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Abstract

The “ecology of fear” framework was developed to describe the impacts predators have on potential prey and prey popula-
tions, outside of consumption/predation (i.e. non-consumptive effects, NCEs). This framework has recently been extended to
symbiotic interactions such as host—parasite associations. Although the NCEs of predators and parasites on their individual
victims can be measured experimentally, it is currently not known whether parasites can exert population-level effects on
potential hosts through their NCEs. Modelling can be a useful tool for scaling individual-level NCEs to populations to
determine impacts on host population growth. In this study, we used previously published data on the consumptive and
non-consumptive effects of an ectoparasitic mite (Macrocheles subbadius) on a fruit fly (Drosophila nigrospiracula) to
simulate populations experiencing fear (NCEs only), both fear and infection (consumption + NCEs) or neither. Population-
level models indicate that NCEs alone were insufficient to reduce population growth. In fact, host populations experiencing
NCEs but not infection had slightly larger final populations than unexposed populations (by ~ 550 flies). This result suggests
there is compensation (i.e. increased daily reproduction that overcomes shorter lifespans) among exposed flies. By contrast,
the consumptive effects of parasites suppressed the growth of simulated host populations, and this deleterious impact grew
non-linearly with infection prevalence.

Keywords Host—parasite interaction - Population growth - Ecology of fear - Statistical model - Compensation

Introduction

Non-consumptive effects (NCEs) are the impacts predators
have on potential prey outside of consumption, contrasted
with predation itself (i.e. consumption) (Peacor and Wer-
ner 2008; Peckarsky et al. 2008). This “ecology of fear”
can manifest as changes in the physiology, behaviour, and
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morphology of potential prey under predation risk (Pec-
karsky et al. 1993; Murray et al. 2020). NCEs can ulti-
mately reduce the survival and reproductive success of
potential prey (Peckarsky et al. 1993; Macleod et al. 2018).
Furthermore, NCEs on individuals can scale up to popula-
tion-level effects (Belgrad and Griffen 2016; DeWitt et al.
2019). In fact, one meta-analysis suggests NCEs may be
responsible for over half of the impact of predators on prey
populations (Preisser and Bolnick 2008). Laboratory stud-
ies, mesocosms, and statistical modelling have been used
to study the NCEs of predators on prey populations (Pec-
karsky et al. 1993; Kindinger and Albins 2017; Macleod
et al. 2018). However, field studies of NCEs are limited to
traits that are readily measured, especially among long-
lived species where longevity and lifetime fecundity may
not be observable in the study period (Sheriff et al 2020).
Given these challenges, few studies have empirically tested
for suppression of wild populations through NCEs (Sher-
iff et al. 2020). Given these challenges, modelling pro-
vides a useful framework for estimating the scalability of
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individual-level NCEs to impacts on population growth
(DeWitt et al. 2019). For example, models showed that
changes in individual physiology among porcupines at risk
of predation could lead to reduced birth rates and subse-
quently a reduction in population size (DeWitt et al. 2019).

Recent research has extended the concept of NCEs to
describe interactions between hosts and parasites, as well
as other natural enemies and their victims (e.g. parasitoids)
(Fill et al. 2012; Abram et al. 2019; Daversa et al. 2021).
Parasites have consumptive effects on hosts during infec-
tion when they feed on host tissues/resources (Buck 2019;
Koprivnikar et al 2021). Laboratory studies have found there
are physiological, behavioural, and fitness impacts of expo-
sure to parasites on individual hosts even when infection
does not occur (Koprivnikar and Penalva 2015; Horn and
Luong 2018; Benoit et al. 2020). To date, it is unclear if
these individual-level NCEs impact hosts on a population
level. Parasite infection has smaller effects than predation,
and this disparity may explain the smaller individual-level
NCEs observed in tadpole—parasite interactions than tad-
pole—predator interactions in a recent meta-analysis (Dav-
ersa et al. 2021). However, almost all free-living organisms
face the risk of parasitism, and small individual effects may
scale up into substantial effects on host populations (Poulin
and Morand 2000; Buck 2019). Thus, there is a need to study
NCE:s of parasites as they may be widespread yet underesti-
mated (Buck 2019). In this study, we simulated host popula-
tions that experience either (1) fear (NCEs) only, (2) fear and
infection (i.e. NCEs and consumptive effects), or (3) neither.

