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Identifying the mechanisms that underlie cooperation is fundamental to biology".
The most complex form of cooperation in vertebrates occurs in cooperative breeders,
inwhich helpers forego reproduction and assist in raising the young of others, typically
relatives?. Not all cooperative societies, however, are kin-based—nearly half of all avian®
and mammalian* cooperative breeders form mixed-kin societies, much like those of
humans®. Kin selection in mixed-kin societies occurs when individuals gain indirect
fitness from the preferential helping of relatives®, but helpers also frequently assist non-
kin’, highlighting a potential role for direct fitness in stabilizing cooperative societies’®,
Here, using a 20-year study of superb starlings (Lamprotornis superbus), we examined
how direct and indirect fitness jointly influence helping behaviour. Although we
detected kin-biased helping (demonstrating kin selection), non-kin helping was
common despite opportunities to aid kin. Unexpectedly, specific pairs maintained long-
termreciprocal helping relationships by swapping social roles across their lifetimes—a
subtle pattern of reciprocity requiring decades of observation to detect. Given the
frequency of non-kin helping and the occurrence of reciprocal helping among both
kin and non-kin, helping behaviour in superb starlings seems to be greatly influenced
by direct fitness. However, the relative importance of direct and indirect fitness varied
with helpers’ sex and dispersal history. By uncovering a cryptic yet crucial role of
long-term reciprocal helping, we suggest that reciprocity may be an underappreciated

mechanism promoting the stability of cooperatively breeding societies.

Beyond the potential indirect fitness benefits of aiding relatives (kin
selection), helping others—whetherkin or non-kin—canyield long-term
benefits for lifetime direct fitness. Evolutionary models of coopera-
tion for direct fitness show that selection can favour helping when it
increases either by-productbenefits (pseudo-reciprocity) or reciprocal
help (reciprocity)’ 2. By-product benefits and reciprocal helping can
also coexist atintermediate levels when animals form long-term coop-
erativerelationships™¢. Regardless of the underlying mechanisms, the
direct fitness benefits of enabling or promoting reciprocal help from
kin and non-kin can make greater contributions to inclusive fitness than
theindirect fitness benefits of altruistically helping kin'”*%, Yet, empiri-
cal studies highlighting the role of reciprocal help in the evolution of
helping behaviour in cooperatively breeding birds* and mammals*
arerare. Moreover, assessing the relative importance of direct versus
indirect fitness for the evolution of helping has proved challenging.
One difficulty is that helping that originated through indirect fitness
canbe later maintained largely by direct fitness***?, Another complica-
tion is that detecting the preferential helping of relatives (kin-biased
helping) is far easier than detecting long-termreciprocal helping over
thelifespan, which requires many more observations of helping?*.

Here, we address decades of debate about the roles of direct and
indirect fitness benefits of helping behaviour in cooperatively breed-
ing societies® through a 20-year study of the plural breeding superb
starling (L. superbus), aspecies that forms large, mixed-kin groups with
7 to 60 members (mean group size ranged from 13 to 41 individuals
across 9 groups during our study period®) including up to 7 breeding
pairs per group® 2, As superb starlings at our study site in central Kenya
breed twiceayear during thelongand short rainy seasons, we were able
to study relationships between breeders and helpers across 40 con-
secutive breeding seasons. Birds in the population were marked witha
numbered metal ringand a unique combination of coloured leg bands,
and observed at active nests during the breeding season. Breeding pairs
ofthis obligate cooperative breeder are aided by up to16 non-breeding
helpers (meannumber of helpers per nest + s.e.m. =4.95 + 0.21) inboth
offspring provisioning and nest defence from predators (helping;
Extended DataFig.1). Helpers provide fitness benefits to breeders by
increasing the breeder’s reproductive success and decreasing the costs
of reproduction (that is, load lightening), especially for mothers??%.
Helping behaviour could alsoyield direct fitness benefits by increasing
group size (group augmentation), as superb starlings in larger social
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groups have a higher rate of adult survival® and higher reproductive
success® than those in smaller groups.

What remains unexplained, however, is variation in helping within
groups. Although helpers often aid non-kin, kin discrimination seems
likely because past work in this species showed thatindividuals regularly
help their parents and other close relatives®, despite low average relat-
edness (r) withinsocial groups (mean pairwiser £ s.d. = 0.08 + 0.04)*.
We therefore explicitly tested for kin-biased helping within groups.
Furthermore, if individuals also preferentially and repeatedly help
specific non-kinin their group, then this could indicate the existence
of social relationships that provide direct benefits beyond increasing
group size. To better understand the mechanisms that underlie coop-
erationinanavian cooperative breeder, we examined the possible roles
of kin selection (kin-biased helping) and reciprocity (reciprocal help-
ing) in the evolution of helping behaviour—the defining characteristic
of cooperatively breeding societies.

Not all helping is kin-biased

To evaluate evidence for kin discrimination in helping behaviour, we
fitted a Bayesian negative binomial multilevel model (see Methods for
model-fitting details). To predict helping rates while controlling for
sampling effort, the response variable was minutes of help given to
observed nests each day by each possible helper (that s, those present
inthegroupinaparticular breeding season), with thelog-transformed
minutes of nest observation time each day (exposure) as the offset term.
Wesset theidentity of each nest, helper and helper-breeder pair asran-
domintercepts. The fixed effect was kinship between the helper and the
parentwith the highest degree of relatedness to that helper (scaled and
estimated from molecular markers** and pedigrees; see Methods). To
ensure that any effect of kinship is not caused by group membership, we
scored absence of helping as zero only for non-helping group members
that were present that breeding season (see Methods). We used equal-
tailed quantiles (2.5% to 97.5%) to estimate Bayesian 95% credible inter-
vals around the mean of the posterior probability distribution.

