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Although kin selection is assumed to underlie the evolution of sociality, many
vertebrates—including nearly half of all cooperatively breeding birds—form groups
that also include unrelated individuals. Theory predicts that despite reducing kin
structure, immigration of unrelated individuals into groups can provide direct, group
augmentation benefits, particularly when offspring recruitment is insufficient for
group persistence. Using population dynamic modeling and analysis of long-term
data, we provide clear empirical evidence of group augmentation benefits favoring the
evolution and maintenance of complex societies with low kin structure and multiple
reproductives. We show that in the superb starling (Lamprotornis superbus)—a plural
cooperative breeder that forms large groups with multiple breeding pairs, and related
and unrelated nonbreeders of both sexes—offspring recruitment alone cannot prevent
group extinction, especially in smaller groups. Further, smaller groups, which stand to
benefit more from immigration, exhibit lower reproductive skew for immigrants, sug-
gesting that reproductive opportunities as joining incentives lead to plural breeding.
Yet, despite a greater likelihood of becoming a breeder in smaller groups, immigrants
are more likely to join larger groups where they experience increased survivorship
and greater reproductive success as breeders. Moreover, immigrants form additional
breeding pairs, increasing future offspring recruitment into the group and guarding
against complete reproductive failure in the face of environmental instability and
high nest predation. Thus, plural breeding likely evolves because the benefits of
group augmentation by immigrants generate a positive feedback loop that maintains
societies with low and mixed kinship, large group sizes, and multiple reproductives.

social evolution | cooperative breeding | plural breeding | group augmentation | direct benefits

Recent genetic advances have revealed previously hidden complexities of group structure
in cooperatively breeding societies (1, 2), in which more than two individuals care for the
young (3). For example, although most avian cooperative breeders were historically
thought to form social groups primarily with closely related individuals (4), more recent
work suggests that nearly half of all cooperatively breeding birds actually form groups
comprising a high proportion of unrelated individuals (1). In contrast to societies with
simpler group structure—those that typically comprise small, nuclear families with one
breeding pair and one or more helpers that are offspring from previous broods (4)—these
mixed-kin societies form via immigration of unrelated individuals of both sexes in addition
to the retention of offspring born into the group (1, 5). Moreover, immigrants often
acquire breeding opportunities alongside natal individuals, resulting in plural breeding
societies characterized by not only multiple breeding pairs, but also large groups and low
but mixed kinship (6, 7). Such plural breeding societies are thought to be evolutionarily
distinct from singular breeding societies with one breeding pair and high kinship, repre-
senting alternative evolutionary outcomes (6, 8, 9) in response to distinct selection pres-
sures (10) and genetic architectures (11, 12). Because of the increased reproductive
opportunities for subordinates and the mixed kinship within plural breeding groups,
reproductive conflict and social instability are predicted to be higher than those in singular
breeding groups (13), as has been demonstrated in a variety of taxa (14—16). Nonetheless,
large cooperative societies with multiple reproductives and low but mixed kinship are
found in taxa ranging from insects (17, 18) to fishes (19), birds (20), mammals (21), and
even crustaceans (22). With a reduced potential for indirect benefits (i.e., fitness gained
by positively influencing the reproduction of relatives) due to low kin structure within
these groups, the formation of such demographically and socially complex societies is
thought to be primarily governed by direct benefits (23, 24).

Complex group structure may arise as a by-product of demographic processes that
influence the long-term persistence of animal societies, particularly in the face of envi-
ronmental challenges (25-27). Obligate cooperative breeders, for example, commonly
exhibit high rates of group extinction due to inverse density dependence (i.e., Allee effect)
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at small group sizes (28). Below a threshold group size, there are
too few individuals within a social group to successfully recruit
offspring, and those group members are also less likely to survive
(29, 30), resulting in the group spiraling toward extinction
(31-33). The risk of group extinction is especially high in species
where group members cooperate to increase both reproductive
success and survival (i.e., group augmentation) (31), as well as in
harsh and unpredictable environments that negatively impact
population growth (34). By affecting demographic processes that
alter the group’s social structure (e.g., offspring recruitment and
emigration), even one low quality year can lead to population
crashes in obligate cooperatively breeding species (32, 34).
Admitting immigrants into a social group can therefore generate
direct, group augmentation benefits at the group level by buffering
against environmental stochasticity and decreasing risk of group
extinction, particularly when recruitment of offspring is lower than
necessary to achieve and maintain optimal group sizes (35, 36).

Despite the potential group-level benefits of increasing group
size, insider—outsider conflict theory predicts that existing group
members (insiders) may exhibit resistance toward potential immi-
grants (outsiders) if they stand to incur personal fitness costs (e.g.,
reduced access to resources or breeding opportunities) from admit-
ting immigrants (37). In cooperatively breeding mongoose species,
for example, dominant females are more likely to evict subordinate
females in larger social groups to reduce reproductive conflict
(38, 39), despite the group-level benefits of living in larger groups
(40—42). When immigration can generate substantial group- and
individual-level group augmentation benefits, however, insider—
outsider conflict may be low (36). In addition to protection from
group extinction due to reproductive failure, group augmentation
by immigration may also improve individual survival likelihoods
of group members (43). Groups facing high predation pressure
and/or low offspring recruitment may thus be more accepting of
unrelated immigrants (44). Further, if the demand for immigrants
exceeds their availability, groups may even compete for outsiders
in a biological market (45). In such cases, dominant breeders may
concede breeding opportunities to immigrants as joining incen-
tives (46, 47) or exert incomplete control over reproduction
(48-50), effectively giving rise to plural breeding. Plural breeding
may then be maintained by a positive feedback loop of group
augmentation benefits if having additional breeding pairs further
increases group productivity (13). Biological market theory also
predicts that when immigrants are rare relative to the demand for
additional group members, they can afford to be choosy and pref-
erentially join groups that maximize their own individual fitness
(45). Consequently, while all groups may permit or even favor
immigration, social and ecological factors (e.g., group size, kin-
ship, and resource availability) that affect individual fitness out-
comes may govern immigration rates and determine group social
structure and persistence over time.

