
Towards an integrative model of sociality in caviomorph rodents

LOREN D. HAYES,* JOSEPH ROBERT BURGER, MAURICIO SOTO-GAMBOA, RAÚL SOBRERO, AND LUIS A EBENSPERGER
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In the late 1990s and early 2000s it was recognized that behavioral ecologists needed to study the sociality of

caviomorph rodents (New World hystricognaths) before generalizations about rodent sociality could be made.

Researchers identified specific problems facing individuals interested in caviomorph sociality, including a lack

of information on the proximate mechanisms of sociality, role of social environment in development, and

geographical or intraspecific variation in social systems. Since then researchers have described the social

systems of many previously understudied species, including some with broad geographical ranges. Researchers

have done a good job of determining the role of social environments in development and identifying the costs

and benefits of social living. However, relatively little is known about the proximate mechanisms of social

behavior and fitness consequences, limiting progress toward the development of integrative (evolutionary-

mechanistic) models for sociality. To develop integrative models behavioral ecologists studying caviomorph

rodents must generate information on the fitness consequences of different types of social organization, brain

mechanisms, and endocrine substrates of sociality. We review our current understanding and future directions

for research in these conceptual areas. A greater understanding of disease ecology, particularly in species

carrying Old World parasites, is needed before we can identify potential links between social phenotypes,

mechanism, and fitness.
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In the late 1990s and early 2000s the Neotropical and

temperate South American caviomorph rodents (New World

hystricognaths) were identified as understudied organisms,

particularly in terms of social systems, that is, sociality and

mating systems (Ebensperger 1998; Tang-Martinez 2003). At

that time researchers recognized that several of the cavio-

morph species were social (Ebensperger 1998, 2001), but

general statements about social evolution of rodents could not

be made without more research (Ebensperger 1998). Cavio-

morphs occur in a diverse range of habitats and include

species that are arboreal (Adler 2011 [this issue]), semiaquatic

(Macdonald et al. 2007), semifossorial (Ebensperger and

Blumstein 2006; Lacey and Ebensperger 2007), and subter-

ranean (Lacey and Ebensperger 2007). Some species have

wide geographical ranges with different populations experi-

encing very different ecological conditions (Lacey and

Ebensperger 2007). In some cases even the same populations

experience very different environmental conditions temporally

(Ebensperger and Hurtado 2005). Thus, research on cavio-

morph rodents will improve our understanding of the

evolutionary ecology of mammalian sociality. Additionally,

caviomorph rodents provide interesting comparisons with the

better-studied North American species (marmots and murids)

and African bathygerid rodents (Tang-Martinez 2003).

Tang-Martinez (2003) identified several understudied

aspects of caviomorph social systems, including the proximate

mechanisms of sociality, the role of social environment in

development, and geographical or intraspecific variation in

social systems. Some progress has been made on these and

other issues identified by Ebensperger (1998) as crucial to

understanding the evolution of caviomorph social systems.

Social systems have been described in species representing

several caviomorph families, including the octodontids

(Ebensperger et al. 2008; Lacey and Ebensperger 2007),

w w w . m a m m a l o g y . o r g

Journal of Mammalogy, 92(1):65–77, 2011

65

www.mammalogy.org


capybaras (Herrera et al. 2011 [this issue]; Macdonald et al.

2007), cavies (Taraborelli and Moreno 2009), ctenomyids

(Lacey and Ebensperger 2007), and echimyids (Freitas et al.

2008; Santos and Lacey 2011 [this issue]). As is the case in

other rodents, many of the caviomorphs are solitary (Adler

2011 [this issue]). However, a larger percentage of cavio-

morphs exhibit communal breeding strategies, that is, females

rear offspring together (Ebensperger et al. 2002; Silk 2007). In

recent years researchers studying cavies (Adrian et al. 2008;

Kaiser et al. 2003; Sachser et al. 1999; Salvador and

Fernandez 2008; Trillmich et al. 2006, 2008) and other

species (Ebensperger et al. 2007; Gruss et al. 2006) have

identified some conditions of the early social environment

influencing juvenile development and behavior. Ecological

factors, including the distribution of resources such as food

(Lacey and Ebensperger 2007; Lacey and Wieczorek 2003;

Macdonald et al. 2007; Maher and Burger 2011 [this issue]),

predation risk (Ebensperger and Blumstein 2006; Lacey and

Ebensperger 2007; Lacey and Sherman 2007; Macdonald et al.

2007), and soil conditions associated with digging burrows

(Ebensperger and Blumstein 2006; Ebensperger and Cofré

2001; Lacey and Ebensperger 2007; Lacey and Sherman 2007)

have been identified as potential causes for the formation of

social groups. With regard to evolution and adaptive

significance, behavioral ecologists have identified numerous

costs and benefits of social living (Ebensperger and Bozinovic

2000; Ebensperger and Wallem 2002; Izquierdo and Lacey

2007; Quirici et al. 2008; Vásquez 1997). To a much lesser

extent we have quantified some of the consequences to

reproductive fitness of social behavior (Ebensperger et al.

2007; Hayes et al. 2009; Lacey 2004; Sachser et al. 1999;

Trillmich et al. 2008).

Despite these advances we still lack a comprehensive

understanding of caviomorph rodent sociality and, in fact, of

all rodents in general (,5% of species have been studied

extensively). To reach a comprehensive understanding and

come in line with current paradigms researchers studying

caviomorphs need to take more integrative research approach-

es. Integrative approaches build upon traditional models

by incorporating predictions for how genetic, physiological

(including endocrine), or neuroanatomical variation—factors

upon which selection can act to shape social phenotypes—

underlie intraspecific variation in social systems. The

relationship between these internal mechanisms and social

traits (e.g., social systems) is bidirectional. For example, social

behaviors and variation in social systems can affect physio-

logical and neuroendocrine mechanisms (Young et al. 2006).