Asexpected foracooperative breeder with social groups composed
of both kin and non-kin®, we found that helpers demonstrated kin
discrimination by selectively aiding breeders who were their closer
relatives rather than helping group mates indiscriminately (Fig.1). An
increase of1s.d.inkinship (for example, fromr=0tor=0.19) between
helpers and breeders was associated with a 76% increase in the helping
rate (that is, incidence rate ratio (IRR) = 1.761, regression coefficient
for kinship = 0.566, 95% credible interval = [0.419, 0.716]). This result
indicatesaclearrolefor kinselectionin the evolution of helping behav-
iour in superb starlings.

As low and variable kinship within superb starling social groups
results from high immigration of both sexes?, we also fitted the same
model separately for resident helpers (thatis, those bornin the group)
and immigrant helpers of each sex to determine whether kin-biased
helping differed by dispersal history and sex. We predicted that
kin-biased helping would be more evident in resident helpers than
immigrant helpers because residents have more consistent access
to relatives throughout their lives®. As predicted, we found clear
kin-biased helping in resident helpers of both sexes, although we
also found some evidence for kin-biased helping in immigrant males
(Fig.1). Despite evidence of kin discrimination, helpers frequently
assisted at the nests of non-kin regardless of sex or dispersal history.
For example, 55% of observed helping by resident females and 62% of
observed helping by resident males was directed to non-kin (Extended
DataTable1). Overall, ahelper’srelatedness to the breeders was highly
variable (Extended Data Fig. 2), and the helper was unrelated to both
parents in most observations (Extended Data Table 1).

To further evaluate the role of kin discrimination in helping behav-
iour given the high frequency of helping directed to non-kin, we next
examined whether helpers spent more time helping at the nests of
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Fig.1|Kin-biased helping insuperb starlings. Posterior probability
distributions (with means and 95% Bayesian credible intervals) are shown for
thestandardized regression coefficients for kinship as a predictor of helping,
across all helpers (circle, violet), or within residents (triangles) orimmigrants
(squares) that are male (blue) or female (red). The category ‘All’includes
individuals of unknown dispersal history. The regression coefficient for
kinship represents theincreasein the helping rate correspondingtoals.d.
increaseinkinship (forexample, from r=0tor=0.19). Regression coefficients,
samplesizes and convergence diagnostics are provided in Extended Data Table 2.

kin than at the nests of non-kin on days when both options were avail-
able simultaneously. As before, we defined helper-breeder kinship
using the relatedness of the helper to their closest relative of the two
parents. As categorizing kin and non-kin can use different threshold
levels of relatedness, we conducted a sensitivity analysis by repeating
the analysis across ten thresholds for defining kinship, ranging from
r=0.05tor=0.5.Foreachkinship threshold, we calculated means and
bootstrapped 95% confidence intervals for the paired difference in help-
ing rates at the nests of kin (above the threshold) and non-kin (below
the threshold). Although thisapproach more directly examined biases
inthe choices of individuals to help either kin or non-kin, helpers were
rarely observed with the opportunity to help at nests of both kin and
non-kinonthe same day, and this analysis therefore relied on far fewer
observations (n=48to 72 helpers, depending on thekinship threshold).

Using this analysis, we again found that resident helpers of both sexes
preferred to help kin, and that immigrant male helpers preferred to
help particularly close kin (r > 0.3; Fig. 2). However, helpers still regu-
larly assisted non-kin, even with simultaneous opportunities to assist
kin. Across all threshold-based definitions of kin and across all types of
helper, the probability of helping at non-kin nestsin the presence of kin
nests was high, ranging from23%to 79% (meanacross helper types = 42%,
meanacross allindividuals = 39%; Extended Data Fig. 3). Collectively, the
frequency of non-kin helpingindicates that helping behaviourinsuperb
starlings cannot be completely explained by kin selection.

Preference to help specific non-kin

Tounderstand why helpers assisted non-kin even when they had simul-
taneous opportunities to help kin at other nests, we explored possible
directfitness benefits of helping specific breeders. Past work has shown
that individuals in larger superb starling social groups have greater
adult survival®® and reproductive success®. These findings suggest
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Fig.2|Helpersinvested more time helping at kin nests than at non-kin
nests whenboth options were available. Points and error bars show mean and
bootstrapped 95% confidence intervals for kinship bias in mean helping rates
(thatis, the differencein the proportion of time spent at nests of kin versus
non-kinwhenbothkinds of nest were present). a-d, Estimates of kinship bias
for varying thresholds for defining kin (a kinship threshold of 0.1 means that
relatedness above O.1iskinandrelatedness below 0.1is non-kin) for resident

that individuals could augment the size of their social group by help-
ingunrelated breeders (group augmentation), thereby increasing both
the helper’s own survival and the survival and reproductive success of
their related group mates, and incentivizing immigration from out-
side groups®™. Given evidence that superb starlings of both sexes can
vocally recognize specific individuals®, we tested whether helpers had
non-random preferences for helping particular unrelated breeders in
their groups. To do so, we compared the observed variation in helping
across pairs tothe distribution of values expected from random helping
behaviour within groups. As anullmodel, we randomized non-kin help-
ing 5,000 times among possible non-kin helpers within each group, nest
and day. We found clear evidence for preferred non-kin helping relation-
ships withingroups (observed coefficient of variation for helping across
dyads=4.22, P<0.0002, 95% quantiles for expected values = 2.88 to
3.17). Thus, although group augmentation predicts that helping should
bebased on group membership, it does not explain thisrelationship-level
variation in helping within superb starling social groups.