We used published data on a Drosophila—Macrocheles
association (reviewed in Perez-Leanos et al. 2017) to model
the consumptive and non-consumptive effects of parasitism.
The mite Macrocheles subbadius (Berlese) (Mesostigmata:
Macrochelidae) is a naturally occurring ectoparasite of
Drosophila nigrospiracula Patterson and Wheeler (Diptera:
Drosophilidae) (Polak 1996). D. nigrospiracula feed and
reproduce on rotting cacti, and migrate to new sites as the
decaying cactus desiccates (Markow 1988). Mites use their
chelicerae to attach to flies and feed on the haemolymph
of adult flies (Polak 1996). Unlike most host—parasite sys-
tems, empirical data exist on both the consumptive and non-
consumptive effects of M. subbadius on D. nigrospiracula
fitness (measured in longevity and lifetime fecundity) under
laboratory conditions (Polak 1996; Horn and Luong 2018).
Infection with mites reduces the survival and fecundity of
adult flies by up to~60% (Polak 1996; Polak and Starmer
1998). Exposure to mites, without infection, induces costly
defensive behaviours in flies (Luong et al. 2017; Horn and
Luong 2019), reduces glycogen and lipid stores (Benoit et al.
2020), and ultimately shortens fly lifespans as well as lower-
ing fecundity (Horn and Luong 2018). Since both NCEs and
consumptive effects on fly fitness (defined in terms of sur-
vival and reproduction) have been measured, this fly—mite
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association provides a unique opportunity to model the ecol-
ogy of fear in a host—parasite system.

We hypothesised that ectoparasites negatively impact host
populations (growth and final size) through NCEs on indi-
vidual fitness. Specifically, we predicted that simulated fly
populations experiencing NCEs will have reduced growth
rates/smaller final populations relative to populations not
experiencing NCEs due to individual reductions in lifetime
fecundity. Alternatively, many hosts increase reproductive
effort when at risk of reduced survival due to parasites/
infection, i.e. compensate (Forbes 1993; Adamo 1999;
Parietti et al. 2020). For example, snails from populations
with higher rates of castrating parasites have higher egg pro-
duction than snails from low prevalence populations (Kirst
2001). Among female D. nigrospiracula, the decrease in
lifespan during mite exposure (without infection) was larger
than the reduction in lifetime fecundity, 22% shorter lifes-
pans versus 13% lower fecundity, and the daily egg lay-
ing rate was higher in exposed flies even though lifetime
fecundity was lower (Horn and Luong 2018). Combined,
these results suggest compensation may prevent/reduce
population-level impacts of parasite NCEs. To evaluate the
potential for compensation to limit population-level NCEs,
we made models where we varied the NCEs on fecun-
dity relative to longevity (i.e. we varied the potential for
compensation).

We created individual-based models to simulate popu-
lations of flies experiencing fear (NCE), fear and infec-
tion (NCE and consumptive effects), or no parasites over
100 days (~5 overlapping generations). A “consump-
tion + no fear” condition was not modelled as it would
require infecting flies while eliminating resistance as well
as cues of mite presence/infection which is not possible in
seminatural fly-mite interactions. For this reason, there is
no experimental data that could be used to model a no fear
with consumption condition. By modelling NCEs and con-
sumptive effects of parasites on host populations, we also
identify gaps in our current understanding of trait-mediated
interactions between hosts and parasites.

