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The evolution of sociality in rodents: a family affair

Vladimir S. Gromov

ABSTRACT. Sociality means group-living. Among rodents, the most social species live in family groups
that consist as a rule of not numerous individuals. Hence, the evolution of sociality among rodents is not a
group-size evolution. A family-group lifestyle is associated with long-lasting pair bonds, participation of
both parents in care of young, and cooperation in different activities. In family groups, cooperation starts
from the very beginning when a breeding pair establishes, protects and marks its home range, digs burrows
or constructs other shelters, and provides care-giving activities. Direct parental care (especially paternal
care) by means of tactile stimulation of the young is suggested to promote long-lasting pair bonds and
development of subsequent parental behaviors in sub-adult and adult males that is so typical of highly social
rodent species. This phenomenon has an epigenetic nature and could be considered as ‘stimulation of
similar with the similar’. Cooperation extends and intensifies when the size of family groups increases as a
result of delayed dispersal of the offspring. According to the proposed conceptual model, family groups
could be formed under any ecological conditions, irrespective of predation pressure or resource distribu-
tion, given that mating pairs and, furthermore, family groups are more competitive due to cooperation than
solitary conspecifics. The main driving forces are proximate mechanisms related to tactile stimulation of
young individuals during their early postnatal development and cooperation. This conceptual model
provides a better understanding of the evolution of sociality (i.e. transition to a family-group lifestyle) in
different rodent taxa.
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Эволюция социальности у грызунов: переход
к семейно-групповому образу жизни

В.С. Громов

РЕЗЮМЕ. Социальность означает групповой образ жизни. Среди грызунов наиболее социальные
виды живут семейными группами, в состав которых входит относительно небольшое число особей.
Семейно-групповой образ жизни связан с укреплением парных связей, участием обоих родителей в
воспитании потомства и кооперацией в различных видах деятельности. Кооперация проявляется с
самого начала, когда семейная пара совместно осваивает участок обитания, охраняет и маркирует
его, роет подземные коммуникации, сооружает гнездо и заботится о потомстве. Родительское
поведение в виде тактильной стимуляции детенышей имеет особое значение, поскольку способ-
ствует укреплению парных связей и стимулирует соответствующую заботу о детенышах у полу-
взрослых особей и самцов, что наиболее характерно для социальных видов грызунов. Этот феномен
имеет эпигенетическую природу и может характеризоваться как «стимуляция подобного подоб-
ным». С появлением в семейных группах молодняка, расселение которого задерживается, коопера-
ция приобретает наиболее широкие масштабы. Согласно предлагаемой концепции, семейные груп-
пы у грызунов формируются в любых экологических условиях, независимо от распределения
кормовых ресурсов и пресса хищников, если особи, объединившиеся в семейные пары, оказывают-
ся, благодаря кооперации, более конкурентоспособными в сравнении с особями-одиночками. Про-
ксимальные механизмы, связанные с укреплением парных связей и стимуляцией родительского
поведения благодаря тактильной стимуляцией детенышей, вкупе с кооперацией можно рассматри-
вать в качестве основных факторов эволюции социальности у грызунов. Предлагаемая концепция
обеспечивает лучшее понимание процессов, связанных с эволюцией социальности (т.е. переходом к
семейно-групповому образу жизни) в разных таксонах грызунов.

КЛЮЧЕВЫЕ СЛОВА: грызуны, эволюция, социальность, семейно-групповой образ жизни, коопе-
рация, тактильная стимуляция, эпигенетическая теория.
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development.

Rodent social units and their classification
in relation to sociality

Classification of rodent social units should be based
on the analysis of spatial relationships, mating strate-
gies, and group composition instead of group size dur-
ing the breeding season. Considering spatial relation-
ships and group structure, it is important to realize that
rodents are primarily sedentary animals, and every adult
individual possesses a home range used for basic re-
quirements: foraging, digging of burrows or construc-
tion of other shelters to avoid predators and reproduce,
interaction with conspecifics, etc. Formation of aggre-
gations and cohesive groups in rodent populations, with
rare exceptions, results from more or less tolerant inter-
actions between conspecifics and subsequent overlap
of their home ranges. Relevant social organizations of
rodents may be classified as follows:

I. Organizations characterized by relatively sol-
itary behavior

Solitary dwellers, i.e., species whose adults, espe-
cially of the same sex, use primarily exclusive home
ranges, and thus could be considered as conditionally
nonsocial species like many hamsters, ground squirrels,
voles and gerbils (Gromov, 2008, 2011a). In some
species belonging to this category, for instance, in the
tamarisk gerbil, Meriones tamariscinus (Pallas, 1773),
males form temporal and unstable aggregations in the
vicinity of ranges of receptive females during the repro-
ductive season (Gromov, 2011a, b). Relationships based
on territoriality among same-sex individuals along with
dominance hierarchy among males competing for fe-
males in temporal aggregations, weak pair bonds and
mutual intolerance among adults, as well as promiscu-
ous mating, sole maternal care of young and early
offspring dispersal are common features of the spatial
structure and social organization of this category of
rodent species.

II. Organizations characterized by gregarious
behavior

Partially overlapping home ranges of adults reflect
formation of relatively stable multi-male–multi-female
breeding colonies (they have also been called associa-
tions or aggregations) in species like, for example, the
bank vole, Clethrionomys glareolus (Schreber, 1780),
the wood mouse, Apodemus sylvaticus (Linnaeus, 1758),
the midday gerbil, Meriones meridianus (Pallas, 1773),
or Wagner’s gerbil, Dipodillus dasyurus (Wagner, 1842)
(Bujalska & Saitho, 2000; Gromov et al., 2000; Gro-
mov, 2008, 2011a), as well as winter aggregations in
some voles, mice and gerbils (Gromov, 2008, 2011a).
During the breeding season, adult females tend to main-
tain exclusive and protected home ranges; adult males
occupy much larger and unprotected home ranges lo-
cated corresponding to the location of the females’

Introduction

During the last 50 years considerable attention has
been given to the relation between social organization
of mammals, their diet and ranging, and their ecological
environments (Crook, 1970a, 1970b; Eisenberg et al.,
1972; Alexander, 1974; Barash, 1974; Clutton-Brock,
1974; Hladik, 1975; Hoogland, 1981; Armitage, 1981,
1999, 2007; Schaik & van Hooff 1983; Carr & Mac-
donald, 1986; Terborgh & Janson 1986; Macdonald &
Carr, 1989; Burda, 1990; Janson, 1992; Faulkes et al.,
1997; Bennett & Faulkes, 2000; Ebensperger & Cofré,
2001; Hare & Murie, 2007; Lacey & Sherman, 2007).
Most of this work has been concerned with finding
correlations between diet, ranging, and group size of
different mammalian species. According to the general-
ly accepted socioecological model (Crook, 1970a, b;
Alexander, 1974), group size is a core trait defining
social systems, so understanding group-size evolution
is suggested to be critical to understanding the evolu-
tion of sociality, or group-living (Pollard & Blumstein,
2008). Such a view is traditional and based primarily on
comparative studies of social organization in birds,
primates and ungulates whose individuals may aggre-
gate in large flocks, groups and herds which are re-
ferred to as most social (Crook, 1970a, b; Jarman,
1974; Terborgh & Janson, 1986).

As for rodents, their social organizations range from
species whose young individuals disperse after wean-
ing and live as more or less solitary dwellers, to species
whose individuals exhibit delayed dispersal and in which
overlapping generations share a home range and inter-
act amicably. Besides, rodent species can be placed
objectively along a continuum of social complexity
(Blumstein & Armitage, 1997, 1998), and such a crite-
rion of sociality as group size is not quite appropriate
for rodents (Burda et al., 2000; Gromov, 2008, 2011a)
because the most complicated social structure is char-
acteristic of those rodent species that form rather small
family groups, with the only exception — the naked
mole-rat, Heterocephalus glaber Rüppell, 1842 (Jarvis
et al., 1994). In other words, a core trait defining social
systems and social complexity in rodents is not group
size, but group structure or group composition (Gro-
mov, 2008, 2011a).