Role switching across breeding seasons

Given that superb starlings are biased towards helping related group
members and towards specific non-kin group members, we next asked

-2

Resident female

o
o (¥
| |

Difference in helping rate (kin — non-kin)
&
S

0 0.1 0.2 0.3 0.4 0.5

Kinship threshold

d

Immigrant female
=
X
s 024
c
]
£
=3
2 %
. | l %
g 07 T
=3
[5]
<
£
[0]
[$]
g
& -0.2
£

0 0.1 0.2 0.3 0.4 0.5
Kinship threshold

males (a), resident females (b), immigrant males (c) and immigrant females (d).
Thegrey numbers above the x axes show the numbers of helpers of each type
observed with opportunities to help both kinand non-kin on the same day.
Means and confidence intervals were not calculated in cases with fewer than
five helpers (which occurred only forimmigrant females with thresholds of
r>0.4).

whether they might also be biased towards helping group members
that are likely to help them in return, irrespective of relatedness. In
cooperative breeders, it is generally assumed that helping at the nest
cannot be reciprocated between adults because the transitions from
helper to breeder roles are typically unidirectional, with subordinate
non-breeders initially helping before potentially becoming breeders as
theyage”. Insuperbstarlings, however, breeders occasionally help at the
nests of other breeders within aseason®, and unexpectedly, we found
thatindividual superb starlings frequently switchbetween breeder and
helperrolesbidirectionally across breeding seasons. Thisrole switching
occurred among individuals of both sexes and both dispersal histories
throughout their lifetimes (which canlast atleast up to 19 years®?). Most
individuals switched roles more than oncein their lives (241 of the 329
(73%) individuals for whom we have complete life history data; meanrole
switches per individual lifetime £ s.e.m.=3.23+0.17, range = 0 t0 18).
Notably, at least 44% of males and immigrant females became helpers
again at least once after obtaining breeder status (Fig. 3).

Although such role switching across breeding seasons is rarely
observed in cooperatively breeding birds®, failed breeders in some
facultative cooperatively breeding species later help at the nests of their
close relatives in the same breeding season (redirected helping)® .
In superb starlings, however, role switching cannot be explained by
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Fig.3|Many individuals of both sexes switched betweenbreeder and
helperrolesatleastonceintheirlifetime. Bars (blue for males and red for
females) show the proportion of individuals of each type that switched
betweenhelper and breeder roles across seasons atleast once in their lifetime.

redirected helping because switches occur most often across breed-
ing seasons, rather than within a season. We observed 249 cases of
failed breeding attempts in which individuals were observed again
inalater season. Breeders were breeders again as their next role in 97
cases (40%), breeders next became non-breeder-non-helpers (thatis,
neither bred nor helped) in 91 cases (36%), and in only 61 cases (24%) did
they become helpers next. These transition patterns were similar after
successful breeding attempts: of the 224 successful breeding attempts
inwhich individuals were observed again in a later season, breeders
were breeders again as their next role in 94 cases (42%), switched to
non-breeder-non-helpersin 67 cases (30%) and switched to be helpers
in 63 cases (28%). Given the low physiological costs of breeding relative
to those of other co-occurring starling species that are less social*,
itis also unlikely that transitions from breeder to helper are entirely
explained by breeder exhaustion. The breeder-to-helper transitions
wereinstead predicted by aninteraction between sex and dispersal his-
tory (Fig.3). Bothresident and immigrant males often swapped breeder
and helper roles at least once, whereas resident females were almost
always helpers and never became breeders (0 of 152 opportunities,
91 individuals, 45 individuals with lifetime data), and immigrant
female breeders were just as likely to remain a breeder across seasons
(39 of 80 individuals with complete lifetime data) as to become a helper
(38 of 80 individuals; Fig. 3).

Reciprocal helping across years

Asfrequentrole switching creates the potential for reciprocal helping,
we looked specifically for cases in which anindividual helped abreeder
andthatbreederlater became a helper for that sameindividual. Of the
528 helper-breeder pairs for which observing reciprocal helping was
possible (Methods), we observed reciprocal helping in 142 pairs (19
pairs of females, 50 pairs of males and 73 mixed-sex pairs), including
between 2 residents, 2 immigrants or 1immigrant and 1 resident. As
roughly half of the pairs that we observed reciprocating help were same
sex, reciprocal helping cannot be completely explained by reproductive
motives (for example, helpers promoting future mating with current
breeders). The mean observed latency between observations of help
given and received was 272 days, about two breeding seasons.
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For simplicity, switches toand from the role of non-breeder-non-helperare
notshown. Error barsare 95% confidence intervals from an exact binomial test.
Toestimate switching probability for lifetimes, only individuals with records
for completelifetimes were included in this analysis.

To test whether reciprocal helping predicted greater helping rates
withinand across different types of helper (that s, resident and immi-
grant males and females), we fitted asimilar model to the one described
above for kin-biased helping (response was daily helping minutes;
offset was daily observation minutes; randomintercepts were helper,
nestand helper-breeder pair), but we replaced the fixed effect of kin-
ship with reciprocal help as a binary variable indicating the presence
or absence of reciprocal help from either parent at any time during
the study. We did not define reciprocal help using estimates of exact
observed durations of help received in a previous season for two rea-
sons. First, we did not expect that reciprocal helping would be based
onindividuals remembering and precisely matching their daily help-
ing rates with others across seasons. Second, using the presence or
absence of areciprocal helping relationship reduces residual confound-
ing because we lacked the sampling necessary to accurately estimate
exact reciprocal helping rates within each helper-breeder pair over
the entire nest attempt. Asin our kin-biased helping model, we coded
non-helping as zero only for group members that were present to help,
such that any evidence of reciprocal helping could not be caused by
group structure (Methods).

Using this analysis, we found that specific pairs of individuals main-
tained long-termreciprocal helping relationships by swapping helper
and breeder roles across their lifetimes. All else in the model held con-
stant, the rate of helping was 242% greater for reciprocating pairs than
for pairsthatdid notreciprocate (IRR = 3.42, regression coefficient for
reciprocal help=1.23[0.76,1.70]).

