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Abstract

Disease ecologists now recognize the limitation behind examining host-parasite interactions in isolation:
community members — especially predators — dramatically affect host-parasite dynamics. Although the
initial paradigm was that predation should reduce disease in prey populations (“healthy herds hypothesis”),
researchers have realized that predators sometimes increase disease in their prey. These “predator-spreaders”
are now recognized as critical to disease dynamics, but empirical research on the topic remains fragmented.
In a narrow sense, a “predator-spreader” would be defined as a predator that mechanically spreads parasites
via feeding. However, predators affect their prey and, subsequently, disease transmission in many other
ways such as altering prey population structure, behavior, and physiology. We review the existing evidence
for these mechanisms and provide heuristics that incorporate features of the host, predator, parasite, and
environment to understand whether or not a predator is likely to be a predator-spreader. We also provide
guidance for targeted study of each mechanism and quantifying the effects of predators on parasitism in a
way that yields more general insights into the factors that promote predator-spreading. We aim to offer a
better understanding of this important and underappreciated interaction and a path towards being able to
predict how changes in predation will influence parasite dynamics.

Introduction

Because food web members can dramatically impact host-parasite dynamics through a wide variety of mech-
anisms, disease ecologists now recognize the limitation of examining host-parasite interactions in isolation.
This potential for food web members to alter host-parasite dynamics is central to the healthy herds hypoth-
esis, which posits that predators can substantially decrease parasitism in their prey by directly consuming
infected individuals (Packer et al. 2003). The formalization of this hypothesis spurred decades of subsequent
empirical work testing this prediction with a variety of systems and study designs. Perhaps surprisingly,
the net outcome of this work has been the realization that the effect of predators on parasites in their prey
is highly variable (Duffy et al. 2019; Lopez & Duffy 2021; Richards et al.2022). In fact, predators often
increase parasitism in their prey, raising the question: Is it possible to predict a prioriwhat the impact of
predation will be for a particular predator-prey-parasite system? Being able to make these predictions is
both of fundamental ecological interest and potential conservation importance.

Although the depth of our understanding of the mechanisms by which predators increase parasitism in
their prey varies, it is clear that a range of mechanisms can produce this outcome, even in a single system
(e.g., in zooplankton (Duffy et al. 2019)). The variety of studies of predators increasing parasitism in their
prey pales in comparison to the number of unique mechanisms by which predators may positively influence
parasitism (Holt & Roy 2007; Cédceres et al.2009; Stephenson et al. 2015; Buss & Hua 2018; Dufly et al.
2019; Lopez & Duffy 2021; Richards et al. 2022), making an assessment of the most common mechanisms
and the circumstances under which they occur difficult. However, these mechanisms of predator spreading



exist along a spectrum that we can use to help us understand when predators might increase parasitism in
their prey.

Here, we identify and consider six mechanisms by which predators can increase parasitism in their prey
populations (Fig. 1), describing them in order from the mechanism most directly related to consumption of
prey to the most indirect effects of predators. We also provide a set of theory- and evidence-based heuristics
with which to predict what mechanism may be at play — and, therefore, whether a particular predator
is likely to increase parasitism in its prey. These heuristics are based on an understanding of the ways
that prey, parasite, and predator traits, as well as aspects of the environment, predispose the system to
include certain mechanisms. (Note: throughout this manuscript, for simplicity, we use “prey” to indicate the
prey/host species.) Finally, we provide guidance on how researchers can best select systems, design studies
to investigate specific mechanisms, and report findings so that we can better understand and predict the
outcomes of predator-prey-parasite interactions.

Sloppy Predators

Perhaps the most iconic predator spreader in the ecological literature is the “sloppy predator”. The sloppy
predator contributes to increased parasitism by consuming its prey in a way that increases the transmission
or dissemination of parasites as compared to other sources of prey mortality (Caceres et al. 2009; Duffy
et al.2019). The classic example of this phenomenon is the larvalChaoborus predator which shreds and
regurgitates infected Daphnia dentifera prey (Céaceres et al. 2009; Strausset al. 2016). This predation behavior
spreads fungal parasite spores in the water column where they are ingested by foraging D. dentifera . In
contrast, D. dentifera that die from parasite virulence rapidly settle out of the water column, limiting onward
transmission of fungal spores. In this system, both prey biology and environmental stratification contribute
to limit transmission after prey death from virulent effects of the parasite, while prey and predator behavior
increase transmission after predation by the sloppy predator.

In general, predator behaviors that spread prey blood, tissue, or viscera are likely to contribute to transmis-
sion as long as prey behaviors expose them to these new sources of infection. These prey behaviors include
indiscriminate grazing or filter feeding, as we see in the D. dentifera example, but also scavenging behaviors
which may lead prey to consume conspecifics post-predation when they would not otherwise. (Because our
focus in this review is on scenarios where the predator does not become infected, we are not considering cases
of cannibalism.) Similarly, prey biology and the interaction between environment and prey space-use impact
whether prey are more likely to encounter the parasite after predation or after death from virulent mortality.
If prey shed few parasites during their life and /or if parasite shedding from live prey is concentrated in areas
avoided by healthy prey, then there is a clear opportunity for sloppy predation to increase transmission. In
fact, questions of spatio-temporal patterns of predator spreading are likely of broad relevance to this topic
(Box 1).

Efforts to discover and experiment on a wider array of sloppy predator-spreader systems should begin by
identifying predatory behaviors that spread blood, tissue, or viscera. In these systems, field manipulation of
predator presence/absence should be supported and contextualized with lab or field mesocosm simulation of
predator sloppy eating byproducts to determine whether sloppiness mechanistically results in transmission.

Partial Predation

In the simplest case of predator-spreading via partial predation, the predator causes a wound that provides a
direct route of entry for parasites. Moreover, devoting energy to repairing the wound renders prey less able to
invest in immune function and other defenses against parasitism. In addition to this simple scenario, it can also
be the case that the predator acts as a mechanical vector for disease. In these cases, the predator contaminates
itself with the parasite (smeared on/in its mouth or other body parts) when it preys on an infected prey
individual, and then exposes another individual by preying on but not killing it (practicing partial predation).
In some ways, this latter scenario is similar to sloppy predation, but, in this case, the predator is directly
bringing the parasite into contact with the prey. An iconic example of partial predation, and of partial
predation predator-spreading, is corals and their corallivorous predators. Corallivores are generally associated



with increased disease in corals across a wide array of systems and have been experimentally demonstrated
to “vector” infection from an infected coral to an uninfected one through partial predation (Renzi et al.
2022). Although these predators are typically considered alternate hosts or reservoirs of the infection (Aeby
1998; Gignoux-Wolfsohn et al. 2012), the actual mechanism for the parasite transfer is often uncharacterized
(Clemens & Brandt 2015) and the line between mechanically and biologically vectoring infection through
partial-predation is far from crisp. (Because our focus in this review is on scenarios where the predator
does not become infected we do not consider common “biological” vectors such as mosquitoes, though these
processes are reviewed extensively elsewhere.) The importance of partial predation predator-spreading in
these systems stems from the sessile life-style of the prey. Partial predators can spread infection over much
longer distances than direct contact between prey and with much more specificity than passive dispersal
through the water (Renzi et al. 2022). Partial-predation predator spreading is not, however, restricted to
sessile prey. For example, sub-lethal parasitoids are known to frequently vector viral pathogens between prey
individuals when ovipositing. However, even in this case, there is still a large difference in dispersal distance,
given that parasitoids travel much more than larval prey (Cossentine 2009). Plants are also sessile organisms
which are frequently victims of partial predation; while they are generally beyond the scope of this review
we discuss them briefly in Box 2.

The study of partial predation predator-spreading is rich and continuing to develop rapidly. We suggest
an additional, new focus on the importance of incidental partial predation or failed predation in predator
spreading. Systems in which prey typically survive potentially lethal predation attempts may be prone to
the transfer of parasites via contaminated mouthparts, talons, and claws. Regular wounding through partial
predation may also produce a subset of the prey population whose immune defense systems are substantially
compromised. As in the case of coral partial predation predator-spreading, these processes should prove most
important in systems with low contact or opportunities for direct transmission between prey.

Recent work has explored how the transport of parasites between contaminated locations by vectors (e.g., a
pollinator in a plant-pollinator interaction) or by passive abiotic processes can influence levels of parasitism
in the population, finding that the outcome depends on the dose-infectivity relationships (Ng et al.2022)
whether they be accelerating, linear, or decelerating (Fig. 2a); the same should be true of partial predation
predator-spreading. In cases where the minimum infective dose is high, vector-based spread does not result in
as much parasitism as would be expected from a simpler compartment model (dashed line in Fig. 2b) or as in
cases with a low minimum infectious dose (solid line in Fig. 2b). In contrast, passive abiotic processes, such as
wind or water current dispersal, which contaminate additional sites can lead to faster than expected spread of
disease when there is an accelerating dose-infectivity curve (that is, when the relationship between dose and
infection is concave up, as shown in Fig. 1a; (Ng et al. 2022)); while accelerating dose-infectivity curves are
not common, they do occur (Clay et al. 2021). These results suggest that it would be interesting to expand
the work of Ng et al. to cases where predators are responsible for parasite spread and, as we discuss more in
the next section (‘Parasite passes through predator’), to consider the impact of dose-response relationships.