Understanding the bidirectional nature of these mechanistic

factors and the role of ecological variation on their expression

is also crucial to predicting the fitness consequences (and

thus, evolutionary significance) of social phenotypes. Social

attachment in rodents appears to involve primarily 2 brain

systems (Young 2009; Fig. 1). The extrahypothalamic vaso-

pressin system, a recognition circuit, can mediate conspecific

recognition and thus allow appropriate social behaviors to be

expressed. Information about the identity of another individual

from the extrahypothalamic vasopressin system can modify

(or even initiate) responses within the mesolimbic dopamine

system (an incentive circuit; Fig. 1). Feedback from the

incentive circuit can then dictate the direction and intensity of

the interactions. These relationships provide a basic and

comparative framework for our current understanding of the

brain substrates and endocrine or physiological bases of rodent

social behavior.

Developing integrative models for caviomorph sociality

will require that we overcome several major challenges,

including a few already highlighted by Tang-Martinez

(2003). For example, interpopulation comparisons of soci-

ality are limited to a few species (L. A. Ebensperger, and L. D.

Hayes, pers. obs.; Herrera et al. 2011 [this issue]; Taraborelli

FIG. 1.—Model linking brain mechanisms with social behaviors and experience in caviomorph rodents. Pictures of degus are adapted from

Suárez and Mpodozis (2009).
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and Moreno 2009). Evidence for intraspecific variation in

foraging behavior (Quispe et al. 2009), space use (Cutrera et

al. 2006), and social behavior (Taber and Macdonald 1992;

Taraborelli and Moreno 2009) suggests that differences in

environmental conditions can result in variation in cavio-

morph social structure, similar to that observed in Microtus

(Tang-Martinez 2003). It is not our intention to write an

extensive review of the ecological sources of variation in

caviomorph rodent social systems (Ebensperger 2001; Eben-

sperger and Blumstein 2006; Lacey and Sherman 2007; Maher

and Burger 2011 [this issue]). However, understanding how

this ecological variation influences neuroanatomical and

neuroendocrine mechanisms in the expression of social

phenotypes is critical to advancing theory (Owens 2006).

Currently, we know very little about brain mechanisms

underlying social behavior, gene regulation (sensu Young

and Wang 2004), and genomics (Gallardo et al. 2004). Finally,

our understanding of sociality in caviomorphs is biased toward

only a few of the .250 species. Most of work has been done

with capybaras (Hydrochoerus hydrochaeris), cavies (Cavii-

dae), coruros (Spalacopus cyanus), degus (Octodon degus),

and social tuco-tucos (Ctenomys sociabilis). In the cavio-

morphs interspecific variation in behavior and habitat

selection (arboreal, semifossorial, and subterranean) is con-

siderable. Consequently, the development of an integrative

model of caviomorph sociality will require information from

more species.

A good starting point for the development of an integrative

model for caviomorph social systems is to identify and

prioritize future research. An exhaustive review of all the

neural, physiological, and genetic mechanisms underlying

social behavior is beyond the scope of this paper. Thus, we

identify a subset of research foci within the framework of our

own collective research expertise that we believe will

contribute to an integrative model of intraspecific caviomorph

sociality and allow for broader interspecific comparisons

among caviomorphs and better-studied taxa (North American

murids and sciurids). Specifically, we review our current

understanding of and propose future directions for research on

brain mechanisms of social systems (e.g., neuropeptide

receptor expression), behavioral endocrinology, and fitness

consequences of sociality. Additionally, we suggest how

research on disease ecology would provide a link between

social phenotypes, mechanism, and fitness.

BRAIN MECHANISMS

Current understanding.—It is an important challenge to

behavioral ecologists studying caviomorph sociality to de-

velop an understanding of the brain mechanisms underlying

social phenotypes. Such information is crucial for predicting

variation upon which natural selection can act and which,

therefore, could explain some of the diversity of social

systems observed in the caviomorph rodents.

To date, much of our understanding has come from work on

voles in the genus Microtus. Behavioral neuroscientists

studying voles have made remarkable progress in understand-

ing the neuroanatomical variation underlying diversity in

social behavior. In socially monogamous prairie voles (M.

ochrogaster) the oxytocin receptor and arginine vasopressin

receptors 1a and 1b are concentrated in reward and

reinforcement regions of the brain (nucleus accumbens or

incentive circuit region). In nonmonogamous species, such

as the meadow vole (M. pennsylvanicus), fewer of these

receptors are found in the reward and reinforcement regions

(Young and Wang 2004). Viral vector gene transfer ex-

periments, used to transfer genes from M. ochrogaster to

nonmonogamous species, demonstrate a causal link between

receptor expression and social behavior. Changes in the

regional expression of a single gene can have a profound

effect on the social behavior of individuals within a species

(Lim et al. 2004; but see Fink et al. 2006). These neuropeptide

receptors are evolutionarily conserved for their structure and

expression in some vertebrate and invertebrate lineages,

although their regulation is quite diverse (Donaldson and

Young 2008; Insel and Young 2000).

Some brain mechanisms influencing social phenotypes have

been described in cavies, degus, and tuco-tucos. In studies

similar to those on voles Beery et al. (2008) used receptor

audioradiography to identify differences in the distributions of

oxytocin receptors and arginine vasopressin 1a receptors in

the brains of social tuco-tucos (C. sociabilis) and solitary

Patagonian tuco-tucos (C. haigi). Oxytocin receptor binding

occurred in the piriform cortex, and binding of the thalamus

and arginine vasopressin 1a receptor occurred in the olfactory

bulbs of social tuco-tucos but not Patagonian tuco-tucos.

