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Parental care behavior evolves to increase the survival of off-
spring. When offspring care becomes complicated for ecological
reasons, cooperation of multiple individuals can be beneficial.
There are two types of cooperative care: biparental care and
worker (helper)-based care (e.g., eusociality). Although biparental
care is common in several groups of vertebrates, it is generally rare
in arthropods. Conversely, eusociality is widespread in insects,
especially the aculeate Hymenoptera. Here, we present a case of
biparental care in bees, in Ceratina nigrolabiata (Apidae, Xyloco-
pinae). Similar to eusocial behavior, biparental care leads to
greater brood protection in this species. Male guarding increases
provisioning of nests because females are liberated from the trade-
off between provisioning and nest protection. The main benefit of
parental care for males should be increased paternity. Interestingly
though, we found that paternity of offspring by guard males is
extraordinarily low (10% of offspring). Generally, we found that
nests were not guarded by the same male for the whole provision-
ing season, meaning that males arrive to nests as stepfathers. How-
ever, we show that long-term guarding performed by a single male
does increase paternity. We suggest that the multiple-mating strat-
egy of these bees increased the amount of time for interactions
between the sexes, and this longer period of potential interaction
supported the origin of biparental care. Eusociality based on mon-
andry was thought to be the main type of extended brood pro-
tection in bees. We show that biparental care based on polyandry
provides an interesting evolutionary alternative.
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In biparental care, females and males cooperate in the care of
offspring (1, 2). Several aspects of offspring care can influence
the evolution of biparental care: the synergistic effect of male
and female care (3), the inability of one parent to care for off-
spring effectively (4), or care that has similar costs and benefits
for both sexes (5, 6). Biparental care is relatively common among
vertebrates: it is the dominant type in birds (1) and frequently
occurs in mammal, amphibian, and fish lineages (7). Conversely,
biparental care is very rare among arthropods, with only a few
known examples, including cockroaches from the genus Crnpto-
cercus, as well as burying, passalid, and bark beetles (2, 4, 8). Bi-
parental care has also been documented in crabronid wasps of the
genus Trypoxylon (subgenus Trypargillum) belonging to the aculeate
Hymenoptera (9, 10). Generally, in this group of insects, females
perform nest provisioning, while males perform nest guarding and
help with nest construction (10, 11). Among the aculeate Hyme-
noptera, male participation in offspring care is rare (2, 12). On the
other hand, the occurrence of extensive female care is common,
and there have been several origins of eusociality (12-14).

Male and female mating strategies are strongly related to the
type of parental care (15, 16). Males, in contrast to females,
usually benefit more from an increased number of copulation
events than from substantial investment in offspring care (17, 18).
Male behavior can be further influenced by female availability.
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Monopolization of multiple females is usually the most beneficial
strategy for males; however, when this is not possible, it is best for
males to monopolize at least one female (15). This situation
typically occurs in species with low population density (as indi-
viduals rarely meet) (19) or with male-biased sex ratios (as most of
the females are occupied by other males) (20). Mate guarding of a
single female leads to social monogamy. Social monogamy is an
association between a single male and a single female, which can
last for the whole reproductive life or only temporarily (21). Male
participation in offspring care can be a byproduct of mate guarding
(19, 22). In this situation, no tradeoff between care and mating
opportunities occurs. In the case of social monogamy, investment
into parental care is beneficial for the male because he is less likely
to gain from interactions with other females (15). It is important to
remember that social monogamy does not necessarily mean ge-
netic monogamy: extrapair copulation is not uncommon (21, 23).

Here, we describe biparental care in the solitary apid bee,
Ceratina nigrolabiata, which represents a case of biparental care
in bees. Bees and most other aculeate Hymenoptera have spe-
cific natural history traits that can strongly modulate the evolu-
tion of parental care, including (i) nest-making behavior; (i)
haplodiploid sex determination, in which males only genetically
participate in female offspring; and (iii) a spermatheca, which
allows the female to store sperm for months or even years (24).
Parallel evolution of biparental care in C. nigrolabiata and Try-
poxylon crabronid wasps is likely, as Trypoxylon and Ceratina
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share natural history traits typical of nest-making aculeate Hy-
menoptera (9-11). As biparental care should increase the fitness
of both sexes (2, 6), we tested the benefits of this strategy for
males and females separately. We identified the maternity and
paternity of brood individuals using microsatellites, and we
compared the mating frequency of C. nigrolabiata with that of
solitary and facultatively eusocial bee species in which single
mating is known (14, 25-27). Importantly, the presence of soli-
tary, biparental, and eusocial nesting within the same bee genus
allows for comparisons of the existing cooperative strategies.