Methods

We simulated fly populations under 3 scenarios: (1) in
the presence of parasitic mites and their non-consumptive
effect on host flies (“no consumption + fear”), (2) with
both the consumptive (i.e. infection) and non-consumptive
effects of parasitic mites on their fly hosts (“consump-
tion + fear”), or (3) in the absence of parasite effects (“no
consumption 4+ no fear”). For each scenario, we con-
structed a stochastic matrix model of fly populations. The
transition matrix considered flies living over 60 days, mov-
ing through pre-reproductive stages (eggs, larvae, pupae,
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pre-reproductive adults) for 20 days before becoming
reproductively mature adults and producing eggs (model is
illustrated in the supplemental file). Mites could infect pre-
reproductive adults and mature adults. D. nigrospiracula
have mean lifespans of ~2—4 weeks based on the environ-
ment and can live upwards of ~ 50 days post-adult-emer-
gence in laboratory conditions (Polak 1996; Luong and
Polak 2007). We ran each simulation 1000 times. Data on
the survival and fecundity of individual adult female D.
nigrospiracula flies infected by mites were derived from
Polak (1996) (parameters used for modelling are summa-
rised in Table 1). Fly survival drops precipitously and non-
linearly with increased mite infections (Polak and Starmer
1998). Therefore, we did not vary the parasite load within
infected individuals and assumed adult flies either had
pathogenic levels of infection or were uninfected. Preva-
lence of infection in simulated populations was varied by
changing the daily infection rate. The survival and fecun-
dity of female adult D. nigrospiracula exposed to, but
not infected with, mites (i.e. no consumption + fear) were
derived from Horn and Luong (2018) (Table 1). NCEs of
mites were measured in the previous study by housing flies
in vials with mites separated by a mesh barrier prevent-
ing infection (Horn and Luong 2018, 2021). We used the
demogR (Jones 2007), truncnorm (Mersmann et al. 2018)
and Tidyverse packages (Wickhamn et al. 2019) in addi-
tion to R Core features (Ver. 3.5.1, R Core Team 2022).
Code can be accessed online (https://doi.org/10.17605/
OSF.IO/Z5A45).

We did not account for the influences of parasitism
on male flies. Since female D. nigrospiracula can store
sperm, the assumption that females were not sperm-lim-
ited is reasonable (Pitnick et al. 1999). Furthermore, mites
preferentially infect female D. nigrospiracula over male
conspecifics, infecting females 71% of the time in choice
assays (Horn et al. 2020). Our model also assumes that
flies are not food limited in the short term; however, these
flies live on ephemeral habitats, rotting cacti (Markow
1988). Therefore, our model represents the ability of ini-
tial colonisers to exploit this food source. By not model-
ling the decline of the ephemeral food source, we avoid

the confounding effect of food limitation on our analysis
of the NCE of parasitism. In addition, there is currently
no experimental data on a food—NCE interaction to use
in models.

Daily survival was simulated out of a truncated normal
distribution (ranging from 0-1) with a mean of 0.96, 0.94,
and 0.93 for the no consumption +no fear, no consump-
tion + fear, and consumption + fear scenarios, respectively
(see Table 1). Models using these values matched the over-
all survival patterns (percentage of flies alive after 30 days)
in the original data sources (Polak 1996; Horn and Luong
2018). In the absence of data, we set the standard devia-
tion of survival to 10% of the mean survival (i.e. if survival
was 0.96 the standard deviation was set to 0.096). Simi-
larly, we calculated the per day egg production from the
literature for each scenario as 4.38, 4.86, and 2.85 for the
no consumption + no fear, no consumption + fear, and con-
sumption + fear scenarios, respectively, and simulated daily
values out of a Poisson distribution (Polak 1996; Horn and
Luong 2018). Note that lifetime fecundity was still lower
among flies experiencing only fear than flies experiencing
no fear and no consumption (Horn and Luong 2018). The
experimental evidence for infection impacting latency to
ovipositing (age at first egg laying) was mixed and weak
(Polak 1996). Thus, we assumed latency to ovipositing was
equal between groups. There was no experimental data
for daily survival rates of eggs, larva, and pupae with and
without mites. Instead, we assigned a single value to all of
them, tuned to reflect observations of fly population sizes
on natural cactus rots (Breitmeyer and Markow 1998). Nor
was there data on potential inter-generational NCEs of mites,
e.g. changes in the quality of offspring from mite-exposed
mothers.