Oxytocin receptor binding was higher in the lateral septum

and hippocampus of Patagonian tuco-tucos than social tuco-

tucos. Binding in the central amygdala also was greater in

social Ctenomys, suggesting that social-group formation is

facilitated by reduced social anxiety in this species. Differ-

ences also exist in binding of oxytocin receptor and arginine

1a vasopressin receptor in Ctenomys and Cavia porcellus

(Beery et al. 2008; Tribollet et al. 1992). Although it has not

been tested extensively, the neuroendocrine pathways by

which these neuropeptides act to shape social interactions in

Ctenomyidae and Caviidae could be species-specific.

The vomeronasal system is thought to reinforce many

aspects of social-sexual behaviors such as sex discrimination

and aggression (Brennan and Keverne 2004; Kelliher 2007).

The neuroepithelium of the vomeronasal system is the

vomeronasal organ, which sends primary axons to the 2

principal subdomains for the accessory olfactory bulb, the

rostral and caudal (Suárez and Mpodozis 2009). The rostral

accessory bulb responds to pheromones in a general sexual

context, and the caudal accessory bulb is active during

intrasexual interactions. Unlike the murid rodents, degus

exhibit considerable intraspecific variation (including sexual

dimorphism) in the accessory bulb subdomains (Suárez and

Mpodozis 2009). These observations suggest that the rostral

and caudal subdomains regulate distinct functions. In degus

the rostral accessory bulb is twice as large as the caudal
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accessory bulb, which might be related to intersexual

pheromonal sampling with body contact, as might occur

during copulation. These observations support the hypothesis

that sexual dimorphism in caviomorph sensory systems may

emerge from sexual selection and not from species-specific

adaptations.

Tang-Martinez (2003) argued that we need to better

understand how the social environment influences develop-

ment. In an integrative approach such an understanding would

involve describing the neural pathways that are affected by

variation during early social development. Moreover, epige-

netic effects are established early in a rodent’s life experience

and are potentially reversible in adulthood (Weaver et al.

2004). Epigenetic modifications of specific genomic regions

in response to variation in environmental conditions (maternal

licking or grooming frequency) might serve as a major source

of variation in behavioral phenotypes (Weaver et al. 2004). In

other words, maternal effects could result in the transmission

of adaptive responses across generations and affect chromatin

structure by altering the hippocampal glucocorticoid receptors

involved in maternal–offspring imprinting. Such influences

could lead to alterations in social phenotypes (Weaver et al.

2004).

To date, research on cavies and degus has yielded some

insight into how maternal behavior influences offspring

development. Two studies in parallel (Ziabreva et al. 2003a,

2003b) demonstrated that adverse emotional experience

during early postnatal development alters aminergic function

within the degu brain. Repeated separation from the mothers

and exposure to an unfamiliar environment results in the

upregulation of monoaminergic systems of male and female

pups, specifically dopamine and 5-hydroxytrytamine receptor

density in the CA1 hippocampal region (Ziabreva et al.

2003a). Acoustic signals from mothers suppressed the

upregulation of dopamine and 5-hydroxytrytamine receptors

in some regions of the hippocampus (Ziabreva et al. 2003a).

No significant changes were observed in the receptor density

of gamma-aminobutyric acid (GABAA) or in GABAergic

systems, both of which modulate emotional and motivational

aspects of degu behavior (Ziabreva et al. 2003a). The same

pattern of neuroreceptor changes was found in the prefrontal

cortex, but only in female pups (Ziabreva et al. 2003b). It is

possible that the sex-specific responses to neonatal environ-

mental change include an interaction of gonadal hormones

with the function of hypothalamic pituitary axis activating

‘‘social buffering’’ and monoaminergic systems (Ziabreva et

al. 2003a, 2003b).

Research on cavies and degus suggests that important

neurological consequences to maternal separation exist during

early offspring development, which could, in turn, influence

social behavior (Fig. 1). Tamborski et al. (1990) determined

that adverse emotional experiences influence the plasticity and

adaptability of postnatal development of the brain of guinea

pigs (C. porcellus). In this species maternal separation during

weaning increased dopamine turnover (ratio of metabolites to

dopamine), but only in novel situations, including exposure to

another individual or new environment. Imbalances of the

dopamine receptors in degus resulting from chronic social

isolation after weaning affect locomotor activities in novel

environments (Braun et al. 2003). These studies demonstrate

that mother–offspring vocalizations during early offspring

development are correlated with neuroanatomical features in

guinea pigs and degus.

In mammals, the consequences of early aversive environ-

mental stimuli on brain function can be improved or prevented

by the interaction with the mother via her vocalizations or

other sensory signals (Fleming et al. 1999). Moreover,

receptor changes in limbic structures can be suppressed by

maternal calls (Ziabreva et al. 2003a). Suppression is mediated

by the emotional rather than acoustic features of this auditory

stimulus (Ziabreva et al. 2003a). These results support the

hypothesis that mothers function as regulators of the socio-

emotional environment of some caviomorphs during early

postnatal development (Ziabreva et al. 2003a). Altogether,

these results suggest that maternal care and vocalizations in

rodents act as an emotional buffer, influencing the develop-

ment and possibly adult social behavior of offspring.

Variation in brain size has been hypothesized to correlate

with the diversity of social systems observed in mammals

(Dunbar 1998). The social brain hypothesis posits that social

living selects for larger brains and thus more neurons (Dunbar

1992, 1998). Evidence supporting the social brain hypothesis

comes mostly from research on carnivores, primates, toothed

whales (Delphinidae and Phocoenidae), and ungulates (Dun-

bar 1998; Dunbar and Bever 1998; Marino 1996; Pérez-

Barberı́a and Gordon 2005; Shultz and Dunbar 2006).