Results

Presence of a Male-Female Pair in Active Brood Nests. A male—
female pair was found in 88% of the active brood nests of C.
nigrolabiata (404 out of 460; SI Appendix, Table S1). In 1% of the
active brood nests (5 out of 460; SI Appendix, Table S1), one
female and multiple males were present. In the remaining nests,
there were only adults of a single sex (only a male in 5%: 26 out
of 404 nests; only a female in 4%: 18 out of 404 nests; SI Ap-
pendix, Table S1) or no adults at all (2%: 8 out of 404 nests; SI
Appendix, Table S1). We did not observe any nest with more than
one adult female.

There was a pronounced division of labor between males
and females. In all cases, while females were foraging, males
remained in their nests (78 nests, each observed for 1.5 h). The
male remained inside the nest, near the nest entrance, and when
the female departed or arrived, he let her pass (Fig. 1). Ants are
natural enemies of Ceratina bees (28); therefore, to test whether
guard males of C. nigrolabiata effectively protect the nest against
invaders, we placed an ant at the nest entrance and observed the
behavior of the guard male. Guard males prevented the ant from
entering the nest in all cases (n = 41), and in 61% of cases, males
actively pushed the ant out of the nest.

Duration of Male Guarding. Usually, C. nigrolabiata males do not
stay in the same nest for the entire provisioning season (the
provisioning season lasts ~42 d; see SI Appendix). On average,
males remain for 7.756 d in a nest (SD = 8.211); therefore, the
male inhabitant of the majority of nests changed one or more
times during the provisioning season (SI Appendix, Figs. S1 and
S2). Only in rare cases (11 out of 93) did a single male remain in
the same nest for the whole provisioning season. The frequency
of male switches significantly influences nesting productivity,
measured as the number of offspring in egg and larval stages in
an active brood nest. In each year of the study, nesting pro-
ductivity decreased with increased frequency of male switches
[Fig. 2 A-C; general linearized model (GLM) Poisson; 2013:
deviance = 4.97, P = 0.026, n = 27; 2014: deviance = 5.13, P =
0.024, n = 120; 2015: deviance = 8.97, P = 0.003, n = 102].
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Experimental Removal of Males from Their Nests. When a C.
nigrolabiata male was removed from a nest, he was replaced by an-
other male within the first day postremoval in 61% of cases (47 out of
77 nests; SI Appendix, Table S2). By the fourth day after removal, the
proportion of nests with a guard male did not significantly differ
between manipulated and control nests (Fisher’s exact test, P = 0.153;
n = 76; SI Appendix, Table S2). Removal of the male was not asso-
ciated with the presence of brood cell damage (Fisher’s exact test, P =
0.694; n = 162); however, it did result in decreased nesting pro-
ductivity in nests where the couple was successfully reestablished,
as measured by the number of eggs (Fig. 2D; GLM Poisson, df =
1, deviance = 5.09, P = 0.024, n = 73) and the number of offspring
(at or before the third larval stage; Fig. 2E; GLM Poisson, df = 1,
deviance = 5.59, P = 0.015, n = 73). Interestingly, male removal
had a significant influence on female behavior. Females in male-
removed nests performed fewer foraging trips [in 1.5 h of obser-
vation time post-male removal; Fig. 34; paired Wilcoxon test, V
(test criterium of Wilcoxon paired test) = 221, P = 0.002; n = 24],
and they spent less time outside their nests (Fig. 3B and Table 1;
paired Wilcoxon test, V = 264, P < 0.001; n = 24).

Experimental Removal of Females from Their Nests. Removal of C.
nigrolabiata females had a significant effect on the departure of guard
males (Fisher’s exact test, P < 0.001; n = 94). When we removed the
female from a nest, we checked for the presence of the male the
following day: the guard male was present in only 38% of the female-
removed nests (18 out of 48), in comparison with 89% of the control
nests (41 out of 46). Importantly, female removal resulted in a sig-
nificantly increased incidence of brood cell damage in the nest
(Fisher’s exact test, P < 0.001; n = 194). The presence of natural
enemies, such as another Ceratina female that had usurped the nest
(Fisher’s exact test, P < 0.001; n = 194) or ants (Fisher’s exact test, P =
0.018; n = 194), was also significantly influenced by female removal.

