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Abstract Lactation imposes substantial physiological
costs on mothers and should therefore not be directed
towards foreign offspring. Such allonursing, however, is
common in mammal species that share roosts. Hypotheses
to explain allonursing among such plural breeders include
misdirected parental care, milk evacuation, brood parasit-
ism, reciprocity, and kin selection. The necessary behav-
ioral data, in combination with data on kinship and kin
recognition, have rarely been available to distinguish
among these explanations, however. In this study, we
provide evidence for cooperative nursing and adoption by
plural-breeding females in a nocturnal primate, the gray
mouse lemur (Microcebus murinus), in which females
forage solitarily during the night, but form day-time
sleeping groups with one to two other females. We observed
34 resident females in an 8 ha study area in Kirindy Forest,
Madagascar, over three consecutive annual breeding
seasons and determined genetic relationships among all
members of this population. Five sleeping groups of adult
females were filmed inside their roosts during one breeding
season after females gave birth. The composition of groups
changed substantially across years, but they always
consisted of close maternal relatives. All females within a
group gave birth to one to three infants. They regularly
transferred only their own offspring among roosting sites,
demonstrating an ability to discriminate between their own
and other’s offspring, but they regularly groomed and
nursed related offspring other than their own and adopted
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related dependent young after their mother’s death. Kin
selection may therefore be the main selective force behind
cooperative breeding among these closely related females
with a high mortality risk, providing each of them with
family insurance.
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Kin selection - Family - Primates - Microcebus

Introduction

Cooperative breeding, the care of offspring other than the
own, occurs in several mammalian species (reviewed by
Packer et al. 1992; see also, Konig 1993; Lunn et al. 2000).
Most studies on cooperative breeding in mammals have
focused on singular breeders where only a single female
reproduces and where individuals that engage in care of
foreign offspring are nonbreeding helpers (Solomon and
French 1997; Koenig and Dickinson 2004). Cooperative
plural breeding, when several females breed together and
invest in foreign offspring, is rare and has been most
frequently reported for species that are organized into
family-structured societies (Emlen 1995; Solomon and
French 1997). The differences in the causes and con-
sequences of helping in singular breeders and cooperation
in plural breeders are considerable: Helpers forfeit their
own direct reproductive success but may increase indirect
fitness, if the receiver of care is related, and/or may increase
their chance of future successful reproduction. Cooperative
plural breeders, in contrast, may increase their own direct
fitness if cooperation is mutualistic and/or increase their
indirect fitness when breeding with relatives (Pen and
Weissing 2000; Kokko et al. 2001; Clutton-Brock 2002).
Explanations of cooperative breeding in plural breeders
must reveal why they live and breed in groups, and why
they help (Konig 1997; Hayes 2000). Whether grouping
occurs due to ecological constraints (Emlen 1982; Getz
et al. 1992), whether benefits of grouping apply primarily
to adults in the group, or whether grouping is particularly
advantageous to raising dependent offspring can be



distinguished through: (1) Changes in group composition
when additional suitable nests are provided, (2) group
composition depending on the presence of dependent
offspring, and (3) alloparental care depending on groups
size and genetic relationship (Emlen 1995; Lewis and
Pusey 1997). Hypotheses to explain allonursing among
plural breeders include (1) misdirected parental care, when
mothers cannot discriminate kin, (2) milk evacuation,
where mothers allonurse to evacuate surplus milk that their
own offspring did not consume, (3) brood parasitism,
where offspring steal milk, (4) reciprocity, where two
females achieve a higher fitness when nursing each other’s
offspring to a similar extent than when they do not share
milk, (5) kin selection, where a mother nurses alien
offspring only if they share genes by common descent
allowing her to spread those genes in her population, and
(6) genetic imprinting, where males of polygynous species
benefit from indiscriminate nursing of all their offspring,
which may have selected for paternally expressed genes
that suppress kin recognition during lactation (reviewed by
Roulin 2002; see also, Roulin and Hager 2003). Informa-
tion about mothers’ ability to discriminate kin (as defined
by Nakagawa and Waas 2004) is crucial for distinguishing
among these hypotheses.