We estimated the population growth rate (lambda) from
the stochastic matrix by calculating the mean day-over-day
growth in total fly numbers. Each simulated population
was initiated with 50 competent adult flies (10 of each of
20-24 days old) who colonised a hypothetical cactus rot, dis-
persing from nearby populations. The simulation was run for
100 days; however, only the last 50 days of each simulation
were used while calculating lambda to avoid early transient

Table 1 Daily survival and egg

. Fly stage Days No consumption+no fear  No consumption + fear Consumption + fear

production used to produce the

transition matrix for each of the Survival Eggs Survival Eggs Survival Eggs

three baseline scenarios
Eggs 5 0.90 (0.09) - 0.90 (0.09) - 0.90 (0.09) -
Larva 8 0.90 (0.09) - 0.90 (0.09) - 0.90 (0.09) -
Pupae 2 0.90 (0.09) - 0.90 (0.09) - 0.90 (0.09) -
Preadult 5 0.95 (0.095) - 0.95 (0.095) - 0.95 (0.095) -
Adult 40 0.96 (0.096) 4.38 0.94 (0.094) 4.86 0.93 (0.093) 2.85

The standard deviations of survival (set to 10% of the mean) are given in parentheses and are drawn from a
truncated (0—1) normal distribution. Egg production was modelled from a Poisson distribution

@ Springer


https://doi.org/10.17605/OSF.IO/Z5A4S
https://doi.org/10.17605/OSF.IO/Z5A4S

342

Oecologia (2022) 200:339-347

dynamics. We tracked and recorded the total number of
uninfected and infected adult flies to determine population
size. We did this to match the field data, which counted adult
flies and not pre-adult stages. The stochastic matrices of the
three scenarios were simulated 1000 times each and the adult
fly populations plotted for each run. Likewise, the distribu-
tion of lambda for each scenario was plotted as a histogram
across all simulations.

In a sensitivity analysis, we varied the consumptive effect
of parasites by altering the daily probability of infection
(ranging from 0-1). We set this value to 0 in mite-free sce-
narios. We tested the effect of a daily probability of infection
on population growth by simulating 1000 populations for
100 days starting with 50 female dispersers, 20% of whom
were infected with parasites (a prevalence reasonable to
expect in nature, Polak and Markow 1995). We assumed
that all subsequent adults were born uninfected but became
infected at some daily probability, which we varied between
0 and 1. Uninfected females survived and reproduced using
the parameters from the no consumption + fear scenario
while infected females survived and reproduced using
the parameters from the consumption + fear scenario. We
recorded the final average population size and the proportion
of the adult population that was parasitised.

Empirical data showed that the parasite-exposed females
produced ~ 10% more eggs per day than unexposed females
(4.86 vs. 4.38 eggs per day on average, respectively; Horn
and Luong 2018), suggesting compensatory egg production
may be occurring that offsets the survival detriment caused
by NCEs. We investigated this possibility by running simula-
tions of the effect of fear on egg production across a range of
daily survival rates to determine compensatory egg produc-
tion’s impact on population growth. In other words, we sim-
ulated populations with varying or no ability to increase egg
production per day to compensate for shortened lifespan. As
before, simulations were run over 100 days and 1000 popula-
tions were simulated at each combination of egg production
and survival, then the average adult population size at the
end of the simulation was recorded and compared to the “no
fear +no consumption” scenario. We used these models to
calculate the daily egg production required to compensate
for reductions in longevity.

