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PERSPECTIVE

Infection-Induced Phenotypes

Anticipating infection: How parasitism risk changes animal
physiology

Patricia C. Lopes

Schmid College of Science and
Technology, Chapman University, Orange, Abstract
California, USA 1. Uninfected animals can attempt to prevent parasitism in many ways. Behavioural
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. species.
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2. Interactions with parasitized conspecifics can also, however, lead to physiological

Handling Editor: Sandra Binning changes in uninfected animals, an effect that is much less well studied, and con-
sequently, less well understood. The way in which exposure to parasitism risk
changes the physiology of uninfected animals and the impacts of those changes
on animal fitness remain a significant gap in knowledge.

3. Determining how the disease environment experienced by animals impacts
their physiology, survival and reproduction has major implications for our
knowledge of how parasites affect populations beyond their consumptive ef-
fects. If the physiological changes triggered in uninfected animals help reduce
disease burden or speed up recovery from disease, they can have cascad-
ing effects on disease dynamics; therefore, they are important to study and
understand.

4. In this perspective, | highlight studies in vertebrates and invertebrates that dem-
onstrate the existence of these responses. | also consider how these responses
may be adaptive and instances when they should occur. Finally, | briefly discuss
the importance of studying these responses in relation to animal welfare, human

health, disease dynamics and experimental design.

KEYWORDS
anticipatory response, disease, immune defences, infection, intergenerational, parasites,
pathogens, social interactions

1 | INTRODUCTION (Cremer et al., 2007; Lopes, 2020; Lopes et al., 2022; Meunier, 2015).

Animals are able to detect parasitized conspecifics and their cues,
Animals can perceive the risk of parasitism. The best line of evidence they can detect contaminated habitats, food and water, and, in a
for this is the multiple studies of behavioural avoidance of parasites few instances, it has even been shown that animals detect parasites
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themselves (Lopes et al., 2022). Detection of these indicators of risk
of parasitism elicits changes in behaviour that can help reduce par-
asitism. These changes in behaviour upon detection of parasitism
risk are therefore considered an animal's first line of defence against
parasites. The most well-studied defences against parasites are,
however, the ones occurring after the onset of infection, involving
a set of physiological responses that can help limit parasite growth,
reduce tissue injury and support tissue repair—immune responses.
Given that animals can detect parasites, why not trigger some of
these immune responses pre-emptively, in a prophylactic manner,
when in situations of high risk of parasitism?

In this perspective, | will highlight studies that have shown that
animals produce physiological responses to parasitism risk. | then
discuss our current understanding of how these responses may af-
fect animal fitness, with implications for disease transmission. My
aim is to encourage research into these mechanisms, as well as their
consequences, so we can better understand the underlying causes of
variation in disease susceptibility, and better predict disease spread.

Physiological responses will be considered as biophysical and
biochemical responses taking place at the cellular or organ level (such
as reproductive, immune or neural responses) while behavioural re-
sponses will be considered as organismal level actions (such as eat-
ing, drinking or running). Please note however that, ultimately, these
responses are connected because behavioural responses can affect
physiology and physiology controls behaviour. More specifically, |
consider here physiological responses to parasitism risk as those
physiological responses that take place in organisms that are aware
of parasitism risk but are not themselves currently parasitized. | will
use the terms parasite and pathogen interchangeably, as organisms
that reduce the fitness of their host, and include both macro (e.g.
worms and ticks) and micro-organisms (e.g. bacteria and viruses)

when using these terms.

2 | PHYSIOLOGICAL RESPONSES TO
PARASITISM RISK

The fact that animals can detect and behaviourally avoid para-
sitized animals already indicates that sensory mechanisms re-
spond to disease cues and help activate neural circuitry that will
lead to avoidance behaviours. Indeed, these sensory and neural
integration mechanisms have been studied in rodents and hu-
mans (Arakawa et al., 2011; Curtis et al., 2011; Holle et al., 2012;
Kavaliers et al., 2019, 2020, 2022; Regenbogen et al., 2017). While
rodents may rely more heavily on olfactory cues to sense parasit-
ism (Kavaliers et al., 2020), in humans, both visual and olfactory
cues from sick donors elicit stronger neural activation in face and
odour-perception neural networks than cues from healthy donors
(Regenbogen et al., 2017). Observing other people scratching them-
selves often leads to feelings of itchiness in the observer and has
been shown to activate brain regions associated with the physical
perception of itch (Holle et al., 2012). Equivalent mechanisms are
expected to occur in any taxa that show behavioural or physiological