As reciprocal helping can, and did, occur between relatives, we
next separated the roles of reciprocal help and kinship as predictors
of superb starling helping behaviour by testing for evidence of reci-
procity while statistically controlling for kinship. When we fitted the
same modelsincluding bothreciprocal help and kinship as predictors,
we found that helping was still clearly reciprocal (Fig. 4b), and that the
helping rate was 169% greater for reciprocating pairs than for pairs that
did notreciprocate (allindividuals: IRR = 2.69, coefficient for reciprocal
help =0.99[0.52,1.47]; see Methods for interpretation of regression
coefficients). Although reciprocal helping was evident overall across
helpers (Fig. 4a), this pattern was driven by immigrants. By contrast,
the effect of reciprocal help was confounded with kinship in resident
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Fig.4 |Reciprocal helpingis not driven by kinship. a, Posterior probability
distributions (with means and 95% Bayesian credible intervals) for the
regression coefficients for reciprocal help as the only predictor of helping.
These coefficientsrepresent theincreasein the helpingratesto nestsin
whichoneoftherecipient parents was areciprocal helperinthe pastor future.
Resident females could not reciprocate because they were never breeders.

b, Posterior probability distributions (with means and 95% Bayesian credible
intervals) for the regression coefficients for reciprocal help as a predictor of
helping when adjusting (statistically controlling) for kinship. The similarity in
estimates between the top and bottom panel shows that reciprocal help is
notdrivenbykinship. Estimates are shown across all helpers (circle, violet),
includingindividuals of unknown dispersal history, as well as for male (blue)
and female (red) helpers who are residents (triangles) orimmigrants (square).
The same figure with coefficients of kinship isshownin Extended DataFig. 6.
Regression coefficients, sample sizes and convergence diagnostics are provided
inExtended Data Table 2.

males (Fig.4b), and reciprocal helping was absent in resident females
because females never became breeders in their natal groups (Fig. 3).
We did not detect evidence for aninteractionbetweenreciprocal help
and kinship in resident males and immigrants (Extended Data Fig. 4;
coefficient forinteraction =-0.05[-0.50, 0.39]), meaning that recipro-
cal helping occurred among both kin and non-kin. To test the robustness
of our finding that reciprocal helping was not explained by kinship,
group structure (geographic distance) or biased opportunities to be
seen helping, we also reanalysed our data using a more conservative
non-parametric permutation test that was developed to account for
sampling biases. This null hypothesis test confirmed the conclusions
of our statistical model (see Methods and Extended Data Fig. 5 for
results). To our knowledge, this form of reciprocity has never before
been discovered in a cooperatively breeding society.

Under somescenarios, natural selection acting in group-structured
populations can favour individuals that help others on the basis of

the amount of help that they receive from any or all group members
(generalized reciprocity)**, which could drive patterns of reciprocal
helping in a cooperative breeder. To assess this alternative mecha-
nism, we fitted two models identical to our reciprocal help model
described above, but with either the total or mean help received added
as a covariate. The first model included reciprocal help and the sum
of helping rates to that helper. The second model controlled for the
helper’sgroup size by including reciprocal help and the mean of helping
rates to that helper averaged across possible social partners. In both
models, reciprocal help from specific group members was a stronger
predictor than the total help received from group mates (model 1:
coefficient forreciprocal help =1.20[0.71, 1.69]; coefficient for stand-
ardized total helpreceived = 0.20[-0.2, 0.59]; model 2: coefficient for
reciprocal help =1.19 [0.73, 1.67]; coefficient for standardized mean
helpreceived = 0.20[-0.15, 0.57]; Fig.5). Thus, we found that recipro-
cal helpingin superb starlings could not be explained by generalized
reciprocity at the group level.

Direct versusindirect fitness

Together, our results indicate that the relative importance of direct
versusindirect fitness benefits varies with a helper’s sex and dispersal
history. Resident females preferentially helped kin and never engaged
inreciprocal helping because they never became breeders. Resident
males also preferentially helped kin and sometimes swapped breeder
and helper roles with both kin and non-kin, but not often enough for
reciprocal helping tobe aclear predictor of helping rates. By contrast,
immigrants showed clear evidence of reciprocal helping with both kin
and non-kin, and only limited evidence of kin-biased helping. Immi-
grant females reciprocated help, but they did not show clear kin-biased
helpingacross all days and nests, and we found only weak evidence for
kin-biased helping on days when they had opportunities to help both
kinand non-kin simultaneously (Extended DataFig.2). Immigrant males
demonstrated both reciprocal helping and kin-biased helping (Fig.1and
Extended DataFig.2).Kin-biased helping inimmigrant malesis unlikely
to be explained by helping their adult resident offspring: of the 47 pairs
inwhich animmigrant male engaged in reciprocal helping withanother
immigrant, only 15 were closely related (r > 0.125). Instead, this pattern
of kin-biased helping inimmigrant males (Figs. 1and 2) suggests that
some individuals either recognized kin that joined the same group at
another time or dispersed with kin (referred to as budding dispersal* or
dispersal coalitions*®). Although dispersal coalitions in superb starlings
have not been explored in males, previous work on females showed
thatsisters disperse together in coalitions orimmigrate into the same
groups insuccessive years*, probably recognizingindividuals—rather
than just kin—through their flight calls®.

Helpers of both sexes and dispersal histories, including resident
females who did not engage in reciprocal helping, often aided non-kin
breeders even when they simultaneously had the option to help kin.
This pattern suggests arole for other sources of direct fitness ben-
efits beyond reciprocal helping, such as group augmentation. Indeed,
past work in superb starlings suggests that direct fitness benefits of
group augmentation are critical for the evolution of their mixed-kin
societies®, and therefore might also promote helping behaviour and
cooperation more generally. The ability of immigrants to formrecipro-
cal helping relationships could be an additional benefit of joining or
maintaining larger groups. Immigrants are crucial for group stability
because offspring recruitment alone is insufficient to prevent group
extinction®, and help directed from residents to immigrants could
encourage them to stay in the group. Previous studies in superb star-
lings also show that male helpers can occasionally gain direct fitness
benefits in the form of extrapair paternity by investing their helping
effort in unrelated female breeders®*®, Furthermore, there may be
additional sources of direct fitness benefits for helpers that have yet
tobeexploredinsuperbstarling societies, such as signalling of helping
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ability. Ultimately, given that past work in this population highlights
the potential for extrapair mating by helpers*® and the importance of
group size?, and given that the current study demonstrates frequent
helping directed to non-kin and the existence of reciprocal helping
among both non-kin and kin, we suggest that helping behaviour in
superb starlings is more influenced by direct fitness benefits than by
indirect fitness (kin selection).