Comparison of the Duration of Foraging Trips Among Species. We
compared the average duration of C. nigrolabiata foraging trips
with that of two sympatric solitary Ceratina species. The average
duration of a foraging trip was 16.47 min for C. nigrolabiata
(SD = 10.74 min, n = 110 trips of 55 individuals), 10.30 min for
Ceratina chalybea (SD = 10.01 min, n = 42 trips of 21 individ-
uals), and only 4.77 min for Ceratina cucurbitina (SD = 7.50 min,
n = 84 trips of 42 individuals). C. nigrolabiata had significantly
longer foraging trips than C. chalybea (Fig. 3C; post hoc Nemenyi
test, P = 0.008) and C. cucurbitina (Fig. 3C; post hoc Nemenyi
test, P < 0.001). Data are summarized in Table 1.

Male Survival During the Nesting Season. The proportion of C.
nigrolabiata males in the population fluctuated around 54% for
the duration of the nesting season [#n = 408 individuals from all
season (May 1 to August 15); fluctuation between 44% and 65%

Fig. 1. C nigrolabiata male performs nest guard-
ing; female performs nest provisioning. (4) The fe-
male arrives at the nest entrance with a pollen load.
She uses her fore legs to scratch the metasoma of
the male to let her pass. Another male flies around,
probably searching for a nest without a guard male.
(B) Detailed image of the female scratching on the
male’s metasoma. The male’s metasoma is marked
yellow. (C) Dissected active brood nest with three
completed brood cells and one cell currently being
provisioned. In C, a female (left) and male (right) are
present in the burrow.

PNAS | March 26,2019 | vol. 116 | no. 13 | 6239

EVOLUTION


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810092116/-/DCSupplemental

L T

z

1\

=y

Fig. 2. Effect of male switches on nesting pro-
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in different months; SI Appendix, Fig. S3]. The proportion of C.
chalybea males in the population decreased over the nesting
season from 48% (n = 23 individuals) in the first half of May to
8% (n = 66 individuals) in the first half of August. Therefore, few
C. chalybea males survived for the entire season. In contrast, C.
cucurbitina males died early. In the first half of May, 56% (n =
52) of adults were male; however, the last C. cucurbitina male of
the parental generation was observed in the second half of June,
well before the end of the nesting season.

Mating Frequency and Paternity. At nests, we observed instances of
mating throughout the nesting season. C. nigrolabiata females
predominantly mate multiply: on average, offspring of 3.25 males
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ductivity. (A-C) Relationship between the number of
different guard males in the last 15 d and the num-
ber of offspring in egg and larval stages from 2013
(27 nests) (A), from 2014 (120 nests) (B), and from
2015 (102 nests) (C). The relationship is significant for
all 3y (GLM Poisson, 2013: deviance =4.97, P = 0.026;
2014: deviance = 5.1264, P = 0.023; 2015: deviance =
8.97, P = 0.003). The size of the circle corresponds to
the number of observations with the same value. The
line indicates the result of the Poisson model. (D and
E) Comparison of nesting productivity between
male-removed nests and control nests. (D) Number
of eggs in the nest. (E) Number of offspring up to the
larval (L)3 stage in the nest (eggs plus young larvae).
We used 38 male-removed nests and 35 control nests
from 2014 and 2015. Results were statistically sig-
nificant for both the number of eggs (GLM Poisson,
df =1, deviance = 5.09, P = 0.024) and the number of

9 offspring up to the L3 stage (GLM Poisson, df = 1,
deviance = 5.59, P = 0.015).
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were found in completely provisioned nests (ranging from 1 to 8,
SD = 1.70, n = 31 nests). Nests with all offspring belonging to a
single father were rare (4 out of 31). Moreover, offspring from
different fathers were often intermixed in the nest (S Appendix,
Fig. S4). Female multiple mating is also present in two related
Ceratina species, C. chalybea (2.57 males, SD = 0.98, n = 7 nests)
and Ceratina cyanea (2.5 males, SD = 0.70, n = 2 nests; Table 1).