While theoretical work suggests that plural breeding societies with
large groups, multiple breeding pairs, and low but mixed kinship
can form and remain stable due to group augmentation benefits
despite the potential for high insider—outsider conflict
(23,24, 51), empirical evidence is limited (35). Understanding how
and why such plural breeding societies form and persist requires
studying a species that shows variation not only in group structure,
but also in the types of fitness benefits achieved by grouping. Superb
starlings (Lamprotornis superbus) live in large but variable social
groups (mean group size ranged from 13 to 41 individuals across
nine groups during our study period) that contain multiple breeding
pairs (up to eight breeding pairs per group) and a combination of
related and unrelated nonbreeding individuals that may act as
alloparents (mean + SD coeficient of relatedness = 0.07 + 0.07 for
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nine groups during our study period) (52). In superb starlings, group
size, kin structure, and the number of breeding pairs per group covary
such that larger groups have lower kin structure and more breeding
pairs (SI Appendix, Fig. S1). Individuals of both sexes may either
forego dispersal (residents) or immigrate from other social groups
(immigrants) (53). Residents and immigrants are thus defined here
based on the group that they were born into. Since immigrants are
unrelated to resident individuals of the group they join, conflict
between residents and immigrants may persist throughout their life-
times. Although resident female superb starlings never breed in their
natal groups, both resident and immigrant males can acquire breed-
ing status within a social group during the same breeding season
(52). Within our study population, all breeding females and more
than half of all breeding males are immigrants (53). Individuals of
both sexes and immigration statuses may, however, remain as non-
breeders throughout their lifetimes, never gaining any direct fitness
(52). Importantly, immigrant males commonly acquire breeding
opportunities within their new social groups despite the presence of
reproductively capable resident males and unrelated potential mates
(52). In addition to the potential inclusive fitness benefits of helping
relatives raise their offspring, superb starlings also receive group- and
individual-level group augmentation benefits. That is, living in a
larger social group increases an individual’s survival likelihood (43)
and decreases reproductive variance within the group (54), likely due
to larger predator mobbing and alloparenting groups (43, 54), and
higher resource availability in territories occupied by larger groups
(55). Superb starlings inhabit the East African savanna, where unpre-
dictable variation in rainfall from year-to-year creates a temporally
variable environment (25) that affects demographic processes such
as dispersal (53), offspring recruitment (54), and the adoption of
different breeding roles (56, 57). In general, conditions for the star-
lings are typically harsh, as low rainfall is the norm in most years and
food resources are scarce throughout much of the year (52). Further,
superb starlings face high rates of nest failure (>70% of all nests and
>90% of all offspring), primarily due to predation, a largely stochastic
process (52) that typically results in complete reproductive failure in
a given breeding season (54) (SI Appendix, Fig. S2).

Here, we combine population dynamic modeling with empir-
ical analysis of longitudinal, individual-level data from a long-term
study of superb starlings to examine the formation and mainte-
nance of plural breeding, mixed-kin societies. Specifically, we
explore the patterns and fitness consequences of immigration at
both the individual and group level to understand how immigrants
contribute to group augmentation both directly and indirectly,
thus influencing the long-term persistence of societies in the face
of environmental stochasticity. First, we simulate group dynamics
using models of population growth parameterized with data from
our long-term study to investigate how both immigration and
offspring recruitment contribute to group persistence over time
via group augmentation directly (i.e., the addition of adult indi-
viduals to the group). We further investigate whether immigration
can compensate for low offspring recruitment to counter erosion
of group size. Because superb starlings have low offspring recruit-
ment (52), we predict that immigration is necessary to prevent
groups from going extinct, and that smaller groups will be more
likely to go extinct unless they have higher rates of immigration
than larger groups. Although we used our long-term data from
starlings as a starting point to parametrize the model, we also vary
the demographic rates to make the model generalizable to other
social species.

Next, we use long-term empirical data to investigate how immi-
gration results in plural breeding via the sharing of reproductive
opportunities. Further, we examine whether immigrants also pro-
vide indirect group augmentation benefits by assuming breeding

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2212211120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2212211120#supplementary-materials

Downloaded from https://www.pnas.org by COLUMBIA UNIV LIB SAS-ELECTRONIC MATERIALS on April 24, 2023 from | P address 128.59.222.107.

positions and increasing future offspring recruitment into the
group. We predict that if immigrants provide direct group aug-
mentation benefits, conflict over group membership between
existing group members and potential immigrants may be low
such that immigrants can acquire breeding opportunities in groups
of all sizes, resulting in plural breeding. However, reproductive
opportunities should be more likely shared equitably in smaller
groups, which are more susceptible to extinction and thus more
likely to benefit from immigration. More equitable sharing of
reproductive opportunities (i.e., lower reproductive skew) should
lead to more immigration into smaller groups, as well as higher
fitness benefits to birds joining such groups. Alternatively, due to
lower survival (43) and more variable reproductive success (54),
immigrants may instead have lower fitness in smaller groups.
Finally, we examine the indirect group augmentation benefits of
immigration, predicting that groups with at least one immigrant
male breeding will contain more breeding pairs, despite the pres-
ence of reproductively capable but nonbreeding resident males.
More breeding pairs will, in turn, increase group reproductive
output further. Ultimately, we investigate whether, in a temporally
variable and unpredictable environment that generates high
annual variation in fecundity, direct and indirect group augmen-
tation benefits associated with immigration can give rise to and
help maintain plural breeding by favoring both individual- and
group-level fitness.

Results

Models of Group Population Dynamics. We began by building a
discrete time population growth model with group size at time ¢ +
1 (V,,,) as a function of five demographic processes—immigration
(of males and females), disappearance (of males and females),
and offspring recruitment—parameterized with longitudinal data
from nine superb starling social groups collected over 15y (Eq. 1,
SI Appendix, Table S1 and Fig. S3). We grouped dispersal and
mortality under one demographic process, “disappearance,” since
our model did not incorporate an age-structured population, and
both dispersal and mortality lead to the same net result: loss of
group members. Although 30 to 50% of offspring emigrate to
nonnatal groups (53), this loss of group members is captured
within “disappearance.” Offspring recruitment here is defined as
the recruitment of fledglings into the social group.