These hypotheses give rise to several predictions: If
females prefer to raise their young alone (examples see,
Lewis and Pusey 1997) but suitable nests for doing so are
limited, female group size should decrease and more
females should breed on their own when additional nesting
opportunities become available. When females form
groups for social reasons but cannot discriminate their
kin, groups may contain nonrelatives. In this case, any
cooperative behavior should be mutual, and allonursing
can be due to either misdirected maternal care or brood
parasitism. If females are able to discriminate kin, however,
only closely related females should form groups in which
efforts for costly care of foreign young depend on
relatedness (Emlen 1995; Silk 2002).

We tested these predictions for a basal primate, the gray
mouse lemur (Microcebus murinus) from Madagascar.
Cooperative breeding is known to occur in several group
living primate species and includes various allomothering
behaviors, such as allogrooming and infant carrying,
allonursing, and even adoption (e.g., Thierry and Anderson
1986; Stanford 1992; Gibson et al. 1993). It is not known,
however, whether cooperative breeding also occurs among
solitary foragers, which comprise more than a quarter of all
primate species (Bearder 1999) [It should be emphasized
that “solitary” denotes the opposite of “gregarious” with
respect to foraging, but not of “social” (Charles-Dominique
1977; Bearder 1987).]. Several features of gray mouse
lemur socioecology suggest that the conditions for
cooperative breeding among plural breeders may exist in
this species (socioecology of gray mouse lemurs reviewed
by, Kappeler 2000; see also, Eberle and Kappeler 2002;
Radespiel et al. 2003; Eberle and Kappeler 2004a,b). At
night, individuals forage solitarily for insects, fruit, and
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gum, but their home ranges overlap extensively between
and within sexes. During the day, they rest in hollow trees.
During austral winter, they form mixed-sex sleeping
groups, containing up to 15 animals, and most females
hibernate for several months, whereas most males remain
active. During the rest of the year, the sexes usually
separate and females form sleeping groups of two to five
individuals, whereas most males sleep alone. Reproduction
is highly seasonal, with matings being limited annually to a
4-week period. After 2 months of gestation, females give
birth to one to three altricial young. Females remain in the
natal area, whereas most males disperse.

We compiled a precise genetic and demographic
database of a wild population of M. murinus to determine
genetic relationships among females that form sleeping
groups, to discover whether they all reproduce, whether
they raise their young together, and whether they cooperate
in doing so. These data allow us to characterize cooperative
breeding for the first time in a basal primate, as well as to
distinguish among hypotheses that explain this phenome-
non in mammals.

Materials and methods

Demographic and genetic data

Trapping

We regularly captured 505 mouse lemurs inhabiting a 30-
ha study area in the dry deciduous Kirindy Forest in
Western Madagascar between 1994 and 2005. The study
area is equipped with a rectangular system of foot trails at
25-m intervals. To trap mouse lemurs, we baited Sherman
live traps with small pieces of banana and set them near
trail intersections in the late afternoon on three consecutive
nights per month. Captures were conducted each month in
a 9-ha central study area (160 trap locations) between
March and December, and within the entire 30-ha area (492
trap locations) in April and November since 1999. “Central
study area” does not derive from a certain population
structure but merely from the history of the coverage of our
study area.

Captured animals were collected in the early morning,
individually marked with subdermal transponders (or
reidentified in case of recaptures), subjected to standard
morphometric measurements, and released at the site of
capture in the following late afternoon. Tissue samples for
genetic analyses were taken from all captured animals in
the form of small (2-3 mm?) ear biopsies during brief
anesthesia induced by applying 0.01 ml Ketanest 100
(Rensing 1999) subdermally. Zygomatic arch breadth was
measured as a proxy for body size. We equipped lactating
females with radio-collars, so that we could determine their
sleeping sites during the day, and intensified trapping
locally around these sleeping sites to mark as many
juveniles per generation as possible.
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Genetic analyses

