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Abstract Social animals are susceptible to high infection
levels by contact-transmitted parasites due to increased
conspecific interaction. Exotic parasites are known to have
adverse consequences on native hosts. We examined the
relationship between social group size and exotic ectoparasite
loads, and adult infection levels with per capita fitness and
offspring survival in the plural breeding rodent Octodon
degus in central Chile. Degus at our site were almost entirely
infected by two exotic ectoparasites: the fleas Leptopsylla
segnis and Xenopsylla cheopis. Neither group size nor
number of females per group predicted the abundance of
either exotic flea species. The per capita number of pups (per
capita fitness) that emerged from burrow systems used by

Communicated by C. Brown

J. R. Burger ((K) - A. S. Chesh - L. D. Hayes

Department of Biology, University of Louisiana at Monroe,
Monroe, LA 71209, USA

e-mail: jrburger@unm.edu

J. R. Burger
Department of Biology, University of New Mexico,
Albuquerque, NM 87131, USA

P. Muiioz

Laboratorio de Parasitologia Veterinaria,

Facultad de Ciencias Veterinarias, Universidad Austral,
Valdivia, Chile

F. Fredes

Departamento de Parasitologia, Facultad de Ciencias
Veterinarias y Pecuarias, Universidad de Chile,
Santiago, Chile

L. A. Ebensperger

Centro de Estudios Avanzados en Ecologia y Biodiversidad,
Departmento de Ecologia,

Pontificia Universidad Catdlica de Chile,

Santiago, Chile

known social groups was negatively correlated with abun-
dance of L. segnis but not X. cheopis. On adults, X. cheopis
abundance was three times greater than L. segnis but was not
significantly correlated with per capita fitness. In females, L.
segnis abundance was negatively correlated with peak body
mass during pregnancy. Adult ectoparasite load was not
correlated with offspring survival. Based on these results, we
hypothesize that high infection levels of L. segnis result in
decreased reproductive fitness of adult female degus but are
not a cost of sociality because parasite loads are not
predicted by social group size. Further work is needed to
experimentally test this hypothesis and to determine if L.
segnis serves as a vector for a deleterious pathogen. Lastly,
the lack of native ectoparasites may explain why a previous
study at our site determined that behavioral adaptations
needed to cope with high ectoparasite burdens (e.g.,
grooming) are not extensive in degus; they simply have not
had the coevolutionary time needed for selection of these
behaviors.

Keywords Coevolution - Ectoparasites - Fitness - Fleas -
Invasive parasite - Sociality

The arms-race paradigm typically prevails when host and
parasite coevolve (Anderson and May 1982). Host behavioral
and physiological adaptations that minimize transmissibility
and reduce pathogenicity are favored by selection, resulting
in negligible impacts of parasites on host fitness and survival
(Freeland 1976, 1979; Moller et al. 1993; Altizer et al.
2003). Native hosts, however, are often susceptible to exotic
parasites given that little evolutionary time has passed in
order for hosts to develop defense mechanisms against
foreign infectious agents (Dobson and Foufopoulos 2001).
Indeed, introduced parasites have contributed to the popula-
tion decline of several mammals including black-footed
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ferrets (Mustela nigripes; Thome and Williams 1988), prairie
dogs (Cynomys sp.; Stapp et al. 2004), Serengeti lions
(Panthera leo; Roelke-Parker et al. 1996), gorillas (Gorilla
gorilla) and chimpanzees (Pan troglodytes) (Leroy et al.
2004). In colonial prairie dogs (Cynomys sp.), exotic plague
(Yersinia pestis) has led to epizootics, causing near 100%
mortality of infected colonies and severe population crashes
(Cully and Williams 2001). Studies that investigate the
interplay between introduced parasites and native host
behavior provide novel opportunities to gain insight into
host—parasite coevolution and increase our understanding of
invasive disease biology.

Highly social animals may be at greater risk of infection
by contagious parasites relative to solitary living species
due to high rates of conspecific interaction (Alexander
1974; Moller et al. 1993; Altizer et al. 2003). For example,
parasite abundance is greater in the highly social black-
tailed prairie dogs, (Cynomys ludovicianus) compared to
the loosely colonial white-tailed prairie dogs (Cynomys
leucurus) (Hoogland 1979). In birds, social passerines incur
greater risk of contact-transmitted parasites relative to
sympatric, solitary species (Poulin 1991). Additional
empirical studies conducted on mammals and birds have
demonstrated a positive relationship between host social
group size and contact-transmitted parasite loads within
species (Hoogland and Sherman 1976; Freeland 1979;
Brown and Brown 1986; C6té and Poulin 1995; Whiteman
and Parker 2004). Thus, increased infection by contagious
parasites is hypothesized to be a widely occurring burden
of group living (Alexander 1974; Moller et al. 1993;
Altizer et al. 2003).

Studies addressing the links between sociality, parasitism,
and fitness have largely focused on animals that form
nonbreeding aggregations (Blanco et al. 1997) or colonial
breeding hosts (Brown and Brown 1986; Roelke-Parker et al.
1996). In colonial swallows, high ectoparasite loads (i.e.,
swallow bugs, Oeciacus vicarius) are correlated with
decreased nestling body mass, resulting in increased juvenile
mortality (Brown and Brown 1986). Additional research has
focused primarily on social species in which one female
breeds and nonbreeders provide alloparental care (i.e.,
singular breeders, Silk 2007). For example, several studies
have demonstrated a positive link between ectoparasite loads
and decreased over winter survival in singular breeding
marmots (Armold and Lichtenstein 1993, Van Vuren 1996).
Together these studies suggest that contagious parasites may
pose a fitness cost to colonial animals and singular breeders,
yet the fitness consequences of ectoparasitism in social
species in which most group members rear their offspring (i.
e., plural breeders, Silk 2007) are poorly known.