A B

After 100 iterations of the model, only 18% of the simulated
group trajectories resulted in group extinction (i.e., group size = 0)
(Fig. 1B), a result comparable to our long-term data in which two
of nine (22%) social groups went locally extinct over the 15-y
period. However, when immigration was set to zero, group extinc-
tion increased more than threefold (61% of group trajectories
went to extinction), indicating that immigration contributes to
group persistence over time by bolstering group size (Fig. 14).
Without immigration (male: mean + SD = 0.29 + 0.71; female:
mean + SD = 0.58 + 1.03 immigrants per group per year), off-
spring production and recruitment alone (mean + SD = 1.35 +
2.33 offspring from 11.17 + 10.59 eggs per group per year;
SI Appendix, Fig. S2) is insufficient for persistence of groups,
which quickly spiral toward extinction. Note again that while the
rate of offspring recruitment is higher than immigration, 30 to
50% of offspring emigrate out of their natal groups at around 1y
of age (53). Thus, on average, group size only increases by 0.68
to 0.95 individuals per year due to offspring recruitment, which
is comparable to total immigration (i.e., 0.29 + 0.58 = 0.87 immi-
grants per year). Setting offspring recruitment to zero generated
a similar result (51% of group trajectories went to extinction,
SI Appendix, Fig. S4A). Further, the percentage of group trajecto-
ries resulting in extinction fell below 10% only when both off-
spring recruitment and immigration rates were inflated by 1.5x or
2x (8] Appendix, Fig. S5 and Table S2). Finally, when the rate of
disappearance for both sexes was reduced by half, none of the
group trajectories resulted in group extinction (SIAppendix,
Fig. S4B). Together, these results suggest that both offspring
recruitment and immigration are necessary for the persistence of
superb starling groups in the face of mortality and dispersal that
lead to, on average, the loss of individuals from the group that
is almost equivalent to the number of individuals added by off-
spring recruitment and immigration combined (males: mean +
SD = 0.87 + 1.23; females: mean + SD = 1.47 + 1.18 lost from
the group). Moreover, we found that, similar to other obligate
cooperative breeders (31), superb starling social groups exhibit
inverse density dependence at low group sizes, such that per capita
growth rate [i.e., the rate at which group size changes per individ-
ual or (V,,;-N)/N,))] declines at low group sizes (SI Appendix,
Table S3 and Fig. S6). Thus, immigration is necessary to keep
groups above a minimum group size threshold, at which point
extinction is likely to occur.
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Fig. 1. Simulations of discrete time population growth models show the effects of immigration and starting group size on the extinction risk of superb starling
social groups. (A) The results of 100 simulations of a discrete time population growth model (purple = simulation trajectories that resulted in group extinction,
blue = simulation trajectories that did not lead to group extinction) overlaid with longitudinal data from nine social groups (black). With immigration set to zero,
over half of all iterations (61%) resulted in group extinction in 29 time-steps. However, (B) with immigration, only 18% of the iterations resulted in group extinction
over the same time period. Thus, immigration increases the persistence of superb starling social groups. (C) Larger groups are more stable over time. With a
larger starting group size (x axis), the percentage of groups going extinct over 29 time-steps (y axis) decreased (Z = -21.93, P < 0.001) (black points). However,
when the relationship between immigration and group size was reversed artificially, the percentage of groups going extinct approaches or falls to zero (N,10:
mean + SD = 1 + 0.5%; Ny20: 0 + 0%; N,30: 0 + 0% of iterations resulting in group extinction) and does not vary with variation in starting group size (gray points),
indicating that in this scenario, immigration compensates for lower offspring recruitment in smaller groups (S/ Appendix).
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Next, to determine whether small groups are more likely to go
extinct than large groups, or are instead buffered against extinction
by immigration, we ran simulations that varied in starting group
size (N, = 10, 20, or 30 individuals), but that fell within the range
of natural group size variation within our study population (mean
+ SD =23 + 11 individuals). We found that groups were more
likely to go extinct when starting with a smaller group size
(Z =-21.93, P<0.001; Fig. 1C). However, when the relationship
between immigration and group size was artificially reversed to
simulate a scenario of higher immigration rates into smaller
groups, the likelihood of group extinction decreased dramatically,
regardless of the starting group size (N;10: mean + SD = 1 + 0.5%;
N20: 0 + 0%; Ny30: 0 + 0% of iterations resulting in group
extinction) (Fig. 1C). Decreased group extinction risk in smaller
groups in this artificial scenario is due to immigration compen-
sating for low offspring recruitment rates, which is not the case
in reality (S7 Appendix, Fig. S7). Using empirical data from our
long-term study to estimate a threshold group size below which
offspring recruitment is unsuccessful, we found that groups with
fewer than seven individuals never successfully fledged offspring
(Fig. 2) and almost never exhibited per capita increases in group
size (SI Appendix, Fig. S6). However, we note that the sample size
of groups with fewer than seven individuals is quite low. Over
15y, 3 out of 9 groups fell below this threshold, but only in 11
out of 255 [4%] group breeding years, with 2 of those 3 groups
eventually going extinct. Groups that shrunk below the threshold
group size had significantly lower offspring recruitment in the
preceding years, but a similar number of immigrants, than groups
that remained above the threshold group size (SIAppendix,
Table S4). Thus, offspring recruitment is also necessary for keeping
groups above a minimum group size threshold, indicating that
both demographic processes are critical for preventing groups from
going extinct. Together, our population dynamic models suggest
that immigration is vital for the long-term persistence of superb
starling groups, particularly for small groups with lower offspring
recruitment.

Individual- and Group-Level Benefits Driving Immigration
and Plural Breeding. Next, we tested three key predictions
regarding the role of reproductive sharing in determining the
group augmentation benefits of immigration and the rise and

15

Number of
>

offspring fledged

(¢

0 20 40 60
Group size

Fig. 2. Inverse density dependence, or Allee effects, in superb starling social
groups. Smaller groups fledged fewer offspring in a breeding season than
larger groups (N = 255, group size: Z = 4.51, P < 0.001; group size*: Z = -1.94,
P=0.05), and those below the group size threshold of seven individuals (dotted
red line) never fledged any offspring. Points indicate raw data slightly jittered
horizontally to improve visual discrimination. Solid line indicates model fit
bounded by 95% Cls in light gray.
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maintenance of plural breeding in superb starling groups using
the long-term empirical data. First, our simulations suggest that
smaller groups stand to benefit more from immigration than larger
groups since they experience lower offspring recruitment, though
all groups may permit immigrants to join due to the survival (43)
and reproductive (54) benefits associated with being in a larger
group. Therefore, we predicted that offspring recruitment would
increase with group size and that immigrants would be more likely
to acquire breeding positions in smaller groups (i.e., small groups
exhibit lower reproductive skew), due to the mutual fitness benefits
of enhancing group size. As predicted, offspring recruitment
increased with group size, though only up to a point, after which
it declined at larger group sizes (group size: Z = 4.51, P < 0.001,
95% CI = 0.57 to 1.37, group size”: Z = -1.94, P = 0.05, 95%
CI =-0.39 to -0.01; S/ Appendix, Table S5 and Fig. 2). Although
this suggests that reproductive success of groups declines beyond
an optimal group size, fewer samples at large group sizes limit
this interpretation.

For both sexes, reproductive opportunities were more equitably
distributed among group members (i.e., reproductive skew was
lower) in smaller groups, but again only up to a point. And while
a quadratic term for group size led to a better model fit (Mezhods),
the small sample size at large group sizes again limits our inter-
pretation. In fact, for reproductive skew, this effect was driven by
only 4% of the data where group size was greater than two SDs
above the mean group size (S Appendix, Table S6). For males,
reproductive skew was lower in smaller groups, both among all
males (resident and immigrant) (group size: t = 1.43, P = 0.15,
95% CI = -0.01 to 0.04; group size: t = -2.00, P = 0.04, 95%
CI = -0.03 to -0.00; S/ Appendix, Table S5 and Fig. 34) and
immigrant males only (group size: t = 5.65, P < 0.001, 95%
CI=0.21 to 0.43; group size’: t = -4.92, P < 0.001, 95%
CI = -0.18 to -0.08; S/ Appendix, Table S5 and Fig. 34). However,
the effect size was much smaller when all males were considered
than when only immigrant males were included (S/ Appendix,
Table S5 and Fig. 34), suggesting that while reproductive oppor-
tunities may be only marginally more equitably shared among all
males in smaller groups, a larger share of the reproduction is
monopolized by immigrant males in particular in smaller groups.
Reproductive skew among immigrant females showed a similar
relationship with group size (group size: t = 2.59, P = 0.01, 95%
CI = 0.02 to 0.14, group size’s Z = -2.79, P = 0.005, 95%
CI = -0.06 to -0.01; SI Appendix, Table S5 and Fig. 34).