responses to parasitism risk. For example, in the fruit fly Drosophila
melanogaster, the sense of sight, but not of smell, was shown to be
essential for responses to the presence of a parasitic wasp (Kacsoh
et al., 2013). As will be discussed later, however, it is possible that,
in certain taxonomic groups, perception of parasites in the environ-
ment can directly trigger physiological responses, whereas in other
groups, these responses are triggered by perception of cues pro-
duced by infected conspecifics. Here, my aim is to draw focus to
physiological responses that go beyond the ones involved in sensory
detection of parasitism risk.

How, after detection of parasitism risk, the brain can change
other physiological systems has not been explicitly studied. One
possibility would be through the activation of the stress response
(including the sympathetic nervous system and adrenomedullary
and adrenocortical responses), which, in turn, affects a lot of organ
systems. But brain activities have also been recently shown to more
directly control, for example, immunological defences. For instance,
activation of certain brain neural populations (e.g. parts of the re-
ward system or of the insular cortex) can activate both innate and
adaptive immunity (Ben-Shaanan et al., 2016; Koren et al., 2021,
Zhang et al., 2020). Innate immunity refers to non-specific defences
(it is considered the first line of defence) while adaptive immunity
refers to immune defences that are antigen specific and which
can, in addition, form memory. In 2009, Oaten and colleagues sug-
gested that disgust may be associated with immune function (Oaten
et al., 2009). They proposed that cues that evoke disgust were very
likely to also lead to a mobilization of the immune system, particu-
larly the innate arm. This idea was inspired by studies that show that
immune responses can be conditioned (e.g. placebo effect; Pacheco-
Lopez et al., 2006) and by the overlap between brain regions that
are involved in disgust processing and those central to immune con-
ditioning (reviewed in Oaten et al., 2009). The same way that neural
disgust and immune conditioning brain regions show overlap, neu-
rotransmitters that modulate behaviour can also have immunomod-
ulatory roles. For example, dopamine, a neurotransmitter important
for motor control, and for processes such as reward, learning and
cognition, has also been shown to modulate a variety of immune
cells, affecting both central and peripheral immune responses
(Matt & Gaskill, 2020). It has also been hypothesized that the neu-
rotransmitter serotonin may modulate both parasite behavioural
avoidance and immune responses (Curtis, 2014). We are only now
beginning to understand the full extent to which the central nervous
system can affect peripheral immune responses (Veiga-Fernandes
& Artis, 2018). However, the existence of this type of relationship
helps explain how physiological responses to parasitism risk, as re-
viewed in the following paragraphs, are possible. Conversely, ex-
panding our understanding of physiological responses to parasitism
risk will lead to an increased knowledge of neuronal-immune system
relationships.

In 2010, Schaller and colleagues set out to test the idea proposed
by Oaten et al. (2009) that immune responses could be elicited by
cues that evoke disgust. To test this, they exposed participants to
either images of people with morphological (e.g. skin lesions) and
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behavioural (e.g. sneezing) cues of disease or images of people car-
rying firearms aimed at the participants (this served as a threatening
stimulus). Participants had their blood drawn before and 30 min after
being shown the images, and their blood cells were tested in vitro for
their ability to produce interleukin 6 (IL-6) in response to a bacterial
challenge. It was found that the participant's cells produced more
IL-6 when the participants were exposed to images depicting cues
of disease than when exposed to images depicting a different threat
(Schaller et al., 2010). Similarly, participants exposed to disgusting,
but not those exposed to neutral or negative images, showed an
increase in salivary tumour necrosis factor-a (TNF-a) and albumin
at 10min after being shown the images (Stevenson et al., 2011). In
a separate study, researchers found that tactile sensitivity was in-
creased following exposure to photographs or videos of disgusting
images, but not following photographs or videos of threating images
(Hunt et al., 2017). Since rapid changes to skin sensitivity are under
physiological control (Farage, 2019), this is another indication of a
physiological response to parasitism risk.

