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Mammalian herbivores are typically infected by parasitic nematodes, which
are acquired through direct, faecal-oral transmission. These parasites can
cause significant production losses in domestic livestock, but much less is
known about impacts on wild mammalian hosts. We review three elements
of parasitism from the host’s perspective: fitness costs of infection, risks of
infection during foraging and benefits of nutritious pasture. The majority of
wildlife studies have been observational, but experimental manipulation is
increasing. Treatment with anthelmintics to manipulate parasite load has
revealed varied impacts of parasites on fitness variables across host species,
but has not produced consistent evidence for parasite-induced anorexia or
impaired body condition. Some experimental studies of infection risk have
manipulated faecal contamination and detected faecal avoidance by hosts.
Only two field studies have explored the trade-off between infection risk
and nutritional benefit generated by avoidance of contaminated patches. Over-
all, field studies of costs, risks and benefits of the host—parasite relationship are
limited and few have examined more than one of these elements. Parasitism
has much in common with predation, and future insights into anti-parasite
responses by wild hosts could be gained from the conceptual and technical
developments in research on anti-predator behaviour.

This article is part of the Theo Murphy meeting issue ‘Evolution of
pathogen and parasite avoidance behaviours’.

1. Background

Mammalian herbivores are typically infected by a suite of gastrointestinal
helminth parasites, primarily nematodes (figure 1). In domestic livestock, gastro-
intestinal parasites cause losses to agricultural production throughout the world
[1]. The impacts of parasitism on livestock can be severe, arising from pathological
changes to the gastrointestinal tract [2,3]. However, many impacts are sub-clini-
cal, acting through suppression of appetite and impaired assimilation of forage:
loss of body condition [4], lower growth rate [5] and reduced reproductive
output [6]. To minimize production losses, anthelmintic compounds have been
used routinely to treat livestock, particularly sheep, Ovis aries, and goats, Capra
hircus, for decades [7].

In contrast to domestic livestock, much less is known about the interactions
between gastrointestinal parasites and the wild mammalian hosts they have coe-
volved with. Early studies of mass mortality of eastern grey kangaroos (Macropus
giganteus) [8] and Soay sheep (a wild, insular form of domestic sheep) [9] found
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Figure 1. Nematode parasites in the stomach of a healthy adult male eastern grey kangaroo (Macropus giganteus). The larger parasites (Labiosimplex spp.) are
about 100 mm in length and occur in numbers up to 500. The smaller parasites, predominantly Pharyngostrongylus kappa, Rugopharynx spp. and Cloacina spp.,
typically occur in tens of thousands. Photo by Graeme Coulson. (Online version in colour.)

heavy nematode burdens, extensive gastrointestinal lesions
and marked haematological and biochemical changes. Gulland
[9] suggested that immunosuppression interacting with poor
forage conditions led to the mortalities in Soay sheep. How-
ever, mortality events such as these are exceptional. Recent
studies have reported more subtle, sub-clinical symptoms
similar to those seen in domestic stock, particularly poorer
body condition [10,11] and lower fecundity [12,13]. Neverthe-
less, establishing the casual relationships involved in fitness
changes is challenging when working with free-ranging
mammalian herbivores. Unbiased sampling, experimental
manipulation and extended monitoring pose far greater logis-
tical challenges in wildlife than for livestock [14], so field
experiments are rare. Consequently, our current understanding
of the true costs of parasitism in wild herbivores is limited [15].

The challenges of working with wildlife also apply to other
elements of the host—parasite relationship. A common behav-
ioural strategy adopted by a host to reduce the risk of infection
is simply to avoid sources of parasites [16,17]. Domestic sheep
[18], cattle, Bos taurus [19] and horses, Equus caballus [20], have
all been shown to avoid faeces while foraging, thereby reducing
their risk of ingesting infective larvae on the surrounding pas-
ture. Paradoxically, this avoidance behaviour creates patches
of pasture that are taller, due to reduced offtake, and more nutri-
tious, due to the fertilizing action of faeces [21]. Foraging hosts
then face a trade-off between the risks of acquiring parasites
and the benefits of foraging in the most nutritious patches [21]
(figure 2). Trade-offs between parasite risk and foraging benefit
are well documented in domestic livestock [22,23], but the few
studies of free-ranging hosts are equivocal [24].