Second, we predicted that immigrants should be more likely to
join smaller groups, where they have a higher likelihood of acquir-
ing breeding positions. However, despite the potentially higher
fitness payoff for both immigrants and existing group members
in smaller groups, we found that immigrants of both sexes were
actually more likely to join larger groups, not smaller ones (males:
7 =2.08, P=0.04, 95% CI = -0.01 to 0.83, females: Z = 2.83,
P =0.005, 95% CI = 0.19 to 0.80; SI Appendix, Table S5 and
Fig. 3B). Although larger groups did not significantly improve the
likelihood of achieving reproductive success per individual nesting
attempt (i.c., fledging one or more offspring) for immigrants
(males: Z = 0.06, P = 0.95, 95% CI = -0.50 to 0.52; females:
7 =0.63, P=0.53,95% CI = -0.17 to 0.32) or residents (males:
7 =0.32, P=0.26, 95% CI = -0.33 to 0.92; females: since resi-
dent females do not acquire breeding positions in their natal
groups, we cannot perform similar analyses), we found that indi-
vidual immigrant breeders in larger groups were able to nest more
often than immigrant breeders in smaller groups when controlling
for the length of the breeding season (males: Z = 2.10, P = 0.04,
95% CI = 0.01 to 0.23, females: Z = 2.89, P = 0.004, 95%
CI = 0.03 to 0.15; SI Appendix, Table S5 and Fig. 3C), which
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Fig. 3. Reproductive skew, likelihood of immigration, reproductive fitness outcomes, and group augmentation benefits of immigrants in superb starling
social groups. (A) The sharing of reproductive opportunities was more equitable for both sexes (all males = black, open circles, dashed line; immigrant males
only = blue, closed circles, solid line; immigrant females = red, closed triangles, solid line) in smaller groups and in very large groups (S/ Appendix). Moreover, in
males, the effect size was larger for immigrants only than that for all males. However, (B) immigrants of both sexes were more likely to join larger groups where
they were able to (C) nest more times per breeding season and thus (D) accrue higher reproductive success. In contrast, resident males (orange, open circles,
dashed lines) did not nest more times per breeding season in larger groups, and the number of nesting attempts did not affect their likelihood of reproductive
success in a breeding season, suggesting that they employ an alternative reproductive strategy and are thus likely not negatively impacted by immigrant males
breeding within the same social group. Additionally, (E) with more breeding pairs in a group, the likelihood of at least one breeding male being an immigrant
increased, despite the presence of more than enough reproductively capable resident males (S/ Appendix). (F) While fewer breeding pairs were enough to ensure
reproductive success for the group as a whole in benign environmental conditions (dark green, open circles = higher than mean rainfall), more breeding pairs
were needed to collectively insure the group against complete reproductive failure in harsh environmental conditions (light green, closed circles = lower than
mean rainfall). Points indicate raw data slightly jittered horizontally to improve visual discrimination. Lines indicate model fits surrounded by 95% Cls in light gray.

consequently increased their individual likelihood of achieving
reproductive success in a given breeding season (males: Z = 3.56,
P <0.001,95% CI = 0.41 to 1.65, females: Z = 2.81, P = 0.005,
95% CI = 0.08 to 0.51; SI Appendix, Table S5 and Fig. 3D). This
suggests that nest failure is largely stochastic due to predation
pressure, and that immigrant breeders can only maximize repro-
ductive success by increasing the number of nesting attempts, as
has been shown previously for this species (58). Interestingly, for
resident males, we did not find the same patterns of more nesting
attempts in larger groups (Z = -0.38, P = 0.70, 95% CI = -0.16
to 0.11; ST Appendix, Table S5 and Fig. 3D), nor increased likeli-
hood of achieving reproductive success with more nesting attempts
(Z =-0.17, P = 0.86, 95% CI = -0.64 to 0.39; SI Appendix,
Table S5 and Fig. 3D). These results suggest that resident males
use a different reproductive strategy to maximize their fitness, as
has been found previously in this species (53), and that, subse-
quently, they may not be negatively affected by immigrant males
breeding within the same social group. Finally, the operational sex
ratio (i.e., an estimate of the potential mate competition calculated
as the number of males divided by the sum of the number of males
and immigrant females in the group) and the total group repro-
ductive success in the previous breeding season (i.e., the number
of offspring fledged) had no impact on the likelihood of an indi-
vidual immigrating into a group (SI Appendix, Table S5). Thus,
even though immigrants are more likely to breed in smaller groups,
their likelihood of breeding successfully is higher in larger groups.

PNAS 2023 Vol.120 No.18 2212211120

This, in addition to the already-known positive impact of group
size on survival of group members from a previous study of this
species (43), contributes to higher fitness of immigrants in larger
groups.

Third, we predicted that immigration will not only lead to an
increase in group size that generates direct group augmentation
benefits (37), but that male immigration specifically will also
increase the number of breeders in a group, ultimately leading to
additional, indirect group augmentation benefits by increasing
the group’s total future reproductive output. Indeed, we found
that groups with more breeding pairs had a higher likelihood of
one or more of the breeding males being an immigrant (Z = 2.82,
P =0.005, 95% CI = 0.29 to 1.38; SI Appendix, Table S5 and
Fig. 3E), almost always despite the presence of more than enough
reproductively capable resident males (and available, unrelated
mates) in the group that did not attempt to breed [in 194 out of
199 (97%) instances, SI Appendix, Fig. S8]. Moreover, groups
with more breeding pairs were significantly more likely to fledge
offspring (87 Appendix, Table S5 and Fig. 3F). We note that in
100% of instances when only resident males bred (N = 96), the
number of reproductively capable resident males in the group was
higher than the number of breeding pairs (S Appendix, Fig. S8).
This suggests that factors other than competition with immigrant
males are preventing resident males from acquiring breeding posi-
tions. Although only a few breeding pairs were necessary to ensure
some reproductive success for the group as a whole in benign years
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with high rainfall, more breeding pairs were needed to increase
the group’s collective insurance against complete reproductive
failure in harsh years with low rainfall (breeding pairs x rainfall:
Z =340, P=0.001, 95% CI = 0.36 to 1.40; SI Appendix, Table S5
and Fig. 3F), a finding consistent with ideas about sociality and
bet-hedging in this (54) and other avian species (59).

Taken together, our empirical results suggest that a positive
feedback loop of both direct and indirect group augmentation
benefits generated by immigration helps maintain complex group
social structure in superb starling societies via selection for larger
group sizes. In other words, immigrants prefer to join larger
groups, presumably because of the potential individual fitness
benefits [both survival (43) and reproduction], which in turn
increases group size and the number of breeding pairs in a group.
As group size and the number of breeding pairs in a group increase,
group productivity and offspring recruitment is enhanced, leading
to further increases in group size and persistence, all despite a
decrease in kin structure and in the face of environmental stochas-
ticity that impacts both reproductive success and group demog-

raphy (Fig. 4).