Study of partial predation predator spreading should focus on those systems with diffuse or patchy prey
who frequently survive predation attempts. Direct testing of predator attack surfaces for parasites combined
with tests of parasite persistence on similar surfaces should provide evidence for whether the predator is a
viable spreader. Finally, experimental inoculation through wounding of prey could provide insights into this
putative mechanism and nicely complement ecological studies of rates of infection after sublethal predation
wounding.

Parasite passes through predator

Predators, sloppy or not, tend to ingest many parasites along with prey tissues (Johnson et al. 2010). In
many cases, these parasites are able to infect the predator and often this trophic transmission is obligatory
for their life cycle (Lafferty 1999; Kuris 2003, 2005). However, many parasites are simply digested or, if
they are more resilient, pass through the predator digestive tract and are excreted (e.g., fungal pathogens of
Daphnia passing through fish guts or viral pathogens of spongy moths (Lymantria dispar ) passing through
avian guts; Duffy 2009; Reilly & Hajek 2012). Because many predators are larger and range more widely



than their prey, this process of viable parasites passing through predators should promote the spreading of
parasites to a larger number of prey over a wider spatial area and could even allow transmission between
discrete prey populations.

Parasite resilience is the primary factor that facilitates this type of predator spreading as surviving the
potentially harrowing passage through the predator gut is strictly necessary. Whether this condition is met
is likely due to a combination of attributes of the parasite (e.g., a digestion-resistant spore) and the predator
(e.g., the pH of the digestive tract). If a parasite survives gut passage, predator and prey behavior then
interact to determine whether this increases transmission. As noted above, if predators use more space
than their prey, then parasites passing through predators should typically increase parasite transmission.
However, several factors likely modulate this predator-spreading effect. If prey preferentially avoid predator
excrement (Apfelbach et al. 2005; Weinstein et al. 2018a), that should reduce transmission. In contrast, if
prey seek out excrement for the nutrients it provides (Weinstein et al. 2018b), this behavior should promote
predator-spreading. Moreover, the form in which predators release feces (e.g., in a compact form such as a
fecal pellet vs. more diffuse feces; Fig. 2¢) is likely to have an impact, though which type of feces leads to
parasite spreading likely depends on multiple factors, including the nature of the habitat and prey behavior.
For example, in a stratified lake where the prey are filter feeders (e.g., Daphnia ), if predators release diffuse
feces that contains infectious transmission stages, those transmission stages might be more likely to stay
suspended in the water column where they can be taken up by a new prey individual. In contrast, in a
terrestrial environment, the nutrients in more densely packed predator feces increase primary production,
attracting prey. In such a system, those compact feces should increase parasite transmission.

The dose-infectivity relationship is also likely to be important (Clayet al. 2021). In cases where the dose-
infectivity curve is decelerating, the infectivity of each propagule decreases as they become more abundant.
In these cases, the lower parasite densities that would be expected, on average, with diffuse feces might
still be sufficient to infect many additional prey (as represented by the dashed line in Fig. 2¢). However, if
the dose-infectivity curve is accelerating, adding more parasites leads to a greater increase in infections (as
compared to a linear relationship where per spore infectivity does not change, and as shown by the solid line
in Fig. 2¢); in these cases, more concentrated feces might lead to the highest infection levels, though this
effect would likely be more geographically restricted. A recent meta-analysis found evidence for accelerating,
decelerating, and linear dose-infectivity relationships, but found that decelerating relationships were most
common (Clay et al. 2021) — which would mean that predators that release diffuse feces might, on average,
be more likely to spread disease, since that feces would cover a wider area while still being infectious.

Study of predator-spreading via parasites passing through predators requires the use of excrement analysis
and necropsy of predators to identify parasites of their prey that they excrete but by which they are not
infected. Ideally, these studies would seek not only to determine the presence/abundance of the parasite (e.g.,
via microscopy or molecular approaches), but also whether transmission stages are still viable. If a system
has a parasite that survives gut passage and does not infect the predator, then a range of experimental
manipulations could be devised to test whether the presence of a predator, or even just the predator’s
parasite-laced feces, increases parasite transmission and/or facilitates transmission from one population to
another. The role of a predator-spreader in such a system could also be detected using parasite genetic
information: if parasites that pass through predators show minimal genetic structure over long distances
with respect to prey movement then it is likely that predator-spreading plays a key role in transmission.

Selective predation

Predators select their prey along a number of axes that can influence parasite loads and prevalences in the
prey population. The healthy herds hypothesis was initially conceived on the basis that preferential predation
on infected prey would lead to a decrease in parasitism at the population level (Hudson et al. 1992; Packer
et al. 2003). It is reasonable to expect that infected individuals will often be more easily captured and eaten
by predators (Hudson et al. 1992; Johnson et al. 2006). However, predators sometimes preferentiallyavoid
consuming infected prey (Flick et al. 2016) and in their original formation of the healthy herd hypothesis,
Packer et al. (2003) noted that this type of selective predation should cause predators to increase parasitism



in their prey.

Predators also select prey in a variety of other ways, leading to effects of consumption on disease that are
more indirect but still potentially important. For example, many predators prey preferentially on particular
sizes or ages of prey (Price 1975; Nilsson & Bronmark 2000; King 2002), and prey sizes/ages commonly
differ in their levels of infection (Dobson 1989). These intersecting patterns can result in functional predator-
spreading via changes in prey population demography. For example, large intertidal snails (Littorina littorea
) are far more likely to carry trematode infections than their smaller (and younger) conspecifics, but these
larger snails are also far less likely to be preyed on by shell-breaking predators such as crabs (Byerset al.
2015). As a result, predator preference for snail traits not directly related to infection resulted in much
higher levels of parasitism in areas subjected to higher predation pressure (Byerset al. 2015), similar to the
red curve in Fig. 3a.

This type of selective predation predator-spreading requires a clear predation preference (e.g., due to innate
or learned behavioral preferences and/or biomechanics) that is negatively correlated with the infection rates
in prey (as in the red curves in Fig. 3). Size/age may be the most straightforward version of this pattern, as
in the case of the crab-snail-trematode system discussed above (Byers et al.2015) and systems where prey
are attacked by a gape-limited predator and a parasite that is more likely to infect larger individuals (as
in the case of the Chaoborus - Daphnia -fungal parasite system (Céceres et al. 2009)). However, many other
possibilities for traits where there might be a negative correlation between infection rates and predation
risk exist, such as sex (Gwynne 1987; Acharya 1995; McCurdy et al. 1998; Reimchen & Nosil 2001; Lodé
et al.2004; Krasnov et al. 2005; Harrison et al. 2010), reproductive status (Tait et al. 2008; VanderWaal &
Ezenwa 2016), prey food choice (Kester & Barbosa 1994; Geervliet et al.1996; Garvey et al. 2020a, b), species
assemblage (de Rijket al. 2013), and personality (Kortet et al. 2010). In any system where a trait increases
the risk of predation but decreases the risk of parasitism, we expect predator spreading; conversely if there
is a positive relationship between the trait and both infection risk and predation risk (as in the blue curves
in Fig. 3), we expect predation to have a healthy herds effect.

Much of this logic assumes that the prey classes that are selectively removed by predators simply disappear
without any other effects on prey population dynamics. However, the removal of large classes of a population
can have immense effects on the growth, development, and reproduction rates of other groups which can, in
turn, influence infection. For example, the loss of large bodied prey may make resources available for smaller
or younger individuals, increasing their growth, maturation, and reproduction rates (Abrams & Rowe 1996;
Relyea 2007), potentially influencing population level parasitism rates in unexpected ways, especially since
susceptibility to infection commonly changes with age, as reviewed in Ben-Ami (2019). Moreover, in addition
to the potential for these ecological dynamics to impact disease, rapid evolution in response to a predator
may also promote parasitism, particularly if there is a tradeoff between resistance to predation and parasitism
(Buss & Hua 2018).

As selective predators and unevenly distributed parasites are both ubiquitous, much additional experimental
work is required to understand the interaction between these two processes. We encourage both predator-prey
ecologists and disease ecologists to look at their study system from the alternative perspective and identify any
potentially interacting patterns of parasite and predator selectivity. There are also likely extensive datasets
on selective predation by human hunters with which these questions could be addressed (e.g. Chronic Wasting
Disease in white tailed deer (Rivera et al. 2019)). This area would also benefit greatly from the combined
usage of dynamical population modeling to make predictions for the outcomes of selective predation in a
system and manipulative experiments to test these predictions (Box 3).

