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Extreme temperatures impose energy costs on endotherms through thermoregulation and diﬀerent adaptations help
individuals to cope with these conditions. In social species, communal roosting and huddling are thought to decrease the
energetic requirement of thermoregulation under low temperatures. This is likely to represent an important mechanism
by which individuals save energy during the coldest parts of the year and hence to represent a non-breeding beneﬁt
of sociality. Here, we investigate the potential thermoregulatory beneﬁts of group living in roosting groups of sociable
weavers Philetairus socius, a colonial cooperatively breeding passerine that builds communally a massive nest structure
with several independent chambers wherein individuals breed and roost throughout the year. To investigate the beneﬁts
of sociality during the non-breeding season, we studied the thermal environment during roosting in relation to group
size. In addition, to understand the link between non-breeding and breeding sociality in this species we studied group
size stability between the pre-breeding and breeding periods. As expected, we found that the nest chamber’s night-time
temperature is strongly related to the number of birds roosting together, especially during cold nights. Speciﬁcally, birds in
larger groups spent less time below the critical thermal minimum temperature (i.e. the temperature below which energy
expenditure increases substantially). They were less exposed to external temperature variations. We also found a positive
relationship between the number of birds roosting during winter and the breeding group size, indicating breeding group
size predictability. In cooperative breeders such as the sociable weaver, the costs and beneﬁts of sociality are usually studied
during the breeding period. This study shows that a better understanding of non-breeding beneﬁts of group membership
and group dynamics between the non-breeding and breeding periods are necessary for a comprehensive understanding of
the beneﬁts of sociality.

Environmental variation in conditions such as temperature
can have a strong inﬂuence on ﬁtness (Newton and Brockie
1998). Several physiological, morphological and behavioural
adaptations help coping with unfavourable thermal environments, and may improve temperature conditions or reduce
temperature ﬂuctuations (Geiser 2004, Heldmaier et al.
2004). In gregarious species, an important behavioural adaptation to temperature harshness and variation is huddling,
which reduces the body area exposed to cold and improves
local ambient temperature with the number of individuals
involved (Canals et al. 1989, Canals 1998, Gilbert et al.
2010).
Communal roosting and huddling at night is particularly
common in social species (Gilbert et al. 2010) and have been
shown to be associated with signiﬁcant metabolic savings
and reduced mass loss in green woodhoopoes Phoeniculus
purpureus (Duplessis and Williams 1994), speckled mousebirds Colius striatus (McKechnie and Lovegrove 2001)
or long-tailed tits Aegithalos caudatus (Hatchwell et al.
2009). Such savings during winter are likely to enhance the

