is the maximum 

per-capita offspring production rate, 𝐻𝑖(𝑡) denotes the total number of adult host 

individuals before density regulation (which is equal to the number of surviving hosts at the 

end of the previous time step), and 𝛼𝑖 is a parameter that quantifies the sensitivity of host 

species i to within-species competition (Table 1) ; this parameter determines the host 

population density at equilibrium in the absence of parasitization, 𝐻𝑖
∗ = ln(𝑟𝑖)/𝛼𝑖.  
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The developing host offspring that have been deposited in a patch, can be parasitized during 

a vulnerable period in their development. The host survives if no parasitoid successfully 

parasitizes the host before the end of the sensitive period. We assume that the length of this 

time window is exponentially distributed with average length 𝜏
d

H𝑖  , the mean length of the 

sensitive developmental period for host i. Variation in the length of the sensitive period 

introduces variation in the vulnerability of hosts to parasitoid attack, which is an important 

factor promoting the stabilization and persistence of host-parasitoid systems (Hassell & 

Pacala, 1990; Hassell, 2000).  

Parasitoid behaviour 

Parasitoid reproductive success is taken to be limited by the ability to locate and exploit 

host patches (i.e., parasitoids are limited by time, not primarily by the availability of 

resources needed for egg-production). This is relevant as most parasitoids seem to live 

relative shortly and die before exhaustion of all their eggs and/or are able to replenish their 

egg supply during their life (Ellers, Sevenster, & Driessen, 2000; Wajnberg, 2006; 

Wajnberg, Roitberg, & Boivin, 2016). In the individual-based simulations, we therefore 

keep track of the time budget of each parasitoid individual as it progresses through 

consecutive stages of the parasitization cycle (Fig. 1A).  

The first step in the parasitization behaviour is that the parasitoid must search the 

environment to locate a host patch. Searching parasitoids are assumed to move through the 

environment randomly and encounter host patches at a constant rate 1/𝜏s, where 𝜏s 

represents the average searching time needed to locate a host patch. After locating a patch, 

the parasitoid may decide to reject it, depending on which host species is occupying the 

patch and the parasitoid individual’s host preference trait, 𝑞, a quantitative character that 

can range in value on a continuous scale between -1 and +1 (Fig.1, Table 1). In particular, 

the probability that the parasitoid rejects the patch is given by: 

Pr[reject patch](𝑞) = {
max(0, −𝑞) if patch is occupied by host 1

max(0, +𝑞) if patch is occupied by host 2
 

Accordingly, individuals with 𝑞 = 0 accept all patches (i.e., they select a host patch at 

random), whereas, on the extremes of the scale, individuals with 𝑞 = +1 or 𝑞 = −1 

exclusively accept patches occupied by host species 1 or 2, respectively, and thus avoid the 

other host (Fig. 1B). Note that such selectivity comes at the costs of an increase in the 

expected search time needed to locate an acceptable patch (a parasitoid that rejects a patch 

has to resume searching).  

Once an individual accepts a host patch, it proceeds to exploit the available hosts living 

there (Fig. 1A). Parasitoids encounter hosts in a random sequence, and continue to search 

the patch until they encounter a host individual for the second time, or if they have been 

searching for longer than 𝜏a time units since their last encounter with a host individual (𝜏a is 

the time threshold for abandoning the patch when failing to locate another host). Time 

intervals between encounters with a given host individual are drawn from an exponential 

distribution with mean 𝜏e (i.e., 1/𝜏e corresponds to the per-capita host-parasitoid encounter 
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rate). As a consequence of the stochasticity in the order and timing of host encounters, 

parasitoids tend to interact with a variable subset of the host individuals in a patch, rarely 

with all of them.  

If a host is found by a parasitoid before it has completed the sensitive period of 

development (𝜏
d

H𝑖), it will be parasitized, incrementing the parasitoid’s reproductive 

investment by one unit. The parasitoid’s reproductive investment reflects energy invested in 

parasitization and egg production. Hosts can be parasitized multiple times; we assume that 

parasitoids do not discriminate against hosts that were previously attacked by another 

individual. After leaving a host patch, parasitoids need to recuperate for a period of time to 

restore their energy reserves allocated to reproduction: we assumed that this recovery 

period consists of a sum of exponentially distributed waiting times, each with expected 

length 𝜏r for each unit of reproductive investment that the individual spent in the previous 

host patch (Fig. 1A, Table 1). After recovering from previous reproductive investment, 

parasitoids are allowed to resume their search for another host patch, until no exploitable 

hosts are available in the environment anymore. 

 

 

Figure 1 | Stages of parasitoids’ host-searching behaviour (A) and the effect of parasitoids’ host preference 

genotype (q) on the probability of interacting with host species i (i.e., accept patch) assuming equal numbers of 

host patches of each species (B). 
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Parasitoid offspring development 

The outcome of the host-parasitoid interaction is dependent on the parasitoids’ 

parasitization strategy (S), and the timing of host and parasitoid offspring development 

(Fig. 2). In addition, we consider two different scenarios in modelling incompatible host-

parasitoid interactions: one with non-reproductive host-killing, the other without (Table 2, 

Fig. 2). The parasitization strategy S is modelled as a discrete character, with three possible  

trait values, reflecting the following tactics: parasitoids with 𝑆 = 1 or 𝑆 = 2 are specialist 

parasitoids that exhibit specific adaptations to, respectively, host species 1 or 2, and that are 

incompatible with the other host species; parasitoids with 𝑆 = 3 are generalists that are 

compatible with both hosts. As explained below, we assume that the broader host range of 

these generalists trades-off against a lower rate of development efficiency of their offspring 

in either host species, resulting in a lower offspring survival probability.  