Studies in rodents corroborate the findings in humans (Table 1).
Exposure of female mice to the odours of mice infected with a pro-
tozoan parasite or a nematode parasite induces an analgesic re-
sponses that can be either opioid mediated or nonopioid mediated
depending on the length of exposure (Kavaliers & Colwell, 1992,
1995). Pregnant uninfected female mice housed across a perforated
plastic partition from males infected with Babesia microti (a vector-
transmitted parasite) showed blood serum levels of corticosterone
higher than equivalent females housed across control males, as well
as increased kidney weight (Curno et al., 2009). Interestingly, even
diseases that are not contagious can elicit physiological changes in
healthy animals. Female mice cohoused with a female inoculated
with Ehrlich tumour cells showed a decrease in number of white
blood cells (Morgulis et al., 2004). The activity of those females was
also affected, with females cohoused with tumour-bearing females
showing decreased exploratory behaviour, which could poten-
tially be a compensatory mechanism for the decreased immunity.
Additional studies showed that females cohoused with tumour-
bearing females showed decreased levels and increased turnover of
noradrenaline in the hypothalamus, altered microphage and neutro-
phil activity and reduced resistance to Ehrlich tumour growth (Alves
et al., 2006, 2007). Later studies demonstrated that odours from
tumour-bearing mice were sufficient to induce the behavioural, hy-
pothalamic and immune changes observed (Alves et al., 2010, 2012).
Changes to immune responses have also been found after cohousing
of females with females inoculated with a different type of tumour
(melanoma; Tomiyoshi et al., 2009), indicating that this physiological
response is not exclusive to a particular tumour type. In sum, studies
in mice suggest that diseases do not need to be directly contagious
to elicit a physiological response in conspecifics. This may be the
case because symptoms and cues expressed by non-infectious dis-
eased conspecifics could still indicate the presence of environmental
contaminants or of disease vectors. In addition, those symptoms and
cues may overlap with the ones expressed by infectious animals and
the precise disease may matter less for anticipatory responses. For

example, itching behaviour could be used as an infection cue, but it
can be elicited by both contagious (e.g. fungus or bacteria) and non-
contagious sources (e.g. poison ivy or allergies). This idea could be
investigated empirically by studying physiological responses upon
exposure to cues from animals with contagious and non-contagious
diseases.

A recent study in a bird species provided further evidence of
physiological responses to parasitism risk. Uninfected domestic
canaries (Serinus canaria domestica) with visual access to canaries
infected with Mycoplasma gallisepticum (an infection that leads to
both morphological—conjunctivitis—and behavioural symptoms of
disease) showed higher complement activity and higher heterophil
counts than birds housed across from control-treated birds (Love
etal., 2021). Interestingly, these changes to immunity started only at
the time point after inoculation when the infected birds showed the
greatest degree of pathology (eye lesion score), which could suggest
that visual cues are particularly important for birds.

