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Abstract

Facultatively social species allow for empirical examination of the factors underlying evolutionary transitions between primitive
and complex forms of sociality. Variation in climate along altitudinal and latitudinal gradients often influences social behaviour in
these species. This facultative sociality has been well-documented in the ground-nesting bees, which have consistently greater
social complexity in warmer, lower latitudes and altitudes. However, the potential combined effects of nesting biology and local
climatic condition on social behaviour remain largely overlooked. To address this, we performed a long-term study on the
facultatively social stem-nesting bee, Ceratina australensis, by assessing populations in three distinct climate zones over the
course of three consecutive years. We compared nesting strategies across populations and found that the frequency of social
nesting was stable with latitudinal changes in climate. Further, offspring survival was high for both solitary and social colonies,
despite large fluctuations in the rate of parasitism across years, indicating that both nesting strategies are successful. However,
maternal brood investment, which can strongly affect the social environment of a colony, was observed to fluctuate with climatic
variation. Most notably, mothers produced small offspring of both sexes in the hottest driest years. Across all populations, social
females were slightly larger than solitary females on average. As such, changes in maternal investment in response to annual and
latitudinal climatic variation may be one of the many factors that ultimately determine that rate of social nesting. Variation in nest
composition and climatic condition thus suggest that reproductive strategies in facultatively social stem-nesting bees may be
influenced by climate constraints on maternal investment.

Significance statement

Climate alters the expression of social behaviour in many arthropod species but the relationship between climate and behaviour
can vary broadly with taxa. For facultatively social species, theory generally predicts that sociality will increase in warmer
climates, as longer brood rearing seasons provide opportunities for overlapping generations and cooperative brood care.
However, little is known of the effect of compounding life-history factors, such as nesting biology. Here, we present a 3-year
study on an incipiently social stem-nesting bee, Ceratina australensis. We find that the rate of sociality is stable across a broad
latitudinal and climatic gradient, and we discuss the idea that nesting biology could potentially temper behavioural responses to
climate. However, foundresses may alter their offspring investment in response to both annual weather and regional climatic
variation, and this responsiveness could influence colony social behaviour.
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Introduction

Communicated by O. Rueppell

The transition in social complexity to obligate eusociality is a
rare evolutionary phenomenon across the animal kingdom,
but has occurred comparatively frequently in Hymenoptera.

' Department of Biological Sciences, University of New Hampshire, Obligate eusocial species function under a caste-based system,
Durham, NH 03824, USA whereby the queen caste controls reproduction, and the
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worker caste is sterile but performs all other tasks necessary
for colony survival. The seemingly paradoxical, but repeated,
evolution of a sterile worker caste in the Hymenoptera sug-
gests that there are particular conditions under which other-
wise restrictive barriers to the evolution of eusociality may be
overcome (Rehan et al. 2012; Avila and Fromhage 2015).
Empirical determination of the preconditions necessary for
this transition is challenging given that most origins of euso-
ciality are ancient (Brady et al. 2006; Moreau et al. 2006;
Cardinal and Danforth 2011; Engel et al. 2016). However,
species which demonstrate facultative social behaviour may
be used to address this gap, as they offer models with which to
examine both evolutionary transitions and the factors control-
ling the expression of flexible and non-obligate social pheno-
types (Crespi 1996; Kocher and Paxton 2014; Rehan and Toth
2015; Shell and Rehan 2017). Studies on these facultatively
social species are increasingly highlighting the importance of
climatic and ecological factors in determining social pheno-
type (Reviewed by Purcell 2011; Toth and Rehan 2017).
Climatic temperature gradients have been strongly linked
to changes in arthropod sociality (reviewed by Purcell 2011).
Many arthropod species display higher levels of sociality in
lower, warmer latitudes and altitudes (Purcell 2011). Warmer
climates provide longer brood rearing seasons, which are
thought to facilitate the development of sociality by improving
the chances of generational overlap within colonies, and there-
by the opportunities for cooperative brood care and reproduc-
tive division of labour (Michener 1974). This theory is well
supported by comparative studies across ground-nesting bee
species of the family Halictidae, in which populations demon-
strate the expected increase in social nesting in lower latitudes
and altitudes (e.g. Sakagami and Munakata 1972; Packer
1990; Eickwort et al. 1996; Miyanaga et al. 1999; Soucy
and Danforth 2002; Zayed and Packer 2002; Field et al. 2010).
Many facultatively social species establish nests above
ground. As these nests are inherently more exposed than those
of ground-nesting taxa, climatic variation may be expected to
elicit greater responsiveness from such species. For example,
social phenotype in the spider genus Anelosimus covaries with
a precipitation gradient rather than temperature (Purcell and
Aviles 2008; Majer et al. 2013; Guevara and Avilés 2015).
Bigger social groups form larger, sturdier nests that are better
able to withstand heavy, damaging rainfall (Purcell and Aviles
2008). While the stem-nesting sweat bee Megalopta genalis
had stable social behaviour across a steep precipitation gradi-
ent (Tierney et al. 2013), paper wasps (genus Polistes) also
form nests aboveground, and the frequency of social nesting is
associated with short-term temperature variability rather than
with the average long-term climate (Sheehan et al. 2015).
Flexible social responses to climate are also seen among var-
ious bee species. A study on two stem-nesting allodapine spe-
cies (Exoneura bicolor and E. richardsoni) found that colony
size increased in cooler altitudes (Schwarz et al. 1997), while a
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study across a climatic range from temperate to subtropical on
two other stem-nesting allodapine bees (E. robusta and
E. angophorae) found no effect of climate on colony size
(Cronin and Schwarz 1999). By contrast, the more widely
researched ground-nesting sweat bees consistently demon-
strate larger colony sizes in warmer climates (Sakagami and
Munakata 1972; Packer 1990; Eickwort et al. 1996; Miyanaga
et al. 1999; Soucy and Danforth 2002; Zayed and Packer
2002; Field et al. 2010). These studies thus suggest that there
could be a phylogenetic divergence in the behaviour of these
groups, or perhaps aboveground nesting species, and stem-
nesting bees more narrowly, have different social responses
to climate than those of ground-nesting bee species.