Alternatively, metabolic and energetic hypotheses might better

explain the evolution of ‘‘brainy’’ rodents, including some

caviomorphs (Isler and van Schaik 2006). These hypotheses

predict that energy input is an issue in the maintenance of

a relatively large brain and that brain mass is positively

correlated with the basal metabolic rates in mammals,

controlling for body-size effects. These hypotheses have been

supported by the variation in brain mass of a large sample of

347 mammalian species (Isler and van Schaik 2006). Other

factors such as neocortex size, activity period, and range size

predict mammalian brain size (Dunbar and Shultz 2007).

Group size and brain size, respectively, are influenced by

ecological and life-history factors.

Future directions.—We need to describe the brain mecha-

nisms underlying social behaviors in more caviomorph species

before we can even approach an integrative model that

includes neural pathways. Once this descriptive work is

completed to some large extent, comparative studies with

well-resolved phylogenies should be used. Such methods can

be used to answer questions about the origins of novel

anatomical traits and establish links between brain mecha-

nisms and social behaviors across species. They also can be

used to determine if similar brain mechanisms across rodent

species can be linked to common habitat features (e.g.,

openness of habitat). Finally, given the remarkable diversity in

body size and brain size of caviomorph rodents, comparative
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approaches also could be useful in testing the predictions of

the social brain hypothesis (Vassallo and Echeverrı́a 2009).

An integrative model requires that we determine if

intraspecific differences exist in neuroanatomy and social

behavior. Intraspecific differences in social systems have been

observed in some caviomorphs (Taraborelli and Moreno 2009;

E. A. Lacey, University of California, Berkeley, pers. comm.;

L. A. Ebensperger, pers. obs.), and some murid rodents (Hayes

2000; Roberts et al. 1998; Schradin et al. 2010; Schradin and

Pillay 2005; Solomon and Crist 2008; Young and Wang

2004). The potential causes of intraspecific variation include

divergence in neuroanatomical pathways due to differential

selection pressures or selection for phenotypic plasticity in

neuroanatomy. Widely distributed caviomorphs such as

coruros or degus may provide excellent models for determin-

ing the effect of ecological variation on neuroanatomical

features underlying social behaviors. To advance our under-

standing we need to develop field studies to quantify

interpopulational variation in 3 areas, ecological conditions,

social systems, and individual polymorphism for neurological

characters. The inclusion of genetic comparisons in these field

studies is crucial in determining the relative significance of

divergence and plasticity as mechanisms for social evolution

in caviomorphs.

Researchers studying the neurobiology of caviomorph rodents

could take numerous other directions. Future tests of the social

brain hypothesis must consider the nature of social bonds

(including variables such as parental influences on pups,

attachment, social affiliation, and social information processing)

that define reciprocal relationship between brain mechanisms

and social behavior (Young 2009). Research focusing on changes

in connectivity between nodes of the emergent neural network

(Young 2009) is crucial because this link generates the variability

in social phenotypes (Curtis et al. 2007; Young 2009; Fig. 1).

Finally, the different social behaviors of mammals are

regulated by a dynamic neural activity pattern, widely

distributed in brain anatomy and under endocrine control

(Goodson and Kabelik 2009). This pattern consists of

interconnected nodes in its functional ‘‘neural context.’’

These nodes provide specific networks that also are intercon-

nected (Goodson and Kabelik 2009; Newman 1999). This

theoretical idea of an integrated, complex network with

neuroanatomical features invites us to think beyond the

discrete neuroanatomical structures, segregated and hierarchi-

cal. Additionally, it also contributes to our understanding of

the neural context, focusing mainly on the pattern of neural

activity that determines the social behavior network (Goodson

and Kabelik 2009).

BEHAVIORAL ENDOCRINOLOGY

Current understanding.—An integrative understanding of

caviomorph social systems requires an understanding of

mechanisms underlying proximate causes. In this sense,

hormones provide the link between genetic and ecological

mechanisms that result in specific behavioral patterns (Nelson

2005). Researchers studying hormonal regulation of cavio-

morph social systems (mainly using cavies and degus) have

focused on 2 main areas, the study of sexual hormones as

determinants of aggression, breeding activity, and mating

behavior, and the effects of various social contexts on the

stress response. Studies on cavies have relied on laboratory

experiments and observations. In contrast, studies on degus

have used a combination of laboratory and field approaches.

A diversity of mating systems, including monogamy

(Galea—Hohoff et al. 2002), polygyny (Cavia aperea—

Sachser et al. 1999), and promiscuity (Galea musteloides—

Sachser et al. 1999) have been documented in the cavies. This

diversity of mating systems provides a mating system gradient

in which comparative studies are possible. Laboratory

observations reveal an increasing ratio of testis size to body

size among species with the most promiscuous mating system

(Sachser et al. 1999; Schwarz-Weig and Sachser 1996). In a

comparison of domestic and wild guinea pigs, Künzl and

Sachser (1999) observed that affiliative behavior was coupled

with increasing levels of testosterone in the domestic forms

and that stress response (as determined from blood cortisol

levels) decreases with domestication. The relatively high

social tolerance of domestic guinea pigs was associated with

greater prosmiscuity. Thus, increasing levels of testosterone in

domestic guinea pigs are not associated with male aggression

but are more related to a promiscuous mating system. This

‘‘domestic’’ pattern contrasts with that of wild guinea pigs,

whose mating system is characterized by female-defense

polygyny and opportunistic male territoriality (Asher et al.