survival of group members. For example, in Alpine marmots
Marmota marmota, juvenile and adult survival were found to
increase with hibernating group size (Arnold 1990, Allaine
et al. 2000), and in green woodhoopoes individuals in small
groups suﬀered from higher mortality during particularly
cold winter months than larger groups (Duplessis and
Williams 1994).
In cooperatively breeding species additional individuals
called ‘helpers’ assist the breeders by providing care to their
oﬀspring through extra food brought to the nest (Brown
1987, Emlen 1991). In some of these species, such as longtailed tits, breeding group size is unpredictable, as helpers
are failed breeders that revert to assist relatives (Hatchwell
1999). However, in most other cooperative species, groups
form primarily through a prolonged association between
parents and oﬀspring (Koenig and Dickinson 2004) Therefore, roosting and breeding groups are likely to be correlated
or even stable, which means that the paybacks of breeding
in larger groups could extend to the non-breeding season
through, among others, the thermoregulatory beneﬁts
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of roosting together. However, social groups may or not
change between the breeding and non-breeding periods. For
example, in western bluebirds Sialia mexicana social groups
typically break up after winter (Kraaijeveld and Dickinson 2001). Alternatively, in other species breeding groups
merge to form larger groups in winter such as in apostlebirds
Struthidea cinerea (Griesser et al. 2009).
Cooperatively breeding groups are usually assumed to
be stable within the breeding season but seasonal group stability has seldom been investigated. This is important since
the pre-breeding environmental conditions (including
helper numbers) are likely to aﬀect the breeders’ body condition and investment decisions. For example, the presence
of helpers has been recently suggested to enable females
to invest less in eggs and, thereby, improve their own survival (Russell et al. 2007, Cockburn et al. 2008, Paquet
et al. 2013, 2015b). This maternal strategy requires that
mothers anticipate the number of helpers they will have
and thus implies some stability of the cooperative associations. In other words, breeding group size predictability is
a prerequisite to explain load lightening at the egg stage or
the evolution of any prenatal maternal eﬀects in presence of
helpers (Russell et al. 2007, Canestrari et al. 2011, Santos
and Macedo 2011, Paquet et al. 2013). Additionally, while
positive eﬀects of helpers on parental survival is typically
assumed to be the result of parental load lightening (see
Kingma et al. 2010 for a review) this eﬀect could also
be inﬂuenced by the thermoregulatory beneﬁts of group
roosting if roosting and breeding group sizes are correlated.
Understanding the link between non-breeding and breeding sociality and the possible beneﬁts arising from sociality outside of the breeding season are therefore important
requisites to obtain a comprehensive understanding of the
factors aﬀecting the evolution and maintenance of group
living.
We studied the link between group size and roosting
temperature and the predictability of breeding group size in
the sociable weaver Philetairus socius. This species is a colonial, cooperatively breeding bird that inhabits the semi-arid
savannahs of the Kalahari region of southern Africa, an area
which experiences great temperature ﬂuctuations throughout the year, including cold winters (in our study site the
minimum temperatures at night during winter ranged from
–8.5 to 16.4, average 2.4 ⫾ 4.65°C between 2002 and 2013,
Weather Bureau SA). Sociable weavers represent an exceptional example of behavioural adaptations to face adverse
thermal conditions. First, they build massive, permanent
communal nests, the largest of any bird (Fig. 1). These are
unique structures which contain individual chambers that
are used for roosting during the whole year as well as for
breeding (Maclean 1973b). These chambers were previously
shown to buﬀer temperature variation such as low temperatures at night during winter and high temperatures during
the day in the summer (White et al. 1975, Bartholomew
et al. 1976, van Dijk et al. 2013). Secondly, sociable weavers typically roost communally (although birds roosting
alone have also been recorded). The communal roosting
and, in particular, larger roosting groups are likely to bring
additional beneﬁts in terms of energy savings arising from
reduced investment in thermoregulation. Yet, this hypothesis has not been investigated previously.
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Figure 1. Picture of a sociable weaver nest structure from underneath
revealing the entrances of the independent chambers (credit: Franck
Theron).

Here, we ﬁrst examine the relationship between the number of birds roosting in a chamber before the breeding season
and the chamber’s ambient temperature. Subsequently, we
examine whether the diﬀerences in temperature may provide a thermoregulatory beneﬁt for roosting birds, and hence
we investigate whether roosting in larger groups allows the
birds to be less exposed to temperatures below their theoretical lower critical temperature (i.e. temperature below which
energetic costs are expected to increase when temperature
decreases; Calder and King 1974). Finally, to understand
the link between non-breeding and breeding sociality and
the predictability of breeding group size, we studied the relationship between the pre-breeding group size at roosting and
breeding group size.

Methods
Study species
The sociable weaver is a colonial passerine endemic to the
semi-arid savannahs of southern Africa (Maclean 1973a,
Mendelsohn and Anderson 1997). Sociable weavers build
their massive communal nests using sturdy Stipagrostis
grasses on a variety of trees (most commonly Vachellia erioloba), although other structures such as telephone poles may
also be used. The nests vary greatly in size with the largest