Discussion

Cooperatively breeding species exhibit tremendous variation in
social organization, including in group size, kin structure, and the
number of reproductives in a social group, three demographic
traits of the group that are often linked in social species (6, 7).
Variation in group structure arises due to the interplay of two
demographic processes that lead to the addition of new group
members—recruitment of offspring and immigration of unrelated
individuals (35)—in conjunction with the loss of group members
via dispersal or mortality. Recruitment only of offspring typically
results in the formation of societies with relatively simple group
structure characterized by small, nuclear families (i.., high genetic
relatedness) with a single breeding pair (60). A combination of
offspring and immigrant recruitment (of both sexes), on the other
hand, typically results in the formation of societies with complex

group structure characterized by large, mixed-kin (or even nonkin)
groups with multiple breeding pairs (1, 2, 60). In contrast to sin-
gular breeding societies that have high kin structure and likely
evolve due to the indirect fitness benefits of helping relatives
gained by offspring that delay dispersal (61, 62), plural breeding
societies have low kin structure and, as theoretical work suggests,
are instead likely to have evolved as a result of direct fitness benefits
(23, 24). These direct fitness benefits must, in part, be derived
from unrelated immigrants joining and acquiring breeding posi-
tions in social groups alongside natal individuals. Using empirical
data, we demonstrate that direct benefits derived from group aug-
mentation acting at both the individual and group level can lead
to the formation and maintenance of cooperative societies with
large group sizes, multiple breeding pairs, and low kin structure
due to the inverse density dependence that is inherent in nearly
all cooperatively breeding societies (28). Moreover, we show that
the importance of these direct benefits is exacerbated by living in
a harsh and unpredictable environment, suggesting that cooper-
ation in the form of plural breeding may be an adaptation to
ecological uncertainty.

Theoretical work suggests that when fitness benefits on both
the individual and group level increase with group size, but off-
spring recruitment is insufficient to achieve and maintain optimal
group sizes, immigration of unrelated individuals should be adap-
tive despite the accompanying reduction in group kin structure
(23, 24, 51). Like other obligate cooperative breeders (30), superb
starlings, which form large social groups with low and variable kin
structure and multiple breeding pairs, are unable to successfully
fledge offspring below a threshold group size (of approximately
seven individuals in this species). Even in groups above the thresh-
old group size, offspring recruitment is almost always low such
that >70% of nests fail and >90% of offspring fail to fledge (52),
and of those that do fledge, about 30% of males and 50% of
female offspring emigrate to other social groups at around 1 y of
age (53). By simulating population dynamics using models param-
eterized with long-term empirical data from nine social groups of
superb starlings studied continuously over a 15-y period, and then
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Fig. 4. Conceptual framework of direct and indirect group augmentation benefits driving formation and maintenance of social groups with complex group
structure in superb starlings. (A) Immigrants (blue) directly augment the size of a group by increasing the number of group members. (B) Some of the immigrant
males acquire breeding positions in the group alongside residents (yellow), increasing the number of breeding pairs (indicated as “br”) and consequently the
likelihood of reproductive success for the group as a whole, which (C) indirectly augments the size of the group by increasing the number of future group members.
(D) Larger groups attract more immigrants, creating a positive feedback loop that maintains immigration and plural breeding, despite the accompanying decline

in group kin structure, in superb starling societies.
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by varying these demographic rates to test the generality of the
model, we show that group augmentation via offspring recruit-
ment alone is insufficient—and immigration is essential—to
maintaining group persistence over time (a group-level benefir).
In fact, neither offspring recruitment nor immigration alone bol-
sters group size to the extent necessary to combat the stochastic
effects of temporal environmental variability that lead to group
extinction. However, contrary to our expectation, immigration
does not appear to compensate for reduced mean and increased
variance in offspring recruitment in smaller groups. Smaller groups
are thus more likely to go extinct, a pattern similar to that found
in some singular breeding societies (33, 63). Increased risk of
group extinction for smaller superb starling groups is likely due
to preferred immigration of dispersing individuals into larger
groups, driven by individual-level fitness benefits [e.g., higher
survival (43)], such that, on the group level, smaller social groups
do not experience substantial group augmentation from the
recruitment of immigrants.

To maximize their individual-level fitness, immigrants should
prefer to join groups where they can optimize survival and repro-
duction. While previous work has shown that individual superb
starlings in larger groups have higher survival likelihoods (43) and
that both residents and immigrants have equivalent survival like-
lihoods, at least in males (53), immigrants might have lower repro-
ductive success in larger groups due to increased competition for
breeding positions. In contrast, smaller groups in which immigra-
tion can protect against imminent group extinction might be more
permissive to immigrants joining and acquiring breeding posi-
tions. Consistent with this prediction, we found that for both
sexes, reproductive opportunities are more equitably shared among
group members in smaller groups. For males in particular, our
results suggest that in smaller groups, reproductive opportunities
are more likely to be conceded to, or monopolized by, immigrant
males. Yet, despite this apparent fitness benefit of joining smaller
groups, we found that both sexes actually preferred to immigrate
into larger groups, where immigrant breeders can nest more often
in a breeding season and therefore substantially increase their like-
lihood of fledging offspring. Although nestling starvation occurs
in this system, nest failure is largely the result of predation, a
top-down, stochastic process that accounts for >90% of all nest
failures (52). Thus, reproductive success in a breeding season over-
whelmingly depends on the number of nesting attempts, as indi-
cated by our results here as well as from previous studies of lifetime
reproductive success in this species (53, 58). Although we do not
yet know why larger group sizes facilitate more nesting attempts
per breeding season for immigrant breeders, load-lightening effects
found in previous studies of this species may play a role (64).
Alternatively, larger groups are known to be found in territories
with higher resource availability, which may support more nesting
attempts per breeding season (55). Interestingly, we found that
resident males did not show the same pattern of more nesting
attempts per breeding season in larger groups nor an increased
likelihood of reproductive success with more nesting attempts. As
has been suggested previously for superb starlings (53), this may
be because resident males adopt a different reproductive strategy
than immigrant males and may have more related helpers in the
social group that could increase their likelihood of reproductive
success even in smaller groups. Conversely, immigrant males may
be more successful in reproductive competition against resident
males in larger groups, though equivalent direct lifetime fitness of
resident and immigrant males in our study population suggests
otherwise (53). While further investigation of the cause of this
pattern is beyond the scope of this study, nevertheless it suggests
that resident male breeders (i.e., group insiders) may not be
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negatively affected by immigrant males (i.e., group outsiders)
breeding within the social group, resulting in low insider—outsider
conflict (37). Overall, our models of group dynamics suggest that
small groups can theoretically be rescued from extinction by group
augmentation via immigration, and our empirical results suggest
that smaller groups present more breeding opportunities that
should attract more immigrants than larger groups. However, this
may rarely happen due to the individual fitness benefits pursued
by immigrants and their apparent preference to join larger groups,
condemning smaller groups to a higher risk of extinction (65, 66)
as has been shown in other cooperatively breeding societies gov-
erned by group augmentation benefits (33, 67).