2008). In a context of sexual preferences females of domestic

lines prefer to associate with males having relatively low basal

levels of testosterone and that more quickly find a platform

during a swim test (Bauer et al. 2008a). In addition, these

males are less aggressive and maintain body mass during

breeding season (Machatschke et al. 2008). Male testosterone

is not influenced by social interactions with females, and

females avoid aggressive males because of the potential

negative fitness consequences to themselves and (or) their

future offspring (Bauer et al. 2008a; Machatschke et al. 2008).

Cavies also have been studied in a context of social stress

regulation. Prior to weaning, male and female guinea pig

pups produce less cortisol after exposure to their mothers

than after exposure to unfamiliar females (Hennessy et al.

2002). However, only males maintain this ability beyond the

preweaning stage and well into preadolescent and nonbreeding

adult stages (Hennessy et al. 2006). The prebreeding social

environment also has subsequent, long-term effects on male

stress responses. Maken and Hennessy (2009) studied the

stress response of males at puberty to the social conditions

experienced prior to puberty. They observed that single males

housed with 2 unrelated females of similar age had different

endocrine responses to preferred and unpreferred females. The

presence of preferred females and not other females was

linked to reduced cortisol levels in males at puberty. These

results are intriguing because they demonstrate a selective

social buffering effect on the plasma cortisol response in a
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nonmonogamous species. Understanding these effects is

important because stressors experienced during early ontog-

eny, and before breeding, could impact individual sensitivity

to stress responses during subsequent life stages. For example,

environmental or social stressors experienced during early

development could influence dispersal and philopatry (de

Fraipont et al. 2000) and consequently social structure. More

generally, differences in the physiology and social behavior of

domestic and wild cavies provide outstanding opportunities to

conduct integrative studies to understand the evolution of

various social and breeding strategies in caviomorphs.

In degus the annual breeding season (austral winter–spring)

is marked by important changes in glucocorticoids and

testosterone levels. Glucocorticoids (cortisol) increase in the

females during late pregnancy and peak during lactation,

suggesting that this period of the life cycle is the most

energetically expensive (Kenagy et al. 1999). In males

testosterone increases at the start of breeding, and this increase

is associated with an increase in male–male aggression, social

instability, and differences in male spatial behavior (Soto-

Gamboa 2004, 2005; Soto-Gamboa et al. 2005). Similar to

guinea pigs, male degus seem to use different mating

strategies. Resident, territorial males monopolize females,

possibly through female defense polygyny. These resident

males are challenged by roaming, opportunistic males.

Circulating testosterone levels of territorial males are higher

than those of opportunistic males (Soto-Gamboa et al. 2005).

In laboratory experiments reproductive males exposed to

interactions with other reproductive males presented an

increase in circulating testosterone levels, suggesting that

male–male interactions effectively enhance the physiological

response of males (Soto-Gamboa 2004). These results suggest

that testosterone levels increase as response of male–male

interactions, supporting the ‘‘challenge hypothesis’’ (Wing-

field et al. 1990), and could determine mating strategies of

males (Soto-Gamboa et al. 2005).

Understanding the impact of testosterone on social behavior

can be difficult because testosterone can be measured as total

testosterone (i.e., the concentration in the blood) and free

testosterone (i.e., the amount of testosterone that is uncoupled

to binding proteins). In degus the relationship between

different forms of testosterone (total and free) suggests a

complex endocrine regulation of male aggression. Both total

and free testosterone are elevated and male–male aggressive

behavior is common during the early breeding season when

males seek female mating partners (Soto-Gamboa 2005). In

contrast, total testosterone remains high but aggression is not

evident during the late breeding season after most males have

mated (Soto-Gamboa 2005). Therefore, aggression is regulat-

ed, apparently, only by free testosterone, and the remaining

high levels of total testosterone during the late breeding season

are not related to aggressive behavior. The observation that

territorial males are characterized not only by elevated plasma

testosterone levels but also by high plasma cortisol suggests

that male–male interactions enhance testosterone secretion

and increase social stress (Soto-Gamboa et al. 2005).

Research on murid rodents indicates that social stress

experienced during early ontogeny influences the subsequent

performance of adults. For example, in rats maternal licking

and grooming reduces plasma adrenocorticotropin hormone

and corticosterone responses of offspring. Under stress (by

handling), mothers increase the amount of time spent licking

and grooming pups, which in turn affects the development of

the hypothalamic–pituitary–adrenal axis of pups (Meaney and

Szyf 2005; Yamazaki et al. 2005). Pups exposed to chronic

stress during early development experience behavioral anom-

alies such as anxiety and depression-like syndromes during

adulthood (Gardner et al. 2009; Ladd et al. 2000). Degus

exhibit behavioral and endocrine responses to social stressors

during early postnatal development similar to those in rats.

Upon maternal deprivation, pups of both sexes exhibit

elevated glucocorticoid levels and activity (Gruss et al.

2006; Mohawk et al. 2005). However, only female offspring

exhibit decreased plasma cortisol levels characteristic of an

attenuated response after they are returned to their mothers

(Gruss et al. 2006). Apparently, male degu pups are more

sensitive than females to stressors (e.g., separation from

parents) during early postnatal development.

Future directions.—The standardization of protocols to

measure adrenocortical activity from glucocorticoid metabo-

lites in cavies (Bauer et al. 2008b) and degus (Soto-Gamboa et

al. 2009) has made it possible to study long-term effects of

social stress under natural conditions. With these techniques

available it is now possible to study the endocrine substrates of

variation in social behavior and social systems. For example,

degu social groups form by 2 mechanisms, natal philopatry by

female offspring and the movement of offspring and adults

between social groups (Ebensperger et al. 2009). Consequent-

ly, social groups consist of related and unrelated individuals

(Ebensperger et al. 2004). Under these conditions individual

stress responses could vary considerably, possibly explaining

why group living has no effect or a negative effect on direct

fitness (Ebensperger et al. 2007; Hayes et al. 2009).