We determined genetic relationships among all 313
individuals living in the 30-ha study area between 1999
and 2001, and 63 of the remaining 192 individuals living in
the same area between 1994 and 1998. DNA was isolated
from ear biopsies following standard protocols (Qiagen
QIAmp DNA Mini Kit No. 51306). For microsatellite
analyses, we used 17 loci with an average of 17 alleles
(Wimmer 2000; Hapke et al. 2003). The probability of
genotype identity using these loci was 4.3x1072" for a pair
of randomly drawn animals and 2.9x107® for full sibs
(Paetkau and Strobeck 1994; Taberlet and Luikart 1999).
Parentage analysis on the basis of combined mismatch and
likelihood analysis was performed with Cervus 2.0
(Marshall et al. 1998). Candidate parents were excluded
through at least two homozygous mismatches or one
heterozygous mismatch. The likelihood analysis for
nonexcluded candidates was based on detailed parentage
simulation (100,000 runs, 70 candidate parents, assump-
tions: 0.95 sampling rate, 0.92 average loci typing rate,
0.01 error rate, one close relative of the true parent among
the other candidate parents) to estimate the resolving power
of all loci and to estimate critical values to evaluate the
parentage analysis statistically. The mean probability of
nonexclusion (first parent) was 2.2x10"°, We characterized
relatedness within dyads according to matrilines, although
most litters had mixed paternities and male mating partners
changed across years (Eberle and Kappeler 2004a,b). Most
siblings, for example, were therefore half siblings.

Observations

Twenty-six, 27, and 25 adult females were present in the
central 9-ha observation area during three consecutive
lactation seasons from January to March in 1999, 2000, and
2001, respectively. During these three seasons, we
equipped 16, 19, and 18 of these females with radio
collars and determined the composition of their daytime
sleeping groups with the help of a transponder-reading
device between four and seven times per week. Females
were considered as forming a day-time group when they
spent more than 50% of the days together during a given
lactation season. During lactation season, between January
and March 2000, we made 233 h of focal-animal
observations of 17 radio-tagged individual females.
Documentation of reproductive activity was based on
genetic data and on observations of pregnancy or active
teats during trapping and on observations of matings or
mating plugs during mating seasons (for further details of
mating behavior, see Eberle and Kappeler 2004a,b).
Between December 1999 and March 2000, we filmed
groups of females and their dependent young in artificial
nest boxes. We offered 15 of these nest boxes at 1-2 m
height within the 9-ha observation area. These were
prepared from hollow dead trees, 30—35 cm high, with an
inner diameter of 10-15 cm, 5-10 cm of wall thickness,
with a wooden lid and bottom and a small lateral entrance

at the top. The lid could be equipped with an infrared video
camera and a video system that recorded the scene only
when an animal moved or, during periods without move-
ments in the nest, every minute for 6 s. We filmed five
groups of females, comprising 12 females in total, and
including three pairs and two groups of three (Table 1), for
a total of 410 h during 44 days (5-12 days, median 8). We
filmed a single nest box at a time and switched among nest
boxes at an interval of 2-5 days. The five groups were
filmed approximately 3 h during daytime (15-36 h, median
24) and 6 h during the first half of the night (30-72 h,
median 48).

During video analyses, we identified individuals with
the help of marked radio collars (adults), the markings in
their ears from taking small tissue biopsies for DNA-
analyses (adults and pups), and, when litter age differed
sufficiently, different body size (pups). We did not use size,
color, or earmarks of the pups to determine age or kinship
during observations, but only to identify and follow an
individual when analyzing videotapes. Kinship was later
determined genetically. We recorded the duration of the
following behavioral elements: Nursing: pup’s mouth is in
contact with a female’s teat for a minimum of 30 sec;
allogrooming: licking a conspecific at least three times,
first three times must occur within 3 s, recording reset at
intervals longer than 5 s. To identify differences in the
mothers’ grooming and nursing efforts for own and foreign
offspring, we compared the time they spent for grooming
and nursing own vs foreign offspring.

Results

Kinship, social history, reproductive skew,
and mortality

We could perform precise parentage analysis for each year
and each parent separately by exact mismatch analysis
alone. Seventy-two of 74 females captured in the central
study area since 1999 could be assigned unambiguously to
one of 12 matrilineal pedigrees that trace back to 12
females born between 1994 and 1997. One of the 74
females came from a family in the surrounding trapping
area; the mother could not be determined for the 74th
female (for details, see Eberle and Kappeler 2004a,b).
Across years, the composition of breeding groups was
modified by births, deaths, splits, and mergers but the 33

Table 1 Number of breeding groups observed in 2000 by means of
infrared video recording, number of adult females per group, and
number of offspring per female

