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Abstract

There are substantial individual differences in parasite composition and infection load
in wildlife populations. Few studies have investigated the factors shaping this het-
erogeneity in large wild mammals or the impact of parasite infections on Darwinian
fitness, particularly in juveniles. A host's parasite composition and infection load can
be shaped by factors that determine contact with infective parasite stages and those
that determine the host's resistance to infection, such as abiotic and social environ-
mental factors, and age. Host-parasite interactions and synergies between coinfect-
ing parasites may also be important. We test predictions derived from these different
processes to investigate factors shaping infection loads (fecal egg/oocyte load) of
two energetically costly gastrointestinal parasites: the hookworm Ancylostoma and
the intracellular Cystoisospora, in juvenile spotted hyenas (Crocuta crocuta) in the
Serengeti National Park, in Tanzania. We also assess whether parasite infections
curtail survival to adulthood and longevity. Ancylostoma and Cystoisospora infection
loads declined as the number of adult clan members increased, a result consistent
with an encounter-reduction effect whereby adults reduced encounters between
juveniles and infective larvae, but were not affected by the number of juveniles in a
clan. Infection loads decreased with age, possibly because active immune responses
to infection improved with age. Differences in parasite load between clans possi-
bly indicate variation in abiotic environmental factors between clan den sites. The
survival of juveniles (<365 days old) to adulthood decreased with Ancylostoma load,
increased with age, and was modulated by maternal social status. High-ranking indi-
viduals with low Ancylostoma loads had a higher survivorship during the first 4 years
of life than high-ranking individuals with high Ancylostoma loads. These findings sug-
gest that high infection loads with energetically costly parasites such as hookworms

during early life can have negative fitness consequences.
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1 | INTRODUCTION

Parasites and their mammalian hosts have complex and dynamic
relationships (Bush, Fernandez, Esch, & Seed, 2001; Irvine, 2006;
Knowles et al., 2013; Lello, Boag, Fenton, Stevenson, & Hudson,
2004) with long joint evolutionary histories (Hafner & Nadler, 1988).
Wild mammals are typically infected with a taxonomically diverse
range of gastrointestinal (Gl) macroparasites and microparasites, and
individuals vary considerably in their infection loads and diversity of
coinfecting parasite taxa (Heitlinger, Ferreira, Thierer, Hofer, & East,
2017; Irvine, Stien, Halvorsen, Langvatn, & Albon, 2000; Maclntosh,
Hernandez, & Huffman, 2010; Seltmann, Webster, Ferreira, Czirjak,
& Wachter, 2019). This heterogeneity is thought to be shaped by
interactions between numerous factors associated with the host,
the infecting parasite(s), and the environment. Disentangling the
contribution of these various factors to Gl parasite infection is diffi-
cult, particularly in unmanaged, wild mammalian hosts (Pedersen &
Fenton, 2007; Rynkiewicz, Pedersen, & Fenton, 2015; VanderWaal
& Ezenwa, 2016).

The ability of an individual to prevent, control, and clear infec-
tion is termed resistance, whereas tolerance is defined as the ability
to limit the damage caused to an individual's health status and the
associated Darwinian fitness cost of a given infection load (Raberg,
Graham, & Read, 2009). There is growing interest in the effect of
Gl parasite infections on health status and components of fitness
such as survival, longevity, and reproductive success in mammals
(Hayward et al., 2014; Kutz, Hoberg, Nagy, Polley, & Elkin, 2004;
Lynsdale, Mumby, Hayward, Mar, & Lummaa, 2017) and how phe-
notypic expression of both resistance and tolerance changes during
an individual's life span. Most studies focus on adults, even though
juveniles may be more susceptible to infection and may suffer
more severe outcomes of infection than adults (Chilvers, Duignan,
Robertson, Castinel, & Wilkinson, 2009; East et al., 2008; Marcus,
Higgins, & Gray, 2014; Shrestha et al., 2015).

Resistance to parasite infection depends on both intrinsic and
extrinsic factors (Ardia, Parmentier, & Vogel, 2011; Hayward et al.,
2011; Jackson et al., 2011). In mammals, age is one intrinsic factor
that can alter resistance to infection, because immune processes
generally improve from early life to adulthood and then decline in
old age (Simon, Hollander, & McMichael, 2015). When young, the
cellular immune responses of juveniles typically differ both qualita-
tively and quantitatively from those of adults (Ramsburg, Tigelaar,
Craft, & Hayday, 2003; Watson et al., 2016) and juveniles are less
likely to have the acquired immunity that develops following expo-
sure to pathogen antigen than adults, (Cattadori, Boag, Bjgrnstad,
Cornell, & Hudson, 2005; Ferreira, Torelli, et al., 2019), and thus, ju-
veniles are generally more vulnerable to infection than adults.

The period of rapid growth and development during the juvenile
life-stage is energetically costly, and when food intake is insufficient,
juveniles may resort to resource allocation trade-offs to support
growth and development at the expense of immune responses (Roff,
1992; Sheldon & Verhulst, 1996; Stearns, 1992). When this occurs,

resistance to Gl parasite infection should decline and infection loads

increase. Furthermore, high infection loads of energetic costly par-
asites might compromise a host's nutritional status, thereby cur-
tailing resource allocation to immune processes. When this leads
to an increase in host susceptibility to infection, the outcome may
be increased infection loads and an increase in the number of coin-
fecting taxa. This negative cycle might have detrimental fitness con-
sequences such as reduced survival (Beldomenico & Begon, 2010;
Beldomenico et al., 2008). Reduced survival in individuals with high
infection loads indicates a lower tolerance of infection than that in
animals that survive these levels of infection.

An individual's behavior may determine its chance of pathogen
infection and the outcome of infection. For example, the aggrega-
tion of animals at breeding sites and water sources is thought to pro-
mote both the direct transmission of pathogens between hosts and
the level of environmental contamination of such sites with infective
stages (Cattadori et al., 2005; East, Kurze, Wilhelm, Benhaiem, &
Hofer, 2013; Stommel, Hofer, Grobbel, & East, 2016). In social mam-
mals, interactions between members of a group can affect the chance
and outcome of infection for an individual (Duboscq, Romano, Sueur,
& Maclntosh, 2016; Kappeler, Cremer, & Nunn, 2015; Nunn, Jordan,
McCabe, Verdolin, & Fewell, 2015). Within-group social status (so-
cial rank) emerges from the outcome of behavioral interactions be-
tween animals in a group, and typically, high-ranking animals are
more attractive social partners than low-ranking animals (Seyfarth,
1977). This suggests that more frequent social interactions by high-
ranking individuals enhance the likelihood of contact with pathogens
and hence they may require greater resistance against infection and/
or a higher tolerance of higher infection loads than low-ranking in-
dividuals (Marescot et al., 2018). High-ranking individuals in mam-
malian groups typically have greater access to food resources and
a higher nutritional status than low-ranking individuals, and as a re-
sult, offspring reared by high-ranking mothers are often better nour-
ished than those reared by low-ranking mothers (Clutton-Brock &
Huchard, 2013; Hofer, Benhaiem, Golla, & East, 2016). This suggests
that juveniles reared by high-ranking mothers (high-ranking juve-
niles) should find it easier to allocate the energy and protein (Jones
et al., 2011) required for the maintenance of effective immune pro-
cesses and the repair of parasite damaged tissue than those reared
by low-ranking mother (low-ranking juveniles). As immune processes
and tissue repair are key components of resistance to infection, high-
ranking juveniles should experience a less severe impact of infection
(for any given infection load) on their health and on fitness compo-
nents such as survival than low-ranking juveniles. Thus, high-ranking
juveniles are expected to exhibit greater tolerance of infection than
low-ranking juveniles. Several studies provide evidence that adult
high-ranking individuals do allocate more resources to immune pro-
cesses and the repair of parasite damaged tissue than low-ranking
animals (Ardia et al., 2011; East et al., 2015; Flies, Mansfield, Flies,
Grant, & Holekamp, 2016; Marescot et al., 2018), but studies of this
kind on juveniles are rare.

Arange of intestinal parasites infect wild spotted hyenas (Crocuta
crocuta) (Baylis, 1937; Berentsen et al., 2012; East et al., 2013; Engh
et al., 2003; Graber & Blanc, 1979), and recently, a metabarcoding
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study extended knowledge on the composition and diversity of the
bacterial microbiome and eukaryome in this species (Heitlinger et
al., 2017). Spotted hyenas (hereafter termed hyenas) are social car-
nivores that live in multifemale, multimale fission-fusion societies
termed clans (Kruuk, 1972) that defend territories (Frank, 1986). In
the Serengeti National Park (NP), the main prey species are migra-
tory ungulates, and as a result of their movements, there are large
fluctuations in food abundance in clan territories (Hofer & East,
1993a, 1993b). High-ranking females have priority of access to food
resources in their clan's territory and thus forage for a substantial
proportion of each year in their territory. In contrast, for a substantial
proportion of each year, low-ranking females travel long distances
(from 80 to 140 km per foraging trip) to forage outside their terri-
tory in areas containing large herds of migratory ungulates (Hofer &
East, 1993b). The greater the distance females travel the larger the
number of days between nursing visits to their dependent offspring
stationed at communal dens in clan territories (Hofer & East, 1993c).
Low-ranking mothers have longer internursing intervals (Hofer et
al., 2016), and their offspring have lower growth rates and are less
likely to survive to adulthood than offspring of high-ranking moth-
ers (Hofer & East, 2003). Females reproduce throughout the year,
and their offspring are dependent on milk for the first 6 months of
life and are weaned between 12 and 18 months of age (Hofer et al.,
2016; Hofer & East, 1993c).

Our study aims to of both

Ancylostoma (nematode) and Cystoisospora (coccidian) infection

investigate determinants

loads in high-ranking and low-ranking juvenile spotted hyenas and
to assess the resistance and tolerance of juveniles in these two
social categories to parasite infection. We focus on Ancylostoma
and Cystoisospora because both have direct life cycles that need
no intermediary host, both cause damage to the epithelial lining
of the small intestine, and are considered energetically costly
parasites (East et al., 2015; Seguel & Gottdenker, 2017; Shrestha
et al., 2015). We test predictions derived from six hypotheses:
(a) the resource allocation hypothesis of life-history theory ex-
pects high-ranking juveniles to have lower infection loads than
low-ranking juveniles, because they should have more resources
to allocate to immune processes. (b) An improvement of juvenile
immune responses with age should result in a decline in infection
loads with age. Higher resistance is thus expected in high-ranking
than low-ranking juveniles and in older than younger juveniles. (c)
The transmission of Cystoisospora by the fecal-oral route during
social contacts predicts higher infection loads in high-ranking
than low-ranking juveniles, if resistance to infection is similar in
these rank categories. (d) Environmental contamination with both
Ancylostoma and Cystoisospora infective stages is expected to in-
crease as the number of clan members increases, thereby elevat-
ing infection loads. (e) The energetic cost of high infection loads of
either Ancylostoma or Cystoisospora should compromise immune
responses, thereby increasing the number of coinfecting taxa. (f)
Finally, we expect the survival of young juvenile hyenas to adult-
hood and their longevity to decrease with increasing Ancylostoma
and/or Cystoisospora infection loads, and the fitness cost of high
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infection loads to be less in high-ranking juveniles than low-rank-
ing juveniles, that is, we expect high-ranking juveniles to be more

tolerant of high infection loads.