Understanding the physiological stress responses of degus in

response to variation in social conditions has the potential to

integrate some of the major costs of sociality into a general

mechanistic framework (Pride 2005a). Thus, a major research

focus of some of us (L. A. Ebensperger, L. D. Hayes, and M.

Soto-Gamboa) is to determine the links between mechanisms

of group formation, individual stress responses, and direct

fitness.

Research aimed at understanding the physiological and

reproductive responses of offspring to early social conditions

could make major contributions to an integrative understand-

ing of caviomorph sociality. As in guinea pigs, exposure to

periodic stressors during prenatal and early postnatal devel-

opment can have long-lasting effects on the adulthood survival

and reproductive success of degu offspring (Blas et al. 2007;

Naguib et al. 2006; Pride 2005b; Romero and Wikelski 2001).

Such conditions also could affect social interactions that, in

turn, can affect social structure. Among the most likely

mechanisms linking stress response and fitness are the effects
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on the cellular and humoral ability to mount an immune

response against pathogens (Keita et al. 2007; Ndong et al.

2007), which in turn influences parasite infection (Barnard et

al. 1998, 2003) and resistance (Kiank et al. 2006; Morales et

al. 2006; Smith et al. 1996; but see Barnard et al. 2003).

Research aimed at determining the links between stressors

such as parasitism, the stress response, and fitness would

increase our understanding of the evolutionary significance of

intra- and interspecific variation in sociality in caviomorphs.

FITNESS CONSEQUENCES

Current understanding.—One of the challenges to develop-

ing an evolutionary-mechanistic model for caviomorph

sociality is that our understanding of the reproductive fitness

consequences of sociality is limited to a few species. Research

usually focuses on individuals housed in the laboratory or in

single natural populations. Laboratory studies on cavies

(Galea and Cavia) demonstrate a link between social

conditions, reproductive development, and reproductive suc-

cess. For example, the presence of a male within a social unit

influences the onset of maturity in cavies (C. aperea—

Trillmich et al. 2008). In yellow-toothed cavies (G. muste-

loides) females housed with 4 males produce more surviving

offspring than females housed with 1 male (Sachser et al.

1999). In this species the reproductive success of males is

dependent on their social rank (Sachser et al. 1999). Together,

these results suggest that group composition influences fitness.

However, more research, using a range of species under

natural conditions, is required before this hypothesis can be

tested adequately.

Recent studies of 2 species, social tuco-tucos (C. sociabilis)

and degus (O. degus), suggest that increasing sociality does

not improve direct fitness and might be costly to females. In

social tuco-tucos the percentage of time that pups are left

unattended decreases with increasing group size (Izquierdo

and Lacey 2007). The consistent presence of adult females at

the nest may reduce the risk of predation or infanticide

(Manning et al. 1995) and enhance the thermal environment in

which pups are reared (Hayes and Solomon 2006). Thus, we

might predict that the fitness of group-living females is greater

than that of solitary females. In contrast to this prediction,

female tuco-tucos living in groups wean significantly fewer

pups (per breeding female, per year) than do solitary females

(Lacey 2004). However, lifetime direct fitness of solitary and

group-living females is statistically similar (Lacey 2004). Two

factors might have contributed to these results: yearling

females associated with groups have a higher probability of

surviving to a 2nd year than solitary yearling females (Lacey

2004), and a greater proportion of lone females fail to breed

(Lacey 2004).

Lactating degus indiscriminately rear offspring together in

communal groups (Ebensperger et al. 2002, 2007), which

often consist of kin (Ebensperger et al. 2004). Benefits of

group living (e.g., reduced predation risk) have been

observed (Ebensperger and Bozinovic 2000; Ebensperger

and Wallem 2002). As in social tuco-tucos, these benefits do

not result in reproductive fitness advantages. In the

laboratory groups of females rearing offspring together do

not wean heavier offspring than solitary or singularly

breeding females (Ebensperger et al. 2007). We have

confirmed laboratory results with the observation that per

capita direct fitness of ‘‘core’’ females (i.e., individuals that

have considerable spatial overlap in the same burrow

systems and are presumed to be caregivers) decreases with

increasing number of core females per group in a natural

population (Hayes et al. 2009). Per capita direct fitness and

offspring survival are not affected by total group size, which

includes females with only weak associations with core

group members and males (Hayes et al. 2009). However,

larger group size can lead to survival benefits to adults

(Ebensperger and Wallem 2002) that increase the probability

of breeding opportunities. Collectively, the work on degus

and tuco-tucos points to the need for models that integrate

cost-based predictions and neuroendocrine mechanisms (e.g.,

stress responses) to shed light on these neutral–negative

fitness relationships (Schradin et al. 2010).

Future directions.—Current estimates of fitness conse-

quences should be viewed as preliminary. Fitness estimates

from laboratory observations and field studies based on per

capita direct fitness, although useful, should be interpreted

with caution. Direct measures of fitness in wild populations

are required for a better understanding of fitness consequenc-

es. Estimates of both direct and indirect fitness are needed in

species that live with kin (Ebensperger et al. 2004; Lacey and

Ebensperger 2007; Lacey and Wieczorek 2003). Highly

variable molecular markers (microsatellite primers) used to

determine maternity and thus direct fitness have been

developed for several species (Patagonian tuco-tuco [Lacey

et al. 1999], degus [Quan et al. 2009], and coruros [Schroeder

et al. 2000]). The application of these primers in field-based

studies is crucial to testing predictions based on theories of kin

selection and inclusive fitness (Hamilton 1964; Maynard-

Smith 1964). Moreover, intraspecific variation in fitness can

occur in species (coruros and degus) that occur in populations

experiencing vastly different ecological conditions. Interpop-

ulation comparisons of ecology, group size, and direct fitness

(using molecular tools) would provide a strong understanding

of the adaptive significance of sociality.