The aim of this review is to evaluate the evidence for three
major elements of the relationship between parasitic gastro-
intestinal nematodes and their wild mammalian herbivore
hosts. We review: (i) the fitness costs of infection incurred by
the host, (ii) the risk of infection as the host forages, and
(iii) the benefits (potentially foregone) of foraging in patches
of high-quality pasture. We specifically distinguish between
evidence that is essentially observational, also referred to as cor-
relational or cross-sectional, versus findings from experimental
manipulation, which we favour because only an experiment can

elucidate the direct effects of a variable [25]. We also distinguish
between studies of wildlife held in captivity versus field studies
of free-ranging host species, to which we give more weight.

2. Fitness costs

Studies of host—parasite relationships in mammalian herbi-
vores cover a range of host taxa (table 1). Details of parasite
identification vary between studies, but all involve nematodes
from the order Strongylida and from the two superfamilies
Strongyloidea and Trichostrongyloidea (table 1). In some
studies, identification beyond this level has not been under-
taken; in others, we have extrapolated from other studies to
list the nematode taxa presumed to be present. In studies
based on faecal examination, eggs could not be identified
further than the ordinal level, so are referred to as ‘strongylids’.

The use of faecal egg counts to assess parasite burdens has
potential pitfalls. This method has been used extensively in
small ruminants, where egg counts can be affected by faecal
consistency, host immunity and differing fecundity of the
nematode species present [52]. Host size also influences the uti-
lity of faecal egg counts, making them of very limited value in
cattle [52]. In wild animals, the relationship between faecal egg
counts and parasite burdens needs to be evaluated beforehand
[52], which has been done in very few studies. In one case, Seiv-
wright et al. [53] obtained a high correlation (+0.88) between
egg counts and parasite burden of Trichostrongylus tenuis in
red grouse, Lagopus lagopus scoticus, while in another, Cripps
et al. [54] found a much lower overall correlation (+0.40)
between egg counts and total burdens of cloacinine nematodes
in eastern grey kangaroos, with the contribution varying
between nematode genera. Many other studies rely on faecal
egg counts (table 1), but with the exception of Morgan et al.
[43], have not established a relationship with parasite burdens.

The majority of studies of fitness costs have taken an obser-
vational approach. Some have explored relationships between
parasite load and demography of the host population. In saiga
antelope (Saiga tatarica), for example, Morgan et al. [43] found
that one nematode species (Nematodirus gazellae) occurred at
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Figure 2. Free-ranging mammalian herbivores foraging on pasture heavily contaminated with conspecific faeces. (a) Adult female eastern grey kangaroo (Macropus
giganteus) at Anglesea, Victoria, Australia. (b) Adult female Soay sheep (Qvis aries) at Hirta, St Kilda, Scotland, UK. Photos by Graeme Coulson. (Online version in

colour.)

highest intensities (i.e. mean number of parasites per infected
host) in antelope of about 2—-3 years old, while the intensity
of others (Marshallagia spp.) increased with age, albeit at a
declining rate. Other studies have compared populations or
classes (i.e. sex, age, reproductive status) within populations
expected a priori to differ in their vulnerability to parasite infec-
tion or in the impact of parasitism on their fitness. For example,
Arundel et al. [28] contrasted the parasites of free-ranging red
kangaroos (Osphranter rufus) with those at a higher density in
an enclosed reserve, but found no difference in nematode
species composition, prevalence or abundance.