The social environment within colonies may also be mod-
ified by fine-scale changes in maternal investment as a re-
sponse to climatic conditions. For instance, in the eusocial
sweat bee, Halictus ligatus, mothers produced smaller female
offspring during cool wet years, increasing the number of
potential workers in the colony and allowing for greater
monopolisation of reproduction by the queen (Richards and
Packer 1995, 1996). By contrast, a comparison of two popu-
lations of the sweat bee, Lasioglossum baleicum, found that
nests at shaded, cool sites were solitary, with larger, gyne-
destined offspring, while nests in unshaded, warmer sites were
eusocial, with worker-sized brood (Hirata and Higashi 2008).
These studies demonstrate that foundresses may alter their
investment in response to both annual weather and regional
climatic variation and that this may have a significant deter-
mining effect on colony social behaviour.

The social environment of a colony may also be affected by
the timing of female offspring production and the number of
female offspring reared. Hymenoptera can selectively fertilise
their eggs and are thus able to control the sex of the offspring
they produce. By investing in females, especially during the
early breeding season, a foundress can effectively produce
potential workers for her colony (Queller 1989; Gadagkar
1990). Variation in sex allocation with climate has been ob-
served in two species of Lasioglossum, in which nests are
female-biased and eusocial in warmer regions, and unbiased
and solitary in colder regions (Sakagami and Munakata 1972;
Cronin and Hirata 2003; Hirata and Higashi 2008). Because
populations in the colder regions had time to produce only one
brood a year, they lacked overlapping generations and the
opportunity to make use of female helpers in the nest (Hirata
and Higashi 2008). In comparison to these ground-nesting
species, a study on two stem-nesting allodapine bees
(Exoneura robusta and E. angophorae) found strongly
female-biased brood sex ratios in multiple populations across
a latitudinal gradient (Cronin and Schwarz 2001). Female-
biased sex ratios are common in the allodapines and other
stem-nesting bees, with daughters thought to act as alloparents
in the event of foundress mortality (Watmough 1983; Maeta
et al. 1992; Stark 1992; Sihag 1993; Schwarz et al. 2007).
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Therefore, stable sex ratios across regional climate zones
could be a feature of most facultatively social stem-nesting
species.