structures containing up to 300 independent chambers. The
degree of insulation from outside temperatures appears to
increase with the distance from the edge and depth at which
the chamber is embedded in the communal structure, chambers being on average 0.57°C warmer in the centre than on
the edge of the colony and 0.15°C warmer per cm of depth
(van Dijk et al. 2013). These weavers are facultative cooperative breeders, breeding in pairs or with up to ﬁve helpers
(mean group size 3.44 birds for this study, however the proportion of birds breeding in groups varies from ca 30–80%
between years, Covas et al. 2006). Breeding groups are typically formed through the retention of young and hence are
typically composed of a breeding pair plus the oﬀspring of
one or both breeders that act as helpers at the nest. However,
in a small number of cases, unrelated birds may also help
(Covas et al. 2006).
Field methods
Sociable weavers usually start breeding in late September,
although there is considerable variation around the onset of
breeding for the diﬀerent colonies and breeding groups. This
study was conducted between 5 September and 23 October 2013, which preceded the onset of breeding. All nest
chambers in our study colonies are identiﬁed with a unique
numbered plastic tag. To measure temperature inside the
nest chambers during roosting, we used temperature loggers
(iButtonâ DS1921G) with the following procedure. First, we
veriﬁed that there was no breeding activity in these colonies
by checking every chamber for the presence of eggs. Second,
approximately 2 h before sunset, we positioned the iButtons
on the top side of the chamber to record the chamber’s
internal ambient temperature, but avoiding direct contact
with the birds roosting therein. In order to control for the
outside temperature, we also placed iButtons on the outside of the nest next to the chamber’s entrance. Temperature
was measured to the nearest 0.5°C, by taking one recording
every 5 min from 19:30 to 5:00 over 3 d.
During these same period, we placed a HD video camera
(HDR-CX250E, Sony) for three nights under the colonies
that had temperature loggers. These cameras were placed
before roosting, approximately 2 h before sunset, to record
the number of birds going into each nest on each night.
The number of birds roosting in each chamber was thereby
determined from analyses of 55 video recordings made at
14 diﬀerent colonies giving a total of 315 roosting group
sizes (from 1 to 8 birds) for 107 chambers. The number of
birds varied for 58 of these chambers (variation of 1 bird
in 32 cases, 2 birds in 19 cases, 3 birds in 5 cases and 4
and 5 birds in one case). Each individual was marked with
a unique colour ring combination before the breeding season (see Covas et al. 2002 for more details on the captures).
Group identiﬁcations were based on a minimum of 1 h daily
observations for at least 3 consecutive days when the birds
were feeding nestlings (Covas et al. 2006, 2008, Paquet et al.
2013, 2015a). Observers were situated in a hide placed at
3–5 m from the colony. We were able to obtain the breeding group size for the ﬁrst breeding attempt of 36 chambers
where we previously video recorded the number of birds
roosting before reproduction. Colour rings were not usually
identiﬁable from the roosting videos (or direct observations)

before the breeding season due to the birds speed and light
conditions, and hence we could not always be sure whether
the birds seen feeding the chicks were the same individuals
that were roosting together before breeding. However, we
were able to obtain this information for a sub-set of 18 individuals from 6 breeding chambers which had been marked
with pit-tags. These data show that 92% of the birds seen
feeding at a chamber were previously recorded entering that
same chamber several times before breeding.
Statistical analyses
Statistical analyses were performed using the software R (R
Development Core Team). We used linear mixed models to
study the potential eﬀect of the number of birds roosting
on the chambers’ inside ambient temperature. The response
variable was the average temperature inside the chamber
and the explanatory variables were the number of birds
roosting (linear and quadratic eﬀects), the average outside
temperature and the interaction between the two, as we
could expect the number of birds to buﬀer the eﬀect of the
outside temperature on the inside temperature. To control
for repeated observations of the same chambers, we included
as a random term the chamber identity nested in the identity
of the colony.
In order to investigate whether a higher number of birds
roosting may reduce the energetic cost of thermoregulation,
we calculated the theoretical lower critical temperature (Tlc)
for sociable weavers with the following formula: Tlc ⫽ Tb –
6.98 m0.266 (Scholander et al. 1950, Calder and King 1974).
We then used the time spent below Tlc (instead of the inside
ambient temperature) as the response variable and the number of birds and average outside temperature as explanatory
variables.
To study the relationship between the number of birds
roosting in a chamber before reproduction and the number of birds feeding at the nest during the reproduction we
used a generalized mixed model with a random ‘colony’
eﬀect and a Poisson distribution as the breeding group
size is a count variable following a Poisson distribution.
We only used roosting group sizes of two or more birds,
i.e. birds that were roosting alone in a chamber were not
included in this analysis as we were interested in breeding
groups. When the same chamber had a diﬀerent number of
birds roosting in from a night to another (which happened
in 12/36 cases), we randomly chose one roosting group
size among them using Excel random number generator.
The results remain the same if average and not random
group size is used in the models. The ﬁnal models were
obtained by sequentially eliminating explanatory variables showing p values ⬎ 0.05 using a backwards stepwise
approach.