Fitness consequences of sociality vary considerably
across taxa with different breeding systems (Silk 2007);
what is the role of parasitism in explaining this variation? In
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particular, fitness costs of parasitism in species with
multiple breeding females that exhibit communal care to
young have been given little attention. In plural breeders
with communal care, the risk of vertical transmission of
parasites from adults to offspring is high due to extensive
care of young. In mammals, the risk of parasite transmis-
sion increases during communal nursing, i.e., where
offspring suckle milk from nonmaternal females (Roulin
and Heeb 1996). Ectoparasite loads are greater in plural
breeding and communally nursing black-tailed prairie dogs
(C. ludovicianus), relative to sympatric yet loosely colonial
white-tailed prairie dogs (C. leucurus). However, the fitness
costs of ectoparasitism in Cynomys sp. remain unclear
(Hoogland 1979). Given the potential for multiple modes of
transmission (e.g., horizontally: adults-to-adults; vertically:
mothers and nonkin nursing females to offspring), research
into the fitness consequences of parasitism in communal
breeders with extensive parental care may provide insight
into the primary drivers of variation in fitness across social
systems and taxa (Hayes et al. 2011; Silk 2007).

Degus (Octodon degus) are highly social caviomorph
rodents that live in groups consisting of kin and unrelated
individuals including several males and reproductive
females, which frequently use the same burrow systems
(Ebensperger et al. 2004; Hayes et al. 2009). Burrow
systems are extensive, involving numerous burrow open-
ings (Hayes et al. 2007). Females breed plurally and engage
in a number of social activities that inevitably increase
contact between mothers and pups including indiscrimi-
nately accepting nondescendent young (Ebensperger et al.
2007) as well as nursing own and nondescendent offspring
(Ebensperger et al. 2006; Becker et al. 2007). These
intimate behaviors likely facilitate opportunities for vertical
transmission of contact-transmitted ectoparasites to both
descendent and nondescendent young. Degus at our site
produce one litter per year consisting of five to six offspring
(Meserve et al. 1984; Ebensperger et al. 2007).

We previously determined that social group size in degus
is not correlated with food availability, distance to cover, or
burrow density of burrow systems (Hayes et al. 2009). We
also determined a weak but significant relationship between
the per capita number of weaned offspring and the number
of females per group, but not with total group size. Food
availability at burrow systems, distance to cover, and
density of burrow openings were not correlated with per
capita fitness or pup survival. Postweaning survivorship of
pups was not correlated with either social group size or
number of females per group (Hayes et al. 2009). So, it is
likely that other factors explain variation in fitness in degus.

Herein, we investigate the sociality—parasite—fitness
nexus in a wild population of degus in central Chile. We
test the hypothesis that ectoparasite loads are influenced by
social group size. If increased ectoparasitism is a cost of
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sociality, we expect to see a positive relationship between
ectoparasite loads and both total group size as well as the
number of females per group. We also examine the fitness
consequences of infection. We predict that greater abun-
dance of exotic ectoparasites is negatively correlated with
the per capita number of pups that emerge from burrow
systems used by known social groups (hereafter referred to
as per capita fitness). In order to determine if ectoparasite
loads explain our previous observation that increasing
female group size is negatively correlated with per capita
fitness (Hayes et al. 2009), we test for differences in
ectoparasite loads between males and females and the
relationship between per capita fitness, and the ectoparasite
loads of all adults and adult females, separately. Addition-
ally, we predict that the abundance of ectoparasite loads by
social group is negatively correlated with the proportion of
offspring that survive up to 2 months post weaning. We
quantify ectoparasite loads of adult degus during the period
of female pregnancy to lactation, per capita fitness, and pup
survival up to 2 months. Given that parasites may act
synergistically or competitively in their impact on hosts
(Pedersen and Fenton 2007), we also test correlations
between ectoparasite species to determine the influence of
their interactions on host fitness.

Materials and methods
Study site

We monitored degu social groups at the Universidad de
Chile's experimental field station, Rinconada de Maipu (33°
23'S, 70°31' W, elevation ~495 m) in central Chile, during
the austral winter to spring transition in 2006 and 2007. The
climate is Mediterranean type, featuring cool wet winters
and warm dry summers. The habitat, known as Chilean
matorral, consists of an open landscape with scattered
shrubs. In June 2006 and 2007, we conducted five
consecutive days of grid trapping using large Sherman live
traps (30x10x9.5 cm) (H.B. Sherman Traps Inc., Tallahassee,
FL, USA) and locally produced metal live traps baited with
dry oats on previously established trapping grids (grid 1=
0.18 ha [30x60 m] and grid 2=0.25 ha [50* 50 m]) (Burger et
al. 2009). Grid trapping allowed us to determine the density
of degus and to assign radio collars for tracking individuals
to burrow systems with radio telemetry (see below). During
grid trapping, we set traps at fixed stations spaced at 5-m
intervals (91 traps on grid 1 and 121 traps on grid 2) in the
morning prior to animal emergence. After 2 h, we
determined the location of all captures and closed the traps.
We recorded the sex, body mass, and reproductive status of
all animals. We marked animals at first capture by clipping
no more than one toe per foot and released them at their

point of capture. Marking techniques are described elsewhere
(Hayes et al. 2009) and are in accordance with the standard
animal care and use protocol established by the American
Society of Mammalogist (2007). We also recorded recap-
tured animals and fitted some adult females with radio
transmitters (RI-2D, Holohil Systems Limited, Ontario,
Canada and SOM-2190A, Wildlife Materials Incorporated,
Murphysboro, IL) weighing no more than 5% of animals
body mass.