The fundamental limitation of all such observational studies
is that they cannot resolve the causal relationships involved: an
association between host and parasite variables does not
necessarily imply causation, much less determine the direction
of any causal link [55]. Observed correlations are also poten-
tially confounded by intrinsic differences among individual
hosts (e.g. [56]). Nonetheless, dubious interpretations pervade
the literature. In a study of plains zebra (Equus quagga), for
example, Fugazzola & Stancampiano [35] found that domi-
nance rank covaried with total parasite eggs shed in faeces:
dominant stallions shed fewer eggs. While acknowledging
that the direction of causality was ‘controversial’, the authors

nonetheless concluded that dominance rank ‘does influence’
egg shedding, arguing that dominance engenders better
body condition in plains zebras, which in turn may confer
increased resistance and immunity to infection. However, the
authors did not consider the alternative argument that inher-
ently better body condition in some stallions boosted both
their competitive ability and immune response, and their corre-
lational study was unable to distinguish between these or other
plausible explanations.

Many of the limitations of observational studies can be over-
come by experimental manipulation, and an encouraging
number of studies of fitness costs have taken this approach
(table 1). Commercial anthelmintics offer a powerful tool to
manipulate the host’s parasite load [14,57]. As a first step, it is
essential to confirm the efficacy of the anthelmintic treatment
in wild hosts, and ensure that there are no unwanted side-
effects [14,58]. Off-label anthelmintic treatment of wildlife
hosts can have unexpected effects. For example, treating
Svalbard reindeer (Rangifer tarandus platyrhynchus) with moxi-
dectin depressed the abundance of Ostertagia gruehneri for six
months, but had no effect on the other dominant species,
Marshallagia marshalli [12]. Similarly, treating eastern grey
kangaroos with two macrocyclic lactones (ivermectin and
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moxidectin) showed that both had poor efficacy in controlling
strongylid nematodes [58]. Of even greater concern, treating
red-legged pademelons (Thylogale stigmatica) with a benzimida-
zole (mebendazole) caused 80% mortality in the hosts [59]. Ten
experimental studies of fitness costs have used anthelmintics
(table 1) and all prudently tested for efficacy. Together these
studies have developed our understanding of the variation
and complexity of impacts of parasites on a range of fitness vari-
ables across host species. For example, anthelmintic treatment
of Svalbard reindeer reduced the abundance of one of two
major parasite species, and both body condition and fecundity
increased in treated hosts [12]. By contrast, treating mountain
hares (Lepus timidus) with an anthelmintic reduced abundance
of the parasite Trichostrongylus retortaeformis and increased
fecundity of the hosts, relative to a control group, but did not
change host body condition or over-winter survival [13].

Anthelmintic treatments have also been used to investigate
suppression of appetite in free-ranging hosts. Parasite-induced
anorexia is commonly observed in domestic livestock and can
result in serious production losses [60]. The adaptive signifi-
cance of this paradoxical response is debated, but most likely
acts to promote an immune response by the host, and may
also allow the host to forage more selectively to seek less
contaminated pasture or plant species with anti-parasite prop-
erties [61,62]. In wildlife studies, however, the evidence for
parasite-induced anorexia is ambiguous. Arneberg et al. [36]
treated captive, semi-domesticated reindeer (Rangifer tarandus
tarandus) calves with an anthelmintic: daily food intake of
the treatment group increased over time compared with
placebo-treated controls, consistent with anorexia. Similarly,
Worsley-Tonks & Ezenwa [42] treated free-ranging female
Grant’s gazelles (Nanger granti) with an anthelmintic and
reported a higher allocation of time to foraging compared
with untreated controls. In contrast, Jones et al. [49] could not
detect any effect of anthelmintic treatment on food intake or
diet selection in either sex of free-ranging Soay sheep, nor
could Cripps et al. [30] detect any effect of treatment on four fora-
ging variables in a before-after-control-impact experiment on
free-ranging adult female eastern grey kangaroos.