Across facultatively social bees, research has focused on
the theory that social nesting is a risk avoidance strategy to
prevent nest failure due to parasitism or foundress mortality.
Many facultatively social bee species benefit from reduced
brood loss to parasitism in social nests by way of additional
guards (e.g. Kukuk et al. 1998; Smith et al. 2003, 2007; Soucy
etal. 2003; Zammit et al. 2008; Rehan et al. 2011; Mikat et al.
2016). In cases of foundress mortality, social nest brood may
be protected against failure if alloparental care is provided by
co-foundresses or adult siblings (Queller 1989; Gadagkar
1990). The caring for orphaned brood by other adults has been
documented in hover wasps (Field et al. 2000), apoid wasps
(Lucas and Field 2011), allodapine bees (Hogendoom et al.
2001) and small carpenter bees (Mikat et al. 2017; Shell and
Rehan 2018). The parasites themselves are subject to the cli-
mate, as are their host, and the combined activity of both host
and parasite can affect the rate of offspring survival (Forrest
and Chisholm 2017). These interactions can potentially have
complex onward effects of sociality. For example, the paper
wasp (Polistes biglumis) produces queen-like brood when un-
der the combined pressures of cold temperatures and increased
parasitism (Fucini et al. 2009). However, these insights are
few, as studies investigating the incidence of social nesting
and the relative cost/benefit ratio of social vs solitary repro-
duction rarely extend beyond 1 or 2 years. Detailed long-term
assessments of facultatively social nesting, which consider
variation in climatic condition, maternal investment and off-
spring survival over time and across a wide population distri-
bution, are needed to more fully understand the relationship
between ecology and the evolution of sociality.

Here, we present data from a 3-year study on the faculta-
tively social, Australian small carpenter bee, Ceratina
(Neoceratina) australensis, sampled from three populations,
each within a distinct climate zone. Previous research on the
social behaviour and nesting biology of this species has

Fig. 1 Map showing the three
sample sites within Australia.
Sampled regions are circled.
Climate is classified under the
Koppen system, which is based
on changes in vegetation type.
Map is modified from the Bureau
of Meteorology (http://www.bom.
gov.au)

focused on a population in a subtropical region of
Queensland, Australia. In this population, colonies are pre-
dominantly solitary, with a low frequency of incipiently social
nests containing two or more adult females (Michener 1962;
Rehan et al. 2010). Social nests are co-founded by sisters, who
inherit their natal nest, and cooperatively reproduce and rear
offspring to maturity (Rehan et al. 2014). The frequency of
social nesting across years is thought to be stable in the pop-
ulation, regardless of changes in the rate of parasitism (Rehan
et al. 2011). While previous research has focused on the
Queensland region, C. australensis has since been found
across the south-east of Australia in three genetically distinct
populations (Dew et al. 2016). The overarching aim of this
study was to determine if there was variation in social behav-
iour between these populations by comparing the following:
(i) the frequency of social nesting, (ii) maternal investment in
clutch size, offspring body size and sex ratio, and (iii) oft-
spring survival. Based on the handful of extant studies on
stem-nesting bees, we hypothesised that the frequency of so-
cial nesting and aspects of maternal investment would remain
consistent across sites. Offspring survival was predicted to
vary with annual weather patterns and regional climates due
to corresponding changes in parasitism.

Methods
Sample collection

Ceratina australensis nests were collected from three popula-
tions in south-eastern Australia, located in three distinct cli-
mate zones (Fig. 1). Sampling at each site occurred in January
in the summers of 2015, 2016 and 2017, which is approxi-
mately the middle of the brood rearing season. The plants used
for nesting by C. australensis varied with site. In the
subtropical-temperate Queensland (QLD) site (28.24°S,
152.09°E), nests were collected from roadside stands of giant
fennel (Ferula communis). The site in Victoria (VIC; 34.15°S,
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142.16°E) was a semi-arid riverine area, with nests found in
dark sago-weed (Plantago drummondii), while nests in the
South Australia (SA) site (34.94°S, 138.50°E) were collected
from searocket (Cakile maritima) on coastal dunes. All nests
were collected in the early morning or late evening to ensure
capture of all colony members. Upon collection, nest en-
trances were sealed with masking tape and placed on ice until
processing.

Data collection

During processing, nests were split lengthwise, and all colony
contents were recorded, including dead and parasitised brood.
As nesting substrate clearly identified source population, these
data could not be recorded blind. The head width, measured as
the distance between the furthest distances to the outer edges of
the compound eyes, was recorded for all adult bees and pupae
and used as a proxy for total body size (Rehan et al. 2010).
Colonies were classified by their stage in brood development
following Rehan and Richards (2010a). ‘Founding’ nests were
those without brood or provisions; ‘active’ nests were those in
the process of producing and provisioning pollen balls and eggs;
and “full brood’ nests were those where all brood cells had been
completed. Full brood nests were specifically identified by the
presence of an offspring that had matured to a larva at least one-
third the size of its pollen ball in the final cell. Lastly, ‘mature
brood’ nests were those in which some of the brood were late
stage pupae alongside newly eclosed offspring.