2 | MATERIALS AND METHODS

2.1 | Study host population

The study was conducted between March 2010 and August 2011
in three large clans that held territories at the junction between
the woodland and plains in the center of the Serengeti NP. As this
area is not within either the wet or dry season ranges of the migra-
tory ungulates, females in all three clans conducted regular long
distance foraging trips to locations outside their clan territory
(East, Burke, Wilhelm, Greig, & Hofer, 2003; Hofer & East, 1993a).
The mean number of animals (£tSEM, plus minimum and maximum
values) in these clans during the study period was 79.4 + 0.6 adults
(range 67-86 adults), 22.5 + 0.6 juveniles (range 11-32 juveniles)
in the Isiaka clan, 66.0 + 0.6 adults (range 54-69 adults), 28.8 + 0.4
juveniles (range 22-32 juveniles) in the Pool clan, and 81.5 + 0.9
adults (range 67-86 adults), 20.0 + 0.7 juveniles (range 12-28 ju-
veniles) in the Mamba clan, respectively. These clans have been
studied since May 1987, November 1989, and August 1990, respec-
tively (East et al., 2003). Information on individual longevity used
in this study was collected until the end of July 2018. Individuals
were recognized by their unique spot patterns and other features
(Frank, 1986; Hofer & East, 1993a). Juveniles were aged using a
range of characteristics (pelage, size, locomotion) when first de-
tected, typically within their first few weeks of life, as previously
described (East et al., 2003; Golla, Hofer, & East, 1999). Sex was
assessed at approximately 3 months of age using the dimorphic
glans morphology of the erect clitoris or penis (Frank, Glickman,
& Licht, 1991). Weaning typically occurs at 12-18 months of age
(Hofer & East, 1995). Juveniles remain at the clan's communal den
until approximately 12 months old where they shelter in under-
ground burrows small enough to prevent entry of adults (Golla et
al., 1999; Hofer & East, 1993c).

Juveniles obtain their social position as a result of the behav-
ioral support they receive from their mother during interactions
with other members of the clan (East et al., 2009; Smale, Frank, &
Holekamp, 1993). As a result, juveniles were allocated the social
rank held by their mother on the day the juvenile was sampled
(Hofer & East, 2008). To construct linear dominance hierarchies
for females in each clan, we recorded ad libitum submissive be-
haviors during dyadic interactions between adult females during
frequent observation periods of approximately three hours at
dawn and dusk, mostly at the clan's communal den, as previously
detailed (East et al., 2003; Hofer & East, 2003). Dominance hi-
erarchies were adjusted after each loss or recruitment of adults
and when dyadic interaction data revealed that an individual had
increased or fallen in rank. The social ranks held by the mothers
of juveniles in this study changed little between March 2010 and
August 2011. To permit the comparison of ranks held by individuals
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TABLE 1 Gastrointestinal parasite taxa in 154 samples from juvenile spotted hyenas (N = 96) identified in fecal samples

Parasite Phylum Prevalence
Ancylostoma Nematoda 94.2 1,784
Dipylidium Platyhelminthes 59.7 =
Cystoisospora Apicomplexa 53.0 1,811
Diphyllobothrium Platyhelminthes 50.0 9,732
Taeniidae Platyhelminthes 8.4 24
Trichuris Nematoda 8.4 29
Spirurida Nematoda 6.5 60

Mean intensity

Ratio variance/

Median intensity Mean abundance mean abundance

503 1,680 13,530
114 976 40,783
2,451 4,866 73,146
16 2 83

16 2 105

16 4 296

Note: Indicated are the percentage of infected host individuals (prevalence, %), mean and median infection loads of infected hosts (mean and median
intensity, number of eggs or oocysts/g feces), mean infection load across all hosts, including the noninfected hosts with a load of O (mean abundance,
number of eggs or oocysts/g feces) and the ratio of the variance to the mean of abundance.

in different clans, we computed a standardized rank. This measure
places the ranks within a given hierarchy evenly between the high-
est (standardized rank: +1) and the lowest (standardized rank: -1)
rank (East et al., 2003; Goymann et al., 2001). Juveniles were then
categorized as high ranking if their mother's standardized rank was
equal to or above 0, and low ranking if their mother's standardized
rank was below O (as detailed by East et al., 2015; Marescot et al.,
2018). We term juveniles reared by high-ranking mothers as high-
ranking juveniles and juveniles reared by low-ranking mothers as

low-ranking juveniles.

2.2 | Parasites

The GI parasite community in juveniles found by this study in-
cluded helminths (Ancylostoma, Spirurida and Trichuris, Dipylidium,
Diphyllobothrium, Taeniidae) and the apicomplexan Cystoisospora
(Table 1). Infection with adult Ancylostoma hookworms is energeti-
cally costly (Seguel & Gottdenker, 2017) because adults live attached
to the mucosal layer of the small intestine and feed on intestinal mu-
cosa and blood. Adults shed eggs into the intestinal lumen which are
voided in host feces (Sowemimo & Asaolu, 2008; Urquhart, Armour,
Duncan, Dunn, & Jennings, 1996). Eggs hatch when environmental
conditions (substrate, temperature and moisture) are suitable and lar-
vae molt twice before they are infective. Infection occurs by ingestion
or when larvae penetrate the skin of a host and then migrate through
host tissue to the small intestines (Urquhart et al., 1996). Larvae can be
transmitted to the offspring through the transmammary route during
lactation in some host species (Burke & Roberson, 1985; Urquhart et
al., 1996) or by ingestion of paratenic hosts with larvae infected tis-
sue (Lee, Little, & Beaver, 1975). The pathogenic effects result from
the blood loss instigated by adult worms and the damage adult worms
cause to the intestinal epithelium (Urquhart et al., 1996).
Cystoisospora (formerly termed Isospora) infects epithelial cells
lining the host's small intestine and is predominantly transmitted by
the fecal-oral route (Lindsay, Dubey, & Blagnurn, 1997; Shrestha et
al., 2015). Oocysts in feces can remain infective for weeks under fa-
vorable environmental conditions, and sporulation may take <16 hr
at 30°C (Lindsay et al., 1997). Following the infection of intestinal

epithelial cells, asexual reproduction occurs, thereby enhancing the
infection load in these cells in relation to the infection dose. During
this phase, histological changes in the small intestine occur (Lindsay
et al., 1997; Shrestha et al., 2015) resulting in clinical signs such as
diarrhea and weight loss (Lindsay et al., 1997; Mengel et al., 2012).
Sexual reproduction occurs after a period of several to many days,
depending on the species of Cystoisospora. Oocysts are then shed in
the host's feces (Lindsay et al., 1997; Mengel et al., 2012). For details
on life cycles of spotted hyena Gl parasites other than Ancylostoma

and Cystoisospora, please see Table S1.

2.3 | Parasite screening

Fresh feces (N = 154) were immediately collected after deposition
from 96 known juveniles (N = 50 males; N = 46 females) between 36
and 726 days of age (median age 188 day, mean age 214 days). Each
fecal sample was mechanically mixed, and one aliquot was stored in
a 4% formalin solution at room temperature until processed.

We determined fecal egg counts (FECs, eggs/g feces) and fecal
oocyst counts (FOCs, oocysts/g feces) as previously described
(East et al., 2015; Heitlinger et al., 2017) using the McMaster egg
flotation technique following Foreyt (2001). We screened 2 g of
feces per sample and used a potassium iodide (KI) solution with a
specific weight of 1.5 g/ml and with a dilution ratio of 1:15 (Meyer-
Lucht & Sommer, 2005). The McMaster slide counting chambers
were loaded and left for 5 min before parasite eggs/oocysts were
identified, measured, and counted in four chambers per sample
using a compound microscope at 100x magnification (Jenaval,
Carl Zeiss). Taxa were identified by conventional morphological
criteria using veterinary parasitology reference manuals (Bowman,
Hendrix, & Lindsay, 2002; Eckert, Friedhoff, Zahner, & Deplazes,
2008; Foreyt, 2001; Zajac & Conboy, 2012). Taxonomic identifi-
cation to the resolution of order, family, or genus level varied be-
tween taxa. Results are presented as eggs or oocysts per gram of
feces (EPG or OPG). These values were calculated by dividing the
total number of eggs counted by the mass of feces in the counted
chambers, which corresponds to the mass of feces measured per

sample (2 g) divided by the volume of Kl solution used (28 ml) and
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multiplied by the total volume counted (0.6 ml). To investigate the
reliability of detecting the presence or absence of infection at low
parasite loads, we repeated the analysis using three samples with
low parasite egg loads. This revealed that the chance of detecting
Dipylidium was 33% (2 of 6 counts), Trichuris 50% (7/14), Taeniidae
83% (5/6), Spirurida 100% (4/4), and Cystoisospora 100% (4/4). In
three of five taxa, there was a chance of a false-negative result;
hence, results from these three taxa should be interpreted with
caution.

For Ancylostoma duodenale, fecundity (the number of eggs/g
feces per worm) is density-dependent, declining from 287 eggs to
approximately 100 eggs for the first 100 worms and then remains
largely independent thereafter (Anderson & Schad, 1985); hence,
FECs are a reasonable index of adult worm infection load. Also,
Heitlinger et al. (2017) found a significant positive correlation be-
tween egg or oocyst counts and the amount of parasite DNA in the
feces for the taxa identified as Ancylostoma, Diphyllobothrium, and
Coccidia in this study population. In pigs, Trichuris suis egg counts
are deemed a reliable approximate estimate of the number of adult
worms per host, that is, parasite load (Gassé et al., 2015). Fecal egg
counts are not a reliable method to quantify parasite loads in cesto-
des of the order Cyclophillidea (e.g., Taeniidae) which release eggs
from gravid proglottids. Dipylidium eggs are released inside egg pack-
ages or as gravid proglottids which creates a clumped distribution of
eggs, whereas when egg packages are broken, eggs are spread in
the feces (Bowman et al., 2002). To estimate infection prevalence
with Dipylidium, we combined the presence of eggs in feces and the
occurrence of Dipylidium proglottids on the surface of feces when
collected (for details see East et al., 2013).
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2.4 | Data analysis

The prevalence of infection is the proportion of individuals infected by
a particular parasite taxon. Infection load corresponds to the FEC or
FOC of a particular parasite taxon per feces. Mean intensity of infec-
tion describes the mean value of infection load of a particular parasite
taxon among infected hosts. Mean abundance describes the mean of
infection load of a particular parasite taxon among all host examined
(Bush, Lafferty, Lotz, & Shostak, 1997; Margolis, Esch, Holmes, Kuris,
& Schad, 1982). The ratio of the variance to the mean abundance was
calculated to assess the degree of overdispersion (Table 1).

We used infection loads for Ancylostoma and Cystoisospora and
the presence or absence of coinfection with the other parasite taxa
identified in our study (Table 1) as recommended by Fenton, Viney,
and Lello (2010). We applied generalized mixed-effect linear mod-
els (GLMM) using the package “Ime4” (Bates et al., 2015) in which
Ancylostoma load (Table 2) and transformed log,,(1+) Cystoisospora
load (Table 3) were the response variables. Because the raw data
were overdispersed, we used a negative binomial distribution with
a log link function (Hilbe, 2011) and confirmed that negative bino-
mial regressions adequately accounted for overdispersion. We used
individual ID as random effect to prevent pseudoreplication of 38
individuals contributing more than one fecal sample.

Fixed effect predictors of parasite load were (a) clan mem-
bership—an index of environmental variability in terms of abiotic
conditions in the vicinity of clan communal den sites, which may
affect the survival of parasite eggs/oocysts and infective stages
(Altizer et al., 2006), (b) absolute number of juvenile clan mem-

bers—an index of social contact between juveniles at the clan

TABLE 2 Predictors of Ancylostoma load (eggs/g feces) in juvenile spotted hyenas (N = 154) as estimated by a mixed-effect negative

binomial regression

Cl
Fixed effect Estimate SE Low Low
(Intercept) 10.45 1.83 NA NA
Age at sampling -0.01 0.001 NA NA
No. of coinfecting Gl para- 0.41 0.13 NA NA
site taxa*
Clan Isiaka** 1.76 0.65 NA NA
Clan Mamba** 1.68 0.73 NA NA
Maternal rank (high > low) -0.39 0.25 NA NA
Number of adult clan -0.06 0.03 NA NA
members
Number of juvenile clan 0.05 0.03 NA NA

members

z p df G p AIC AAIC
5.70 <0.001

-5.48 <0.001 1 22.14 <0.001 2,584.6 201
3.22 0.001 1 10.59 0.001 2,573.1 8.6
2.73 0.01 2 8.59 0.01 2,569.1 4.6
2.29 0.02

-1.55 0.12 1 2.60 0.11 2,565.1 0.6

-2.09 0.04 1 15.17 <0.001 2,577.7 13.2
1.37 0.17 1 1.89 0.17 2,564.4 -0.1

Note: Potential predictors included age, coinfection (scored as the number of other gastrointestinal parasite taxa), clan membership, and maternal
social status. Shown are the model parameter estimates, their standard errors (SE) in natural log units, and z-values with associated p-value. Positive
(negative) estimates indicate that an increase in the value of the parameter increased (reduced) egg load. Also shown are the tests for the significance
of each parameter using log-likelihood ratio tests (G), with associated p-values and the values for the Akaike information criterion (AIC) for each
alternative model when the specific predictor was removed. AlIC for the full model was 2,564.5.

