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Abstract

Ecological theory suggests that predators can either keep prey populations healthy
by reducing parasite burdens or alternatively, increase parasitism in prey. To quan-
tify the overall magnitude and direction of the effect of predation on parasitism in
prey observed in practice, we conducted a meta-analysis of 47 empirical studies.
We also examined how study attributes, including parasite type and life cycle, hab-
itat type, study design, and whether predators were able to directly consume prey
contributed to variation in the predator-prey-parasite interaction. We found that
the overall effect of predation on parasitism differed between parasites and para-
sitoids and that whether consumptive effects were present, and whether a predator
was a non-host spreader of parasites, were the most important traits predicting the
parasite response. Our results suggest that the mechanistic basis of predator-prey
interactions strongly influences the effects of predators on parasites and that these

effects, although context dependent, are predictable.

KEYWORDS

INTRODUCTION

Organisms navigate a complex set of interspecific inter-
actions, among the most important being victimisation
by natural enemies. Both predators (Krebs et al., 1995,
2018) and parasites (Hudson, Newborn, et al., 1992;
Tompkins & Begon, 1999) can affect the population
demography and dynamics of the species they attack.
However, few organisms are victim to only a single nat-
ural enemy. Competition between predators of a single
prey population (Holt & Lawton, 1994; Holt & Polis,
1997; Tallian et al., 2017) and between parasites within
a single host organism (Ezenwa & Jolles, 2011; Jolles
et al., 2008; Pedersen & Fenton, 2007) have both been
studied for the effects that these interactions have on
natural enemy and victim populations. But predators
and parasites of a single victim population also inter-
act indirectly through their prey. Parasites may weaken
their hosts, making them easier to catch and consume
(Hudson, Dobson, et al., 1992; Moore, 2002), and the

disease ecology, healthy herds hypothesis, meta-analysis, parasite, predator, trophic interaction

killing and consuming of prey by predators also kills
parasites (Borer et al., 2007; Hatcher et al., 2006), except
when the predator itself becomes the next host (Kuris,
2003; Lafferty, 1999; Logiudice, 2003). Therefore, like
other natural enemy interactions, interactions between
predators and parasites are important to understanding
the dynamics of natural populations.

Ecologists have long recognised the importance of
predator-prey-parasite interactions (Hudson, Dobson,
etal., 1992). Among the mostinfluential hypotheses about
the consequences of predator-prey-parasite interactions
is Packer et al. (2003)’s prediction, based on a mathe-
matical model, that predators reduce both prevalence
(proportion of hosts infected) and mean intensity (num-
ber of parasites per host) of parasites in their prey. This
Healthy Herds Hypothesis (HHH) phenomenon might
be produced by multiple mechanisms. First, predators
directly, and often preferentially, kill heavily infected
hosts, decreasing the number of infected individuals and
the mean infection intensity in the population. Second,
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predators often reduce prey population sizes, which
can decrease density dependent parasite transmission.
However, subsequent conceptual and theoretical work
has shown that under particular circumstances preda-
tors can increase parasite prevalences in prey (e.g. Holt &
Roy, 2007). Recently, Duffy et al. (2019) laid out a frame-
work of eight different mechanisms by which predators
may influence parasite prevalence and intensitiy in prey,
many resulting in either increases or decreases in par-
asitism under different circumstances. For example, if
parasites are highly aggregated in certain individuals, as
is the case with metazoans such as helminths and arthro-
pods (Shaw & Dobson, 1995) and parasitoids (Chesson
& Murdoch, 1986; Hassell, 1982), selective predation on
heavily infected groups should decrease parasite prev-
alence whereas mean intensity and selective predation
on less infected groups should have the opposite effect
(Joly & Messier 2004, Duffy et al., 2019). Alternatively,
although predator induced reductions in prey densities
may decrease transmission of some density dependent
parasites, this same phenomenon may increase the prev-
alence and mean intensity of parasites that actively seek
their hosts in the environment due to there being fewer
potential host targets (Rohr et al. 2015, Duffy et al., 2019).
Non-host “predator-spreaders,” which, although they
cannot become infected, facilitate parasite spread from
their prey items by dispersing infectious agents more
widely (Caceres et al., 2009) may also increase prevalence
and mean intensity by directly consuming infected hosts.
In addition to the variety of post-infection (i.e. con-
sumptive) interactions listed above, pre-exposure (i.e.
non-consumptive) interactions between predators and
prey can alter prey movement and space use behaviour
(Brown et al., 1988; Creel et al., 2014; Jones & Dornhaus,
2011; Spieler, 2003) in ways that predictably increase
or decrease parasite transmission (Duffy et al., 2019;
Ezenwa, 2004; Patterson & Ruckstuhl, 2013). Finally,
many of these processes and mechanisms are thought to
operate differently or at different frequencies in aquatic
and terrestrial systems (Lopez & Duffy 2021).
Congruent with theoretical expectations, empirical
studies measuring the effect of predators on parasites in
their prey, have documented a range of patterns. Some
studies show a strong negative effect of predators on
parasitism, however, others show strong positive effects.
For example, experimentally increased bird predation
on lizard hatchlings (Acanthodactylus beershebensis) de-
creased parasitic trombiculid mite loads in the lizards
(Hawlena et al., 2010), but sunfish (Lepomis gibbosus)
predators introduced into tanks with infected tadpoles
(Lithobates spp.), increased trematode cercarial load in
tadpole prey (Szuroczki & Richardson, 2012). Given
this variation, we conducted a meta-analysis to quantify
the overall magnitude and direction of the effect of pre-
dation on parasite prevalence and intensity, providing
a synthesis of the empirical work done to date on this
topic. We also examined whether the outcome of this

