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A classic prediction of kin selection theory is that a mixed population of
social and solitary nests of haplodiploid insects should exhibit a split sex
ratio among offspring: female biased in social nests, male biased in solitary
nests. Here, we provide the first evidence of a solitary—social split sex ratio,
using the sweat bee Megalopta genalis (Halictidae). Data from 2502 offspring
collected from naturally occurring nests across 6 years spanning the range of
the M. genalis reproductive season show that despite significant yearly and
seasonal variation, the offspring sex ratio of social nests is consistently
more female biased than in solitary nests. This suggests that split sex
ratios may facilitate the evolutionary origins of cooperation based on
reproductive altruism via kin selection.

1. Background

Reproductive altruism, with a breeding female assisted by her non-reproductive
worker daughters, has evolved multiple times in the insect order Hymenoptera
(bees, ants and wasps). Trivers & Hare [1] predicted that a split sex ratio should
favour the evolution of reproductive altruism among the Hymenoptera through
kin selection by increasing the indirect fitness benefits to non-reproductive
workers. This logic is based on the fact that workers of the social Hymenoptera
are female, and due to their haplodiploid genetic system, they are more closely
related to their sisters than to their brothers that develop from unfertilized
eggs. In colonies headed by a singly mated queen, sister—sister relatedness is
0.75, while sister—brother relatedness is 0.25. If a species has both solitary and
social reproductive behaviour, as expected during the initial stages of social evol-
ution, the social nests should bias their sex ratio toward female reproductives in
order to enhance the indirect kin selection benefits to the workers. If there is then
an overabundance of female reproductives from these social nests, the solitary
reproductive females (who are equally related to their sons and daughters, r =
0.5 for each) would benefit from producing the rarer sex and thus produce a
male-biased offspring sex ratio [1-3]. The result would be a split sex ratio:
female biased in social nests, and male biased in solitary nests.

Subsequent studies of small-colony social bees demonstrated that colony
offspring sex ratio among social nests changed adaptively depending on
whether workers were sisters or daughters to the dominant reproductive
female [2,4-7]. However, the hypothesis proposed by Trivers & Hare [1]—a
mixed population made up of social nests with a female-biased offspring sex
ratio, and solitary nests with a male-biased sex ratio—has never been tested [8].

Here, we use the facultatively social or solitary sweat bee Megalopta genalis
to test the split sex ratio hypothesis. M. genalis can nest solitarily or socially
[9,10]. Social nests contain a reproductive female and typically 1-2
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Figure 1. For all panels, the left vertical axis shows the observed numerical F: M sex ratio, and the right vertical axis shows the estimated investment ratio.
(a) Yearly sex ratios. Numbers under each year represent the total number of offspring reared that year. Social nests are represented by filled red columns, solitary
nests by open blue columns, and the total population by filled grey columns. (b) Sex ratios by season. Data were grouped into three-week periods for presentation.
Labels on the horizontal axis represent the midpoint of each period. Where sample size was not sufficient in a given period, adjacent periods were pooled (see
electronic supplementary materials for details). In this and subsequent panels, social nests are represented by filled red circles, solitary nests by open blue circles and
the total population by filled grey squares. C-H: Sex ratio by season for each year. Insets show the proportion of each year's sample consisting of offspring from social
or solitary nests, and the proportion of those that were male (blue fill) or female (white fill).

non-reproductive workers [11]. Megalopta genalis reproduc-
tives are monogamous and worker reproduction is rare, so
social workers typically raise full siblings [10]. In standar-
dized observation nests, solitary females produced a more
male-biased sex ratio than social nests [10], but that study
did not include the full range of nest ages and seasonal vari-
ation exhibited by M. genalis. Here we use sex ratio data of
offspring reared from field-collected nests of mixed ages
across six years in both the wet and dry seasons to test the
prediction that social nests will have a more female-biased
offspring sex ratio than solitary nests.

2. Methods

We collected nests from the forest in Barro Colorado Island,
(9°09 N, 79°51" W), Panama, across the reproductive season
(January-July) and reared offspring to adulthood as described
in [12]. We reared 2502 offspring in total, in 2007, 2008, 2009,
2010, 2015 and 2016 (see figure 1 and electronic supplementary
material for yearly and seasonal sample sizes). We characterized
nests as solitary (a single female) or social (more than one female)
based on the number of adult females present in the nest at the
time of collection. We have never observed nests initiated by
multiple foundresses, so multi-female nests consist of close
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relatives, confirmed with genetic markers [10]. To calculate
investment sex ratio, we multiplied the number of male offspring
by 0.59 to account for the difference in mean body dry mass
between females (38.28 +891mg) and males (22.62+
6.56 mg) [13]. We analysed sex of each reared offspring (a
binary response variable) using a generalized linear mixed
model (GLMM) with binomial distribution and logit link func-
tion in SPSS version 25. We used year, social status (social or
solitary) of the natal nest, and date as fixed effects, and nest
identity as a random effect to account for the non-independence
of offspring from the same nest. Date, measured as days since 1
January for each year, in order to compare across years, served
as a proxy for the effect of season. The dry season on BCI
generally lasts from mid-December to mid-April, before
giving way to the wet season [14].

3. Results

We found a split offspring sex ratio between social and soli-
tary nests. Social nests were more female biased than
solitary nests (GLMM social status Fj 494 =54.03, p=
0.001) even though sex ratio also varied across seasons
(F10404 = 11.27, p <0.001) and years (Fs2494 =10.85, p <
0.001; figure 1). The effect of nest identity was also significant
(Z =6.18, p < 0.001) meaning that offspring from the same
nest tend to be the same sex. The effect of social status on
offspring sex was also significant in each year analysed
individually; the effect of season was significant in every
year except 2008 (table 1).