As the cavy research indicates (see above), reproductive

fitness might not be equitable among group members, even

when groups consist of kin (Gerlach and Bartmann 2002).

Competition for resources or reduced maternal care (sensu

Hayes and Solomon 2004) and differences in the physical

condition (or status) of females could lead to interindividual

variation in fitness within a group. Such variation could

influence the stability of social groups. Unfortunately, per

capita estimates cannot capture this variation because they

assume that all females produce litters of equal size. Future

work must include microsatellite primers to determine how

variable fitness is among members of the same social group.

Linking this variation back to neuroendocrine and neuroan-
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atomical variation (see above) is an important step in

developing an integrative model.

DISEASE ECOLOGY

Current understanding.—To this point we have focused on

the underlying brain mechanisms and physiological sources of

variation in group living and their fitness consequences,

factors typically included in the discussion of integrative

models of sociality. However, an all inclusive approach to

understanding social variation also requires insight from

disease ecology. Investigating disease dynamics in social

mammals has utility in evolutionary ecology and applied

fields of conservation and environmental health (Altizer et al.

2003). Parasites and pathogens, including helminths, arthro-

pods, viruses, bacteria, and protozoa (Anderson and May

1992), are diverse and exhibit a variety of transmission modes.

These include direct horizontal (contact transmitted) and

vertical (parent to offspring) transmission and indirect modes

via vectors or pathogen encounters in the environment.

Particularly, group living can increase infection risk of

contagious pathogens relative to solitary mammals due to

increased contact between infected individuals and susceptible

ones (Alexander 1974; Altizer et al. 2003; Møller et al. 1993).

Furthermore, parasites and pathogens can drive the evolution

of socially derived behaviors such as autogrooming and

allogrooming (Dunbar 1991) and exclusion of unfamiliar

individuals from entering social groups to reduce infection

risk (Freeland 1976, 1979). Parasite infection also can induce

immune responses and have consequences for fitness (Arnold

and Lichtenstein 1993; Van Vuren 1996) and life history

(Schwanz 2008). Thus, studies at the interface of behavioral

ecology, parasitology, and immunology are needed to address

contemporary questions regarding sociality, infection risk, and

fitness consequences in mammals.

The general consensus is that increased infection risk by

contact-transmitted parasites is a widespread burden of group-

living species. A meta-analysis conducted by Côté and Poulin

(1995) revealed a consistent positive trend between social-

group size and parasite loads across a number of taxa,

suggesting that increased infection is a cost of sociality.

Specific examples of the interactions between sociality and

parasitism are available in the literature on Nearctic rodents.

For example, Hoogland (1979) found that parasite abundance

is greater in highly social black-tailed prairie dogs (Cynomys

ludovicianus) than in loosely colonial white-tailed prairie dogs

(C. leucurus). In contrast, other studies on rodents (Arnold and

Lichtenstein 1993; Hillegrass et al. 2008; Van Vuren 1996)

failed to demonstrate significant relationships between social

living and parasitism.

If parasitism is a cost of group living, increased infection

levels may have profound fitness consequences in social

mammals. In marmots (Marmota) reduced reproductive fitness

has been attributed to high degrees of parasitism, which can

result in slower pup growth rates and decreased overwinter

survival of offspring (Arnold and Litchtenstein 1993; Van

Vuren 1996). A number of studies also have linked immune

function and parasitism (Folstad and Karter 1992; Sheldon and

Verhulst 1996). Social environment may influence immune

quality (through stress) leading to various degrees of

susceptibility to infection. For example, a trade-off between

investment in immune function and sexual traits can result,

particularly in males (Folstad and Karter 1992). Thus, the

energetic costs of maintaining expensive, sexually selected

traits (via testosterone) can influence parasite and pathogen

susceptibility indirectly due to immune suppression (Sheldon

and Verhulst 1996). Immune responses induced by pathogens

alter physiology, are energetically costly, and subsequently

might affect social interactions and fitness (see section on

endocrine responses, above, for a brief discussion).

Future directions.—To our knowledge no studies of

caviomorph rodents have investigated the ‘‘parasitism-as-a-

cost-of-sociality hypothesis’’ (Côté and Poulin 1995). Unpub-

lished data on degus by several of us (L. D. Hayes, J. R.

Burger, and L. A. Ebensperger) and A. S. Chesh (Miami

University) indicate that the abundance of exotic fleas

(Xenopsylla cheopis and Leptopsylla segnis) on degus is not

affected by social-group size or composition. Additional

studies on caviomorphs are needed to determine the

relationship between social organization and parasite and

pathogen risk to provide insights into the generality of the

patterns found by Côté and Poulin (1995). Mate selection and

mating systems may be influenced by, and in return may

influence, parasite loads in social species (Hamilton and Zuk

1982). Moreover, variation in maternal investment strategies

such as singular versus communal nursing (Hayes 2000) may

influence both horizontal transmission (mothers to mothers)

and vertical transmission (mothers to offspring) of pathogens.