Changes in prey behavior

Prey organisms respond behaviorally to predation pressure in a variety of ways, many of which can incre-
ase parasite transmission, leading to behaviorally mediated predator-spreading. These predator-spreading
behavioral changes are a type of “non-consumptive” or “trait-mediated” effect of predators on parasites via
their prey (Schmitz et al. 1997, 2000; Preisser et al. 2007; Daversaet al. 2019). Behaviorally mediated effects



tend to fall into one of two categories: (i) increased contact rates between prey individuals and (ii) decreased
parasite avoidance behaviors. Behavioral predator-spreading is relatively well studied in aquatic systems.
Trinidadian guppies shoal in larger groups when under high predation and this higher group size increases
transmission rates of Gyrodactylus parasites, resulting in higher burdens of this ectoparasite (Stephenson et
al. 2015). Alternatively, wood frog tadpoles (Lithobates sylvaticus ) increase their active time in the presence
of trematode parasites to avoid infection; however, in the presence of parasites and predators, they decrease
activity to avoid predation, increasing their susceptibility to trematode infection (Szuroczki & Richardson
2012). Both these examples share a common pattern: a prey behavior that impacts parasite transmission is
disrupted or altered by the presence of predators.

Behaviorally mediated predator spreading should be possible in many systems where prey alter behavior
substantially in response to predators, and a few types of identifiable behavior modifications are most suspect.
Any prey that displays conflicting parasite avoidance and predator avoidance behavior is likely to sacrifice
one for the other when confronted with both natural enemies (Weinstein et al.2018a). Alternatively, predator
response behavior that increases prey group sizes or interaction frequencies should directly increase parasite
transmission through increased contact rates (Anderson & May 1979). However, system specific knowledge
about parasite-prey pairs may illuminate additional types of predator induced behavior that could amplify
parasitism. Parasite induced behavioral changes are frequently discussed when they increase predation in
trophically transmitted parasites (Lafferty 1999; Kuris 2003, 2005). Although such behavioral changes are
generally considered maladaptive in non-trophically transmitted parasites, mechanical predator spreading
processes discussed above may result in a selective pressure for parasite behavior manipulation even in
non-trophically transmitted parasites.

Behaviorally mediated predator-spreading has been reasonably well studied in aquatic systems but relatively
unstudied in terrestrial systems. However, similar behavioral changes could result in increased parasitism
in terrestrial systems. For example, the beetleLeptinotarsa decemlineata is attacked by predators above
ground but parasites belowground (Ramirez & Snyder 2009); if beetles shift habitat use in response to
predator cues, this behavior should increase parasitism. For example, an aphid (Microlophium carnosum )
experiences increased parasitism by a fungal pathogen (Pandora neoaphidis ) at the population level in the
presence of coccinellid predators (Baverstock et al. 2009). When aphids perceive potential predators they
flee by dropping from their host plant and subsequently colonizing the same or another plant. This process
exposes the aphids to substantially more leaf surface area and therefore fungal spores than if they remained
on a single leaf (Baverstock et al.2008).

Researchers could specifically target systems where predator presence substantially alters prey space-use
behavior or contact networks to test the downstream effects on parasitism. Regardless of the system, it is
extremely important to appropriately measure behavioral changes due to predator presence in a way that
relates directly to how those behaviors may affect transmission.

Changes in prey physiology/immunity

Prey responses to predator presence extend beyond the behavioral to the physiological, and these physiolo-
gical changes can produce additional non-consumptive effects of predators on parasites. Prey often decrease
foraging behavior in favor of hiding or vigilance in response to predators (Brown et al. 1988; Jones & Dorn-
haus 2011; Thaleret al. 2012; Creel et al. 2014). Predator presence also frequently increases hormonal stress
levels in prey organisms (Clinchyet al. 2011, 2013; Middlemis Maher et al. 2013; Cinelet al. 2020). Both
decreased nutrition and increased stress have been shown to have negative effects on organismal immune
function which can in turn increase susceptibility to parasites (Hamilton 1974; Navarroet al. 2004; Martin
2009; Viney & Riley 2014; Strandin et al. 2018). This results in a functional tradeoff between predator and
parasite response in prey organisms (Navarro et al. 2004; Ottiet al. 2012; Adamo et al. 2017). For example,
house sparrows exposed to barn-owl predators had a reduced T-cell-mediated immune responses and higher
prevalence and intensity ofHaemoproteus malarial infection in separate experiments (Navarroet al. 2004).
However, complex immune system interactions are not required for physiology mediated predator spreading.
For example, predator kairomones induce Daphnia dentifera to grow larger and mature faster which in turn



makes them more susceptible to infection by their yeast parasite (Duffy et al. 2011; Yin et al. 2011).

We predict that physiologically mediated predator spreading will be most evident where prey have large
physiological or stress responses to predator presence leading to a diversion of resources away from immune
function. Operationalizing this prediction requires an extensive understanding of prey physiology in order
to identify systems in which predator stress downregulates immune function. However, there are a few
heuristics that can be applied. In particular, predators with ambush or sit-and-wait predation strategies
tend to be perceived as a larger threat/stressor than ranging predators, leading to a larger physiological
response (Preisser et al. 2007; Clinchy et al. 2011, 2013). Additionally prey that are highly energy- and/or
nutrient-limited even in the absence of predators are more likely to suffer physiological effects from the
introduction of predators (Creel & Christianson 2008).

Ideal systems for the study of physiologically mediated predator-spreading are those in which physiological
effects of predation are already well characterized and those in which predator presence can be manipulated
without consumptive predation (e.g., by using a caged predator or a predator that has been rendered incapa-
ble of attacking prey, or by using predator chemical cues; e.g. Schmitz et al.1997; Duffy et al. 2011; Szuroczki
& Richardson 2012; Buss & Hua 2018; Flick et al. 2020). Experiments in particular require measuring not
just the predator effect on a parasite response but also the effect of predator exposure on at least one physio-
logical intermediary. Easier to measure non-invasive intermediary metrics include body condition and fecal
stress hormones (Palme et al.2005; Sanchez et al. 2018) but ideally a study would measure both this type
of proximate response to predators and the ultimate effect of predation stress on immune function. Such
experiments are likely to be expensive and time intensive but hold the key to a potentially underestimated
type of predator spreading.

Beyond single mechanism studies

Each of the individual mechanisms for predator-spreading described above requires substantial additional
study to understand both their relative importance across natural systems and the factors that contribute to
the strength of the effect. While much can be learned by studying a single mechanism in a single predator-
prey-parasite system, a broad understanding of the importance of predator-spreading to disease dynamics
in wildlife requires inference that spans mechanisms and study systems (Duffy et al. 2021). This type of
inference necessitates both the study of multiple predator-spreading mechanisms within a single system and
the comparison of predator-spreading across a wide range of biological systems.

Although we have noted the characteristics of systems that may make them especially suited to studying a
particular type of predator spreading, it is vital that a variety of predator spreading mechanisms are tested in
a single system. It is natural for a particular system to be used repeatedly to investigate a particular mecha-
nism of predator spreading due to demonstrated feasibility. For example, behavioral predator spreading has
been well studied in aquatic frog tadpole prey because tadpoles can readily be exposed to caged predators or
predator kairomones to provoke behavioral responses, and because methods are well-established (Han et al.
2011; Szuroczki & Richardson 2012; Koprivnikar & Urichuk 2017; Buss & Hua 2018). It is, however, plausible
that other predator-spreading mechanisms such as sloppy-predation, selective predation, and parasites pas-
sing through predators could prove important in some tadpole-parasite systems. By comparing the relative
magnitude of effect sizes across multiple predator-spreader mechanisms or by manipulating multiple mecha-
nisms within a single experiment (e.g., by manipulating predator kairomone presence and the presence of
shredded infected tadpoles), we can come to understand whether predator-spreading is important to disease
dynamics; this would also allow us to understand which mechanisms are key to driving this phenomenon in
a particular system and whether or not there are synergistic effects between mechanisms.

In addition to studying multiple mechanisms in a single system, we must study the same mechanism in
multiple systems — an approach known as “horizontal integration” (Travis 2006). Horizontal integration
requires a range of systems that are amenable to study (Duffy et al. 2021); even without considering predation,
dominant model systems in the study of disease ecology and evolution have major gaps that likely impede our
understanding (Wale & Duffy 2021). Despite these challenges, a comprehensive understanding of the factors



that promote predator spreading will require studies that use prey from a range of taxa, predators that differ
in key traits (e.g., related to how prey are detected and captured), with a variety of parasites (including
microparasites, macroparasites, and ectoparasites), and in a variety of habitats (including terrestrial and
aquatic).