Abbreviations: Gl, gastrointestinal.

*Presence of one or more of the following taxa: Cystoisospora, Diphyllobothrium, Dipylidium, Taeniidae, Spirurida, Trichuris.

**Clan Pool was reference clan.
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TABLE 3 Predictors of Cystoisospora load (oocysts/g feces) in juvenile spotted hyenas log10 (1+) transformed (N = 154) as estimated by a

mixed-effect negative binomial regression

Cl
Estimate SE Low High

(Intercept) 1.63 0.87 -0.12 3.39
Age at sampling -0.001 0.001 -0.003 -0.00002
No. of coinfecting Gl 0.22 0.08 0.05 0.39

parasite taxa*
Clan Isiaka** 1.48 0.33 0.82 2.14
Clan Mamba** 1.34 0.37 0.61 2.10
Maternal rank (high > low) 0.06 0.15 -0.24 0.35
Number of adult clan -0.04 0.01 -0.07 -0.01

members
Number of juvenile clan 0.02 0.02 -0.01 0.06

members

z p df G p AIC AAIC
1.86 0.06 -

-1.96 0.05 1 4.95 0.05 481.83 1.95
2.63 0.01 1 6.79 0.01 484.68 4.8
444  <0.001 2 18.24  <0.001 494.12 14.24
3.61 <0.001
0.42 0.68 1 0.17 0.68 478.06 -1.82

-2.95 0.003 1 8.49 0.004  486.37 6.49

1.33 0.18 1 1.66 0.20 479.54  -0.34

Note: Potential predictors included age, coinfection (scored as the number of other gastrointestinal parasite taxa), clan membership, and maternal
social status. Shown are the model parameter estimates, their standard errors (SE) in natural log units, 95% confidence limits (Cl), and z-values with
associated p-value. Positive (negative) estimates indicate that an increase in the value of the parameter increased (reduced) egg load. Also shown are
the tests for the significance of each parameter using log-likelihood ratio tests (G), with associated p-values and the values for the Akaike information
criterion (AIC) for each alternative model when the specific predictor was removed. QAIC for the full model was 479.88.

Abbreviations: Gl, gastrointestinal.

*Presence of one or more of the following taxa: Ancylostoma, Diphyllobothrium, Dipylidium, Taeniidae, Spirurida, Trichuris.

**Clan Pool was reference clan.

communal den and the deposition of juvenile feces in the vicinity
of den sites, (c) absolute number of adult clan members—an index
of social contact between adults and juveniles, the deposition of
adult feces in the vicinity of dens, and the potential for these fac-
tors to influence parasite transmission to juveniles (see, East et al.,
2013; Olarte-Castillo et al., 2016), (d) age at sampling for individ-
uals with several measurements, (e) the number of Gl coinfecting
parasite taxa (between 0 and 6 taxa), and (f) maternal social rank
(high or low)—an indicator of juvenile body condition (see Hofer
et al., 2016) and contact with pathogens mediated by within-clan
social interactions (Marescot et al., 2018).

We used log-likelihood ratio tests and the Akaike information cri-
terion (AIC) in R (R Core Team, 2015) to check whether the complete
models were superior to reduced models. Models were considered
similar if differences in AIC were <2.5 and preferable if the difference
exceeded 6.0 (Hilbe, 2009). The significance of each predictor vari-
able was assessed as the marginal contribution of each parameter to
the full model by subtracting from the full model the log-likelihood
ratio of a second model with each specific parameter removed and
testing the difference against a chi-square distribution with appro-
priate degrees of freedom (see discussions in Hilbe, 2011; Hosmer,
Lemeshow, & Sturdivant, 2013). To assess the global goodness of
fit, we used log-likelihood ratio tests to compare full models with
intercept-only models. In preliminary models, we included season in
terms of wet and dry season and sex as fixed effects but neither had
a significant effect nor improved the models as described above.

To investigate factors influencing survival to adulthood at
2 years of age, we selected samples from juveniles younger than
12 months (364 days). This resulted in a dataset with 135 samples

from 84 individuals. We used a binomial logistic regression with a
logit link function calculated with the R package MASS version 7.3-45
(Venables & Ripley, 2002) and included as predictors (a) age at sam-
pling, (b) maternal social rank (high or low), (c) Ancylostoma infection
load, (d) Cystoisospora infection load, (e) the number of Gl coinfecting
parasite taxa (between O and 4 taxa), and (f) an interaction between
age at sampling and maternal social status. To avoid pseudoreplication,
we randomly chose one sample per juvenile younger than 12 months
(N = 84).

To investigate the tolerance of juveniles to high Ancylostoma
infection load and to infection with Cystoisospora, we determined
the longevity (in days) of those juveniles sampled before the age
of 6 months (180 days). We applied this cutoff because juveniles
<180 days old had the highest Ancylostoma and Cystoisospora infec-
tion loads (see results), were entirely dependent on milk, and hence,
their intake of milk was likely to be sensitive to maternal rank-related
access to food and the period in days between maternal nursing vis-
its (Hofer & East, 2003, Hofer et al., 2016). Longevity was scored as
an exact value if the death date was known or as a right-censored
value (a) at the age of dispersal for males that dispersed (and whose
fate could not be subsequently followed), (b) at their age on the day
of the road accident for individuals killed in road accidents, and (c)
the age reached by females on the last day of observation for this
study (31 July 2018) if they were still alive on that day. We used
Kaplan-Meier survivorship functions to construct survivorship
curves for maternal rank (high and low) and infection intensity (high
considered above and low below mean values of Ancylostoma load,
Figure 1a). Similarly, for Cystoisospora, we constructed survivorship

curves for maternal rank (high and low) but chose infection status
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(positive and negative) rather than infection load to improve sample
size, as only 9 out of 50 individuals had infections loads above the
mean, whereas 25 out of 50 individuals were scored as infected. We
excluded duplicates resulting from repeated samples from the same
individual that were placed in the same categories. The dataset for
the Ancylostoma and maternal rank survivorship functions had 5 in-
dividuals sampled twice with different Ancylostoma load categories.
The dataset for the Cystoisospora infection status and maternal rank
survivorship function had 8 individuals sampled twice with differ-
ent Cystoisospora infection status categories. To avoid pseudorep-
lication, we chose one sample per individual randomly. This dataset

contained 50 juveniles.
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This survival analysis was conducted using the R package sur-
vival v.2.38 (Therneau, 2015).

In all statistical models, the significance threshold was fixed at
5% and all tests were two-tailed. All statistical analyses were per-
formed using R version 3.2.2 (R Core Team, 2015). Unless otherwise
indicated, results are presented as means + SD

3 | RESULTS

We quantified eggs or oocysts from seven parasite taxa in the feces
of juvenile hyenas (Table 1). Infection prevalence was 94.2% for
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Ancylostoma and 53.9% for Cystoisospora. Infection loads were overd-
ispersed (variance to mean abundance ratios > 1, Table 1) for all seven
parasite taxa and are illustrated for Ancylostoma, Diphyllobothrium,
and Cystoisospora in Figure 2. In 4 of 154 (2.6%) samples, no para-
site eggs or oocysts were found. The prevalence of Dipylidium based
on egg counts alone was 20.8% and increased to 59.7% when data
on the presence of Dipylidium proglottids on feces at the time of
collection were combined with egg count data. Changes of infec-
tion loads with age are illustrated for Ancylostoma, Cystoisospora,
and Diphyllobothrium in Figure 3a-c, respectively, for all individuals
sampled on at least three dates (N = 46 samples from 13 individu-
als). In general, infection load declined with age for these three most
prevalent parasite genera.

Concurrent infection with more than one parasite taxon was fre-
quent. Individuals were infected with 0-5 parasite taxa, the mean
number of parasite taxa per individual was 2.8 + 1.2 (N = 154). The
frequency distribution of the number of different parasite taxa
found in individual hyenas is illustrated in Figure 4.

Several factors influenced Ancylostoma egg load (log-likelihood
ratio test G = 52.11, df = 7, p < 0.001, Table 2) and Cystoisospora
oocyst load (G = 33.96, df = 7, p < 0.001, Table 3). Ancylostoma and
Cystoisospora loads significantly decreased with host age and signifi-
cantly increased with the number of coinfecting parasite taxa (Tables
2, 3, Figure 5). Cystoisospora load and Ancylostoma load signifi-
cantly decreased as the number of adults in a clan increased. Both
Ancylostoma and Cystoisospora loads significantly differed between
clans (Tables 2, 3).

Survival to adulthood among juveniles sampled in the first
12 months of life (log-likelihood ratio test, G = 33.38, df = 6,
p < 0.001) decreased as Ancylostoma load increased but was in-
dependent of Cystoisospora load (Table 4). The effect of maternal
social status was modulated by age. In low-ranking juveniles, sur-
vival early in life was substantially lower than that of high-ranking
juveniles. As age increased, survival to adulthood of low-ranking
juveniles increased steeply, whereas survival to adulthood of high-
ranking juveniles increased modestly with age (Figure 6). Kaplan-

Meier survivorship curves indicated that during approximately the
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first 4 years of life, high-ranking juveniles with low Ancylostoma
loads (Figure 1a) had an overall better survivorship than those
with high Ancylostoma loads. The survivorship of low-ranking
juveniles with high Ancylostoma loads was mostly below that of
low-ranking juveniles with low Ancylostoma loads during approx-
imately the first 5 years of life (Figure 1a). In contrast, high-rank-
ing juveniles infected with Cystoisospora had a higher survivorship
until early adulthood than those that were not infected with this
parasite, whereas low-ranking juveniles that were infected with
Cystoisospora had a lower survivorship than those not infected
with Cystoisospora during approximately their first 5 years of life
(Figure 1b).

4 | DISCUSSION

In line with other studies on parasite infections in free-ranging
wild mammals, our study on spotted hyenas revealed substantial
heterogeneity between juveniles in both their Ancylostoma and
Cystoisospora infection loads (Figure 2) and their number of coin-
fecting parasite taxa (Table 1, Figure 4). Consistent with evidence
that immune processes in juvenile mammals improve with age, both
Ancylostoma (Table 2) and Cystoisospora (Table 3) loads decreased
as juveniles increased in age. We interpret differences in infection
loads between juveniles in different clans as possible evidence that
abiotic conditions at communal dens sites that influence the survival
of parasite infective stages differed between clans. In contrast to our
prediction, Ancylostoma and Cystoisospora loads decreased with the
number of adults in a clan (Table 2). One plausible explanation could
be an encounter-reduction effect whereby adult hyenas reduce the
chance of juveniles encountering Ancylostoma infective larvae. Also
contrary to expectation, we found no evidence that Cystoisospora
loads were affected by social interactions among juveniles (Table 3),
possibly because asexual reproduction by Cystoisospora in infected
intestinal epithelial cells contributes more to elevating infection
loads in individuals than fecal-oral transmission during social in-

teractions. We found evidence that the survival of young juveniles
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70 [ | piohynovothrium
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FIGURE 2 Frequency distributions
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to adulthood (Table 4) decreased as Ancylostoma infection loads
increased but was not affected by Cystoisospora infection loads
(Table 4). Furthermore, the longevity of young juveniles with high
Ancylostoma infection loads was poor compared to those with low
Ancylostoma infection load, and this was particularly so in juveniles
reared by low-ranking mothers (Figure 1). These findings indicate
that energetically costly parasites such as Ancylostoma can have
negative fitness consequences for juveniles and that high-ranking
juveniles may be more tolerant of infection (i.e., have lower fitness
costs) than low-ranking juveniles.