Clutch size was determined by counting all of the brood cells,
including those that were parasitised, or had pollen balls but no
offspring yet, in full brood nests only, as these nests represent a
mother’s total reproductive investment. Nests were deemed so-
cial if there were two or more adult females present during the
full brood or active brood stages, as these relatively early stages
prevent misclassification due to the presence of mature offspring
later in the season. At the VIC site, body size measurements for
social females were only obtained in 2017 and limited to indi-
viduals from three nests. Therefore, we focused only on the
QLD and SA populations for our comparisons of adult female
size between social and solitary nests. Per capita brood produc-
tion was calculated from clutch size for all full brood nests.
Offspring sex ratio (r) was calculated for each nest based on
the sex of pupae and eclosed adult offspring (» = number of male
offspring/total number of offspring). As brood were frozen in
the field for transport to the University of New Hampshire,
USA, immature offspring (eggs and larvae) could not be reared
to maturity and a complete sex ratio was not determined for
some nests. The sex, size and brood cell position of offspring
was measured; as brood cells are provisioned sequentially, these
metrics allowed for an assessment of maternal investment over
the total course of brood production. Only active or full brood
nests were used for brood cell comparisons, as brood cell posi-
tion cannot be determined in mature brood nests once offspring
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eclose. The number of live offspring was calculated in full brood
nests by excluding brood cells where offspring had been
parasitised, or were otherwise dead or missing. This allowed a
proportion of live offspring out of the complete clutch size to be
calculated for each nest assessed.

Climate comparison

In order to gain an understanding of the conditions experienced
by the bees during the course of the study, we gathered detailed
weather data for each site and year. Data were sourced from the
Bureau of Meteorology (http:/www.bom.gov.au) from weather
stations within 13 km of each collection site. For the QLD site,
temperature data were obtained from the Warwick station (28.
21°S, 152.10°E) and precipitation from the Warwick alert
station (28.21°S, 152.03°E). VIC temperature data were
obtained from the Mildura airport station (34.24°S, 142.09°E)
and precipitation from the Irymple station (34.23°S, 142.15°E).
SA temperature and precipitation data were both obtained from
the Adelaide airport station (34.95°S, 138.52°E). We then
calculated cumulative climatic statistics across a window
spanning September 1st to January 31st, which covered the
start of the brood rearing season through nest collection each
year. The cumulative maximum temperature per day was
calculated for days 25 °C and over, as these are days that are
warm enough for bees to forage (Rehan et al. 2011; Fig. 2a). The
cumulative precipitation (mm) per day was also calculated, as
bees do not forage when it is raining (Fig. 2b).

Statistical analyses

Analyses were performed in R v.3.3.1. Chi-square tests were
used to compare the frequency of occurrences of social
nesting and parasitism between site and year. All significant
Chi-square tests were followed by pairwise comparisons of
proportions, with Bonferroni corrected p values reported, to
determine where the differences occur. All other relationships
in the data were assessed by two-way ANOVAs. All models
initially included the predictors of site, year and nesting strat-
egy (i.e. social or solitary). Models were then evaluated by
stepwise comparison of the Akaike information criterion
(AIC), and significant results from the final models were ex-
plored by Tukey HSD post hoc analysis.

Results

Cumulative climate data and colony social structure
The cumulative temperature of days above 25 °C was
lowest in SA for all 3 years and peaked in VIC in 2015

and 2016 (Fig. 2a). Across all sites, 2017 was the coolest
year and had the highest cumulative precipitation (Fig.
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in 2017 and 2016.

A summary of the number of nests collected from each site
in each year is shown in Table 1.

There were no social nests found in VIC during 2015,
while the most social nests were collected from SA during
2016, which was much higher than the other years at that
site (Table 1). This variation in the number of social nests
from SA was significant (x22 =18.05, P<0.001), with 2016
having a higher proportion of nests than 2015 (P <0.001).

160 0O 40 80 120 160 O 40 80 120 160

Days

However, 2017 did not statistically differ from the preceding
years (P=0.140; P=10.947). Social nesting also differed be-
tween years in VIC overall based on Chi-square analysis
(x*» = 6.38, P=0.041), but the pairwise comparison of pro-
portions post hoc analysis between each year found no sig-
nificant differences (P>0.170). The QLD site did not sig-
nificantly differ between years from an average of 4.34%
social nesting (X22 =2.39, P=0.303).

