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ARTICLE INFO
The evolution of group living in animals has been linked both to ecological and phylogenetic drivers or

constraints. However, available evidence supporting each factor remains equivocal. In this study, we
evaluated the influence of both scenarios across 98 species of hystricognath rodents using phylogenetic
approaches that included a statistical model of trait evolution. We first estimated the hypothetical
ancestral forms of several clades within the hystricognath phylogeny. Secondly, we examined evolu-
tionary correlations between habitat conditions in terms of vegetation cover and group living to
determine general macroevolutionary trends on social behaviour. Given the contrasting modes of life
that characterize these rodents, we also examined whether subterranean habits influence group living.
Our results support the hypothesis that group living in Old World Phiomorpha and New World Cav-
iomorpha had an early origin. The best-fitted and well-supported model of evolution for group living was
the equal rate model, implying an equal rate of gains and losses of group living. Logistic regression
analyses that included phylogenetic relationships revealed significant correlation between habitats used
(i.e. vegetation cover) and absence or presence of group living. The loss of group living across the
phylogeny was associated with the use of closed habitat conditions. No association was found between
changes in group living and subterranean mode of life. We conclude that ancestor—descendant re-
lationships mediate the effect of changes in habitat use on the evolution of group living across -hys-
tricognath rodents.
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Ecological conditions are thought to be a major evolutionary
driver of group living, or sociality (Alexander, 1974; Ebensperger &
Blumstein, 2006). This tenet is based on the hypothesis that
ecological conditions influence numerous fitness advantages that
social animals obtain in relation to solitary living individuals,
including decreased predation risk, decreased costs during build-
ing dens or refuges, increased access to resources and enhanced
thermoregulation efficiency (Alexander, 1974; Bertram, 1978;
Ebensperger, 2001; Ebensperger & Blumstein, 2006; Krebs &
Davies, 1993). In addition, ecological conditions (e.g. population
density, resource distribution, vegetation cover) may constrain
animals to live in groups (Chaverri & Kunz, 2010; Dunbar & Shultz,
2007; Ebensperger & Hayes, 2008; Shultz & Dunbar, 2006).
For instance, individuals in groups may increase their ability to
detect and escape from predators, gain protection from predators
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because of simple dilution of per capita risk, locate themselves
such that other group members become more vulnerable to at-
tacks, or even repel predators more efficiently (Bertram, 1978;
Hamilton, 1971; Romey, 1997). Given that vegetation cover
generally decreases prey detection by predators (Caro, 2005;
Ebensperger, 2001; Ebensperger & Blumstein, 2006), species
inhabiting more open, riskier habitats tend to have larger group
sizes than species living in safer habitats that have more cover
(Dunbar, 1989; Kleiman, 1974; Lagory, 1986). Alternatively, group
living can be the consequence of limitations in breeding sites due
to high population density, a patchy distribution of critical re-
sources, or a combination of these factors (Arnold & Owens, 1998;
Brown, 1987; Emlen, 1982; Johnson, Kays, Blackwell, & Macdonald,
2002; Koening, Pitelka, Carmen, Mumme, & Stanback, 1992;
Waser, 1988).

Regardless of whether ecological conditions provide opportu-
nities for social benefits or act as constraints, the extent to which
group living across species reflects changes to past or current
ecological conditions remain a topic of discussion. Species differ-
ences in group living may reflect a close functional match with
differences in current ecological conditions. This hypothesis is
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supported in birds, where colonial nesting is associated with
exposure to nest predation (Rolland, Danchin, & de Fraipont, 1998)
and bird flocking (or group foraging) is linked to the use of clum-
ped food items (Beauchamp, 2002). The relevance of ecological
factors is similarly supported by studies on mammals (ungulates,
cetaceans, primates) where group living is linked to habitat
openness (i.e. predation risk) and food availability (and its effect on
within-group competition) (Brashares et al., 2004; Caro, Graham,
Stoner, & Vargas, 2004; Gygax, 2002; Janson & Goldsmith, 1995).
However, current species differences in group living may represent
the historical legacy of ancestral forms (Blomberg, Garland, & Ives,
2003), which may have evolved under different ecological condi-
tions. While this hypothesis has been examined infrequently, it is
supported in macaque primates, where variation in social organi-
zation (based on the asymmetry of social interactions, an aspect of
group living) is associated with ancestor—descendant relation-
ships (Thierry, Iwaniuk, & Pellis, 2000). Similarly, current differ-
ences in social and spatial organization across equids (feral horses,
zebras) and species differences in group living in cavioids (i.e.
cavies, maras, agoutis, capybaras) are more consistent with
phylogenetic relationships than with current habitat differences
(Linklater, 2000; Rowe & Honeycutt, 2002). Specifically, group
living in cavies may have been inherited from a social ancestor
(Rowe & Honeycutt, 2002). Together, these findings support the
hypothesis that differences in group living across extant species
may not only reflect a close match with ecological conditions (e.g.
vegetation cover), but also the effect of ancestor—descendant
relationships.

Different historical scenarios may represent the evolutionary
trajectories of group living from ancestors to descendent species.
First, the no-social ancestor hypothesis (NAH) states that group
living evolved through directional selection from solitary ances-
tors (e.g. Creel & Macdonald, 1995). The NAH predicts an asocial
ancestor and a higher rate of gain in group living through evolu-
tionary history. In contrast, the social ancestor or reverse-
evolution hypothesis (SAH) states that group living evolved
directionally from a group-living ancestor into nonsocial living
forms (e.g. Beauchamp, 1999; Wcislo & Danforth, 1997). The SAH
predicts a group-living ancestor and higher rates of loses due to
group living through evolutionary history. Finally, the flexible
ancestor hypothesis, or FAH, states that an ancestor with the
ability to express variation in group living gave rise to the full
range of existing alternatives (Dalerum, 2007). This hypothesis
predicts that complex behavioural and physiological traits found
in some group-living species (e.g. suppression of breeding) may
also be found in solitary or relatively asocial species. As a conse-
quence, group-living and asocial ancestors with similar rates of
gains and losses of sociality are expected with the same proba-
bility in clades of group-living and solitary species (Dalerum,
2007).

Available evidence supports different patterns of social evolu-
tion across different organisms. For instance, the evolution of group
living in mongooses and other families of carnivores fits the NAH in
that ancestors were solitary living forms that used habitats with
high vegetation cover (Dalerum, 2007; Veron, Colyn, Dunham,
Taylor, & Gaubert, 2004). In contrast, the evolution of group-
living behaviour in other carnivores such as wolverines is more
supportive of the FAH (Dalerum, Creel, & Hall, 2006). SAH on the
other hand, adequately describes the evolution of group living in
insect parasitoids, bees and birds (Cardinal & Danforth, 2011;
Danforth, 2002; van Rhijn, 1990; Tanner, Gonzalez, Matthews,
Bradleigh Vinson, & Pitts, 2011; Wcislo & Danforth, 1997). Thus,
macroevolutionary patterns of group living and the relative roles of
ecology and phylogeny during this process are far from well
established.