In this article, I present a short review of the past
and current knowledge of the social organization of
rodent communities and critically evaluate different
conceptual approaches to their sociality. I intend to
show that the selective pressures favoring sociality in
rodents are not well understood to date. I suppose that
such features as group composition and its structure,
instead of group size, are much more important as an
indicator of sociality in rodents and for understanding
of the evolutionary processes by which groups form.
And I will try to show that the main factors promoting
the evolution of sociality among rodents are coopera-
tion and proximate mechanisms related to tactile stimu-
lation of young individuals during their early postnatal
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ranges; mature males form clans with overlapping home
ranges, and males belonging to the clan and competing
for reproducing females establish a dominance hierar-
chy. Primarily promiscuous mating, relatively weak
pair bonds, sole maternal care, early offspring dispers-
al, and female natal philopatry are typical of many
rodent species belonging to this category. In the winter
aggregations, several individuals of both sexes and of
different ages, including unrelated ones, may occupy a
common home range or even share a burrow to survive
the severe season.

Perhaps, the only rodent species that is character-
ized by mobile aggregations of individuals is the capy-
bara, Hydrochoerus hydrochaeris Linnaeus, 1766
(Macdonald, 1981). Capybaras may live solitarily or
in multi-male – multi-female groups numbering up to
50 or even more individuals. Capybara group sizes
were found to vary from habitat to habitat in a way
which seemed explicable by the pattern of the dwin-
dling water supply.

A total overlap of individual home ranges of sever-
al unrelated adults seems to be impossible for rodents,
with the exception of formation of winter aggrega-
tions in some gregarious species, and further grouping
that leads to a higher social complexity actually means
formation of breeding pairs and, subsequently, due to
reproduction and delayed offspring dispersal, restrict-
ed and extended family groups (Gromov, 2008, 2011a).

III. Organizations characterized by a family-
group lifestyle

Spatially, members of a family group exhibit con-
siderable overlap, including sharing a nest burrow or
other shelter. Behaviorally, interactions within family
groups markedly differ from those between groups with
the former being to include affiliative, cooperative, and
nepotistic activities. I distinguish between (a) restricted
family groups consisting of a breeding pair and their
offspring that disperse early (in a relatively short period
of time after weaning) and (b) extended family groups
with long-lasting social bonds between parents and
their offspring, where adult founders of the group co-
exist with two or more litters and even generations of
young (e.g., in Marmota spp.) exhibiting delayed dis-
persal. In extended family groups, more than one adult
individual of either one or both sexes can breed. In
extended polygynous family groups, reproducing fe-
males can occupy separated home ranges or share one
nest burrow.

Each family group usually occupies a defended ter-
ritory that provides almost total food security for the
pair of adults and their offspring in monogamous fami-
lies, or a complex and also protected home range en-
compassing breeding territories of two or more repro-
ducing females in extended family groups. Long-term
pair bonds, biparental care, delayed offspring dispers-
al, cooperation in different activities, a complicated
social organization related to age-based hierarchy, dif-

ferentiation of behavioral roles, and suppression of
reproduction in offspring are characteristic of many
rodent species with family-group lifestyle, for example,
beavers (Castor canadensis Kuhl, 1820, C. fiber Lin-
naeus, 1758), the Olympic marmot, Marmota olympus
Merriam, 1898, Eurasian marmots (Marmota bobac
(Müller, 1776), M. caligata Eschscholtz, 1829, M. cau-
data Geoffroy, 1844, M. marmota Linnaeus, 1758, M.
sibirica Radde, 1862), the musk-rat, Ondatra zibethica
(Linnaeus, 1766), the tuco-tuco, Ctenomys sociabilis
Pearson et Christie, 1985, the great gerbil, Rhombomys
opimus (Lichtenstein, 1823), the Mongolian gerbil, Me-
riones unguiculatus Milne-Edwards, 1867, the Brandt’s
vole, Lasiopodomys brandtii (Radde, 1861), the man-
darin vole, L. mandarinus (Milne-Edwards, 1871), and
some other highly social rodents (Marinelli & Messier,
1995; Lacey, 2004; Armitage, 2007; Busher, 2007;
Gromov, 2008, 2011a), as well as the naked mole-rat,
H. glaber, and the Damaraland mole-rat, Cryptomys
damarensis (Ogilby, 1838), regarded as the most social
(eusocial) species (Jarvis, 1981; Bennett & Faulkes,
2000).

Breeding within family groups is commonly re-
stricted to one female and one male (a monogamous
family). However, in female-biased populations of the
yellow-bellied marmot, Marmota flaviventris Audubon
et Bachman, 1841 (Armitage, 1962), prairie dogs, Cyn-
omys spp. (Travis & Slobodchikoff 1993), beavers
(Busher, 2007), musk-rats (Marinelli & Messier, 1995),
tuco-tucos (Lacey et al., 1997), prairie voles, Microtus
ochrogaster Wagner, 1842 (Roberts et al., 1998a, b),
Brandt’s voles (Zhang & Zhong, 1981), Mongolian
gerbils (Ågren et al., 1989a; Gromov, 2008, 2011a, b),
great gerbils (Rogovin et al., 2003), and some other
species, family groups include two or more reproduc-
ing females (polygynous families). Besides, in the case
of the naked mole-rat, there are polyandrous families
with two or three males mating with one female (Jarvis
et al., 1994).

Thus, the evolution of group-living among rodents
proceeds in two main directions: formation of aggrega-
tions (relatively stable multi-male–multi-female breed-
ing colonies) and formation of family groups. But it is
the latter that is characterized by the most complicated
social structure, especially like that in so-called euso-
cial rodents — H. glaber, C. damarensis, Cryptomys
hottentotus (Lesson, 1826) or Fukomys mechowi (Pe-
ters, 1881) (Burda, 1990; Jarvis et al., 1994; Burda et
al., 2000; Bennett & Faulkes, 2000; Molteno & Ben-
nett, 2002). Eusociality among rodents generally means
overlap of generations, cooperative rearing of young
and non-reproducing working caste. Eusocial rodents
live in social groups composed of close kin, within
which breeding is restricted to one female and one to
three males. In other words, reproduction is limited to a
small subset of behaviorally dominant group members
while subordinates serve as nonbreeding alloparents.
This reproductive skew, or asymmetry in reproductive
success, can be generated by the inhibition of either
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reproductive physiology or reproductive behavior in
subordinates

As a generalization, the evolution of sociality among
rodents actually means the transition towards a family-
group lifestyle. Family groups especially that ones with
complicated social structure form due to pair bonding,
delayed offspring dispersal and continued association
of kin, which facilitates cooperation and social interac-
tions. Hence, the most important point to understanding
the evolution of sociality among rodents is determina-
tion of causes and factors related to pair bonding and
biparental care because formation of any family groups
starts from breeding pairs that cooperatively raise their
offspring.

Conceptual approaches to sociality in ro-
dents

Studies of social species have traditionally focused
on identifying benefits intrinsic to group-living, such as
increased predator protection, increased access to lim-
ited resources, and improved foraging due to coopera-
tion among mates (Alexander, 1974). To account for
formation of aggregations (groups) in different rodent
taxa, a few socioecological conceptual models have
been proposed.