In the model scenario without non-reproductive host killing (scenario 1), parasitoid 

offspring can only develop if they are compatible with the host (Table 2, Fig. 2) (e.g., when 

the parasitoid is able to inactivate haemocytes, or otherwise suppress or evade the immune 

system of the host, and/or regulate host physiology or behaviour to facilitate the 

development of the parasitoid offspring). In the other scenario (scenario 2; with non-

reproductive host killing), parasitoid offspring can initially develop in the incompatible 

hosts, to the point that the host is killed (e.g., due to damage inflicted by parasitoid attack 

and/or self-harm through mounting an immune defence), but parasitoid offspring cannot 

successfully complete development in an incompatible host.  

Figure 2 | Stages of parasitoids’ host exploitation (parasitization) and the outcome of host-parasitoid interactions in 

terms of host and parasitoid offspring survival. When the parasitoid is incompatible with the host, two different 

scenarios are considered when the parasitoid exploits the host: under scenario 1 the parasitoid offspring dies but 

the host survives, whereas under scenario 2 both the parasitoid offspring and host die. 
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Irrespective of compatibility, the rate of parasitoid development is taken to depend only on 

the strategy S of the parasitoid parent: offspring of a generalist parasitoid are assumed to 

develop more slowly than the offspring of specialists, such that their expected time of 

development 𝜏d

P3  is larger than for specialists (𝜏d

P1  and 𝜏d

P2; we assume these to be equal for 

simplicity) and thus have a lower success rate of completion of development and offspring 

survival. In all cases, their developmental success is drawn from an exponential 

distribution. 

The eventual fate of a parasitized host is determined by the relative timing of its infestation 

relative to the hosts’ sensitive period: if a parasitoid infests the host before it reaches the 

end of the sensitive period, parasitization will result in killing of the host (Fig. 2). This 

event is associated with the emergence of a single new parasitoid individual, unless the host 

is incompatible (note that incompatible hosts are killed only in model scenario 2, with non-

reproductive host-killing). When a host has been attacked multiple times, the first parasitoid 

offspring that completes development is decisive for the fate of the host; the offspring of 

the other parasitoids are always inviable. Finally, when the host reaches the end of the 

sensitive developmental period before any parasitoid infests it the host survives.  

After the outcome of all interactions has been decided, the parasitoid offspring replace the 

parental generation (such that their total number sets the value of P (t + 1)), and surviving 

hosts are collected to determine 𝐻1(𝑡 + 1) and 𝐻2(𝑡 + 1), the density of hosts at the start of 

the next time step. 

Table 2 | Overview of potential outcome of host-parasitoid interactions under two different scenarios. 

Parasitization 

strategy S 

Host 

species 
Outcome(a) 

Compatible interactions 

1 1 Fast parasitoid development(b); emergence of parasitoid 

offspring; host dies. 2 2 

3 1, 2 
Slow parasitoid development(b); emergence of parasitoid 

offspring; host dies. 

Incompatible interactions 

1 2 

Scenario 1 - without non-reproductive host killing: 

No interaction; host survives. 

Scenario 2 - with non-reproductive host killing: 

Fast parasitoid development(b), but no emergence of viable 

parasitoid offspring; host dies. 2 1 

 

 (a) Outcome under the assumption that parasitoid development completes before the end of the host’s vulnerable 

developmental period; otherwise, the host survives. 

(b) Developmental rate of generalist (S=3) assumed to be slower than specialists (S=1,2), with the magnitude of the 

difference being dependent on 𝜏d
P3 , relative to 𝜏d

P1 and 𝜏d

P2. Compatible interactions do not have an inherent 

advantage in developmental rate over incompatible interactions. 
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Genetic assumptions, initial conditions and simulation details 

Host preference and parasitisation strategy were each genetically encoded by a single 

haploid locus, and we assumed reproduction to be clonal for simplicity. Simulations were 

initialised with a small initial population of parasitoid individuals, all with 𝑆 = 1 (pre-

adapted to the orginal host (host 1); incompatible with the invader (host 2) and 𝑞 = 0 (no 

initial host discrimination). Host population densities were initialised at their equilibrium 

density in the absence of parasitization (𝐻𝑖
∗ = ln(𝑟𝑖)/𝛼𝑖). Genetic variation in host 

preference and parasitization strategy was introduced by a low rate of mutation (Dieckmann 

& Law, 1996; Geritz, Metz, Kisdi, & Meszéna, 1997; Metz, Nisbet, & Geritz, 1992): 

mutations in host preference occurred with probability 𝜇q per reproductive event, and 

changed the offspring’s q-value to 𝑞offspring = min(1, max(0, 𝑞parent + Δ𝑞)), where the 

mutational effect size Δ𝑞 was sampled from a standard normal distribution; mutations in the 

parasitization strategy occurred with a low probability 𝜇S per reproductive event, and 

changed the tactic from 𝑆parent to 𝑆offspring with probabilities Pr[𝑆parent → 𝑆offspring] , given 

by Pr[1 → 3] = 1, Pr[2 → 3] = 1 and Pr[3 → 1] = Pr[3 → 2] = 1/2 (all conditional on 

the occurrence of a mutation). Accordingly, specialists can mutate to the generalist tactic, 

which can mutate to either one of the specialist tactics with equal probability, but specialists 

cannot mutate to become specialized for the other host species in a single mutational step. 