Study Model

The importance of ecological conditions versus phylogeny has
been the focus of debate when it comes to evolution of group living
across hystricognath rodents. These animals include Old and New
World forms that vary markedly with regard to patterns of
ecological and evolutionary diversification (Huchon & Douzery,
2001; Mares & Ojeda, 1982). In particular, group living is present
in 72% of families studied so far, yet this condition exhibits a
nonuniform distribution throughout the clade (Woods & Kilpatrick,
2005). For example, while group living and some extreme forms of
cooperation occur in bathyergid mole-rats (Burda, Honeycutt,
Begall, Locker-Griitjen, & Scharff, 2000), caviids (guinea pigs)
(Adrian & Sachser, 2011; Macdonald, Herrera, Taber, & Moreira,
2007) and octodontids (Lacey & Ebensperger, 2007), group living
is rare in ctenomyids (Lacey & Ebensperger, 2007) and echimids
(Santos & Lacey, 2011). The extent to which extrinsic ecological
factors or species-specific attributes predict this behavioural di-
versity remains unresolved.

Lacher (1981) and Trillmich et al. (2004) suggested that
ecological conditions (e.g. habitat) represent a main constraint to
the evolution of group living in Caviidae (cavies, guinea-pigs and
allies). Across caviomorphs, this hypothesis is supported by the
observation that group size across caviomorphs is correlated with
body size (larger species are more social), diurnality (diurnal spe-
cies are more social) and active burrowing (burrowing species are
more social) (Ebensperger & Blumstein, 2006). Given that large
body size and diurnality increase conspicuousness to visual pred-
ators, these findings have been interpreted as supporting a link
between predation risk, burrow digging and group living in these
rodents (Ebensperger & Blumstein, 2006; Ebensperger & Cofté,
2001). On the other hand, phylogenetic effects have also been
suggested to contribute to the evolution of group living in caviids
(Rowe & Honeycutt, 2002).

Among African bathyergids, singular cooperative breeding (i.e.
societies where a few individuals breed and most nonbreeders
provide care to offspring of breeders) has been related to ecological
constraints due to aridity, unpredictable rainfall and a patchy dis-
tribution of food (Jarvis, O'Riain, Bennett, & Sherman, 1994).
However, Burda et al. (2000) argued against this hypothesis, sug-
gesting that group living and cooperative breeding in these rodents
evolved from a social ancestor exhibiting monogamy and high
within-group genetic relatedness. Thus, the solitary living lifestyle
seen in some African bathyergids would be a derived trait (i.e. SAH),
possibly linked to constraints associated with the subterranean
environment (Burda et al., 2000).

Overall, our ability to produce generalizations on the relative
roles of ecology and phylogeny across hystricognaths may have
been limited by studies addressing each hypothesis separately, or
by focusing on a rather limited number of species (or subclades).
Very likely, the relative importance of these factors (or others) on
the evolution of complex behavioural traits such as group living
differs across subclades.

We built a composite species-level phylogeny of African and
New World hystricognath rodents to test two of the three evolu-
tionary scenarios discussed previously: (1) group living evolved
from a solitary ancestor into more complex forms of group living
(i.e. the NAH); (2) group living evolved directionally from a group-
living ancestor into nonsocial living forms (i.e. the SAH). The fact
that relatively few studies have been conducted to quantify intra-
specific variation in group living across hystricognaths did not
allow us to examine the FAH model. We then estimated the
evolutionary trajectories and association of group living and habitat
conditions in terms of vegetation cover through the reconstruction
of ancestral character state and phylogenetic logistic regression.
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Finally, we focused on all nodes to examine simultaneously the
extent to which phylogenetic (historical) and ecological factors
(based on vegetation cover) explain the evolution of group living
through the clade. In particular, an independent role of ecological
factors would be supported (1) by an association between group
living and vegetation cover (where social gains are correlated with
use of open habitat and social losses are associated with more
vegetated, covered habitat), and (2) if vegetation cover does not
depend on the phylogenetic relatedness of the species considered
(i.e. vegetation does not exhibit a phylogenetic signal). A modu-
lating role of phylogenetic relationships would be supported by a
similar association between group living and vegetation cover and
(3) if vegetation cover exhibits a phylogenetic signal.

METHODS
Data Collection

We used the available literature and unpublished data to
collect information on group living and habitat of living hys-
tricognath rodents. A complete list of the species included in the
analysis can be found in the Supplementary material (Table S1).
We chose robust phylogenetic methods (i.e. based on explicit
models of evolutionary change) to examine evolutionary transi-
tions between ancestral and derived character states (see below)
based on discrete variables. We examined discrete variables
instead of using group size as a continuous variable in our analysis
because data on hystricognath group living (particularly New
World species) typically do not include quantitative estimates of
group size (or typical group size), and thus, would have limited the
number of species or subclades represented in our analysis. Thus,
species were considered ‘social’ when available evidence sup-
ported that two or more adults were reported as sharing a den or
burrow system (most cases) or a territory (e.g. capybaras)
(Ebensperger & Blumstein, 2006). Nonsocial species were those in
which individuals were typically recorded to perform their ac-
tivities solitarily, including nesting. Thus, group living was cate-
gorized as a binary character: 0 = nonsocial; 1 = social. The use of
these mutually exclusive social categories is supported by the
observation that intraspecific variation reported in caviomorphs
typically involves differences in group size rather than extreme
differences between solitary and group living (Maher & Burger,
2011).

We categorized vegetation cover of the main habitat of each
species as ‘open’, ‘mixed’ or ‘closed’. Open habitat included
grasslands, open shrublands, rocky areas with extensive bare
ground and salt basins (i.e. environments with minimal vegetation
cover; Shultz & Dunbar, 2006); mixed habitat included riparian,
swampy and mangrove conditions; closed habitat included cane-
brakes, dense shrublands and forest patches (i.e. environments
with relatively high vegetation cover; Shultz & Dunbar, 2006). The
analysis of discrete and continuous variables was complementary
and needed to discern qualitative or quantitative shifts in group
living when species used new habitats (Shumway, 2008). There-
fore, we also ranked vegetation cover of the habitat of each species
on a scale of 1 to 7, from totally open (consisting of mostly bare
ground, rank <3.5), to mixed (rank 3.5—4.9), to closed forest
patches (rank >5—7) (Ebensperger & Blumstein, 2006).

