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Meta-analysis
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Oikos Parasites are known to mediate trophic interactions and can, for example, modify how
2023: 09700 consumers acquire resources. These modifications of host feeding behaviour can be
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C ) tion, 2) host food digestion or 3) host energy budgets. As a result, infected hosts may

Subject Editor: Ellen Decaestecker consume more, less or the same amount of food compared to their uninfected conspe-
Editor-in-Chief: Dries Bonte cifics. It is commonly assumed that infected hosts have lower consumption rates than
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of parasites on host consumption rate has been lacking thus far. To fill this knowl-
edge gap, we systematically searched for experimental studies that evaluated changes
in consumption rate of infected vs uninfected hosts. In total, we extracted 158 effect
sizes from 68 studies. We then performed meta-analyses of mean differences in host
consumption rates and their variation. The analyses were carried out for all taxonomic
groups as well as separately for vertebrate and invertebrate hosts. The main-effects meta-
analyses confirmed a generally negative effect of parasites on host consumption rates;
infected hosts consumed on average 25% less food than their uninfected conspecifics.
In addition, there was a significant increase in the variability in host consumption rate,
on average by 25%, indicating that parasites can have variable effects on the foraging
behaviour of their hosts. The meta-regression models revealed that several moderator
variables related to host and parasite characteristics influence host consumption rate.
Experimental infection had a stronger influence on variance effects than natural infec-
tion. Parasitic infections reduced consumption rate of vertebrate hosts by 28% and

Parasites modify host consumption rates through direct and indirect changes to host food

acquisition, digestion and energy budgets. As a result, infected hosts may consume more,

less or an equal amount of food compared to uninfected conspecifics. Yet, the specific effects

of parasites are often context-dependent and the underlying reasons of observed differences -
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€ difficult to determine. This meta-analysis serves as the first comprehensive overview of the
effects of parasites on the host feeding capacity, sheds light on the factors contributing to
the observed differences and provides novel insights on how parasites affect the variability
in host feeding behaviour.
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thus more strongly than those of invertebrates, which were reduced by 22%. We conclude with recommendations to facilitate
future ecological research syntheses on host—parasite interactions and beyond.

Keywords: behaviour, consumer-resource interactions, feeding rate, host-parasite interaction, meta-analysis of variance,

parasitic infection, phylogenetic meta-analysis

Introduction

Although usually small, short-lived and hidden within their
host organisms, parasites are pervasive components of bio-
logical communities (Poulin 1999, Hatcher et al. 2012,
Friesen et al. 2020). In a myriad of ways, they are able to
regulate host population abundance and to mediate the
dynamics of whole communities (Minchella and Scott 1991,
Marcogliese 2004, Wood et al. 2007). Besides their consider-
able impact on host demography by direct effects on survival
and reproduction, parasites may also indirectly affect inter-
actions of their hosts with other species, via altering con-
sumer—resource relationships. Specifically, parasites affect the
efficiency of consumers in obtaining prey and the susceptibil-
ity of prey to predation (Poulin 1999, Hatcher et al. 2012).
Hence, these inconspicuous members of biological commu-
nities mediate species interactions at all trophic levels and
form important nodes in natural food webs (Lafferty et al.
2008, Hatcher et al. 2012, Morton and Lafferty 2022).

Parasite-induced changes in trophic interactions depend
on whether the infected host is a predator or prey. For exam-
ple, trophically transmitted parasites are known to affect the
exposure of their infected hosts (i.e. prey) to predation, via
causing changes to the activity, colouration, choice of micro-
habitat or predator avoidance responses (Thomas et al. 2002,
Kunz and Pung 2004, Lagrue et al. 2016, de Bekker et al.
2018, Thiinken et al. 2019). Although less studied, parasites
may also exert considerable effects on the behaviour of con-
sumers (e.g. predators) by changing their activity, food intake
or propensity to risk-taking. For example, infection of the
rusty crayfish Faxonius rusticus with Microphallus trematodes
reduced rates of feeding and growth compared to uninfected
individuals (Sargent et al. 2014, Reisinger and Lodge 2016).
However, likely due to increased boldness induced by infec-
tion, infected crayfish had higher feeding rates than unin-
fected individuals in a mesocosm experiment with predatory
fish (Reisinger and Lodge 2016). As suggested by the authors,
the parasite-induced changes in the behaviour of rusty cray-
fish may further affect both macrophytes and macroinverte-
brate communities (Reisinger and Lodge 2016). Considerable
reduction in consumption rates was also observed in the mud
crab Eurypanopeus depressus infected with the rhizocephalan
barnacle Loxothylacus panopei (O’Shaughnessy et al. 2014,
Toscano et al. 2014). As voracious consumers of bivalves,
E. depressus exert top—down control within intertidal oyster
reefs. Consequently, the reduction of E. depressus predation
may modify their ecological role and cause trophic changes
in these aquatic ecosystems (O’Shaughnessy et al. 2014,
Toscano et al. 2014).
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Parasites may also affect the feeding behaviour of other
groups of consumers, for example grazers. Aquatic snails
play important roles in benthic communities through their
top—down control of algal and periphyton biomass, and the
enhancement of primary production (Marks and Lowe 1989,
Pyron and Brown 2015). The grazing behaviour of aquatic
snails is especially affected by trematode parasites that use
them as intermediate hosts, although available experimen-
tal studies show that grazing rates of infected snails may be
higher, lower or similar to those of uninfected conspecifics.
For example, infected Littorina littorea and Littoraria irro-
rata snails consumed up to 55% less than uninfected snails
(Wood et al. 2007, Clausen et al. 2008, Morton 2018),
whereas infected individuals of Physella acuta had higher
grazing rates compared with uninfected snails (Bernot and
Lamberti 2008). Furthermore, the feeding of Lymnaea stag-
nalis and Radix lagotis seems to be unaffected by trematode
infection (Vivas Mufoz et al. 2018). As observed in the field,
the algal community structure changes in response to the
infection rates in snail populations (Bernot and Lamberti
2008), confirming the high ecological relevance of trema-
todes in structuring benthic communities.