Nighttime telemetry and burrow trapping

Subsequent to establishing active burrow systems, we
conducted nighttime telemetry and burrow trapping during
late Sep—Nov in 2006 and late Aug—Nov 2007. These
periods correspond with late pregnancy through lactation in
females. We defined a burrow system as a group of burrow
openings spanning 2-3 m in diameter (Ebensperger et al.
2004; Hayes et al. 2007). Therefore, we used a combination
of nighttime telemetry and burrow trapping to determine
overnight association of individuals at burrow systems to
identify social groups (Ebensperger et al. 2004; Hayes et al.
2009). To verify which burrow systems individuals used,
we tracked radio-collared animals once per night ca. 1 h
after sunset with a handheld, 3-element Yagi antenna and an
LA 12-Q receiver (AVM Instrument Co., CA) or FM-100
receiver (Advanced Telemetry Systems, MN) from mid
June to September. We trapped active burrow systems
during the austral winter to spring transition (Sep—Nov) of
both years by placing 10-12 traps at each active burrow
system (Burger et al. 2009). As with grid trapping, we set
traps baited with dry oats in the morning prior to animal
emergence (0700-0800 h) at burrow openings, along
runways, or at nearby dustbathing sites. At ca 1.5 h after
degu emergence from burrows, we determined the identity
and location of all captured individuals and closed traps
until the next trapping event. Animals were processed
similarly to grid trapping and then released at the same
burrow system of their capture.

Sixteen and thirty-four radio-collared individuals had
sufficient data (> six nighttime fixes) to be assigned group
membership in 2006 and 2007, respectively. Using nighttime
telemetry, we located animals in burrow systems 34.0+3.2
times in 2006 and 18.3+4.2 times in 2007 (Hayes et al. 2009).
Previous studies of degu sociality indicate that this telemetry
effort, in conjunction with burrow trapping, is sufficient to
accurately quantify degu social groups (Ebensperger et al.
2004; Ebensperger et al. 2009; Hayes et al. 2009).

Determining social groups

To determine social group size and composition, we
compiled a symmetric similarity matrix of pairwise tempo-
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ral associations by burrow use locations from trapping and
telemetry data for all adult degus (Whitehead 2009). We
calculated a proportion of nightly overlap per individual
with all other adult degus from these pairwise comparisons
based on the number of times that two individuals were
located or captured in the same burrow system divided by
the number of times that the same two individuals were
located or captured. We conducted hierarchical cluster
analysis (average linkage method) of the association matrix
using SOCPROG (Whitehead 2009) to demarcate social
groups. This technique clusters individuals by both pre-
ferred as well as least preferred partnerships. In other
words, two individuals can be members of a group because
they are documented together frequently, or because they
both do not associate with individuals outside of their
groups. In order to assign groups, we only used individuals
with at least i) three captures at burrow systems or ii) six
nighttime telemetry fixes in burrow systems. We confirmed
the fit of data using cophenetic correlation coefficient to
determine the actual association indices and the levels of
clustering in the diagram. We chose maximum modularity
criteria (Newman 2004) to cut off the dendrogram and
define social groups (Whitehead 2009).

Measures of fitness

Burrow trapping sessions corresponded with female lacta-
tion and pup emergence from burrow systems (Hayes et al.
2009), which enabled us to evaluate the per capita fitness
correlates of ectoparasitism. Degus produce precocial
young with relatively short lactation periods and begin
eating solid foods early in ontogeny (Veloso and Kenagy
2005). Thus, it is unlikely that trapping pups during
postparturition impacts pup survivorship or fitness of the
mothers. Degus are plural breeders and rear their offspring
communally, so we could not use burrow trapping to
determine maternity of pups within social groups. Our
estimate of fitness is, therefore, based on the number of
offspring, per female, per social group that emerge from
burrow systems used by known social groups. We also
determined pup survival up to 2 months post burrow
emergence following Hayes et al. (2009). Both measures
are based on the assumptions that all pregnant females
produced litters of equal size and successfully reared
offspring to emergence. Because all females in our study
displayed physical signs of pregnancy and lactation and
probably contributed to the production of pups for each
social unit, we feel our assumption is valid. Previous
studies used similar indices to estimate fitness and juvenile
survival for plural breeding caviomorph rodents (Lacey
2004) including degus (Hayes et al. 2009).

In order to determine if adult parasite loads affect offspring
survival, we calculated an index of pup survivorship based on
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the proportion of offspring caught during the first 2 months of
life (up to 70 g; Ebensperger et al. 2007; Hayes et al. 2009)
that were recaptured as juveniles (>70 g) when individuals
become more active aboveground (Ebensperger and Hurtado
2005; Ebensperger et al. 2007). We limited survivorship
analysis to 2 months because juvenile mortality in degus is
high (>65%) in the wild (Meserve et al. 1984; Ebensperger
et al. 2009). In this analysis, we included offspring that
weighed <70 g at first capture and weighed >70 g at a future
recapture during the austral winter—spring. We continued
trapping until >95% of pups captured in a single trapping
effort (i.e., 1 day) were recaptures. We recaptured most
individuals at least 1-2 weeks after initial capture. We also
included individuals that were not recaptured during the
austral winter—spring but were captured during subsequent
spring, summer, or autumn trapping. We failed to capture
offspring weighing less than 70 g at first capture for one social
group in 2006; therefore, we excluded this group from our
analysis of offspring survival. We also excluded two social
groups in 2006 found in the area of grid 2 in our offspring
survival analysis that were included in the analysis of
ectoparasite loads and group size because this grid was not
monitored for social groups in 2007 due to low population
density. Male degus have a high rate of migration or
disappearance (Ebensperger et al. 2009) and females rarely
survive to produce a second litter (Hayes et al. 2009).
Therefore, we could not determine the effects of current
ectoparasitic infection on future reproductive success.