One of them, the ‘resource dispersion hypothesis’
(RDH), describes ecological circumstances whereby
groups could evolve (Slobodchikoff, 1984; Ostfeld,
1990): when resources are patchy, females should form
groups to defend the patches, whereas when resources
are uniform, females should not clump; males should
associate with a group of females (polygyny), when
resources are patchy, but only with a single female
(monogamy), when resources are uniform. Data of some
field and experimental studies are partially consistent
with the RDH. For instance, altering a habitat to a more
uniform distribution of food resources has resulted in a
greater number of monogamous associations versus
polygynous in two populations of Gunnison’s prairie
dogs, Cynomys gunnisoni (Baird, 1855) (Travis & Slo-
bodchikoff, 1993). Another example is the prairie vole.
Field studies carried out in two populations of this
species in Illinois and Kansas (Roberts et al., 1998a, b)
indicated that ecological variation might be a major
cause of intra-specific variation in group structure. Prai-
rie voles from a population in Illinois are monogamous
cooperative breeders living in extended families formed
from a closely bonded breeding pair that maintains a
common territory (Carter et al., 1995; Carter & Rob-
erts, 1997). In contrast, prairie voles from the popula-
tion in Kansas are not monogamous, and home ranges
of the males overlap those of several females (Daniel-
son & Gaines, 1987; Getz et al., 1993). In Illinois,
prairie voles occupy a moist habitat, typically abundant
with preferred food plants (Getz, 1985). In contrast,
prairie voles in Kansas occupy a drier habitat of grasses
(Getz et al., 1981; Foster & Gaines, 1991). It is sug-
gested that under conditions of scarce food resources

and ephemeral moisture in the Kansas population, op-
portunities might exist to acquire independent territory
as well as dispersal, and independent breeding might be
favored over philopatry. It remains, however, unclear
whether prairie voles from both populations possess a
monogamous mating system, although this species usu-
ally is referred to as typically monogamous (Carter &
Getz, 1993).

Habitat conditions of scarce food resources com-
bined with ephemeral moisture, similar to those of
Kansas, are shown to result in formation of monoga-
mous breeding pairs in the populations of other micro-
tine species, the social vole, Microtus socialis (Pallas,
1773), in the Kalmykia desert (Kasatkin, 2002; Gro-
mov, 2011a). Comparing these two species of genus
Microtus (M. ochrogaster and M. socialis), we found
that at least two of their populations are very similar in
terms of use of space, pair bonding, breeding structure,
mating system and parental care (Getz et al., 1981,
1993; McGuire & Novak, 1984; Kasatkin, 2002; Gro-
mov, 2011a), but exist in different habitats in terms of
abundance of food resources as well as moisture condi-
tions. Hence, the RDH might account for some intra-
specific differences in rodent social systems resulting
from various environmental conditions, but does not
explain how identical social systems evolve in different
habitats, or how different social systems evolve under
similar environmental conditions. Moreover, Carter and
Getz (1993) believe that monogamy in prairie voles
evolved in the past when food was not plentiful. But, if
so, it is unclear why the RDH is based on evaluation and
comparison of the current environmental and habitat
conditions.

Besides, the effects related to distribution of food
resources are revealed in the species with a family-
group lifestyle only (M. ochrogaster, C. gunnisoni),
and no basic change of their social organization was
found in either case. As for solitary foragers like the
tamarisk gerbil, M. tamariscinus or the fat sand rat,
Psammomys obesus Cretzschmar, 1828, uneven (patchy)
distribution of food resources was found not to promote
formation of polygynous social units (Daly & Daly,
1974; Gromov, 2001, 2008, 2011b). Thus, the RDH
does not really explain the effect of habitat conditions
on the evolution of different social systems in rodent
populations.

Among other conceptual models of rodent sociality
related to the effect of resource distribution, the ‘aridi-
ty-food-distribution hypothesis’ (AFDH) merits spe-
cial attention. According to the AFDH, social evolution
is correlated with a harsh environment resulting in for-
mation of the most complicated social organization
described in subterranean African mole-rats whose
groups are typically extended families (Jarvis et al.,
1994; Faulkes et al., 1997; Lacey & Sherman, 2007).
The AFDH proposes that the energetic cost of burrow-
ing through hard soil to locate patchily distributed but
locally abundant food resources is the primary selective
factor favoring group-living. By living together and



51The evolution of sociality in rodents

working cooperatively to excavate tunnels, the animals
are able to locate sufficient food resources to survive
until the next wet season.

The AFDH seems to be quite consistent with behav-
ioral and ecological patterns among African mole-rats,
but it does not explain sociality among semi-subterra-
nean or surface-dwelling rodents. Moreover, Burda
(1990) argued that eusociality of the naked mole-rat is
not qualitatively unique and has not evolved as an
immediate response to aridity and dispersed food re-
sources as generally considered. He suggested that low
postnatal developmental rates are a cause rather than
consequence of eusociality in subterranean hystricog-
nath rodents (Burda, 1990; Burda et al., 2000). In
addition, I’d like to note that the evolution of eusocial-
ity could not be explained by the effect of ecological
factors only (without impact of cooperation). Besides,
neither the RDH nor the AFRH account for how exter-
nal (ecological) factors promote pair bonding and inhi-
bition of mutual aggressiveness (the last is typical of
solitary dwellers) as well as stimulation of parental care
in males that is characteristic of rodents with a family-
group lifestyle.

As for other external factors, predation is also fre-
quently invoked as a selective pressure favoring group
living, especially among ground-dwelling sciurids
(Hoogland, 1981; Krause & Ruxton, 2002). Predation
risk is suggested to influence the size of foraging groups,
and these groups in turn affect the ability of animals to
detect predators (Blumstein et al., 1997; Sherman, 1997;
Ebensperger & Wallem, 2002; Ebensperger et al., 2006).
In other words, predation is believed to predispose
animals to live in social groups. However, predation on
ground squirrels may be intense, and some of the heavi-
est losses to predation occur in the spermophiles that
nevertheless live individually within aggregations. If
predation was the selective force causing sociality, one
could expect these species to be more social than they
are (Armitage, 1981). The same is true in relation to
any other rodent taxa. It is not proved that predation
pressure in populations of solitary dwellers is signifi-
cantly lower than in populations of social species. More-
over, predation pressure may prevent formation of larg-
er groups in rodent populations. For instance, disap-
pearance of whole groups in the prairie vole popula-
tions, presumably due to predation by weasels, was
shown to be associated with relative group size such
that the largest groups were more likely to disappear
(McGuire et al., 2002). Similar results were obtained in
a study of meadow voles, Microtus pennsylvanicus
Ord, 1815 (Madison et al., 1984). Besides, the so-
called ‘many eyes effect’ that is proposed to promote
group formation in animal communities (Pulliam, 1973)
was found to be equally exhibited by solitary dwellers
and species living in family groups (Heaney & Thor-
ington, 1978; Hoogland, 1979; Carey & Moore, 1986;
Blumstein, 1996; Jêdrzejewski et al., 1992; Ebensperg-
er & Wallem, 2002; Ebensperger et al., 2012). As for
other well-known anti-predator tactics related to ‘dilu-

tion effect’ or ‘selfish herd effect’, these do not work in
rodents: when attacked by a predator, any individual
(with very rare exceptions like porcupines, Hystrix spp.,
or capybaras) looks for the nearest burrow or some
other shelter to flee from danger. Alarm calls or so-
called group effect in itself can not serve as convincing
evidence that predation favors group living because
both the appropriate acoustic signalization and ‘group
effect’ are well developed in different rodent species
irrespective of their sociality. In other words, predation
pressure could not be considered as an essential selec-
tive factor promoting group formation, especially fami-
ly-group lifestyle, in rodent populations.

In many ground-dwelling sciurids, large body size
and hibernation are two critical features from which
their sociality is suggested to evolve. A short growing
season requires the retention of offspring in their natal
group for one or more additional years to reach maturi-
ty (Barash, 1974; Armitage, 1981, 1999). For example,
Olympic marmots achieve less than 25% of their adult
body mass during the year of birth, and the young need
to remain with their mothers. As yearlings, Olympic
marmots are still only 30% mature and, accordingly,
they remain closely associated with their mothers until
they are 2 years old. At this point, having achieved 70%
of adult body mass, the Olympic marmots finally dis-
perse and bear their first progeny the following (their
third) year (Barash, 1974). Similar results concerning
offspring development are obtained for the alpine mar-
mot, M. marmota (Arnold, 1990a). Prolonged tolera-
tion of offspring was hypothesized to be a means of
preventing dispersal of undersized young (Barash, 1974)
or continued parental investment in marmots (Armit-
age, 1981, 2007). Social thermoregulation that is best
documented in the alpine marmot (Arnold, 1990a, b,
1993) has also been found to increase the survival of
juveniles and their parents, and hence also plays an
important role in the evolution of sociality among these
sciurid rodents (Armitage, 2007). It is likely that such
an intrinsic factor as long developmental time as well as
benefits from the subordinates’ presence for rearing
young could account for the evolution of sociality among
other larger-sized rodents like beavers, porcupines,
musk-rats, etc.