Hystricognath rodents include subterranean species whose so-
cial behaviour may be less sensitive to vegetation cover above
ground. To quantify the potential effect of this mode of life on group
living, we further categorized species as subterranean or not. Spe-
cies were categorized as subterranean when evidence supported
that they conduct the vast majority of their life underground,
foraging excursions are limited to the vicinity of burrow openings,

and they perform regular digging activities (Lessa, Vassallo, Verzi, &
Mora, 2008; Smorkatcheva & Lukhtanov, 2014).

Phylogeny of African and New World Hystricognath Rodents

We estimated a time-calibrated phylogeny of the hystricognath
rodents from DNA sequences of mitochondrial cytochrome b gene
obtained from GenBank (see Supplementary material, Table S1).
Ctenodactylus vali and Massoutiera mzabi were used as outgroups
based on the recent phylogeny of Upham and Patterson (2012). The
alignment was conducted in CLUSTAL W (Thompson, Higgins, &
Gibson, 1994). This tree was the base for further comparative
analyses.

Molecular Clock

Estimation of phylogeny and divergence times were conducted
by Bayesian inference implemented in BEAST 1.8.0 (Drummond,
Suchard, Xie, & Rambaut, 2012). We used the uncorrelated
lognormal relaxed clock to account for lineage-specific rates of
heterogeneity (Drummond, Ho, Phillips, & Rambaut, 2006) and the
birth—death process as tree prior. We used the GTR + I model with
six rate categories. We used five calibration points to date the
phylogeny based on the fossil record of this clade (see Upham &
Patterson, 2012). To account for uncertainty in the dates of this
record, all five calibration points were set to a lognormal distribu-
tion, a step constrained the fossil data as minimum hard bounds
with a soft upper bound as suggested by recent palaeontological
studies (e.g. Benton, Donoghue, & Asher, 2009; Donoghue &
Benton, 2007).

We conducted two independent analyses with 20 million steps,
and we took samples every 1000 steps (discarding the first 1000
steps to avoid including phylogenetic trees out of the convergence
zone). Convergence of chains to the stationary distribution was
evaluated by inspection of the Markov-chain Monte Carlo samples
in Tracer 1.5 (Drummond & Rambaut, 2007). The effective sampled
size of parameters was greater than 500, indicating that indepen-
dent chains were adequately sampled. Finally, both chains com-
bined provided a final sample size of 38 000 trees. We used this tree
sample to build a maximum clade credibility tree (mcc tree) with
the software TreeAnnotator 1.6.1 (http://beast.bio.ed.ac.uk/
TreeAnnotator).

Ancestral Character States and Evolutionary Transition Rates

We first evaluated the extent to which the phylogeny correctly
predicted patterns of similarity in group living, habitat type
(vegetation cover) and mode of life (subterranean or not) of hys-
tricognath rodents (i.e. phylogenetic signal) using the D statistic
(Fritz & Purvis, 2010) and the association index (AI; Parker,
Rambaut, & Pybus, 2008; see details in the Supplementary
material). Given that these analyses indicated that all variables
had strong phylogenetic signal (see Supplementary Tables S2, S3),
we used ‘ape’ and ‘geiger’ packages (Harmon, Weir, Brock, Glor, &
Challenger, 2008; Paradis, Claude, & Strimmer, 2004) in R to eval-
uate how the origin and evolutionary transitions between cate-
gories of group living were associated with the use of different
categories of habitat in terms of vegetation cover across the
evolutionary history of hystricognath rodents. Ancestral state for
group living was analysed with a maximum likelihood approach,
using a continuous time Markov model (Pagel, 1994). We then
compared two models: an equal-rates model (ER), in which a single
parameter governs all evolutionary transition rates, and an all-
rates-different model (ARD), where each rate is given a unique
parameter. The best-fit model was determined based on Akaike's
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Information Criterion (AIC) (Akaike, 1974). In particular, the model
selected had the lowest AIC value and delta AIC < 3 (Burnham &
Anderson, 2002). We used the same approach to examine habitat
conditions in terms of vegetation cover (open, mixed, closed). We
then compared ER and ARD models, adding a symmetrical model
rate (SYM); that is, forward and reverse evolutionary transitions
between habitat states were constrained to be equal.

Estimation of Phylogenetic Logistic Regression

We performed phylogenetic logistic regression to evaluate the
extent to which group living was predicted by the rank of vegeta-
tion cover (independent ordinal predictor) and subterranean mode
of life (independent discrete predictor) on all nodes of the evolu-
tionary history of hystricognath rodents. This method is based on
an evolutionary model of binary traits in which trait values switch
between 0 and 1 as species evolve throughout the phylogenetic tree
(Ives & Garland, 2010). This analysis was performed using a var-
iance—covariance matrix of the species trait constructed using the
composite phylogeny in the module PDAP (Midford, Garland, &
Maddison, 2008) of Mesquite v2.75 (Maddison & Maddison,
2011). The phylogenetic logistic regression was run using the
PloGReg.m function written by Ives and Garland (2010). The ranks
of vegetation cover were log transformed and standardized to have
a mean of zero and a standard deviation of one. Under this stan-
dardization the regression coefficients represent effect sizes of the
independent variables (lves & Garland, 2010). A bootstrapping
procedure involving 2500 simulations was used to generate the
confidence intervals and test for statistical significance of the slope
of the regression model. Convergence of model parameters was
achieved in all cases after these simulations.

RESULTS

The ancestral character estimation for the phylogeny nodes
indicated that the most likely common ancestor of the hys-
tricognath rodents exhibited group living (log likelihood = —41.03;
proportional likelihood = 96%; Fig. 1) and used open habitat (i.e.
low vegetative cover) (log likelihood = —60.92; proportional like-
lihood = 74 %; Fig. 2). The best-fit and well-supported model of
evolution of group living was the ER, or equal rate model (evolu-
tionary transition rate = 0.001; Table 1). Regarding evolutionary
changes in habitat conditions, the best fit of the three possible
models examined was the ER model (evolutionary transition
rate = 0.010; Table 1), implying an equal rate of gains and losses of
group living throughout hystricognath rodents.

Group living, vegetation cover and subterranean mode of life
exhibited strong and statistically significant phylogenetic signal
(see Supplementary Tables S2, S3). The phylogenetic logistic
regression analysis revealed that the effect of vegetation cover on
group living was significantly different from zero when the
evolutionary relationships of species were included in the model. In
particular, group living across hystricognaths was significantly
predicted by lower values of vegetation cover (Table 2). In contrast,
group living across hystricognaths was not predicted by whether
species were subterranean or not (Table 2).