Comparative analyses of predator-spreading mechanisms across taxa and study systems will require substan-
tial scientific coordination. At present, quite a few labs across the world have conducted or regularly conduct
experiments or observational studies of predator-prey-parasite interactions. Some of these labs have a prima-
ry focus on predator-prey or parasite-host ecology and use a study system as a way of asking fundamental
ecological questions. However, many predator-prey-parasite experiments are conducted with an aim towards
better pest management in agriculture or other applied outcomes (e.g., Chacén et al. 2008; Chailleux et al.
2017; de Lourdes Ramirez-Ahuja et al.2017). Unfortunately few of these studies share common reporting
standards and many suffer from similar experimental design limitations. In addition to placing all data in a
publicly accessible repository, we encourage future researchers measuring predator spreader effects to follow
these general guidelines:

1. Report all measurable parasitism outcomes; ideally at least prevalence and prey population density,
and intensity if feasible

2. Measure as many proximate predator effects as is practical (e.g., prey demography, prey physiology,
prey immunity, prey space-use or grouping behavior)

3. Test a range of predation pressures instead of presence/absence of predators

Most studies of predator-parasite interactions report only a single parasite outcome and rarely report prey
population density (though studies on agricultural pests are a notable exception to the latter (Kaneko
2006; Agboton et al. 2013; Chailleux et al.2017)). The choice of parasite outcome, typically prevalence or
intensity, is at times motivated by underlying theory or parasite biology, but frequently the reasons for
the choice are unclear. Measuring intensity is more common in studies of macroparasites, but we suggest
that it could be interesting to measure this for microparasites as well (since, for example, predators may
shift age or size structure in a way that alters the average burden of infection). We also note that the term
“Intensity” can denote different types of parasite quantification in different systems (similar to the case for the
term “virulence”), so it will be important to clearly define how intensity is being quantified when reporting
the results. Mechanisms of predator spreading affect prevalence and intensity in different ways (Richardset
al. 2022). For example, if predators have the largest physiological effect on prey already susceptible to
infection then individuals who are likely to be infected may become more heavily infected at a higher rate
than healthy individuals become newly infected. The combination of effects on prevalence and intensity
may also help to identify the specifics of predator spreading mechanisms. We also suggest the reporting of
prey population density as an outcome because of the important role it plays in the original healthy herds
hypothesis and our general understanding of the predator-prey-parasite interaction, and because this metric
can be of particular interest (e.g., when the prey is of conservation concern) (Packer et al.2003; Duffy et
al. 2019). If predators increase parasitism but fail to have persistent effects on prey population densities or
prey fitness, the predator-spreader interaction would be of limited use for understanding prey population
dynamics. Studies on agricultural arthropod pests which manipulate both predators and parasites typically
focus on prey density as the key outcome of interest (Kaneko 2006; Vance-Chalcraft et al. 2007; Agboton et
al. 2013; Linet al. 2019); these studies often focus on whether predator and parasite effects on pest species are
additive, substitutive, antagonistic, or synergistic in order to best accomplish biological control of pest species
(Roy et al. 2001; Zhang et al.2015; Lin et al. 2019). Measuring effects on population density does generally
require longer-term studies than those simply reporting parasite outcomes, but the amount of additional
time required varies substantially with prey life history. The reporting of all three of these outcome variables
(prevalence, intensity, and density) will both improve understanding of mechanisms in individual studies and
facilitate future synthetic and meta-analytic work on the subject.

In addition to measuring and reporting multiple parasitism outcome variables, we also encourage researchers
to measure and report as many proximate predator effects as feasible. These proximate predator effects



include many of the intermediary mechanistic steps we detail above: prey demography, prey immune function,
and prey space-use behavior. Very few predator-parasite studies report any proximate predator effects but
those that do are able to tell the clearest and most convincing stories of predator-spreading mechanisms
(e.g., Navarro et al. 2004; Cédceres et al. 2009; Szuroczki & Richardson 2012). If investigating a particular
mechanism of predator-spreading, we hold it is essential to measure the proximate predator effects that
mediate that mechanism. Moreover, because multiple predator-spreading mechanisms are likely at play in
any given system, future research would greatly benefit from casting a wide net of measured proximate
predator effects when logistically feasible.

Nearly all predator-parasite studies include just two levels of predation, typically presence/absence or
high/low (Richards et al. 2022), but it is well known that reducing a continuous spectrum of a predic-
tor variable to a binary is dangerous for inference (Inouye 2001). What may appear to be a clear positive
or negative effect when considered at just two levels may in fact be a complex non-monotonic relationship.
Predator-parasite studies that consider a broader range of predation pressure levels have, in fact, found
hump-shaped relationships between predation and parasitism (Hawlena et al. 2010), as has been predicted
by theory (Holt & Roy 2007). It is also likely that some predator-spreading mechanisms may operate most
strongly at different points on the predator-pressure spectrum. For example, behavioral effects may respond
strongly to the introduction of predators but weakly to increases in predation pressure thereafter, where-
as consumptive effects may respond more linearly with increasing predation pressure. In such a situation,
multiple interacting predator-spreader effects may produce unexpectedly non-linear relationships between
predation pressure and parasitism over the full spectrum of predation.

Conclusions

The potential for predators to protect their prey populations from the harmful effects of parasitism is intuitive
and has promising conservation and public health implications (Packer et al. 2003; Ostfeld & Holt 2004).
In agricultural pest systems, management sometimes has the opposite goal: using predators to facilitate
pathogen spread to better limit pest abundances (Roy et al. 2001; Zhanget al. 2015; Lin et al. 2019). However,
there is surprisingly mixed evidence for the effect of predators on parasitism in their prey, with roughly as
many studies finding that predators increase disease as finding a decrease (Richards et al. 2022). This
variability raises the question of what factors lead to predators reducing disease vs. spreading it — a question
that we must be able to answer with confidence if we wish to manipulate predation as a management strategy.
Attempts to manage infectious diseases in wildlife based on incomplete understandings of natural systems can
have catastrophic outcomes, as when culling of badgers in the United Kingdom repeatedly led to an increase
in bovine tuberculosis and not the hoped for decline (Donnelly et al. 2003, 2006, 2007). Unfortunately,
at present, we are far from being able to confidently predict who will be a predator spreader. However,
the mechanisms that we identify in this perspective provide a framework for rigorously studying predator
spreading; we also provide initial hypotheses regarding factors that should promote predator spreading via
these different mechanisms, and guidance for how to carry out studies on this topic in the future. These
studies — and consistent, comprehensive results reporting — are essential if we are to better understand this
phenomenon that is of basic interest and applied importance. We often learn the most when predictions break
down and unexpected outcomes occur. While we expect many of our predictions here will prove reasonably
sound, we anticipate that the most exciting research questions in the next generation of predator-prey-
parasite ecology will grow out of discovering the places where these predictions fall apart.

Acknowledgments:

We thank Michael Garvey, Scott Grimmell, Nathaniel Haulk, and Syuan-Jyun Sun for feedback on an earlier
draft of this manuscript.

Funding sources:

This work was supported by the US National Science Foundation (1316334 to BDE and 1655856 to MAD)
as well as by USDA grant 2019-67014-29919 to BDE as part of the joint NSF-NIH-USDA Ecology and
Evolution of Infectious Diseases program, and by the Gordon and Betty Moore Foundation (GBMF9202 to

10



MAD; DO https://doi.org/10.37807/GBMF9202).
Literature Cited

Abrams, P.A. & Rowe, L. (1996). The Effects of Predation on the Age and Size of Maturity of Prey. Evolution
, 50, 1052-1061.

Acharya, L. (1995). Sex-biased predation on moths by insectivorous bats.Anim. Behav. , 49, 1461-1468.

Adamo, S.A., Easy, R.H., Kovalko, I., MacDonald, J., McKeen, A., Swanburg, T., et al. (2017). Predator
exposure-induced immunosuppression: trade-off, immune redistribution or immune reconfiguration? J. Exp.

Biol. , 220, 868-875.

Aeby, G.S. (1998). A digenean metacercaria from the reef coral, Porites compressa, experimentally identified
as Podocotyloides stenometra.J. Parasitol. , 1259-1261.

Agboton, B.V., Hanna, R., Onzo, A., Vidal, S. & von Tiedemann, A. (2013). Interactions between the pre-
datory mite Typhlodromalus aripo and the entomopathogenic fungus Neozygites tanajoae and consequences
for the suppression of their shared prey/host Mononychellustanajoa. Ezp. Appl. Acarol. , 60, 205-217.

Anderson, R.M. & May, R.M. (1979). Population biology of infectious diseases: Part I. Nature , 280, 361-367.

Apfelbach, R., Blanchard, C.D., Blanchard, R.J., Hayes, R.A. & McGregor, 1.S. (2005). The effects of predator
odors in mammalian prey species: A review of field and laboratory studies. Neurosci. Biobehav. Rev. ,
Defensive Behavior, 29, 1123-1144.

Baverstock, J., Baverstock, K.E., Clark, S.J. & Pell, J.K. (2008). Transmission of Pandora neoaphidis in the
presence of co-occurring arthropods. J. Invertebr. Pathol. , Special Issue for SIP 2008, 98, 356—-359.

Baverstock, J., Clark, S.J., Alderson, P.G. & Pell, J.K. (2009). Intraguild interactions between the ento-
mopathogenic fungus Pandora neoaphidis and an aphid predator and parasitoid at the population scale.J.
Invertebr. Pathol. , 102, 167-172.