Group Females Offspring
I 2 2-2

I 2 2-2

I 2 3-3

v 3 1-2-2

v 3 1-2-2




females monitored during lactation seasons from 1999—
2002 formed a total of eight distinct breeding group
clusters whereas individuals from different matrilineal
clusters never formed groups (Fig. 1). During the rearing
season, all females that had close maternal relatives in the
area formed groups and they did so exclusively with these
relatives. Females that bred alone (one female each during
the breeding seasons in 1999 and 2001, Fig. 1) had no close
maternal relatives in the area during these periods. Family
groups mostly consisted of maternal first- or second-degree
relatives: 76% of the 51 dyads in these groups were formed
by a mother and her daughter or by sisters (=28 mother
daughter dyads, 11 sister dyads), 20% by grandmothers and
granddaughters or aunts and nieces (n=7+3 dyads), and the
remaining 4% by cousins (n=2 dyads). The eight clusters
corresponded to eight of the 12 matrilineal pedigrees of the
central study area, i.e., they represented distinct matrilineal
families (Emlen 1995).

The 33 monitored females had 64 opportunities to
reproduce during the three breeding seasons. Females
reproduced in 62 out of 64 cases; we lacked information
concerning the reproductive activity of the remaining two
females. All 12 filmed females gave birth, with an average
of 2.0 young (range: 1-3) (Table 1). The pups spent the first
3 to 4 weeks of their life in the maternal nest and started
foraging on their own at an age of 8 to 10 weeks. Nursing
was observed until an age of 6 weeks; one infant was
observed attempting to nurse at an age of 12 weeks. Three
females of the 12 filmed in 2000 died during breeding and
infant mortality before weaning age was 58% (14 out of 24)
in the filmed groups in 2000.

Nest use

An individual female used an average of six different
sleeping trees (median; range 1-18, from 1999 to 2001
during nonhibernation periods, #=26 females that could be
localized in sleeping trees more than 10 times over a period
of at least 6 months). Most females (24/26) temporarily

I II

Fig. 1 Social history of 33 adult
females during three consecu-
tive annual lactation seasons.
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used artificial nest boxes in 2000 and 2001 (median 2.0
nest boxes, range 1-4). The average size of groups of adult
females did not change across years, from 1999, when no
artificial nest boxes were provided, to 2000 and 2001,
when artificial nest boxes were available (means 1999—
2001 2.26/2.23/2.29 females, SD 0.16/0.32/0.21,
n=27/41/29 days, ANOVA F=(2, 94), p=0.63). During
the 2000 lactation season, 18 out of 25 females used
artificial nest boxes for between 3 days and 16 weeks, 15
females utilized a single box, and three females utilized two
boxes. When changing nests, the entire breeding group
moved. Males also spent the day in artificial nest boxes but
mostly alone and never with females.

Before weaning, two of the filmed families used only a
single nest box while three families moved as a whole
between two and three nests. Two of these families used
two nest boxes; one used one nest box and two natural
nests. Females with dependent young aged 1-6 weeks
spent on average 1.1 h in the nest with their young during
the first half of the night (median; range 0.0-4.1, n=12
filmed females). During most of this time, only one female
was present in the nest. Analyses as to whether the length
of the females’ foraging period, i.e., the time span of
offspring starvation, depended on the number of mothers in
a nest were not possible because of the small number of
nests that could be filmed and the fact that no female bred
on her own when we filmed nests in 2000. Males never
entered a nest box with breeding families.

Infant care

Females carried dependent offspring up to the age of
6 weeks, either when they changed nests or when they
parked offspring in the vegetation during foraging. We
observed seven cases of infant carrying. We could identify
the carried young in five cases, for five different females
(Table 2). All these females carried their own young
exclusively, with low probabilities of selecting exclusively
own young by chance (Table 2).
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Table 2 Selective infant carrying

Female Number of = Number of = Number of Chance
carried young offspring in  observations of  probability
the nest infant carrying
Own Foreign Own Foreign
509C 2 0 2 3 1 0.1
AEFE 2 0 2 3 1 0.1
CE80 2 0 2 2 2 0.028
3F21 2 0 2 3 2 0.01
40D7 3 0 3 3 2 0.0025