Results

Baseline scenarios

In order to elucidate the relative impacts of NCEs on host
populations, we simulated 1000 populations over 100 days
in each of 3 scenarios: reflecting (1) the presence of para-

sitic mites and their non-consumptive effect on host flies
(no consumption + fear), (2) both the consumptive and
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non-consumptive effects of parasitic mites on their fly hosts
(consumption + fear), or (3) the absence of parasites (no
consumption + no fear). We found that the estimated growth
rate, lambda, was similar for the scenarios with no consump-
tion (i.e. infection) with fear or without fear (A=1.051, and
A = 1.050, respectively). The mean final population size
was larger in the simulations with NCEs than in groups
absent parasitism: 4103 versus 3556, respectively (~ 15%
increase) (Fig. 1). On the other hand, population growth
rates (A=1.030) and final average population sizes were far
lower in simulations including consumptive effects (Fig. 1).

Variation in fecundity within a sample simulation

There is substantial variation in lifetime fecundity among
flies, especially in simulations with no consumption. This
is illustrated in the results of a single simulated population
(Fig. 2). In the simulation without any impacts of parasites,
flies produced 71 (sd=72.6) eggs over their lifespan and
lived 16 (sd=16.4) days. Simulated flies subject to only the
non-consumptive effects of parasites produced 53 (sd =67.3)
eggs and lived 11 (sd=13.8) days. Finally, in a simulated
population where flies were exposed to both the consumptive
and non-consumptive effects of parasitism, they produced 26
(sd=36.8) eggs and lived 9 (sd=12.7) days.

Sensitivity to daily probability of infection

We also investigated how variation in the daily probability
of infection affected population growth. These simulations
showed that a daily probability of infection of approximately
0.05 resulted in a population size half that of the simulations
with no mite effects (Fig. 3). Any daily probability of infec-
tion above ~ 0.3 results in>75% of the population being
parasitised and little difference in the overall average popu-
lation size relative to a fully parasitised population (Fig. 3).

Compensation in egg laying could influence
population growth

We varied the mite-mediated change in fecundity to con-
sider the potential impacts of compensation (i.e. how/if flies
compensate for early death with increased egg laying) for
population growth across a range of daily survival rates.
We empirically solved for the combination of egg produc-
tion and survival rates that resulted in final adult population
sizes that were equal to the baseline scenario of no fear+no
consumption (contour line in Fig. 4). A daily egg production
of ~4.6 eggs/day was required to compensate for reduced
survival. Below this line (in cooler colours), daily female
egg production was not able to compensate for the reduction
in survival, while above this line (in hotter colours) egg pro-
duction more than compensated for the reduction in survival
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Fig. 1 Population trajectories (top panels) and growth rate (lambda,
bottom panels) for each of the 3 simulated baseline scenarios: (1)
absence of parasites (no consumption+no fear), (2) the presence
of parasitic mites and their non-consumptive effect on host flies (no
consumption + fear), or (3) the effects of consumptive (infection) and
NCEs of parasites (consumption+fear). The trajectories represent
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Fig.2 Example of the variation in fly lifetime reproductive success
with or without parasite consumptive and non-consumptive effects in
a single simulated population. Reproductive success was measured as
the total number of eggs produced and the number of days lived, for a
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1000 simulations, with the shading indicative of where more of the
simulations overlap and the red line is the average of all the simu-
lation. Similarly, the histograms represent the estimated growth rate
(lambda) from each of the 1000 simulations above them, the mean
lambda from the last 50 days is recorded to avoid transient dynamics
that may exist early in the simulation
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Fig.3 Sensitivity results for the effect of a daily probability of
infection on population growth by simulating 1000 populations for
100 days starting with 50 female dispersers, 20% of whom were
infected with parasites. Uninfected females survived and reproduced
using the parameters from the “no consumption+fear scenario”
while infected females survived and reproduced using the parameters
from the “consumption + fear scenario”. The average of the 1000 pop-
ulations is given by each line. We assumed that all subsequent adults
born started out uninfected but became infected at a daily probability
between 0 and 1 (left number); the right number shows the final pro-
portion of flies infected with parasites (i.e. prevalence)

associated with the fear of being parasitised. For compari-
son, the three original scenarios are plotted (symbols given
in Fig. 4). We found that when survival was unchanged from
the baseline scenarios (0.96 and 0.94 daily survival rate for
uninfected and infected females, respectively), that popula-
tion which compensated with 110% of the per day egg pro-
duction of the baseline scenario (no fear and no infection)
resulted in a population size of approximately 1000 addi-
tional adult flies, an increase of approximately 41% (Fig. 4).