Parasitic infections may also modify the behaviour of
those consumers that play significant roles as ecosystem engi-
neers in terrestrial ecosystems. For example, dung beetles
which consume and burrow faeces contribute to suppression
of various pathogens, facilitate soil aeration and fertilization,
and increase the rate of nutrient cycling (Nichols et al. 2008).
Their infection with nematodes considerably decreases the
amount of consumed faeces and reduces the burial of faeces
below the surface soil (Boze et al. 2012, Boze and Moore
2014). In contrast, nematode infection of horned passalus
beetles resulted in an increase of their wood consumption by
15% (Davis and Prouty 2019). The latter result highlights
that parasites may also improve an ecosystem service pro-
vided by their hosts; through, for instance, an increase in the
mechanical breakdown of fallen wood and consequently in
the wood decomposition rate.

All in all, the existing literature suggests that infected
hosts may consume more, less or an equal amount of food
compared to uninfected conspecifics. The underlying rea-
sons for observed differences are often difficult to determine,
but three general interconnected mechanisms can be distin-
guished (Fig. 1). First, parasitic infections can decrease host
ability to encounter, detect and catch prey (i.e. to acquire
food). This can be due to reduction of host sensory perfor-
mance. For instance, the feeding efficiency of European perch
declines with increasing infection intensity of Tjlodelphys
clavata metacercariae in the vitreous humour of their eyes
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Examples of parasite effects:

« lower encounter rate and/or attack efficiency due
to reduced host mobility

« lower detection probability of food due to
impaired host sensory organs

* damage to host digestive organs
« competition for space with host digestive organs

o direct consumption of host energy

o cost of mounting an immune response
o cost of tissue repair

o disruption of life processses

Figure 1. Parasites may affect consumption rates of their hosts through effects on host food acquisition, food digestion and energy budgets.
The way in which these three mechanisms and their associated effects are related is indicated by solid (direct effects) and dashed (indirect

effects) arrows.

(Vivas Mufioz et al. 2017, 2019), strongly reducing their
visual sense. Furthermore, parasites can reduce host mobility,
which typically reduces host encounter rate with prey and
host attacking efficiency — two important determinants of
consumption rate (Jeschke et al. 2002). This can be caused by
parasite-induced changes to host morphology and physiology
(Binning et al. 2017). Parasites that occupy host muscles, as
the microsporidian Thelohania contejeani infecting crayfish
species, may cause damage to muscle tissue and hence reduce
their function (Haddaway et al. 2012). Host mobility can
also be impaired by growing externa of rhizocephalan barna-
cle parasites that impede crab manoeuvrability in oyster reef
interstices (O’Shaughnessy et al. 2014) or by gill infestation
by mussel larvae (i.e. glochidia), resulting in elevated venti-
lation rates and reduced oxygen consumption of fish hosts
(Crane et al. 2011, Horky et al. 2014).

Second, parasites can reduce host digestive capabili-
ties either through damage to their internal organs (i.c.
hepatopancreas and gastrointestinal tract) that impair their
normal function (Britton et al. 2011, Sargent et al. 2014,
Toscano et al. 2014) or through competition for space with
the host’s internal organs that may potentially reduce space
for food storage (Cunningham et al. 1994, Sinchez et al.
2016). For instance, the pathological damage to the intes-
tinal tract of common carp caused by the cestode parasite
Bothriocephalus acheilognathi had obstructing effects on carp
feeding (Britton et al. 2011), while the growth of plerocer-
coid larvae of the cestode Schistocephalus solidus in stickle-
backs” body cavity largely decreased their stomach capacity
(Cunningham et al. 1994).

Third, the effects of parasites on host feeding behaviour can
be mediated by their impacts on host energy budgets. These
may include direct energy consumption by parasites, metabolic
costs of mounting an immune response or costs necessary for

tissue repair and replacement (Lochmiller and Deerenberg
2000, Sadd and Schmid-Hempel 2009). These responses will
be followed by reallocation of energy from certain life processes
(e.g. reproduction, growth and activity) to others (Lettini and
Sukhdeo 2010, Leaphart and Zelmer 2017). Consequently,
the deficit of available energy may either be compensated by
an increased consumption (Martin-Hernandez et al. 2011,
Davis and Prouty 2019) or lead to a decline in the food intake
(i.e. anorexia; Kyriazakis et al. 1998, Mercer et al. 2000,
Pirhonen et al. 2003). Furthermore, the metabolic require-
ments of hosts might be reduced if their life processes are
disrupted by parasites. For example, the trematode-induced
castration of snails or bacteria-induced castration of water fleas
leads to changes in energy availability that would otherwise be
allocated for host reproduction (Ebert et al. 2004, Wood et al.
2007, Vivas Mufioz et al. 2018). The effects of parasites on host
food consumption are additionally dependent on the amount
of released energy. If the energy requirements of the parasite
and the host match released energy pools, no change in the
consumption rate may be observed, while the reduction in the
host’s energetic demands (e.g. due to disrupted reproduction)
may decrease consumption rate. Moreover, if infected hosts
experience insufficient levels of energy, they may compensate by
an increased feeding or reduced activity (O’Shaughnessy et al.
2014, Toscano et al. 2014, Vivas Mufoz et al. 2018).

These three interconnected mechanisms advance our
understanding of the potential impacts that parasitic infections
can impose on host feeding behaviour. They are, however, not
sufficient to explain observed differences in the magnitude
and direction of those impacts. Moreover, no comprehensive
quantitative synthesis investigating differences in consump-
tion rate caused by parasitic infections is currently available. To
address these issues, we performed a meta-analysis of studies
that experimentally tested consumption rate of infected versus
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uninfected hosts. We not only investigated mean differences,
but also performed a meta-analysis of variance (Nakagawa et al.
2015, Sanchez-Téjar et al. 2020, Hasik et al. 2023), as differ-
ent parasites may have variable effects on host foraging behav-
iour. Our analyses of infected animal hosts across taxonomic
groups addressed the following questions: 1) how strong is the
effect of parasitic infection on host consumption rate and on
the variability in host foraging behaviour? 2) Does this effect
lead to a decrease or increase in host consumption rate and in
its variance? 3) Which factors explain the observed variation in
effect sizes? As we expect differences in responses to parasitic
infections between vertebrate and invertebrate hosts, we also
performed our analyses separately for these two groups.