The head width of a total of 841 adult females was mea-
sured, as a proxy for body size. Both year and site were
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Table 1 Number of Ceratina australensis nests collected in each site per year

Site Year Total number of nests Number of AB/FB nests Number of social nests Percentage social

QLD 2015 139 56 2 3.6
2016 126 87 4 4.6
2017 96 50 5 10.0

SA 2015 313 154 3 1.9
2016 252 147 23 15.6
2017 62 26 2 7.7

VIC 2015 32 20 0 0.0
2016 39 30 3 10.0
2017 40 15 4 26.7

The total number of nests collected, the number of those in the reproductively active brood (AB)/full brood (FB) stages and the number of social nests are
shown. Percentage social is the number of social nests out of the total AB/FB nests. Social nests were found at a low frequency across all sites

significant predictors of adult female body size (year: F, =
24.9, P<0.001; site F, =3.65, P=0.027). Females were sig-
nificantly smaller in 2015 than 2016 and 2017 (Ny¢;5 =325,
Nyo16 =345, Nyg17=171; P<0.001) and significantly smaller
in VIC compared to QLD (Ny;c=310, NoLp=80; P=
0.024). There were no significant differences in female size
between the other years (P=0.934) or sites (P>0.155). On
average, social females in QLD and SA were larger than their
solitary conspecifics (Wilcoxon: Nopp =70, Ngo =691, W =
16,266, P <0.001; Fig. 3). This analysis excluded the VIC site
as females were significantly smaller at this site, and there was
a limited sample size of measured social females.

Maternal investment

Clutch size varied from one to a maximum of 13, with an
average of 6.1 +0.2 s.e. offspring per nest. Clutch size did
not differ significantly between social and solitary nests
1.48
1.47
1.46

1.45

144

1.43 I

Solitary Social

Nesting Strategy

Mean adult female head width (mm) +/- s.e.

Fig. 3 Comparison of the size of adult females between social and
solitary colonies. Data are pooled from the QLD and SA populations.
Social females are on average larger than solitary individuals (P < 0.001)
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(Nsocial = 10, Ngojitary = 2065 F1=0.39, P=0.533), but there
were significant differences in clutch size between site and
year (F4=5.06, P<0.001). Post hoc analysis indicated that
the clutch size of colonies in QLD was smaller in 2017 than
2016 (Nyg;6=26, mean=4.1+0.5 s.e.; Nyp;7=29, mean=
7.4+0.6; P<0.001). Comparison among sites revealed that
QLD in 2016 likewise had smaller clutch sizes than during
2015 in SA (N=43; mean=6.5+0.5; P=0.004) and VIC
(N=15; mean=7.6+0.8; P=0.028). No other sites or sea-
sons had significantly different clutch sizes (P> 0.056).

Per capita brood production (PCBP) varied significantly
with nesting strategy (F; = 12.73, P < 0.001), social nests hav-
ing a lower PCBP (N =8, mean = 2.5 £ (.3) than solitary nests
(N=206, mean=6.0+0.2, P<0.001). PCBP also differed
significantly among sites and years (F4=5.23, P<0.001).
Post hoc analysis showed that in 2017, the QLD site had
significantly lower PCBP (mean=3.9+0.5) than observed
in 2016 (mean="7.3+0.7; P=0.002). Colonies from QLD
in 2017 also has low PCBP when compared to the SA (mean =
6.4+0.5; P=0.045) and VIC sites in 2015 (mean=7.6 = 0.8;
P=0.006). All other sites and seasons did not significantly
differ in PCBP (P>0.065).

The head widths of a total of 130 female and 92 male
offspring were measured. Offspring size varied between sites
and years for both male (F4;=2.77, P=0.033) and female
offspring (F,=3.20, P=0.015; Fig. 4), but not between soli-
tary and social nests (P> 0.239). In general, female offspring
in VIC (N=23) was smaller than other sites (QLD: N =58,
SA: 49). Post hoc analysis found that offspring in VIC were
significantly smaller during 2016 than all years in QLD
(P<0.001; Fig. 4), as were VIC offspring in 2015 compared
to QLD 2017 (P=0.019). VIC offspring from 2016 were also
smaller than VIC offspring in 2017 (P=0.001) and SA off-
spring from 2015 and 2017 (P <0.001; Fig. 4). Across years,
male offspring tended to be smaller in VIC (N =10, mean=
1.32 mm=0.014) than QLD (N =25, mean=1.40 mm +
0.012; P=0.004) and SA (N=57, mean=1.38 mm+0.007;
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P =0.022). Male offspring in QLD and SA did not significant-
ly differ in size (P = 0.404). For male offspring, yearly differ-
ences in size were driven by SA in 2016, which had smaller
brood sizes than SA in 2015 (P=0.005) and QLD in 2016
(P=0.008). There was also no change in offspring size among
brood cells for either female (Kruskal-Wallis: x*; = 6.30, P=
0.505) or male offspring (x*s=10.49, P=0.062).