Quantifying ectoparasite loads

To test the parasite—fitness burden hypothesis, each adult
degu was sampled for ectoparasitic fleas during the period
of female lactation. We sampled for ectoparasites by
brushing adults with a flea comb over a 19-L bucket
containing a few milliliters of 95% ethanol (to euthanize
ectoparasites). We combed each degu 15 times from
anterior to posterior, and five times posterior to anterior
on the dorsal side of the body, five times anterior to
posterior and posterior to anterior on each flank, and five
times on the top of the head from the posterior attachment
of the ears to above the eyes (Perez-Orella and Shulte-
Holstedde 2005). We stored ectoparasites in 95% ethanol
for identification and count in the lab with a dissecting
microscope.

Statistical analyses

We quantified ectoparasite loads following Bush et al.
(1997) with some modification: (1) Abundance—mean
number of individuals of a particular parasite and (2)
Prevalence—proportion of host individuals infected by
particular parasite taxa. Since we had no a priori knowledge
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of social group members, values reflect sampled individuals
only.

We performed statistical tests using SPSS 16.0 (Chicago,
IL, USA). We used Mann—Whitney U test to compare
parasite loads between adult females and males. We ran
analysis of covariance (ANCOVA) with group size esti-
mates (total group size and number of females) as
covariates and year as the fixed factor to test the prediction
that increasing ectoparasite abundance is a cost of sociality.
We ran ANCOVASs to test year as a fixed factor and flea
abundances as covariates to test the predictions that per
capita fitness decreased with increasing ectoparasite loads.
We do not report main effects in analyses in which
statistically significant interactions were detected. We used
a Spearman rank correlation to test the relationship between
ectoparasite loads of natal group adults (total and females
only) and pup survival up to 2 months. For all analyses, we
tested normality assumptions using Shapiro—Wilk's test;
Levene's test determined if variances in the data were
homogenous. We analyzed data that were not normalized or
homogenized using nonparametric statistics. All tests were
two-tailed. Data are reported as means+SE. The alpha level
was set at 0.05.

Results

Over the course of 2 years, we determined group sizes,
parasite loads, and fitness measures for 20 degu social
groups. We monitored 65 adult degus belonging to 11 social
groups in 2006 and 60 adult degus belonging to nine social
groups in 2007. No individuals were present in both years.
Descriptive statistics of social group composition are
reported elsewhere (Hayes et al. 2009). Across years, total
group size (adult males and females) ranged from 2 to 11
adults; female group size ranged from one to eight. We
sampled ectoparasites from 59 and 49 adult degus that
belonged to social groups in 2006 and 2007, respectively. In
both years, we sampled >75% of individuals per social
group for ectoparasites. A total of 687 fleas were collected
in 2006, of which 587 (85%) were Xenopsylla cheopis and
98 (14%) were Leptopsylla segnis. In 2007, we collected
432 total fleas. Of these, 270 (62.5%) were X. cheopis and
162 (37.5%) were L. segnis. The overall flea abundance
(both flea species) of adult degus in 2006 was 11.64+6.66
and 8.82+9.03 in 2007. In 2006, X. cheopis abundance on
adult degus was 9.95+6.13; L. segnis of adult degu
abundance was 1.66+1.93. In 2007, X. cheopis abundance
on adult degus was 5.51+6.27 and L. segnis abundance
3.31%4.63. Across years, all degus sampled were infected
with X. cheopis. Prevalence of L. segnis was 67.8% (40/59)
in 2006 and 81.6% (40/49) in 2007 (Table 1). Only two
adults (one male and one female) (3.3% prevalence) were

Table 1 The prevalence and origin of ectoparasites found on adult
degus by year. Exotic species are in bold

Year Ectoparasite Prevalence Origin

2006  Xenopsylla cheopis 100.0% 0Old World®
Leptopsylla segnis 67.8% Old World*
Abrocomophaga hellenthali  3.3% New World®
Ornithonyssus bacoti 1.7% Unknown

2007  Xenopyslla cheopis 100.0% Old World®
Leptoptsylla segnis 81.6% Old World®

#From Krasnov (2008)
®From Price and Timm (2000)

infected with the native chewing louse, 4brocomophaga
hellenthali in 2006; no degus were infected with 4.
hellenthali in 2007. One adult male was infected with the
tropical fowl mite, Ornithonyssus bacoti in 2006; zero
adults were infected with O. bacoti in 2007. The abundance
of X cheopis did not differ between sexes (Table 2) in 2006
(U=337.5, males N,=21, females N,=38, P=0.33) or 2007
(U=157, males N,=13, females N,=36, P=0.08). Similarly,
the abundance of L. signus on adult males did not differ from
adult females (Table 2) in 2006 (Mann—Whitney U test: U=
390.0, males N,=21, females N,=38, P=0.88) or 2007 (U=
169, males N,=13, females N,=36, P=0.14).

Group size and parasite loads

Across years, abundance of L. segnis was not predicted by
total group size (ANCOVA: model F, ;5=0.949, P=0.345).
Likewise, the number of adult females per group did not
predict the abundance of L. segnis on adult females
(ANCOVA: model F;6=0.168, P=0.688; Fig. 1a). There
was not a year * group size interaction in either analysis
(total group size: F 15=1.296, P=0.273; female group size:
F,,5=0.018, P=0.895).