Some conceptual models of the evolution of social-
ity among rodents are related to the consequences of
female philopatry. In some rodent species, there are
female groups that result from retention of female off-
spring on natal territories or entry of new females onto
territories of established males (Nel, 1975; Armitage,
1981; Solomon, 2003; Nunes, 2007; Solomon & Keane,
2007). Relevant examples were found in different ro-
dent taxa including both social and non-social species
like ground squirrels that live individually (Vestal &
McCarley, 1984; Yensen & Sherman, 2003). It should
be especially noted that quite different processes —
formation of aggregations and formation of family
groups — are mixed up in many of these hypotheses,
and such a discrepancy prevents understanding the role
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of philopatry in the evolution of sociality among ro-
dents. One needs to realize that philopatry does not
promote formation of family groups on the first stage
because mating partners are not typically close kin. But
subsequently, both restricted and extended family groups
result from natal philopatry, and not due to female
philopatry only, but due to delayed dispersion of young
individuals of both sexes. Formation of extended fami-
ly groups in some so-called communal-nesting rodents
(e.g. L. brandtii, see Gromov, 2008) may occur due to
female philopatry (usually because of retention and
reproduction of female offspring on a natal territory)
but this is a relatively rare case in rodent populations.
As for clustered matrilineal groups, these are more
typical for gregarious rodent species, but not for those
living in family groups (Holmes & Mateo, 2007; Wa-
terman, 2007).

Lacey and Sherman (2007) proposed an integrated
three-dimensional ecological model for sociality in ro-
dents. This model was derived from comparative analy-
ses of the social subterranean species, but the authors
suppose that it may be applicable to surface-dwelling
rodents as well. One axis of this model represents
access to most important food resources, another one is
related to predation pressure, and the third one incorpo-
rates benefits of cooperation. According to this model,
conspecifics may be required to live together in order to
have access to limited, patchily distributed resources.
Predation is also assumed as a selective pressure favor-
ing group living, and despite the lack of quantitative
information regarding differences in predation on soli-
tary versus social species, the authors believe that pre-
dation is an important factor that should be included in
the proposed model. As for the third axis (i.e. coopera-
tion), it appears to differ from previous two ones in that
it represents a consequence rather than a cause of group
living. But cooperation may be supposed to function as
a form of group augmentation (Kokko et al., 2001) that
contributes significantly to the maintenance of sociali-
ty. At least the extent of cooperation among group
mates provides an important basis for comparing dif-
ferent social systems (Lacey & Sherman, 2007). Al-
though the proposed model does not explain how such
external factors as distribution of food resources and
predation promote pair bonding, it is fairly true in that
sociality likely reflects the combined effects of multiple
environmental factors as well as the important role of
cooperation in formation of family groups.

To summarize this section, one can conclude that
selective pressures favoring sociality in rodents are not
well understood so far. At least convincing evidence
that predation pressure or a particular mode of distribu-
tion of food resources promote pair bonding and bipa-
rental care ensuring transition to family-group lifestyle
is absent. It seems that a set of the ecological conditions
dictating the necessity of a family-group lifestyle is
unique for each relevant rodent species, and there are
no universal rules explaining the influence of external
factors on species-specific social organization. Afore-

mentioned conceptual models might possibly account
for formation of aggregations in rodent populations or
intra-specific variation in composition of family groups,
like in Gunnison’s prairie dog or the prairie vole, but do
not generally explain the evolution of family-group
lifestyle among rodents. Therefore, a new conceptual
model needs to be developed to account for the way in
which, through evolution, species features and environ-
mental forces interact to shape social structure of ro-
dent societies. In this concept, from my point of view,
the main part should be assigned to cooperation.

Cooperation as a driving force of the evolu-
tion of sociality in rodents

Crook (1970b) as one of the founders of the socio-
ecological concept claimed that social selection is a
major source of biological modification, and social
forces alone may play a greater role in the determina-
tion of social behavior. Continuing with this line of
thought, one can suggest that cooperation is one of such
social forces playing an essential role in the evolution
of sociality among rodents. Incidentally, the AFRH
would not explain the evolution of eusociality among
African mole-rats without the involvement of coopera-
tion.

Cooperation is widespread in rodent communities.
Moreover, there is no social rodent species that does
not exhibit cooperation (Ågren et al., 1989b; Arnold,
1990a, b; Taber & Macdonald, 1992; Corbet & van
Aarde, 1996; Faulkes et al., 1997; Armitage, 1999;
Ebensperger et al., 2002; Busher, 2007; Lacey &
Ebensperger, 2007; Nunes, 2007; Gromov, 2008, 2011a;
Hayes et al., 2009). In family groups, cooperation starts
from the beginning, when a mating pair establishes,
maintains and marks its home range, digs burrows or
constructs other shelters, and then takes care of the
offspring. That is why cooperation is suggested to be
the main driving factor that promotes the evolution of
sociality among rodents. According to this concept,
family groups could be formed under any ecological
conditions, irrespective of predation pressure or re-
source distribution, given that solitary foragers would
be less competitive than mating pairs and, furthermore,
family groups, in which, due to cooperation, the efforts
of many individuals are successfully combined to con-
struct complex burrow systems, hoard food stores, de-
fend and mark the territories, and take care of young. It
is a complicated family-group social organization sup-
pressing intra-specific aggression or, at least, minimiz-
ing its negative effects and promoting social bonds,
which is necessary for successful cooperation. Biparen-
tal care seems to be the commonest and most important
form of cooperation among rodents living in family
groups (Gromov, 2011a, c, d). Along with biparental
care, many rodent species exhibit another essential form
of cooperation — alloparenting, when the remaining
group members assist the breeders in rearing young.
Alloparenting is a form of reproductive altruism that is
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found in many rodents with extended family groups, for
instance, in beavers, naked mole-rats, Mongolian and
great gerbils, prairie voles, Brandt’s voles, mandarin
voles (Patenaude, 1983; French, 1994; Jarvis et al.,
1994; Wang & Insel, 1996; Roberts et al., 1998c; Clark
& Galef, 2000; Gromov, 2011a). Alloparental care via
supplemental tactile stimulation of the young appears
to play the most essential role in formation and mainte-
nance of social bonds and a high degree of group
cohesion (Gromov, 2011a).

Females gain the most benefits from pair bonding,
especially due to cooperation with male mates. Once
males and females live together as breeding pairs, fur-
ther evolution of social behavior may enhance the orig-
inal advantage of group living. Formation of family
groups promotes complication of the social organiza-
tion that, in turn, results in extending and intensifying
cooperation when the size of family groups increases
due to delayed offspring dispersal; concurrently, the
family group members achieve greater fitness due to
the cooperation and more successfully compete with
solitary conspecifics. Thus, cooperation should be con-
sidered the core trait of the family-group lifestyle, and
biparental care along with alloparenting play a key role
among other cooperative behaviors due to which mem-
bers of the family group gain essential benefits.

Behavioral effects of tactile stimulation

Normally, events within the nest and reactions of
the pups to occurrences within the nest provide a rich
stimulus environment that shapes early development
and later social behavior (Fleming et al., 1999). One
would expect somatic sensory inputs (tactile stimula-
tion) to play an essential role in the regulation of paren-
tal responsiveness, since females as well as males of
many social rodents spend much time in physical con-
tact with their offspring. In particular, adult laboratory
rats that were exposed to either complete maternal
deprivation as neonates or to prolonged periods of
maternal separation as neonates showed reductions in
maternal behavior, which included decreases in nursing
behavior and maternal licking and grooming that in turn
resulted in a deficit of tactile stimulation of their pups
(Fleming & Luebke, 1981; Fleming & Sarker, 1990;
Fleming et al., 2002). It is also proved that the degree of
licking and grooming that a mother rat displays towards
her pups influences the development of the same paren-
tal responsiveness in her offspring (Meaney & Cham-
pagne, 2000).