The model was implemented as a stochastic individual- and event-based simulation in the 

programming language C++ (Appendix S1), based on a modification of the Gillespie 

algorithm for stochastic simulations. Data produced by the simulation (population densities 

of hosts and parasitoids; frequencies of parasitization tactics and distribution of host 

preference) were analysed in R (version 4.0.1) (R Core Team, 2020). We modelled the two 

main mechanisms to cope with the evolutionary trap (behaviour avoidance or adaptation), 

by allowing the population to evolve under different mutation probabilities of either 

parasitization strategy alone or parasitization strategy and host-species preference and 

tested how the costs of exerting host preference and the developmental costs of broadening 

the host-range influenced the parasitoids’ evolution. These trade-offs were investigated by 

altering the host patch search time 𝜏s and the likelihood of successful infestation by 

generalist parasitoids’, as determined by the parameter 𝜏d

P3  (Table 1). We did this under two 

scenarios: one in which incompatible interaction had no effect on host survival and one in 

which incompatible interaction resulted in host death (Table 2, Fig. 2). Each combination of 

parameter settings was replicated 30 times and run for 1000-time steps (generations).  

3. Results  

Multiple traits can be involved in host-range and host adaptation, which might evolve 

independently in response to selection. We therefore first investigated how genetic 

parasitization tactic (S), the parasitoids’ host-use strategy that determines its physiological 

compatibility with either of the host species or both, would influence (physiological) host-

range evolution. Next, we also considered genetic variation in host-preference behavior (q), 

the parasitoids’ inherent choice to lay eggs in certain hosts. We did this under different 
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costs by examining the influence of (1) the relative developmental success of generalist 

parasitoids (determined by different parameter ratios 𝜏d

P1/𝜏d

P3) and (2) parasitoid search 

time (depending on parameter 𝜏s). Search time may vary depending on environmental 

conditions: a low search time might reflect a resource rich-environment in which patches 

are clustered, whereas a relatively high search time might reflect a resource-poor 

environment in which host-habitat patches are sparse and/or more difficult to locate. The 

latter conditions imply a higher evolutionary costs of exerting host preference, as the 

decision to reject a patch would necessitate a large time investment for finding a more 

suitable patch, compromising the amount of time remaining for reproduction.  

Initially, all parasitoids were specialists of host species 1, meaning that exploitation of this 

host results in one parasitoid offspring and host mortality. Parasitoids were not able to 

discriminate between patches of host 1 or 2 (no preference, random host patch selection) 

and lost time exploiting unsuitable host patches. As such, host 2 acted as an ‘evolutionary 

trap’. When specialists attempt to exploit an incompatible host, this either had no effect on  

host survival (model scenario 1), or resulted in host death without parasitoid offspring, i.e., 

non-reproductive host killing (scenario 2), (Table 2, Fig. 2). 

Evolution of parasitization tactic  

Scenario 1: incompatible interaction has no effect on host survival 

First, we consider the scenario where an incompatible interaction between a host and 

parasitoid does not result in host-killing (scenario 1, Table 2, Fig. 2). This can occur for 

example when the host is unsuitable for development of the parasitoids’ offspring and the 

host survives the attack by encapsulation of the parasitoids’ egg. Figure 3 shows example 

simulations of relative trait values for parasitization strategy over 1000 generations in 

which host preference is not allowed to evolve and parasitoids exhibit random host patch 

selection under low and high efficiencies of generalists and host searching. A mutation of 

parasitization strategy (S) first results in the invasion of a generalist parasitization strategy 

which is able to overcome the unsuitability of the novel host and thus able to reproduce on 

host 1 as well as host 2 for reproduction. Note that we assumed that a specialist of host 1 

cannot directly shift to the alternative specialist strategy and must first become a generalist 

by mutation. However, when generalists are less efficient in parasitization (and without 

non-reproductive host killing), selection ultimately favours the evolution of a 

polymorphism of two specialists, after the specialist for host 2 has emerged by mutation 

from the generalist strategy (Fig. 3A). Hence, as expected, low generalist efficiencies result 

in a consistently higher frequency of specialists across replicate simulations (Fig. 4A).  

Interestingly, the parasitoids’ search efficiency also influences evolution of specialization. 

Generalisation tended to evolve at low and/or medium search efficiencies while 

specialization tended to occur at high search efficiencies (Fig. 3A, Fig. 4A). An explanation 

is that higher search efficiencies increase the number of host-patches a parasitoid can visit 

during its life. This increases the chance of a specialist to find a patch with suitable hosts 



Chapter 6 | Evolution of parasitoid host preference and performance 

118 
 

and give them a competitive advantage even when costs of generalists are relatively low. 