DISCUSSION

Our results support the hypothesis that the ancestor of hys-
tricognath rodents exhibited group living, and that subsequently,
group living was equally lost or regained, implying no directionality
during the evolution of this aspect of social behaviour. This evolu-
tionary pattern is inconsistent with ‘nonsocial ancestor’ and ‘social
ancestor’ hypotheses. Instead, our results provide some support for

the ‘flexible ancestor’ hypothesis (FAH). The FAH states that group
living evolved from a flexible ancestor (i.e. an ancestor with abilities
to exhibit a variety of social organizations), and that social orga-
nization of extant species is the consequence of parallel evolution
into more specialized ones through ecological constraints (sensu
Dalerum, 2007). Studies examining intraspecific variation in group
living are restricted to a handful of New World hystricognath spe-
cies (Maher & Burger, 2011), an observation that precludes an ex-
amination of the extent to which ancestral forms were socially
flexible.

An important implication of this scenario is that extant solitary
living species are likely to represent a derived condition in these
rodents. Similar patterns have been recorded in other animal taxa,
including halictine bees (Wcislo & Danforth, 1997), communally
roosting birds (Beauchamp, 1999) and some mammalian taxa, such
as canids, pinnipeds or phocids (Dalerum, 2007). Intriguingly,
recent evidence based on the preservation of multiple adult and
subadult individuals in close proximity support the hypothesis of a
group-living ancestor of modern marsupial mammals (Ladeveze, de
Muizon, Beck, Germain, & Cespedes-Paz, 2011). Yet, these findings
depart from patterns recorded across other mammalian taxa such
as mustelids (Dalerum, 2007).

Our results show that group living has been lost in association
with the use of habitats with greater vegetation cover. The strength
and direction of this historical association between group living and
habitat conditions in terms of vegetation cover were strongly sup-
ported by the phylogenetic statistical methods used. However, group
living and habitat in terms of vegetation cover exhibited strong
phylogenetic signal, implying an effect of ancestor—descendant
relationships throughout the hystricognath lineage. Such ances-
tor—descendant effects might reflect stabilizing selection as sug-
gested by rates of equal change found for sociality and habitat.
However, these findings remain limited to some extent by the
relatively high number of species with unknown group living (i.e.
most New World hystricognaths) and the extent to which intra-
specific variation has been examined in these species. Both of these
factors may affect character states of terminal taxa (Dalerum, 2007).

We did not find an effect of subterranean life on group living,
implying that the response of group-living and solitary species to
vegetation cover of habitat was unrelated to their subterranean
habits. Numerous reports show that some African bathyergids and
many ctenomyids and octodontids feed on vegetation at the ground
surface (e.g. Bennett & Faulkes, 2000; Busch et al, 2000), a
behaviour that exposes these animals to aerial and terrestrial
predators, implying that vegetation cover may affect predation risk
to these animals. However, the extent to which vegetation cover
influences predation risk of subterranean and nonsubterranean
rodents is not well understood.

Results from this study supported previous conclusions on a
subset of hystricognaths according to which the ancestor of guinea
pigs and allies was likely more social than extant species (Rowe &
Honeycutt, 2002). Group living of guinea pig ancestors likely
allowed these animals to occupy relatively open habitats charac-
terized by high predation risk, patchily distributed resources, or
both (Rowe & Honeycutt, 2002). Afterwards, derived species
evolved towards reduced group living and this may have been
associated with the colonization of habitats with greater vegetation
cover. We hypothesize that this evolutionary transition is the
consequence of the advantages of group living in open or mixed
habitat and the loss of these advantages in habitats with high
vegetation cover. In particular, habitats with relatively high vege-
tation cover may provide solitary animals with adequate shelters
and escape routes against predators, or energy savings in terms of
construction or defence of large and complex burrow systems
(Ebensperger & Blumstein, 2006; Shultz & Finlayson, 2010).
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Figure 1. Reconstruction of the ancestral state of the social behaviour in hystricognath rodents. The squares next to the tips of the phylogeny represent the presence (white) or
absence (black) of group living. The pie chart in the nodes of the phylogeny show the proportional likelihood of each state estimated. A star symbol is used to identify calibration
points based on the fossil record of hystricognath rodents (see Upham & Patterson, 2012): 1 (Gaudeamus, early Oligocene 37.2—33.9 million years ago, Mya); 2 (stem cavioid, early
Oligocene 33—31.5 Mya); 3 (Sallamys, late Oligocene 29—24.5 Mya); 4 (Paradelphomys, early Miocene 21-17.5 Mya); 5 (Xenodontomys, late Miocene 10—9 Mya).

Group living and cooperative care of offspring characterizes Our findings that group living was likely the ancestral condition to
several species of African bathyergids, or mole-rats (Burda et al., all hystricognaths and that solitary living represents a more derived
2000; Faulkes & Bennett, 2013). Burda et al. (2000) suggesting condition provide support for the overall scenario suggested by
that this complex form of group living would have originated in Burda et al. (2000). Yet, we did not find an overall association be-
these subterranean rodents from an ancestor already exhibiting tween subterranean life and sociality across the clade. A recent
group living and cooperative brood care. Thus, solitary living study specifically aimed to test the importance of subterranean life
recorded in some species would be a derived trait, possibly as a across all rodents showed that this mode of life is more likely to
consequence of constraints linked to a subterranean mode of life. evolve from ancestors exhibiting group living (Smorkatcheva &
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Figure 2. Reconstruction of the ancestral state of the habitat in hystricognath rodents. The squares next to the tips of the phylogeny denote the species' habitats. White: open
habitat; grey: mixed habitat; black: closed habitat. The pie chart in the nodes of the phylogeny show the proportional likelihood of each state estimated. A star symbol is used to
identify calibration points based on the fossil record of hystricognath rodents (see Upham & Patterson, 2012): 1 (Gaudeamus, early Oligocene 37.2—33.9 million years ago, Mya); 2
(stem cavioid, early Oligocene 33—31.5 Mya); 3 (Sallamys, late Oligocene 29—24.5 Mya); S4 (Paradelphomys, early Miocene 21—-17.5 Mya); 5 (Xenodontomys, late Miocene 10—9 Mya).

Lukhtanov, 2014). Together, these findings are consistent with the
notion that group living in African mole-rats represent an ancestral
condition and that subterranean life is more likely a consequence
rather than a cause of this trait (Burda et al., 2000).