A year * group size interaction was detected (F ;s=
5.072, P=0.039) in the analysis of X. cheopis abundance
and total group size. However, subsequent regressions for
each year did not reveal statistically significant relation-
ships between the abundance of X. cheopis and total group
size in 2006 (**=0.33, P=0.104) or 2007 (**=0.09, P=

Table 2 Exotic ectoparasite loads (mean + SE) of adult degus by sex
and year. Sample sizes are in parentheses

Year Ectoparasite Males Females

2006  Xenopsylla cheopis  8.76+1.28 (21)

1.76+0.49 (21)

10.61+1.01 (38)

Leptopsylla segnis 1.61+0.28 (38)

2007  Xenopsylla cheopis ~ 9.92+2.89 (13)  3.92+0.44 (36)
Leptopsylla segnis 5.23+£1.5 (13) 2.61+0.70 (36)
@ Springer
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0.370). The abundance of X. cheopis on adult females did
not differ between years (year * group size interaction,
Fy,6=0.066, P=0.801) and was not predicted by the
number of females per group (ANCOVA: model F) 6=
2.854, P=0.111; Fig. 1b). '

Fitness consequences of parasitism

The number of pups emerging from burrow systems used
by known social groups was negatively correlated with
abundance of L. segnis on all adult group members (F ;s=
7.957, P=0.013; Fig. 2a) and adult female group members
(F1,16=4.885, P=0.042). Neither analysis revealed a year *
L. segnis abundance interaction detected (total group
abundance: F5=0.217, P=0.648; abundance on females:
F,16=0.004, P=0.951). Per capita fitness was not predicted
by the abundance of X. cheopis of total group size (Fy =
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Number of females

2.304, P=0.149; Fig. 2b) or female group size (Fi, 6=
0.148, P=0.705). Neither analysis revealed a year * X
cheopis abundance interaction (total group abundance:
Fy,6=0.927, P=0.350; abundance of females: F) ;6=
0.253, P=0.622).

The proportion of pups in a group that survived up to
2 months after initial capture was not correlated with total
adult ectoparasite abundance of the group for the flea L.
segnis (Spearman correlation: r,=—0.006, N=16, P=0.982)
or X. cheopis (Spearman correlation: 7,=—0.092, N=16, P=
0.734). Similarly, pup survival up to 2 months did not
correlate with adult female abundance of L. segnis
(Spearman correlation: r,=—0.298, N=17, P=0.245) or X.
cheopis (Spearman correlation: r;=-0.010, N=17, P=
0.969).

Our trapping effort in 2007 encompassed peak pregnan-
cy (Aug); therefore, we regressed individual peak female
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mass during pregnancy against individual female ecto-
parasite loads. In this analysis, peak female mass was
negatively correlated with the abundance of L. segnis
(Spearman correlation: 7;=—0.49, N=36, P=0.002). There
was no relationship between peak female mass and the
abundance of X. cheopis (Spearman correlation: r,=
—0.095, N=36, P=0.583). Finally, there was no correlation
between the abundance of L. segnis and X. cheopis at the
total group (*=0.0094, P=0.69) or female group levels
(¥*=0.037, P=0.42).

Discussion
Contrary to our predictions that parasitism is a cost of

sociality, the abundance of exotic ectoparasitic fleas was
neither correlated with the total number of adults per group

Abundance of X cheopis by social group

nor number of females per group. However, the abundance
of the exotic flea L. segnis was negatively correlated with
per capita fitness at the social group level, as well as adult
females per group, across both years of our study.
Ectoparasite loads of adult degus were not correlated with
pup survival. L. segnis abundance was negatively correlated
with peak female body mass during pregnancy. The more
abundant and prevalent X. cheopis was not correlated with
either per capita fitness or peak female body mass during
pregnancy.

Our finding that social group size and ectoparasite loads
are not correlated in degus contradicts previous reports of
increased parasite loads as a function of group size in a
wide range of hosts (C6té and Poulin 1995), including birds
(Brown and Brown 1986; Hoi et al. 1998; Whiteman and
Parker 2004) and mammals (Hoogland 1979; Freeland
1979; Rubenstein and Hohmann 1989; Davies et al. 1991).
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However, a few studies on rodents also failed to find a
significant relationship between social group size and
ectoparasite load (Amold and Lichtenstein 1993; Van
Vuren 1996; Hillegass et al. 2008). Fitness decreased with
increasing mite abundance in Alpine marmots (Marmota
marmota), but group size had no effect on ectoparasite load
(Amold and Lichtenstein 1993). Cape ground squirrels (X.
inauris) in large and small groups showed no difference in
tick abundance (Waterman 2002). In yellow-bellied marmots
(Marmota flaviventris), ectoparasite load (fleas, lice, and
mites) was no different between colonial and noncolonial
groups (Van Vuren 1996). Future studies are needed to
determine other factors (e.g., population density) that may
predict parasite loads in degus.

The impact of parasites on host fitness and survival
ranges from relatively benign to highly virulent. Naive
hosts in their native geographic range have had little
evolutionary time to develop defense mechanisms against
foreign parasites. The potential for population declines as a
result of infection by exotic pathogens is therefore high
(Dobson and Foufopoulos 2001). Our findings that the
abundance of L. segnis was negatively correlated with per
capita fitness and peak female mass during pregnancy, lead
us to hypothesize that this exotic ectoparasite is negatively
impacting fitness of degus in their native range. This is
consistent with previous reports of social mammals burdened
by exotic infectious agents (Thome and Williams 1988;
Roelke-Parker et al. 1996; Cully and Williams 2001; Leroy
et al. 2004; Stapp et al. 2004). Further monitoring is needed
to determine the long-term consequences of L. segnis on the
life history and population dynamics of O. degus.

It is possible yet unlikely that L. segnis preferentially
chooses individuals in poor body condition. Similar to other
organisms, ectoparasites are expected to fit an ideal free
distribution (Johnson et al. 2004), allocating themselves
among their hosts such that individual fitness is maximized.
This would result in ectoparasites being more abundant on
larger rather than smaller individuals (Davies et al. 1991), a
pattern not supported by our results. Instead, two of our
findings suggest that L. segnis poses a negative impact on
O. degus fitness during their relatively long gestation period
(~3 months). First, the abundance of L. segnis was
negatively correlated with peak body mass of females
during pregnancy (i.e., maternal condition) and per capita
fitness at the social group level as well as females per
group. Second, there was no relationship between ectoparasite
loads of adults in natal groups and pup survival up to
2 months. We therefore hypothesize that adult females in
groups burdened with high infection levels gain less body
mass during gestation and produce fewer pups per capita than
females in social groups with fewer L. segnis. Additional
work is needed, however, to test this hypothesis. The
development of ectoparasite removal techniques (e.g.,
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Hillegass et al. 2010) may allow in situ experimental
manipulation of parasite loads, allowing further evaluation
of the causal relationship between per capita fitness and L.
segnis abundance in degus.