As such, the search efficiency of the parasitoid can exceed the costs of a narrow host use  

and facilitate evolution of specialisation on the novel host. In contrast, at low/medium 

search efficiency, generalists have an advantage as they can successfully exploit hosts on 

every patch they visit, and thus will always find a patch with suitable hosts. Yet, 

independent of the parasitoids’ search efficiency and the magnitude of the generalist-

specialist trade-off, genetic variation in host-use under scenario 1 consistently allowed 

parasitoids to adapt to the ‘trap’ host, establishing a novel host-parasitoid relationship (Fig 

4A), either by generalisation or by specialisation. Note that parasitoids with a physiological 

specialist tactic can still make maladaptive host choices when accepting patches of their 

unsuitable host due to their random host selection behaviour. 

  

Figure 3 | Examples of time series of relative average trait values for parasitization tactic (S) with fixed host-

preference (q = 0, i.e. random dispersal) at low and high generalist efficiencies (𝜏
d

P3 = 42.5 , 𝜏
d

P3 = 46.5, 𝑟𝑒𝑠𝑝.) 

and low and high host-patch search efficiencies (𝜏s = 3, 𝜏s = 11 𝑟𝑒𝑠𝑝. ). Specialists of host 1 (red) attacking hosts 

that do not match their parasitization strategy have either (A) no effect on host survival or (B) results in host 

killing and can evolve a generalist strategy (grey) and subsequently mutate to become host use specialist of host 2 

(blue). 
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Figure 4 | Evolution of parasitization strategy (S) with varying generalist efficiencies and host-patch search 

efficiencies (low, 𝜏s = 11; medium, 𝜏s = 7; high, 𝜏s = 3). Specialist 1 represents parasitoids able to reproduce on 

host 1, but are incompatible with host 2 and vice-versa for specialist 2. Generalists are able to reproduce on both 

host species but vary in respect to their host use efficiency relative to specialists. Incompatible interaction has 

either (A) no effect on host survival or (B) results in non-reproductive host killing. Dots represent the relative 

frequency of each genotype (±SE) after 1000 generations (n=30). 

Scenario 2: incompatible interaction results in host-killing 

Second, we consider the scenario where an incompatible host-parasitoid interaction results 

in host killing instead of host survival (Scenario 2, Fig. 2, Table 2). This might occur when 

the host dies due to physiological costs; e.g., self-harm through mounting an immune 

defence. A similar pattern arises for a subset of conditions: (1) relatively low 

developmental costs of broadening the physiological host-range resulted in the evolution of 

a generalist parasitization tactic and (2) high search efficiencies combined with low 

efficiency of generalists promoted parasitization specialists (Fig 3B, Fig 4B). However, in 

contrast to the simulations without host killing (scenario 1), either specialists of host 1 or 

generalists dominated after 1000 generations, but specialists of the novel host did not 

evolve (Fig. 3B, Fig. 4B). In other words, non-reproductive killing of unsuitable hosts can 

prevent specialists of host 2 to evolve, constraining adaptation and the establishment of 

novel host-parasitoid relationship. This appeared in particular when parasitoids exhibited a 

high search efficiency and generalists have relative low host use efficiency (Fig. 4B), 

conditions which promoted the evolution of specialists of the unsuitable host under scenario 

1. The ability to kill unsuitable hosts allows specialists of host 1 to compete with generalists 
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by reducing the number of available hosts for generalists to exploit hindering the evolution 

of generalisation. Consequently, the evolution of specialisation on the (initial) unsuitable 

host 2 is hampered as well, because specialists of host 2 can only evolve through mutation 

of the generalist strategy. Hence, non-reproductive host killing can increase the competitive 

advantage of specialists over generalists and limit the evolution of specialization on host 

species 2 resulting in physiological host-range conservation. This also means that non-

reproductive host killing can be maintained and expressed under these conditions when 

attacking unsuitable hosts.  

Combined evolution of host-preference and parasitization tactic 

We next allowed both parasitization strategy (S) and the behavioural trait host preference to 

evolve (q). Host preference relies on individuals rejecting host patches, which is a costly 

decision if the time needed to find a patch is high. Parasitoids that exhibit an avoidance for 

either host species can therefore increase their total reproductive output by selecting 

suitable host-patches that match their parasitization tactic (performance) and thus lose less 

time exploiting unsuitable hosts. The evolution of host species preference can however be 

constrained by the search efficiency of individuals in a given environment as this sets their 

time budget to find their preferred hosts (Fig 1).  

Scenario 1: incompatible interaction has no effect on host survival 

Figure 5 shows example simulations of relative trait values for both parasitization strategy 

and host preference over 1000 generations, with varying levels of generalist host 

exploitation and host searching efficiency. Figure 6A shows the relative frequency of 

parasitization tactic and host-preference after 1000 generations under scenario 1 in which 

an incompatible interaction has no effect on host survival (Fig. 2, Table 2). The 

evolutionary response to the unsuitable host trap was qualitatively similar to the situation 

with fixed random host selection behaviour (Fig. 4A): consistent adaptation towards the 

‘trap’ host among replicates by change in parasitization strategy with a switch from the 

evolution of a generalist towards specialist tactic with decreasing generalist efficiencies and 

increasing search efficiencies. However, the conditions for evolution of specialisation are 

relaxed by combined evolution of host preference and parasitization tactic (Fig. 5A, 6A). 