Juvenile hyenas in our study population are entirely dependent
on maternal milk for their growth during their first 6 months of life
(Hofer et al., 2016; Hofer & East, 2003). During this early period
of life, they often have their peak infection loads of Ancylostoma,
Cystoisospora, and Diphyllobothrium (Figure 3) and hence their peak
energetic costs of infection with these parasites. The survival of
juveniles to adulthood and their longevity were the two compo-
nents of Darwinian fitness we used to investigate the fitness con-
sequences of Ancylostoma infection loads in juvenile hyenas. Our
analyses revealed evidence that survival to adulthood decreased as
Ancylostoma infection loads increased (Table 4) and that high-rank-
ing juveniles had a higher probability of reaching adulthood than
low-ranking juveniles (Table 4, Figure 6). Furthermore, survival to
adulthood increased with age and there was an interaction between
juvenile age and maternal rank (Table 4). During the first 6 months
of life, the probability of survival for low-ranking juveniles was very
low and for the few low-ranking juveniles that did survive this initial
period, their probability of survival was then similar to the higher
survival of high-ranking juveniles (Figure 6). We also found evidence
that in both high-ranking and low-ranking juveniles, survivorship
(longevity) appears to be less in animals with high than those with low
Ancylostoma loads. High-ranking juveniles with high infection loads
lived longer than low-ranking juveniles with high loads (Figure 1a).
This result is based on a relatively small number of juveniles, and
thus, the effect of Ancylostoma loads on longevity should be fur-
ther investigated with a larger sample of juveniles. Our results indi-
cate that most animals in our study were infected with Ancylostoma.
Given this high prevalence of Ancylostoma infection (Table 1) and the
absence of a maternal rank effect on Ancylostoma loads (Table 2),
we interpret these results to indicate that high Ancylostoma loads
decrease longevity. Furthermore, we interpret the lack of a maternal
rank effect on Ancylostoma loads (Table 2) to suggest that higher
milk intake and higher growth rates in high-ranking than low-rank-
ing juveniles (Hofer et al., 2016; Hofer & East, 2003) do not provide
evidence that high-ranking juveniles are more resistant to infection
than low-ranking juveniles (Figure 1a), but rather that better nour-
ished high-ranking juveniles have a higher “tolerance” phenotype to
Ancylostoma load than low-ranking juveniles. This idea needs to be
more rigorously tested with a larger sample of juveniles, as it is pos-
sible that, in combination with other factors, even low Ancylostoma
loads may reduce longevity.

Previously, we have shown that offspring reared by low-ranking
mothers have lower growth rates than those reared by high-ranking
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females (Hofer & East, 2003). This is because low-ranking mothers in
our study population more often travel long distances (round trips of
up to 140 km) to forage outside the clan territory than high-ranking
mothers (Hofer & East, 1993c, 2003). As a result, during the first
6 months of life, when growth is fueled by milk, low-ranking juve-
niles are nursed less often and overall receive less milk than high-
ranking juveniles (Hofer et al., 2016). Furthermore, juveniles in our
study population with low growth rates in the first 6 months of life
have a lower probability of survival to adulthood than those with
high growth rates (Hofer & East, 2003). High Ancylostoma infection
loads are energetically costly because of substantial blood loss and
damage to the intestinal wall (Urquhart et al., 1996), and have been
reported to retard juvenile growth, and cause anemia and malnu-
trition in other mammals (Sakti et al., 1999; Seguel & Gottdenker,
2017; Stoltzfus et al., 2004). This suggests that the energetic cost
of high Ancylostoma infection loads in rapidly growing, milk-de-
pendent juvenile hyenas may compromise growth and thus curtail
survival to adulthood. This idea is supported by evidence that pup
growth in New Zealand sea lion (Phocarctos hookeri) is reduced by
infection with the hookworm Uncinaria sp (Chilvers et al., 2009), and
body mass, fat deposits, and fecundity in reindeer (Rangifer taran-
dus platyrhynchus) are reduced by the nematode Ostertagia gruehneri
(Stien et al., 2002). Using all these strands of evidence, we interpret
our current finding to suggest that high-ranking juveniles are more
tolerant of high Ancylostoma infection loads than low-ranking ju-
veniles, because they are generally better nourished and thus can
allocate more resources to replace the blood lost to feeding adult
Ancylostoma and to repair the damage to the intestinal wall than low-
ranking juveniles. Similarly, a study of nematode infections in female
Soay sheep on the island of St Kilda (Hayward et al., 2014) reported
considerable variation in weight loss in relation to a given strongyle
egg load and that animals that lost weight more slowly had a higher
lifetime breeding success, indicative of a greater tolerance of infec-
tion and higher fitness. Tolerance is a trait that is thought to lead to a
higher infection prevalence of a parasite in a host population and this
should promote the persistence of infection (Roy & Kirchner, 2000).
Consistent with this idea, our results from juvenile hyenas and those
of a previous study (East et al., 2015) indicate both a high prevalence
and persistence of Ancylostoma infection in our study clans.
Although we found no evidence that high Cystoisospora infec-
tion loads decreased the survival of juvenile hyenas to adulthood
(Table 4), the survival probability for low-ranking individuals that
were infected with Cystoisospora when they were juveniles was lower
throughout the juvenile period and into early adulthood than that
of low-ranking juveniles not infected by Cystoisospora (Figure 1b).
Our study does not assess infection loads during the first few weeks
after birth when we are unable to obtain feces from cubs; hence,
we cannot rule out the possibility that infection during this period
might decrease survival. Infection with Cystoisospora suis within
days of birth of domestic piglets can cause severe pathologies, in-
creased mortality and poor weight gain (Koudela & Kucerova, 1999;
Lindsay et al., 1997; Shrestha et al., 2015), and an enhanced chance
of coinfection (Mengel et al., 2012). Furthermore, our analysis does
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gastrointestinal parasite taxa in juvenile spotted hyenas (n = 154)

not distinguish between juvenile hyenas with chronic Cystoisospora
infections that may curtail juvenile survival to adulthood from those
with relatively short-term, high infection loads that may have a lim-
ited effect on juvenile survival (Figure 3b). A preponderance of such
short-term infections in our sample may contribute to the lack of a
significant effect of high oocyst infection load on juvenile survival
to adulthood.

Our analysis found no evidence for the expected positive rela-
tionship between Cystoisospora loads in juveniles and the number
of juveniles in a clan (Table 3). This relationship was expected be-
cause Cystoisospora is transmitted by the fecal-oral route and so-
cial interactions, particularly greeting ceremonies between young
juveniles, in which participants sniff and lick their partner's anal
genital region (East, Hofer, & Wickler, 1993), might be expected to
increase with the number juveniles in a clan (Olarte-Castillo et al.,
2016). Environmental contamination of communal den sites might
also be expected to increase with the number of juveniles, thereby
raising the chance of inadvertent ingestion of oocysts by juveniles.
We studied three clans that contained roughly a similar mean num-
ber of juveniles (between 20 and 29 juveniles). It is possible that the
inclusion of a larger number of clans that differed substantially in the
number of juveniles they contained might yield results that differ
from ours.

Our results revealed that heterogeneity in Cystoisospora oocyst
loads shed by juveniles was considerable (Figures 2, 3b) and that high
infection loads occurred mostly early in life (Figure 3b) and declined
as juvenile age increases (Table 3). These findings suggest that at
any given time, high infection loads are probably mostly apparent
in a few younger juveniles in a clan. It is possible that high infec-
tion loads in these individuals may be linked to rapid asexual repro-
duction of the parasite within the intestinal epithelial cells of some
individuals, followed by sexual reproduction and the shedding of

high oocyst loads—rather than high infection loads resulting from
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fecal-oral transmission during social interactions or from environ-
mental contamination. Juveniles that shed high Cystoisospora oocyst
loads may act as “super-shedders” for infection. “Super-shedders”
are thought to be important for disease transmission in several
pathogens (Courtenay, Peters, Rogers, & Bern, 2017; Lloyd-Smith,
Schreiber, Kopp, & Getz, 2005; Paull et al., 2011). Because adult fe-
males in our study clans give birth throughout the year (East et al.,
2003; Hofer & East, 1995), for a substantial proportion of each year,
communal dens are likely to contain the young juveniles (Figure 3b)
that typically shed high oocyst loads. Communal dens are likely to
be hot spots for Cystoisospora transmission to susceptible individu-
als because both juveniles (this study) and lactating females at dens
(East et al., 2015) shed oocysts in feces. Hyena communal den sites
are locations of high use by both adults and juveniles (Figure 7) and
thus can act as hot spots for the spread of pathogens, similar to bird
feeders (Adelman, Moyers, Farine, & Hawley, 2015) and savannah
waterholes (Stommel et al., 2016). Both super-spreaders and hot
spots of infection are important for the spread and maintenance of
pathogens in host populations (Adelman et al., 2015; Courtenay et
al., 2017; Lloyd-Smith et al., 2005; Paull et al., 2011). Juvenile hyenas
with high infection loads at communal dens may be important for the
spread and maintenance of not only Cystoisospora and Ancylostoma
(this study) but other parasite such as Dipylidium (East et al., 2013).
For approximately 2 months after birth, defecation by young juve-
niles is stimulated by maternal grooming of their offspring's anus and
mothers typically consume the feces produced (M. L. East and H.
Hofer, personal observations). This maternal behavior may help limit
oocyst contamination of dens.

Ancylostoma larvae emerge from eggs shed in feces and then molt
twice before becoming infective filariform larvae that remain viable
for weeks in moist and cool environmental conditions (Urquhart et
al., 1996). Hyenas are infected when Ancylostoma infective larvae
either burrow into their feet or pass from infected mothers to their

offspring during nursing. We previously found that Ancylostoma

Number of coinfecting Gl parasites

infection loads were higher in low-ranking than high-ranking lactat-
ing females (East et al., 2015). These rank-related differences in ma-
ternal infection loads might be expected to result in the passage of
more infective larvae from low-ranking than high-ranking mothers
to their offspring during nursing. However, even though Ancylostoma
egg load is a good indicator of the infection load of adult worms in
a host (Anderson & Schad, 1985), the number of adult Ancylostoma
worms in the intestine may not reflect the number of migrating lar-
vae in the female's tissue or the number of larvae shed in her milk,
and this may explain why there was no significant effect of maternal
rank on Ancylostoma infection load in juvenile hyenas (Table 2). In
several species of sea lions, transmission of the hookworm Uncinaria
by the transmammary route is thought to be important (Marcus et
al., 2014).

The three study clans varied in the mean number of adults they
contained (between 66 and 82 adults), and although the number of
clans studied was small, our results indicate that infection loads of
Ancylostoma (Table 2) and Cystoisospora (Table 3) decreased as the
number of adult clan members increased. This suggests an encoun-
ter-reduction effect (Cété & Poulin, 1995; Keesing, Holt, & Ostfeld,
2006; Mooring & Hart, 1992), which in multispecies host assem-
blages is termed a “dilution” effect. Evidence of an encounter-reduc-
tion effect contradicts the expected positive relationship between
the number of adults in a clan and infection loads in juveniles. How
might the presence of adult clan members reduce Ancylostoma infec-
tion loads in juveniles? Firstly, adults exposed to the infective stages
of both parasites at den sites become infected and then rapidly clear
these infections, thereby decreasing the population of infective
stages at dens. When the number of visits by adults to den areas is
high, the removal of infective stages by adults may be sufficient to
reduce encounters between juveniles and infective stages. Secondly,
since adults deposit feces in communal latrines near dens, this might
reduce the chance of juveniles encountering infective stages be-

cause the Ancylostoma infection load in the feces of adult females
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(East et al., 2015) is typically less than that in feces produced by ju-
veniles (this study), probably because of a more effective immune
response to infection by adults than juveniles. Unless encountered
in a fresh condition, the feces of adult hyenas are often extremely
hard and dry (Kruuk, 1972), whereas the feces of juveniles are more
often moist and less hard (M. L. East, S. C. M. Ferreira, and H. Hofer,
personal observations). This suggests that Ancylostoma larvae and
Cystoisospora oocysts may develop and survive less well in adult than
juvenile feces. These three possible encounter-reduction effects
may all contribute to the negative relationship between Ancylostoma
and Cystoisospora infection loads in juveniles and the number of
adults in the clan. Encounter-reduction effects have been reported
for a range of pathogens, including the bacterium Mycobacterium
bovis (Huang et al., 2013; Vicente, Delahay, Walker, & Cheeseman,
2007), and both the cestode Dipylidium (East et al., 2013) and the en-
teric Sapovirus (Olarte-Castillo et al., 2016) in our study population.