Material and methods
Literature search

We searched for the relevant literature in the Web of
Science Core Collection (WoS) following the guidelines
of the PRISMA statement (Moher et al. 2010). Details of
the search strategy, including numbers of assessed records at
each phase of our search, are presented in the Supporting
information. The primary search in WoS was performed on
27 September 2019 with the search term: (TS = ((predat*
OR host) AND (parasit® OR infect*) AND (‘consumption
rate® OR ‘feeding rate® OR ‘feeding ecology’ OR ‘func-
tional response’ OR ‘trophic ecology’ OR ‘grazing’ OR
‘food intake’ OR ‘behaviour* modification’ OR ‘behaviour*
manipulation’ OR ‘feeding strategy’ OR ‘food density’))).
Subsequently, additional papers that were not returned
during primary search but were cited in the WoS-selected
articles or cited the WoS-selected articles, were also checked
for eligibility. This process aimed to exhaust available litera-
ture and ended on 14 August 2020. In total, we screened
3924 abstracts and assessed 859 full-text articles for inclu-
sion in this meta-analysis. The screening of full-text articles
resulted in 92 records. We further excluded 24 records, as
they did not report sufficient statistical information to be
included in the meta-analysis. Our final dataset consisted of
68 studies published between 1973 and 2019 (for the list of
included studies see the Supporting information).

Articles were included in the meta-analysis if they met all
of the following eligibility criteria:

1) The study was published in a peer-reviewed academic
journal.

2) The consumption rate of the animal host was evaluated
in an experimental setting with two groups: infected and
uninfected (control). The infected group was derived
either from natural or experimental infection. In the lat-
ter case, the experimental infection was carried out either
through direct inoculation or exposure of experimen-
tal animals; both happened only once (i.e. studies with
recurrent dosing were excluded). The control group could
either consist of individuals known to be uninfected or
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hosts that underwent an experimental parasite removal
through anti-parasitic treatment.

3) The animal hosts were infected either by a microparasite
(i.e. bacteria, fungi, protozoans, viruses) or a macropara-
site (i.e. arthropods, parasitic molluscs, helminths).

4) Both groups (infected and uninfected) consisted of dif-
ferent individuals (i.e. within-subject design studies were
excluded).

5) The consumption rate (of a single individual or a whole
group) was measured as: number of consumed prey/food
items, dry/wet weight of consumed prey/plants, weight of
egesta, counts of faecal pellets, percentage of gut with food
content, dry matter/organic matter intake.

However, we excluded studies if:

1) Apart from an effect of the parasites on host consumption
rate, the study also measured an effect of an additional
factor as e.g. immune activation, predator’s presence, light
intensity. We excluded studies in which the effect of para-
sites could not be isolated from the study design.

2) 'The study focused on the effect of parasitoids on the con-
sumption rate of their hosts. Parasitoids are insects that
during their larval stages develop by eating the organs
of their hosts, which eventually leads to the host’s death
(Mills 2009). Hence, parasitoids occupy an intermediate
position between predators and true parasites.

3) The study examines the use of parasites as biological con-
trol agents. This includes studies in which the host is a
known pest on crops, and the parasite is known to con-
trol crop pests. Due to their bias towards parasites that
lower consumption rates of their hosts, such studies were
excluded from this meta-analysis.

From each study, we recorded the year of publication,
parasite taxonomy (phylum and species), type of parasite
(macro- or microparasite), parasite life cycle (complex or
direct), host taxonomy (group [vertebrate or invertebrate],
class and species), details about the host (i.e. sex, age), infec-
tion type (natural or experimental), infected organ (body
cavity, circulatory, digestive, muscular, sensory, whole body),
prey mobility (immobile, mobile, unknown), study environ-
ment (freshwater, marine or terrestrial) and the geographic
place where the experiment was performed (continent and
country).

Data analysis

All analyses were performed in R ver. 4.0.3 (www.r-project.
org). For the calculation of effect sizes, we extracted data either
from the figures (using WebPlotDigitizer), statistics reported
in the text or from the raw data (provided by the authors of
one study). We used the following criteria to select data for
effect sizes: 1) from studies that used functional responses to
measure host consumption rates, we extracted information
from three prey densities: the lowest, middle and the highest;
2) from experimental trials that tested consumption rates at
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different temperatures, we only chose the temperature that
was the closest to the natural temperature; 3) if consump-
tion rate was measured multiple times over a specific period
of time, only the last measurement was considered; 4) from
studies that tested the effect of different infection intensities
on host consumption, we extracted all data and 5) similarly,
all data was extracted from studies that used either differ-
ent developmental stages of hosts or different types of prey
(defined in our meta-analysis as any food item eaten).

We used the bias-corrected estimator of log response ratio
of group means (RR?, hereafter referred to as: mean response;
Lajeunesse 2015) to compare the effects of parasitic infection
on consumption rates of infected versus uninfected hosts.
This effect size estimator is calculated from the log response
ratio of group means (InRR; Hedges et al. 1999) and corrects
for bias introduced by quantifying the outcomes of studies
with small sample sizes. The choice of mean response ratio
was also dictated by its lower sensitivity to heteroscedasticity,
compared with Cohen’s D and Hedges’ g (Borenstein et al.
2009). The log coefficient of variation ratio (InCVR, here-
after referred to as: variation) was used to study variance
effects (Nakagawa et al. 2015). The effect sizes of InRR and
InCVR were computed from means and standard deviations
(SD) with the function escalc in the R package ‘metafor’
(Viechtbauer 2010) or from medians and quartiles with the
function metacont in the R package ‘meta’ (Schwarzer 2007,
Balduzzi et al. 2019), using infected and uninfected groups
as treatment and control groups, respectively. Subsequently,
we used the equations provided by Lajeunesse (2015) to
calculate RR* and var(RR%). The mean response and varia-
tion estimates can be interpreted as the percentage of change
between the treatment and control group. Consequently,
negative effect sizes represent a decrease in host consumption
rate or a decrease in the variability in host consumption rate,
respectively.

We performed multilevel random-effects meta-analysis
with the function rma.mv (R package ‘metafor’,). We chose
the random-effects model due to the large variability in
experimental conditions and taxonomic groups examined in
our meta-analysis. This model assumes that the effect sizes
in each study are independent of each other (Thompson and
Higgins 2002, Borenstein et al. 2009, Noble et al. 2017). We
performed two types of models: 1) main-effects models to
test for the general effect of parasitic infection on host con-
sumption rates and 2) multilevel meta-regression models to
assess the contribution of the fixed effects (moderator vari-
ables) to the magnitude and direction of the effect sizes. Each
moderator variable was tested in a separate meta-regression
model to account for the potential collinearity between these
variables. All models were performed for the whole dataset as
well as separately for vertebrates and invertebrates.