interaction was predictable based on the underlying con-
text and study design. We emphasise that although ours
and many prior studies use the phrasing ‘effect of preda-
tors on parasites in prey’, actual measurements of prev-
alence and intensity are fundamentally prey-focused,
rather than a meaningful measure of parasite fitness or
population densities. In contrast to qualitative syntheses
of predator-prey-parasite interactions published over the
past 20 years (Ostfeld & Holt, 2004; Hatcher et al., 2006;
Duffy et al., 2019; Lopez & Duffy 2021), we used an ap-
proach that allowed us to: (1) quantify the typical effect
of predators on parasites in their prey and (2) identify
the most important drivers of variation in this response.

To achieve our latter goal, we tested the prediction that
differences among studies explain variation in observed
parasite responses along multiple axes: (1) parasite type,
(2) host habitat type, (3) parasite life cycle complexity, (4)
whether predator consumptive effects were present, and
(5) whether predators acted as non-host parasite spread-
ers. Although we collected data on additional factors of
interest, such as transmission mode, these factors were
either too limited in variation or too highly associated
with another factor for inclusion in all statistical mod-
els. Specifically, we predicted that effects of predators
on metazoan parasites and parasitoids would be stron-
ger than effects on other parasites (protozoa, bacteria,
viruses, fungi), because metazoans and parasitoids tend
to be highly aggregated among hosts and spatial loca-
tions (Chesson & Murdoch, 1986; Hassell, 1982; Shaw &
Dobson, 1995) allowing small amounts of selective pre-
dation to nearly eliminate parasite populations (Duffy
et al., 2019). Parasitoids, which are not frequently con-
sidered in predator-prey-parasite theory, have free-living
adult stages which may fall prey to or avoid predators of
their hosts (Brodeur & Rosenheim, 2000; Heimpel et al.,
1997). Thus, predation should necessarily affect parasit-
oids via more varied mechanisms than other parasites,
including via selective predation, shifts in community
structure, and behavioural effects on the adult para-
sitoids themselves (Duffy et al., 2019). Helminth para-
site species with complex life cycles often actively quest
through the environment for their intermediate hosts
(Buck & Lutterschmidt, 2017) and ectoparasites such as
ticks characteristically quest as well (Mejlon & Jaenson,
1997). Because complex life cycle parasites in our study
were largely limited to questing arthropods and hel-
minths in their intermediate hosts, we predicted that
predators would increase parasite prevalences and mean
loads in these systems as compared to parasites with
simple life cycles. Although theory suggests that both
consumptive and non-consumptive effects can increase
or decrease parasite prevalence and intensity in prey, we
follow the predictions of the healthy herds hypothesis
in predicting that consumptive predatory interactions
would decrease parasitism more than non-consumptive
interactions, except when consumptive effects facilitate
parasite spread (‘predator-spreaders’). In summary, we
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asked: (1) what is the average overall effect of predators
on parasites in their prey, among the studies examined,
and (2) does this effect vary by parasite type, parasite
life cycle, host habitat, whether consumptive effects of
predators were present, and whether the predator acted
as a non-host parasite spreader? We expected to find
that parasite prevalence and intensity decreases with
increases in predation, but this effect should be stron-
ger for metazoan parasites and parasitoids than viruses,
bacteria, fungi, and protozoa, for simple life cycle para-
sites than for complex life cycle parasites, for terrestrial
hosts than for aquatic hosts, and for interactions involv-
ing consumptive than non-consumptive interactions. We
also expected that consumptive interactions involving
identified ‘predator-spreaders’ should increase parasite
prevalence and intensity. Finally, we expected to use pat-
terns found in this meta-analysis to identify high priority
areas for additional empirical study.