Another recent study assessed the effects of com-
plete maternal deprivation and the ‘replacement’ of
maternal behaviors by the addition of simulated mater-
nal-licking (with a soft paint brush) on the development
of adult maternal behaviors (Gonzalez et al., 2001).
The results indicated that how infants were reared af-
fected both later maternal and emotional behavior. In
particular, artificially reared rat females showed re-
duced levels of retrieving, licking, and crouching over

pups; in addition, they spent less time in the nest. But
artificially reared neonates that were provided with
additional tactile stimulation that mimicked the effects
of mothers’ licking have shown patterns of behavior
more similar to mother-reared females. Thus, maternal
behavior related to tactile stimulation of pups serves to
provide the offspring with experiences that promote
their behavioral development and the appropriate ex-
pression of their parental behavior when they grow up.

Although experimental studies on rodent parental
behaviors have primarily focused on the interactions
between mothers and their offspring, with little re-
search directed at understanding paternal behavior, re-
cent findings suggest that the tactile stimulation provid-
ed by paternal huddling over and licking (grooming)
pups may result in similar changes in the subsequent
behavior of young. Moreover, these effects might be
expected in the infants of both sexes. In particular,
experiments with cross-fostering highlight the role of
tactile stimulation in development of parental respon-
siveness and pair bonding. For example, a study carried
out by McGuire (1988) has shown that the young of the
meadow vole (a species with promiscuous mating and
primarily sole maternal care) reared by parents of the
prairie vole (a species with biparental care) received
more parental contacts than pups fostered to meadow-
vole parents. When tested in adulthood, cross-fostered
males often entered the natal nest and engaged in more
pup contact behavior than in-fostered males, in that
number brooding and grooming pup (the last behavior
is not typical of the meadow vole males). In terms of
sociality, experimental groups of the meadow vole, in
which males exhibited paternal care, could be regarded
as more social ones.

Experiments with the Mongolian gerbil and the com-
mon vole, Microtus arvalis (Pallas, 1778) (Gromov,
2009, 2013) showed that father-deprived males exhib-
ited a lower rate of subsequent parental responsiveness
related to nest attendance and grooming pups. Besides,
father-deprived males groomed their female mates sig-
nificantly less frequently than did biparentally raised
males. In terms of sociality, the experimental groups of
these species, in which both males and females exhibit-
ed lower rates of pair-bonding and parental behaviors,
could be considered as less social ones.

These findings suggest that pair bonding and devel-
opment of parental behavior, especially paternal re-
sponsiveness, are subject to influence by characteristics
of the early environment. It is evident that young males
can ‘inherit’ to some extent the stereotype of parental
behavior of their sires (McGuire, 1988; Roberts et al.,
1998b), and father-deprived males care for their own
progeny to a lesser degree than males that grew in
biparental families (Gromov, 2009, 2013). Similar al-
teration of parental responsiveness occurring both in
males and females become fixed and intensified within
generations.

The role of tactile stimulation in the formation of
complicated social organization of rodents has almost
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not been studied. Research carried out on a number of
species with a family-group lifestyle (Elwood, 1975,
1979; McGuire & Novak, 1984; Solomon, 1993; Clark
et al., 1997; Smorkatcheva, 2003; Gromov, 2011a, c,
d) indicates that infants reared by two parents receive
additional tactile stimulation from their sires, whereas
the offspring nourished by the female only in solitary
dwellers are devoid of such extra stimulation. Bearing
in mind the results of the experiments on artificial
rearing and cross-fostering in rats and prairie voles
(McGuire, 1988; Roberts et al., 1998b; Gonzalez et al.,
2001), as well as the experiments with Mongolian ger-
bils and common voles (Gromov, 2009, 2013), one
may conclude that participation of males in rearing
their offspring is the most important factor of subse-
quent development of the behavioral stereotype of ‘at-
tentive father and mating partner’ that is so typical of
many rodent species with a family-group lifestyle. More-
over, additional tactile stimulation of infants promotes
reinforcement of social bonds and establishment of
cohesive behavioral interactions in family groups.

A new conceptual approach to the evolu-
tion of sociality in rodents

Studies on rodent parental behavior have shown
that direct parental care related to tactile stimulation of
infants is one of the physiological mechanisms promot-
ing long-term pair bonds and development of subse-
quent parental behavior, especially paternal care (Gro-
mov, 2009, 2011a, d, 2012). This phenomenon has an
epigenetic nature and could be considered as ‘stimula-
tion of similar with the similar’. One can suppose that
biparental care and alloparenting provide additional
tactile stimulation of infants and thus play an essential
role in the evolution of sociality among rodents. The
significance of such a proximate mechanism is so far
underestimated.

There is no need to consider here the effect of
paternal care on the general fitness and survival of
offspring because experimental studies on different ro-
dent species provide conflicting information related to
the effect of the presence of the sires on the develop-
ment and survival of their offspring. For example, male
parental investment was found to increase pup survival
in the California mouse (Gubernick et al., 1993; Guber-
nick & Teferi, 2000) and the Mongolian gerbil (Gerling
& Yahr, 1979), as well as to accelerate pup develop-
ment in the prairie vole (Wang & Novak, 1992, 1994)
and the meadow vole (Storey & Snow, 1987), but no
effect was revealed in other species or under different
environmental conditions (Elwood & Broom, 1978;
Priestnall & Young, 1978; Wuensch, 1985; Shilton &
Brooks, 1989).

In species with a family-group lifestyle, a higher
parental responsiveness is primarily provided by sires.
Of course, they do not nurse pups and commonly yield
to dams considerably in the time spent on grooming
pups. However, direct paternal care in the form of

tactile stimulation of infants is of exclusive importance
for pair bonding, and is likely related to enhancing
juvenile philopatry, especially of young females. In
many rodent species with a family-group lifestyle, ex-
tended families that comprise several females seem to
be formed due to such a natal philopatry (Gromov,
2008).

Regardless of the causes of philopatry, individuals
remaining in native family groups have to differ behav-
iorally and socially from those inclined to disperse, and
their behavior should be adaptive for the coexistence of
close kin within strongly cohesive family group. The
most common features of this behavior include de-
creased aggressiveness and increased tolerance towards
group members as well as parental responsiveness to
infants (alloparental care) exhibited by not only young
or subadult females, but males as well.

The main question arises on how this behavior could
be stimulated and developed, and what factors induce
this process. The experimental studies have convinc-
ingly shown that the primary factors affecting the de-
velopment of tolerant behavior are internal (hormonal
and neurobiological) ones associated with the early
social environment, rather than external (ecological)
factors (see reviews in Gromov, 2011a, 2012). In turn,
the early social environment is primarily determined by
whether females take care of the young alone, as is
typical of solitary living and gregarious rodent species,
or if both parents are involved in this process, as is
characteristic of not numerous social rodents.

The role of tactile stimulation in the formation of
complex social systems remains poorly studied. Tactile
stimulation is not the only proximate mechanism,
through which a higher sociality could be evolved, but
it is this kind of stimulation that produces long-lasting
changes in the brain involved in development, stimula-
tion and maintenance of parental and pair-bonding be-
haviors (see reviews in Gromov, 2011a, 2012). A defi-
ciency in tactile stimulation at the early stages of post-
natal development brings about more aggressive adult
individuals that are emotionally unstable in their inter-
actions with conspecifics, including their mates (Uvnäs-
Moberg, 1998). Such a behavioral alteration negatively
affects intra-family relationships, because sexual part-
ners are prone to avoid each other and to be less paren-
tal as well. Relevant social relationships are described,
for example, in marmots (in particular, Marmota mar-
mota, M. olympus, M. sibirica, M. menzbieri Kash-
karov, 1925). It is well-known that lactating females of
these species of marmots respond aggressively to their
mates, and young individuals grow without paternal
care during the first several weeks of their life. Adult
males have the opportunity to contact with offspring
after their appearance on the surface (after weaning),
and many of these interactions are often agonistic
(Barash, 1973, 1976; Suntsov, 1981; Mashkin, 1983).
By the way, grooming is rarely observed in marmot
family groups (Suntsov, 1981; Mashkin, 1983). Such
features of male behavior could be explained by the
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lack of direct paternal care, especially of tactile stimu-
lation (licking and grooming), during yearly postnatal
development, so subsequently adult males do not take
care of their young and live separately (occupying indi-
vidual burrows) within family-group home ranges.