Furthermore, plural breeders with communal care that exhibit

allonursing also may assume additional infection risk from

interactions between mothers and alien young (Roulin and

Heeb 1999). Finally, parasites and pathogens also may

influence, and be influenced by, social-group dynamics

including philopatry and dispersal (Brown and Brown 1992).

Thus, investigation into the interplay between sociality,

immune function, and parasitism is needed to determine

fitness consequences of infection in caviomorph rodents.

Studies that manipulate parasite loads using parasite removal

techniques (ivermectin or flea powder) can demonstrate

causality and enable researchers to tease apart the links

between sociality, parasitism, and fitness.

Emerging infectious diseases pose a threat to wildlife

populations (Altizer et al. 2003). Group-living caviomorphs

may be highly susceptible to exotic, Old World pathogens that

have recently become cosmopolitan due to the introduction of

Old World rats (Rattus) and mice (Mus) into the New World.

Perhaps the best known example of the deleterious effects of

exotic pathogens on native host populations of highly social

rodents comes from prairie dogs. The introduction of plagues

into North America has led to .95% mortality in infected

prairie dog colonies, resulting in dramatic population declines

(Cully et al. 2006). The potential for population declines as a
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result of infection by exotic pathogens is high because

caviomorph rodents have had little evolutionary time to

develop defense mechanisms against Old World parasites.

Future studies are needed to determine the presence of exotic

parasites and pathogens in caviomorph populations, the effect

of sociality on their transmissibility, and subsequent fitness,

life-history, and immune-system consequences.

Epidemiological models have long recognized the impor-

tance of population size and density in maintaining disease

epidemics (Anderson and May 1992; de Jong et al. 1995;

Dietz 1988); however, social interactions within populations

are rarely homogenous. Kinship and mating systems can

influence these heterogeneous interactions among social

animals (Altizer et al. 2003; Emlen 1997). Yet, studies that

address the links between group living and parasitism have

focused largely on group size as the primary measure of

sociality (Brown and Brown 1986; Côté and Poulin 1995;

Hoogland 1979). Therefore, it is likely that variability in

interactions among individuals within a population occurs

spatially and temporally, resulting in various degrees of

individual susceptibility to parasites and pathogens. Thus,

group-level analyses likely fail to capture the role of

heterogeneous social interactions in influencing parasite and

pathogen transmission. Mathematical techniques that account

for variability in social interactions among individuals within

a population (e.g., social network analysis—Wey et al. 2008)

are needed to increase our understanding of parasite

transmission and disease risk in social caviomorph rodents.

MOVING TOWARD AN INTEGRATIVE UNDERSTANDING

The recent emphasis on using integrative approaches to

better understand social phenotypes has moved the field of

behavioral ecology in new directions (Owens 2006). Although

interesting and powerful on their own, traditional ecological

models for social systems (Brashares and Arcese 2002) require

the integration of genetic, neuroanatomical, and endocrine

mechanisms. Understanding these mechanisms is crucial to

understanding how natural selection can shape social pheno-

types, particularly in species with wide geographical ranges.

Future work aimed at establishing some of these mechanisms

and their links to fitness is possible in some of the better-

studied caviomorph species (coruros and degus). However,

information on less-studied species also is needed before we

can use powerful comparative approaches to determine when

certain mechanisms evolved and how similarities in ecology

influence the expression of mechanisms underlying social

behaviors. Additionally, a better understanding of how social

systems are influenced by pathogens, or influence the spread

of disease, has important evolutionary and practical applica-

tions. Thus, it is important that future directions include the

role of disease ecology in social caviomorph evolution.

Behavioral ecologists studying caviomophs need to work with

anatomists, disease ecologists, molecular biologists, and

physiologists to generate testable predictions and methods

that can be integrated into field studies. In doing so, we will

overcome some of the major roadblocks to integrative

research (time, expense, and lack of experience) and establish

new paradigms for research.

RESUMEN

Durante los años 1990 y 2000 se planteó que antes de

realizar generalizaciones sobre la sociabilidad en roedores era

necesario examinar la vida social en un grupo conocido como

caviomorfos (histricognatos del Nuevo Mundo). En particular,

se indentificaron 3 áreas especialmente deficitarias: mecanis-

mos proximales de la sociabilidad, importancia del ambiente

social durante el desarrollo, y variación geográfica asociada a

los sistemas sociales dentro de cada especie. Desde entonces

se ha avanzado bastante en describir los sistemas sociales de

varias especies, incluyendo algunas con rangos geográficos

amplios. También ha habido progreso en relación al efecto del

ambiente social durante el desarrollo, ası́ como en identificar

costos y beneficios de la vida social. Sin embargo, se ha

avanzado menos en determinar los mecanismos proximales del

comportamiento social, lo que ha limitado el desarrollo de una

teorı́a integrada (mecanicista-evolutiva) para la sociabilidad.

Para avanzar en este objetivo es necesario abordar al menos 3

temas principales: consecuencias reproductivas de la vida

social, bases neuroanatómicas, y mecanismos endocrinos de la

sociabilidad. Para facilitar esta tarea revisamos el conoci-

miento existente en cada una de estas áreas. Proponemos que

es fundamental determinar los factores ecológicos que afectan

la transmisión de parásitos y enfermedades, particularmente

aquellas originarias del Viejo Mundo, para identificar nexos

entre fenotipo social, mecanismos y adecuación.
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Inter-population variation in hoarding behaviour in degus, Octodon

degus. Ethology 115:465–474.

ROBERTS, R. L., B. S. CUSHING, AND C. S. CARTER. 1998. Intraspecific

variation in the induction of female sexual receptivity in prairie

voles. Physiology and Behavior 64:209–212.

ROMERO, L. M., AND M. WIKELSKI. 2001. Corticosterone levels predict
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