In line with the findings of previous studies that provide evi-
dence that immunocompetence in juvenile mammals improves with
age (Koudela & Kucerova, 1999; Ramsburg et al., 2003; Simon et
al., 2015), both Ancylostoma and Cystoisospora infection loads in
juvenile hyenas decreased with age (Tables 2, 3). This age effect
was also apparent for infection with Ancylostoma, Cystoisospora,
and Diphyllobothrium in juvenile hyenas sampled several times
during their development (Figure 3a-c). The less developed immune

responses of neonates develop during the juvenile period into the
fully mature immune system of adults. For example, during early life,
juveniles are generally more susceptible to infection by pathogens
than adults, partly because of their limited capacity to mount an ef-
fective immune responses due to qualitative differences in the T-
cell populations of juveniles and adults (Ramsburg et al., 2003), and
naive, mostly young animals that lack exposure to pathogen antigens
have not developed the acquired immune responses that develop
as a result of exposure (Cattadori et al., 2005; Koudela & Kucerova,
1999). The decrease in Ancylostoma and Cystoisospora infection
loads in juvenile hyenas with age may be the combined outcome of
increased immunocompetence due to active immune responses in-
duced by parasite exposure, which is likely to increase with age (East
et al.,, 2001; Ferreira, Torelli, et al., 2019) and the general maturation
of the mammalian immune system in juvenile hyenas with increasing
age. Currently, little is known about factors that affect immunocom-
petence in juvenile hyenas, so in addition to age, factors such as gen-
otype and gene expression (Gulland, Albon, Pemberton, Moorcroft,
& Clutton-Brock, 1993; Jackson et al., 2011), allostatic load, physi-
ological processes, behavior, and diet may be relevant (Ardia et al.,
2011; VanderWaal & Ezenwa, 2016).

Our results revealed a significant effect of clan membership
on both Ancylostoma (Table 2) and Cystoisospora (Table 3) infection
loads, with juveniles in the Isiaka and Mamba clans having higher

TABLE 4 The effects of Ancylostoma and Cystoisospora load (eggs/oocysts/g feces), age, and maternal social status on survival to
adulthood (at 2 years of age) for less than one-year-old juvenile spotted hyenas (N = 84)

Regression coefficients Odds ratios
Cl Cl

Parameter Estimate  SE z p df G p Lower Upper Estimate  Lower Upper
(Intercept) -0.32 1.47 -0.22 0.83 -3.36 2.50 0.72 0.03 12.16
Ancylostoma -0.0001 0.0001 -2.07 0.04 1 478 0.03 -0.0003 -0.00001 1.00 1.00 1.00
egg load

Cystoisospora 0.0001 0.0001 1.00 032 1 1.70 0.19 -0.00003 0.0003 1.00 1.00 1.00
oocyst load

Age at 0.01 0.01 0.77 044 2 20.34 <0.001 -0.01 0.02 1.01 0.99 1.02
sampling

No. of 0.38 0.35 1.07 028 1 1.16 0.28 -0.31 1.09 146 0.74 2.97
coinfecting

parasite

taxa®

Maternal -6.86 2.83 -243 0.02 2 8.03 0.02 -13.20 -1.86 0.001 0.000002 0.16
rank:

high > low

Interaction 0.04 0.02 223 003 1 6.38 0.01 0.01 0.07 1.04 1.01 1.08
age and

maternal

rank

Note: Shown are the logistic regression coefficient estimates with their standard errors (SE) and 95% confidence limits in natural log units as well as
their conversion into odds ratios with their respective 95% confidence limits (Cl), the z-values and associated p-values for each parameter and the
results of log-likelihood ratio tests (G) with associated p-values. Positive (negative) estimates indicate that an increase in the value of the parameter
increased (reduced) the survival to adulthood. Survival for juveniles with low maternal rank was lower than for juveniles with high maternal rank.
2Presence of one or more of the following taxa: Diphyllobothrium, Dipylidium, Taeniidae, Spirurida, Trichuris.
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FIGURE 6 Predicted effect of juvenile age and maternal
social status on the probability of juvenile survival to adulthood
for spotted hyenas younger than 12 months of age with 95%
confidence intervals (n = 84). Alongside as “dots” are the raw
data of juveniles included in the model that survived (probability
of survival to adulthood = 1) and did not survive (probability of
survival to adulthood = 0) to adulthood

infection loads than those in the Pool clan. This finding suggests
that the survival of eggs, oocysts, and infective larvae at den sites
in the Pool clan territory was lower than those in the Mamba and
Isiaka clan territories, possibly because of abiotic conditions that
reduce survival, such as high ambient temperatures and low soil
moisture (Turner, Versfeld, Kilian, & Getz, 2012; Urquhart et al.,
1996). Clan differences in infection loads may also result from be-
havioral differences between juveniles in the Pool and other two
clans. For example, juveniles in the Pool clan may have more often
changed the location of the latrines they used than those in the
other two clans, thereby avoiding latrines highly contaminated with
infective stages. Similarly, the use of latrines in shorter vegetation
where peak daytime temperatures were higher and soil moisture
was lower, might also reduce the survival of infective stages and
hence infection loads.

Most wild mammal populations are concurrently infected with
more than one parasite (Behnke, Gilbert, Abu-Madi, & Lewis, 2005;
Seltmann et al., 2019; Telfer et al., 2010), and this is also true for
juvenile hyenas (Table 1, Figure 4). Our results revealed that as
either Ancylostoma (Table 2, Figure 5a) or Cystoisospora (Table 3,
Figure 5b) loads increased, the number of coinfecting Gl parasite
taxa hosted per juvenile also increased. The explanation for the
positive relationship between infection loads and coinfecting taxa
is unknown and requires further research. As maternal rank cat-
egory did not have the predicted effect on either Ancylostoma
(Table 2) or Cystoisospora infection loads (Table 3), we lack evidence
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FIGURE 7 Spotted hyenas at the communal den

that the immune processes of low-ranking juveniles are more often
compromised by resource allocation trade-offs than those of high-
ranking juveniles, and thus, the role of immune processes in de-
termining the number of coinfecting parasite taxa is also unclear.
Even though potential interactions between taxa in the Gl parasite
community of juvenile hyenas are unknown, there was a tendency
for an increase in juvenile survival to adulthood with the number
of coinfecting Gl parasite taxa per host (Table 4). This suggests the
intriguing idea that the fitness cost of a more diverse Gl parasite
community may be lower than one dominated by a limited number
of taxa. Previously, we found that the eukaryome in high-ranking
hyenas is more diverse than that of low-ranking animals (Heitlinger
et al., 2017) which may indicate that high-ranking animals have a
more diverse, stable, and ecologically “healthy” GI community than
low-ranking animals.

Our study identifies several factors that shape heterogene-
ity of parasite infections among juveniles in a wild social mammal.
Disentangling key environmental factors, parasite-host mechanisms,
and interactions between coinfecting parasites is difficult, particu-
larly when noninvasive methods are required, as is the case in many
protected areas or in endangered species. The benefit of noninvasive
methods is that they allow repeated measures of both infection loads
and components of fitness throughout an individual's life span. Further
research is needed to examine in detail the effect of the variation of
clan size and composition on parasite infections.

ACKNOWLEDGMENTS

We are grateful to the Commission for Science and Technology of
Tanzania, the Tanzania Wildlife Research Institute, and Tanzania
National Parks for their support of our research. We thank the
Deutsche Forschungsgemeinschaft (grants EA 5/3-1, DFG-Grako
2046 Parasitic Infections) and the Leibniz Institute for Zoo and Wildlife
Research for financial assistance. We thank Malvina Andris, Nelly
Boyer, Annie Francis, Robert Fyumagwa, Janine Helms, Stephan Karl,
Sonja Metzger, Thomas Shabani, and Dagmar Thierer for assistance.



FERREIRA ET AL.

8796 WI LEY—ECOlOgy and Evolution

Open Access,

CONFLICT OF INTEREST

The authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed

as a potential conflict of interest.

AUTHOR CONTRIBUTIONS

M.L.E, S.C.M.F,, and H.H. designed the initial research, M.L.E. and
H.H. performed the field work, S.C.M.F. performed the laboratory
work under the supervision of L.M.C., and S.C.M.F., M.L.E., and H.H.
wrote the paper. All authors contributed critically to the drafts and

gave final approval for publication.

ETHICAL APPROVAL

All protocols were noninvasive and adhered to the laws and guide-
lines of Tanzania. Permission to conduct research in Tanzania was
granted to HH, ME, and SF by the Tanzania Commission for Science
and Technology through the Tanzanian Wildlife Research Institute.
Permission to undertake research within the Serengeti National
Park was granted by the Tanzanian National Parks Authority. The
research was also approved by the Committee for Ethics and Animal
Welfare of the Leibniz Institute for Zoo and Wildlife Research under
the approval number 2010-05-02.

DATA AVAILABILITY STATEMENT

The dataset analyzed for this study is available from the Dryad Digital
Repository, https://doi.org/10.5061/dryad.5qv7v47 (Ferreira, Hofer,
Madeira de Carvalho, & East, 2019).

ORCID

Susana Carolina Martins Ferreira
org/0000-0003-0265-0210

https://orcid.org/0000-0002-2813-7442

https://orcid.

Heribert Hofer

REFERENCES

Adelman, J. S., Moyers, S. C., Farine, D. R., & Hawley, D. M. (2015).
Feeder use predicts both acquisition and transmission of a conta-
gious pathogen in a North American songbird. Proceedings of the
Royal Society B: Biological Sciences, 282, 20151429. https://doi.
org/10.1098/rspb.2015.1429

Altizer, S., Dobson, A., Hosseini, P., Hudson, P., Pascual, M.,
& Rohani, P. (2006). Seasonality and the dynamics of in-
fectious diseases. Ecology Letters, 9, 467-484. https://doi.
org/10.1111/j.1461-0248.2005.00879.x

Anderson, R. M., & Schad, G. A. (1985). Hookworm burdens and fae-
cal egg counts: An analysis of the biological basis of variation.
Transactions of the Royal Society of Tropical Medicine and Hygiene, 79,
812-825. https://doi.org/10.1016/0035-9203(85)90128-2

Ardia, D. R., Parmentier, H. K., & Vogel, L. A. (2011). The
role of constraints and limitation in driving individual

variation in immune response. Functional Ecology, 25, 61-73. https://
doi.org/10.1111/j.1365-2435.2010.01759.x

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). Fitting Linear
Mixed-Effects Models Using Ime4. Journal of Statistical Software,
67(1), 1-48. https://doi/10.18637/jss.v067.i01

Baylis, H. A. (1937). Records of some helminths from the spotted hyaena.
Annals and Magazine of Natural History, 20, 438-441.

Behnke, J. M., Gilbert, F. S., Abu-Madi, M. A., & Lewis, J. W. (2005). Do the
helminth parasites of wood mice interact? Journal of Animal Ecology,
74, 982-993. https://doi.org/10.1111/j.1365-2656.2005.00995.x

Beldomenico, P. M., & Begon, M. (2010). Disease spread, susceptibility
and infection intensity: Vicious circles? Trends in Ecology & Evolution,
25, 21-27. https://doi.org/10.1016/j.tree.2009.06.015

Beldomenico, P. M., Telfer, S., Gebert, S., Lukomski, L., Bennett, M.,
& Begon, M. (2008). Poor condition and infection: A vicious cir-
cle in natural populations. Proceedings of the Royal Society B:
Biological Sciences, 275, 1753-1759. https://doi.org/10.1098/
rspb.2008.0147

Berentsen, A. R., Becker, M. S., Stockdale-Walden, H., Matandiko,
W., McRobb, R., & Dunbar, M. R. (2012). Survey of gastrointes-
tinal parasite infection in African lion (Panthera leo), African wild
dog (Lycaon pictus) and spotted hyaena (Crocuta crocuta) in the
Luangwa Valley, Zambia. African Zoology, 47, 363-368. https://doi.
org/10.1080/15627020.2012.11407561

Bowman, D. D., Hendrix, C. M., & Lindsay, D. S. (2002). Feline clinical par-
asitology. Ames, IA: lowa State University Press.