Finally, we found that male immigration and group augmen-
tation benefits govern not just the formation of cooperative soci-
eties with complex group social structure, but also their
maintenance over time. Specifically, groups with more breeding
pairs are more likely to fledge offspring, especially in harsh years
with low rainfall, and in order to have more breeding pairs, groups
must allow immigrant males to breed alongside resident males.
This result is somewhat surprising because in 97% of instances,
groups had reproductively capable resident males who could have
instead bred with unrelated immigrant females. Nonetheless, in
a harsh and unpredictable environment characterized by high
among-year variability in rainfall, food availability, and predation
pressure (all of which contribute to high nest failure), additional
breeding pairs increase the likelihood of successful offspring
recruitment by simply increasing the number of breeding attempts
for the group as a whole. A similar effect was observed in the plural
breeding Mexican jay (Aphelocoma wollweberi) (68). Moreover,
immigrants that do not breed likely still contribute to future group
augmentation by providing alloparental care to offspring in the
group (64, 69). On the whole, the increased offspring recruitment
as a result of immigration leads to further group augmentation,
creating a positive feedback loop that reinforces the adaptive value
of plural breeding in superb starling societies despite the accom-
panying decrease in kin structure (13). While few, if any, other
studies on birds have examined the group augmentation benefits
of plural breeding, plural breeding avian species tend to inhabit
harsh, unpredictable environments worldwide (52, 70-73), sug-
gesting that plural breeding is likely to be adaptive for coopera-
tively breeding species in the face of ecological uncertainty.

By decreasing the likelihood of complete reproductive failure
for the group in harsh years, plural breeding may serve as a con-
servative, within-generation bet-hedging strategy for resident
males in unpredictable environments to reduce fecundity variance
(54) and guard against group extinction (74). Even though sharing
reproductive opportunities with unrelated immigrants may reduce
their own fitness in benign years and reduce the potential indirect
fitness benefits of helping related group members, the decreased
likelihood of complete reproductive failure in harsh years would
increase the longer-term fitness for all group members, many of
whom happen to be relatives (75, 76). In other words, we hypoth-
esize that group augmentation benefits likely outweigh any poten-
tial kin-selected benefits in plural breeding systems, particularly
when they occur in fluctuating environments or where fecundity
variance is high. Further, the reduction in fitness benefits for res-
idents in benign years may be minimal. That is, despite the clutch
size of superb starlings ranging from three to four eggs (52), the
mean number of offspring fledged from a successful nest is only
two (81 Appendix, Table S7). Similar to mammals where plural
breeding is more common in species where females give birth to
a single offspring (monotocy) as opposed to a litter (polytocy), a
phenomenon that leads to decreased competition for resources
between different females for their offspring (21), the nearly 50%
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reduction in offspring number in superb starlings may greatly
reduce resource competition between breeders, further facilitating
plural breeding (77). Moreover, while most East African savanna
resident avian species breed in the long rainy season, superb star-
lings and other plural cooperatively breeding avian species such
as vulturine guineafowl (Acryllium vulturinum) (78) and
gray-capped social weavers (Pseduonigrita arnaudi) (79) are known
to also breed in the short rainy season at our study site, effectively
doubling their reproductive effort each year. Large group sizes and
plural breeding may thus enable breeding during the short rainy
season when invertebrate prey is scarcer (80), further increasing
the likelihood of reproductive success and guarding against group
extinction. Plural breeding may thus be generally more prevalent
in cooperative societies with high fecundity variance and overall
low annual and lifetime reproductive success, both traits charac-
teristic of species living in harsh and unpredictable environments
globally.

Reproductive success is typically low and more variable in unpre-
dictable environments where climatic uncertainty generates fecun-
dity variance (54). Our results suggest that in such environments,
the reproductive sharing characteristic of plural breeding (in verte-
brates) and polygyny (in invertebrates) may be a more successful
strategy for the formation of large, cooperative societies than com-
plete reproductive monopolization as in singular breeding (in verte-
brates) and monogyny (in invertebrates) (6,70). The effect of
environmental quality, including predation pressure, on social com-
plexity has been demonstrated in social vertebrates such as fish (81),
birds (82), and primates (83, 84), but its impact on plural breeding
in particular is not well studied. In addition, a relationship between
polygyny and environmental quality has been shown in eusocial
insects between colonies of harvester ants (Pogonomyrmex californicus)
(85) and between species in the wasp genus Polistes (86). Polygyny
in both P, californicus and Polistes spp. leads to increased colony size,
conferring group augmentation benefits such as increased foraging
activity (85, 87) and survival (86, 87). Thus, group augmentation
benefits may also drive the evolution of reproductive sharing in inver-
tebrate societies with complex social structure, particularly those
living in unpredictable environments where, like vertebrates, such
species are most common (87).

In summary, group augmentation and plural breeding in superb
starlings is partly driven by immigration of unrelated individuals
from other social groups. Our study provides a clear empirical
demonstration that immigration can play a vital role in group aug-
mentation of cooperative societies where offspring recruitment is
inadequate for long-term group persistence, as has been suggested
by previous theoretical and conceptual work (23, 35). We show that
animal social behavior is at least partly influenced by the demography
of the group, such that reproductive decisions are informed by the
need to maintain large group sizes that foster the persistence of
groups in the face of environmental instability. Such need-based
group size adjustments have previously been demonstrated in coop-
eratively breeding fish where group augmentation benefits similarly
drive the formation of mixed-kin groups in an environment with
high predation pressure (44, 88), but not in terrestrial species where
climatic variability influences fitness. Interestingly, however, two
other cooperatively breeding bird species living in harsh environ-
ments have been observed actively “kidnapping” unrelated young
from other groups to augment group size and mitigate the risk of
group extinction (89, 90), indicating that species may have different
solutions to the same demographic and environmental challenges.
By adjusting their reproductive strategies to alter group demography,
social animals may therefore maximize fitness directly via group aug-
mentation to ensure the persistence of their long-term associations
in the face of environmental uncertainty. Our work shows that group
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augmentation and other forms of direct benefits should not be over-
looked in studies of animal social evolution, even in species that live
in groups with substantial kin structure (91). Ultimately, the relative
importance of direct versus indirect benefits in the evolution of soci-
ality will depend on both the ecological and social environments that
animals experience and how these environmental factors influence
their cooperative behaviors and the demography of their social

groups (24).

Methods

Long-Term Data Collection. Nine superb starling social groups, distributed
across approximately 20 sq. km, have been monitored continuously since 2001
at the Mpala Research Centre, Kenya (0°17'N37°52'E)(52). Groups defend stable
territories year-round and consist of breeding pairs (mean = SD: 2.58 = 1.49,
range: one to eight breeding pairs per group) and nonbreeding individuals
(mean = SD = 18.6 + 9.86), some of whom act as alloparents that guard and/or
provision the young (52, 64). Birds breed twice a year during the long (March to
June)and short rains (October to November) (SI Appendix, Fig. 59) (52). We used
data from the beginning of the 2003 long-rain breeding season (when all birds
inthe population were banded) through the end of the 2017 long-rain breeding
season (N = 29 breeding seasons over 15 y).

Birds were marked with a unique combination of colored leg bands and a
numbered metal ring. Hatchlings were banded in the nest; all other individuals
were captured in baited pull-string traps or mist nets and banded after fledging
from the nest (56). Blood from adults and hatchlings was collected in Queens lysis
buffer and genomic DNAwas extracted following the DNeasy Blood and Tissue kit
protocol (QIAGEN). Parentage was determined in Cervus v3.0(92) using 15 micro-
satellite markers previously identified for superb starlings (93, 94). Immigrants
were identified as juveniles or older whose parents were not genetically identified
as belonging to the same group. Using the same microsatellite markers, we esti-
mated group relatedness for each social group for every breeding season using
the function “grouprel” in the R package related (95), which averages all pairwise
relatedness values (96) for group members. Sex was determined genetically (97)
as previously described for this species (56).