Discussion

We tested the hypothesis that NCEs at the individual-level
scale up and impact population growth rates independent of
infection by simulating 1000 fly populations experiencing
no effects of parasites, just NCEs, or NCEs and consump-
tive effects (infection). The mean growth rates (1) of popu-
lations experiencing both NCEs and consumptive effects
were substantially lower (when mite prevalence = 100%,
A=1.030). The higher the simulated prevalence of infection,
the larger the impact on population growth rate (Fig. 3). In
our study, ~25% final infection prevalence (daily infection
chance =0.05) corresponded to an average ~50% lower final
simulated population size compared to mite-free populations
(Fig. 3). The prevalence of M. subbadius infection among

1204
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80

Percentage of baseline daily egg production (4.38)

[o23
o
1

R

Average final adult
population size

. 7500

5000

2500

80 85 90

95 100

Percentage of baseline daily survival (0.96)

Fig.4 Simulated final adult population size when host compensation
(egg production) was varied relative to the baseline egg production
from experimentation (4.38 eggs per day=100%) along with daily
survival rate relative to the baseline survival rate from experimenta-
tion (0.96=100%). The baseline scenarios are given for reference,
where the circle is the no fear+no consumption scenario, the triangle
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is the fear 4+ no consumption scenario, and the square is the fear+ con-
sumption scenario. The black line represents the contour of the final
adult population size for the co-fear+no compensation scenario and
indicates the daily egg production required to offset the reduction in
survival that occurs as a result of NCE of parasitism
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wild D. nigrospiracula generally ranges from~ 10 to 40%,
increasing as habitats deteriorate (Polak and Markow 1995).
Our simulations suggest these rates of infection would have
mild to moderate effects on population growth (Fig. 3).
Contrary to our expectations, the growth rates of simulated
populations experiencing only NCEs were slightly higher
than in the populations without mite effects, A=1.051 and
A=1.050, respectively (Fig. 1), and the average final popu-
lation size was higher in the group experiencing only fear
by ~550 flies (15% higher) (Fig. 1).

Although lab studies showed reductions in survival and
lifetime fecundity among individual female flies exposed to
mites without infection (Horn and Luong 2018), these effects
when scaled up to the population level in our simulations did
not reduce population growth rates (Fig. 1). Examination of
an individual simulated population suggests the variation in
fecundity among flies experiencing fear was large relative to
the reduction in the mean number of eggs produced over the
fly lifespan (Fig. 2). Substantial variation in fecundity among
flies experiencing fear may, therefore, limit the effects of
NCEs on populations. One potential explanation for the
simulated results is that flies compensate for the presence
of parasites and associated mortality, e.g. through earlier
maturation/maximal reproduction or terminal reproductive
output (Krist 2001; Duffield et al. 2017; Parietti et al. 2020).
We modelled populations where flies were unable to com-
pensate for reduced survival with increased daily fecundity
(by setting fecundity in the fear group to match the fecun-
dity of the uninfected female), on average these populations
declined by approximately 650 flies or 19% relative to the
mite-free scenario (Fig. 3). In our sensitivity analysis of the
potential for compensation, we were able to derive the daily
egg production required to offset the NCE of parasitism for
survival in terms of the final adult population (~4.6 eggs/
day, Fig. 4).