Burke, T. M., & Roberson, E. L. (1985). Prenatal and lacta-
tional transmission of Toxocara canis and Ancylostoma cani-
num: Experimental infection of the bitch before pregnancy.
International Journal for Parasitology, 15, 71-75. https://doi.
org/10.1016/0020-7519(85)90104-3

Bush, A. O., Fernandez, J. C., Esch, G. W., & Seed, J. R. (2001). Parasitism.
The diversity and ecology of animal parasites. Cambridge, UK:
Cambridge University Press.

Bush, A. O., Lafferty, K. D., Lotz, J. M., & Shostak, A. W. (1997).
Parasitology meets ecology on its own terms: Margolis et al.
Revisited. The Journal of Parasitology, 83(4), 575-583. https://doi.
org/10.2307/3284227

Cattadori, I. M., Boag, B., Bjgrnstad, O. N., Cornell, S. J., & Hudson, P.
J. (2005). Peak shift and epidemiology in a seasonal host-nematode
system. Proceedings of the Royal Society B: Biological Sciences, 272,
1163-1169. https://doi.org/10.1098/rspb.2004.3050

Chilvers, B. L., Duignan, P. J., Robertson, B. C., Castinel, A., & Wilkinson,
1.S. (2009). Effects of hookworms (Uncinaria sp.) on the early growth
and survival of New Zealand sea lion (Phocarctos hookeri) pups. Polar
Biology, 32, 295-302. https://doi.org/10.1007/s00300-008-0559-0

Clutton-Brock, T. H., & Huchard, E. (2013). Social competition and
selection in males and females. Philosophical Transactions of the
Royal Society B: Biological Sciences, 368, 20130074. https://doi.
org/10.1098/rstb.2013.0074

Coté, I. M., & Poulin, R. (1995). Parasitism and group size in social an-
imals: A meta-analysis. Behavioral Ecology, 6, 159-165. https://doi.
org/10.1093/beheco/6.2.159

Courtenay, O., Peters, N. C., Rogers, M. E., & Bern, C. (2017). Combining
epidemiology with basic biology of sand flies, parasites, and hosts
to inform leishmaniasis transmission dynamics and control. PLOS
Pathogens,  13(10), e1006571. https://doi.org/10.1371/journ
al.ppat.1006571

Duboscq, J., Romano, V., Sueur, C., & Maclntosh, A. J. J. (2016). Network
centrality and seasonality interact to predict lice load in a social
primate. Scientific Reports, 6, 22095. https://doi.org/10.1038/srep2
2095

East, M. L., Burke, T., Wilhelm, K., Greig, C., & Hofer, H. (2003). Sexual
conflicts in spotted hyenas: Male and female mating tactics and their
reproductive outcome with respect to age, social status and tenure.


https://doi.org/10.5061/dryad.5qv7v47
https://orcid.org/0000-0003-0265-0210
https://orcid.org/0000-0003-0265-0210
https://orcid.org/0000-0003-0265-0210
https://orcid.org/0000-0002-2813-7442
https://orcid.org/0000-0002-2813-7442
https://doi.org/10.1098/rspb.2015.1429
https://doi.org/10.1098/rspb.2015.1429
https://doi.org/10.1111/j.1461-0248.2005.00879.x
https://doi.org/10.1111/j.1461-0248.2005.00879.x
https://doi.org/10.1016/0035-9203(85)90128-2
https://doi.org/10.1111/j.1365-2435.2010.01759.x
https://doi.org/10.1111/j.1365-2435.2010.01759.x
https://doi/10.18637/jss.v067.i01
https://doi.org/10.1111/j.1365-2656.2005.00995.x
https://doi.org/10.1016/j.tree.2009.06.015
https://doi.org/10.1098/rspb.2008.0147
https://doi.org/10.1098/rspb.2008.0147
https://doi.org/10.1080/15627020.2012.11407561
https://doi.org/10.1080/15627020.2012.11407561
https://doi.org/10.1016/0020-7519(85)90104-3
https://doi.org/10.1016/0020-7519(85)90104-3
https://doi.org/10.2307/3284227
https://doi.org/10.2307/3284227
https://doi.org/10.1098/rspb.2004.3050
https://doi.org/10.1007/s00300-008-0559-0
https://doi.org/10.1098/rstb.2013.0074
https://doi.org/10.1098/rstb.2013.0074
https://doi.org/10.1093/beheco/6.2.159
https://doi.org/10.1093/beheco/6.2.159
https://doi.org/10.1371/journal.ppat.1006571
https://doi.org/10.1371/journal.ppat.1006571
https://doi.org/10.1038/srep22095
https://doi.org/10.1038/srep22095

FERREIRA ET AL.

Proceedings of the Royal Society of London. Series B: Biological Sciences,
270, 1247-1254. https://doi.org/10.1098/rspb.2003.2363

East, M. L., Hofer, H., Cox, J. H., Wulle, U., Wiik, H., & Pitra, C. (2001).
Regular exposure to rabies virus and lack of symptomatic disease
in Serengeti spotted hyenas. Proceedings of the National Academy of
Sciences of the United States of America, 98, 15026-15031. https://
doi.org/10.1073/pnas.261411898

East, M. L., Hofer, H., & Wickler, W. (1993). The erect ‘penis’ is a flag
of submission in a female dominated society: Greetings in Serengeti
spotted hyaenas. Behavioral Ecology and Sociobiology, 33, 355-370.
https://doi.org/10.1007/BF00170251

East, M. L., Honer, O. P., Wachter, B., Wilhelm, K., Burke, T., & Hofer, H.
(2009). Maternal effects on offspring social status in spotted hyenas.
Behavioral Ecology, 20, 478-483. https://doi.org/10.1093/beheco/
arp020

East, M. L., Kurze, C., Wilhelm, K., Benhaiem, S., & Hofer, H. (2013).
Factors influencing Dipylidium sp. infection in a free-ranging so-
cial carnivore, the spotted hyaena (Crocuta crocuta). International
Journal for Parasitology: Parasites and Wildlife, 2, 257-265. https://doi.
org/10.1016/j.ijppaw.2013.09.003

East, M. L., Otto, E., Helms, J., Thierer, D., Cable, J., & Hofer, H. (2015).
Does lactation lead to resource allocation trade-offs in the spotted
hyaena? Behavioral Ecology and Sociobiology, 69, 805-814. https://
doi.org/10.1007/s00265-015-1897-x

East, M. L., Wibbelt, G., Lieckfeldt, D., Ludwig, A., Goller, K., Wilhelm,
K., ... Hofer, H. (2008). A Hepatozoon species genetically distinct
from H. canis infecting spotted hyenas in the Serengeti ecosys-
tem, Tanzania. Journal of Wildlife Diseases, 44(1), 45-52. https://doi.
org/10.7589/0090-3558-44.1.45

Eckert, J., Friedhoff, K. T., Zahner, H., & Deplazes, P. (2008). Lehrbuch
der Parasitologie fiir die Tiermedizin (2nd ed.). Stuttgart, Germany:
Enke.

Engh, A. L., Nelson, K. G., Peebles, R., Hernandez, A. D., Hubbard,
K. K., & Holekamp, K. E. (2003). Coprologic survey of parasites
of spotted hyenas (Crocuta crocuta) in the Masai Mara National
Reserve, Kenya. Journal of Wildlife Diseases, 39, 224-227. https://doi.
org/10.7589/0090-3558-39.1.224

Fenton, A., Viney, M. E., & Lello, J. (2010). Detecting interspe-
cific macroparasite interactions from ecological data: Patterns
and process. Ecology Letters, 13, 606-615. https://doi.
org/10.1111/j.1461-0248.2010.01458.x

Ferreira, S. C. M., Hofer, H., Madeira de Carvalho, L., & East, M. L. (2019).
Data from: Parasite infections in a social carnivore: Evidence of their
fitness consequences and factors modulating infection load. Dryad
Digital Repository, https://doi.org/10.5061/dryad.5qv7v47

Ferreira, S. C. M., Torelli, F., Klein, S., Fyumagwa, R., Karesh, W. B., Hofer,
H., ... East, M. L. (2019). Evidence of high exposure to Toxoplasma
gondii in free-ranging and captive African carnivores. International
Journal for Parasitology: Parasites and Wildlife, 8, 111-117. https://doi.
org/10.1016/j.ijppaw.2018.12.007

Flies, A. S., Mansfield, L. S, Flies, E. J.,, Grant, C. K., & Holekamp, K. E.
(2016). Socioecological predictors of immune defenses in wild spot-
ted hyenas. Functional Ecology, 30, 1549-1557.

Foreyt, W. J. (2001). Veterinary parasitology reference manual (5th ed.).
Ames, |A: lowa State University Press.

Frank, L. G. (1986). Social organization of the spotted hyaena (Crocuta
crocuta). I. Demography. Animal Behaviour, 34, 1500-1509. https://
doi.org/10.1016/S0003-3472(86)80220-2

Frank, L. G., Glickman, S. E., & Licht, P. (1991). Fatal sibling aggression,
precocial development, and androgens in neonatal spotted hyenas.
Science, 252, 702-704. https://doi.org/10.1126/science.2024122

Gasso, D., Feliu, C., Ferrer, D., Mentaberre, G., Casas-Diaz, E., Velarde,
R., ... Serrano, E. (2015). Uses and limitations of faecal egg count for
assessing worm burden in wild boars. Veterinary Parasitology, 209,
133-137. https://doi.org/10.1016/j.vetpar.2015.02.006

Fcology and Evolution o 8797
& WILEY- 27

Golla, W., Hofer, H., & East, M. L. (1999). Within-litter sibling aggression
in spotted hyaenas: Effect of maternal nursing, sex and age. Animal
Behavior, 58, 715-726. https://doi.org/10.1006/anbe.1999.1189

Goymann, W., East, M. L., Wachter, B., Honer, O. P., Méstl, E., Van't Holf,
T. J., & Hofer, H. (2001). Social, state-dependent and environmen-
tal modulation of faecal corticosteroid levels in free-ranging female
spotted hyenas. Proceedings of the Royal Society of London. Series
B: Biological Sciences, 268, 2453-2459. https://doi.org/10.1098/
rspb.2001.1828

Graber, M., & Blanc, J. P. (1979). Ancylostoma duodenale (Dubini, 1843)
Creplin, 1843 (Nematoda: Ancylostomidae) parasite de I'hyéne
tachetée Crocuta crocuta (Erxleben), en Ethiopie. Revue d'élevage et
de médecine vétérinaire des pays tropicaux, 32, 155-160. https://doi.
org/10.19182/remvt.8169

Gulland, F. M. D., Albon, S. D., Pemberton, J. M., Moorcroft, P. R., &
Clutton-Brock, T. H. (1993). Parasite-associated polymorphism in a
cyclic ungulate population. Proceedings of the Royal Society of London.
Series B: Biological Sciences, 254, 7-13.

Hafner, M. S., & Nadler, S. A. (1988). Phylogenetic trees support the co-
evolution of parasites and their hosts. Nature, 322, 258-259. https://
doi.org/10.1038/332258a0

Hayward, A. D., Nussey, D. H., Wilson, A. J., Berenos, C., Pilkington, J.
G., Watt, K. A,, ... Graham, A. L. (2014). Natural selection on indi-
vidual variation in tolerance of gastrointestinal nematode infec-
tion. PLoS Biology, 12, €1001917. https://doi.org/10.1371/journ
al.pbio.1001917

Hayward, A. D., Wilson, A. J., Pilkington, J. G., Clutton-brock, T. H.,
Pemberton, J. M., & Kruuk, L. E. B. (2011). Natural selection on a
measure of parasite resistance varies across ages and environmen-
tal conditions in a wild mammal. Journal of Evolutionary Biology, 24,
1664-1676. https://doi.org/10.1111/j.1420-9101.2011.02300.x

Heitlinger, E., Ferreira, S. C. M., Thierer, D., Hofer, H., & East, M. L. (2017).
The intestinal eukaryotic and bacterial biome of spotted hyenas:
The impact of social status and age on diversity and composition.
Frontiers in Cellular and Infection Microbiology, 7, 262. https://doi.
org/10.3389/fcimb.2017.00262

Hilbe, J. M. (2009). Logistic regression models. London, UK: Chapman &
Hall.

Hilbe, J. M. (2011). Negative binomial regression. Cambridge, UK:
Cambridge University Press.