In a more elaborate experiment, Murray et al. [32] manipu-
lated both parasite burden and nutritional stress in the
snowshoe hare (Lepus americanus) by treating hares with an
anthelmintic and providing supplementary food; predation
was the overwhelming cause of mortality, and survival was
influenced synergistically by parasites and nutrition when
food availability was limited. These findings conform to Beldo-
menico & Begon’s [63] “vicious circle’ of synergistic effects
between body condition and parasite infection in wildlife.
The authors argued that wild hosts would have greater inherent
variation in susceptibility to parasites than would their dom-
estic counterparts. Wild hosts are then subject to a positive
feedback loop between body condition and parasite infection:
poor condition predisposes individuals to infection, which
then reduces the condition of the host, further predisposing
the host to infection. If valid, this feedback model could help
to resolve some of the uncertainty about the causal relationship
between body condition and infection variables.

In summary, our understanding of the fitness costs
imposed by gastrointestinal parasites on their free-ranging
herbivores has advanced greatly since the early studies of
Soay sheep and kangaroos (table 1). Observational studies
made initial contributions, but have been largely superseded
by more powerful, field-based, manipulative experiments.

However, studies have been heavily reliant on faecal egg
counts, which are often an inadequate or unproven measure
of parasite burden. So far, no clear signal has emerged
for the effect of parasite infection on body condition or
spontaneous anorexia.

3. Infection risks

Strongyloid gastrointestinal nematodes are acquired by their
mammalian hosts through direct, faecal-oral transmission:
eggs are shed onto the sward and develop to the infective L3
stage, which can then be ingested by hosts as they forage
[64]. Hosts are unable to detect larvae, but the presence of
faecal material provides a visual and olfactory cue to likely
larval concentrations on the sward [23]. Hart [16,17] pointed
out that hosts could reduce their exposure to infective larvae
in two ways: by avoiding faecal contamination while foraging
and by defaecating at discrete latrine sites, which are then
avoided during foraging.

Nine of the studies of infection risk in free-ranging mam-
malian herbivores have taken an observational approach
(table 1). Two of these assessed the density of parasite larvae
in different habitats. Vegetation types with the highest natural
concentrations of larvae were avoided when grazing by both
Svalbard reindeer [38] and Soay sheep [48]. Two others com-
pared faecal contamination in areas grazed and avoided
along the foraging paths of hosts. Eastern grey kangaroos
took fewer bites per step along paths with greater faecal con-
tamination [24] and, similarly, Alpine ibex (Capra ibex) grazed
preferentially in patches with lower faecal contamination
[47]. Two more studies examined larval density near latrines.
Ezenwa [41] found that strongyle larval density in the vicinity
of latrines of three antelope host species was higher than in con-
trol areas, as would be expected. By contrast, Apio et al. [46]
detected no difference between bushbuck (Tragelaphus scriptus)
latrines and control areas in terms of larval density, and found
that foraging rates of bushbuck were higher within latrines.
The interpretation of this unexpected finding was that the pri-
mary function of latrines in bushbuck may be olfactory
communication among conspecifics.

Ezenwa [41] conducted the first manipulation of the
perceived risk of infection by altering the level of faecal contami-
nation encountered by hosts as they foraged. She provided free-
ranging dik-dik (Madoqua kirkii) with supplementary food in
paired piles, one with dried dik-dik faecal pellets adjacent to
the food and one without faecal contamination. Dik-dik
showed a strong preference to feed on uncontaminated rather
than contaminated piles, taking more than four times as many
bites at uncontaminated piles. However, Ezenwa also found
that larval density was elevated in areas surrounding latrines,
leading to an increased risk of parasitism when foraging, so an
anti-parasite strategy may not be the primary function of latrines
in this species. V. Bristow, G. Coulson & I. Beveridge 2003
(unpublished data; electronic supplementary material) also
investigated faecal avoidance by manipulating the level of
faecal contamination encountered by foraging hosts. Bristow
et al. established a randomized chequerboard of contaminated
and uncontaminated cells in a grassy clearing, then observed
free-ranging eastern grey kangaroos foraging across the site.
Overall, adult hosts showed no significant preference for
either cell type. By contrast, 80% of sub-adults preferred uncon-
taminated cells, consistent with their greater vulnerability to
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infection with Globocephaloides trifidospicularis (Trichostrongyloi-
dea) [8]. There were also differences related to the costs of
reproduction. Adult females with high lactational demands
showed no preference, whereas 66% of adult females with negli-
gible reproductive costs preferred uncontaminated cells,
suggesting that heavily-lactating females foraged indiscrimi-
nately in order to maintain intake [65].