In the main-effects model, we fitted the non-phylogenetic
and phylogenetic models to investigate how both the over-
all effects and their level of uncertainty are influenced by
non-independence due to the degree of relatedness between
species. The variance—covariance matrix with phylogenetic
information was constructed with the use of R packages ‘rot!’

(Michonneau et al. 2016) and ‘ape’ (Paradis and Schliep
2019) following the R script provided by Moran et al.
(2021). Existing phylogenies and taxonomic information
were obtained from the Open Tree of Life (Michonneau et al.
2016; for the final phylogenetic tree of all host animals,
Supporting information). In the multilevel meta-regression
models, however, only the phylogenetic model was used. In
addition to host phylogeny, we used effect size ID, study ID,
host species and parasite species as random effects in all mod-
els to account for effect- , study- and species-level non-inde-
pendence (Nakagawa and Santos 2012, Noble et al. 2017).
Moreover, we performed the meta-regression models for the
levels of moderator variables with > 10 effect sizes to ensure
sufficient statistical power. ‘Unknown’ levels of moderator
variables were not considered in the meta-regression models.

Heterogeneity was assessed with the use of R packages
‘metafor’ and ‘orchaRd’ (Nakagawa et al. 2021). For the
main-effects models, we estimated the absolute heterogene-
ity (Q; via function rma.mv in R package ‘metafor’) as well
as total and separate relative heterogeneity for each random
factor (I%; Nakagawa and Santos 2012; via function i2_m/ in
R package ‘orchaRd’). Following Higgins et al. (2003), the
heterogeneity was considered as low, moderate and high if I*
was 25, 50 and 75%, respectively. In addition to confidence
intervals of the mean effect, we calculated prediction inter-
vals that are particularly relevant in ecological meta-analyses
with high heterogeneity (Nakagawa et al. 2021). The pre-
diction interval in the random-effects model estimates the
true effect that is expected for 95% of similar future stud-
ies (IntHout et al. 2016). For each meta-regression model,
we obtained the residual heterogeneity Q,, the moderator-
specific heterogeneity Q,, (both via function rma.mv in R
package ‘metafor’) and variance statistic R?,,,.,., (via function
r2_ml in R package ‘orchaRd’). RZmarginal represents the per-
centage of heterogeneity explained by the inclusion of each
moderator variable (Nakagawa and Schielzeth 2013).

We used nine moderator variables to assess their contri-
bution to the observed heterogeneity in the meta-regression
models. They were divided into three groups, each including
variables related to 1) host, 2) parasite and 3) experimental
design characteristics. The variables related to host character-
istics included: host group (vertebrate, invertebrate), host age
(adult, juvenile) and host sex (female, male, mixed). We have
also tested parasite type (macroparasite, microparasite), para-
site life cycle (complex, direct) and infected organ (body cav-
ity, circulatory, digestive, muscular, sensory, whole body) as
parasite characteristics. Finally, to account for differences in
experimental design that might have influenced the variation
of effect sizes, we included type of infection (experimental,
natural) and prey mobility (mobile, immobile) as moderator
variables.

Publication bias

Selective publication of statistically significant results, a phe-
nomenon known as publication bias or the ‘file drawer prob-
lem’, is an important concern in meta-analysis (Rosenthal
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1979, Dickersin 2005). To visually identify a potential pub-
lication bias in our dataset, we used the funnel plot (Sterne
and Egger 2001), which we calculated via the function funnel
in the R package ‘metafor’ with the standard error as a mea-
sure of study size on the vertical axis. The slight asymmetry of
the distribution of effect sizes on this plot suggests that some
relevant studies might not have been published (Supporting
information). However, the majority of points were distrib-
uted symmetrically on the funnel plot. We also quantified the
publication bias using Egger’s regression (Egger et al. 1997;
via function regtest in R package ‘metafor’) and trim-and-fill
methods (Duval and Tweedie 20005 via function #rimfil/ in R
package ‘metafor’), where the number of missing studies was
estimated as L0 and RO estimators. The Egger’s regression test
indicated that effect sizes were not significantly related to their

standard errors (z=0.59, p=0.5562), showing no significant
evidence for funnel-plot asymmetry. Furthermore, adding 18
effect size estimates that were likely to be missing according
to the trim-and-fill methods resulted only in a slight decrease
of the mean response estimate (—0.27, 95% confidence inter-
vals: —0.34, —0.19). As the studies used in the meta-analysis
focused on effects on host consumption rates, we did not con-
duct publication bias tests for variation (InCVR).

Results

Our dataset includes 158 effect sizes obtained from 68
studies, with vertebrate and invertebrate datasets contain-
ing 56 effect sizes from 30 studies and 102 effect sizes from

Table 1. Main-effects model estimates (bias-corrected estimator of log response ratio of group means[RR*] and log coefficient of variation
ratio [INCVR]) and heterogeneity statistics (Q and 1) calculated for the entire dataset and separately for vertebrates and invertebrates.
Estimates are provided for non-phylogenetic (non-phylo) and phylogenetic (phylo) models. Total and separate random-effect specific hetero-
geneity (I%) is expressed in percentages. Q refers to absolute heterogeneity. Round brackets contain 95% confidence intervals. Square brack-

ets contain 95% prediction intervals. N . e
to individual effect sizes and studies, respectively.