Arrival of ancestral hystricognath rodents to the New World
from Africa has not been dated precisely, and estimates range from
34 (early Oligocene) to 45 (middle Eocene) million years ago
(Antoine et al., 2012; Poux, Chevret, Huchon, de Jong, & Douzery,

2006). This arrival was followed by two main events of radiation,
one during the Oligocene, and another during the middle late
Miocene boundary (Huchon & Douzery, 2001; Opazo, 2005;
Vucetich, Verzi, & Hartenberger, 1999). Changes in renal
morphology and particular modes of life such as arboreality have
been suggested to have contributed to radiation of New World
hystricognaths (Diaz, Ojeda, & Rezende, 2006; Galewski, Mauffrey,
Leite, Patton, & Douzery, 2005). In contrast, the role of behaviour
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Table 1
Comparison of model fit to group living and vegetation cover in the habitat of
hystricognath rodents

Group living Habitat

Model k Log-Lh AIC Model k Log-Lh AIC

ER 1 —41.86 85.72 ER 1 —60.36 122.73
SYM — — — SYM 3 —59.81 125.61
ARD 2 —42.48 88.96 ARD 6 —56.85 125.70

Bold font identifies the best-fitting model; k: number of model parameters; Log-Lh:
logarithm of likelihood; AIC: Akaike's Information Criterion; ER: equal-rates model;
SYM: symmetric model; ARD: all-rates-different model.

Table 2

Phylogenetic logistic regression parameter estimates for the effect of vegetation
cover and subterranean mode of life on the evolution of group living in hys-
tricognath rodents

Parameters Estimate* SE*  Bootstrap Bootstrap CIf P
meant
b0 (intercept) 0.829 0.741 0.806 —0.809, 2.471 0.374

b1 (vegetation cover) —0.972 0.348 —1.172
b2 (subterranean life) —0.791  0.444 —0.969

—2451, —0.396 <0.00001
—2.515,0.267 0.138

Bold font indicates statistically significant parameter estimates.
" Parameters of logistic regression and standard errors of the estimates were
obtained using the generalized estimating equations (see Ives & Garland, 2010).
 Parametric bootstrapping was performed by simulating 2500 data sets to obtain
confidence intervals. Parametric bootstrapping was also used to test the null hy-
pothesis that the regression coefficients equal zero (HO: b; = 0, two-tailed tests).

remains less understood. It has been hypothesized that behaviour
may drive or inhibit adaptive ecological change (Duckworth, 2009;
Mayr, 1960; Wocislo, 1989; West-Eberhard, 1989), yet the roles of
different behavioural traits, including group living, remain unclear
(Duckworth, 2009). Subsequent studies are needed to determine
the extent to which group living and other aspects of social
behaviour (e.g. cooperation during breeding and rearing) preceded
or promoted subsequent adaptative change in hystricognath
rodents.

To summarize, our study, based on a large taxonomic sample
and a probabilistic framework, supports an association between
evolutionary changes in group living, changes in habitat use and
the history of ancestor—descendant relationships across hys-
tricognath rodents. Although the importance of vegetation cover in
the habitat on the evolution of group living has been examined
previously (Ebensperger & Blumstein, 2006; Veron et al., 2004), no
previous studies reconstructed ancestral and derived states of this
factor. Our results link both factors together, and suggest that both
the ecological conditions (i.e. vegetation cover) and the phyloge-
netic relationships of these rodents may drive group living.

Acknowledgments

L. D. Hayes, D. H. Verzi, R. Wcislo and an anonymous referee
provided valuable comments and suggestions that significantly
improved an early version of this article. We thank F. M. Angelici, R.
Borroto-Pdez, C. G. Faulkes, G. L. Gongalves, E. A. Lacey, Y. L. R. Leite
and J. L. Patton for providing information on group size. We also
thank A. Meade for assistance during the reconstruction of ances-
tral states. L. A. Ebensperger was supported by Fondo Nacional de
Desarrollo Cientifico y Tecnolégico (FONDECYT) grant number
1090302 and Program 1 of the Center for Advanced Studies in
Ecology & Biodiversity (CASEB) grant number 1501-001; C. E.
Herndndez was supported by FONDECYT grant number 11080110;
R. Sobrero was funded by a Comisiéon Nacional de Investigacion

Cientifica y Tecnoldgica (CONICYT) doctoral fellowship; and O.
Inostroza-Michael was funded by a CONICYT magister fellowship.

Supplementary Material

Supplementary material for this article is available, in the online
version, at http://dx.doi.org/10.1016/j.anbehav.2014.05.008.

References

Adrian, O., & Sachser, N. (2011). Diversity of social and mating systems in cavies: a
review. Journal of Mammalogy, 92, 39—53.

Akaike, H. (1974). A new look at the statistical model identification. IEEE Trans-
actions on Automatic Control, 19, 716—723.

Alexander, R. D. (1974). The evolution of social behaviour. Annual Review of Ecology
and Systematics, 5, 325—383.

Antoine, P.-O., Marivaux, L., Croft, D. A, Billet, G., Ganergd, M., Jaramillo, C., et al.
(2012). Middle Eocene rodents from Peruvian Amazonia reveal the pattern and
timing of caviomorph origins and biogeography. Proceedings of the Royal Society
B: Biological Sciences, 279, 1319—-1326.

Arnold, K. E., & Owens, I. P. F. (1998). Cooperative breeding in birds: a comparative
test of the life history hypothesis. Proceedings of the Royal Society B: Biological
Sciences, 265, 739—745.

Beauchamp, G. (1999). The evolution of communal roosting in birds: origin and
secondary losses. Behavioral Ecology, 10, 675—687.

Beauchamp, G. (2002). Higher-level evolution of intraspecific flock-feeding in birds.
Behavioral Ecology and Sociobiology, 51, 480—487.

Bennett, N. C., & Faulkes, C. G. (2000). African mole-rats: Ecology and eusociality.
Cambridge, U.K.: Cambridge University Press.

Benton, M., Donoghue, P. C. J., & Asher, R. J. (2009). Calibrating and constraining
molecular clocks. In S. B. Hedges, & S. Kumar (Eds.), Timetree of life (pp. 35—86).
Oxford, U.K.: Oxford University Press.

Bertram, B. C. R. (1978). Living in groups: predators and prey. In J. R. Krebs, &
N. B. Davies (Eds.), Behavioural ecology: An evolutionary approach (pp. 64—96).
Oxford, U.K.: Blackwell Scientific.

Blomberg, S. P, Garland, T, Jr., & Ives, A. R. (2003). Testing for phylogenetic signal in
comparative data: behavioral traits are more labile. Evolution, 57, 717—745.
Brashares, J. S., Arcese, P.,, Sam, M. K., Coppolillo, P. B,, Sinclair, A. R. E., & Balmford, A.
(2004). Bushmeat hunting, wildlife declines and fish supply in West Africa.

Science, 306, 1180—1183.

Brown, J. L. (1987). Helping and communal breeding in birds: Ecology and evolution.
Princeton, NJ: Princeton University Press.

Burda, H., Honeycutt, R. L., Begall, S., Locker-Griitjen, O., & Scharff, A. (2000). Are
naked and common mole-rats eusocial and if so, why? Behavioral Ecology and
Sociobiology, 47, 293—303.