Studies in invertebrates also seem to support the existence
of physiological responses to parasitism risk (Table 1). When
Biomphalaria glabrata snails are infected with Schistosoma mansoni,
they increase egg laying shortly after infection. Interestingly, in
laboratory experiments, exposure to this parasite in the absence
of infection also led to increased egg laying shortly after exposure
(Minchella & Loverde, 1981). This could suggest that parasitism risk
elicits changes to reproductive physiology or other aspects of the
maternal physiology that could facilitate the production of larger
number of eggs. A study using beetles of the species Tenebrio molitor
found that uninfected beetles that cohabited with beetles injected
with heat-killed bacteria (Staphylococcus aureus) produced larger
eggs than beetles that cohabited with PBS-injected or untreated
controls (Gallagher et al., 2018). While egg size does not necessarily
correlate with egg quality, increased egg size could suggest trans-
fer of immune factors to the eggs, which would have a protective
effect (Dhinaut et al., 2018). This study also supports the idea that
parasitism risk affects maternal physiology. Another interesting
host-parasite system that contributes to this idea is that of fruit flies
(Drosophila melanogaster) and endoparasitic wasps. These wasps
infect early larval stages of Drosophila by depositing their embryo
and other components, which can be lethal to the Drosophila lar-
vae. Adult Drosophila exposed to these wasps show reduced neuro-
peptide F production in specific brain regions, resulting in a drastic
behavioural change that protects their larvae: they start exhibiting
preference for laying their eggs in alcohol-laden food dishes or
for food dishes with the highest alcohol content available (Kacsoh
et al., 2013). Alcohol had been previously shown to reduce offspring
infection by wasp larvae and to kill wasp larvae growing on offspring
(Milan et al., 2012). When in the presence of the wasps, laying eggs
in these alcohol dishes increased eclosion success, relative to when
the alcohol dish option was not available (Kacsoh et al., 2013). An
additional study using this host-parasite system identified several
changes to the transcriptome of the germline of female Drosophila
exposed to the wasps (Bozler et al., 2020), again showing changes to
maternal physiology upon parasitism risk. Changesin gene expression
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(Continued)

TABLE 1

Physiological responses

observed

Type of risk
knowledge

Refs.

Sex tested

Parasitism exposure

Species

1 Likelihood to lay replacement Bonneaud et al. (2004)

Females

Previous immune challenge (Newcastle disease

Direct

House sparrow, Passer

clutches*
1 nbr. of eggs between 1st and

vaccine)

domesticus

2nd clutch*

Previous immune challenge (LPS) Females 1 Body mass of sons* Bowers et al. (2012)

Direct

House wren, Troglodytes

Stronger immune response to an

aedon

antigen (daughters)*

Bowers et al. (2015)

Previous immune challenge (LPS) Females 1 Corticosterone

Direct

House wren, Troglodytes

Heavier offspring with enhanced

aedon

immune responsiveness*

Weil et al. (2006)

Males 1 Testicular size and testicular

Previous immune challenge (LPS)

Direct

Siberian hamster,

activity

Phodopus sungorus

Previous immune challenge (LPS) Males 1 Offspring produced* Velando et al. (2006)

Direct

Blue-footed booby, Sula

nebouxii

Abbreviations: IL-6, interleukin 6; LPS, lipopolysaccharide; TNF-a, tumour necrosis factor-a.

after exposure to parasitic wasps also occur in the heads of female
Drosophila. Out of the 10 genes that showed increased expression
in wasp-exposed females relative to unexposed females, nine were
associated with the Gene Ontology terms ‘immune response’ and/
or ‘response to stress’. The tenth gene, and also the most strongly
upregulated one, while not annotated by GO terms, also appears to
be responsive to infections and stressors, and was necessary for an
additional behavioural response shown by wasp-exposed females:
accelerated mating behaviour (Ebrahim et al., 2021). In a different
invertebrate, the nematode Caenorhabditis elegans, cues left behind
by pathogenic bacteria (secondary metabolites and small RNAs) are
sufficient to elicit changes in physiology and behaviour (Kaletsky
et al., 2020; Meisel et al., 2014). These studies show that uninfected
invertebrates can produce physiological responses directly to the
presence parasites in the environment, which contrasts with the cur-
rent knowledge in vertebrates, which show physiological responses
to cues of parasitism from conspecifics.

3 | CAN EXAMPLES OF TERMINAL
INVESTMENT REPRESENT PHYSIOLOGICAL
RESPONSES TO PARASITISM RISK?