— number of effect sizes used in each model. Effect ID and Study ID refer to identifiers assigned

IZ

2 IZ 2 ]2
Study ID Host species Parasite species Total

Effect size )" Mean effect ARG oA %) (%) Q
All species RR* (non-phylo) 158 (68) —-0.22 38.64 16.28 <0.001 42.72 97.64  2596.11
(=0.32, -0.11) p < 0.0001
[-1.04, 0.61]
RR? (phylo) 158 (68) -0.22 38.64 16.28 <0.001 42.72 97.64  2596.11
(=0.32, -0.11) p < 0.0001
[-1.04, 0.61]
InCVR (non- 158 (68) 0.21 37.98 32.67 <0.001 7.97 78.62 957.35
phylo) (0.07, 0.35) p < 0.0001
[-0.90, 1.32]
InCVR (phylo) 158 (68) 0.22 37.99 32.35 3.24 5.2 78.79  957.35
(0.04, 0.41) p < 0.0001
[-0.89, 1.34]
Vertebrates RR* (non-phylo) 56 (30) -0.25 84.34 12.09 <0.001 <0.001 96.43 665.87
(=0.33, -0.16) p < 0.0001
[-0.78, 0.29]
RR* (phylo) 56 (30) -0.25 84.34 12.09 <0.001 <0.001 96.43 665.87
(=0.33, =0.16) p < 0.0001
[-0.78, 0.29]
InCVR (non- 56 (30) 0.36 33.94 52.8 <0.001 <0.001 86.74 614.62
phylo) (0.10, 0.61) p < 0.0001
[-1.04, 1.75]
InCVR (phylo) 56 (30) 0.36 33.94 52.78 <0.001 <0.001 86.74 614.62
(0.10, 0.61) p < 0.0001
[-1.04, 1.75]
Invertebrates  RR* (non-phylo) 102 (38) -0.2 22.31 19.52 <0.001 55.25 97.08  1810.89
(=0.37, -0.03) p < 0.0001
[-1.23, 0.82]
RR" (phylo) 102 (38) -0.2 22.31 19.52 <0.001 55.25 97.08 1810.89
(=0.37, -0.03) p < 0.0001
[-1.23, 0.82]
InCVR (non- 102 (38) 0.11 43.63 <0.001 <0.001 20.37 64 313
phylo) (=0.02, 0.25) p < 0.0001
[-0.70, 0.93]
InCVR (phylo) 102 (38) 0.11 43.63 <0.001 <0.001 20.37 64 313
(=0.02, 0.25) p < 0.0001
[-0.70, 0.93]
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38 studies, respectively (Table 2). The vertebrate dataset
includes the following host groups: amphibians (11 host
species; 16 effect sizes, 6 studies), birds (3 host species;
4 effect sizes, 2 studies), fish (8 host species; 21 effect sizes,
12 studies) and mammals (5 host species; 15 effect sizes,
10 studies). The invertebrate dataset includes: crustaceans
(15 host species; 60 effect sizes, 24 studies), gastropods
(7 host species; 16 effect sizes, 7 studies) and insects (7 host
species; 26 effect sizes, 7 studies). None of included studies
concern vectors and vector-borne parasites.

Main-effects models

All main-effects models showed negative effects in mean
response models and positive effects in variation mod-
els, indicating a lower consumption rate of infected versus
uninfected hosts overall, but an increase in the variability in
host consumption rate due to parasitic infections (Table 1,
Fig. 2). Heterogeneity could be resolved by phylogeny only in
both general variation models, in which the 95% confidence
intervals overlapped with zero (Table 1). Total heterogeneity
I* was high in all mean response models (> 96%; Table 1),
which is in line with the expected high levels of heterogeneity
due to the system-specific nature of ecological phenomena
(Senior et al. 2016). Indeed, despite the overall negative effect
of parasites on host consumption rate, almost one third of all
mean effect sizes was positive. In the variation models, total
heterogeneity I was moderate to high (64-87%; Table 1).
These results are consistent with the expected lower levels

of heterogeneity in variation compared to mean response
models (Sdnchez-Tdjar et al. 2020). The high heterogeneity
among effect sizes was also indicated by the wide prediction
intervals overlapping with zero (Table 1, Fig. 2). The I? esti-
mates for random effects varied across models (Table 1).

The general main-effects meta-analysis indicated that
infected hosts consume on average 25% less food than their
uninfected conspecifics. Similarly, the infection with para-
sites increased variability in host consumption rate on aver-
age by 25% (phylogenetic model; non-phylogenetic model:
23%). Moreover, parasitic infection leads to stronger decrease
in consumption rate of vertebrate hosts (both models: 28%)
compared to invertebrate hosts (both models: 22%). The
increase in variance is also larger in vertebrate (both models:
439%) than in invertebrate hosts (both models: 12%).

Meta-regression models

The difference between vertebrate and invertebrate hosts
explained only a negligible amount of heterogeneity among
mean response estimates (R?, .., =0.20%), although mod-
erator-specific heterogeneity indicated that ‘host group’
significantly influenced effect sizes (Table 2). The 95%
confidence intervals did not overlap with zero for any host
group, and a higher decrease of mean consumption rates
was observed for vertebrate hosts (Table 3). In the variation
model, however, ‘host group’ explained some amount of het-
erogeneity (R . =4.40%; Table 2). The 95% confidence
intervals did not overlap with zero for the vertebrates, with

Table 2. Heterogeneity statistics testing contribution of moderator variables to variation in effect sizes (RR* and InCVR) calculated for the entire
dataset: residual heterogeneity (Q,), moderator explained heterogeneity (Q,,) and the estimated percentage of heterogeneity explained by the

moderators (R?

marginal

). Degrees of freedom (df) are provided for Q, and Q,,. The levels of each moderator variable are provided in Table 3.

Moderator RR* InCVR
variable Q. (residual)  Q, (moderator) R*_...[%]  Qg(residual)  Q,, (moderator) R*,....i[%]
Host characteristics Host group 2476.76 16.6 0.2 927.62 13.19 4.4
(df=156) (df=2) (df=156) (df=2)
p < 0.0001 p=0.0002 p < 0.0001 p=0.0014
Host age 2567.65 16.81 0.63 899.31 6.17 3.89
(df=150) (df=2) (df=150) (df=2)
p < 0.0001 p=0.0002 p < 0.0001 p=0.0456
Host sex 2293.49 18.63 3.84 803.34 9.84 2.8
(df=129) (df=3) (df=129) (df=3)
p < 0.0001 p=0.0003 p < 0.0001 p=0.0200
Parasite Parasite type 2401.72 19.16 3.58 937.36 9.96 3.9
characteristics (df=156) (df=2) (df=156) (df=2)
p < 0.0001 p < 0.0001 p < 0.0001 p=0.0069
Life cycle 2586.71 17.26 0.9 951.61 11.83 3.01
(df=156) (df=2) (df=156) (df=2)
p < 0.0001 p=0.0002 p < 0.0001 p=0.0027
Infected organ 2326.73 15.96 1.42 846.95 10.95 3.77
(df=148) (df=5) (df=148) (df=5)
p < 0.0001 p=0.0070 p < 0.0001 p=0.0524
Experimental Infection type 2516.6 15.51 2.45 940.96 12.14 3.4
design (df=156) (df=2) (df=156) (df=2)
p < 0.0001 p=0.0004 p < 0.0001 p=0.0023
Prey mobility 2345.7 14.98 <0.00 932.27 5.42 1.13
(df=152) (df=2) (df=152) (df=2)
p < 0.0001 p=0.0006 p < 0.0001 p=0.0664
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the variation estimates for vertebrates being three times as
high as for invertebrates (Table 3), suggesting that parasitic
infection significantly increases the variability in consump-
tion rate of vertebrate hosts.