The evolution of parasitization specialists was facilitated because specialists gain an 

advantage over generalists by being able to select patches that matches their performance. 

As such, specialists are able to avoid their unsuitable host (preference ≠ 0) in presence of 

genetic variation in host-preference (Fig. 5A, 6A). Only at low host-search efficiencies and 

high generalist efficiencies, parasitoids able to reproduce on both hosts were selected, thus 

resulting in adaptation by host-range expansion instead of a physiological host-shift. Low 

search efficiency increases the time for individuals to find suitable host patches, making it 

costly to be choosy, promoting random host acceptance. For example, whereas at t~ 500 

parasitoids with high search efficiency evolved as specialists with a behavioural preference 

for their suitable host, a complete avoidance of their unsuitable hosts generally did not 

evolve at t= 1000 when search efficiency was low (Fig. 5A, Fig. 6A). Low search 

efficiency can therefore favour random host acceptance (preference = 0) over host 

avoidance, giving individuals with a generalist parasitization strategy an advantage.  
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Figure 5 | Example of time series of relative average trait values for parasitization strategy (S) and host-preference 

at low and high generalist efficiencies (𝜏
d

P3 = 42.5 , 𝜏
d

P3 = 46.5, 𝑟𝑒𝑠𝑝.) and low and high host-patch search 

efficiencies (𝜏s = 3, 𝜏s = 11 𝑟𝑒𝑠𝑝. ). Specialists of host 1 (red) attacking hosts that do not match their 

parasitization strategy have either (A) no effect on host survival or (B) induce host killing. We assume that host 1 

specialists can mutate to become a generalist strategy (grey); a subsequent mutation may then lead to the evolution 

of a specialists for host 2 (blue). Preference of 0 indicates random host searching and parasitoids can evolve 

preference for host-1 (p>0) or preference for host 2 (p<0). 
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Note that host-preference of generalists highly fluctuates when generalists occur at low 

frequency and are not evolving (Fig. 6). The erratic pattern is therefore simply the result of 

the low number of parasitoids with generalist parasitization tactic that stochastically 

mutated among parental genetic background. In conclusion, genetic variation in host 

preference (1) promotes parasitoids with a specialist host use strategy and (2) can facilitate 

the evolution and co-existence of two distinct specialist strategies in response to the 

evolutionary trap: one evolving trap avoidance; the other evolving a preference and 

specialisation for the novel host.  

Scenario 2: incompatible interaction results in host-killing 

As explained above, when parasitization strategy alone was allowed to evolve under 

scenario 2, the parasitoids’ potential to adapt to the unsuitable host was hindered resulting 

in physiological host-range conservation (domination of specialists of host 1), remaining a 

mismatch in host choice and performance (Fig. 4B). Only when search efficiency was high 

and costs of being a generalist low, evolution of generalist strategy occurred, although a 

complete physiological host-shift did not occur by evolution of specialists of host 2. When 

non-reproductive host killing occurred, interestingly, heritable variation in both host 

preference and performance also changed the evolutionary outcome. In this case, it resulted 

in evolution of specialists of the ‘trap’ host (host 2) allowing them to co-occur with 

specialist of host 1 (Fig. 5B, Fig. 6B). In other words, genetic variation in both traits 

increases the chance of establishment of novel host-parasitoid interaction and allows 

specialisation to the unsuitable host by a complete physiological host-shift instead of host-

range expansion. This indicates that in the situation of parasitoids killing unsuitable hosts, 

evolution of avoidance behaviour matters. This is because parasitoids with a specialist host 

use tactic of host 1 can evolve a complete avoidance of the trap; this reduces killing of 

unsuitable host 2 and removal of resources for parasitoids with a genotype enabling to 

reproduce on the trap host. Hence, evolution of host-preference can decrease the strength of 

competition through non-reproductive host killing when specialists evolve host-preference 

that matches their parasitization strategy, facilitating evolution and persistence of specialists 

of host 2.  

Specialists of host 1 that exhibit non-reproductive host killing of host 2 however tend to 

dominate and constrain physiological host-range expansion and specialisation on the 