Reciprocal helping in other species

Althoughnon-kin helping hasbeenreportedin other avian cooperative
breeders, evidence of reciprocity as the underlying mechanismis lack-
ing.Forexample, inthe pied kingfisher (Ceryle rudis), helping non-kin
is thought to improve future breeding chances but not reciprocal
help*. Within-season reciprocal helping occurs inboth white-fronted
bee-eaters (Merops bullockoides)* and bell miners (Manorina melano-
phrys)*,but for both species, kin selection has been shown to be more
important than any potential role of reciprocity, for which evidence
wasweak. Inthe green woodhoopoe (Phoeniculus purpureus), helpers
may compete for opportunities to feed nestlings because doing so
increases the chance that, when these nestlings mature, they will dis-
persewith and later help raise the offspring of the helper who assisted
in raising them?®*', However, the role for reciprocity in driving these
helping relationships has subsequently been questioned®. Like superb
starlings, all of these species are obligate cooperative breeders living
in mixed-kin societies in harsh and variable environments in which
helpers are necessary for successful reproduction. Forming recipro-
cal helping relationships with non-kin may therefore ensure that the
necessary helpisavailableinfrequentbut unpredictable times of need,
asitdoesin superb starlings®.

Reciprocity or pseudo-reciprocity

Thereciprocal helping relationships observed in superb starlings are
consistent with help given to arecipient causing help to be received
from that recipient (that is, reciprocity). However, an alternative
and often-favoured explanation for this and all other putative cases
of reciprocity, in cooperative breeders and elsewhere, has been
pseudo-reciprocity (that is, when help given to arecipient increases
by-product benefits from that recipient)". Pseudo-reciprocity is not
only likely to be common in natural systems, it is also a difficult gen-
eral explanationtoreject because there are many possible by-product
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observation) across group members (a) or the mean of helping rates (seconds
ofhelping/seconds of observation) across group members that could

have helped (b). Regression coefficients, sample sizes and convergence
diagnostics are provided in Extended Data Table 2.

return benefits that can be reasoned to result from helping, includ-
ing access to future breeding positions, mates or resources”. How-
ever, both theory and empirical evidence suggest that the existence
of by-product benefits (including those from group augmentation)
does not negate the additional benefits of conditionally investing in,
choosing or switching partners on the basis of past helping behav-
iour">*, When animals form long-term cooperative relationships,
helping canboth enable some by-product benefits (pseudo-reciprocity)
and promote some reciprocal help (reciprocity) . Insuch cases, the
by-product benefits of each partner’s existence can cause helpers to
have some amount of stake in their partner’s health and survival (fitness
interdependence) thatisindependent of the partner’s behaviour®, and
also show some amount of behavioural responsiveness to the partner’s
actions (for example, by gradually switching from less helpful to more
helpful partners®7%%*), Asincreasing evidence supports the view that
indirect fitness, by-product benefits and reciprocal investments can
additively or synergistically stabilize many cooperative traits, the rel-
evant question concerns not which factor explains helping but rather
therelative roles of each factor™™,

Our findings also raise the question of whether the relative ease of
detecting evidence for kin-biased helping and group augmentation
has led reciprocity to be prematurely rejected as an additional poten-
tial factor promoting helping in cooperative breeders. Many authors
have long considered reciprocity to be too cognitively demanding for
non-humananimals, but this assumption applies only to so-called calcu-
lated reciprocity®**. Controlled studies across a range of species show
that many non-human animals prefer to associate with or help partners
thatreciprocate help over partners that do not®. These biases towards
more helpful partners can arise from simple, widespread and evolu-
tionarily conserved cognitive mechanisms such as associative learning
(for example, avoiding partners associated with bad experiences)'*>.
Moreover, studies of interspecific mutualisms show that even organ-
isms without cognition have repeatedly and independently evolved the
ability to enforce cooperation through conditional partner choice.

A second misunderstanding that makes reciprocity unnecessarily
controversial is that most debates about reciprocity still view it as a
standalone alternative to kin selection or by-product benefits, such
thatany evidence for these other explanationsis counted asevidence
against any causal effect of help given on help received™*. This view
of reciprocal help, indirect fitness and by-product returns as alterna-
tives rather than complementary mechanisms clearly affected some
of the early studies that addressed these ideas in avian cooperative



breeders**°. Yet, the evolution of reciprocity requires the existence
of one-way helping behaviours that must have initially evolved either
throughkin selection or by-product benefits®, and so for cases in which
reciprocity exists, the coexistence of kin selection or by-product ben-
efits should be the expected norm. There are several ways that either
kinselection or by-product benefits (for example, group augmentation)
could pave the way for the evolution of reciprocity in superb starlings
or other cooperative breeders®?2. One example is the kinship deceit
hypothesis* that posits that kin discrimination might be based on
associations learned at the nest, and if so, that helping at the nest can
benefit unrelated helpers when it triggers kin discrimination heuris-
tics that cause future reciprocal helping from the parents or the nest-
lings®"*8, Although this scenario has beenreferred to as deceit, it is also
reciprocity inthe broad sense that the help given to the recipient causes
the help received from the recipient. Similarly, group augmentation
in superb starlings® could lead to reciprocity if helping decisions are
biased by cues of group membership and receiving help becomes one
such cue. As a consequence, individuals would be more likely to help
partners that help them.