Kinship of the guard male to nest offspring was low. At least
one offspring of the guard male was detected in 29% of active
brood nests (n = 265; SI Appendix, Fig. S5). On average, active
brood nests contained 6.604 offspring, with only 0.638 offspring
(10%) fathered by the guard male. However, as hymenopteran
males do not contribute genetically to male (haploid) offspring,
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Fig. 3. Effect of male removal on female foraging behavior. (A) Histograms of the number of foraging trips comparing male-removed nests and control
nests. One treatment and one control nest were observed simultaneously. The difference is statistically significant (paired Wilcoxon test, V = 221, P = 0.002;
n = 24 nest pairs). (B) Histograms of the proportion of time spent outside of the nest in foraging activity per one female in male-removed nests and control
nests. One treatment and one control nest were observed simultaneously. The difference is statistically significant (paired Wilcoxon test, V = 264, P < 0.001;
n = 24 nest pairs). (C) Comparison of the duration of foraging trips between sympatric species of the genus Ceratina. The duration of a foraging trip was
calculated as the mean of two subsequent trips of one female. We observed 55 nests of C. nigrolabiata, 21 nests of C. chalybea, and 42 nests of C. cucurbitina.
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Table 1.
Ceratina species

Comparison of female mating frequency and duration of foraging trips in four

Species C. nigrolabiata  C. chalybea  C. cucurbitina C. cyanea
Nesting strategy Biparental Solitary Solitary Solitary
Average mating frequency 3.25 (n = 31) 2.57 (n=7) Not available 2.5(n=2)
Average duration of foraging trip, min  16.47 (n =55) 10.30 (n =21) 4.77 (n =42) Not available

n is the number of nests used in the analysis.

the number of female offspring fathered is more important.
Guard males, on average, fathered only 17% (169 out of 1005) of
female offspring. The maximum number of offspring belonging
to the guard male in a nest was seven (SI Appendix, Fig. S5).

We also tested how male fitness is affected by the duration of
guarding. Both the number of offspring (Fig. 4; linear model, ¢ =
14.55, P < 0.001; n = 301) and the number of offspring per day of
guarding (SI Appendix, Fig. S6) increase with longer durations
of guarding. A male gains an average of 0.638 offspring per 7 d of
guarding (which is the average duration of guarding). The pro-
visioning season of C. nigrolabiata lasts ~42 d; therefore,
guarding nests for most of the provisioning season (for example,
guarding five nests, each for the average duration) would lead to
~3.19 offspring per male per season.

Discussion

We discovered social monogamy and biparental care in the bee
species C. nigrolabiata. These strategies were previously un-
known in bees. There is a pronounced division of labor between
the sexes in this species, similar to another biparental arthropod
group, crabronid wasps of the genus Trypoxylon (10, 11, 29).
While females perform provisioning, males are responsible for
nest guarding (Fig. 1). A male-female couple was found in the
majority of active brood nests of C. nigrolabiata (88%). Nests
without an adult couple most commonly contained only male
adults, but we also found nests with only female adults and nests
without either parent present. Because female-only nests were
not the most prevalent, it is likely that active brood nests without
a couple were either recently orphaned or deserted by the par-
ents. This suggests that female-only nests are not stable.

The importance of nest and resource defense can select for bi-
parental care (8); in the aculeate Hymenoptera, selective pressures
for nest protection are thought to favor eusociality (13). Un-
guarded nests of Ceratina bees are highly vulnerable to natural
enemies, especially ants (28); therefore, the benefit of a guard male
is most likely similar to the benefit of worker guards in facultatively
eusocial nests (30-32). One important benefit of eusocial nesting is
nest protection when foraging individuals depart the nest to collect
provisions for brood cells (33, 34). Eusocial nesting thus signifi-
cantly decreases mortality caused by natural enemies (31, 35). We
have shown that C. nigrolabiata males defend the nest from attacks
by enemies such as ants. Interestingly, removal of the guard male
did not increase the incidence of brood or cell damage, probably
because the removed male was replaced by another male within
1 d in the majority of cases (and maximally within 4 d). By contrast,
on a short time scale (hours), we found that absence of the guard
male affected female behavior. Male removal resulted in a de-
creased number of female foraging trips and a decreased amount
of time spent outside the nest. In another known biparental hy-
menopteran, the crabronid wasp, Trypoxylon vagulum Richards,
females do not perform foraging when the guard male is not
present in the nest (29). Similarly, females spend a longer time
outside of eusocial nests than solitary nests in the closely related
facultatively eusocial bees of the genus Xylocopa (30, 36). This
difference is also observed in Ceratina calcarata Robertson, as fe-
males spend more time away from the nests in which they feed
adult offspring compared with those in which only vulnerable
brood cells are provisioned (37). Likewise, we determined that C.
nigrolabiata performs significantly longer foraging trips than two
sympatric solitary species without biparental care—C. chalybea and