Two experiments have examined aversion to faeces of
species other than those of the host. Fankhauser et al. [51]
tested free-ranging chamois (Rupicapra rupicapra) for aversion
to faeces of domestic sheep, which overlap widely with
chamois in habitat and nematode parasite communities,
including a prevalent and potentially pathogenic species
Teladorsagia circumcincta. No change in grazing intensity on
plots contaminated with sheep faeces following a pre-treatment
‘control’ phase, nor on untreated plots or plots containing inert
‘dummy’ faeces, was detected. However, Fankhauser et al. did
not test for aversion to the faeces of conspecifics, so it was
unclear whether chamois simply lacked a faecal avoidance
response or did not respond to sheep faeces in the way they
might have if exposed to chamois faeces. In a similar exper-
iment, Sharp et al. [31] showed that red-necked wallabies
(Notamacropus rufogriseus) were not deterred from supple-
mentary food by faecal contamination per se. Wallabies were
offered supplementary food contaminated with faeces of con-
specifics or with faeces of sympatric eastern grey kangaroos
and western grey kangaroos (Macropus fuliginosus), which
share few parasite species with red-necked wallabies [66].
Wallabies showed strong discrimination, consuming five
times more food contaminated with heterospecific faeces than
with conspecific faeces.

In summary, observational and experimental studies of
free-ranging herbivores provide consistent evidence of faecal
avoidance as a strategy to reduce their exposure to infective
larvae. The role of latrines in reducing larval exposure is less
evident, and may be secondary to a social signalling function.
Avoidance of faeces of other species has received little attention
to date, but is amenable to field experimentation which
suggests that herbivore responses can be quite subtle.

4. Foraging benefits

Herbivores must weigh up the parasite risk and the nutritional
benefit of food as they forage [67]. In free-ranging mammalian
herbivores, only two field studies have explored the nutritional
benefits of foraging on pasture potentially contaminated with
parasite larvae, and both have coupled the putative benefits
with the ongoing risks of acquiring parasites (table 1). In a
study of free-ranging Soay sheep, Hutchings et al. [48]
measured the quantity and quality of pasture in two vegetation
strata on the island of Hirta, St Kilda, together with the abun-
dance of infective nematode larvae in these strata throughout
the year. In spring, the greatest seasonal disparity in sward
height between the two strata coincided with the highest abun-
dance of larvae. Foraging observations showed that overall,
sheep avoided this tall but risky sward particularly in spring,
thus trading off a nutritional benefit in favour of minimizing
their parasite risk.

Garnick et al. [24] have conducted the only experiment on the
risk—benefit trade-off, simultaneously manipulating faecal con-
tamination and sward height in a study of free-ranging eastern
grey kangaroos at Serendip Sanctuary, southeastern Australia.

Garnick et al. installed small exclosures to allow pasture to [ 7 |

grow taller than the surrounding matrix, removed faecal pellets
from half of the plots and added pellets to other half, giving two
levels of sward height and two levels of faecal contamination in
a factorial design. Foraging observations showed that both
sward height and faecal contamination affected the choice of
foraging patches: kangaroos preferred taller grass overall, but
would not trade-off the higher parasite risk of contaminated
patches for an increase in nutrient intake.

Together these two studies illustrate some of the complex
choices facing free-ranging herbivores when they forage.
A grazing sward presents both temporal and spatial variation
in forage quality and quantity, together with faecal contami-
nation and its associated infection risk. The limited evidence
indicates that herbivores prioritize faecal avoidance over
forage intake, but the limits to this trade-off are yet to be
explored in any depth.