Hofer, H., Benhaiem, S., Golla, W., & East, M. L. (2016). Trade-offs in lac-
tation and milk intake by competing siblings in a fluctuating environ-
ment. Behavioral Ecology, 27, 1567-1578. https://doi.org/10.1093/
beheco/arw078

Hofer, H., & East, M. L. (1993a). The commuting system of Serengeti spot-
ted hyaenas: how a predator copes with migratory prey. . Social or-
ganization. Animal Behaviour, 46, 547-557. https://doi.org/10.1006/
anbe.1993.1222

Hofer, H., & East, M. L. (1993b). The commuting system of Serengeti
spotted hyaenas how a predator copes with migratory prey. Il
Intrusion pressure and commuter's space use. Animal Behavior, 46,
559-574. https://doi.org/10.1006/anbe.1993.1223

Hofer, H., & East, M. L. (1993c). The commuting system of Serengeti
spotted hyaenas: how a predator copes with migratory prey. Il
Attendance and maternal care. Animal Behaviour, 46, 575-589. https
://doi.org/10.1006/anbe.1993.1224

Hofer, H., & East, M. L. (1995). Population dynamics, population size,
and the commuting system of Serengeti spotted hyaenas. In A. R.
E. Sinclair, & P. Arcese (Eds.), Serengeti Il: Dynamics, conservation and
management of an ecosystem (pp. 332-363). Chicago, IL: University
of Chicago Press.

Hofer, H., & East, M. L. (2003). Behavioral processes and costs of co-
existence in female spotted hyenas: A life history perspective.
Evolutionary Ecology, 17, 315-331. https://doi.org/10.1023/A:10273
52517231


https://doi.org/10.1098/rspb.2003.2363
https://doi.org/10.1073/pnas.261411898
https://doi.org/10.1073/pnas.261411898
https://doi.org/10.1007/BF00170251
https://doi.org/10.1093/beheco/arp020
https://doi.org/10.1093/beheco/arp020
https://doi.org/10.1016/j.ijppaw.2013.09.003
https://doi.org/10.1016/j.ijppaw.2013.09.003
https://doi.org/10.1007/s00265-015-1897-x
https://doi.org/10.1007/s00265-015-1897-x
https://doi.org/10.7589/0090-3558-44.1.45
https://doi.org/10.7589/0090-3558-44.1.45
https://doi.org/10.7589/0090-3558-39.1.224
https://doi.org/10.7589/0090-3558-39.1.224
https://doi.org/10.1111/j.1461-0248.2010.01458.x
https://doi.org/10.1111/j.1461-0248.2010.01458.x
https://doi.org/10.5061/dryad.5qv7v47
https://doi.org/10.1016/j.ijppaw.2018.12.007
https://doi.org/10.1016/j.ijppaw.2018.12.007
https://doi.org/10.1016/S0003-3472(86)80220-2
https://doi.org/10.1016/S0003-3472(86)80220-2
https://doi.org/10.1126/science.2024122
https://doi.org/10.1016/j.vetpar.2015.02.006
https://doi.org/10.1006/anbe.1999.1189
https://doi.org/10.1098/rspb.2001.1828
https://doi.org/10.1098/rspb.2001.1828
https://doi.org/10.19182/remvt.8169
https://doi.org/10.19182/remvt.8169
https://doi.org/10.1038/332258a0
https://doi.org/10.1038/332258a0
https://doi.org/10.1371/journal.pbio.1001917
https://doi.org/10.1371/journal.pbio.1001917
https://doi.org/10.1111/j.1420-9101.2011.02300.x
https://doi.org/10.3389/fcimb.2017.00262
https://doi.org/10.3389/fcimb.2017.00262
https://doi.org/10.1093/beheco/arw078
https://doi.org/10.1093/beheco/arw078
https://doi.org/10.1006/anbe.1993.1222
https://doi.org/10.1006/anbe.1993.1222
https://doi.org/10.1006/anbe.1993.1223
https://doi.org/10.1006/anbe.1993.1224
https://doi.org/10.1006/anbe.1993.1224
https://doi.org/10.1023/A:1027352517231
https://doi.org/10.1023/A:1027352517231

FERREIRA ET AL.

8798 WI LEY—ECOlOgy and Evolution

Open Access,

Hofer, H., & East, M. L. (2008). Siblicide in Serengeti spotted hyenas:
A long-term study of maternal input and cub survival. Behavioral
Ecology and Sociobiology, 62, 341-351. https://doi.org/10.1007/
s00265-007-0421-3

Hosmer, D. W., Lemeshow, S., & Sturdivant, R. X. (2013). Applied logistic
regression (3rd ed.). Chichester, UK: Wiley.

Huang, Z. Y. X., de Boer, W. F,, van Langevelde, F., Xu, C., Ben Jebara,
K., Berlingieri, F., & Prins, H. H. T. (2013). Dilution effect in bovine
tuberculosis: Risk factors for regional disease occurrence in Africa.
Proceedings of the Royal Society B: Biological Sciences, 280, 20130624.
https://doi.org/10.1098/rspb.2013.0624

Irvine, R. J. (2006). Parasites and the dynamics of wild mammal popula-
tions. Animal Science, 82, 775-781. https://doi.org/10.1017/ASC20
06106

Irvine, R. J., Stien, A., Halvorsen, O., Langvatn, R., & Albon, S. D. (2000).
Life-history strategies and population dynamics of abomasal nem-
atodes in Svalbard reindeer (Rangifer tarandus platyrhynchus).
Parasitology, 120, 297-311.

Jackson, J. A., Begon, M., Birtles, R., Paterson, S., Friberg, I. M., Hall,
A., .. Bradley, J. E. (2011). The analysis of immunological pro-
files in wild animals: a case study on immunodynamics in the field
vole, Microtus agrestis. Molecular Ecology, 20, 893-909. https://doi.
org/10.1111/j.1365-294X.2010.04907.x

Jones, L. A., Houdijk, J., Sakkas, P., Bruce, A. D., Mitchell, M., Knox, D. P.,
& Kyriazakis, 1. (2011). Dissecting the impact of protein versus en-
ergy host nutrition on the expression of immunity to gastrointestinal
parasites during lactation. International Journal for Parasitology, 41,
711-719. https://doi.org/10.1016/j.ijpara.2011.01.011

Kappeler, P. M., Cremer, S., & Nunn, C. L. (2015). Sociality and health:
Impacts of sociality on disease susceptibility and transmission
in animal and human societies. Philosophical Transactions of the
Royal Society B: Biological Sciences, 370, 20140116. https://doi.
org/10.1098/rstb.2014.0116

Keesing, F., Holt, R. D., & Ostfeld, R. (2006). Effects of species di-
versity on disease risk. Ecology Letters, 9, 485-498. https://doi.
org/10.1111/j.1461-0248.2006.00885.x

Knowles, S. C. L., Fenton, A., Petchey, O. L., Jones, T. R, Barber, R., &
Pedersen, A. B. (2013). Stability of within-host-parasite commu-
nities in a wild mammal system. Proceedings of the Royal Society
B: Biological Sciences, 280, 20130598. https://doi.org/10.1098/
rspb.2013.0598

Koudela, B., & Kuéerova, S. (1999). Role of acquired immunity and nat-
ural age resistance on course of Isospora suis coccidiosis in nursing
piglets. Veterinary Parasitology, 82, 93-99. https://doi.org/10.1016/
S0304-4017(99)00009-6

Kruuk, H. (1972). The spotted hyena: A study of predation and social behav-
ior. Chicago, IL: University of Chicago Press.

Kutz, S. J., Hoberg, E. P,, Nagy, J., Polley, L., & Elkin, B. (2004). Emerging
parasitic infections in arctic ungulates. Integrative and Comparative
Biology, 44, 109-118. https://doi.org/10.1093/icb/44.2.109

Lee, K. T, Little, M. D., & Beaver, P. C. (1975). Intracellular (muscle-fiber)
habitat of Ancylostoma caninum in some mammalian hosts. Journal of
Parasitology, 61, 589-598. https://doi.org/10.2307/3279448

Lello, J., Boag, B., Fenton, A., Stevenson, I. R., & Hudson, P. J. (2004).
Competition and mutualism among the gut helminths of a mam-
malian host. Nature, 428, 840-844. https://doi.org/10.1038/natur
€02490 http://doi.org/

Lindsay, D. S., Dubey, J. P., & Blagnurn, B. (1997). Biology of Isospora
spp. from humans, nonhuman primates, and domestic animals.
Clinical Microbiology Reviews, 10, 19-34. https://doi.org/10.1128/
CMR.10.1.19

Lloyd-Smith, J. O., Schreiber, S. J., Kopp, P. E., & Getz, W. M. (2005).
Superspreading and the effect of individual variation on disease
emergence. Nature, 438, 355-359. https://doi.org/10.1038/natur
e04153

Lynsdale, C. L., Mumby, H. S., Hayward, A. D., Mar, K. U., & Lummaa,
V. (2017). Parasite-associated mortality in a long-lived mammal:
Variation with host age, sex, and reproduction. Ecology and Evolution,
7, 10904-10915. https://doi.org/10.1002/ece3.3559

Maclntosh, A. J. J., Hernandez, A. D., & Huffman, M. A. (2010). Host age,
sex, and reproductive seasonality affect nematode parasitism in wild
Japanese macaques. Primates, 51, 353-364. https://doi.org/10.1007/
s10329-010-0211-9

Marcus, A. D., Higgins, D. P., & Gray, R. (2014). Epidemiology of hook-
worm (Uncinaria sanguinis) in free-ranging Australian sea lions
(Neophoca cinerea) pups. Parasitology Research, 113, 3341-3353.
https://doi.org/10.1007/s00436-014-3997-3

Marescot, L., Benhaiem, S., Gimenez, O., Hofer, H., Lebreton, J.-D.,
Olarte-Castillo, X. A, ... East, M. L. (2018). Social status mediates the
fitness costs of infection with canine distemper virus in Serengeti
spotted hyenas. Functional Ecology, 32, 1237-1250. https://doi.
org/10.1111/1365-2435.13059

Margolis, L., Esch, G. W., Holmes, J. C., Kuris, A. M., & Schad, G. A. (1982).
The use of ecological terms in parasitology. Journal of Parasitology, 68,
131-1383. https://doi.org/10.2307/3281335

Mengel, H., Kruger, M., Kruger, M. U., Westphal, N., Swidsinski, A.,
Schwarz, S., ... Daugschies, A. (2012). Necrotic enteritis due to si-
multaneous infection with Isospora suis and clostridia in new-
born piglets and its prevention by early treatment with toltrazuril.
Parasitology Research, 110, 1347-1355. https://doi.org/10.1007/
s00436-011-2633-8

Meyer-Lucht, Y., & Sommer, S. (2005). MHC diversity and the as-
sociation to nematode parasitism in the yellow-necked mouse
(Apodemus flavicollis). Molecular Ecology, 14, 2233-2243. https://doi.
org/10.1111/j.1365-294X.2005.02557.x

Mooring, M. S., & Hart, B. L. (1992). Animal grouping for protec-
tion from parasites: Selfish herd and encounter-dilution effects.
Behaviour, 123, 173-193. https://doi.org/10.1163/156853992X
00011

Nunn, C. L., Jordan, F., McCabe, C. M., Verdolin, J. L., & Fewell, J. H.
(2015). Infectious disease and group size: More than just a numbers
game. Philosophical Transactions of the Royal Society B: Biological
Sciences, 370, 20140111. https://doi.org/10.1098/rstb.2014.0111
http://dx.doi.org/

Olarte-Castillo, X. A., Hofer, H., Goller, K. V., Martella, V., Moehlman, P.
D., & East, M. L. (2016). Divergent sapovirus strains and infection
prevalence in wild carnivores in the Serengeti Ecosystem: A long-
term study. PLoS ONE, 11(9), e0163548. https://doi.org/10.1371/
journal.pone.0163548

Paull, S. H., Song, S., McClure, K. M., Sackett, L. C., Kilpatrick, A. M., &
Johnson, P. T. J. (2011). From superspreaders to disease hotspots:
Linking transmission across hosts and space. Frontiers in Ecology and
the Environment, 10, 75-82. https://doi.org/10.1890/110111