(initial) suboptimal host when search efficiency is low and when generalists exhibit relative 

high efficiencies (Fig. 5B, Fig 6B). First consider that the individuals’ time budget shapes 

the trade-off between random dispersal and the optimization of behaviour preference with 

parasitization host use strategy. It follows that when search time constrains evolution of 

optimal host-preference, frequent killing of incompatible hosts impairs the evolution and 

persistence of generalists. Next, as a physiological host-shift is based on sequential 

evolution of a generalist to specialist strategy, a high cost of being a generalist further 

reduces the chance that specialists of host-2 can appear and persist. Hence, when 

parasitoids exhibit non-reproductive host killing, a complete physiological host-shift is 

most likely to occur when (1) specialists of host 1 exhibit preference for host 1 reducing 

intra-specific competition and (2) when search efficiency is high, reducing the costs of 

being choosy and allowing a behavioural preference for host 2 to evolve.  
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Figure 6 | Evolution of both host-preference and parasitization strategy (S) with generalist and host-patch search 

efficiencies (low, 𝜏s = 11; medium, 𝜏s = 7; high, 𝜏s = 3). Specialist 1 (red) represents parasitoids able to 

reproduce on host 1, but are incompatible with host 2 and vice-versa for specialists 2 (blue). Generalists (blue) are 

able to reproduce on both host species Generalists are able to reproduce on both host species but vary in respect to 

their host use efficiency relative to specialists. Incompatible interaction has either (A) no effect on host survival or 

(B) results in non-reproductive host killing. Dots represent the relative frequency of each genotype (±SE) after 

1000 generations (n=30). Preference of 0 indicates random host searching, while preference of >0 indicates 

preference for host-1 and <0 preference for host 2.  

 

  



Chapter 6 | Evolution of parasitoid host preference and performance 

124 
 

4. Discussion  

The rising number of exotic (invasive) species calls for understanding and predicting not 

only the – short term – ecological impact on native species in the invaded range but also 

their impact over evolutionary time (Mooney & Cleland, 2001; Schlaepfer, Sherman, 

Blossey, & Runge, 2005; Strauss, Lau, & Carroll, 2006). Invasive species can act as an 

evolutionary trap for parasitoids when they are unsuitable for reproduction but 

indistinguishable from suitable hosts (Schlaepfer et al., 2002; Schlaepfer et al., 2005). Such 

incompatible interactions reduce parasitoids’ fitness and results in a mismatch between host 

choice and offspring survival (performance), i.e., ‘bad motherhood’ (Thompson, 1988; 

Yoon & Read, 2016). In this study, we explored which conditions could promote parasitoid 

adaptation through improved performance on the trap host and reduce suboptimal host 

choices through change in host preference. Whereas trap avoidance would protect 

parasitoid populations from becoming extinct, adaptation would also enhance their capacity 

to supress invasive hosts and thus their value for biological control. Using an individual 

based model, we show that the outcome of incompatible host-parasitoid interaction matters 

for the parasitoids’ potential to establish a new viable host-parasitoid relationship with the 

trap host. While compatible interactions are always fatal for the host (reproductive host 

killing), we considered that attacking unsuitable hosts either leaves the host unharmed or, 

on the other extreme, is fatal for the host. We found that non-reproductive host killing can 

hamper adaptation to the trap in conditions which in fact promoted host-range evolution in 

parasitoids when they were not able to kill unsuitable hosts. Moreover, we show that the 

establishment of a novel host-parasitoid relationship does not necessarily have to occur at 

the behavioural level through changing host-preference behaviour, as a physiological 

strategy can evolve that enables reproduction on the trap. However, evolved behavioural 

preference promotes adaptation to the trap by a complete host-shift and allows parasitoids 

to evolve avoidance of their unsuitable host, minimizing suboptimal host choices.  

Non-reproductive host killing constrains evolution 

Even when parasitoids are not able to exploit hosts for reproduction, their attack can still 

reduce host survival rate due to e.g., wounding or immune defence costs (Abram et al., 

2016; Abram et al., 2019; Kruitwagen et al., 2021). Previous empirical and modelling 

studies showed that magnitude of non-reproductive host killing can influence host-

parasitoid population dynamics via direct and indirect interactions (Heimpel, Neuhauser, & 

Hoogendoorn, 2003; Kaser, Nielsen, & Abram, 2018). We found that when incompatible 

host interactions result in host killing it also influences the parasitoids’ ability to adapt to a 

trap host. This adaptation entails establishing a novel compatible host-parasitoid 

relationship. While adaptation to the trap consistently occurred when parasitoids did not 

affect survival of their unsuitable host, adaptation can be constrained when parasitoid attack 

is destructive for the host. This is because the removal of resources through non-

reproductive host killing increases the strength of competition with (generalist or specialist) 

genotypes compatible with the trap host and can therefore hamper their evolution. In fact, 

when parasitoids exhibit non-reproductive host killing of unsuitable hosts, their strategy 

appeared to be an “evolutionary dead end”: parasitoids remained attacking the trap without 



Chapter 6 | Evolution of parasitoid host preference and performance 

125 
 

changing their host use tactic to include the host into their repertoire. This occurred in 

particular when (1) specialist parasitoids were more efficient in parasitizing their host 

compared to genotypes with a generalist host use strategy and (2) the encounter rate with 

the trap host was high as a result of a high efficiency to find host patches and random-host 

selection behaviour. This makes sense as a high encounter rate increases the parasitoids’ 

impact on the host population size and thus their competitive advantage.  