We performed daily nest searches throughout the breeding season. Active
nests were observed with a spotting scope for 60 to 120 min per observation
period and all superb starlings within 30 m of the nest were identified (94).
Parents are the primary nest builders, and only the mother incubates the eggs
(94). Nests were checked daily to determine their ultimate fate (fledged or failed).
Census data were used to estimate group size and operational sex ratio (natal
females were excluded since they never breed and are thus not viable mates for
males in the group). Groups were opportunistically censused year-round, and
each individual was marked as either present or absent in its social group twice
ayearin 6-mo increments. The length of breeding season was calculated as the
number of days from 2 wk before the first nest to 2 wk after the last nest of the
breeding season (sensu ref. 53). Daily rainfall was measured using an automated
Hydrological Services TB3 Tipping Bucket Rain Gauge at Mpala Research Centre
(98) supplemented by a manual gauge at the same location when the automated
gauge failed (54). Breeding season rainfall was calculated as a sum of total rainfall
within the breeding season (sensu ref. 53).

Data Analysis.

Models of group population dynamics. We fit five generalized linear models
(GLMs) with a negative binomial error distribution and group size as a fixed effect
to estimate the effect of group size on the number of immigrants, the number
of offspring recruited (i.e., successfully fledged), and the number of individuals
that disappeared (dispersed or died) (S/ Appendix, Table S1). Although the demo-
graphic rates are not highly correlated (S/ Appendix, Table S8), because group
size, the number of breeders, and the genetic relatedness of social groups are
all related (S/Appendix, Fig. S1), for simplicity, we used only group size as a fixed
effectin our models. Further, since our model is not age or stage structured, birds
that died or dispersed were put in the same category to simplify the model. We
built separate GLMs by sex for two of the three demographic processes resulting
in a total of five models, with the number of male immigrants, female immigrants,
males that disappeared, females that disappeared, and offspring recruited as the
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dependentvariables (see S/ Appendix, Table S1for model details). To account for
optimal group size, we added a quadratic term for the fixed effect of group size
for demographic processes that result in the recruitment of new individuals to
the group if it significantly improved model it [offspring recruitment: X*(1) =
9.84,P=0.002; male immigration:X2(1)= 1.30,P=0.25; female immigration:
X{(1)=2.73,P=0.10]. Inprovement in model fit was assessed by performing
a Chi-squared test between a model with only a linear term for group size and
a model with the quadratic term added using the "ANOVA" function in base R
(sensu ref. 99). In our final models, only offspring recruitment had a quadratic
term for the fixed effect of group size such that it scales linearly with group size
at smaller group sizes until an optimum group size is reached, after which off-
spring recruitment declines as groups get larger (S/ Appendix, Table S1). Predicted
demographicvariables from all the five models had good visual fit with real values
from the long-term study population (S/ Appendix, Fig. S10).

We then built a discrete time step population growth model such that group
size at time t+1 (N,,,) was calculated as a function of group size at time t (N,),
rate of immigration (i), offspring recruitment (r), and disappearance (d) (Eq. 1).

Nf+1 = Nf + (im + if)immigraﬁon +(r)°ﬁ5Pﬂ"9 - (dm + df)disappearance' [1 ]

Demographic rates were parameterized using estimates from fitted GLMs. For
each time step (), we generated a distribution of predicted values for each demo-
graphic rate based on group size at that time step (N,) and randomly picked a
value to plug into the equation. We let the model run for 100 iterations over
29 time-steps. We used 29 time-steps to match the time period of our long-term
dataset (29 breeding seasons). For each iteration, starting group size (N,) was
randomly set between 10 and 30 individuals, which matches the natural varia-
tion in group size (range in means across nine groups = 13 to 41 individuals,
mean = SD = 23 = 11 individuals). To simulate the effect of no immigration
into the social groups, we then set the immigration terms to zero, and reran the
model for 29 time-steps for 100 iterations (Eq. 2).

N"H = N’ + (r)offspring - (d’” + df)disappearance' [2]
We also evaluated the effect of no offspring recruitment into the social groups
by setting the offspring recruitment term to zero and running 100 iterations for
29 time-steps (Eq. 3).

Nigr = N+ (i + i) d,, + df)

immigration - ( disappearance” [3]
Moreover, to make our model more generalizable to other animal species
that live in similar types of societies, we varied the rates of immigration and
offspring recruitment by multiplying values predicted from fitted GLMs by an
integer P=0,0.5,1, 1.5, or 2, resulting in 25 simulations with varying rates of
the two demographic processes (Eq. 4). This exploration of a wider parameter
space makes our model generalizable to a wide range of cooperatively breeding
species. For example, annual immigration into social groups can range from
almost zero [e.g., long-tailed tits (Aegithalos caudatus)] (100) to high [e.g.,
greater anis (Crotophaga major) and Lake Tanganyika cichlids (Neolamprologus
pulcher)] (44,71). Similarly, annual offspring recruitment is also quite variable
in cooperatively breeding species, with most well-studied cooperative breeders
experiencing higher rates of annual offspring recruitment than superb starlings
(see examples in ref. 101).

NfH = Nf+ [P * (Im + If)]immigration + [P * (f)] offspring (dm + df)disappearance'

(4]
Finally, because setting the disappearance rate to zero would result in infinite
population growth, we instead halved the rate of disappearance for both sexes
to assess how dispersal and mortality together contribute to a change in group
size over time (Eq. 5).

N?H = Nf + (Im + if)immigraﬁon + (r)OffSP”ﬂg - [O 5% (dm + df)] disappearance
[5]

Forall simulations, we evaluated the percentage of iterations for which group size
fell to zero. For the full model, we also assessed the presence of inverse density
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dependence in population growth by plotting group size at time N, against the
per capita growth rate [(N,, ; - N,JIN,] using both simulated data and empirical
data from the long-term study (S/ Appendix, Fig. Sé). Additionally, we fit a linear
model using the empirical data with per capita growth rate [(N,..; - N;)/N;)] as the
dependentvariable and group size (N,) as the fixed effect (N = 257). We included
a quadratic term for group size to assess whether per capita growth rate shows a
unimodal relationship with group size, as would be the case for inverse density
dependence in population growth.