Separating the precise mechanisms that shape reciprocal helping
decisionsinsuperb starlings or other cooperative breeders will require
future experimental manipulations of natural helping behaviour. Given
therole of acoustic signals and vocal recognition in superb starlings®
and other avian cooperative breeders**®°, playbacks could be used
to measure responsiveness to manipulated helping or simulate the
presence of birds that are not actually able to help. For example, inthe
cooperatively breeding dwarf mongoose (Helogale parvula), research-
ersused playbacks to experimentally increase acoustic cues of vigilance
behaviour in specificindividuals, which caused them to receive more
social grooming from their group mates later that day”. A question for
futureresearchis whether conditional shiftsin cooperative behaviour
also occur over the longer time periods documented here.

Tosummarize the debate about reciprocity, the game theoretic strat-
egy titfor tatin the repeated prisoner’s dilemma® led many empiricists
to consider only a narrow, literal and extreme model of reciprocity in
which strictly conditional and binary responses to defection occur in
ahigh-conflict scenario with no partner choice®. Under more nuanced
and ecologically realistic conditions, however, individuals can form
long-term social relationships that involve some responsiveness to
partner defection, some stake in the survival of certain partners (that
is, fitness interdependence)* and some ability to choose or switch
among partners, leading to market forces*. In these cases, reciprocity
(asresponsivenessto partner help) is one causal effectin alarger model.
More recent models that integrate the evolution of helping behav-
iour and the formation of preferred partnerships (social bonds) allow
reciprocity to evolve and interact with other factors'¢, showing that
long-termreciprocal helping relationships (with intermediate levels of
partner responsiveness) can change over evolutionary time as coopera-
tive traits evolve and also over developmental time as individualslearn
and adjust their behaviour across partners'**. As unconditional helping
foregoes the potential benefits of having a more cooperative partner,
a helper can still benefit from gradually switching from less helpful to
more helpful partners, even when establishing new partnerships takes a
substantial amount of time™¢, Such gradual partner switchingisaform
of reciprocity that is hard to measure from field observations alone.

Detectingreciprocal helping

In observational studies, kin-biased helping can mask evidence for
reciprocity because kinship and help received are confounded when
reciprocal helping occurs between relatives, and because detecting
kin-biased helping requires far fewer observations of help than does
detecting reciprocal helping®. Asa consequence, short-termstudies can
easily discover kin-biased helping but fail to find evidence for reciprocal
helping, obscuring the roles of direct and indirect fitness®. In superb
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Fig. 6| Power analysisbased onresampling. Far fewer observations are needed
todetectkin-biased helping than to detect reciprocal helping, despite kinship
having asmaller effect size. Means and 95% credible intervals for the effect of
kinship (black) and the effect of reciprocal help (grey) on helping rates estimated
forsubsamples of the total datasetincreasinginsize from1to 40 breeding
seasons.

starlings, the timescales of reciprocation occurred over years. Therefore,
we detected reciprocal helping only because of our long-term field study:
>12,000 helping observations across 563 helpers at 410 nests, across 9
social groups over 40 breeding seasons spanning 20 years. Without such
anextensiverecord, reciprocal helping over such long and variable time
spanswould be nearlyimpossible to detect, and any reciprocal helping
between relatives would simply be explained as kin-biased helping.Inour
study, kin-biased helping was evident after only 3 breeding seasons, but
detectingevidence for reciprocal helping required at least 27 breeding
seasons (Fig. 6). Moreover, the effect of kin-biased helping was rela-
tively stable after 5breeding seasons of data collection, but the effect of
reciprocal helping was still trending upwards after 40 breeding seasons,
suggesting that therole of reciprocal helping was underestimated even
after 20 years of continuous data collection. Indeed, even after 10 years
(20 breedingseasons) of observation, ananalysis of our data would infer
clear kin-biased helping, but not reciprocal help (Fig. 6). This finding
highlights the importance of long-term field studies.

Conclusion

Our findings confirm a role for kin selection, but also challenge the
common assumption thatkin selection (indirect fitness) is sufficient to
explain helping behaviourinvertebrate cooperative breeders®. The view
of helping purely asaform of altruism due tokin selectionis contested
by ourdiscovery of crypticlong-termreciprocal helping betweenboth
related and unrelated group members. Although some theoretical®and
empirical® studies focus on direct fitness mechanisms underlying the
evolution of cooperatively breeding societies, the potential for reci-
procity is rarely considered as an explanation for helping behaviourin
cooperative breeders. Using 40 breeding seasons of continuous data
on helping behaviour over 20 years in cooperatively breeding superb
starlings, we showed that: non-kin helping was common even in the
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presence of kin and despite aclear capacity for kin discrimination; indi-
viduals formed long-term non-random reciprocal helping relationships
by swappingbreeder and helper roles across breeding seasons and years;
patterns of kin-biased helping and reciprocal helping varied with helpers’
sexanddispersal history; and the discovery of reciprocal helpingin coop-
erative breeders was possible only with long-term field observations.
Takentogether, the findings of our study highlight the need to integrate
analyses of multiple mechanisms for both direct and indirect fitness to
gain amore nuanced understanding of the evolution of cooperation
and of animal societies. Even though cooperative breeders oftenlivein
family groups, increasing empirical evidence shows that direct fitness
plays a larger role in the evolution of cooperatively breeding societies
than previously realized, both in terms of group formation®? and in
helping behaviour’. Alongside group augmentation, we suggest that
within-group reciprocity may be a cryptic but crucial source of direct
fitness that promotes the stability of complex cooperative societies.
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Methods

Field data collection

From2001t02021, webuiltalongitudinal dataset of nine social groups
of superb starlings at the Mpala Research Centre in Laikipia, Kenya
(0°17’N, 37° 52" E)*. We used baited pull-string traps (during the
non-breeding season) or mist nets (at active nests during the breeding
season) to capture individuals first observed in this population after
immigration or fledging. We also banded individuals as hatchlings in
the nest during the two annual breeding seasons (short rains breed-
ing season: October-December; long rains breeding season: March-
June)®2.Eachofthe1,175individualsin the population was marked with
anumbered metal ring and aunique series of coloured leg bands*. Asa
result, we gathered fine-scale, individual-level behavioural observation
data from focal observations and daily nest checks during breeding,
aswell as year-round opportunistic census observations and data col-
lected during trapping. Banding of this population beganin 2001 and
focal observations beganin2002.