Results
The mean ambient temperature in roosting chambers varied from 11.79°C (one bird roosting) to 33.22°C (ﬁve birds
roosting) and increased signiﬁcantly, in a quadratic way,
with the number of birds roosting (Fig. 2), and with the
outside temperature (Table 1). There was also a signiﬁcant
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Figure 2. Average temperature inside the chambers at night as a
function of roosting group size. Box plots indicate the median, the
interquartile range, the maximum and minimum values (excluding outliers), and the outliers (empty circles). Sample sizes: 40
recordings of 34 chambers with 1 bird, 60 recordings of 39 chambers with 2 birds, 53 recordings of 39 chambers with 3 birds,
39 recordings of 30 chambers with 4 birds, 23 recordings of
17 chambers with 5 birds, 4 recordings of 4 chambers with 6 birds,
6 recordings of 4 chambers with 7 birds and 1 recording of
1 chamber with 8 birds.

interaction between the number of birds roosting and the
outside temperature showing a lower eﬀect of the outside
temperature on the inside temperature when the number of
birds roosting is high and, simultaneously, a stronger positive
eﬀect of the number of roosting birds on the chamber temperature when the outside temperature is low (Fig. 3).
Based on body mass (m) of 28 g (i.e. the average body
mass of all birds captured this year n ⫽ 388) and a body
temperature (Tb) of 40°C (within the range of body temperatures measured on 10 captive sociable weavers; M.
Thompson and S. Cunningham pers. comm.) we found a
theoretical Tlc of 23.06°C (below which a negative linear
relationship between temperature and energetic expense
should occur). The percentage of night time spent with
an inside temperature above 23°C also increased with
the number of birds roosting (in a quadratic way;
Table 2) and was additionally aﬀected by the interaction
between number of birds roosting and outside temperature (Table 2).
The number of birds roosting prior to reproduction
was positively associated with the number of birds feeding during breeding (GLMM with Poisson distribution:
estimate ⫽ 0.12 ⫾ 0.03, DF ⫽ 28, p ⫽ 0.0019; Fig. 4).

Figure 3. Average temperature inside the chambers at night as a
function of the average external temperature. Lines represent the
linear mixed models’ estimates of the eﬀect of the interaction
between the number of birds roosting and the external temperature
on the chamber’s temperature, the eﬀect of external temperature
being the strongest for chambers with one bird (solid black line)
and decreasing as the number of birds increases (dotted light blue
line represents the eﬀect for groups of 5 birds). Groups of 6, 7 and
8 birds are represented in magenta, yellow and grey respectively but
the estimated lines are not represented for these groups given their
small sample size.

Discussion
Our study suggests that being in larger groups confers
thermoregulatory advantages and hence is likely to provide
energetic beneﬁts before the start of the breeding season.
First, we found that ambient chamber temperatures at night
increased with the number of birds roosting together, particularly when the outside temperature is low, and hence colder
nights had a smaller inﬂuence on the night time temperature
experienced by larger groups. Second, larger roosting groups
spent less time below the critical lower temperature level of
23°C, a theoretical point for this species below which energy
spent on thermoregulation is expected to increase linearly as
temperature decreases (Calder and King 1974). Finally, we
found signiﬁcant temporal association between pre-breeding
and breeding group size, indicating breeding group size
predictability.
The relationship between the roosting group size and
the inside ambient temperature at night suggests that being
part of a group provides a thermoregulatory advantage for

Table 1. Factors affecting chambers’ temperature at night.
Explanatory terms
Intercept
External temperature
No. of birds roosting
No. of birds roosting2
No. of birds roosting * External temperature
2: quadratic effect, *: interaction.
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Estimate