MATERIALS AND METHODS
Study search and screening

To identify candidate studies we performed a system-
atic search of the Web of Science Core Collection using
the following search string: predat* AND (parasit* OR
pathogen*). This search identified 11,417 candidate stud-
ies. Abstracts were subsequently screened to determine
if they met three strict inclusion criteria: they must have
(1) involved an animal host/prey population, a predator
population that kills and consumes the host/prey, and
a parasite that is described in the study as infecting the
host/prey but NOT the predator; (2) observed multiple
levels of predation pressure, and (3) measured at least one
relevant parasite outcome (e.g. intensity or prevalence).
Based on abstract screening 256 studies were identified
as potentially meeting these three criteria, 49 of which
were confirmed following full-text screening (Figure S1).

Effect size and study trait variable extraction

We recorded the following information from each study
to allow direct comparison of effect sizes, test the effect
of study features (moderators) on this effect, and control
for variation between studies: host/prey taxa to test for
a phylogenetic trend in our models; parasite type (hel-
minth, arthropod, virus, bacterium, protozoan, fungus,
parasitoid), host habitat type (aquatic or terrestrial),
parasite life cycle type (simple or complex), study design
(observational or experimental), whether consumptive
effects were included (non-consumptive effects only vs.
both consumptive and non-consumptive effects), and
predator-spreader identity (predator spreader or not) for
inclusion in mixed effects models (MEMs) testing the ef-
fect of these moderators on effect sizes. We also collected

data on other potential factors of interest, such as trans-
mission mode which was too limited in variation across
studies for inclusion (nearly all parasites studied used
environmental transmission). Most studies (44 of 49) in-
cluded a binary comparison of a parasite response across
two levels of predation, and many were analysed using
multivariate statistics which makes statistical compari-
son of effect sizes across studies challenging (Borenstein
etal., 2017). For this reason, we extracted the mean para-
site response value, sample size, and measure of varia-
tion (typically SE, SD, or 95% CI) from the text or figures
of each of these studies and calculated the standardised
mean difference (Hedges g) using the escalc function in
the R package metafor (Viechtbauer, 2010). A few studies
(5 of 49) reported parasite responses over a range of pre-
dation pressures. We converted responses from 3 of these
studies to binary effect sizes by using raw data provided
to compare the mean parasite response for samples in
the first quartile of predator abundance to those in the
4th quartile of predator abundance. We excluded studies
from further analysis if sufficient data for this procedure
were not provided. Following this protocol, we extracted
187 effect sizes from 47 studies (Table 1).

Not all effect sizes contain the same type of infor-
mation because of differences in parasite biology and
in the associated response metric. For our study, we
grouped effect sizes into 2 broad categories based on the
parasite response that was measured: (1) the number or
proportion of hosts infected (quantified as prevalence,
number or density of infected individuals, or disease
induced mortality rate; n = 83 effect sizes from 21 dif-
ferent studies, Table 2) and (2) the number of parasites
in an average individual (quantified as parasite inten-
sity or parasite load; n = 61 effect sizes from 19 different
studies). Because we expected that predators would have
different effects on prevalence and intensity measures
(for example limited selective predation on a population
with highly aggregated parasites may have a large effect
on mean intensity but a small effect on prevalence), we
analysed these responses separately. Another distinc-
tion we made was to separate parasites from parasitoids
(n = 43 effect sizes from 11 different studies). Parasitoids
behave like both predators and parasites over the course
of their life cycle. Adult parasitoids are free-living flies
and wasps that lay eggs on live hosts, but the juvenile
parasitoids that hatch from these eggs are obligately par-
asitic and typically lethal to the host. Consequently, the
effect of predators on parasitoids in prey may result from
different processes than the effects on typical parasites.