Persistent pair bonds and participation of males in
care-giving activities (with some exceptions like in
marmots) are characteristic of highly social rodent spe-
cies including so-called eusocial ones. In the naked
mole-rat, the function of two to three adult males within
a complex family group is exclusively confined to mat-
ing with the only reproducing female and taking care of
numerous litters (Jarvis, 1981; Jarvis et al., 1994).
Subadult individuals in the naked mole-rat, as well as
in many other social rodent species, also take care of
the young, including licking, grooming and huddling
(Patenaude, 1983; French, 1994; Roberts et al., 1998c;
Clark & Galef, 2000; Jarvis et al., 1994; Wang &
Insel, 1996; Gromov, 2011a). This behavior is likely
to be formed in juvenile individuals due to additional
tactile stimulation by parents, as well as by older
siblings. Anyway, as has been demonstrated by Wang
and Insel (1996), prairie vole pups that received care
from both parents and assisting kin from the older
litters later displayed more active parental care com-
pared to individuals from the litters reared by the
parents alone.

In species with a family-group lifestyle, the total
level of parental care is considerably higher when com-
pared with solitary dwellers or gregarious species (Gro-
mov, 2011a, c). The interspecific variation in the ex-
pression of parental behavior in females, although fair-
ly noticeable, is still less pronounced than that one in
males. One can assume that the paternal contribution to
the behavioral development of juveniles, especially of
the same sex, is an important factor determining subse-
quently the strength of pair bonds as well as the total
level of parental responsiveness, and, finally, the com-
plexity of the social organization as a whole.

Considering the phenomenon under study, I would
like to note that there is no definite or ‘standard’ level
of sociality that would be characteristic of any rodent
species. Experimental studies show that a relatively
high degree of intraspecific variability is typical of both
pair-bonding and parental behaviors (McGuire, 1997;
Gromov, 2011a, c). It means that within populations of
any gregarious, polygamous or monogamous rodent
species there are breeding pairs and family groups that
could be regarded as more social and less social. This
intraspecific variation in social attachment between
members of breeding units, as well as in parental re-
sponsiveness, could be explained particularly by the
effect of the early social environment. In other words, it
depends on the degree of participation of adult males in
care-giving activities. Variation in parental care, espe-
cially paternal one, can serve as the basis for nonge-
nomic transmission of individual differences in paren-
tal responsiveness and other social behaviors across
generations (Gromov, 2009, 2011a, 2012, 2013).

These findings suggest the following conclusions.
First, the intraspecific variation in parental behavior,
which appears even under laboratory conditions, is
controlled by factors not directly associated with the
physical environment. Second, the major factors that
influence pair-bonding and parental behaviors are so-
cial and (indirectly) physiological factors rather than
ecological ones. These factors determine involvement
of adult males and subadult kin from older litters in
care-giving activities. Third, intraspecific variation in
parental responsiveness actually means that any species
has different variants of social organization represented
in a particular set of social units which are formed
depending on the conditions of early postnatal develop-
ment and individual experience of adults. In other words,
any species possesses a higher or lower potential for
evolutionary transformation of its social structure in
both directions, i.e., not only from simple (primitive) to
complex form, but also vice versa. For example, if the
environmental (or, perhaps, some other) conditions in a
population of nonsocial species are changed so that
males and females living in breeding pairs jointly rear-
ing their offspring become more competitive than sol-
itary conspecifics, then the initially small proportion
of these breeding pairs in the population will be grad-
ually extended due to natural selection; the male con-
tribution to care of the young will be concurrently
increased, and the structure of social units will acquire
the features of a family-group organization. Thus, the
ecological factors (if these are associated with this
process) result in alteration of specific social structure
not in a direct way, but rather indirectly via proximate
(behavioral and physiological) mechanisms. Howev-
er, relevant preconditions (preadaptations), still vague
in their origin, are necessary for switching on these
mechanisms.

One such precondition seems to be the demographic
processes related to decrease in population density,
especially during the reproductive period. Under con-
ditions of low population density, the optimal repro-
ductive strategy for males and females is to be nearby
each other because searching for additional mates and
shelters is associated with large energy expenses and
increased risk of predation. This is a situation that can
explain the existence of quasi-monogamous pairs in
populations of some promiscuous species during peri-
ods of low population density (Plyusnin & Evsikov,
1983; Viitala, 1994). It should be noted, however, that
under such conditions mating partners nevertheless do
not occupy one common burrow or nest, because their
mutual aggressiveness prevents pair bonding, and a
subsequent increase of population density usually re-
verses the situation making it typical of promiscuous
species.

Aggregations (breeding colonies) in rodent popula-
tions create additional preconditions for pair bonding
that is promoted, first, by a higher frequency of interac-
tions between the individuals occupying overlapped
home ranges, and second, by ritualization of their in-
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teractions (Gromov, 2005). Besides, some males exhib-
it feminized behavior in breeding colonies: they are less
aggressive, prone to initiate affiliative behaviors (e.g.
allogrooming) as well as inclined to provide parental
care (McGuire, 1997; Gromov, 2008, 2009, 2011à).
Feminization of male behavior may be brought about,
on the one hand, by the action of specific physiological
and social factors associated with pre-natal develop-
ment and post-natal ontogenesis (Clark et al., 1992,
1997, 1998; Clark & Galef, 2000; De Vries et al., 2002;
Simerly, 2002; Morris et al., 2004; Gatewood et al.,
2006; Lalmansingh et al., 2008; Gromov, 2011a, b,
2012), and, on the other hand, by the individual experi-
ence gained as a result of contact with newborn pups,
i.e. by the effect of sensitization (Brown & Moger,
1983; Dewsbury, 1985; Gromov & Osadchuk, 2013).
No doubt, affiliative interactions jointly with feminiza-
tion of male behavior promote strengthening of pair
bonds which, in turn, contributes to formation of cohe-
sive family groups. Hence, gregarious species have an
internal potential for transformation of their social or-
ganization into the family-group one, not directly de-
pending on habitat conditions.

If transformation of a social organization results in
males and females starting to breed in pairs, its further
evolution may not involve external (ecological) factors.
Due to sensitization, as well as to other specific hor-
monal and neural mechanisms underlying pair-bonding
and parental behaviors, the male behavior becomes
even more feminized. Such males take more active part
in care of offspring whose behavior, in turn, due to the
additional tactile stimulation received from sires, shifts
more profoundly towards its further feminization. As a
result, formation of extended family groups becomes
possible, and cooperation in these groups reaches the
highest level. It extends not only to the maintenance of
nest burrows, digging tunnels, foraging, protection and
scent marking of the home ranges, and guarding of food
stores, but also to direct care of the young in which both
adult males and subadult individuals from older litters
take an active part (alloparenting).

To summarize, the proposed conceptual model of
the evolution of sociality in rodents includes the follow-
ing main points: (1) sociality should be understood as a
continuum that goes from solitary forms through com-
plex, family-group based species; (2) group composi-
tion and structure are more important defining attributes
of sociality than group size; (3) pair bonding, paternal
care, and alloparenting represent necessary precondi-
tions to the evolution of sociality; (4) cooperative be-
havior (i.e., a social factor) would be the critical force
driving sociality; (5) instead, ecological factors would
play a secondary role making necessary preconditions
or even be unimportant.

This conceptual model may look like a verbal anal-
ysis that falls short in bringing all the relevant evidence.

In other words, a comparative analysis quantifying evo-
lutionary transitions between social categories would
be very useful to provide empirical support to the main
statements. To fulfill such an analysis, it needs to find,
in particular, a single (or composite) metric to place
species through the sociality continuum. Unfortunately,
relevant data concerning correct estimation of different
parameters of the spatial-and-ethological population
structure (Gromov, 2007, 2008), pair bonding, parental
responsiveness, and cooperation are absent for the most
of rodent species. Available data are restricted to a very
limited number of rodent species and collected with
different sampling methods. As a result, these data
could not be used for correct inter-species comparative
analysis.