Mikat et al.

C. cucurbitina. Therefore, biparental care and eusociality, by using
two different types of guarding, are strategies that result in similar
benefits for foragers, allowing them more time for resource col-
lection thereby increasing nesting productivity.

The presence of a guard male should increase nesting pro-
ductivity if it allows the female to forage more effectively. In-
deed, we have shown that male removal results in altered female
foraging behavior as well as decreased nesting productivity. A
similar benefit to nesting productivity is known for eusocial nests
of Xylocopa sulcatipes in comparison with solitary nests (30, 32).
Furthermore, effective guarding by males allows females to in-
vest more into female offspring, which contain paternal DNA but
are costlier than male offspring (without paternal DNA), as was
shown for the biparental crabronid wasp, Trypoxylon politum
Drury (10). Nesting productivity was also positively influenced by
male fidelity in C. nigrolabiata; nests with a lower frequency of
male switches had a greater number of offspring.

In biparental care, males commonly benefit from caring for
their own offspring; therefore, although female infidelity is
possible, most of the offspring usually belong to the guard male.
In bird and mammal species, more than 90% of the offspring
belong to the male who is providing care (21, 23), although some
exceptions exist [e.g., the birds Tachycineta bicolor (Vieillot)
(Hirundinidae) with 31% (38) and Malurus cyaneus (Ellis)
(Maluridae) with 24% (39) of their own offspring]. In the only
other genetically studied biparental hymenopteran, Trypoxylon
albitarse Fabricius, the guard male fathers 78% of his female
partner’s offspring (9). Conversely, we found that, for C. nigro-
labiata males, the fitness benefit from nest protection is generally
very low. For C. nigrolabiata, only 10% of all offspring (including
male offspring, which have no father) and 17% of female off-
spring were guarded by their own father. Males guarded nests
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Fig. 4. Influence of the duration of male guarding on the number of his
own offspring in the nest. The size of circle corresponds to the number of
observations with the same value. The line indicates the result of the log-
normal model (n = 301 nests).
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with at least one of their own descendants in only 29% of cases.
Therefore, C. nigrolabiata males regularly guard offspring of
alien males or offspring with no paternal DNA. Although male
fitness gained by guarding any specific nest is low, the total
benefit from guarding behavior per entire season is much higher
because males guard several nests sequentially within a season.
We calculate that a male gains 3.19 offspring by guarding nests
for the entire provisioning season.

As there is little parental fitness benefit from protecting one’s
own offspring for C. nigrolabiata males, we posit that nest
guarding behavior (which increases offspring survival via nest
protection) is primarily a byproduct of mate guarding. This claim
is supported by findings from the female-removal experiment:
when we removed the female from a nest, the male usually de-
parted within a few days. Additionally, males do not try to pro-
tect offspring without the presence of a female.

In C. nigrolabiata, biparental care coexists with high female
mating frequency. The mixing of offspring from different fathers
in the nest (S Appendix, Fig. S4) indicates that females can store
and mix sperm from previous matings in their spermatheca. In
most bee species, mating with a single male early in the season is
the prevailing mating pattern (25, 26); however, we observed fe-
males mating throughout the nesting season in C. nigrolabiata and
a related species, C. chalybea. Interestingly, nests of the related
solitary Ceratina species, C. chalybea, and C. cyanea, also have
offspring from multiple fathers, suggesting that multiple mating
arose before biparental care in the genus Ceratina. Generally, it is
thought that the multiple mating in females selects against male
participation in offspring care (2, 4, 40). Contrary to this as-
sumption, we propose that female multiple mating in C. nigrola-
biata represents a key preadaptation for biparental care in bees.
Bee species with single-mated females usually mate before the
provisioning season (26) and have short-lived males (24, 41). For
example, there is very low male survival for the duration of the
nesting season in C. calcarata (42), where 81% of females are
singly mated (27). Long-term persistence of mating opportunities
selects for prolonged life of males (43, 44), and only a long-living
male has the opportunity to participate in offspring care. In ac-
cordance with this hypothesis, we detected long-term survival of
males throughout the nesting season in C. nigrolabiata and, par-
tially, also in C. chalybea (SI Appendix, Fig. S3).