We conducted focal observations of nests during breeding using a
spotting scope. Focal observations were typically 120 min in length
(median =120 min, mean = 125 min, range = 3 t0 240 min, 90% were at
least120 min, 99.5% were at least 60 min). For each individual observed
within 30 m of the nest, we recorded their identity, group member-
ship, times of arrivaland departure, their breedingrole (that s, helper
or breeder) and whether they arrived with food. Over 730 days from
2002 until 2021 (40 breeding seasons), we observed 410 nestsinthe 9
socialgroupsand analysed 12,112 visits to the nest with complete data
(out of 14,588 events). In total, we observed 563 individually banded
superb starlings acting as helpers and 254 as breeders over the course
of the 20-year study.

Helpers are alloparents observed visiting active nests during breed-
ing to provide offspring provisioning and/or nest guarding°. Breed-
ers are the mother (the female that incubated during the egg stage)
and father (the male guarding the incubating female during the egg
stage). We confirmed observed parentage genetically for all chicks that
survived toreach seven days old (see below for details). Within-group
extrapair paternity by helpers was low, accounting for fewer than 7% of
all offspring, and we found no evidence that more than one female lays
eggs in a nest*®, For each active nest, we inferred the possible helpers
present at the nest by first aggregating all observations of individu-
als observed within groups, and then assuming that individuals were
present withinagroup throughout the breeding season, between their
firstand last season observed. To be conservative and consistent with
previous studies in this system®**’3, we assumed that any individual
not seen for five or more seasons was dead, and that any subsequent
isolated single observations were misidentifications. We showed pre-
viously that results were robust to this assumption, as they did not
change after performing a sensitivity analysis in which we extended
thelength of subsequent breeding seasons required before assuming
that anindividual had died*°.

Determining sex and dispersal history

Sex was verified genetically for all individuals using PCR®* as previ-
ously described for this species*®. Dispersal history includes immigrant
(banded asjuveniles or older, with parents genetically identified as not
belonging to the same group), resident (banded as hatchlings in the
nest, or banded as juveniles whose parents were genetically identified
asmembers of the same group) and unknown (individuals who already
existedinthe populationat the beginning of the study before dispersal
could havebeen observed). We labelled 21 females who already existed
inthe populationatthe beginning of the study and that became breed-
ers as immigrants because we observed that resident females never
becamebreeders (0 of 91individuals, 0 0of 152 cases, binomial test: 95%
confidence interval = 0% to 2% chance), whereas 68 of 112 immigrant
females became breeders (binomial test: 95% confidence interval = 51%

to 70% chance). If the probability of breeding as aresident female is 0%
to 2%, then each of these females has a 97.4% to 100% chance of being
animmigrant.

Estimating helping

We defined helping as the minutes of provisioning and/or nest defence
during afocal observation period (Extended Data Fig. 1). We rounded
observations up to the nearest minute. For instance, if an individual
was observed feeding chicks at the nest or bringing food to the nest for
less than 30 s, and nest attendance was scored as zero minutes, then
we scored help as one minute rather than zero minutes. Observing
reciprocal help was possible for a pair of birds when a focal bird was
observed helping a partner andin another season, the focal bird was a
breeder when the partner was both present and not breeding.

We combined minutes of chick provisioning and nest attendance
(nest defence) because estimating dyadic helping rates should seek
to maximize the number of potential helping interactions® ™, and
these behaviours are both clear measures of helping® that we found
tobe highly correlated. Compared to nest attendance rates, chick pro-
visioning rates are based on fewer data points (less sampling) and are
therefore less precise (for example, more likely to falsely represent a
low helping rate as a zero). Moreover, across helper-nest pairs, the rate
of nest defence explained 51% (95% credible interval =[0.50, 0.53]) of
the variation in provisioning rates. To estimate this relationship, we
fitted a Bayesian negative binomial multilevel model (using the brms
R package®® with default priors) with total seconds of provisioning
time by a visitor to a nest as the response variable, log-transformed
total minutes of sampling time each day as the offset term, scaled
minutes of nest attendance as the fixed effect, and nest and helper as
random intercepts. To estimate the variance explained by the fixed
effect, we then calculated the marginal R? and its Bayesian credible
interval using the performance R package®. We fitted the model using 4
Markov chain Monte Carlo chains with 5,000 iterations and awarm-up
of 1,000 iterations, Rhat was 1.00, and the conditional R*for the full
model was 0.97 (95% credible interval =[0.97, 0.98]). Thus, given the
strong correlation between chick provisioning and nest attendance,
the much greater sampling of nest attendance per individual and the
greater ease of identifying the individuals during nest attendance, we
used a combined minutes of chick provisioning and nest attendance
to estimate helping behaviour.

Estimatingkinship

We estimated pairwise genetic relatedness in the R package related>
from 15 polymorphic microsatellite markers developed for superb
starlings using DNA extracted from whole-blood samples (Extended
DataFig.2); the same markers were also used to confirm parentage*®”’°
in Cervus v3.0.7 (ref. 71). Previous work has shown that this panel of
superb starling microsatellite markers gives qualitatively similar results
toalarger panel of single nucleotide polymorphisms for both related-
ness and parentage estimates’?. We also constructed pedigrees using
behavioural observation data confirmed with parentage estimates, and
then calculated pairwise kinship using the kinship2 R package”. In our
models for kin-biased helping and reciprocal helping, we used micros-
atellite estimates of relatedness for immigrant helpers, and pedigree
estimates of kinship for all other birds. Using microsatellite estimates
of relatedness for all birds rather than pedigree kinship estimates gave
qualitatively similar results and did not affect our conclusions.