Burnham, K. P., & Anderson, D. R. (2002). Model selection and multi-model inference:
A practical information-theoretic approach. New York, NY: Springer-Verlag.
Busch, C., Antinuchi, C. D., del Valle, J. C,, Kittlein, M. J., Malizia, A. L., Vasallo, A. L,
et al. (2000). Population ecology of subterranean rodents. In E. A. Lacey,
J. L. Patton, & G. N. Cameron (Eds.), Life underground: The biology of subterranean

rodents (pp. 183—226). Chicago, IL: University of Chicago Press.

Cardinal, S., & Danforth, B. N. (2011). The antiquity and evolutionary history of social
behaviour in bees. PLoS One, 6, e21086.

Caro, T. M. (2005). Antipredator defenses in birds and mammals. Chicago, IL: Uni-
versity of Chicago Press.

Caro, T. M., Graham, C. M., Stoner, C. ., & Vargas, ]. K. (2004). Adaptive significance of
antipredator behaviour in artiodactyls. Animal Behaviour, 67, 205—228.

Chaverri, G., & Kunz, T. H. (2010). Ecological determinants of social systems: per-
spectives on the functional role of roosting ecology in the social behaviour of
tent-roosting bats. Advances in the Study of Behavior, 42, 275—318.

Creel, S., & Macdonald, D. W. (1995). Sociality, group-size, and reproductive sup-
pression among carnivores. Advances in the Study of Behavior, 34, 203—257.
Dalerum, F. (2007). Phylogenetic reconstruction of carnivore social organizations.

Journal of Zoology, 273, 90—97.

Dalerum, F, Creel, S., & Hall, S. B. (2006). Behavioural and endocrine correlates of
reproductive failure in social aggregations of captive wolverines (Gulo gulo).
Journal of Zoology, 269, 527—536.

Danforth, B. N. (2002). Evolution of sociality in a primitively eusocial lineage of
bees. Proceedings of the National Academy of Sciences of the United States of
America, 99, 286—290.

Diaz, G. B., Ojeda, R. A., & Rezende, E. L. (2006). Renal morphology, phylogenetic
history and desert adaptation of South American hystricognath rodents. Func-
tional Ecology, 609—620.

Donoghue, P. C., & Benton, M. J. (2007). Rocks and clocks: calibrating the Tree of Life
using fossils and molecules. Trends in Ecology & Evolution, 22, 424—431.

Drummond, A. ], Ho, S. Y. W, Phillips, M. ]., & Rambaut, A. (2006). Relaxed phy-
logenetics and dating with confidence. PLoS Biology, 4, e88.

Drummond, A. J., & Rambaut, A. (2007). BEAST: Bayesian evolutionary analysis by
sampling trees. BMC Evolutionary Biology, 7, 214.

Drummond, A. J., Suchard, M. A,, Xie, D., & Rambaut, A. (2012). Bayesian phyloge-
netics with BEAUti and the BEAST 1.7. Molecular Biology and Evolution, 29,
1969-1973.


http://dx.doi.org/10.1016/j.anbehav.2014.05.008
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref1
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref1
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref1
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref2
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref2
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref2
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref3
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref3
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref3
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref4
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref4
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref4
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref4
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref4
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref5
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref5
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref5
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref5
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref6
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref6
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref6
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref7
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref7
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref7
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref8
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref8
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref9
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref9
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref9
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref9
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref10
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref10
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref10
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref10
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref11
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref11
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref11
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref12
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref12
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref12
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref12
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref13
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref13
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref14
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref14
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref14
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref14
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref15
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref15
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref16
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref16
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref16
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref16
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref16
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref17
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref17
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref18
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref18
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref19
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref19
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref19
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref20
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref20
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref20
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref20
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref21
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref21
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref21
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref22
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref22
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref22
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref23
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref23
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref23
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref23
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref24
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref24
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref24
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref24
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref25
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref25
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref25
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref25
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref26
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref26
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref26
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref26
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref27
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref27
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref28
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref28
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref29
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref29
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref29
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref29

34 R. Sobrero et al. / Animal Behaviour 94 (2014) 27—34

Duckworth, R. A. (2009). The role of behaviour in evolution: a search for mecha-
nism. Evolutionary Ecology, 23, 513—531.

Dunbar, R. I. M. (1989). Social systems as optimal strategy sets: the costs and
benefits of sociality. In V. Standen, & R. Foley (Eds.), Comparative socioecology
(pp. 73—88). Oxford, U.K.: Blackwell Scientific.

Dunbar, R. I. M., & Shultz, S. (2007). Evolution in the social brain. Science, 317,
1344-1347.

Ebensperger, L. A. (2001). A review of the evolutionary causes of rodent group-
living. Acta Theriologica, 46, 115—144.

Ebensperger, L. A., & Blumstein, D. T. (2006). Sociality in New World hystricognath
rodents is linked to predators and burrow digging. Behavioral Ecology, 17,
410—418.

Ebensperger, L. A., & Cofré, H. (2001). On the evolution of group-living in the New
World cursorial hystricognath rodents. Behavioral Ecology, 12, 227—236.

Ebensperger, L. A., & Hayes, L. D. (2008). On the dynamics of rodent social groups.
Behavioural Processes, 79, 85—92.

Emlen, S. T. (1982). The evolution of helping. I. An ecological constraints model.
American Naturalist, 119, 29—39.

Faulkes, C. G., & Bennett, N. C. (2013). Plasticity and constraints on social evolution
in African mole-rats: ultimate and proximate factors. Philosophical Transactions
of the Royal Society B: Biological Sciences, 368, 20120347.

Fritz, S. A., & Purvis, A. (2010). Selectivity in mammalian extinction risk and threat
types: a new measure of phylogenetic signal strength in binary traits. Conser-
vation Biology, 24, 1042—1051.

Galewski, T., Mauffrey, J. F, Leite, Y. L. R,, Patton, J. L., & Douzery, E. ]. P. (2005).
Ecomorphological diversification among South American spiny rats (Rodentia;
Echimyidae): a phylogenetic and chronological approach. Molecular Phyloge-
netics and Evolution, 34, 601-615.

Gygax, L. (2002). Evolution of group size in the superfamily Delphinoidea (Del-
phinidae, Phocoenidae and Monodontidae): a quantitative comparative anal-
ysis. Mammal Review, 32, 295—314.

Hamilton, W. D. (1971). Geometry for the selfish herd. Journal of Theoretical Biology,
31, 295-311.

Harmon, L. J., Weir, J. T., Brock, C. D., Glor, R. E., & Challenger, W. (2008). GEIGER:
investigating evolutionary radiations. Bioinformatics, 24, 129—131.