Ben-Ami, F. (2019). Host Age Effects in Invertebrates: Epidemiological, Ecological, and Evolutionary Im-
plications. Trends Parasitol. , 35, 466-480.

Bostock, R.M. (2005). SIGNAL CROSSTALK AND INDUCED RESISTANCE: Straddling the Line Between
Cost and Benefit. Annu. Rev. Phytopathol. , 43, 545-80.

Brown, J.S., Kotler, B.P., Smith, R.J. & Wirtz, W.0. (1988). The effects of owl predation on the foraging
behavior of heteromyid rodents. Oecologia , 76, 408-415.

Burnham, K.P. & Anderson, D.R. (2002). Model selection and multimodal inference: A practical information-
theoretic approach . Springer, New York.

Buss, N. & Hua, J. (2018). Parasite susceptibility in an amphibian host is modified by salinization and
predators. Environ. Pollut. , 236, 754-763.

Byers, J.E., Malek, A.J., Quevillon, L.E., Altman, I. & Keogh, C.L. (2015). Opposing selective pressures
decouple pattern and process of parasitic infection over small spatial scale. Oikos , 124, 1511-1519.

Céceres, C.E., Knight, C.J. & Hall, S.R. (2009). Predator—spreaders: predation can enhance parasite success
in a planktonic host—parasite system. Fcology , 90, 2850-2858.

Chacén, J.M., Landis, D.A. & Heimpel, G.E. (2008). Potential for biotic interference of a classical biological
control agent of the soybean aphid. Biol. Control , 46, 216-225.

Chailleux, A., Droui, A., Bearez, P. & Desneux, N. (2017). Survival of a specialist natural enemy experiencing
resource competition with an omnivorous predator when sharing the invasive prey Tuta absoluta.Fcol. Evol.
, 7, 8329-8337.

11



Chantanao, A. & Jensen, H.J. (1969). Saprozoic nematodes as carriers and disseminators of plant pathogenic
bacteria. J. Nematol. , 1, 216.

Cinel, S.D., Hahn, D.A. & Kawahara, A.Y. (2020). Predator-induced stress responses in insects: A review.
J. Insect Physiol. , 122, 104039.

Clay, P.A., Cortez, M.H. & Duffy, M.A. (2021). Dose relationships can exacerbate, mute, or reverse the
impact of heterospecific host density on infection prevalence. Ecology , 102, e03422.

Clemens, E. & Brandt, M.E. (2015). Multiple mechanisms of transmission of the Caribbean coral disease
white plague. Coral Reefs , 34, 1179-1188.

Clinchy, M., Sheriff, M.J. & Zanette, L.Y. (2013). Predator-induced stress and the ecology of fear. Funct.
Fcol. , 27, 56—65.

Clinchy, M., Zanette, L., Charlier, T.D., Newman, A.E.M., Schmidt, K.L., Boonstra, R., et al. (2011).
Multiple measures elucidate glucocorticoid responses to environmental variation in predation threat. Oecologia
, 166, 607-614.

Cornelissen, T., Wilson Fernandes, G. & Vasconcellos-Neto, J. (2008). Size does matter: variation in herbivory
between and within plants and the plant vigor hypothesis. Oikos , 117, 1121-1130.

Cossentine, J.E. (2009). The parasitoid factor in the virulence and spread of lepidopteran baculoviruses.
Virol. Sin. , 24, 305-314.

Creel, S. & Christianson, D. (2008). Relationships between direct predation and risk effects. Trends Ecol.
Evol. | 23, 194-201.

Creel, S., Schuette, P. & Christianson, D. (2014). Effects of predation risk on group size, vigilance, and
foraging behavior in an African ungulate community. Behav. Ecol. , 25, 773-784.

Daversa, D.R., Hechinger, R.F., Madin, E. & Fenton, A. (2019). Beyond the ecology of fear: non-lethal effects
of predators are strong whereas those of parasites are diverse. bioRxiv , 766477.

Dietrich, R., Ploss, K. & Heil, M. (2005). Growth responses and fitness costs after induction of pathogen
resistance depend on environmental conditions. Plant Cell Environ. , 28, 211-222.

Dobson, A.P. (1989). The population biology of parasitic helminths in animal populations. In: Applied Ma-
thematical Ecology . Springer, New York, pp. 145-175.

Donnelly, C.A., Wei, G., Johnston, W.T., Cox, D.R., Woodroffe, R., Bourne, F.J., et al. (2007). Impacts of
widespread badger culling on cattle tuberculosis: concluding analyses from a large-scale field trial. Int. J.
Infect. Dis. , 11, 300-308.

Donnelly, C.A., Woodroffe, R., Cox, D.R., Bourne, F.J., Cheeseman, C.L., Clifton-Hadley, R.S., et al. (2006).
Positive and negative effects of widespread badger culling on tuberculosis in cattle. Nature , 439, 843.

Donnelly, C.A., Woodroffe, R., Cox, D.R., Bourne, J., Gettinby, G., Le Fevre, A.M., et al. (2003). Impact of
localized badger culling on tuberculosis incidence in British cattle. Nature , 426, 834.

Duffy, M.A. (2009). Staying alive: The post-consumption fate of parasite spores and its implications for
disease dynamics. Limnol. Oceanogr. , 54, 770-773.

Duffy, M.A., Caceres, C.E. & Hall, S.R. (2019). Healthy herds or predator spreaders? Insights from the
plankton into how predators suppress and spread disease. In: Wildlife Disease Ecology: Linking Theory to
Data and Application . Cambridge University Press, Cambridge, pp. 458—479.

Duffy, M.A., Garcia-Robledo, C., Gordon, S.P., Grant, N.A., Green, D.A., Kamath, A., et al. (2021). Model
systems in ecology, evolution, and behavior: A call for diversity in our model systems and discipline. Am.
Nat. , 198, 53-68.

12



Duffy, M.A., Housley, J.M., Penczykowski, R.M., Caceres, C.E. & Hall, S.R. (2011). Unhealthy herds: indirect
effects of predators enhance two drivers of disease spread. Funct. Ecol. , 25, 945-953.

Dwyer, G., Elkinton, J.S. & Buonaccorsi, J.P. (1997). Host heterogeneity in susceptibility and disease dyna-
mics: Tests of a mathematical model. Am. Nat. , 150, 685-707.

Elderd, B.D. (2018). Modeling insect epizootics and their population-level consequences. In: Ecology of
Invertebrate Diseases (eds. Hajek, A.E. & Shapiro-Ilan, D.). Wiley.

Elderd, B.D. (2019). Bottom-up trait-mediated indirect effects decrease pathogen transmission in a tritrophic
system. Ecology , 100, e02551.

Elderd, B.D. & Dwyer, G. (2020). Population structure and disease spread in insect baculoviruses. In: Wildlife
diseases: Linking theory to data and application (eds. Wilson, K., Fenton, A. & Tompkins, D.). Cambridge
University Press.

Flick, A.F., Acevedo, M.A. & Elderd, B.D. (2016). The negative effects of pathogen-infected prey on preda-
tors: A meta-analysis. Oikos , 125, 1554-1560.

Flick, A.F., Coudron, T. & Elderd, B.D. (2020). Intraguild predation increases pathogen transmission in a
herbivore host and decreases predator fitness. Oecologia , 193, 789-799.

Garvey, M., Creighton, C. & Kaplan, I. (2020a). Pepper domestication enhances parasitoid recruitment to
herbivore-damaged plants. Arthropod-Plant Interact. , 14, 695-703.

Garvey, M.A., Creighton, J.C. & Kaplan, I. (2020b). Tritrophic interactions reinforce a negative preference—
performance relationship in the tobacco hornworm (Manduca sexta). FEcol. Entomol. , 45, 783-794.

Geervliet, J.B.F., Vet, L.E.M. & Dicke, M. (1996). Innate responses of the parasitoidsCotesia glomerata
andC. rubecula (Hymenoptera: Braconidae) to volatiles from different plant-herbivore complexes.J. Insect
Behav. , 9, 525-538.

Gignoux-Wolfsohn, S.A., Marks, C.J. & Vollmer, S.V. (2012). White Band Disease transmission in the
threatened coral, Acropora cervicornis.Sci. Rep. , 2, 804.

Gotelli, N.J. & Ellison, A.M. (2004). A primer of ecological statstics . Sinauer Associates.

Gwynne, D.T. (1987). Sex-biased predation and the risky mate-locating behaviour of male tick-tock cicadas
(Homoptera: Cicadidae). Anim. Behav. , 35, 571-576.

Hamilton, D.R. (1974). Immunosuppressive effects of predator induced stress in mice with acquired immunity
to Hymenolepis nana. J. Psychosom. Res. , 18, 143-150.

Han, B.A., Searle, C.L. & Blaustein, A.R. (2011). Effects of an infectious fungus, Batrachochytrium dendro-
batidis, on amphibian predator-prey interactions. PLoS One , 6, e16675.