The terminal investment hypothesis proposes that investment in
current reproduction should increase as the likelihood to survive
to future reproductive events decreases (Clutton-Brock, 1984;
Williams, 1966). Knowledge of high risk of parasitism (which
could come from cues of parasitism or even from a previous infec-
tion) could serve a signal of reduced residual reproductive value.
Physiological responses to parasitism risk could therefore also be
involved in terminal investment. The snail study presented in the
previous section, where snails exposed to but not infected by a
parasite increased reproductive investment, would constitute
such an example. In Table 1, we classified this type of parasitism
risk knowledge (i.e. when an animal was never directly infected) as
indirect. However, animals can also obtain parasitism risk informa-
tion directly by having been recently infected and then allowed to
recover, which we classified as direct risk knowledge. Four stud-
ies in female birds showed that knowledge of parasitism risk via
an immune challenge (the effects of which are short lasting) led
to increased reproductive investment at a later time (Bonneaud
et al., 2003, 2004; Bowers et al., 2012, 2015). Similarly, female
mice that had been previously infected with Babesia microti and
allowed to recover before becoming pregnant had offspring that
were better able to clear an infection against the same pathogen
and that lost less weight during infection (Curno et al., 2011).
These studies in vertebrates used different species and different
immune/infection challenges, but the commonality is that the ef-
fect on reproductive investment was delayed relative to antigen
administration. This is important as it indicates that animals had
knowledge of parasitism risk but were not experiencing the acute
effects of immune activation during the period of increased repro-
ductive investment. Increasing reproductive investment during the
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peak of immune activation may often be energetically incompat-
ible (Norris, 1999; Sheldon & Verhulst, 1996). In case knowledge
of parasitism risk in the absence of infection leads to activation of
similar physiological pathways as the ones that trigger increased
investment after infection, then physiological responses to para-
sitism risk could also lead to terminal investment.

These relationships between brief immune activation and termi-
nal investment have also been found in experiments performed on
males. Testicular size and activity were elevated for a long period of
time (6 weeks) in male Siberian hamsters (Phodopus sungorus) given
a single short-lasting immune challenge (lipopolysaccharide [LPS])
relative to controls, demonstrating an effect of knowledge of par-
asitism risk on reproductive physiology (Weil et al., 2006). After a
single LPS injection prior to the onset of egg-laying, old blue-footed
booby males (Sula nebouxii) produced more offspring than controls
(Velando et al., 2006). Significantly, it is possible that some of these
effects were mediated by female responses to male infection sta-
tus. In a second study, blue-footed booby males received either a
diphtheria-tetanus vaccine or a control injection during courtship
(Velando et al., 2014). The female partners of these males laid eggs
earlier and their earlier clutches had larger volume (sum volume of
all eggs). This suggests that female physiology could have been re-
sponding to parasitism signals from the male. Indeed, in this same
study, the authors showed that foot colour of vaccinated males was
different from that of control males and that clutch volume posi-
tively correlated to foot colour. Taken as a whole, these studies show
that knowledge of parasitism risk can affect both male and female
physiology and that females can obtain this knowledge from their
mates.

4 | ARE PHYSIOLOGICAL RESPONSES TO
PARASITISM RISK ADAPTIVE?

Some interesting questions arise related to the function of these
physiological responses to parasitism risk, one of the most critical
being: are these responses adaptive? And, if so, under what time-
frame? For example, do these responses help reduce the likelihood
of the animal acquiring an infection? Do these responses help with
infection resolution or with tolerance to the pathogen? Can the ef-
fect of these responses extend to additional generations, helping
prepare the offspring for a high parasitism risk environment?

Not very much is known in terms of the benefit for the individ-
ual producing the responses. To answer this question, it will be in-
teresting to know more about what aspects of the physiology are
activated by parasitism risk and for how long. Let us, for example,
consider the study by Schaller and colleagues in humans, where the
blood cells of participants that had observed images representing
disease risk had increased ability to produce IL-6 in response to LPS
(Schaller et al., 2010). This physiological response would appear to
be adaptative, because IL-6 can stimulate acute phase responses and
immune reactions that would help resolve or reduce the burden of a
bacterial infection. However, if the IL-6 response was dysregulated

or too prolonged, it could lead to pathological effects and auto-
immunity (Tanaka et al., 2014). The same is true for the pregnant
female mice who had elevated plasma corticosterone levels when
placed across from B. microti-infected animals (Curno et al., 2009). In
the short term or at lower doses, exposure to glucocorticoids (such
as corticosterone) can be immunostimulatory, but prolonged or high
doses can suppress immune responses (Cain & Cidlowski, 2017).
Studies focused on how knowledge of parasitism risk affects how
animals respond to an infection will be needed to understand some
of the benefits to hosts of these anticipatory responses.