We collected 605 solitary nests from which we reared 852
male and 511 female offspring (avg. + s.d. males per nest =
1.41 + 1.30; females = 0.84 + 0.95). We collected 371 social
nests from which we reared 508 male and 631 female off-
spring (males per nest = 1.37 + 1.49; females = 1.70 + 1.63).
The numerical sex ratio for all reared offspring was 0.84 F:
M (46% female, 54% male). In social nests the F: M ratio
was 1.24, and in solitary nests it was 0.60; figure 1). The over-
all investment sex ratio was 1.42 F: M (2.11 in social nests,
1.02 in solitary nests). Overall sex ratio varied from year to
year (numerical F:M sex ratio range = 0.62-1.44, avg. =
0.94 + 0.30; investment sex ratio range = 1.05-2.44, avg. =
1.59 + 0.51; figure 1). The yearly numerical offspring F: M
sex ratio from social nests averaged 2.51 + 1.24 times greater
than that of solitary nests (range = 1.38—4.79).

Sex ratios also varied seasonally (figure 1). At the begin-
ning of the year, which is also the beginning of the local
dry season, sex ratio was female biased, then male biased
in February and March, and then again female biased in
May-July, which is the wet season (brood provisioning
largely stops between August and December [9]).

4. Discussion

Here we show a split offspring sex ratio between solitary and
social nests of the same species in the same population as
predicted by kin selection theory. Social nests produce a
female-biased brood, while solitary nests produce either
male-biased or less female-biased broods (depending on the
year and season). The bias towards females at the beginning
of the year, which is also the beginning of the bees’ provision-
ing season when most nests are being initiated, suggests that
many of the female offspring we collected then were destined
to be non-reproductive workers in social nests. The rise in

Table 1. Results of a GLMM for each year. See text for details, see figure [JEJ]

1a for yearly sample sizes.

social status

season

2007 557 0019 1544
2008 1904 <0001 019 067 212 0034
2000 2159 <0001 1731 <0001 281 0005
010 736 0007 2017 <0001 316 0002
2015 1098 0001 2107 <0001 244 0015
016 392 0049 1074 0001 152 0129

<<0.001 217 0.030

female production at the end of the provisioning season
(June-July) may represent investment in future reproductives
for the subsequent dry season. Our sampling effort was not
evenly distributed across seasons or years (figure 1; electronic
supplementary materials), so our overall sex ratio results are
not an unbiased estimate of population sex ratio. However,
the consistently more female-biased sex ratios in social nests
relative to solitary nests confirm expectations from split sex
ratio theory [1-3].

Some immature females we collected would have devel-
oped into non-reproductive workers. Thus, our sex ratio
estimates are an overestimate of the number of reproductive
females, due to the inclusion of some daughters that would
have developed into non-reproductive workers. Most social
nests have only one or two workers [11], and for a nest to
be designated as social in our study, there must already be
at least a second adult female present. It is therefore reason-
able to assume that most immature females collected from
social nests were not destined to be non-reproductive
workers, as these nests already had at least one worker.

It is likely that our results overestimate female production
in solitary nests. A foundress pursuing a social nesting strat-
egy, rearing her first, not-yet-hatched, female worker would
count in our study as a solitary reproductive with female off-
spring, since there was only one adult female present at
collection. Thus our estimates of the split between social
and solitary sex ratios are conservative because our calcu-
lation of sex ratio in solitary nests include some non-
reproductive female offspring in nests that would have
become social if they had not been collected. Additionally,
if a social nest lost its worker(s) before collection (‘failed
social’ of [10]), it would be counted as solitary in this
study. Again, this would bias our conclusions toward assign-
ing an excess of female offspring to solitary nests. Despite the
considerable yearly and seasonal population-level variation,
and the unavoidable biases in our collection methods,
our data show that social nests consistently invested more
reproductive effort in females than solitary nests did.

In previous research on M. genalis, we showed that
workers had lower inclusive fitness than reproductives who
successfully initiate a nest. This suggested that fitness benefits
to the social reproductive female resulting from her manipu-
lating daughters to stay as workers appear to be more
important in selecting for social behaviour than do indirect
fithess benefits to workers [11]. However, the simulation
models of [11] only led to the evolution of sociality when
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relatedness was high, suggesting that a maternal manipu-
lation route to an evolutionary origin of sociality would be
facilitated by higher relatedness among nest-mates resulting
from split sex ratios, although [11] did not explicitly test the
effect of sex ratio variation.

Female-biased sex ratios in social species with perma-
nently differentiated worker castes are often described in
terms of ‘worker control’ of sex ratios because this bias
increases worker inclusive fitness (reviewed by Gardner
et al. [8]). Our data are consistent with enhanced worker
inclusive fitness, but we do not know how or if M. genalis
workers control the sex ratio. Social reproductive females
lay eggs, choosing to fertilize them or not, and aggressively
dominate the workers, which are smaller-bodied than the
reproductives [10,15-18]. However workers have access to
cells as they are provisioned [18]—and sealed cells are often
later opened [19]—so they may be aware of the sex of devel-
oping offspring and the eventual sex ratio of their natal nest
and thus be able to enhance any kin selection advantage by
choosing to remain and help in female-biased colonies.
Solitary nest sex ratio bias must be due to the choice of the
reproductive female, because no workers are present and
solitary reproductives are mated [11] so male bias does not
arise due to unmatedness [20]. Also, split sex ratios can be
adaptive for all individual bees [2]. For instance, theory pre-
dicts that with the increased resources provided by worker(s’)
foraging effort, social reproductives should invest more in
female offspring [21,22]. Likewise, if an increase in offspring
condition leads to a greater increase in fitness for female than
for male offspring, reproductives who can afford to produce
better-condition offspring should specialize on producing
females [23,24].
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