Sex was scored for a total of 240 female and 165 male
offspring, allowing us to calculate sex ratio for 150 colonies.
Sex ratio did not vary with year or between solitary and social
nests, but it did vary with site (F,=7.08, P=0.001) with
colonies in VIC (N =25) and QLD (N = 50) being significant-
ly more female biased than SA (N=77, P=0.016; P=0.004,
respectively; Fig. 5). The sex ratio of VIC and QLD nests was
not significantly different (P=0.972). The colony level sex
ratio was driven by sex allocation of the first brood cell, which
was significantly female biased in both QLD and VIC colo-
nies (x?; = 19.6, P<0.001; x*, = 10, P=0.002; Table 2). The
sex ratio for all other brood cells in QLD and VIC nests, as
well as all brood cells in the SA nests, did not significantly
differ from an unbiased sex ratio (P >0.157; Table 2).

Offspring survival

Solitary vs social nesting strategy was not a significant pre-
dictor of offspring survival (F;=1.63, P=0.203), but the
number of live offspring was significantly different among
sites and years (F4;=10.17, P<0.001). Post hoc analysis
found that differences among years were predominantly driv-
en by the QLD site. In 2016, QLD had more live offspring
than QLD in 2015 and 2017, SA 2016 and VIC 2016 (P<
0.005). By contrast, in 2017, QLD had fewer live offspring
than all years in SA (P =0.037). SA 2015 nests also had more

QLD SA VIC

Site

live offspring than VIC 2016 (P = 0.046). However, when the
proportion of live offspring surviving out of the entire clutch
was considered, there was no significant differences among
sites (F,=1.66, P=0.193), years (F,=1.44, P=0.240) or
nesting strategies (F; =0.062, P=0.804). On average, the
proportion of live offspring was greater than 75% at all sites.

While there was no statistical difference in the overall pro-
portion of colonies parasitised between social and solitary
nests (Ngocial = 52, Nyotitary = 930, x’3=6.83, P=0.078), the
rates of parasitism varied significantly among sites (Ngrp =
356, Nga =625, Nyjc =110, X22 =8.87, P 0.012) and years
(N2015 = 481, N2016 = 417, N2017 = 193, X22 = 3473,
P <0.001). Post hoc pairwise comparison of the proportion
of parasitised brood between all sites and years showed that
VIC in 2015 had a significantly higher rate of parasitism than
SA in 2015 (P<0.001) and QLD in both 2015 and 2016
(P<0.001; P=0.002; Fig. 6). QLD nests in 2017 were sig-
nificantly more parasitised than 2015 and 2016 (P <0.001),
while SA nests in 2015 were significantly less parasitised than
either 2016 or 2017 (P <0.01; Fig. 6).

Discussion

Our study of the facultatively social stem-nesting bee
(Ceratina australensis) found a low frequency of social
nesting across three populations collected across a consider-
able latitudinal and climatic gradient (Table 1), consistent with
research on two other stem-nesting bees (Cronin and Schwarz
1999). However, contrary to our predictions based on that
study, maternal investment was observed to vary significantly
among years and sites. Changes in maternal investment, such
as the size and number of females produced, may ultimately
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Fig. 5 Mean offspring sex ratio of colonies from each site. Dotted line
represents an unbiased sex ratio of 50% male. Both VIC and QLD have
strongly female-biased sex ratios. Letters above site means indicate
significant differences from post hoc analyses (p < 0.05)

influence colony social environment. Thereby, our results sug-
gest that changes in maternal investment driven by regional
climate could affect the expression of sociality in this species.
Notably, social females were on average larger than their sol-
itary conspecifics, suggesting that adult female body size may
influence nesting strategy (Fig. 3). Clutch size, PCBP and
offspring body size varied widely across sites and years.
Offspring body size of both males and females was smaller
overall in semi-arid VIC, the hottest and driest site (Fig. 4).
Interestingly, small offspring of both sexes were produced
during the hottest and driest years. Female offspring were
significantly smaller in the hottest driest year in VIC (Figs. 2
and 4). Male offspring were also small in hot dry years, with
significantly smaller male offspring produced in the hottest
driest year in SA (Fig. 2). Summer conditions in Australia
can be severe, and floral resources required for brood

provisions may be greatly reduced during particularly hot
and dry spells. While there was no difference in the size of
female offspring between brood cell positions, sex ratios were
significantly female biased in the first brood cell of nests from
VIC and QLD but not SA (Fig. 5, Table 2). This variation in
female-biased sex allocation among sites may indicate site-
specific differences in social nest formation (Seger 1983).
Despite fluctuations in brood parasitism rates, offspring sur-
vival was relatively high, around 75% on average, across all
populations.