The only proper example is a comparative study of
eight rodent species carried out with use of uniform
sampling methods (Gromov, 2007). This study revealed
some possible ways (Figure) of the formation and fur-
ther evolution of different social units in rodent popula-
tions. A system of separate individual home ranges with
primarily aggressive interactions between individuals,
irrespective of their sex, may be presumed to be the
original (primitive) form (like in Gerbillus perpallidus
Setzer, 1958, Meriones tamariscinus, Psammomys obe-
sus). A decrease in aggressiveness between mates fa-
vors pair bonding and, further, formation of family
groups (like in Microtus socialis, Lasiopodomys brand-
tii, Meriones unguiculatus) with delayed offspring dis-
persal (an arrow along the horizontal projection axis).
A decrease in the spatial segregation of adults increases
tolerance in their interactions, thereby laying the basis
for aggregations (like in M. meridianus) with a domi-
nance hierarchy among males (an arrow along the verti-
cal projection axis). The gerbil Meriones libycus Lich-
tenstein, 1823 is similar to the vole Microtus socialis in
many parameters, and the projections of these species
to the horizontal axis (factor 1) are close to each other.
However, the space use system is more labile in the
former species, which is characterized by a dominance
hierarchy among males (factor 2). This makes Meri-
ones libycus closer to M. meridianus. A third way is
also possible, namely, strengthening pair bonds in ag-
gregations, which results in the formation of family
groups (shown as a dotted arrow).

Another example is comparative studies of pair
bonding and parental behaviors in a number of cricetid
rodents (Gromov, 2011a, c, d, 2012). These studies
show that cooperation associated with parental care
extends and intensifies with the transition from a soli-
tary lifestyle to a family-group lifestyle.

These findings enrich our knowledge and provide a
better understanding of the evolution of sociality among
rodents. Further investigations with utilization of the
same sampling methods and comparable data would be
very useful for development of the new conceptual
model.
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The evolution of sociality in rodents as an
epigenetic phenomenon

Considering the evolution of sociality in rodents as
transition from solitary living to family-group lifestyle,
it is necessary to realize that this process is not associat-
ed with fundamental changes in social behavior. Spe-
cies living in family groups, with rare exceptions, differ
from solitary and gregarious ones in (1) stronger pair
bonds, (2) active participation of males in care of off-
spring, (3) social complexity related, first of all, to
cooperation in different activities, and (4) hierarchical
relationships due to which, in particular, reproductive
functions of offspring are suppressed while the young
animals remain as a part of the family group. However,
the behavioral repertoire of species belonging to differ-
ent categories of sociality has pronounced similarity,
and inter-specific differences are mainly quantitative,
but not qualitative ones. In particular, the strength of
pair bonds is defined by the frequency and duration of

peaceful interactions including naso-nasal contacts,
sniffing, brooding, side-by-side postures, allogroom-
ing, and ritualized behaviors (defensive postures, threat-
ening, compulsory grooming, etc.). All these elements
of social behavior are manifested in male-female inter-
actions of solitary and gregarious species as well, but
with much smaller frequency and shorter duration, es-
pecially during the reproductive period (Gromov, 2008).

The paternal care of the young is also not an exclu-
sive behavioral attribute of species living in family
groups. Males of many promiscuous and gregarious
species like, for example, Microtus pennsylvanicus,
Clethrionomys glareolus, C. rutilus (Pallas, 1779), C.
gapperi Vigors, 1830 (Storey & Snow, 1987; McGuire,
1997; Gromov, 2009; Gromov & Osadchuk, 2013)
exhibit parental responsiveness in captivity, though not
at such a high degree as in social species.

The only feature due to which social species (i.e.
species living in family groups) qualitatively differ from
solitary and gregarious ones is cooperation. But coop-
eration is manifested not at the individual level, but at

Figure. The result of principal components analysis (PC 1: 45.77% of variance; PC 2: 35.70%) based on integrated estimation
of the 10 parameters characterizing the spatial-and-ethological population structure of eight rodent species (for detail see
Gromov, 2007: 47, Table, Figure). The arrow along the vertical projection axis shows an increase in gregariousness of adults
as well as asymmetry in their interactions reflecting the dominance relationships; the arrow along the horizontal projection
axis shows a decrease in aggressiveness between mates favoring pair bonding and the formation of family groups with delayed
offspring dispersal; the dotted arrow shows enhancement of pair bonding in aggregations.
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the level of social groups, and, therefore, this qualita-
tive feature can’t be genetically determined because
natural selection is the process of selection of geno-
types, but not gene pools. Hence, one can conclude that
if the evolution of sociality among rodents does not
result in profound changes of their behavior, there are
no genetically determined and irreversible behavioral
differences between the closely related species belong-
ing to different categories of sociality (like, for exam-
ple, among Marmota, Microtus or Meriones spp.).

A considerable body of evidence indicates that the
evolution of sociality in rodents is an epigenetic phe-
nomenon. The foundation of the epigenetic theory of
evolution was laid by Schmalhausen (1968) and Shish-
kin’s works (1988). According to the concept of stabi-
lizing selection (Schmalhausen, 1968), it is not changes
of genotype that define evolution and its direction, but
evolution of the organism that defines changes in its
genotype. In the epigenetic theory of evolution (Shish-
kin, 1988), a lack of close association between geno-
type and phenotype is postulated, and the main substra-
tum of selection is phenotype. Selection not only fixes
useful changes in the phenotype, but also takes part in
its creation. This means also that heredity is mainly
affected not by a genome, but the epigenetic system, i.e.
a set of the factors influencing ontogeny of develop-
ment. And in the course of evolution, the epigenetic
system (for example, hormonal and neural mechanisms
involved in the control of behaviors associated with
pair bonding and parental care) is inherited as a whole.
Natural selection results in stabilization of consecutive
ontogeneses, elimination of violations of phenotype
(morphoses), and formation of a steady developmental
trajectory (creod). According to the epigenetic theory,
evolution is transformation of one creod into another
one as a result of the impact of specific stress factors.

The epigenetic theory quite logically explains the
evolution of different types of the spatial-and-ethologi-
cal population structure of rodents (Gromov, 2007,
2008, 2011a) and, respectively, different categories of
social organization (i.e. gradations of sociality) without
a close association with certain ecological factors. Or
rather, promoting factors could be various (including
social, physiological, etc.), but result in formation of a
complex social organization with similar features even
in species belonging to different taxa.

Different types of spatial-and-ethological popula-
tion structure of rodents (Gromov, 2008, 2011a) as well
as of social structure (from solitary to family-group
ones) could be considered as different variants of the
same ontogenetic program resulting from various com-
binations of the individual genomes and environmental
factors. Among the latter, characteristics of the early
environment related primarily to parental care (espe-
cially, to tactile stimulation of juveniles) may have
crucial importance. When the environmental condi-
tions are constant among generations, the selection
would favor the most adaptive phenotype leading to
gradual growth of its stability in the population and

destabilization of the former norm. The epigenetic the-
ory postulates that stability and heritability of norm is a
result of regulatory processes within the epigenetic
system.

It is well-known that interaction between environ-
ment and genome results in alteration of gene expres-
sion which, in turn, leads to extension of phenotype
variability. Numerous recent contributions deal with
the epigenetic regulation resulting from the alteration
of gene expression due to DNA methylation, histone
acetylation and other factors (Turner et al., 2015).

For instance, in rats with abusing and neglecting
mothers expression of the BDNF (brain-derived neu-
rotrophic factor) gene was found to be essentially re-
duced in the prefrontal cortex where the promoter was
also hypermethylated (Roth et al., 2009). The female
offspring exposed to early-life maltreatment also pre-
sented a similar poor maternal behavior and the same
altered BDNF DNA methylation pattern. When the
offspring of abusive mothers were cross-fostered by
normal mothers, methylation levels of the BDNF pro-
moter did not essentially change. This is obvious evi-
dence that DNA methylation induced by early-life mal-
treatment can be transmitted across generations.