To our knowledge, this is the first documentation of the
exotic fleas, X. cheopis and L. segnis, on degus in Chile. In
their native range, X. cheopis and L. segnis appear to only
have deleterious effects on their native hosts during
zoonotic outbreaks (Azad 1990). Both fleas are now widely
distributed if not cosmopolitan due to the introduction of
Rattus and Mus (Krasnov 2008), and field collections have
found both species infected with the bacterium, murine
typhus (Rickettsia typhi; Azad 1990). Future studies are
needed to determine if L. segnis serves as a vector for a
deleterious pathogen (e.g., bacterium or virus) explaining
our negative correlation between abundance of this flea and
fitness in degus. Why there is a differential effect of the two
exotic parasites on fitness is also yet to be determined.
Perhaps L. segnis is a competent vector for a specific
infectious agent that X. cheopis is not. Moreover, our
analysis is restricted to per capita fitness measures. The
development of microsatellite primers (Quan et al. 2009)
coupled with ectoparasite manipulation (Hillegass et al.
2010) will enable future studies to elucidate the direct
fitness consequences of infection by L. segnis in degus.

Host behavioral adaptations for the resistance or avoid-
ance of parasites are selected when coevolution occurs
between host and parasites, resulting in reduced parasite
transmission (Hamilton and Zuk 1982; Altizer et al. 2003).
These behaviors may include allogrooming (Hart 1992;
Johnson et al. 2004; Hillegass et al. 2008; Mooring et al.
2006), dispersal from groups with high infection levels
(Brown and Brown 1986; Mooring and Hart 1992; Johnson
et al. 2004), and prevention of unfamiliar individuals from
entering social groups (Freeland 1976, 1979), mitigating
high susceptibility to infection by ectoparasites. Allogroom-
ing has specifically been demonstrated to be more effective
at ectoparasite removal than self-grooming (O'Brien 1993;
Stopka and Graciasova 2001), suggesting that this social
behavior may in fact reduce ectoparasite burdens. Allog-
rooming may only be adaptive, however, when host and
parasites coevolve. Degus at our site spend a rather small
percentage of their time above ground engaged in either
self-grooming or in direct social interactions (6%), includ-
ing allogrooming (Ebensperger and Hurtado 2005). Our
sampling only found one confirmed native ectoparasite (4.
hellenthali) on degus in very low prevalence (Table 1).
Previous reports suggest that native ectoparasites on degus
are rare (Price and Timm 2000; Castro and Cicchino 2002).
Based on these observations, we hypothesize that O. degus
has simply not had the evolutionary time needed to develop
behavioral adaptations (e.g., allogrooming, self-grooming)
needed to cope with the current high burdens of exotic
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ectoparasitism. Future studies of parasitism, host behavior,
and fitness should consider the origin of parasites and their
coevolutionary histories with their hosts.

Acknowledgements We thank Universidad de Chile, in particular,
former field station administrator J.D. Garcia, for help in facilitating
fieldwork, V. Quirici, C. Ledn, R. Castro, L. Ortiz Tolhuysen, M.
Pardue, N. Schaferkotter, and J. Childers for field assistance, and A.
Edelman and R. Fiorillo for helpful comments on this manuscript.
This work was funded by the National Science Foundation EPSCoR
(#0553910), the Louisiana Board of Regents Research Competitive-
ness Program (#LEQSF 2007-2009-RD-A-39), The University of
Louisiana at Monroe HHMI Program and the ULM Office of
Academic Affairs, the Sigma Xi Scientific Society, the American
Society of Mammalogists, FONDECYT grants 1020861 and 1060499
and by Centro de Estudios Avanzados en Ecologia y Biodiversidad
(FONDAP 1501-001). The authors declare no conflict of interest.
Field procedures followed guidelines established by the American
Society of Mammalogists Animal Care and Use Committee, were
approved by the ULM Institutional Animal Care and Use Committee,
and are in accordance with U.S. and Chilean laws (permit no. 1-
58.205 [2711] by Servicio Agricola y Ganadero).

References

Alexander RD (1974) The evolution of social behavior. Annu Rev
Ecol Sys 5:325-383

Altizer S, Nunn CL, Thrall PH, Gittleman JL, Ezenwa V, Pulliam J,
Pedersen AB, Dobson AP, Poss M, Cunningham A, Antonovics
JL, Jones KE (2003) Social organization and disease risk in
mammals: integrating theory and empirical studies. Annu Rev
Ecol Evol Sys 34:517-547

Anderson RM, May RM (1982) Coevolution of hosts and parasites.
Parasitology 85:411-426

Amold W, Lichtenstein AV (1993) Ectoparasite loads decrease the
fitness of alpine marmots (Marmota marmota) but are not a cost
of sociality. Behav Ecol 4:36-39

Azad AF (1990) Epidemiology of murine typhus. Annu Rev Entomol
35:553-569

Becker MI, De Joannes AE, Leon C, Ebensperger LA (2007) Females
of communally breeding rodent, Octodon degus, transfer anti-
bodies to their offspring during pregnancy and lactation. J
Reprod Immunol 74:68-77

Blanco G, Tella JL, Potti J (1997) Feather mites on group-living red-
billed choughs: a non-parasitic interaction? J Avian Biol 28:197—
206