One might expect that the parasitoid population might eventually become extinct when they 

frequently attack unsuitable hosts and do not change their host use tactic upon invasion of 

an unsuitable host under non-reproductive host killing scenario. Yet, persistence was 

possible due to presence of sufficient suitable hosts supporting the parasitoid population as 

we assumed hosts to have a relatively high intrinsic growth rate. This is in line with 

previous modelling studies showing that presence of a trap host reduces parasitization 

pressure on the suitable host, favouring the suitable host population and thus supporting the 

parasitoid (Heimpel et al., 2003; Kaser & Heimpel, 2015; Kaser et al., 2018). In our model, 

we assumed a fixed high intrinsic growth rate and equal number of host-patches of each 

host. In nature however, variation in environmental factors such as climate conditions and 

resource quality and quantity might cause temporal variation in the hosts’ reproduction 

potential and carrying capacity (e.g., Behrman, Watson, O'Brien, Heschel, & Schmidt, 

2015; Lue, Borowy, Buffington, & Leips, 2018). As the host community structure 

influences the magnitude and direction of selection of the parasitoid, future modelling 

studies could focus on how more complex host population dynamics (e.g., by (stochastic) 

changes in reproductive potential of the hosts and the relative number of host patches) 

influence the role of non-reproductive host killing on the evolutionary trajectory of the 

parasitoid. 

Bad motherhood and evolution of host-preference 

Confronted with an unsuitable trap host, parasitoids might adapt by changing their 

physiological host use strategy to overcome the hosts’ defence barriers. Although this 

allows parasitoids to evolve a new compatible host-parasitoid relationship, this does not 

always reduce suboptimal host choices that provide a solution for ‘bad motherhood’. This 

might arise as result of the ‘jack of all trades are masters of none’ assumption which 

postulates a generalist-specialist trade-off (Futuyma & Moreno, 1988). Indeed, we found 

that when generalists bear significant costs, it is more profitable to specialize to the trap by 

adopting a specialist host-use tactic. When parasitoids lose their ability to use their original 

host and do not (yet) evolve behavioural avoidance of these original hosts this can still 

result in suboptimal host choices, i.e., their physiological and behavioural host-range do not 

match. However, note that this scenario might be a temporal stage rather than a realistic 

long-term scenario when host-preference evolves. Moreover, despite the fact that 

adaptation by specialization can thus maintain ‘bad motherhood’, the parasitoids can 

contribute to biological control of the novel host. 

We found that ‘bad motherhood’ can be lifted when parasitoids also exhibit genetic 

variation in host preference. Joint evolution of host-preference and performance (host use 

tactic) enables parasitoids to maximize their reproduction by reducing their time spend in 
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suboptimal host patches, resulting in host choices that match their performance. This is 

relevant as traits that influence host localisation and preference in various parasitoid species 

are found to be influenced by genetics (e.g., Rolff & Kraaijeveld, 2001; Dubuffet, Álvarez, 

Drezen, Van Alphen, & Poirié, 2006; Desjardins et al., 2010; Hopper et al., 2019). The 

model showed that evolution of host preference promotes evolution of host-use specialists 

by increasing their advantage over generalists and reducing suboptimal host decisions.  

Interestingly, the evolution of host-preference allowed two distinct specialist parasitoids 

strategies to co-exists with respect to the trap: one specialised on the trap host and one that 

evolved behaviour avoidance of the trap host. Likewise, resource-consumer studies showed 

that evolution of habitat choice qualitatively changes adaptation by promoting specialist 

over generalist and allowing different specialists to coexists (Rueffler, Van Dooren, & 

Metz, 2007; Ravigné, Dieckmann, & Olivieri, 2009). Evolution of host preference and 

performance might therefore set the stage for ecological speciation when the two 

populations become genetically isolated (Poisot, Bever, Nemri, Thrall, & Hochberg, 2011). 

Yet, note that genetics will be important in determining the scope for joint diversification of 

preference and parasitization strategies (see below). 

Despite genetic variation in host-preference, we found that ‘bad motherhood’ can still 

persist when parasitoids’ efficiency to locate host patches is low. According to optimal 

foraging models for time-limited parasitoids, females should maximize their host encounter 

rate to maximize their reproductive output (Comins & Hassell, 1979; Wajnberg, 2006). Our 

findings are in agreement with other studies (McNamara, Houston, and Weisser (1993); 

e.g., Barrette, Boivin, Brodeur, and Giraldeau (2010)) that found that optimal foraging 

decreases when travel time between patches is long, i.e., accepting less profitable 

hosts/prey becomes the best strategy to maximize reproductive output. This however might 

not be the case for egg-limited parasitoids (such as synovigenic insects) as they are 

predicted to maximize the quality of hosts they accept rather than their host encounter rate 

(Minkenberg, Tatar, & Rosenheim, 1992; Fletcher, Hughes, & Harvey, 1994). A thorough 

understanding of possible outcomes under egg-limitation would require a similar modelling 

approach as outlined in this paper. Nevertheless, this model together with previous studies 

shows that genetics, behavioural and physiological factors can constrain parasitoids to 

evolve matching host-preference and host-performance, explaining why parasitoids’ host 

selection behaviour is not always in agreement with their physiological host use capacity 

and thus results in a discrepancy in their behavioural and physiological host-range (e.g., 

Thompson, 1988; Cronin, Abrahamson, & Craig, 2001).  