Among other moderator variables related to host charac-
teristics, ‘host age’ contributed to the observed heterogeneity
in all mean response models (Table 2, Supporting informa-
tion), with infected adult individuals having lower consump-
tion rates than juveniles (Table 3, Supporting information).
Furthermore, ‘host age’ explained a considerable amount of
heterogeneity in all variation models (Table 2, Supporting
information), with a significantly higher variation in feed-
ing behaviour observed for adult hosts (Table 3, Supporting
information). ‘Host sex’ influenced mean response estimates
in the general and invertebrate models (R? =3.84% and

marginal =
R?, g = 4:73%, respectively; Table 2, Suppgorting informa-
tion), indicating that significantly lower consumption rates
may be especially observed in experiments with mixed-sex
groups (Table 3, Supporting information). Some heteroge-
neity was, moreover, explained by ‘host sex’ in the general
variation model (R’ . =3.89%; Supporting informa-
tion), with the highest variability exhibited also by mixed-
sex groups (Table 3).

Among moderator variables related to parasite characteris-
tics, ‘parasite type’ explained variable amounts of heterogeneity
in all mean response models (Table 2, Supporting informa-
tion). The highest amount of heterogeneity was explained
in invertebrate mean response model (R? ., =11.55%;
Supporting information), indicating that infection with
macroparasites may likely lead to significant decreases in
mean host consumption of invertebrate hosts (Supporting
information). ‘Parasite type’ explained also variable amounts

of heterogeneity in general and vertebrate variation models
(Rzmargiml=3.90% and Rzmargiml=5.11%, respectively; Table
2, Supporting information), suggesting that infection with
microparasites increases variability in host consumption
rate (Table 3, Supporting information). Type of infected
organ contributed to the overall heterogeneity in general
and vertebrate mean response models (R?, ., =1.42% and
R?, gina = 5.68%; respectively; Table 2, Supporting informa-
tion), in which the significant result was obtained for body
cavity and digestive organs in general (Table 3) and circu-
latory organs and whole body for vertebrates (Supporting
information). ‘Infected organ’ explained also some hetero-
geneity in the vertebrate variation model (Rzmrgiml=3.00%;
Supporting information), suggesting that infection of circu-
latory organs increases variability of host consumption rate
(Supporting information).

‘Life cycle’ explained some amount of heterogene-
ity in the general and invertebrate mean response models
(R, e =0.90% and R? ., =2.00%, respectively; Table
2, Supporting information). In the invertebrate model, the
mean response estimate for parasites with complex life cycles
was more than two times higher and its 95% confidence
intervals did not overlap with zero (Supporting information).
Furthermore, ‘life cycle’ explained some amount of heteroge-
neity in the general variation model (R ,=3.01%; Table
2). The variation estimates for direct life cycle was higher and
its 95% confidence intervals did not overlap with zero (Table
3), suggesting that parasites with direct life cycles may cause
significant increases in behavioural or physiological variabil-
ity of infected hosts.

Among moderator variables related to experimental
design, the type of infection explained variable amount of
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Figure 2. Main-effects phylogenetic model estimates for the entire dataset presented as orchard plots (Nakagawa et al. 2021). (A) mean
response (RR?) and (B) variation (InCVR). Central circles with branches represent mean effect sizes. Branches indicate 95% confidence
intervals (thicker) and prediction intervals (thinner). Bubbles represent individual effect sizes scaled by their precision (i.e. the inverse of

sampling standard error). k refers to the number of effect sizes.
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Table 3. Effect size estimates (RR* and InCVR) for each level of tested moderator variables calculated for the entire dataset. Confidence

intervals that do not overlap with zero are indicated in bold. N

effect size

— the number of effect sizes, and N

sudy — the number of studies. n/a

indicates estimates that were omitted in the analyses due to a low number of effect sizes (N o s,e < 10).
Moderator variable Level N eirect size N RR* estimate InCVR estimate
Host characteristics Host group invertebrate 102 38 —-0.20 (-0.34, —0.07) 0.12 (-0.05, 0.29)
vertebrate 56 30 —-0.24 (-0.41, —0.07) 0.36 (0.15, 0.57)
Host age adult 111 49 -0.24 (-0.37, -0.12) 0.32 (0.05, 0.60)
juvenile 41 16 -0.17 (-=0.37, 0.03) 0.07 (-0.28, 0.42)
Host sex female 28 13 —0.24 (-0.45, —0.03) 0.11 (=0.21, 0.43)
male 29 15 -0.07 (-0.27, 0.13) 0.22 (-0.09, 0.54)
mixed 75 40 —-0.28 (-0.42, -0.14) 0.34 (0.12, 0.55)
Parasite characteristics ~ Parasite type macroparasite 96 47 -0.27 (-0.39, —0.14) 0.15 (-0.04, 0.34)
microparasite 62 21 —-0.11 (-0.29, 0.08) 0.38 (0.13, 0.62)
Life cycle complex 60 26 -0.27 (-0.43, —0.10) 0.10 (=0.12, 0.31)
direct 98 42 —-0.18 (-0.32, —0.05) 0.30 (0.12, 0.47)
Infected organ body cavity 36 17 —-0.26 (-0.49, —0.030 0.13 (-0.18, 0.43)
circulatory 11 9 —0.31 (=0.65, 0.02) 0.57 (0.15, 0.99)
digestive 39 22 -0.23 (-0.41, —0.04) 0.20 (-0.07, 0.47)
muscular 16 5 —0.11 (=0.50, 0.28) 0.32 (-0.17, 0.81)
sensory 5 4 n/a n/a
whole body 51 11 —-0.18 (-0.45, 0.10) 0.27 (-0.06, 0.60)
Experimental design Infection type experimental 77 33 —-0.15 (=0.30, 0.01) 0.33 (0.13, 0.52)
natural 81 37 —-0.28 (-0.43, —0.13) 0.12 (-0.06, 0.30)
Prey mobility mobile 72 25 -0.22 (-0.39, —0.05) 0.15 (-0.13, 0.43)
immobile 82 43 —-0.21 (-0.34, —0.09) 0.27 (0.04, 0.50)