Harrison, A., Scantlebury, M. & Montgomery, W.I. (2010). Body mass and sex-biased parasitism in wood
mice Apodemus sylvaticus. Oikos , 119, 1099-1104.

Hawlena, D., Abramsky, Z. & Bouskila, A. (2010). Bird predation alters infestation of desert lizards by
parasitic mites. Oikos , 119, 730-736.

Hilborn, R. & Mangel, M. (1997). The ecological detective: Confronting models with data . Princeton Uni-
versity Press, Princeton, NJ.

Hobbs, N.T. & Hooten, M.B. (2015). Bayesian models: A statistical primer for ecologists . Princeton Uni-
versity Press.

Hoffland, E., Niemann, G.J., Van Pelt, J.A., Pureveen, J.B.M., Eijkel, G.B., Boon, J.J., et al. (1996). Relative
growth rate correlates negatively with pathogen resistance in radish: the role of plant chemistry. Plant Cell
Environ. , 19, 1281-1290.

13



Holt, R.D. & Roy, M. (2007). Predation can increase the prevalence of infectious disease. Am. Nat. , 169,
690-699.

Hudson, P.J., Dobson, A.P. & Newborn, D. (1992). Do parasites make prey vulnerable to predation? Red
grouse and parasites. J. Anim. Ecol. , 61, 681-692.

Inouye, B.D. (2001). Response surface experimental designs for investigating interspecific competition. Eco-
logy , 82, 2696-2706.

Johnson, P.T., Dobson, A., Lafferty, K.D., Marcogliese, D.J., Memmott, J., Orlofske, S.A., et al. (2010).
When parasites become prey: ecological and epidemiological significance of eating parasites. Trends Fcol.
Evol. | 25, 362-371.

Johnson, P.T., Stanton, D.E., Preu, E.R., Forshay, K.J. & Carpenter, S.R. (2006). Dining on disease: how
interactions between infection and environment affect predation risk. Fcology , 87, 1973-1980.

Jones, E.I. & Dornhaus, A. (2011). Predation risk makes bees reject rewarding flowers and reduce foraging
activity. Behav. Ecol. Sociobiol. , 65, 1505-1511.

Kaneko, S. (2006). Predator and parasitoid attacking ant-attended aphids: effects of predator presence and
attending ant species on emerging parasitoid numbers. Ecol. Res. , 22, 451.

Karban, R. (2015). Plant sensing and communication. In: Plant Sensing and Communication . University of
Chicago Press.

Kester, K.M. & Barbosa, P. (1994). Behavioral responses to host foodplants of two populations of the insect
parasitoid Cotesia congregata (Say). Oecologia , 99, 151-157.

King, R.B. (2002). Predicted and observed maximum prey size - snake size allometry. Funct. Ecol. , 16,
766-772.

Koprivnikar, J. & Urichuk, T.M. (2017). Time-lagged effect of predators on tadpole behaviour and parasite
infection. Biol. Lett. , 13, 20170440.

Kortet, R., Hedrick, A.V. & Vainikka, A. (2010). Parasitism, predation and the evolution of animal perso-
nalities. Ecol. Lett. , 13, 1449-1458.

Krasnov, B.R., Morand, S., Hawlena, H., Khokhlova, I.S. & Shenbrot, G.I. (2005). Sex-biased parasitism,
seasonality and sexual size dimorphism in desert rodents. Oecologia , 146, 209-217.

Kuris, A.M. (2003). Evolutionary ecology of trophically transmitted parasites. J. Parasitol. , 89, S96-S100.

Kuris, A.M. (2005). Trophic transmission of parasites and host behavior modification. Behav. Processes ,
68, 215-217.

Lafferty, K.D. (1999). The evolution of trophic transmission. Parasitol. Today , 15, 111-115.

Lin, G., Guertin, C., Di Paolo, S.-A., Todorova, S. & Brodeur, J. (2019). Phytoseiid predatory mites can
disperse entomopathogenic fungi to prey patches. Sci. Rep. , 9, 19435.

Lodé, T., Holveck, M.-J.; Lesbarreres, D. & Pagano, A. (2004). Sex—biased predation by polecats influences
the mating system of frogs.Proc. R. Soc. Lond. B Biol. Sci. , 271, S399-S401.

Lopez, L.K. & Duffy, M.A. (2021). Mechanisms by which predators mediate host—parasite interactions in
aquatic systems. Trends Parasitol. , S1471492221001628.

de Lourdes Ramirez-Ahuja, M., Rodriguez-Leyva, E., Lomeli-Flores, J.R., Torres-Ruiz, A. & Guzmén-Franco,
AW. (2017). Evaluating combined use of a parasitoid and a zoophytophagous bug for biological control of
the potato psyllid, Bactericera cockerelli. Biol. Control , 106, 9-15.

14



Martin, L.B. (2009). Stress and immunity in wild vertebrates: timing is everything. Gen. Comp. Endocrinol.
, 163, 70-76.

Mauck, K.E., Smyers, E., De Moraes, C.M. & Mescher, M.C. (2015). Virus infection influences host plant
interactions with non-vector herbivores and predators. Funct. Ecol. , 29, 662-673.

McCurdy, D.G., Shutler, D., Mullie, A. & Forbes, M.R. (1998). Sex-biased parasitism of avian hosts: relations
to blood parasite taxon and mating system. Oikos , 303-312.

Middlemis Maher, J., Werner, E.E. & Denver, R.J. (2013). Stress hormones mediate predator-induced phe-
notypic plasticity in amphibian tadpoles. Proc. R. Soc. B Biol. Sci. , 280, 20123075.

Navarro, C., De Lope, F., Marzal, A. & Mgller, A.P. (2004). Predation risk, host immune response, and
parasitism. Behav. Ecol. , 15, 629-635.

Ng, W.H., Myers, C.R., McArt, S.H. & Ellner, S.P. (2022). Pathogen transport amplifies or dilutes disease
transmission depending on the host dose-response relationship. Ecol. Lett. , 25, 453-465.

Nilsson, P.A. & Bronmark, C. (2000). Prey vulnerability to a gape-size limited predator: behavioural and
morphological impacts on northern pike piscivory. Oikos , 88, 539-546.

Nykyri, J., Fang, X., Dorati, F., Bakr, R., Pasanen, M., Niemi, O.,et al. (2014). Evidence that nematodes
may vector the soft rot-causing enterobacterial phytopathogens. Plant Pathol. , 63, 747-757.

Ostfeld, R.S. & Holt, R.D. (2004). Are predators good for your health? Evaluating evidence for top-down
regulation of zoonotic disease reservoirs. Front. Ecol. Environ. , 2, 13-20.

Otti, O., Gantenbein-Ritter, I., Jacot, A. & Brinkhof, M.W. (2012). Immune response increases predation
risk. Fvol. Int. J. Org. Evol. | 66, 732-739.

Packer, C., Holt, R.D., Hudson, P.J., Lafferty, K.D. & Dobson, A.P. (2003). Keeping the herds healthy and
alert: implications of predator control for infectious disease. Ecol. Lett. , 6, 797-802.

Palme, R., Rettenbacher, S., Touma, C., El-Bahr, S.M. & Moestl, E. (2005). Stress hormones in mammals and
birds: comparative aspects regarding metabolism, excretion, and noninvasive measurement in fecal samples.

Ann. N. Y. Acad. Sci. , 1040, 162-171.

Preisser, E.L., Orrock, J.L. & Schmitz, O.J. (2007). Predator hunting mode and habitat domain alter non-
consumptive effects in predator—prey interactions. Fcology , 88, 2744-2751.

Price, P.W. (1975). Reproductive Strategies of Parasitoids. In: Fvolutionary Strategies of Parasitic Insects
and Mites (ed. Price, P.W.). Springer US, Boston, MA, pp. 87-111.

Ramirez, R.A. & Snyder, W.E. (2009). Scared sick? Predator—pathogen facilitation enhances exploitation of
a shared resource. Ecology , 90, 2832-2839.

Reilly, J.R. & Hajek, A.E. (2012). Prey-processing by avian predators enhances virus transmission in the
gypsy moth. Oikos , 121, 1311-1316.

Reimchen, T.E. & Nosil, P. (2001). Ecological causes of sex-biased parasitism in threespine stickleback. Biol.
J. Linn. Soc. , 73, 51-63.

Relyea, R.A. (2007). Getting out alive: how predators affect the decision to metamorphose. Oecologia , 152,
389-400.

Renzi, J.J., Shaver, E.C., Burkepile, D.E. & Silliman, B.R. (2022). The role of predators in coral disease
dynamics. Coral Reefs .

Richards, R.L., Drake, J. M. & Ezenwa, V.O. (2022). Do predators keep prey healthy or make them sicker?
A meta-analysis. Ecol. Lett. , 25, 278-294.

15



de Rijk, M., Dicke, M. & Poelman, E.H. (2013). Foraging behaviour by parasitoids in multiherbivore com-
munities. Anim. Behav. , 85, 1517-1528.