Pedersen, A. B., & Fenton, A. (2007). Emphasizing the ecology in parasite
community ecology. Trends in Ecology & Evolution, 22, 133-139. https
://doi.org/10.1016/j.tree.2006.11.005

R Core Team (2015). R: A language and environment for statistical com-
puting. Vienna, Austria: R Foundation for Statistical Computing.
Retrieved from https://www.R-project.org/

Raberg, L., Graham, A. L., & Read, A. F. (2009). Decomposing health:
Tolerance and resistance to parasites in animals. Philosophical
Transactions of the Royal Society B: Biological Sciences, 364, 37-49.
https://doi.org/10.1098/rstb.2008.0184

Ramsburg, E., Tigelaar, R., Craft, J., & Hayday, A. (2003). Age-depen-
dent requirement for y8 T cells in the primary but not secondary
protective immune response against an intestinal parasite. Journal
of Experimental Medicine, 198, 1403-1414. https://doi.org/10.1084/
jem.20030050

Roff, D. (1992). Evolution of life histories: Theory and analysis. London, UK:
Chapman & Hall.


https://doi.org/10.1007/s00265-007-0421-3
https://doi.org/10.1007/s00265-007-0421-3
https://doi.org/10.1098/rspb.2013.0624
https://doi.org/10.1017/ASC2006106
https://doi.org/10.1017/ASC2006106
https://doi.org/10.1111/j.1365-294X.2010.04907.x
https://doi.org/10.1111/j.1365-294X.2010.04907.x
https://doi.org/10.1016/j.ijpara.2011.01.011
https://doi.org/10.1098/rstb.2014.0116
https://doi.org/10.1098/rstb.2014.0116
https://doi.org/10.1111/j.1461-0248.2006.00885.x
https://doi.org/10.1111/j.1461-0248.2006.00885.x
https://doi.org/10.1098/rspb.2013.0598
https://doi.org/10.1098/rspb.2013.0598
https://doi.org/10.1016/S0304-4017(99)00009-6
https://doi.org/10.1016/S0304-4017(99)00009-6
https://doi.org/10.1093/icb/44.2.109
https://doi.org/10.2307/3279448
https://doi.org/10.1038/nature02490
https://doi.org/10.1038/nature02490
http://doi.org/
https://doi.org/10.1128/CMR.10.1.19
https://doi.org/10.1128/CMR.10.1.19
https://doi.org/10.1038/nature04153
https://doi.org/10.1038/nature04153
https://doi.org/10.1002/ece3.3559
https://doi.org/10.1007/s10329-010-0211-9
https://doi.org/10.1007/s10329-010-0211-9
https://doi.org/10.1007/s00436-014-3997-3
https://doi.org/10.1111/1365-2435.13059
https://doi.org/10.1111/1365-2435.13059
https://doi.org/10.2307/3281335
https://doi.org/10.1007/s00436-011-2633-8
https://doi.org/10.1007/s00436-011-2633-8
https://doi.org/10.1111/j.1365-294X.2005.02557.x
https://doi.org/10.1111/j.1365-294X.2005.02557.x
https://doi.org/10.1163/156853992X00011
https://doi.org/10.1163/156853992X00011
https://doi.org/10.1098/rstb.2014.0111
http://dx.doi.org/
https://doi.org/10.1371/journal.pone.0163548
https://doi.org/10.1371/journal.pone.0163548
https://doi.org/10.1890/110111
https://doi.org/10.1016/j.tree.2006.11.005
https://doi.org/10.1016/j.tree.2006.11.005
https://www.R-project.org/
https://doi.org/10.1098/rstb.2008.0184
https://doi.org/10.1084/jem.20030050
https://doi.org/10.1084/jem.20030050

FERREIRA ET AL.

Roy, B. A., & Kirchner, J. W. (2000). Evolutionary dynamics of patho-
gen resistance and tolerance. Evolution, 54, 51-63. https://doi.
org/10.1111/j.0014-3820.2000.tb00007.x

Rynkiewicz, E. C., Pedersen, A. B., & Fenton, A. (2015). An ecosystem
approach to understanding and managing within-host parasite com-
munity dynamics. Trends in Parasitology, 31, 212-221. https://doi.
org/10.1016/j.pt.2015.02.005

Sakti, H., Nokes, C., Hertanto, W., Hendratno, S., Hall, A., Bundy, D.
A. P., & Satoto. (1999). Evidence for an association between hook-
worm infection and cognitive function in Indonesian school children.
Tropical Medicine & International Health, 4, 322-334. https://doi.
org/10.1046/j.1365-3156.1999.00410.x

Seguel, M., & Gottdenker, N. (2017). The diversity and impact of hook-
worm infections in wildlife. International Journal for Parasitology:
Parasites and Wildlife, 6, 177-194. https://doi.org/10.1016/j.
ijppaw.2017.03.007

Seltmann, A., Webster, F., Ferreira, S. C. M., Czirjak, G. A., & Wachter,
B. (2019). Age-specific gastrointestinal parasite shedding in
free-ranging cheetahs (Acinonyx jubatus) on Namibian farmland.
Parasitology Research, 118(3), 851-859. https://doi.org/10.1007/
s00436-018-6190-2

Seyfarth, R. M. (1977). A model of social grooming among adult female
monkeys. Journal of Theoretical Biology, 65, 671-698. https://doi.
org/10.1016/0022-5193(77)90015-7

Sheldon, B. C., & Verhulst, S. (1996). Ecological immunology: Costly para-
site defences and trade-offs in evolutionary ecology. Trends in Ecology &
Evolution, 11,317-321.https://doi.org/10.1016/0169-5347(96)10039-2

Shrestha, A., Abd-Elfattah, A., Freudenschuss, B., Hinney, B., Palmieri,
N., Ruttkowski, B., & Joachim, A. (2015). Cystoisospora suis - A model
of mammalian cystoisosporosis. Frontiers in Veterinary Science, 2, 68.
https://doi.org/10.3389/fvets.2015.00068

Simon, A. K., Hollander, G. A., & McMichael, A. (2015). Evolution of the
immune system in humans from infancy to old age. Proceedings of
the Royal Society B: Biological Sciences, 282, 20143085. https://doi.
org/10.1098/rspb.2014.3085

Smale, L., Frank, L. G., & Holekamp, K. E. (1993). Ontogeny of dominance
in free-living spotted hyaenas: Juvenile rank relations with adult fe-
males and immigrant males. Animal Behavior, 46, 467-477. https://
doi.org/10.1006/anbe.1993.1215

Sowemimo, O. A., & Asaolu, S. O. (2008). The daily egg production of
Ancylostoma caninum and the distribution of the worm along the di-
gestive tract of the dog. Journal of Parasitology, 3(3), 92-97. https://
doi.org/10.3923/jp.2008.92.97

Stearns, S. C. (1992). The evolution of life histories. Oxford, UK: Oxford
University Press.

Stien, A, Irvine, R. J., Ropstad, E., Halvorsen, O., Langvatn, R, & Albon, S.
D.(2002). The impact of gastrointestinal nematodes in wild reindeer:
Experimental and cross-sectional studies. Journal of Animal Ecology,
71, 937-945. https://doi.org/10.1046/j.1365-2656.2002.00659.x

Stoltzfus, R. J., Chway, H. M., Montresor, A., Tielsch, J. M., Jape, J. K.,
Albonico, M., & Savioli, L. (2004). Low dose daily iron supplementa-
tion improves iron status and appetite but not anemia, whereas quar-
terly anthelminthic treatment improves growth, appetite and anemia

Fcology and Evolution o 8799
& WILEY- 27

in Zanzibari preschool children. Journal of Nutrition, 134, 348-356.
https://doi.org/10.1093/jn/134.2.348

Stommel, C., Hofer, H., Grobbel, M., & East, M. L. (2016). Large mammals
in Ruaha National Park, Tanzania, dig for water when water stops
flowing and water bacterial load increases. Mammalian Biology, 81,
21-30. https://doi.org/10.1016/j.mambio.2015.08.005

Telfer, S., Lambin, X., Birtles, R., Beldomenico, P., Burthe, S., Paterson,
S., & Begon, M. (2010). Species interactions in a parasite community
drive infection risk in a wildlife population. Science, 330, 243-246.
https://doi.org/10.1126/science.1190333

Therneau, T. (2015). A package for survival analysis in S, version 2.38.
Retrieved from https://CRAN.R-project.org/package=survival

Turner, W. C., Versfeld, W. D., Kilian, J. W., & Getz, W. M. (2012).
Synergistic effects of seasonal rainfall, parasites and demography on
fluctuations in springbok body condition. Journal of Animal Ecology,
81, 58-69. https://doi.org/10.1111/j.1365-2656.2011.01892.x

Urquhart, G. M., Armour, J., Duncan, J. L., Dunn, A. M., & Jennings, F.
W. (1996). Veterinary parasitology (2nd ed.). Oxford, UK: Blackwell
Science.

VanderWaal, K. L., & Ezenwa, V. O. (2016). Heterogeneity in pathogen
transmission: Mechanisms and methodology. Functional Ecology, 30,
1606-1622. https://doi.org/10.1111/1365-2435.12645

Venables, W. N., & Ripley, B. D. (2002). Modern applied statistics with S
(4th ed.). New York, NY: Springer.

Vicente, J., Delahay, R. J., Walker, N. J., & Cheeseman, C. L. (2007).
Social organization and movement influence the incidence of bo-
vine tuberculosis in an undisturbed high-density badger Meles meles
population. Journal of Animal Ecology, 76, 348-360. https://doi.
org/10.1111/j.1365-2656.2006.01199.x

Watson, R. L., Mcneilly, T. N., Watt, K. A., Pemberton, J. M., Pilkington, J.
G., Waterfall, ... Nussey, D. H. (2016). Cellular and humoral immunity
in a wild mammal: Variation with age and sex and association with
overwinter survival. Ecology and Evolution, 6, 8695-8705. https://doi.
org/10.1002/ece3.2584

Zajac, A. M., & Conboy, G. A. (2012). Veterinary clinical parasitology (8th
ed.). Oxford, UK: Blackwell Science.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Ferreira SCM, Hofer H, Madeira de
Carvalho L, East ML. Parasite infections in a social carnivore:
Evidence of their fitness consequences and factors
modulating infection load. Ecol Evol. 2019;9:8783-8799.
https://doi.org/10.1002/ece3.5431



https://doi.org/10.1111/j.0014-3820.2000.tb00007.x
https://doi.org/10.1111/j.0014-3820.2000.tb00007.x
https://doi.org/10.1016/j.pt.2015.02.005
https://doi.org/10.1016/j.pt.2015.02.005
https://doi.org/10.1046/j.1365-3156.1999.00410.x
https://doi.org/10.1046/j.1365-3156.1999.00410.x
https://doi.org/10.1016/j.ijppaw.2017.03.007
https://doi.org/10.1016/j.ijppaw.2017.03.007
https://doi.org/10.1007/s00436-018-6190-2
https://doi.org/10.1007/s00436-018-6190-2
https://doi.org/10.1016/0022-5193(77)90015-7
https://doi.org/10.1016/0022-5193(77)90015-7
https://doi.org/10.1016/0169-5347(96)10039-2
https://doi.org/10.3389/fvets.2015.00068
https://doi.org/10.1098/rspb.2014.3085
https://doi.org/10.1098/rspb.2014.3085
https://doi.org/10.1006/anbe.1993.1215
https://doi.org/10.1006/anbe.1993.1215
https://doi.org/10.3923/jp.2008.92.97
https://doi.org/10.3923/jp.2008.92.97
https://doi.org/10.1046/j.1365-2656.2002.00659.x
https://doi.org/10.1093/jn/134.2.348
https://doi.org/10.1016/j.mambio.2015.08.005
https://doi.org/10.1126/science.1190333
https://CRAN.R-project.org/package=survival
https://doi.org/10.1111/j.1365-2656.2011.01892.x
https://doi.org/10.1111/1365-2435.12645
https://doi.org/10.1111/j.1365-2656.2006.01199.x
https://doi.org/10.1111/j.1365-2656.2006.01199.x
https://doi.org/10.1002/ece3.2584
https://doi.org/10.1002/ece3.2584
https://doi.org/10.1002/ece3.5431