heterogeneity in the general and invertebrate mean response
models (R?,, .., =2.45% and R® ., =5.34%, respectively;
Table 2, Supporting information), indicating that natural
infections may have a stronger influence on host consumption
rates of invertebrates (Supporting information). Moreover,
‘infection type’ explained also some amounts of hetero-
geneity in the general variation model (R*, . =3.40%;
Table 2), suggesting that experimental infection may lead
to significant increases in the variation of feeding behav-
iour (Table 3). Prey mobility explained some amounts of
heterogeneity in vertebrate and invertebrate mean response
models (R?,,;,,=2.56% and R ., =2.17%, respectively;
Supporting information); indicating that feeding on mobile
prey can lead to lower consumption rates of infected hosts
(Supporting information). This moderator variable did not
explain the overall heterogeneity in variation models (Table
2, Supporting information).

Discussion

General patterns in mean consumption rates and its
variance

Our meta-analyses of mean and variance provide the first
comprehensive overview of the effects of parasitic infections
on the consumption rates of animal hosts and attempt to
shed light on the potential factors and mechanisms contrib-
uting to the observed variability. Across existing experimen-
tal studies, a range of variable outcomes have been observed,
with substantial differences in their direction and magnitude.
The main-effects models in our meta-analyses indicated that
while parasitic infections affect host consumption rates on

average negatively, the parasites may also increase the vari-
ability in host consumption rates.

Studied effects of parasites on host behaviour usually
concern the mean behavioural differences between infected
versus uninfected hosts, as exemplified by the mean changes
in host consumption rates. Some parasites, however, may
also affect the variability in the foraging behaviour and thus
consumption rate of their hosts. Indeed, host consumption
rate may be affected through direct and indirect changes to
host food acquisition, digestion or energy budgets (Fig. 1).
As illustrated by our analysis, parasitic infections do not only
affect mean changes in host consumption rates but also its
variability. The changes inflicted on host life processes are
often interconnected and develop in different directions,
hence they will likely be followed by variable effects on host
consumption rates. Specifically, infected hosts may be more
likely to adapt their foraging and feeding behaviour to satisfy
their nutritional needs. The meta-analysis of variance could,
therefore, reveal hidden effects of parasites and broaden our
understanding of biological processes (Nakagawa et al. 2015,
Sénchez-Téjar et al. 2020, Hasik et al. 2023).

The effects of parasites on host behaviour, and especially
its variability, have been so far rarely considered in ecologi-
cal meta-analyses. A recent meta-analysis by Hasik et al.
(2023) investigated how parasites affect predation and
herbivory of infected consumers. The authors observed a
considerable variation in interaction outcomes, and in con-
trast to our study, the parasites did not have a significant
effect on the mean and variance responses. These differences
are most likely caused by the discrepancies in the design
of the meta-analyses and the number of included studies,
i.e. we applied stricter inclusion criteria excluding studies
with biological control agents, used another estimator for
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mean response, and collected a larger number of studies.
Yet, some patterns resemble each other. For instance, our
findings confirm the non-significant increase in the variance
response of infected predators and herbivores signalled in
Hasik et al. (2023). Our meta-analysis, focusing on a spe-
cific type of host-species interactions, provides a more in-
depth understanding of this topic and as such complements
the study by Hasik et al. (2023).

Factors explaining observed variation in effect sizes

We expected that vertebrate and invertebrate hosts may
display differential responses in their foraging behaviour
following parasitic infection. The size difference between
invertebrate hosts and their parasites is smaller, hence inver-
tebrate hosts may not only be easier to manipulate but also
fewer parasites may already be sufficient to modify host
behaviour. In turn, the effects on vertebrates may be rather
proportional to parasite load (Poulin and Thomas 1999).
Yet our meta-analysis suggested that parasite effects might
be stronger on vertebrate hosts, for which we observed a
stronger decrease in mean consumption rate. Furthermore,
more insight was provided by separate meta-regressions
on vertebrate and invertebrate datasets with ‘parasite type’
(macroparasite versus microparasite) as moderator vari-
able. In vertebrate hosts, even though both parasite types
contributed similarly to the decreases in mean consump-
tion rates, the variability in consumption rates appeared to
be significantly affected by microparasites. For invertebrate
hosts, we noted that macroparasites have a stronger effect
on mean consumption rates, compared with microparasites.
This confirms our predictions that the smaller size difference
between the host and its parasite may lead to stronger effects
on invertebrate consumption rates.

The way in which parasites affect host behaviour may be
also associated with host characteristics, such as age and size.
For example, meta-analysis on the effects of parasites on host
performance indicated stronger decrease in performance of
juvenile hosts (McElroy and De Buron 2014). Indeed, the
performance of infected juvenile vertebrates may be con-
strained through their ongoing development. Herrel and
Gibb (2006) noted that while juvenile vertebrates are able
to show levels of locomotory performance similar to those of
adults, it is, however, not the case for foraging performance.
Hence, the performance cost generated by parasitic infec-
tions, especially on host foraging behaviour, may be greater
for juveniles (Herrel and Gibb 2006, McElroy and De Buron
2014). In our meta-analyses, host age explained only moder-
ate amounts of variation, with infected adult hosts exhibit-
ing lower consumption rates. However, this age group also
showed a significantly higher variance in consumption rate,
especially among invertebrate hosts. Experimental studies
comparing consumption rates of different life stages of ver-
tebrate and invertebrate hosts could provide critical informa-
tion to explain the observed results.