Genetic assumptions and evolutionary trajectory 

We assumed haploid genotypes with two single unlinked loci determining host use and host 

preference with clonal inheritance. It has to be considered however that many parasitoids 

reproduce sexually through haplodiploidy (arrhenotoky) meaning that unfertilized eggs 

arise through meiosis and develop into males, and females arise after mating through fusion 

of two gametes and are diploid (Godfray & Cook, 1997; Heimpel & De Boer, 2008). 

Moreover, recombination between traits can occur in sexually reproducing parasitoid 

females at a frequency that seems to be similar to diploid higher eukaryotes (Beukeboom et 
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al., 2010; Niehuis et al., 2010). Consequently, in nature, this may retard/prevent adaptation 

by specialisation under joint evolution of host preference and parasitization strategy 

through continuous recombination between genotypes (Felsenstein, 1981; Doebeli & 

Dieckmann, 2000) or may speed up selection by bringing together the two traits 

(Felsenstein, 1974; Marais & Charlesworth, 2003) depending on e.g., recombination 

frequency and population size. As our model does not allow for recombination, a similar 

outcome of the model would be observed if traits interact via epistatic or pleiotropic effects 

in a sexual reproducing parasitoid species with multilocus genetics, such as when the 

expression of host preference would be developmentally coupled to the expression of 

parasitisation strategy. Alternatively, matching host-preference with parasitization 

performance might arise through simultaneous but independent selection on both traits. In 

fact, the latter seems more likely as empirical studies indicate that physiological traits have 

no pleiotropic effect on behaviour (host choice) in parasitoids and may therefore evolve 

parallel to each other (Rolff & Kraaijeveld, 2001; Dubuffet et al., 2006).  

Another factor to keep in mind is that both host-preference and performance are often 

considered to be complex behavioural and physiological traits (Vinson & Iwantsch, 1980; 

Vinson, 1998), potentially controlled by multiple (linked) loci (Hawthorne & Via, 2001; 

Desjardins et al., 2010; Werren et al., 2010; Huang et al., 2021). Moreover, studies show 

that behaviour and physiological traits generally have low heritability (Mousseau & Roff, 

1987; Stirling, Réale, & Roff, 2002; Dochtermann, Schwab, Anderson Berdal, Dalos, & 

Royauté, 2019; Kruitwagen et al., 2021), suggesting that they are also influenced by 

variation in environmental conditions. For example, we found in a previous study that 

heritability of attack rate and non-reproductive host killing in L. heterotoma with regard to 

the invasive D. suzukii host is h2 = 0.2 (Kruitwagen et al., 2021). Moreover, traits involved 

in foraging in parasitoid species are known to be influenced by experience with host-plant 

complexes (Turlings, Wäckers, Vet, Lewis, & Tumlinson, 1993; Vet, Lewis, & Carde, 

1995). Hence, these genetic factors might change the evolutionary trajectory by altering the 

rate of evolution and/or which traits are selected (Kawecki, 1998; Fellowes & Travis, 

2000). For instance, on the one extreme, lack of evolution in host-preference under 

expression of non-reproductive host killing may seriously constrain evolution of 

specialization as we have shown in our model with universal host acceptance (random host 

searching). 

Here we assumed that non-heritable factors influence the length of the vulnerable period in 

which hosts can be parasitized. However, studies show intra-specific genetic variation in 

host resistance to parasitoid attack (Fellowes, Kraaijeveld, & Godfray, 1998; Kraaijeveld, 

Van Alphen, & Godfray, 1998; Gerritsma, de Haan, van de Zande, & Wertheim, 2013). 

Hosts could evolve counter resistance to parasitoid attack, which can consequently result in 

a co-evolutionary arms race in virulence and resistance (Kawecki, 1998; Sasaki & Godfray, 

1999; Fellowes & Travis, 2000). An interesting next step would therefore be to incorporate 

parasitoids’ virulence and host resistance in this model to further investigate the 

evolutionary response of the parasitoid under different outcomes of host compatibilities. 

Lastly, it should be noted that in case of novel invasive species, parasitoids might not 

always possess heritable genetic variation to exploit them as they might exhibit defence 
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strategies novel to the parasitoid (Firlej, Girard, Brehélin, Coderre, & Boivin, 2012; Abram 

et al., 2014; Kruitwagen et al., 2021). Such lack of variation can thus hamper the 

establishment of a novel host parasitoid interaction and biological control, making 

evolution of trap avoidance more likely when genetic variation is present.  

Conclusion 

In conclusion, we show that non-reproductive host killing is important for the evolutionary 

host-parasitoid dynamics and outcome in the situation of a novel unsuitable host species. 

Moreover, our study underlines that not only the parasitoids’ genetics should be studied, but 

also the parasitoids’ behaviour, in particular the magnitude of non-reproductive host killing 

and host-finding ability, in their natural environment to predict whether and how parasitoids 

might adapt to the trap. This together with insight in time allocation ‘decisions’ of a 

particular host-parasitoid system is in fact of great value for pest control: time allocated to 

traveling relative to residency on different patches will determine their success to suppress 

pest populations (Mills & Wajnberg, 2008; Wajnberg et al., 2016). Hence, whether and 

how parasitoids evolve influences their host-range, and thus their ability to regulate novel 

hosts and their value for biological control.  
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