Next, to examine the effect of group size on group extinction risk, we set start-
ing group size (Ny) to either 10,20, or 30 individuals and ran 100 iterations of the
model (Eq. 1) for 29 time-steps. For these simulations, immigration was higher
in larger groups, as predicted by models fit to the long-term data (S Appendix,
Table S1). However, to simulate a scenario where the relationship between immi-
grant and group size is reversed [i.e., more immigration into smaller groups as
is seen in some cooperatively breeding birds such as Southern pied babblers
(102), we reran the same simulations after changing group size values by sub-
tracting real values from the maximum group size (61 individuals)[i.e., N, 5ot =
max(N) - N.] (SI Appendix, Table S9). The starting group size values were based
on the natural variation in group size in our study population (mean = SD = 23
= 17 individuals). Models were run 10 times per each N, to obtain mean and
SD estimates. We fit a beta regression to the model results with the percentage
of iterations resulting in group extinction as the dependent variable and N, as
the fixed effect using the package betareg (103). We also estimated the thresh-
old group size, below which superb starling groups cannot successfully fledge
offspring, by plotting reproductive success against group size from our long-term
dataset and identifying the group size below which no offspring have ever been
recruited (Fig. 2), similar to studies of other cooperative breeders (29, 30).
Empirical tests of individual- and group-level benefits driving immigration
and plural breeding. Using empirical data from our long-term study, we tested
three key predictions regarding variation in reproductive sharing with immigrants
based on group size, immigration patterns and reproductive fitness outcomes of
dispersing individuals in relation to group size, and group augmentation benefits
of plural breeding itself. First, we examined whether smaller groups are in more
need of immigrants due to lower offspring recruitment. We fit a generalized
linear mixed model (GLMM) with a negative binomial error distribution including
number of offspring fledged as the dependent variable and group size as the
fixed effect (N = 255). Including a quadratic term for group size to account for
nonlinearity in the relationship between offspring recruitment and group size
improved model fit[X3(1) = 3.86,P=0.05], though the sample size was limited
for large group sizes (S/ Appendix).

Next, we examined whether in smaller groups reproductive opportunities
are shared to a higher degree, especially among immigrants. We calculated an
index of reproductive skew (L) for each group per breeding season as a function
of the total number of potential reproductives (N;) and the effective number of
reproductives (Qg) (sensu ref. 104) (Eq. 6).

L= (Ny = Q) / (Nr = 1). (6]

Here, Q¢ is a function of the proportion of total nesting attempts observed in
the group attributed to an individual breeder (p;) (104) (Eq. 7). We did not take
extra-pair fertilizations into account because previous work has shown that extra-
pair paternity is much lower in superb starlings (14% or less) compared to other
cooperatively breeding species, especially plural cooperative breeders (52, 94).
Moreover, considering extra-pair fertilizations would likely only strengthen our
results because previous work has found that extra-pair fertilization rates are
higher(i.e., reproductive skew is lower) in groups on low-quality territories (105),
which can only support smaller groups (55).

=1/ p’ (7]

Values of L can range from 0 (equitable reproductive sharing) to 1 (complete
monopolization of reproduction by a single individual) (104). This reproductive
skew index is appropriate for investigating how inequality in reproductive oppor-
tunities varies with group-level attributes such as group size, since the lower
and upper bounds to the value enable comparison among groups with different
numbers of potential reproductives and total nesting attempts (106). We calcu-
lated reproductive skew for all males (i.e., both residents and immigrants), only
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immigrant males, and only immigrant females (since resident females do not
become breeders). Examining the relationship between group size and repro-
ductive skew for both all males and only immigrant males helped us understand
whether the variation in skew among male breeders in a group is driven by
sharing of reproductive opportunities with immigrant males in particular. We fit
a GLMM with a gamma error distribution and an identity link function to assess
the effect of group size (fixed effect) on reproductive skew (dependent variable)
(Nall males — 199! Nimmigram males — 94! Nimmigrantfemales = 199) Weincluded a quad'
ratic term for group size to account for a nonlinear relationship between group
size and reproductive skew. Including the quadratic term significantly improved
model fit for all the three models [all males: X°(1) = 4.18, P = 0.04; immigrant
males: X(1) = 14.66, P < 0.001; immigrant females: X*(1) = 7.45, P = 0.01]
though the sample size was limited for large group sizes (S Appendix). We also
fit a GLMM with a binomial error distribution to investigate the effect of group
size on the likelihood of an immigrant attaining a breeding position in its first
yearin its nonnatal social group to approach the question of reproductive sharing
from the point of view of the immigrating individual (S/ Appendix). Social group
ID, breeding season, and proximity to human settlement (yes/no) were included
as random effects in all models. Proximity to human settlement was included as
the territories of two of the nine social groups overlap the research station which
may affect their demography (107).

Next, we investigated the effect of social factors on immigration of both
sexes into superb starling social groups (N = 257). We fit separate GLMMs
by sex with a binomial error distribution including immigration (yes = 1,
no = 0) as the dependent variable and group size, sex ratio, and fledging
success in the previous breeding season as fixed effects. Group ID, breeding
season, and proximity to human settlement (yes/no) were included as ran-
dom effects. Further, we examined the reproductive fitness benefits accrued
by immigrants of both sexes as well as resident males in groups of varying
sizes (resident females were excluded since they do not become breeders in
their natal groups). We know from previous studies that the best predictor of
lifetime direct reproductive success is the number of lifetime nesting attempts
(58),and thatimmigrant males in particular maximize their lifetime fitness by
maximizing nesting attempts (53). Thus, we fit a GLMM with a Poisson error
distribution and the number of nesting attempts per individual breeder per
breeding season as the dependent variable and group size and the length of
breeding season as the fixed effects (N, migrant mates = 188, Nismigrant femates = 617,
Niesigentmates = 124). We included the length of breeding season in number of
days as a fixed effect to account for its effect on the variation in opportunity
to nest multiple times. Additionally, we fit a GLMM with a binomial error dis-
tribution modeling the effect of the number of nesting attempts (fixed effect)
on the likelihood of achieving any reproductive success (i.e., fledging one or
more offspring) for individual breeders in a breeding season (dependent var-
iable) (Nimmigrantmales = 188/ N\'mm\'grantfema\es =61 8! Nresidemma\es = 124) Wealso
examined the likelihood of nest success (fledged = 1, failed = 0) of individual
nests in relation to group size for individual breeders using a GLMM with a
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binomial error distribution (N‘\mmigvammales = 323! Nimmigrantfema\es = 986! Nresident
maies = 190). Group ID, breeder ID, breeding season, and proximity to human
settlement (yes/no) were included as random effects in all models.

Finally, we investigated whether group augmentation benefits help maintain
plural breeding in superb starlings. Since reproductive opportunities are shared
among residents and immigrants only in males, we first examined whether
having one or more immigrant male breeders is required for increasing the
number of breeding pairs in a group. We fit a GLMM with a binomial error
distribution with a "logit" link, the number of breeding pairs as the fixed effect,
and the likelihood of one or more male breeders being immigrants (no immi-
grant males breeding = 0, at least one immigrant male breeding = 1) as the
dependentvariable. Then, we examined whether more breeding pairs increase
the reproductive success of the group under varying environmental conditions
by fitting @ GLMM with a binomial error distribution with a “logit” link to the
likelihood of a group fledging any offspring (dependent variable) (no offspring
fledged = 0, some offspring fledged = 1) and the interaction between number
of breeding pairs in the group and the total rainfall during the breeding season
(fixed effects). Social group ID, breeding season, and proximity to human settle-
ment (yes/no) were included as random effects in both models (N = 200). All
analyses were conducted in R (108). For GLMMs and beta regression, all fixed
effects were standardized using Z-scores (109). Cls for GLMMs were calculated
by bootstrapping (500 iterations) except for models with Gamma error distri-
butions where Wald Cls were used. All GLMs and GLMMs were fit using the
package Ime4(110).
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