Statistical analysis

Main effect and publication bias

We analysed effect size data for each of the three cat-
egories of our data (prevalence, intensity, parasitoid)
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o according to the following scheme. First, we fit a ran-
g 2 dom effects model (REM) to estimate the overall effect
% 3 2 Ly E of predators on parasites in prey, within these studies.
< = 2 . . .
= § 2 -~ T = We report the size and direction of the overall effect as
@ oo — . .
a S g 2 2 2 well as I?, a measure of heterogeneity that can be inter-
o ) o . . . .
s o EE-P s o % preted as the proportion of total variation that is due to
.E g8 : S £g s 2 g E between study variation (Higgins & Thompson, 2002).
g § - § -t E 5 § We also used these models to diagnose publication bias
= = in the data by visualising the relationship between ef-
fect size and variance with a funnel plot and testing for
a significant correlation between these traits using a
o 2 rank-order correlation test. If significant correlation was
=le e £ 2 2 @ detected, we used the trim-and-fill method (Duval &
£|2 & 2z 8 & % Tweedie, 2000) to determine whether introducing stud-
= o o o =% o 5
£ £ . . . .
2 5 5 S = 8 3 ies to balance the diagnosed bias would alter the main
B « 2 @ 2 <] . . . . . . . .
2 é LS) ; é é é effect. Trim-and-fill involves identifying identify asym-
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::3 = %’ g " % “5 metrical centre of the funnel. We then restore the asym-
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gL g 2 £ £ £ opposite side of the funnel centre before refitting the
. REM to the reconstructed data. Because of shared evo-
N = . . .
g Sy w 8 lutionary history, closely related host species may have
S S T . . .
£ § < BT I similar effect sizes. Using Pagel's lambda (Pagel, 1999)
S . = = R . .
g § §0§ %\g §0§ 2 .;i § g s § we failed to detect evidence of phylogenetic dependence
81358 sS8s: £ g oglz in any dataset (see Supplementary Methods).
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< g = 5% o t S 8 3| s tity (predator spreader vs. not), parasite type (metazoan:
=2 |-= = > 3 T Ss = o 2 . ’ . ;
T E E = LS) £ 277 é § helminths, arthropods vs. other: viruses, bacteria, pro-
- = =22 = tozoa, fungi), host habitat type (aquatic vs. terrestrial),
2 parasite life cycle (simple vs. complex) and all two-way
2 8 interactions. We note that because studies in which the
g § g e predator was described as a viable host for the para-
~ | £3 8 E site were excluded, all predator-spreaders are non-host
|3 - ERRE z L . . .
|3 1 3§88 3 spreaders. Habitat type was not included in the inten-
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= = non-consumptive and consumptive interactions due to
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TABLE 2 Enumeration of effect sizes categorized in nested subsets of moderators: Observational/Experimental, Metazoan (Helminth or
Arthropod)/Other (Virus, bacteria, fungus, or protozoa), Non-Consumptive/All interactions, Aquatic/Terrestrial habitat, Complex/Simple life

cycle, Predator-spreader/Non predator-spreader

Prevalence

Observational (6)

Metazoans (4)

Parasite type

Other (2)

Interaction type

All (4) Non-Consumptive (0)

Interaction type

All (2) Non-Consumptive (0)

Habitat type

Habitat type
Aquatic (4) [Terrestrial (0)

Aquatic (0) |[Terrestrial (0)

Habitat type

Habitat type
Aquatic (2) | Terrestrial (0)

Aquatic (0) |Terrestrial (0)

Complex cycle?

Complex cycle?
Yes(0) | No(4)

Yes(0) | No(0)

Complex cycle?

Complex cycle?
Yes(0) | No(2)

Yes(0) | No(0)

Predator spreader?
Yes (0) No (4)

Predator Spreader?
Yes (2) No (0)

Experimental (77)

Parasite
Metazoans (19)

type
Other (58)

Interaction type

Interaction type

All (18)

Non-Consumptive (1)

All (40)

Non-Consumptive (18)

Habitat type
Aquatic (18) [Terrestrial (0)

Habitat type
Aquatic (1) |[Terrestrial (0)

Habitat type
Aquatic (3) Terrestrial (37)

Habitat type
Aquatic (18) |Terrestrial (0)

Complex cycle?

Complex cycle?

Complex cycle?

Complex cycle?

Aquatic (1) | Terrestrial | Aquatic (0) |[Terrestrial (0)

Yes (18) | No (0) Yes(0) | No(1) Yes (0) | No (40) Yes (4) | No(14)
Predator spreader? Predator spreader?
Yes(0) | No(18) Yes (23) |  No (17)
Intensity
Observational (18)
Parasite type
Metazoans (18) Other (0)
Interaction type Interaction type
All (18) Non-Consumptive (0) All (0) Non-Consumptive (0)
Habitat type Habitat type Habitat type Habitat type

Aquatic (0) | Terrestrial (0) | Aquatic (0) | Terrestrial (0)

Complex cycle?

Complex cycle?
Yes(16) | No(2)

Yes(0) | No(0)

Complex cycle?

Complex cycle?
Yes(0) | No(0)

Yes(0) | No(0)

Predator spreader?
Yes(0) | No(18)

Predator spreader?

Yes (0) | No(0)

Experimental (43)

Parasite
Metazoans (23)

type
Other (20)

Interaction type

Interaction type

All (6)

Non-Consumptive (17)

All (1)

Non-Consumptive (19)

Habitat type
Aquatic (3) [Terrestrial (3)

Habitat type
Aquatic (17) [Terrestrial (0)

Habitat type
Aquatic (1) | Terrestrial (0)

Habitat type
Aquatic (19) |Terrestrial (0)

Complex cycle?

Complex cycle?

Complex cycle?