Brown CR, Brown MB (1986) Ectoparasitism as a cost of
coloniality in cliff swallows (Hirundo pyrrhonata). Ecology
67:1206-1218

Burger JR, Chesh AS, Castro RA, Ortiz Tolhuysen L, Torre I,
Ebensperger LA, Hayes LD (2009) The influence of trap type
on evaluating population structure of the semifossorial and social
rodent Octodon degus. Acta Theriol 54:311-320

Bush AO, Laffrey KD, Lotz JM, Shostak AW (1997) Parasitology
meets ecology on its own terms: Margolis et al. revisited. J
Parasitol 83:575-583

Castro DC, Cicchino A (2002) Las especies de los generos Gyropus
Nitzsch, 1818 (Phthiraptera: Gyroponidae) parasites de Octodon-
tidae (Mammalia:Rodentia). Rev Chil Hist Nat 75:293-298

Coté IM, Poulin R (1995) Parasitism and group size in social animals:
a meta-analysis. Behav Ecol 6:159-165

Cully JF Jr, Williams ES (2001) Interspecific comparisons of sylvatic
plague in prairie dogs. ] Mamm 82:894-905

Davies CR, Ayres JM, Dye C, Deane LM (1991) Malaria infection rate
of Amazonian primates increases with body weight and group
size. Func Ecol 5:655-662

Dobson AP, Foufopoulos J (2001) Emerging infectious pathogens of
wildlife. Phil Trans R Soc B 356:1001-1012

Ebensperger LA, Hurtado MJ (2005) Seasonal changes in the time
budget of degus, Octodon degus. Behaviour 142:91-112

Ebensperger LA, Hurtado MJ, Soto-Gamboa M, Lacey EA, Chang AT
(2004) Communal nesting and kinship in degus (Octodon degus).
Naturwissenchaften 91:391-395

Ebensperger LA, Hurtado MJ, Valdivia I (2006) Lactating females do
not discriminate between their own young and unrelated pups in
the communally breeding rodent, Octodon degus. Ethology
112:921-929

Ebensperger LA, Hurtado MJ, Leon C (2007) An experimental
examination of the consequences of communal versus solitary
breeding on maternal condition and the early postnatal growth
and survival of degu, Octodon degus, pups. Anim Behav 73:185—
194

Ebensperger LA, Chesh AS, Castro RA, Ortiz Tolhuysen L, Quirici V,
Burger JR, Hayes LD (2009) Instability rules social groups in the
communal breeder rodent Octodon degus. Ethology 115:540-554

Freeland WJ (1976) Pathogens and the evolution of primate sociality.
Biotropica 8:12-24

Freeland WJ (1979) Primate social groups as biological islands.
Ecology 60:719-728

Hamilton WD, Zuk M (1982) Heritable true fitness and bright birds: a
role for parasites? Science 218:384-387

Hart BL (1992) Behavioral adaptations to parasites: an ethological
approach. J Parasitol 78:256-265

Hayes LD, Chesh AS, Ebensperger LA (2007) Ecological predictors
of range areas and use of burrow systems in the diurnal rodent,
Octodon degus. Ethology 113:155-165

Hayes LD, Chesh AS, Castro RA, Ortiz Tolhuysen L, Burger JR,
Bhattacharjee J, Ebensperger LA (2009) Fitness consequences of
group-living in the degu (Octodon degus), a plural breeder rodent
with communal care. Anim Behav 78:131-139

Hayes LD, Burger JR, Soto-Gamboa M, Sobrero R, Ebensperger LA
(2011) Towards an integrative model of caviomorph rodent
sociality. ] Mammal

Hillegass MA, Waterman JM, Roth JD (2008) The influence of sex
and sociality on parasite loads in an African ground squirrel.
Behav Ecol 19:1006-1011

Hillegass MA, Waterman JM, Roth JD (2010) Parasite removal
increases reproductive success in a social African ground
squirrel. Behav Ecol 21:696-700

Hoi H, Darolova A, Kénig C, Kristofik J (1998) The relation between
colony size, breeding density and ectoparasite loads of adult
European bee-eaters (Merops apiaster). Ecoscience 5:156-163

Hoogland JL (1979) Aggression, ectoparasitism, and other possible
costs of prairic dog (Sciuridae: Cynomys spp.) coloniality.
Behaviour 69:1-35

Hoogland JL, Sherman P (1976) Advantages and disadvantages of
bank swallow (Riparia riparia) coloniality. Ecol Mono 46:33-58

Johnson DDP, Stopka P, Macdonald DW (2004) Ideal flea constraints
on group living: unwanted public goods and the emergence of
cooperation. Behav Eco 15:181-186

Krasnov BR (2008) Functional and evolutionary ecology of fleas.
Cambridge University Press, Cambridge

Lacey EA (2004) Sociality reduces individual direct fitness in a
communally breeding rodent, the colonial tuco-tuco (Ctenomys
sociabilis). Behav Ecol Sociobiol 56:449-457

Leroy EM, Rouquet P, Formentry P, Souquiére S, Kilbourne A, Froment
M, Bermejo M, Smit S, Karesh W, Swanepoel R, Zaki SR, Rollin
PE (2004) Multiple ebola virus transmission events and rapid
decline of Central African wildlife. Science 303:387-390

_@_ Springer

This content downloaded from 146.155.94.33 on Fri, 06 May 2016 20:32:01 UTC
All use subject to http://about.jstor.org/terms



66

Behav Ecol Sociobiol (2012) 66:57-66

Meserve PL, Martin RA, Rodriguez J (1984) Comparative ecology of
the caviomorph rodent Octodon degus in two Chilean
Mediterranean-type communities. Rev Chil Hist Nat 57:79-89

Moller AP, Dufva R, Allander K (1993) Parasites and the evolution of
host social behavior. Advances in the Study of Behavior 22:65-102