Frequencies and exact probabilities of selecting own young for oral
transport. For example, the first two females in the list were
observed once to pick their own two young out of five (two own
and three foreign) in the nest, CE80 was observed two times
picking her two infants out of four, and so on. The last column
gives the probabilities of selecting exclusively own young by
chance, based on number of carrying events and proportion of own
offspring in the nest

Females groomed and nursed foreign young (Fig. 2).
Nine of 12 filmed females nursed and groomed at least one
offspring from each foreign litter in the nest. Females
expended more care towards their own young both during
the night, when only a single female was in the nest, and
during the day, when all females were present (Table 3).
Although own young were always preferred, the proportion
of nursing foreign young increased when only one mother

n=12 n=7
100
E 80
E‘J 60
&
3 40
&h
R 20
0 e 1|
b
100
o 80
£
w60
£
2 40
IS8
20
0 — .
all one

# of mothers present in the nest

Fig. 2 Proportion of time of a grooming and b nursing that
breeding females spent for own (gray) and foreign (black) offspring
when all mothers were in the nest and when only a single mother
was with the pups. White vertical bars from minimum to maximum
proportion of time spent for foreign young

Table 3 Proportion of care expended towards foreign young, as
measured by grooming and nursing behavior, as a function of the
number of mothers present

Number of mothers in the nest
all (n=12)

one (n=7)

10.9% (0.0-69.8)
p<0.02, Z=2.37

Grooming
WMP foreign vs.
own offspring

3.2% (0.0-29.8)
p<0.01, Z=3.06

WMP all vs. p=0.75, Z=0.31, n=7
one mother present
Nursing 3.3% (0.0-112)  16.7% (0.0-42.2)

WMP foreign vs.
own offspring
WMP all vs.

one mother present

p<0.01, Z=3.06 p<0.02, Z=2.37

p<0.05, Z=2.02, n=7

WMP Wilcoxon matched-pairs test

was in the nest, compared to when all mothers were present
(Table 3). Nursing was always initiated by the pups and
their attempts to suckle were never repelled by either their
own or a foreign mother. The proportion of grooming
foreign vs own young did not change when only a single
mother was in the nest, compared to when all mothers were
present (Table 3).

One female died in each of three filmed groups when the
infants were 5—6 weeks old. One of these groups left
the nest box shortly before the female’s death, and the
remaining two groups did so shortly after the mothers’
death so that they could no longer be filmed. However, five
of'six of the young of these females survived to an age of at
least 12 weeks.

Discussion

This study revealed that closely related female gray mouse
lemurs form breeding groups and breed cooperatively. All
females in a group reproduce and, despite their ability to
discriminate kin, they engage in care of offspring other than
their own. Below, we discuss predictions of the various
hypotheses proposed to explain breeding in groups and of
cooperation in this solitarily foraging primate.

First, breeding in groups may be necessitated by a
shortage of suitable roosts. It is difficult to assess whether
suitable sleeping roosts are limited for female gray mouse
lemurs. Outside the breeding season, males use more
sleeping sites than females (unpublished data). Sex-
specific nest use with females using fewer but higher
quality roosts than males has been described in other
forests, indicating that suitable roosts are limited but
monopolized by females (Radespiel et al. 1998). In our
study, only a fraction of available natural and artificial nests
were used at a time. The fact that females bred and moved
in groups although additional suitable nests were available
suggests that grouping during breeding is not the result of
limited availability of suitable roost.



Second, advantages of communal nest defense could
also drive resting and breeding in groups. Detailed data on
nest defense are not available for gray mouse lemurs but
hollow trees that were regularly used for daytime resting
were temporarily occupied also by other species such as
greater hedgehog tenrecs (Setifer setosus), collared iqua-
nids (Oplurus cuvieri), and Malagasy tree boas (Sanzinia
madagascariensis), suggesting that efficient nest defense is
important and, thus, partly responsible for grouping.

Third, thermoregulatory benefits may explain why
related and unrelated individuals of both sexes share the
same nest in much larger groups during hibernation
(Schmid 1998, Eberle and Kappeler unpublished data).
However, roost sharing in small groups during the hot and
humid breeding season exclusively with closely related
females, despite shared range use among unrelated
females, suggests that advantages related to rearing
offspring with kin, rather than thermoregulatory benefits
drive cooperative breeding in this species.