Sociality across latitudinal gradients

Although there was subtle annual variation in rates of social
nesting among our sites, consistent low frequencies of social
nesting in all three populations of C. australensis suggest that
the incidence of sociality is at least partially independent of
climate. While the study was based over 3 years, and longer
than many similar studies, it is possible that these data are too
few to detect a correlation that would be evident from a long-
term dataset across multiple decades. But if there is an effect
of social nesting we have not detected, it is certainly much
subtler than that of the ground-nesting species previously
studied. While this may appear surprising, stability of social
nesting across climate variation has been observed in previous
research on stem-nesting bees (Cronin and Schwarz 1999,
2001; Tierney et al. 2013). This is distinct from ground-
nesting bees, which often demonstrate clear variation in soci-
ality across similar latitudinal and climatic gradients (e.g.
Packer 1990; Miyanaga et al. 1999; Zayed and Packer
2002). The observed variation in social nesting, however,
did not show a direct association with our cumulative temper-
ature and precipitation variables (Fig. 2). This supports the
findings by Rehan et al. (2011), which examined the effects
of weather variation on the QLD population over 2 years.
Stable social behaviour across regional climates may be com-
mon to the carpenter bees (Apidae: Xylocopinae) or perhaps
stem-nesting bees more broadly. The subterranean nests of
ground-nesting species (Halictidae) are relatively protected

Table 2 The number of male and female offspring in each brood cell position
Brood cell QLD VIC SA
Q I Total P Q o) Total P Q I Total P

1 25 2 27 <0.001 10 0 10 0.002 23 20 43 0.647
2 11 7 18 0.346 4 6 10 0.527 14 22 36 0.182
3 5 3 0.480 4 2 0.414 8 8 16 1.000
4 4 4 1.000 6 2 0.157 7 4 11 0.366
S5+ 12 4 16 0.572 6 2 0.564 6 8 14 0.449

Departures from the expected sex ratio of 1:1 were assessed via Chi-square, finding significant female bias in the 1st brood cell of nests in QLD and VIC.

Significant P values are shown in italics
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Fig. 6 Percentage of parasitised
nests in each site and year. The
percentage of parasitism varied
widely between site and year.
Columns that do not share a
common letter are significantly
different from post hoc analyses

(p<0.05)
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against day-to-day meteorological variation (Cane 1991) and
are largely buffered against even extreme events such as forest
fires and hurricanes (Cane 1997; Cane and Neff 2011). In
comparison, the nests of stem-nesting bees are relatively ex-
posed. The walls of the stem likely offer some insulation, but
nests still experience a large variation in temperature, precip-
itation and wind. As stem-nesting species face a much more
complex variety of conditions, this could explain why we
have not observed a straight forward behavioural response to
climate in the stem-nesting bees studied so far. Notably, the
one stem-nesting bee of the Halictidae studied in this manner
showed stable social behaviour across a large precipitation
gradient (Tierney et al. 2013), suggesting that nesting behav-
iour may be more influential than phylogeny in explaining
geographic variation in sociality.

Maternal investment changes with climate

While the frequency of social nesting was consistent among
sites, there were changes in maternal investment with climate
that may ultimately, but indirectly, alter colony and population
level sociality, in concert with other factors. The size of female
offspring in C. australensis is associated with temperature and
precipitation, with small offspring occurring under hot dry
conditions (Figs. 2 and 4). Changes in offspring size mediated
by climate are known to alter the relative production of gyne
and worker destined brood in other hymenopteran colonies
(Richards and Packer 1996; Hirata and Higashi 2008; Fucini
etal. 2009; Brito et al. 2013; Holland and Bourke 2015; Molet
et al. 2017). Variation in worker body size with climate can
also affect the enforcement of reproductive hierarchies, as can
be seen in the ground-nesting bee, Halictus ligatus, where the
production of small female offspring led to more strongly
eusocial colonies, with low rates of worker reproduction

ab
ab Year
2015
2016
2017
ab
abc
bc
bc C
vIC QLb SA
Site

(Richards and Packer 1996). While social nestmates in
C. australensis do not display size dimorphism (Rehan et al.
2010), our finding that social adult females were on average
slightly larger than their solitary conspecifics indicates that
foundress size may play a role in determining social or solitary
nest establishment. Social females also tend to be larger in the
species Ceratina calcarata, and studies on this species have
shown a significant correlation between social female size and
female quality (Shell and Rehan 2018). Female size could
likewise be an indication of quality in C. australensis.
Nonetheless, the size difference between social and solitary
females indicates that offspring size variation with climate
could be one of several of factors influencing the number of
social females in a population. Annual variation in climatic
condition may thus be an indirect factor influencing the ex-
pression of social phenotype through changing maternal
brood investment.