Rivera, N.A., Brandt, A.L., Novakofski, J.E. & Mateus-Pinilla, N.E. (2019). Chronic Wasting Disease In
Cervids: Prevalence, Impact And Management Strategies. Vet. Med. Res. Rep. , 10, 123-139.

Roy, H.E., Pell, J.K. & Alderson, P.G. (2001). Targeted dispersal of the aphid pathogenic fungus Erynia
neoaphidis by the aphid predator Coccinella septempunctata. Biocontrol Sci. Technol. , 11, 99-110.

Sanchez, C.A., Becker, D.J., Teitelbaum, C.S., Barriga, P., Brown, L.M., Majewska, A.A., et al. (2018). On
the relationship between body condition and parasite infection in wildlife: a review and meta-analysis. Fcol.
Lett. | 21, 1869-1884.

Schmitz, O.J., Beckerman, A.P. & O’Brien, K.M. (1997). Behaviorally mediated trophic cascades: effects of
predation risk on food web interactions. Ecology , 78, 1388-1399.

Schmitz, O.J., Hambéck, P.A. & Beckerman, A.P. (2000). Trophic cascades in terrestrial systems: a review
of the effects of carnivore removals on plants. Am. Nat. , 155, 141-153.

Smith, J.L., De Moraes, C.M. & Mescher, M.C. (2009). Jasmonate-and salicylate-mediated plant defense
responses to insect herbivores, pathogens and parasitic plants. Pest Manag. Sci. Former. Pestic. Sci. , 65,
497-503.

Stephenson, J.F.; Van Oosterhout, C., Mohammed, R.S. & Cable, J. (2015). Parasites of Trinidadian guppies:
evidence for sex-and age-specific trait-mediated indirect effects of predators. Ecology , 96, 489-498.

Stout, M.J., Thaler, J.S. & Thomma, B.P. (2006). Plant-mediated interactions between pathogenic micro-
organisms and herbivorous arthropods. Annu Rev Entomol , 51, 663—689.

Strandin, T., Babayan, S.A. & Forbes, K.M. (2018). Reviewing the effects of food provisioning on wildlife
immunity. Philos. Trans. R. Soc. B Biol. Sci. , 373, 20170088.

Strauss, A.T., Shocket, M.S., Civitello, D.J., Hite, J.L., Penczykowski, R.M., Duffy, M.A., et al. (2016).
Habitat, predators, and hosts regulate disease in Daphnia through direct and indirect pathways. Fcol. Monogr.
, 86, 393-411.

Szuroczki, D. & Richardson, J.M. (2012). The behavioral response of larval amphibians (Ranidae) to threats
from predators and parasites. PLoS One , 7, €49592.

Tait, A.S., Butts, C.L. & Sternberg, E.M. (2008). The role of glucocorticoids and progestins in inflammatory,
autoimmune, and infectious disease. J. Leukoc. Biol. , 84, 924-931.

Thaler, J.S., McArt, S.H. & Kaplan, I. (2012). Compensatory mechanisms for ameliorating the fundamental
trade-off between predator avoidance and foraging. Proc. Natl. Acad. Sci. , 109, 12075-12080.

Travis, J. (2006). Is It What We Know or Who We Know? Choice of Organism and Robustness of Inference
in Ecology and Evolutionary Biology: (American Society of Naturalists Presidential Address). Am. Nat. ,
167, 303-314.

Turchin, P. (2003). Complex population dynamics: A theoretical/empirical synthesis . Princeton University
Press.

Vance-Chalcraft, H.D., Rosenheim, J.A., Vonesh, J.R., Osenberg, C.W. & Sih, A. (2007). The Influence of
Intraguild Predation on Prey Suppression and Prey Release: A Meta-Analysis. Ecology , 88, 2689-2696.

VanderWaal, K.L. & Ezenwa, V.O. (2016). Heterogeneity in pathogen transmission: mechanisms and metho-
dology. Funct. Ecol. , 30, 1606-1622.

Viney, M.E. & Riley, EIM. (2014). From Immunology to Eco-Immunology: More than a New Name. In:
Eco-immunology: Evolutive Aspects and Future Perspectives (eds. Malagoli, D. & Ottaviani, E.). Springer

16



Netherlands, Dordrecht, pp. 1-19.

Vlot, A.C., Dempsey, D.A. & Klessig, D.F. (2009). Salicylic acid, a multifaceted hormone to combat disease.
Annu. Rev. Phytopathol. , 47, 177-206.

Wale, N. & Duffy, M.A. (2021). The use and underuse of model systems in infectious disease ecology and
evolutionary biology. Am. Nat. , 198, 69-92.

Weinstein, S.B., Buck, J.C. & Young, H.S. (2018a). A landscape of disgust. Science , 359, 1213-1214.

Weinstein, S.B., Moura, C.W., Mendez, J.F. & Lafferty, K.D. (2018b). Fear of feces? Tradeoffs between
disease risk and foraging drive animal activity around raccoon latrines. Oikos , 127, 927-934.

Wielkopolan, B., Jakubowska, M. & Obrepalska-Steplowska, A. (2021). Beetles as Plant Pathogen Vectors.
Front. Plant Sci. , 12.

Yin, M., Laforsch, C., Lohr, J.N. & Wolinska, J. (2011). Predator-Induced Defense Makes Daphnia More
Vulnerable to Parasites. Fvolution , 65, 1482-1488.

Zhang, Y.-X., Sun, L., Lin, G.-Y., Lin, J.-Z., Chen, X., Ji, J.,et al. (2015). A novel use of predatory mites
for dissemination of fungal pathogen for insect biocontrol: The case of Amblyseius swirskii and Neoseiulus
cucumeris (Phytoseiidae) as vectors of Beauveria bassiana against Diaphorina citri (Psyllidae). Syst. Appl.
Acarol. , 20, 177-187.

Figure 1. Six mechanisms of predator spreading. The main mechanisms by which predators facilitate
parasite transmission and infection, discussed in detail in the main text, and depicted here. Created with
BioRender.com.

Figure 2. Dose-infectivity relationships (a) can interact with partial predation (b) and whether
parasites remain viable after passing through predators (c) to influence predator spreading. a)
Infection rate generally increases with increasing parasite dose, with a relationship that can be accelerating,
linear, or decelerating. Moreover, as the curve shows, a sigmoidal dose-infectivity relationship can appear
to be accelerating, linear, or decelerating depending on the particular range of parasite doses that are
considered. b) In the case of partial predation predator spreading, the impact of the predator on parasitism
should depend on the nature of the dose-infectivity relationship. A partial predator (such as a corallivorous
fish) that carries a moderate dose of the parasite between predators should be a very effective predator
spreader for parasites with a low minimum infectious dose (and correspondingly low dose yielding 50%
infections, known as the ID5o and indicated by a star on the figure), but not for those with a high minimum
infectious dose (and ID5q). ¢) In cases where parasites pass through the predator’s digestive tract, we expect
there to be an interaction between the density of fecal material and the dose-infectivity curve: if there is a
rapidly saturating dose-infectivity curve (and low ID5g; dotted line) parasites passing through the digestive
tract of a predator with diffuse feces (represented by the feces in the lower left of the figure) that spreads
over a wide area should lead to substantial predator spreading. However, if there is an accelerating dose-
infectivity curve and high ID5q (solid curve) predator spreading might be most pronounced when predators
produce compact feces that contain a large number of parasites in comparison to the diffuse feces; in these
cases, the predator spreading should be more localized. Created with BioRender.com.

Figure 3. The impact of predator preference on infection levels depends on the relationship
between the trait (in this example, prey size) and infection likelihood and between the trait
and predation risk. If predators prefer the type of prey that is more likely to be infected, that should
reduce parasitism, as shown with the blue curves in a & b; if predators prefer the type of prey that is less
likely to be infected, that should drive predator spreading, as shown with the red curves. Created with
BioRender.com.
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Predator-prey and parasite-host interactions both require temporal and spatial overlap between the victim
and the natural enemy. Hosts must encounter other infected hosts or parasite transmission stages to al-
low transmission, while predators must encounter their prey to kill and eat them. Predator-prey-parasite
interactions can increase parasitism in prey by increasing the spatio-temporal overlap between prey and
their parasites. In heterogeneous landscapes where parasites are deposited unequally across space, preda-
tor interference can increase the extent to which parasite deposition overlaps with areas of prey space-use
through both sloppy predation and parasites passing through predators (Cacereset al. 2009; Strauss et al.
2016; Duffy et al.2019; Lopez & Duffy 2021); facilitation of prey-parasite spatio-temporal overlap by the
predator generally requires strong spatio-temporal overlap between that predator and infected prey.