Mooring MS, Hart BL (1992) Animal grouping for protection from
parasites: selfish herd and encounter—dilution effects. Behaviour
123:173-193

Mooring MS, Hart BL, Fitzpatrick TA, Reisig DD, Nishihira TT,
Fraser IC, Benjamin JE (2006) Grooming in desert bighorn sheep
(Ovis canadensis mexicana) and the ghost of parasites past.
Behav Ecol 17:364-371

Newman MEJ (2004) Analysis of weighted networks. Phys Rev E
70:056131

O'Brien TG (1993) Allogrooming behaviour among adult female
wedge-capped capuchin monkeys. Anim Behav 46:499-510

Pedersen AB, Fenton A (2007) Emphasizing the ecology in parasite
community ecology. Trends Ecol Evo 22:133-139

Perez-Orella C, Shulte-Holstedde AI (2005) Effects of sex and body
size on ectoparasite loads in the northern flying squirrel
(Glaucomys sabrinus). Can J Zool 83:1381-1385

Poulin R (1991) Group-living and infestation by ectoparasites in
passerines. Condor 93:418-423

Price RD, Timm RM (2000) Review of the chewing louse genus
Abrocomophaga (Phthiraptera: Amblycera), with description of
two new species. Proc Biol Soc Wash 113:210-217

Quan YF, Macmanes MD, Ebensperger LA, Lacey EA, Hayes LD
(2009) Isolation and characterization of polymorphic micro-
satellite loci from Octodon degus. Molecular Ecology Resources
9:1000-1001

Roelke-Parker ME, Munson L, Packer C, Kock R, Cleaveland S,
Carpenter M, O'Brien SJ, Pospischil A, Hofmann-Lehmann R,

@ Springer

Lutz H, Mwamengele GLM, Mgasa MN, Machange GA,
Summers BA, Appel MJG (1996) A canine distemper virus
epidemic in Serengeti lions (Panthera leo). Nature 379:441-445

Roulin A, Heeb P (1996) The immunological function of allosuckling.
Ecol Lett 2:319-324

Rubenstein DI, Hohmann ME (1989) Parasites and social behavior of
island feral horses. Oikos 55:300-312

Silk JB (2007) The adaptive value of sociality in mammalian groups.
Phil Tran R Soc B 362:539-559

Stapp P, Antolin MF, Ball M (2004) Patterns of extinction in prairie
dog metapopulations: plague outbreaks follow El Nifio events.
Front Ecol Environ 2:235-240

Stopka P, Graciasova R (2001) Conditional allo-grooming in the herb
field mouse. Behav Ecol 12:584-589

The Animal Care and Use Committee of the American Society of
Mammalogists (2007) Guidelines of the American Society of
Mammalogists for the use of wild mammals in research. J
Mammal 88:809-823

Thome ET, Williams E (1988) Disease and endangered species: the
black-footed ferret as a recent example. Con Bio 2:66-74

Van Vuren D (1996) Ectoparasites, fitness, and social behavior of
yellow-bellied marmots. Ethology 102:686—694

Veloso C, Kenagy GJ (2005) Temporal dynamics of milk composition of
the precocial caviomorph Octodon degus (Rodentia: Octodontidae).
Rev Chil Hist Nat 78:247-252

Waterman JM (2002) Delayed maturity, group fission and the limits of
group size in Cape ground squirrels. (Sciuridae: Xerus inauris). ]
Zool 256:113-120

Whitehead H (2009) SOCPROG programs: analyzing animal social
structures. Behav Ecol Sociobiol 63:765-778

Whiteman NK, Parker PG (2004) Effects of host sociality on
ectoparasite population biology. J Parasitol 90:939-947

This content downloaded from 146.155.94.33 on Fri, 06 May 2016 20:32:01 UTC
All use subject to http://about.jstor.org/terms



	Contents
	p. [57]
	p. 58
	p. 59
	p. 60
	p. 61
	p. 62
	p. 63
	p. 64
	p. 65
	p. 66

	Issue Table of Contents
	Behavioral Ecology and Sociobiology, Vol. 66, No. 1 (January 2012) pp. A1-A3, 1-169
	Front Matter
	The role of wax and resin in the nestmate recognition system of a stingless bee, Tetragonisca angustula [pp. 1-12]
	A field test of the effects of familiarity and relatedness on social associations and reproduction in prairie voles [pp. 13-27]
	Age-related female mating decisions are condition dependent in wolf spiders [pp. 29-38]
	Genetic influence on caste determination underlying the asexual queen succession system in a termite [pp. 39-46]
	Behavioural responses to indirect and direct predator cues by a mammalian herbivore, the common brushtail possum [pp. 47-55]
	Sociality, exotic ectoparasites, and fitness in the plural breeding rodent Octodon degus [pp. 57-66]
	Multiple mating opportunities boost protandry in a pied flycatcher population [pp. 67-76]
	Invading together: the benefits of coalition dispersal in a cooperative bird [pp. 77-83]
	The anti-predator behaviour of wild white-handed gibbons (Hylobates lar) [pp. 85-96]
	Genital morphology linked to social status in the bank vole (Myodes glareolus) [pp. 97-105]
	The interspecific relationship between prevalence of blood parasites and sexual traits in birds when considering recent methodological advancements [pp. 107-119]
	Information content of female copulation calls in wild long-tailed macaques (Macaca fascicularis) [pp. 121-134]
	Safe betting: males help dull females only when they raise high-quality offspring [pp. 135-143]
	Mate quality, not aggressive spillover, explains sexual cannibalism in a size-dimorphic spider [pp. 145-151]
	Evaluating animal personalities: do observer assessments and experimental tests measure the same thing? [pp. 153-160]
	METHODS
	Individual deviation from behavioural correlations: a simple approach to study the evolution of behavioural syndromes [pp. 161-169]

	Back Matter