Biparental care has similar maternal benefits as eusociality.
Eusociality originated in the context of monandry, which ensures
high relatedness between offspring, encouraging cooperation
(14). Indeed, the only eusocial Ceratina species with known
mating frequency, Ceratina australensis (Perkins), is monandrous
(31). By contrast, biparental care in C. nigrolabiata originated in
a situation of multiple mating. Therefore, we suggest that
primitive eusociality and biparental care represent two alterna-
tive ways to reach the same primary benefits of extended pa-
rental care. The evolution of parental care in Ceratina is notable
for its complicated origin, as the ancestor of the genus Ceratina
was most likely facultatively eusocial, with obligate solitary be-
havior being a derived state (45). In C. nigrolabiata, we did not
find any case of multifemale nesting; however, it is possible that
some of the advanced behavioral traits observed in C. nigrola-
biata are inherited from their eusocial ancestors.

Materials and Methods

Study Species. We used C. nigrolabiata Friese (Hymenoptera: Apidae) for most
of our analyses. We performed field studies on this species, with the nest
being the main unit for almost all of our analyses. A nest usually contains two
parents (one male and one female) and juvenile offspring. We compared
some traits of C. nigrolabiata with those of other sympatric Ceratina species:
C. cucurbitina (Rossi), C. chalybea (Chevrier), and C. cyanea (Kirby).

Study Site. Research was performed at Havranické Vresovisté, Podyji National
Park, Czech Republic (48°48'32.2"N 15°59'33.7"E). This locality consists of dry
steppe grasslands with heather and scattered shrubs. We conducted our re-
search in 2013, 2014, and 2015. Some additional data are from 2012 and 2016.
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Field Experiments.

Installation of nesting opportunities. \We used sheaves of cut twigs as artificial
nesting opportunities. A sheaf was made from 20 twigs, 30-45 c¢m in
length. For further details about the artificial nesting opportunities, see
SI Appendix.

Observation of nests and dye marking of males. We marked nests and the males
that stayed inside them. We checked all studied nests daily in almost all cases
for the duration of the provisioning season. Each unmarked male was marked
by a colored dot on the metasomal terga near the apex of the metasoma,
visible from the nest entrance. We did not observe any case of a male
abandoning the nest immediately after marking. We used five different
colors for marking. When we found a marked male, we noted its color. This
enabled us to assess the duration of nest guarding by males. We used these
data to evaluate the average duration of male guarding and for several other
analyses where we correlated the duration of male guarding with other
variables. For further details about the marking of males and nests, see
SI Appendix.

Dissection of nests. Nests selected for dissection were collected after the end of
foraging activity (after 6:00 PM; Central European Summer Time). The nest
entrance was plugged to ensure that adult individuals were retained inside.
Collected nests were stored in a fridge until dissection.

Nests were cut by knife and the following data were recorded: number and
sex of adult individuals, length of the nest, length of the entrance burrow
(distance between the nest entrance and outer septum), number of pro-
visioned cells, number of live offspring, and presence of natural enemies.
Additionally, developmental stage was recorded for each offspring. Details
about the developmental stage of offspring are described in S/ Appendix. We
used active brood nests for most of the analyses. An active brood nest was
still being provisioned at the time of nest collection and therefore contained
an egg in the outermost brood cell (42). We used full brood nests for some
of the analyses. These nests contained a larva or pupa in the outermost
brood cell. We used data from the dissection of nests to assess the length of
the provisioning season and changes to the adult sex ratio during the
nesting season; this is described in more detail in S/ Appendiix.

Existence of pairs. In this analysis, we estimated the proportion of nests in
which a male and a female were both present. We used all dissected active
brood nests (excluding nests from those experiments that involved removal of
an adult, male or female). We analyzed 133 nestsin 2013, 183in 2014, and 144
in 2015; therefore, 460 nests were analyzed in total.