5. Gaining insight

As hosts to parasitic nematodes, mammalian herbivores
encounter potential fitness costs, infection risks and foraging
benefits. Some progress has been made towards understand-
ing these elements, initially from observational studies and
more recently through the increased use of field experiments
(table 1). However, experimental approaches have been rather
tentative to date. Most field studies have manipulated only
one of the three elements of cost, risk and benefit, although Gar-
nick et al. [24] manipulated both risk and benefit variables. This
contrasts strongly with studies of domestic livestock. Fleurance
et al. [20], for example, simultaneously manipulated infection
status, faecal contamination and sward height in their study
of nutritional and anti-parasite strategies in foraging horses.
Working with wildlife poses undeniable challenges for field
experimentation [14], but much can be gained from theoretical
and technical developments. In this section, we consider the
prospects for manipulative studies of fitness costs, infection
risks and foraging benefits in free-ranging hosts.

The standard approach to assessing fitness costs of para-
sitism involves treatment with anthelmintics, followed by a
comparison of the performance of treated hosts with
untreated controls. One limitation of this approach is that
co-infections with multiple parasite species or strains are
commonplace [68], yet anthelmintics are typically broad
spectrum, affecting multiple nematode taxa [57]. As a
result, the contribution of each taxon to any observed effect
on fitness cannot be isolated [28]. Even if more targeted thera-
pies became available, interpretation of species-specific
impacts on hosts would be problematic due to complex com-
petitive and facilitative interactions among parasite taxa [68].
Another clear limitation of anthelmintic treatment is that the
duration of action is typically a small proportion of the life-
span of the host, yet hosts carry chronic infections because
they are constantly reinfected as they forage. Assessing fit-
ness costs at a lifetime scale would, therefore, be a more
meaningful and likely more sensitive measure. While this
would be more logistically demanding, fitness costs of para-
sites could be integrated into long-term, individual-based
studies of free-ranging animals, which have proven their
worth in ecology and evolutionary biology [69].

The infection risk posed by parasites and the foraging
benefits to hosts involve questions about animal behaviour
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[16,17], and the discipline of behavioural ecology has
much to offer in both theoretical perspectives and practical
techniques. Raffel et al. [70] argued that parasitism and
predation are functionally equivalent in most respects, despite
their fundamental differences, so theoretical and empirical
developments can provide mutual insights. One example is
the risk allocation hypothesis, which was developed for
prey species foraging under the threat of predation [71,72],
but has obvious application to host—parasite interactions as
well. The risk allocation hypothesis recognizes that predation
risk can vary temporally, with alternating states of high and
low risk. One counterintuitive prediction is that prey exposed
to chronic high risk are forced to reduce their time allocated
to anti-predator behaviour in order to maintain their food
intake [72], which has clear parallels to a herbivore foraging
on a heavily contaminated yet nutritious grassy sward. The
concept of a landscape of fear [73,74] is also applicable to para-
site risk. This concept describes a three-dimensional virtual
landscape, with peaks and valleys of probability reflecting
the differing levels of predation risk across spatial variation
in habitat type or structure. A landscape of fear could apply
equally to parasite risk [75], particularly where infective
larvae are aggregated, such as in moist habitat [38,48] and
around latrines [41].

Rigorous behavioural assays devised for anti-predator
responses can also be applied to anti-parasite behaviours. A
prime example is ‘giving up density’ [76]. This is a measure
of the density of food resources within a patch at which an
individual ceases foraging, corresponding to a harvest rate
that balances the metabolic costs and predation risks of fora-
ging. Again, this measure can be readily adapted to assessing
the parasite infection risk associated with foraging (e.g. [31]).
In terms of technological developments, motion-sensitive
camera traps can be used to monitor behaviour at focal
sites such as latrines, experimental plots or supplementary
food [77,78]. At a wider spatial scale, animal-borne video
cameras [79,80] can be fitted to monitor hosts as they
forage over a sward peppered with faeces. Incorporating con-
ceptual and technical approaches such as these will sharpen
the focus and boost the impetus of research into anti-parasite
behaviour in free-ranging mammalian hosts.
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