However, the presence of predators can influence parasitism in prey even without regular spatio-temporal
overlap between prey and predators (Clinchy et al. 2013). If prey and predators occupy the same areas at
different times, then predator cues can have profound behavioral and physiological effects on parasitism in
the prey even without any direct interactions. However, the extent of these effects is typically limited by the
spatial scale and temporal duration of predator cues and the duration of parasite persistence in the environ-
ment. Highly localized predator cues (such as feces in terrestrial systems) may require far finer scale spatial
overlap between prey and predator than more diffusible cues (such as predator kairomones in an aquatic
system). Likewise, durable predator signals (such as a strong chemical cue) require less temporal overlap
between prey and predator than more ephemeral signals (such as auditory cues). These behavioral effects
of predators, themselves, may alter the space-use of prey in ways that result in increased spatiotemporal
overlap with parasites or infected prey. Similarly, parasites which persist longer in the environment are more
likely to be encountered by prey than those with limited environmental viability, making predator spreader
effects persist longer for these parasites.

The flexibility in the extent of spatiotemporal overlap required for predator-prey-parasite interactions — as
well as the way in which the interaction itself alters spatiotemporal patterns of both prey and parasites —
may make detecting patterns and inferring causal mechanisms challenging in some systems. Therefore we
recommend careful study of the locations and time periods during which contact between prey and parasites
occur both to improve predictions about the potential effect of predators on those spatio-temporal overlaps
and to aid in measuring mechanistic intermediary factors between predator presence and parasite outcomes.

Box 2: Herbivore Spreaders?

Although our framework focuses primarily on predation of animals, it is worth noting that herbivores can
spread disease between plant victims by similar mechanisms. Herbivory exhibits much resemblance to pre-
dation with the notable difference that it rarely results in plant death. Due to this trait, partial predation
herbivore-spreading is better studied in plant-herbivore systems than in predator-prey systems. For example,
plant parasites frequently pass through herbivores such as beetles and are deposited back on the same or a
different plant in feces (Wielkopolan et al. 2021). Saprozoic nematodes frequently ingest pathogenic bacteria
from dead plant tissue and spread bacteria to new plant hosts by defecating in soil (Chantanao & Jensen
1969; Nykyriet al. 2014). Although herbivores rarely kill whole plants, selective herbivory on uninfected indi-
viduals (Mauck et al.2015), or on the basis of traits that correlate with parasite load such as size/growth rate
(Hoffland et al. 1996; Dietrich et al.2005; Cornelissen et al. 2008) are likely to decrease survival of uninfected
plants, increasing disease in the population.

Although we rarely consider plants as having behaviors (but see (Karban 2015)), they do display plastic
responses to herbivory which have been demonstrated to increase susceptibility to parasites. For example,
herbivore wounding frequently increases jasmonic acid production in plants which in turn can downregulate
the production of salicylic acid, a common compound in defense against parasites (Bostock 2005; Stoutet al.
2006; Smith et al. 2009; Vlot et al. 2009). Many of these herbivore-spreading systems, such as the partial
predation of aphids or the physiological jasmonic acid/salicylic acid response are undoubtedly better cha-
racterized than any animal predator-spreading systems with the accompanying complications and nuances.
Therefore, these systems may provide useful parallels for future predator-spreader study. To that end, we
suggest that researchers studying predator-spreading and herbivore-parasite interactions acquaint themselves
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with the other body of literature.
Box 3. Using mechanistic models to measure the impact of predators on parasite transmission.

Individuals have been advocating for a relatively long time that ecologists and evolutionary biologists need
to confront mechanistic models of ecological and evolutionary processes with data (e.g., Hilborn & Mangel
1997; Turchin 2003). Over the last 25 years, we as a field have taken that advice to heart particularly with
regards to the study of disease ecology and evolution (e.g., Dwyer et al. 1997; Duffyet al. 2011; Elderd 2019).
This advice also holds true for thinking about how predation affects disease spread and incidence. While
there are multiple mechanisms that we outline throughout the paper and potential pathways for predators
to spread parasites, whether or not these mechanisms are important for determining the rate and the extent
of parasite transmission will often come down to a series of statistical tests using standard statistical (e.g.,
linear regression) or mechanistic models. Here we advocate for a more mechanistic approach. As a heuristic,
consider the following model of disease transmission where the prey becomes infected with a lethal parasite
(Elderd & Dwyer 2020),

, (1)5(2) - (3)

Here, S represents susceptible individuals, E represents exposed individuals, and P represents the parasites in
the system. is the transmission rate and is the rate at which infected individuals are converted into parasites.
In a field experiment, we can control the number of susceptibles and the number of parasites. If we conduct
an experiment with a known number of parasites, we know P at time 0 or P(0). If the same experiment is
conducted over a period of time from time 0 to time T, we can integrate equation 1, so that:

- (4)

Now, consider that we have added a predator to our experiment. The predator could either increase or
decrease the spread of the disease. We could then add a term to equation 4 that changes the transmission
rate based on predator addition. The modified equation would read:

. (5)

Here the sign and the magnitude of dictates the effect of the predator on the system as a linear function of
predator density, D. If = 0, the predator has no effect. If < 0, the predator essentially follows the healthy
herd hypothesis by decreasing disease transmission. If > 0, the predator spreads the disease and increases
disease transmission. Thus, this simple addition to a standard mass-action model of disease transmission can
serve as a first pass on whether or not a predator will have an impact on transmission. Note that the model
can be easily modified to consider specific aspects of the predator. That is, while here is a linear function of
simply predator density, it can take on a variety of forms such as linear functions that account for direct and
indirect effects of predator presence or various non-linear models whose terms differ based on experimental
treatments.

To confront the model with data, we can take a number of approaches; here we advocate two. The first
approach is using standard information theory (Burnham & Anderson 2002; Gotelli & Ellison 2004) such as
the Akaike Information Criterion (AIC), whereby we have multiple models that we directly compare. Since
our solved model (eqn. 5) only has two parameters to estimate, we can directly compare a model that just
estimates the transmission rate to a model that estimates both the transmission rate and the effect of the
predator via on transmission. The same approach can also be analyzed using a Bayesian framework and
the appropriate model comparison metrics as the Watanabe Akaike Information Criterion (WAIC) (Hobbs
& Hooten 2015); this is the second approach that we advocate. The advantage of the Bayesian framework
is not only the ability to compare multiple models but also the ability to derive a probability distribution
associated with each of the transmission parameters estimated (Elderd 2018).

Box 4: Predictions and Outstanding Questions

Sloppy predators

22



We predict predator spreading if:

transmission after death from parasitism is limited

prey and/or predator behavior lead to increased transmission after predation
Outstanding questions:

e Is sloppy-predator spreading more common in aquatic systems?

e Are certain parasite taxa, transition modes, or infection sites more prone to sloppy-predator spreading
than others?

e Are scavengers and cannibals more or less likely than grazers to experience sloppy predator-spreading?

Partial predation
We predict predator spreading if:

e predator contaminates itself while feeding on one prey item

e predator wounds, but does not completely consume, prey

e Wounding of the prey decreases general defenses against disease or parasite spreads through open
wounds

Outstanding Questions:

e Is partial predation predator spreading limited to sessile/colonial organisms such as coral?

e What parasite taxa, transmission modes, or infection sites are most prone to this form of transmission?

e Are there systems in which failed predation events are infectious and common enough to influence
disease dynamics?

Parasite passes through predator
We predict predator spreading if:

e (at least some) parasites can survive gut passage
e predator range is substantially larger than prey range
e prey preferentially feed in areas where predators defecate or predator feces are widely distributed

Outstanding questions:

e What taxa of parasites are most likely to survive predator gut passage?

e What taxa of predators or predation strategies are most likely to produce increases in transmission
due to parasites passing through predators?

e What aspects of predator physiology are likely to promote parasites surviving gut passage and/or
effective spreading of infectious stages of a parasite?

Selective predation
We predict predator spreading if:

Predators selectively consume prey that are less likely to be infected (either actively avoiding infected prey
or due to selection on traits that correlate with parasitism, such as body size)

Outstanding questions:

What types of predator selection preferences result in predator spreading?

What taxa and aggregation patterns of parasites result in selective predation predator-spreading?
Changes in prey behavior

We predict predator spreading if:

A behavior that limits parasite transmission is disrupted or altered by the presence of predators
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The presence of predators increases contact rates or group sizes of prey
Outstanding questions:

What predator avoidance behaviors are most prone to increasing parasite transmission?

What prey taxa are most susceptible to this type of predator spreading?

Is behavior-mediated predator spreading more likely for certain types of parasites (e.g., ectoparasites)?
Can the ability to effectively balance predator and parasite risk with behavior be selected for, or do
prey organisms run up against fundamental constraints?

Changes in prey physiology/immunity

We predict predator spreading if:

Predators cause prey to become energy- or nutrient-limited

Predators increase prey stress, diverting resources from immune functions
Outstanding questions:

e Do particular predation strategies lead to larger physiology-mediated predator spreading?

e Are physiology-mediated predator spreading effects of the same scale as other predator spreading
effects?

e Does the strength of physiology-mediated predator spreading vary with prey immune strategies?
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