Colony social environment may also be modified by the
sex ratio of the offspring produced. The first brood cell is the
first provisioned by the mother and hence contains the oldest
offspring. Intriguingly, the first brood cell was female biased
in the VIC and QLD sites, consistent with sex allocation pat-
terns observed in the social nests of other Ceratina species. In
these species, socially nesting mothers may give their first
daughter a relatively small pollen provision, in which cases
she will develop into a very small adult, dwarfed by her sisters
(Sakagami and Maeta 1977, 1984, 1995; Johnson 1988;
Rehan and Richards 2010b; Vickruck 2010). This ‘dwarf el-
dest daughter’ forages for her siblings to provide the essential
food needed prior to overwintering and can also take on
alloparental roles in the event of foundress mortality (Rehan
and Richards 2010a; Lawson et al. 2016; Mikat et al. 2017;
Shell and Rehan 2018). While the female offspring produced
in the first brood cell are not smaller than their siblings in

@ Springer



69 Page 10 of 12

Behav Ecol Sociobiol (2018) 72: 69

C. australensis, the conspicuous female bias could represent a
pre-cursor of similar helping behaviour.

Very few studies have compared the sex allocation of stem-
nesting bees across populations and climate zones, but the
existing research suggests that female-biased sex ratios are
conserved (Cronin and Schwarz 2001; Schwarz 1994). The
unbiased sex ratio of nests in SA is unusual, given that a
female biased first brood cell is common to both VIC and
QLD and across many Ceratina species (Sakagami and
Maeta 1977, 1984, 1995; Johnson 1988; Rehan and
Richards 2010b; Vickruck 2010). In facultatively social in-
sects, a female-biased sex ratio is thought to facilitate the
evolution of worker behaviour (Hamilton 1964; Trivers and
Hare 1976; Gardner and Ross 2013). Therefore, the observed
fine-scale change in sex allocation could be indicative of long-
term trends of differentiation in social behaviour between
these populations.

Benefits to social nesting

Previous work on C. australensis has suggested that the low
frequency of social nesting in this species is a risk avoidance
strategy in response to variable offspring survivorship, likely
due to parasitism intensity (Rehan et al. 2011, 2014).
Parasitism is commonly cited as an ecological constraint
selecting for social nesting, as the presence of multiple adults
allows one to act as a guard in the nest while others forage
(Chenoweth et al. 2007; Zammit et al. 2008; Mikat et al.
2016). While the rate of parasitism varied widely throughout
our study (Fig. 6), the proportional offspring survival was
remarkably consistent. Females may respond to high parasit-
ism rates by producing more brood. Alternatively, conditions
that favour brood productivity in C. australensis may also
favour parasite reproduction, counteracting any overall pro-
ductivity benefit. This has been observed in the solitary bee,
Osmia iridis, which increases brood provisioning in warmer
temperatures but simultaneously suffers greater offspring
losses to more active parasites (Forrest and Chisholm 2017).
It is also possible that social nests of C. australensis only have
an advantage in times of extreme parasite load, not detected
during our study.

Interestingly, social females were found to be larger than
solitary individuals on average, and this may hint at a physi-
ological factor underlying social nesting (Fig. 3). This study
and previous work identified no PCBP benefits to social
nesting (Rehan et al. 2011, 2014). However, larger females
are potentially better able to survive overwintering, forage
for food, and provision a large brood, and may consequently
have greater lifetime fitness (Rehan and Richards 2010b;
Durant et al. 2016; Mikat et al. 2017; Shell and Rehan
2018). This may also be advantageous for the subordinate
female in social nests, who avoids the energy and risk expense

@ Springer

involved with foraging (Rehan and Richards 2010b; Shell and
Rehan 2018).

Conclusions

Although climate does not seem to directly affect the frequen-
cy of social nesting in stem-nesting bees studied to date, it
does appear to be a determining factor of maternal investment
strategies in C. australensis. Production of small female off-
spring during dry, warm conditions may be one factor
influencing the annual variation in the number of social fe-
males. Moreover, the differences in sex ratio with site indicate
that there are differences in colony social environment among
populations. However, the tendency for on average slightly
larger and presumably higher quality females to nest socially
indicates that there may be a selective advantage maintaining
this behaviour. As seen in C. australensis, climate moderated
variation in maternal investment and subsequent variation in
colony demography, may be key factors contributing to the
maintenance of facultative sociality in stem-nesting bees.
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