Complex cycle?

limitations in experimental design. Therefore we draw
the distinction between studies that manipulate only
non-consumptive interactions and those which include
consumptive interactions. From this model, we gener-
ated candidate sets of all possible MEMs for each data
set and used the Akaike information criterion cor-
rected for sample size (AICc) to compare model fit. We

Yes(1) | No(5) Yes(16) | No (1) Yes(0) | No(1) Yes(0) | No(0)
Predator spreader? Predator spreader?
Yes(0) | No(6) Yes(0) | No(1)

calculated the importance (on a scale from 0 to 1) of each
moderator as the summed model weights for all MEMs
in which a given moderator occurred. We then fit univar-
iate models for each moderator to identify the direction
of the effect. Because parasitoid studies were uniformly
terrestrial, experimental, and consumptive, we did not
fit MEMs with moderators to these data.
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RESULTS
Study patterns

We identified substantial gaps in the literature for cer-
tain combinations of moderators (Table 2). In particular,
no observational studies considered non-consumptive
effects, no studies that measured parasitism by inten-
sity metrics or that studied metazoan parasites ma-
nipulated the effect of known predator-spreaders, and
nearly all parasites studied had an environmental trans-
mission mode. Both parasite taxonomic categories are

501 (a)

254

0.

o

-2.5 4

-5.0 4

Prevalence Effect Size (Hedges’ G)

represented in studies measuring both prevalence and
intensity but metazoans were more common in intensity
studies (n = 41/61) and other parasites (viruses, bacte-

ria, protazoa) were more common in prevalence studies
(n=60/83).

Parasite prevalence
The REM of prevalence effect sizes showed an overall ef-

fect that was significantly different from zero (z = 2.437,
p = 0.015; Figure la). However, there was substantial
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FIGURE 1

Range and grand means from random-effects meta-analysis models (REMs) for the effect of predators on parasites in prey

stratified by prevalence (a) intensity (b) and parasitoid (c) data. Each square point represents a single effect size from a study in Table 1. Lines
show 95% confidence intervals for effect sizes and REMs (uncorrected for publication bias). The dashed line represents no relationship between

condition and infection
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heterogeneity between studies (I* = 84.59%), and signifi-
cant publication bias (tr = 0.234, p = 0.002, Figure S2).
The trim-and-fill method estimated 15 missing nega-
tive studies, and inclusion of these studies eliminated
the significant effect, with the modified REM show-
ing no evidence of an effect (z = —0.054, p = 0.957). In
our analysis of moderators, predator-spreader identity
was included in nearly all MEMs with non-zero weights
(Importance=0.998; Figure2a, Table 3). Host habitat type
was also important (Importance = 0.922), but other main
effects were less so (parasite type importance = 0.880;
study design importance = 0.834; presence of consump-
tive effects importance = 0.834; life cycle type impor-
tance = 0.829). The most important interaction term
was between whether consumptive effects were present
and predator-spreader identity (Importance = 0.576).
In univariate analyses, only predator-spreader iden-
tity significantly affected mean effect size (QM,;=9.692,
p = 0.0019), despite significant residual heterogeneity
(QEg, = 271.854, p < 0.001). Predator-spreaders tended
to increase parasite prevalence more than non-spreader
predators (Figure 3).

Parasite intensity

An REM of intensity effect sizes did not detect a statisti-
cally significant effect of increased predation on parasite

intensity in prey (z = 0.829, p = 0.407; Figure 1b), with
substantial heterogeneity between studies (P = 75.93%),
and no evidence of publication bias (t = —0.106, p = 0.231,
Figure S3). The single most important moderator
was whether consumptive interactions were present
(Importance = 0.667; Figure 2b, Table 3), and this was the
only variable identified as a significant moderator in sub-
sequent univariate analyses (QM, = 5.848, p = 0.016), de-
spite significant residual heterogeneity (QEy, = 182.050,
p < 0.001). Studies with just non-consumptive interac-
tions tended to increase parasite intensity more than
those which also included consumptive interactions
(Figure 3).

Parasitoids

An REM of parasitoid effect sizes detected a statistically
significant, negative, overall effect of predation on para-
sitoid abundance in prey (z = —6.919, p <0.001; Figure lc),
with a smaller amount of heterogeneity between stud-
ies as compared to the analyses of parasite responses
(PP = 35.47%). Although there was evidence of significant
publication bias (t = —0.227, p = 0.032, Figure S4), the
inclusion of 9 missing positive effect sizes estimated by
the trim-and-fill method did not eliminate the overall
significant negative effect of predators on parasitoids
(z=-4.630, p <0.001).