SE

DF

F

p

3.630
1.048
4.920
–0.159
–0.149

1.799
0.094
0.648
0.057
0.029

109
109
109
109
109

4.071
123.435
57.723
7.932
26.979

⬍ 0.0001
⬍ 0.0001
⬍ 0.0001
0.0058
⬍ 0.0001

Table 2. Factors affecting the percentage of the time a chamber’s temperature is above 23°C, the theoretical point for this species below
which energy spent on thermoregulation is expected to increase linearly as temperature decreases.
Explanatory terms
Intercept
External temperature
No. of birds roosting
No. of birds roosting2
No. of birds roosting * External temperature
2:

Estimate

SE

DF

F

p

–1.097
0.086
0.483
–0.024
–0.014

0.171
0.009
0.062
0.005
0.003

109
109
109
109
109

41.101
90.735
60.543
20.429
25.573

⬍ 0.0001
⬍ 0.0001
⬍ 0.0001
⬍ 0.0001
⬍ 0.0001

quadratic effect, *: interaction.

individuals. For example, we found that for a bird roosting alone, the mean ambient chamber temperature at night
was on average 22.5°C, increasing to 25.7°C for two birds
and up to 31.6°C for eight birds (Fig. 2). Thus the number of birds roosting in a chamber considerably inﬂuences
the chamber’s temperature. We also found that the positive
eﬀect of the number of birds on the chamber’s temperature
was particularly strong when the external temperatures were
low, suggesting a higher beneﬁt of larger group size under
low temperatures (Fig. 3). This interaction also suggests that
while the beneﬁt of roosting group size is particularly strong
at low temperatures there is no negative eﬀect of group size
when winter temperatures are higher (Fig. 3). Previous work
conducted on sociable weaver nest structures indicated that
the depth of a chamber or its position within the communal
thatch increased chamber temperature on average by 0.15°C
per cm (depth) and 0.57°C between the edge and the centre of the nest respectively (van Dijk et al. 2013). Here, we
show that the roosting group size represents a social eﬀect
on chamber temperature that is substantially higher in magnitude compared to any thermal beneﬁts arising from the
structural properties of a chamber.
Such positive eﬀect of group size is further supported
by our results showing that weavers spent more time above
the critical lower temperature when in larger groups. Only
chambers hosting more than 5 birds never showed temperatures below 23°C. The critical lower temperature is calculated from theoretical expectations (Scholander et al. 1950,

Figure 4. Positive relationship between the pre-breeding roosting
group size and the breeding group size. The dashed line represents
the generalized linear mixed model’s estimate of the eﬀect according to the equation exp(intercept ⫹ estimate^x) as the breeding
group size follows a Poisson distribution.