Energetic requirements and costs imposed by parasites
affecting host metabolism may be different for females and
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males, particularly because energetic costs of reproduction
typically increase female metabolic rates. Higher energetic
requirements coupled with costs of bearing parasitic infec-
tions may together impose a heavier burden on females than
on males, leading likely to the observed sex differences. In
the available studies, for example, lower consumption rates
of infected female, but not male, individuals were reported
for different host species, including beetles (Shea 2005),
gammarids (Fielding et al. 2003, Labaude et al. 2017), crabs
(Pérez-Miguel et al. 2017) and birds (Tompkins et al. 2001),
although one study reported that infected female periwinkle
consumed more green algae compared with their infected
male conspecifics (Clausen et al. 2008). In our meta-analyses
parasitic infections significantly lowered consumption rates
of females and mixed-sex groups, suggesting that consump-
tion rate of infected females may be indeed more severely
affected than that of infected males.

As the infection proceeds, the magnitude and direction of
pathological effects on affected hosts may fluctuate. Hence,
the intensity of parasitic infection (Goater and Ward 1992,
Yin et al. 2015) as well as time since exposure to parasites
(Khaldi et al. 2009, Bacela-Spychalska et al. 2014, Yin et al.
2018) may both determine the effects of parasites on host
consumption rates. Due to an insufficient amount of data, we
could not directly investigate these factors in our meta-analy-
ses. Instead, we examined whether the type of infection (exper-
imental vs natural) affected consumption rates of infected
hosts, as this moderator variable partially accounts for these
two factors. Not only the intensity of infection may be stronger
in experimentally infected individuals, but also experimentally
infected hosts will usually acquire the infection much ear-
lier compared to naturally infected individuals (Sargent et al.
2014). Indeed, an earlier meta-analysis of parasite effects on
host performance revealed that experimental infections had
larger negative effects than did natural infections (McElroy
and De Buron 2014). In our study, invertebrate hosts natu-
rally infected with parasites showed stronger decreases in mean
consumption rates compared to experimentally infected hosts.
The experimental infections were, however, observed to cause
significant increases in the variability in host consumption rate,
indicating that infection conditions have considerably varied
among experimental studies.

Recommendations for future research

Ultimately, the results provided by moderator variables in
meta-regression analysis may not only broaden our under-
standing of the specific causes driving the observed effects
of parasites on host consumption rate, but may also pro-
vide useful guidelines for conducting experimental studies.
If strong effects on heterogeneity are yielded by a particular
moderator variable, all categories of this variable (e.g. both
sexes from ‘host sex moderator variable) should be consid-
ered in the experimental design. In addition to the mod-
erator variables that were tested in our meta-analysis, there
might be other variables that influence consumption rate of
infected hosts. For example, food deprivation period may be
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crucial; individuals deprived of food usually consume more
compared with fed individuals (Khan et al. 2003). However,
as reported by Bass and Weis (1999), prolonged food depri-
vation may cause declines in animal activity levels to conserve
energy, and hence lower its predatory capacity. The effect of
parasites may also vary depending on their developmental
stage. As exemplified by the trophically transmitted acan-
thocephalan parasites developing in amphipods, the effects
on hosts differ with regard to the actual stage of the para-
site: non-infective acanthella or infective cystacanth (Bethel
and Holmes 1974, Franceschi et al. 2008, Dianne et al.
2011, Dianne et al. 2014). Moreover, potential moderator
variables may include those characterizing external condi-
tions, such as temperature. Changes in ambient temperature
may affect host metabolic rate and thus consumption rate.
Elevated temperature led, for example, to further increases
in consumption rates of infected hosts (Laverty et al. 2017)
or, in turn, counteracted the declines in consumption rates
imposed by parasitic infections (Larsen and Mouritsen 2009,
Labaude et al. 2017). Finally, the effects of parasites on host
behaviour may also depend on how similar the experimental
and natural conditions are. Designing experiments reflecting
natural environmental conditions of studied host—parasite
systems may reveal otherwise undetectable effects (Anaya-
Rojas et al. 2019).

Lastly, we would like to provide recommendations for
researchers to support future ecological meta-analyses. The
power of meta-analyses depends on the number of used
effect sizes. These are, unfortunately, often not possible to
derive due to the underreporting of key statistical metrics.
As highlighted by Parker et al. (2016), under-reporting con-
cerns about half of published articles. In our case, we had to
exclude 24 studies (>25%) due to the lack of such crucial
statistical metrics as measures of data dispersion or sample
sizes. Furthermore, incomplete reporting of the details of
experimental design, including in our case the information
about host, parasite or prey characteristics, hinders the use
of related moderator variables. Therefore, we would like to
encourage researchers to include a more thorough report-
ing of methods, results and data in their publications. We
believe, quoting Harrison (2011), that it “should not add
significantly to the burden of writing up a research article
and will add value to the work by allowing its ready incor-
poration to a meta-analysis if required.” We would also like
to point out the taxonomic bias, i.e. focusing repeatedly on
the same model species, that may hinder research synthesis
(Poulin and Maure 2015). Also in our meta-analysis, certain
host groups were underrepresented in the dataset; there were
no studies on reptiles, our dataset included only three bird
species, whereas mammals were represented solely by rodents
and ruminants. Furthermore, around 30% of studies on crus-
taceans in our dataset focused on Gammarus spp. infected
by acanthocephalans. In addition, due to an exclusion of
pest insects infected by biological control agents, studies on
insects are also inadequately represented in our meta-analysis.
We would, therefore, recommend designing empirical studies
that focus on underrepresented host and parasite species.

Conclusions

1) While infected hosts consume on average 25% less
food than uninfected conspecifics, almost one third of
all mean effect sizes in our meta-analysis were positive.
The specific effects of parasite infections on the forag-
ing behaviour and consumption rate of hosts are thus
context-dependent.

2) Infection with parasites resulted in a 25% increase in the
variability in host consumption rates. The meta-analysis
of variance, therefore, provides an important insight into
the hidden effects of parasites on host behaviour.

3) A smaller size difference between a host and its para-
site may lead to stronger impacts induced by infection.
Indeed, if both parasite types are considered separately,
macroparasites seem to affect consumption rates of
infected invertebrate hosts to a greater extent than
microparasites.

4) The strength of parasite effects on host foraging behav-
iour and consumption rate may differ with regard to the
infection type (i.e. experimental vs natural infections). In
fact, experimental infections resulted in higher variabil-
ity in host consumption rate, suggesting that empirical
approaches using this infection type may yield more vari-
able results.
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