Intensity |

Prevalence

Predator Spreader {
Interaction Type
Life Cycle 1

Study Design {

Parasite Type 1

Habitat Type

Interaction Type * Predator Spreader 1
Study Design * Parasite Type 1
Interaction Type * Parasite Type -
Life Cycle * Parasite Type 1

Life Cycle * Interaction Type 1

Life Cycle * Study Design -

Life Cycle * Predator Spreader 1
Interaction Type * Study Design 1
Parasite Type * Predator Spreader 1
Study Design * Predator Spreader 1
Habitat Type * Parasite Type 1
Interaction Type * Habitat Type -
Study Design * Habitat Type 1
Habitat Type * Predator Spreader 1
Life Cycle * Habitat Type 1

0.00 0.25 0.50 0.75 1.00

0.00 0.25 0.50 0.75 1.00
Importance

FIGURE 2 Moderator importance for mixed effects models (MEMs) of intensity and prevalence effect sizes, determined by AICc weight
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TABLE 3 Ranking of mixed-effects models (MEMs) predicting effect size for the effect of predators on parasites in the prevalence and

intensity data

df o study QM QE AAICc wi
MEMs fit to prevalence data
G ~ Habitat type + predator spreader + habitat 5 0.6609 15.2042 (0.002) 270.8532 0 0.002
type * predator spreader (<0.001)
G ~ Interaction type + predator 5 0.5243 17.5804 (<0.001) 241.6048 0.25 0.002
spreader + interaction type * predator (<0.001)
spreader
G ~ Interaction type + study design + predator 7 0.5198 22.1689 (<0.001) 181.4157 0.5 0.001
spreader + interaction type * predator (<0.001)
spreader + study design * predator
spreader
G ~ predator spreader 3 0.5964 11.345 (<0.001) 372.8542 0.63 0.001
(<0.001)
G ~ Interaction type + habitat type + predator 6 0.5549 18.6789 (0.002) 240.3655 0.74 0.001
spreader + interaction type * predator (<0.001)
spreader
G ~ Interaction type + habitat type + predator 6 0.5549 18.6789 (0.002) 240.3655 0.74 0.001
spreader + interaction type * habitat (<0.001)
type + interaction type * predator spreader
G ~ Interaction type + study design + predator 6 0.4869 20.4384 (0.002) 183.2502 0.78 0.001
spreader + interaction type * predator (<0.001)
spreader
MEMs fit to intensity data
G ~ Interaction type 3 0.5049 6.5098 (0.012) 182.0501 0 0.091
(<0.001)
G ~ Interaction type + life cycle 4 0.5005 8.0635 (0.018) 180.6978 0.82 0.06
(<0.001)

Note: Models are ranked by AAICc with the number of model degrees of freedom (df), test statistic for the omnibus test of model coefficients (QM), test statistic
for residual heterogeneity (QE), difference in corrected AIC from the best model, and Akaike weights (wi). Only MEMs with AAICc < | are shown.

DISCUSSION

The healthy herds hypothesis (Packer et al., 2003) pre-
dicts that predators should have negative effects on
parasites in their prey, but empirical studies testing this
hypothesis have reported varied effects. This variation
is unsurprising given the recent synthetic work suggest-
ing that nearly all mechanisms by which predators can
influence parasitism in prey can produce both increases
and decreases in parasitism (Duffy et al., 2019). In this
study, we aimed to identify patterns in both the overall
effect of predators on parasites in prey across taxa and
the effect of variation in predator and parasite traits on
the overall effect. Using a meta-analytic approach, we
found that the main effect of predators on parasites in
prey differed between parasites and parasitoids but not
between metazoan parasites (helminths, arthropods)
and non-metazoan parasites (viruses, bacteria, fungi,
protozoa), with a net negative effect only present for
parasitoids. Additionally, we found that the presence of
both consumptive interactions and predator-spreader in-
teractions were most important in predicting the effect
of predators on parasites in prey. These findings provide
clear evidence for the growing theoretical consensus that
the HHH prediction is far from universal. The degree to

which the HHH holds in a given system is both parasite-
and context dependent, but we were able to identify pat-
terns in the published literature.

We observed significant heterogeneity in the mag-
nitude and direction of the main effect of predators
on parasites in prey. We, therefore, sought to deter-
mine if there were factors that explained this varia-
tion in effects. First, we found that the difference
between consumptive and non-consumptive interac-
tions can explain variation in the effect of predators
on parasites, but specific mechanisms are also very
important. In studies that measured intensity, the
effect size significantly differed between those in-
volving consumptive interactions and those in which
only non-consumptive interactions were present, with
non-consumptive interactions generally increasing
parasite intensity more. This result aligns with our
prediction that consumptive interactions will have
more negative effects on parasites compared with non-
consumptive interactions. We note that our studies in-
volving consumptive interactions typically were open
to all interactions including non-consumptive, sug-
gesting that this result may, in fact, be conservative.
Conversely, in the prevalence response model studies
involving consumptive interactions and those with
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FIGURE 3 Modelled univariate relationships (means and 95% confidence intervals) for the five most important moderators of effect
size across all intensity data (top row), and prevalence data (bottom row). Results from mixed-effects models are sorted by study traits.
Consumptive effects allowed: yes or no. Life cycle: complex or simple. Parasite type: metazoan (helminth or arthropod) or other (virus,
bacteria, fungi, protozoa). Predator-spreader identity: identified as a predator spreader or not. The dashed line represents no relationship
between condition and infection and asterisks denote patterns that were significant in univariate analysis