If indeed these physiological responses to parasitism risk are
linked to terminal investment, they might provide benefits to the
animal producing them in terms of reproductive output, even in
the absence of survival benefits. To expand on an example from
the previous section, when female house sparrows (Passer domes-
ticus) were given knowledge of parasitism risk through treatment
with the Newcastle disease vaccine and their current clutch was re-
moved, they were more likely to lay a replacement clutch and that
clutch tended to be larger than their first clutch relative to controls
(Bonneaud et al., 2004). So, even if the physiological responses to
parasitism risk that led to this investment did not help with increased
survival against a disease, they still helped the females produce more
offspring. It will be interesting to study whether the likelihood and
type of physiological response to parasitism risk produced changes
depending on the life-history stage of the animal.

Where there appears to be more research is in support of an
intergenerational benefit. When female mice were given knowledge
of parasitism risk either prior to pregnancy (through infection) or
during pregnancy (through exposure to infected animals), they pro-
duced offspring that were better able to clear an infection (Curno
et al., 2009, 2011). Similarly, adult Drosophila that co-habited with
a parasitic wasp had offspring with enhanced cellular immune re-
sponses following immune induction (needle piercing of the larval
cuticle; Bozler et al., 2020). When adult C. elegans ingest a small RNA
produced by Pseudomonas aeruginosa (a pathogenic bacterium), a
gene called maco-1 decreases in expression in both the mother and
the offspring, leading to learned avoidance of this pathogen in both
(Kaletsky et al., 2020). So, once again, the knowledge of parasitism
risk (the adults had never been infected) led to benefits to the off-
spring. The benefits to offspring will most likely often depend on
the degree of mismatch between the parasitism environment ex-
perienced by the offspring and the one experienced by the parent
(reviewed in Bateson et al., 2014). It will be important for future
studies to determine whether the reproductive period is a partic-
ularly sensitive period affecting the presence of physiological re-
sponses to parasitism risk. In the same vein, it will be relevant to
understand whether these responses are sex biased and whether
they depend on the mating system of the species. Given the exis-
tence of sex differences in immune responses (not all of which can
be linked to reproductive hormone differences; Casimir et al., 2013;
Klein & Flanagan, 2016), one would also expect sex differences in
anticipatory physiological responses to disease risk, which may have
implications for strategies (Figure 1) adopted by different sexes.
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FIGURE 1 The balance between behavioural and physiological responses to parasitism risk. Animals can use behaviour to avoid
parasitism, but research also shows they are able to change their physiology in response to parasitism risk. Whether animals can use both
strategies at once is not clear. The image represents a high parasitism risk situation. Created with BioRender.com.

5 | WHICH TO EMPLOY: BEHAVIOURAL
OR PHYSIOLOGICAL RESPONSES TO
PARASITISM RISK?

The activation of a robust immune defence carries costs, includ-
ing, for example, risk of tissue damage, as well as allocation of
limited resources, such as energy and nutrients (Zuk & Stoehr,
2002). These defences should not therefore always be maximally
activated and should be tightly regulated. Parasite avoidance be-
haviours are also not without costs (Buck et al., 2018). Costs can
include, for example, nutritional costs of avoiding contaminated
foods, reproductive costs of avoiding infected mates, energetic
costs of having to spend longer periods of time searching for
unparasitized nesting sites and even increased predation, when
parasite avoidance behaviours are the same ones that attract
predators (e.g. Raffel et al., 2010). Given the possible costs to be-
havioural and physiological responses to parasitism risk, | expect
physiological responses to occur when the costs to parasite avoid-
ance behaviours become too high and infection seems inevitable
(Figure 1). Circumstances that increase the cost of behavioural
avoidance could be used to test this idea. For example, in species
where parental care is essential for offspring survival, behavioural
avoidance of parasitized sexual partners may be possible, whereas
avoidance of offspring may not be possible and an investment in
anticipatory physiological responses to parasitism risk would be
observed at this stage. Ackerman and colleagues had proposed two
possible relationships between the behavioural avoidance of and
physiological responses to parasitism risk (Ackerman et al., 2018):
a compensatory and a complementary relationship. The compen-
satory relationship, which fits with the idea that animals will likely
invest in one or the other strategy, would be when one form of