In our models, we assumed that flies exposed to and
infected with mites would lay eggs at the same age as mite-
free flies (i.e. have the same latency to ovipositing), based
on observations of flies exposed to mites for 48 h (Polak
1996). It is possible that latency would have been affected
by chronic exposure to mites or by exposure as larvae, as
occurs at natural habitats. However, the long-term exposure
experiment did not measure latency to ovipositing (Horn
and Luong 2018). Alternatively, flies may vary in their daily
fecundity over the course of their lifespan, although we did
not account for that possibility in this model (Luong et al.
2007; Miller et al. 2014). Exposure and/or infection may
alter the time of peak reproduction without changing the
time of first ovipositing if there are constraints on repro-
ductive maturation. Field studies are needed to test if early
first/peak reproduction is a mechanism of compensation by
examining the latency to ovipositing and peak reproduc-
tive age in fly populations with mites and without mites.

Physiological mechanisms enabling compensatory egg pro-
duction is a direction for future research.

While reviewing previous studies on the fitness effects of
infection, we incidentally found additional evidence for indi-
vidual-level NCEs of parasites. When measuring the effect
of infection on fly longevity, Polak (1996) reported flies
that resisted infection and those that were never exposed.
Unexposed flies lived 29.3 days, whereas the resisted group
lived 24.4 days on average, an 18% difference (Polak 1996).
Although this difference was insignificant in the analyses,
the magnitude of the reduction was comparable to the ~23%
difference in longevity between flies chronically exposed
to mites and unexposed flies reported in Horn and Luong
(2018). A thorough review of the literature may find fur-
ther examples of parasitic NCEs in studies not explicitly
designed to test for them and may be a direction for future
meta-analyses.

By building models of parasite-mediated NCEs, we
identified gaps in our understanding of these trait-mediated
interactions. For example, exposure to predators as lar-
vae is known to affect the physiological and behavioural
traits of adult flies, as well as other vertebrates and inver-
tebrates (Davenport et al. 2014; Xiong et al. 2015; Krams
et al. 2016). Female D. melanogaster exposed to spiders as
larva have lower masses and reduced fat reserves relative
to unexposed conspecifics as adults (Krams et al. 2016).
Given the positive relationship between female body size
and fecundity in Drosophila, deleterious NCEs on body size
are likely to have deleterious effects on future reproduction
(Lefranc and Bundgaard 2000; Krams et al. 2016). In addi-
tion, NCEs may directly impact larval survival. For example,
larval dragonflies exposed to restrained fish during growth
were then less likely to survive adult emergence (McCauley
et al. 2011). NCEs can also impact future generations in the
form of maternal effects. In a vertebrate system, the survival
of offspring from mothers exposed to a sham-predator can
be reduced even if the source of fear is removed post-birth
(MacLeod et al. 2018). Further research is needed to deter-
mine if parasites have inter-generational or interstitial NCEs
on Drosophila.

Our results here are consistent with a recent meta-analysis
that found, relative to predators, the individual-level NCEs
of parasites on amphibian hosts tend to be smaller and mixed
(Daversa et al. 2021). However, data on only a small number
of amphibians and their parasites were available (Daversa
et al. 2021). Our results extend this trend to an insect host.
Furthermore, the magnitude of parasitic NCEs may vary
between parasite taxa. When there are few cues of para-
site presence (e.g. with small, immobile infectious stages),
hosts may be under less selection to have strong pre-infec-
tion defences. In turn, the potential for costly pre-infection
defenses to drive NCEs is reduced. In host—parasite systems
with limited pre-infection cues of parasites, consumptive
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effects may be present with few to no NCEs (Daversa et al.
2021; Koprivnikar et al. 2021). Comparative research across
host and parasite taxa is an avenue for future research, in
particular testing if transmission mode influences the mag-
nitude of parasite NCEs.

Taken together, our results suggest that host compen-
sation may reduce the impacts of individual-level NCEs
on host population growth. NCEs may even have positive
impacts on host population size, at least in the short term.
Future studies should investigate biological mechanisms
allowing host populations compensate for NCEs, and under
which conditions compensation can have positive impacts
on host population size. We also identify the need for future
research on interstitial and inter-generational NCEs of para-
sites to improve future models and fully account for parasitic
NCEs. Hosts live in an infectious world, but how this risk
impacts host populations has implications for the ecology
and coevolution of host—parasite symbioses.
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