Another example is experiments with male mice
that were exposed to 6 weeks of chronic stress before
breeding. This stress regimen perturbed the hypotha-
lamic-pituitary-adrenal axis of the males, and this new
phenotype was transmitted to the next generation along
with perturbed gene expression and DNA methylation
levels (Rodgers et al., 2013).

A low degree of licking and grooming of pups, as
well as arched-back nursing, were demonstrated to di-
rectly translate into increased DNA methylation of a
particular CpG pair within the glucocorticoid receptor
(GR) promoter, with profound and long lasting effects
on the recipient stress response (Weaver, 2007). En-
hanced methylation led to reduced GR expression, and
cross-fostering of pups from high to low caring mothers
demonstrated that the effect was due to the maternal
behavior (Weaver et al., 2004, 2007).

In the natural population of the prairie vole, Micro-
tus ochrogaster, partner preferences are known to be
formed following male-female cohabitation and mat-
ing. Under laboratory conditions, this behavior was
facilitated in females in absence of mating by inhibiting
histone deacetylases. This treatment increased histone
acetylation in promoters of the oxytocin receptors (OTR
and oxtr) and vasopressin V1a receptors (V1aR, avpr1a)
in the nucleus accumbens of the brain producing epige-
netic regulation patterns similar to those established by
natural mating-induced partner preference. This was
interpreted as direct evidence for epigenetic regulation
of pair bonding (Turner et al., 2015).

Variation in maternal care was shown to affect the
development of individual differences in neuroendo-
crine responses to stress in rats. As adults, the offspring
of mothers that exhibited more licking and grooming of
pups showed reduced plasma adrenocorticotropic hor-
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mone and corticosterone responses to stress, increased
hippocampal glucocorticoid receptor messenger RNA
expression, enhanced glucocorticoid feedback sensitiv-
ity, and decreased levels of hypothalamic corticotro-
phin-releasing hormone messenger RNA. These find-
ings suggest that maternal behavior serves to “pro-
gram” hypothalamic-pituitary-adrenal responses to stress
in the offspring. The revealed effect was not dependent
on the time the female spends in a nest with pups or for
their nursing (Meaney et al., 1989; Liu et al., 1997;
Caldji et al., 1998).

Experiments with cross-fostering have also shown
that if pups of the low-caring mothers were placed to
the high caring mothers then they became more stress-
resistant and vice versa. In other words, stress-resis-
tance of the pups was not dependent on a phenotype of
biological parents. These findings suggest that indi-
vidual differences in the expression of genes in brain
regions that regulate stress reactivity can be transmit-
ted from one generation to the next through behavior
(Francis et al., 1999). This epigenetic effect was found
to be associated with DNA methylation (Weaver et
al., 2004).

In addition, maternal licking and grooming results
in an increased expression of genes controlling recep-
tors of estradiol (ERá) and oxytocin (OTR) which are
closely associated with regulation of maternal behavior
(Shepard et al., 2009). In general, variations in mater-
nal care can serve as the basis for a nongenomic behav-
ioral transmission of individual differences across gen-
erations (Francis et al., 1999). The same effect of pater-
nal licking and grooming can also be expected.

The epigenetic programming of offspring behavior
is a result not only of maternal and paternal care (i.e.
tactile stimulation due to licking and grooming), but
also of sensitization. Stolzenberg et al. (2012) carried
out experiments with C57BL/6J female mice and used a
histone deacetylase (HDAC) inhibitor, sodium butyrate
(SB), which inhibits HDAC activity and increases his-
tone acetylation (Roozendaal et al., 2010). Oral admin-
istration of SB increases histone acetylation in the hy-
pothalamus including its medial preoptic area, a specif-
ic brain structure involved in the control of parental
behavior (Bonthuis et al., 2011). It is well-known that
experience with pups can initiate and sustain parental
responsiveness (the effect of sensitization, McCarthy,
1990): 4 days of experience (for just 2h/day) with pups
is required for virgin females to show a high degree of
maternal care (licking, grooming, and brooding pups).
The treatment with SB reduced by 50% the amount of
maternal experience required to promote maternal re-
sponsiveness to pups. These maternal-experience de-
pendent changes in maternal care were associated with
an upregulation of expression of 5 genes (Crebbp, Esr2,
Oxt, Avp, and Avpr1a) in the medial preoptic area, and
SB reduced the amount of maternal experience re-
quired to promote the expression of 3 of these 5 genes
(Crebbp, Esr2, and Oxt) (Stolzenberg et al., 2012). The
transmission of maternal responsiveness from mother

to daughter has been also found to be associated with
the extent to which the regulatory region of the Esr1
gene was methylated (Champagne et al., 2006). These
findings help us to uncover the molecular mechanisms
through which initial mother-infant interactions induce
epigenetic alterations that sustain maternal care during
a critical period.

The same effect of sensitization (i.e. experience
with pups) on paternal responsiveness can also be ex-
pected, and this suggestion is substantiated by the re-
sults of the experiments with males of some rodent
species (Brown & Moger, 1983; Dewsbury, 1985; Mc-
Carthy, 1990; Walsh et al., 1996; Gromov & Osad-
chuk, 2013).

Thus, experimental studies convincingly prove that
there is epigenetic restructuring of neural mechanisms
involved into the control of behaviors associated with
pair bonding and parental care which in turn promote
transition from solitary living to family-group life strat-
egy. According to the epigenetic theory, the most im-
portant stress-factors affecting neuroendocrine control
of social behavior and providing epigenetic «program-
ming» of individuals in consistence with a family-group
lifestyle are the higher level of tactile stimulation of
juveniles and experience with pups causing the effect of
sensitization. These two stress-factors are not associat-
ed with ecological conditions like predation or resource
distribution, so one can conclude that profound trans-
formation of social structure in rodent populations can
occur irrespective of external environment if one doesn’t
include the social conditions in this concept.

The occurrence of individuals with endophenotype
that can be conditionally characterized as ‘the careful
partner and better parent’ (Phelps & Ophir, 2009; Phelps,
2010) automatically promotes cooperation between
mates associated with joint burrowing and digging tun-
nels, protecting and scent marking of the common home
range, and subsequent care of the young. If cooperation
creates some advantages for long-lasting pair bonds
versus solitary-living strategy, natural selection will
favors gradual increase of the proportion of individuals
with the aforementioned endophenotype in the popula-
tion, and the family-group organization will evolve and
prevail among social units of the species. In terms of the
socioecological concept, such a species should be con-
sidered as not solitary living, but a social one.

Conclusion

In rodent populations, there are two main types of
complex social units — aggregations (breeding colo-
nies) and family groups, and their basic features of the
social organization are quite different. Impact of eco-
logical factors, including predation and food resources,
on the evolution of sociality in rodents, i.e. transition
from solitary living to a family-group lifestyle, is still
unclear. It seems that a set of ecological conditions
resulting in evolution towards a family-group lifestyle
is unique for any rodent species, and there are no
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universal rules explaining the effect of external factors
on species-specific social organization.

The epigenetic theory provides quite a convincing
explanation of formation of various social units in ro-
dent populations, related to different categories of soci-
ality, without close association with certain ecological
factors. Or rather, selective factors may be various
(including social, physiological, developmental, etc.),
but result in formation of social organization with sim-
ilar features in species belonging to different taxa. En-
vironmental factors may create necessary precondi-
tions, but these ones are not sufficient for complete
transformation of social structure into a family-group
one. The main driving forces are proximate mecha-
nisms promoting pair bonding and stimulation of pa-
rental care in males, as well as cooperation. In rodents,
cooperation extends and intensifies when the size of
family groups increases as a result of delayed offspring
dispersal. Due to cooperation, family groups become
more competitive than solitary conspecifics.

According to the proposed conceptual model, any
rodent species possesses a higher or lower potential for
evolutionary transformation of its social structure and
organization, and this transformation may be possible
in both directions, i.e., not only from simple (primitive)
to complex forms, but also vice versa.
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