response (e.g. physiological) can compensate for the lack of the
other one (e.g. behavioural), and the complementary relationship,
would come, for example, from when favourable conditions dur-
ing development lead to individuals who can deploy both strate-
gies when under high parasitism risk environments. One study in
humans suggests the existence of a compensatory relationship.
In that study, parasite avoidance traits were assessed using ques-
tionnaires and then tested for their relationship with markers of
inflammation (Gassen et al., 2018). They found that participants
that scored high in the Germ Aversion scale had peripheral blood
mononuclear cells that released lower levels of IL-6 and TNF-«
when unstimulated compared to levels released by blood cells of
participants that scored low on that scale. In addition, participants
with a high score on the Germ Aversion scale also had lower lev-
els of plasma IL-6 and of oxidative DNA damage. These results
suggest that humans that have a higher tendency to behaviour-
ally avoid parasitism invest less in physiological preparedness to
fight infections (i.e. a compensatory relationship between behav-
ioural and physiological responses to parasitism risk). In addition
to this study, given that progesterone is associated with a sup-
pression of immune responses, researchers have tried to deter-
mine whether during periods of elevated progesterone, parasite
avoidance behaviours increase (a compensatory relationship). In
one study, researchers measured salivary progesterone in cycling
women and found a positive relationship between progesterone
and parasite avoidance behaviours (Fleischman & Fessler, 2011). In
contrast, a more recent larger study found no association between
salivary progesterone and parasite avoidance behaviours (Stern
& Shiramizu, 2022). An experimental study using mice showed
that pre-treatment with neither progesterone nor allopregna-
nolone (a metabolite of progesterone) altered female preference
for uninfected male odours (Kavaliers et al., 2021). Interestingly,
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a subsequent re-analysis of the Kavaliers et al. (2021) dataset did
find that administration of either hormone reduced time spent
near odours of infected males relative to the time control females
spent near that stimulus (Bressan & Kramer, 2022), taken as indi-
cation that elevated progesterone raises disgust. The relationship
between progesterone and parasite avoidance behaviours appears
to be unresolved. Overall, little is known about the relationship
between behavioural and physiological responses to parasitism
risk and whether these responses can co-occur or whether they

are employed separately (Figure 1).

6 | IMPLICATIONS AND CONCLUSION

Recently, it was proposed that the non-consumptive effects of para-
sites might overshadow their consumptive effects (Buck et al., 2018).
In the context of parasitism, the consumptive effects correspond
to deleterious effects inflicted by the parasites directly onto the
infected hosts, and the non-consumptive effects correspond to
responses of putative hosts to the perceived risk of parasitism.
While non-consumptive effects are usually quantified as behav-
ioural avoidance of parasites, this perspective highlights that the
presence of parasites can also change the physiology of uninfected
animals. These effects on physiology expand the scope of possible
non-consumptive effects. Shining light on what type of physiologi-
cal responses to parasitism risk occur and when they take place is
crucial because it will expand our understanding of how variation
in disease susceptibility arises (Lopes, 2017) and how anticipatory
physiological responses to the risk of parasitism can influence dis-
ease and population dynamics.

It is also important to consider how the presence of parasitism
risk may affect how experimental animals are housed. If the pres-
ence of diseased animals modifies the physiology of co-housed
healthy animals in animal facilities, the scientific community must
question what really constitutes a control treatment and how the
welfare of co-housed animals and controls is impacted during
experiments.

In conclusion, this perspective has combined studies from dis-
parate fields to provide support for a phenomenon that appears
taxonomically widespread but is poorly understood: physiolog-
ical responses to parasitism risk. From a societal impact perspec-
tive, such responses may affect human health (Veiga-Fernandes &
Artis, 2018), and an urgent understanding of how physiological re-
sponses to parasitism risk work, their costs and benefits, and when
they occur is needed, given the increased likelihood of upcoming
pandemic infectious disease events (Institute of Medicine, 2009)
where the experience of parasitism risk is high.
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