only non-consumptive interactions were estimated
to be nearly identical on average. We suggest that
the difference between these two response variables
is an artefact of the significant residual heterogene-
ity even in our best fit models. Most of this variation
is likely explained by unexplored mechanisms within
these studies. Duffy et al. (2019) outlined 7 indepen-
dent mechanisms whereby consumption can directly
or indirectly increase disease in prey. For example,
predators can selectively prey on uninfected indi-
viduals, shift host population structure toward more
susceptible or heavily infected classes, and suppress
competition between hosts allowing them to support
more parasites. Unfortunately few studies provide
sufficient information to assess which mechanisms

are at play. Nonetheless, we were able to directly
test this idea by including one of these mechanisms
(predator-spreaders; Caceres et al., 2009) as a mod-
erator variable since researchers typically identified
this attribute of predators in studies. As expected,
predator-spreader identity was highly important for
predicting the parasite outcome in the prevalence
dataset (predator-spreaders were absent from the in-
tensity dataset), generally increasing parasite prev-
alence. Ultimately, the lack of clear support for the
hypothesis that consumptive interactions should de-
crease parasite prevalence and intensity more than
non-consumptive interactions is a result of the con-
flicting negative effects in studies of typical consump-
tive interactions versus positive effects in studies of
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consumptive predator-spreader interactions and cer-
tain non-consumptive interactions.

Second, we failed to detect a clear effect of parasite
traits in our analysis. We hypothesised that differences
in the aggregation patterns of metazoan parasties (hel-
minths, arthropods) and other parasites (viruses, bacte-
ria, fungi, protozoa) would result in metazoans having
a stronger and more negative response to predator pres-
sure than non-metazoans, but found no evidence for
a difference between parasite types and this variable
was generally less important for explaining variation.
This lack of an effect may be due to multiple factors.
Although one might expect random predation, or pre-
dation on infected individuals, to decrease parasite in-
tensity more when parasites are aggregated (Packer
et al., 2003), the opposite is also true. Gape limited pred-
ators, such as many piscivorous fish and carnivorous
snakes (King, 2002; Nilsson & Bronmark, 2000) that
selectively prey on smaller and younger individuals may
cause population demographics to shift towards larger,
older and more heavily infected hosts (Byers et al., 2015;
Dobson, 1989; Duffy et al., 2019; Nilsson & Bronmark,
2000). Alternatively, our assumption that high aggrega-
tion among metazoans makes them more vulnerable to
predation may be countered by the existence of signif-
icant aggregation in non-metazoan parasite systems as
well (Lord et al. 1999; Grogan et al. 2016). We also found
limited evidence for an effect of parasite life cycle in
moderating predator effects on parasite prevalence and
intensity despite our prediction that complex life cycle
parasites which actively seek hosts would increase with
increased predator pressure. These predictions were
based on the idea that predator induced decreases in
host density should increase the number of parasites that
attack each individual host, at least over the short time
scales considered in most studies. However, complex par-
asites are often also metazoans and display substantial
aggregation (Shaw & Dobson, 1995), as such depredation
of the few heavily infected individuals may balance the
increased parasite attack rate of the remaining individ-
uals. We see therefore that the dominant mechanisms
which we ascribed a priori to metazoan parasites and
complex life cycle parasites may interact to obscure an
overall effect of either.

Similarly, although we predicted that predators
should be more likely to increase parasitism in prey in
aquatic habitats than terrestrial habitats, we did not find
a clear role for host habitat on the effects of predators on
parasites in prey. Our ability to test this hypothesis was
limited by the strong association, among intensity stud-
ies which include most non-consumptive interactions,
between habitat type and whether consumptive effects
were present in the study. Although we found that habi-
tat type was an important variable explaining variation
in parasite prevalence in our multivariate analysis, there
was no significant relationship between habitat type and
mean effect size in our univariate analysis. Furthermore,

the non-significant pattern of association in the univari-
ate analysis was the opposite of our prediction. Although
studies performed in terrestrial habitats showed a mean
positive effect of predators on parasite prevalence, for
studies performed in aquatic habitats the mean effect
of predators on prevalence was indistinguishable from
zero. In combination, these results suggest that parasites
in aquatic habitats may not be more sensitive than those
in terrestrial habitats to predation pressure. Nonetheless,
common mechanisms of predator-parasite interactions
may differ substantially between aquatic and terrestrial
systems (McCallum et al., 2004; Lopez & Duffy, 2021).
For example, predator signs may travel more easily and
persist for long periods in water enhancing predator in-
duced behavioural and physiological changes in prey
(Lopez & Duffy, 2021). But, this may have been difficult
to detect in the existing literature due to the fact that
terrestrial and aquatic studies are not otherwise equiv-
alent. For example aquatic studies are much more vari-
able than terrestrial studies, spanning parasite types,
life cycle types, and study designs, whereas there were
no studies of non-consumptive interactions in terrestrial
systems in our entire dataset (Table 2). Therefore we pro-
pose that a wider, more mechanistically diverse, study of
predator-prey-parasite interactions in terrestrial systems
is required to appropriately estimate how the outcomes
of these diverse mechanisms actually differ by habitat.