Huchon, D., & Douzery, E. ]. P. (2001). From the old-world to the new-world: a
molecular chronicle of the phylogeny and biogeography of hystricognath ro-
dents. Molecular Phylogenetics and Evolution, 20, 238—351.

Ives, A. R, & Garland, T, Jr. (2010). Phylogenetic logistic regression for binary
dependent variables. Systematic Biology, 59, 9—26.

Janson, C. H., & Goldsmith, M. L. (1995). Predicting group size in primates: foraging
costs and predation risks. Behavioral Ecology, 6, 326—336.

Jarvis, J. U. M., ORiain, M. ]., Bennett, N. C., & Sherman, P. W. (1994). Mammalian
eusociality: a family affair. Trends in Ecology & Evolution, 9, 47—51.

Johnson, D. D. P, Kays, R., Blackwell, P. G., & Macdonald, D. W. (2002). Does the
resource dispersion hypothesis explain group living? Trends in Ecology & Evo-
lution, 17, 563—570.

Kleiman, D. (1974). Patterns of behaviour in hystricomorph rodents. In I. W. Rowland,
& B. J. Weir (Eds.), Symposia of the Zoological Society of London: The biology of
hystricomorph rodents (Vol. 34); (pp. 171-209). London, U.K.: Academic Press.

Koening, W. D., Pitelka, F. A., Carmen, W. ], Mumme, R. L., & Stanback, M. T. (1992).
The evolution of delayed dispersal in cooperative breeders. Quarterly Review of
Biology, 67, 111-150.

Krebs, J. R., & Davies, N. B. (1993). An introduction to behavioural ecology. Oxford,
U.K.: Blackwell Scientific.

Lacey, E. A., & Ebensperger, L. A. (2007). Social structure in octodontid and cteno-
myid rodents. In J. O. Wolff, & P. W. Sherman (Eds.), Rodent societies: An
ecological and evolutionary perspective (pp. 403—415). Chicago, IL: University of
Chicago Press.

Lacher, T. E., Jr. (1981). The comparative social behavior of Kerodon rupestris and
Galea spixii and the evolution of behavior in the Caviidae. Bulletin of the Carnegie
Museum, 17, 1-71.

Ladeveze, S., de Muizon, C., Beck, R. M. D., Germain, D., & Cespedes-Paz, R. (2011).
Earliest evidence of mammalian social behaviour in the basal Tertiary of Bolivia.
Nature, 474, 83—86.

Lagory, K. E. (1986). Habitat, group size, and the behaviour of white-tailed deer.
Behaviour, 98, 168—179.

Lessa, E. P, Vassallo, A. L, Verzi, D. H., & Mora, M. S. (2008). Evolution of morpho-
logical adaptations for digging in living and extinct ctenomyid and octodontid
rodents. Biological Journal of the Linnean Society, 95, 267—283.

Linklater, W. L. (2000). Adaptive explanation in socio-ecology: lessons from the
Equidae. Biological Reviews, 75, 1—20.

Macdonald, D. W., Herrera, E. A., Taber, B., & Moreira, ]. R. (2007). Social organization
and resource use in capybaras and maras. In J. O. Wolff, & P. W. Sherman (Eds.),
Rodent societies: An ecological and evolutionary perspective (pp. 393—402). Chi-
cago, IL: University of Chicago Press.

Maddison, W. P,, & Maddison, D. R. (2011). Mesquite: A modular system for evolu-
tionary analysis. Version 2.75 http://mesquiteproject.org.

Mabher, C. R, & Burger, J. R. (2011). Intraspecific variation in space use, group size,
and mating systems of caviomorph rodents. Journal of Mammalogy, 92, 54—64.

Mares, M. A., & Ojeda, R. A. (1982). Patterns of diversity and adaptation in South
American hystricognath rodents. In M. A. Mares, & H. H. Genoways (Eds.),
Mammalian biology in South America (pp. 393—432). Linesville, PA: University of
Pittsburgh, Pymatuning Laboratory of Ecology.

Mayr, E. (1960). The emergence of evolutionary novelties. In S. Tax (Ed.), The evo-
lution of life (pp. 349—380). Chicago, IL: University of Chicago.

Midford, P. E., Garland, T., Jr., & Maddison, W. (2008). ‘PDAP: PDTREE’ Package for
Mesquite. Version 1.11 http://mesquiteproject.org/pdap_mesquite/.

Opazo, ]J. C. (2005). A molecular timescale for caviomorph rodents (Mammalia,
Hystricognathi). Molecular Phylogenetics and Evolution, 37, 932—937.

Pagel, M. (1994). Detecting correlated evolution on phylogenies: a general method
for the comparative analysis of discrete characters. Proceedings of the Royal
Society B: Biological Sciences, 255, 37—45.

Paradis, E., Claude, J., & Strimmer, K. (2004). APE: analyses of phylogenetics and
evolution in R language. Bioinformatics, 20, 289—290.

Parker, J., Rambaut, A., & Pybus, O. G. (2008). Correlating viral phenotypes with
phylogeny: accounting for phylogenetic uncertainty. Infection, Genetics and
Evolution, 8, 239—246.

Poux, C., Chevret, P, Huchon, D., de Jong, W. W,, & Douzery, E. ]. (2006). Arrival and
diversification of caviomorph rodents and platyrrhine primates in South
America. Systematic Biology, 55, 228—244.

van Rhijn, J. G. (1990). Unidirectionality in the phylogeny of social organization,
with special reference to birds. Behaviour, 115, 151-173.

Rolland, C., Danchin, E., & de Fraipont, M. (1998). The evolution of coloniality in
birds in relation to food, habitat, predation, and life-history traits: a compara-
tive analysis. American Naturalist, 151, 514—529.

Romey, W. L. (1997). Inside or outside? Testing evolutionary predictions of posi-
tional effects. In J. K. Parish, & W. M. Hamner (Eds.), Animal groups in three
dimensions (pp. 174—193). Cambridge, U.K.: Cambridge University Press.

Rowe, D. L., & Honeycutt, R. L. (2002). Phylogenetic relationships, ecological cor-
relates, and molecular evolution within the Cavioidea (Mammalia, Rodentia).
Molecular Biology and Evolution, 19, 263—277.

Santos, J. W. A., & Lacey, E. A. (2011). Burrow sharing in the desert-adapted torch-
tail spiny rat, Trinomys yonenagae. Journal of Mammalogy, 92, 3—11.

Shultz, S., & Dunbar, R. I. M. (2006). Both social and ecological factors predict un-
gulate brain size. Proceedings of the Royal Society B: Biological Sciences, 273,
207-215.