Fourth, kin discrimination is a crucial factor for
distinguishing among the remaining hypotheses. Female
gray mouse lemurs can discriminate kin, as indicated by
their grouping pattern during breeding seasons and by the
selective carrying of own offspring despite low probabil-
ities of drawing own offspring from the nest only by
chance. Moreover, mothers groomed own offspring more
often, and pups suckled more often at their own mother.
Finally, in four cases, sisters or an aunt and her niece
formed a group, indicating that they can also recognize
relatives other than mother and offspring. Misdirected
parental care (Roulin 2002) is therefore unlikely to explain
allonursing in this species. Despite their discrimination
ability, mothers never repelled foreign offspring and
exercised costly allonursing. It is improbable that repelling
a few small foreign pups is more costly than allonursing
(Konig et al. 1988; Clutton-Brock et al. 1989; Packer et al.
1992). Therefore, brood parasitism, i.e., milk theft by pups
(Roulin 2002), can also be excluded as a viable explana-
tion. Milk evacuation, when mothers allonurse to evacuate
surplus milk that their own offspring did not consume
(Roulin 2002), is also unlikely to play a role because
allonursing was basically reciprocal. Furthermore, the
genetic imprinting hypothesis (Roulin and Hager 2003)
does not apply in this species because male mouse lemurs
mate with several females (in captivity: Radespiel et al.
2002; Andrés et al. 2003; in the wild: Eberle and Kappeler
2004a,b), but females discriminate kin. Allonursing was
therefore not due to misdirected parental care, brood
parasitism, milk evacuation, or genetic imprinting.

Finally, cooperative breeding may be based on coopera-
tion among breeding females. Our data on group
composition and possible cases of adoption suggest that
this hypothesis best explains cooperative breeding in gray
mouse lemurs. Allonursing provides the necessary oppor-
tunity for adoption, and adoption of closely related orphans
increases indirect fitness (Lyon and Eadie 2000; Griffin and
West 2002; Clutton-Brock 2002; West et al. 2002).
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Moreover, adoption might be particularly beneficial in
species with high mortality rates (e.g., Field et al. 2000).
Infant and adult mortality is very high in gray mouse
lemurs (Eberle, unpublished), most likely due to predation
(Goodman et al. 1993; Rasoloarison et al. 1995). Weaning
age is about 7 weeks and adult dentition is reached at an
age of 12 weeks (Perret 1992). In each of the three filmed
groups, where a female died during breeding, their infants
were not yet weaned. While the possibility cannot be
excluded that the older orphans weaned themselves early,
the younger ones were not active outside the nest on their
own when their mother disappeared. When females arrived
at their nest at dawn they emitted characteristic calls,
possibly to facilitate regrouping after solitary activity
(Pages-Feuillade 1988; for Microcebus ravelobensis, see
Braune et al. 2005). Two families with orphans changed the
nest after a mother’s death when dependent orphans were
older than 6 weeks and already active outside the nest.
These relatively old orphans may have followed their
family on their own, guided by regrouping calls. It remains
to be determined, however, whether adopting mothers
carry younger related orphans to a new nest.

The fact that allonursing occurs among relatives is not in
itself sufficient evidence that kin selection is responsible
for cooperation (Griffin and West 2002). Moreover,
competition among relatives can reduce benefits of
altruism towards relatives (West et al. 2002). To determine
the exact costs and benefits of cooperative breeding, data
on lifetime reproductive success, combined with long-term
behavioral data need to be analyzed using Hamilton’s rule
(Hamilton 1964; Heinsohn and Legge 1999; West et al.
2002). In several species, pups of communal nests have a
higher body mass (Clutton-Brock 1991), and in gray mouse
lemurs, heavier offspring face lower mortality during their
first year of life (Eberle and Kappeler 2004a). It remains to
be determined whether body mass or survival of pups and
mothers differ between mothers breeding alone or in
groups. The main results of our study—exclusive breeding
with close relatives, ability to discriminate kin, and
allonursing—indicate that kin selection, rather than any
of the other proposed processes, is the main evolutionary
force behind cooperative breeding in this basal primate,
providing each female with a family insurance in the face
of high mortality risk.
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