Third, although there may not be a significant differ-
ence between parasite taxonomic groups we saw a clear
difference between parasites and parasitoids. When con-
trolling for publication bias, predators significantly de-
creased parasitoids with no overall effect on parasites.
Our ability to detect a strong directional effect for para-
sitoids is perhaps partly due to the uniformity across the
studies in the parasitoid analysis, also supported by the
more limited heterogeneity in the parasitoid REM. The
decrease in parasitoid abundance with increased preda-
tion may be due to the fact that consumptive effects of
predators on parasitoids rarely include mechanisms that
could produce positive effects. Predators rarely act in a
‘spreader’ role for parasitoids in their prey because the
larval life cycle of the parasitoid is typically interrupted
by predation (Naselli et al., 2017). Perhaps most non-
consumptive effects of predators on parasitoids concern
free-living adult life stages, which may avoid areas with
predators due to direct intraguild predation of preda-
tors on adult parasitoids (Brodeur & Rosenheim, 2000;
Heimpel et al., 1997). As a result, it is conceivable that
parasitoids would display the stronger response to pred-
ator addition than other parasitic organisms.

One of the main limitations of this study, as with
all quantitative synthesis, is the selection bias in the
field being synthesised. We detected significant pub-
lication bias in the literature in multiple directions.
Particularly, our analysis of prevalence showed a sig-
nificant bias towards publication of positive effect sizes
(predators increasing prevalence), probably due to the
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abundant predator-spreader associated effect sizes. For
parasitoids, however, there was significant evidence of
publication bias for negative effect sizes. Besides pub-
lication bias in effect sizes, we noted important imbal-
ances in study characteristics, particularly the lack of
non-environmentally transmitted parasites, the focus
on invertebrate and amphibian hosts, and the strong
association between habitat type and whether con-
sumptive effects were present. Although many animal
parasites are environmentally transmitted, directly
transmitted parasites are also common and may behave
very differently in response to predation pressure. For
example, directly transmitted parasites may be more
sensitive to predator induced decreases in prey density
because there is no environmental reservoir of para-
sites. Therefore, we encourage testing whether solely
or primarily directly transmitted parasites follow the
patterns we find here. Small animals, especially inverte-
brates, are commonly used to study ecological patterns
due to tractability, but cannot represent the wealth of
mechanisms and behaviours possible in predator-prey-
parasite interactions and testing whether our findings
hold true in other taxa is necessary. Aquatic systems
are where non-consumptive interactions are commonly
studied using caged predators and predator kairomones
but this bias in the literature makes it difficult to extrap-
olate to terrestrial systems. As such, we encourage test-
ing whether non-consumptive effects of predators on
parasites in terrestrial systems behave similarly to those
in aquatic systems. Based on the existing literature the
empirical dissection of consumptive effect mechanisms
is largely limited to predator-spreading. In order to
truly understand these systems, we need to test whether
other specific consumptive mechanisms (Duffy et al.,
2019) increase or decrease parasitism in prey. Finally,
we note that the severity of disease inflicted by a para-
site on its host is likely important to determine the ef-
fect of predators on parasite transmission but could not
be reasonably extracted from the published literature
for many systems, and directed empirical study across
varying levels of parasite harm would greatly improve
our understanding. For example, parasites that cause
substantial harm are predicted to both induce more
preferential predation and restrict host behavioural re-
sponses to predators (Buss & Hua, 2018; Packer et al.,
2003). We hope that our identification of these gaps in
the literature provides motivation for future empirical
work.

Overall, we found that the healthy herds hypothesis
is not broadly supported by the current empirical lit-
erature. Instead, as suggested by recent synthetic and
theoretical work (Duffy et al., 2019), the average effect
of predators on parasites in prey varies significantly
according to the presence and type of consumptive in-
teractions and whether the focus is on parasites or par-
asitoids. Our findings provide the first quantitative
synthesis supporting the theoretical consensus (Choisy

& Rohani, 2006; Duffy et al., 2019; Hethcote et al., 2004;
Holt & Roy, 2007; Roy & Holt, 2008) that predator ef-
fects on parasites are context dependent. Our results fur-
ther suggest that the mechanistic basis of predator-prey
interactions strongly influences parasite outcomes and
that these effects are predictable.
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