Calder and King 1974) and is usually a good predictor of
the actual critical temperature in passerine birds (Saarela
et al. 1995). A recent study suggested an increase in sociable
weavers’ resting metabolic rate when ambient temperature
decreased below 32°C, indicating that the actual critical
temperature may be higher than calculated here (Whitﬁeld
et al. 2015). However, this study examined the eﬀects of
experimentally increased temperatures, and only an experiment designed to test the eﬀect of low temperatures can
conﬁrm this value. Furthermore, the outside temperatures
experienced by the sociable weavers in winter can be considerably lower than in the present study (35% of the minimal
daily winter temperatures were below 0°C between 2002
and 2013 while the minimal temperature recorded in the
present study was 0.5°C). Hence, the beneﬁts of communal roosting are probably higher than what was found here
(Fig. 3). In order to roughly estimate the biological signiﬁcance of the beneﬁts of huddling we can take the example of a pair of birds spending a winter night (12 h) 1°C
below their critical lower temperature. If, similarly to house
sparrows (Hudson and Kimzey 1966), oxygen consumption increases at a rate of 0.2 cm3 O2 g–1 h–1 °C, a 28 g
sociable weaver would consume 67.2 cm3 O2 (i.e. 0.32 kcal)
more than a bird above the lower critical temperature. As
approximated in White et al. (1975), if birds ate only insects
having a water content of about 70% and caloric content
of 5.5 kcal per gram dry weight, the cost in food resulting from roosting below the critical temperature would be
0.32 ⫻ [1.7/(5.5 ⫻ 0.8)] ⫽ 0.12 g of insect per bird per
night per degree below the critical temperature. The energy
savings provided in larger groups each winter night might
be consequential in terms of both survival probabilities
and, indirectly, reproductive output. Indeed, low winter
temperatures were found to have a negative eﬀect on both
adult survival and reproductive output in this population
(Mares et al. pers. comm.) However, measuring the energy
expenditure of sociable weavers at diﬀerent temperatures
is required to quantify the thermoregulatory beneﬁt of
communal roosting revealed here.
The number of birds roosting in a chamber was highly
repeatable between nights (intraclass correlation coeﬃcient ⫽ 0.60, 95% conﬁdence interval ⫽ 0.50–0.69 (Wolak
et al. 2012)) while the eﬀect of the outside temperature on
roosting group size was small and marginally non-signiﬁcant (GLMM: estimate ⫽ –0.01 ⫾ 0.007, p ⫽ 0.052). This
suggests a social determination of roosting group size and
a limited, if any, eﬀect of outside temperature on roosting
decisions. These results coupled with the relative stability
of group sizes before and during breeding suggest that an
additional beneﬁt of helpers’ presence for both parents and
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helpers might be to allow energetic savings through thermoregulation.
These results raise the interesting question of why any individual would roost alone (or even in a pair) since it is clearly more
advantageous to be in a larger group. Interestingly, the presence
of several birds roosting alone in the same colony is less likely
to be observed as ambient temperature decreases (GLMM
with binomial distribution: estimate ⫽ 0.28 ⫾ 0.125,
p ⫽ 0.03, n ⫽ 46 videos at 13 colonies). Sociable weaver
groups usually defend their breeding or roosting chambers
from other birds. Nest owners are often seen chasing nongroup members that approach the entrance of their nests,
indicating that a nest chamber is an important resource that
is defended. Group membership is therefore likely to be an
important asset and non-kin group members, which do not
gain immediate group membership from birth, may be more
often excluded or may need to contribute to communal
group tasks in order to be accepted in the group (i.e. ‘pay
to stay’ Gaston 1978, Kokko et al. 2002). Support for this
mechanism in this species comes from a study showing that
investment in nestling feeding is negatively related to kinship
among older helpers (Doutrelant et al. 2011). However, these
suggestions remain speculative at this stage and further work
is required to understand the dynamics of group membership
and the costs, if any, of roosting in larger groups.
Understanding the evolution of sociality requires a thorough quantiﬁcation of the costs and beneﬁts for individuals. Many studies have focused on interactions that take
place during the breeding season, when animals are easier
to follow and relevant ﬁtness measures (such as breeding
output) are easily quantiﬁable (Cockburn 1998, Kingma
et al. 2010). Energy savings through communal roosting are
likely to represent an important beneﬁt of the social group
size for parents and helpers through their indirect eﬀects on
energy expenditure and survival and, indirectly, possibly also
on reproductive output.
More generally, it is crucial to understand the dynamics
of social groups outside and during the breeding season in
order to fully understand the beneﬁts of being in a group
and how group size and composition may inﬂuence breeding decisions. In addition to the thermal beneﬁts found here,
group size is expected to have important impacts on key
parameters such as foraging success and predator avoidance,
and this should strongly inﬂuence individual ﬁtness both
directly and through indirect eﬀects on body condition and
reproductive investment. Furthermore, diﬀerential maternal
allocation in eggs according to the presence of helpers, as
was recently found for four diﬀerent species (Russell et al.
2007, Canestrari et al. 2011, Santos and Macedo 2011,
Paquet et al. 2013) requires the predictability of the breeding
group size, which was not investigated in those studies and
was found here. Hence, studying the costs and beneﬁts of
cooperation and group dynamics during both the breeding
and the non-breeding periods is required in order to obtain
an understanding of the ﬁtness beneﬁts selecting for sociality
and cooperation and the underlying mechanisms.
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