Shultz, S., & Finlayson, L. V. (2010). Large body and small brain and group sizes are
associated with predator preferences for mammalian prey. Behavioral Ecology,
21,1073-1079.

Shumway, C. A. (2008). Habitat complexity, brain, and behaviour. Brain, Behavior
and Evolution, 72, 123—134.

Smorkatcheva, A. V., & Lukhtanov, V. A. (2014). Evolutionary association between
subterranean lifestyle and female sociality in rodents. Mammalian Biology —
Zeitschrift fiir Saugetierkunde, 79, 101-109.

Tanner, D. A, Gonzdlez, J. M., Matthews, R. W., Bradleigh Vinson, S., & Pitts, ]J. P.
(2011). Evolution of the courtship display of Melittobia (Hymenoptera: Eulo-
phidae). Molecular Phylogenetics and Evolution, 60, 219—227.

Thierry, B., Iwaniuk, A. N., & Pellis, S. M. (2000). The influence of phylogeny on the
social behaviour of macaques. Ethology, 106, 713—728.

Thompson, J. D., Higgins, D. G., & Gibson, T. J. (1994). CLUSTAL W: improving the
sensitivity of progressive multiple sequence alignment through sequence
weighting, position-specific gap penalties and weight matrix choice. Nucleic
Acids Research, 22, 4673—4680.

Trillmich, E, Kraus, C., Kiinkele, J., Asher, M., Clara, M., Dekomien, G., et al. (2004).
Species-level differentiation of two cryptic species pairs of wild cavies, genera
Cavia and Galea, with a discussion of the relationship between social systems
and phylogeny in the Caviinae. Canadian Journal of Zoology, 82, 516—524.

Upham, N. S., & Patterson, B. D. (2012). Diversification and biogeography of the
Neotropical caviomorph lineage Octodontoidea (Rodentia: Hystricognathi).
Molecular Phylogenetics and Evolution, 63, 417—429.

Veron, G., Colyn, M., Dunham, A. E., Taylor, P, & Gaubert, P. (2004). Molecular
systematics and origin of sociality on mongooses (Herpestidae, Carnivora).
Molecular Phylogenetics and Evolution, 30, 582—698.

Vucetich, M. G., Verzi, D. H., & Hartenberger, J.-L. (1999). Review and analysis of the
radiation of the South American Hystricognathi (Mammalia, Rodentia). Palae-
ontology, 329, 763—769.

Waser, P. M. (1988). Resources, philopatry, and social interactions among mammals.
In C. N. Slobodchikoff (Ed.), The ecology of social behaviour (pp. 109—130). San
Diego, CA: Academic Press.

Wecislo, W. T. (1989). Behavioral environments and evolutionary change. Annual
Review of Ecology, Evolution and Systematics, 20, 137—169.

Wecislo, W. T., & Danforth, B. N. (1997). Secondary solitary: the evolutionary loss of
social behaviour. Trends in Ecology & Evolution, 12, 468—474.

West-Eberhard, M. ]J. (1989). Phenotypic plasticity and the origins of diversity.
Annual Review of Ecology, Evolution and Systematics, 20, 249—278.

Woods, C. A., & Kilpatrick, C. W. (2005). Infraorder Hystricognathi Brandt, 1855. In
D. E. Wilson, & D. M. Reeder (Eds.), Mammal species of the world: A taxonomic
and geographic reference (pp. 1538—1600). Baltimore, MD: Johns Hopkins Uni-
versity Press.


http://refhub.elsevier.com/S0003-3472(14)00228-0/sref30
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref30
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref30
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref31
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref31
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref31
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref31
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref32
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref32
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref32
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref33
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref33
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref33
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref34
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref34
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref34
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref34
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref35
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref35
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref35
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref35
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref36
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref36
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref36
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref37
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref37
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref37
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref38
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref38
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref38
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref39
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref39
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref39
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref39
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref40
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref40
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref40
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref40
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref40
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref41
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref41
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref41
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref41
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref42
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref42
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref42
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref43
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref43
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref43
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref44
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref44
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref44
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref44
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref45
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref45
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref45
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref46
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref46
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref46
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref47
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref47
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref47
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref47
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref48
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref48
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref48
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref48
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref48
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref49
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref49
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref49
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref49
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref50
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref50
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref50
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref50
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref51
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref51
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref52
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref52
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref52
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref52
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref52
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref53
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref53
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref53
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref53
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref54
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref54
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref54
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref54
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref54
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref55
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref55
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref55
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref56
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref56
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref56
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref56
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref57
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref57
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref57
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref58
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref58
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref58
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref58
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref58
http://mesquiteproject.org
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref60
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref60
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref60
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref61
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref61
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref61
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref61
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref61
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref62
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref62
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref62
http://mesquiteproject.org/pdap_mesquite/
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref64
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref64
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref64
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref65
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref65
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref65
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref65
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref66
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref66
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref66
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref67
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref67
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref67
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref67
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref68
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref68
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref68
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref68
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref69
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref69
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref69
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref70
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref70
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref70
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref70
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref71
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref71
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref71
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref71
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref72
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref72
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref72
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref72
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref73
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref73
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref73
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref74
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref74
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref74
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref74
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref75
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref75
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref75
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref75
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref76
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref76
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref76
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref77
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref77
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref77
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref77
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref77
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref78
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref78
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref78
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref78
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref78
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref79
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref79
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref79
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref80
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref80
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref80
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref80
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref80
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref81
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref81
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref81
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref81
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref81
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref82
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref82
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref82
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref82
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref83
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref83
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref83
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref83
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref84
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref84
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref84
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref84
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref85
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref85
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref85
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref85
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref86
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref86
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref86
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref87
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref87
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref87
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref87
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref89
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref89
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref89
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref90
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref90
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref90
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref90
http://refhub.elsevier.com/S0003-3472(14)00228-0/sref90

	Phylogeny modulates the effects of ecological conditions on group living across hystricognath rodents
	flink1
	Study Model

	Methods
	Data Collection
	Phylogeny of African and New World Hystricognath Rodents
	Molecular Clock
	Ancestral Character States and Evolutionary Transition Rates
	Estimation of Phylogenetic Logistic Regression

	Results
	Discussion
	Acknowledgments
	Supplementary Material
	References