Impact of male switches on nesting productivity. We examined the influence of
guard male switching frequency on nesting productivity, measured as the
number of offspring in the egg or larval stage. Specific details for this analysis
are presented in S/ Appendix.

Removal of Males. We randomly selected some of the nests with both a male
and a female present for removal experiments. We performed male removal
on some of these nests, while others were retained as controls. We used the
same nests to determine the influence of male removal on the presence of
brood cell damage, to assess the replacement of removed males, and to
examine the impact of male removal on nesting productivity. In a subsequent
experiment, we evaluated the effect of male removal on female behavior.
Specific experimental details are presented in S/ Appendix.

Removal of Females. In randomly selected nests (not those used for the male
removal experiment), the guard female was removed. Other randomly se-
lected nests were appointed as controls. For each nest in this experiment, we
confirmed the presence of both a female and a male before the female
removal or control treatment (using the same procedures as the male removal
experiments). Specific experimental details are presented in S/ Appendix.

Comparison of the Duration of Foraging Trips Between Species. The duration
of foraging trips in C. nigrolabiata and two other sympatric species, C.
chalybea and C. cucurbitina, were observed. On each observational day, all
nests present on selected sheaves were observed. Each nest was observed
until two intervals between departure and arrival were successfully noted.
We calculated the average duration of two foraging trips for each individ-
ual. For further details, see SI Appendix.

Laboratory Analyses. We developed 10 polymorphic microsatellite loci to ge-
notype 3,547 C. nigrolabiata individuals. We calculated the probability of two
adults having the same genotype using the Cervus program (46). This proba-
bility was 0.00000004. It was also possible to use some of the loci developed
for C. nigrolabiata for other species: C. chalybea and C. cyanea. The sex of each
genotyped offspring was determined by ploidy. Details about microsatellite
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locus development, the genotyping process, and sex determination are de-
scribed in SI Appendix.
Computing the relatedness of individuals in the nest.

Maternity. Maternity was tested by manual comparison of the guard fe-
male’s genetic profile with offspring from the same nest. The guard female
was considered to be the mother when all loci agreed or when only one
locus disagreed. Individuals that were not offspring of the guard female
were found only in rare cases. In these cases, they were always at the bottom
of the nest and usually evidently older than the other offspring. These in-
dividuals disagreed with the guard female in at least minimally three loci.
We suppose that in these cases, the offspring belong to the previous owner
of the nest and that this situation arises from nest usurpation with in-
complete removal of the usurped female’s brood cells. Nonexclusion prob-
ability computed by Cervus 3 (46) was 0.055 for the first parent.

Paternity. Paternity of the offspring was tested using two procedures: (i)
manual comparison—the offspring agreed with the guard male (potential
father) in all alleles or disagreed in only one; or (ii) Colony software (47).
Male offspring (haploid) were not analyzed. The settings used for Colony
software and details about the paternity calculations are presented in
SI Appendix.

Female mating frequency (number of fathers in the nest). We examined how
many different fathers had offspring in a nest based on microsatellite anal-
ysis. This variable also represents the minimum number of sexual partners of
the female. We used Colony software for this analysis. We analyzed mating
frequency in 31 nests of C. nigrolabiata, 7 nests of C. chalybea, and 2 nests of
C. cyanea. For further details about the calculations of mating frequency, see
SI Appendix.
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Influence of the duration of guarding on male fitness. Selected nests were dis-
sected, and the male-female pair and all offspring were genotyped. Pater-
nity of offspring and relatedness to the guard male were analyzed. We
modeled and tested the relationship between the duration of time a male
spent guarding a nest and the number of his own offspring in that nest. To
test whether the relationship between the duration of male guarding
and guard male fitness was statistically significant, a linear model on log-
transformed data was used. Assumptions of the model were checked using
diagnostic plots. We constructed polynomial models (up to the fifth degree of
the polynomial), each of them with and without an intercept. Based on the
Akaike information criterion, the best model was determined to be a linear
model without an intercept. Statistical analyses were done using R software,
version 3.2.5 (48). In total, 301 nests were analyzed (54 in 2013, 171in 2014, 76
in 2015), containing 2,082 offspring, of which 1,189 were female.

Datasets. The datasets used for this study are provided in Dataset S1.
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