Model-fitting procedure

We fitted all Bayesian multilevel models using the brms R package®® with
default uninformative priors. We used the R package performance®
to compare the fits of quasi-Poisson and negative binomial models
for overdispersed count data. Model diagnostics were better for the
negative binomial model, and the negative binomial fit predicted the
frequency of zeroresponse databetter than did a quasi-Poisson model.
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Wefitted all Bayesian models using 4 Markov chain Monte Carlo chains
with 5,000 iterations and a warm-up of 1,000 iterations. Across all
models in our study, Rhat ranged from 1.000 to 1.001, bulk effective
sample size ranged from 4,008 t0 20,440, and tail effective sample size
ranged from 6,000 to 13,439, indicating model convergence and that
estimates of posterior quantiles are reliable.

Interpreting regression coefficients as effects of kinship and
reciprocal help

The regression coefficients from our statistical model with both kin-
ship and reciprocal help must be interpreted carefully with several
caveats in mind. The model was designed to assess the effect of the
presence of reciprocal help while controlling for kinship. One can-
not use the coefficients to directly compare the effect sizes of kinship
and reciprocal helping because these effects exist on different scales
and are confounded. The regression coefficients in the kinship model
(Fig.1) can overestimate the total effect of kinship on helping because
the estimate assumes that all reciprocal helping among kin is caused
by kinship (whereas, in reality, some unknown amount of the recipro-
cal helping between kin could be due to reciprocity). By contrast, the
regression coefficients for kinship in the model with both kinship and
reciprocal help (shown in Extended Data Fig. 6) underestimate the
total effect of kinship, for two reasons. First, this estimate assumes
that reciprocal helping among kin is not caused by kinship (whereas,
inreality, it might be). Second, estimating the simultaneous effect of
reciprocal help in the model requires excluding pairs for which recip-
rocal help was impossible (that is, all resident females), which is also
the subsample of the data in which kinship effects are expected to be
largest. As the regression coefficients for kinship in this model cannot
be interpreted as the total effect of kinship, we show themin grey in
Extended Data Fig. 6.

Alternative and conservative non-parametric
hypothesis-testing procedure

We reanalysed our data using non-parametric network permutation
tests designed to remove sampling biases™. Observational datasets
of social behaviour in the field typically suffer from many sampling
biases that can lead to type 1and 2 error™. For instance, the helping
rate between two superb starlings depends on how often those two
individuals overlapped in space and time and how often an observer
was likely to see one individual rather than another. These sources of
bias can be removed by including them either in the statistical model
(as covariates or random effects) orinanull model (such that they can-
notexplainthe difference between observed and expected statistics).
To check the robustness of our overall findings from our parametric
statistical model, we used anon-parametric double permutation test™
to remove effects of sampling biases (first data permutation) and to
remove effects of actor and receiver (second network permutation). To
do this, we first calculated an adjusted helping score as the observed
helping rate minus the median of 5,000 expected helping rates from
a permutation-based null model. The null model swaps helping rates
between possible group members within each group, nestand day. In
other words, adjusted helping rates indicate how many more helping
minutes were observed than what would be expected if nests received
the same amount of help from random group members present in
the group on each observation day. We then analysed the adjusted
helping scores within each group using two non-parametric network
permutation tests. The first test was a Mantel test (vegan R package”)
for the Pearson’s correlation between adjusted helping scores given
and received within each group (Extended Data Fig. 5a). The second
test was a multiple regression quadratic assignment procedure with
double semi-partialling (MRQAP), using the asnipe R package™ to test
for the effect of adjusted help-given score and kinship (both scaled
to remove units) on adjusted help-received score within each group
(Extended Data Fig. 5b). We used non-parametric bootstrapping to

estimate a 95% confidence interval around the mean across the nine
groups. This non-parametric approach is more conservative than our
model-fitting approach, and it confirmed the findings from our main
statistical model that reciprocal helping was both evident and not
driven by kinship or by sampling biases (Fig. 5).

Statistical power for detecting kin-biased helping and
reciprocal help
Todemonstrate the differencein power for detecting kin-biased helping
andreciprocal helping, we fitted our two Bayesian models (described
in the main text) for detecting the effect of kinship or reciprocal help,
each 40 times, using increasing subsamples of the data from1breed-
ing season to 40 breeding seasons. We then plotted the estimate and
95% credible intervals for each cumulative number of seasons. When
visualizing the results for the 80 estimates, we excluded 3 estimates for
the effect of kinship and 4 estimates for the effect of reciprocal help-
ing for which there was alack of convergence when fitting the model.
The large difference in power for detecting kin-biased helping and
reciprocal helping (Fig. 6) occurs because reciprocal helping requires
more repeated observations per pair?. Specifically, the statistical
power to detect kin-biased helping is limited by the reliability of kin-
ship estimates, the variation in kinship and the number of individu-
als and pairs in the dataset, whereas the power to detect reciprocal
helping is limited primarily by the number of possible observations
of reciprocal helping per pair (that is, helper A helps breeder B and
then B canhelp A). For this study (and most other similar field studies),
kin-biased helping should be much easier to detect than reciprocal
helping because we have many individuals and many breeder-helper
pairsin which helping was possible, but relatively few observations per
pair. Most pairs of breeders and helpers were observed together on only
1day (range =1to 18 days, median =1day, mean = 2 days). This sparse
sampling per pair causes rates of helping and reciprocal helping to be
imprecise, and many helping rates estimated at zero were probably
not zero. Thus, our estimates of the effect of reciprocal helping are
probably more conservative than that of kinship, making iteven more
unexpected that we detected such strong evidence of reciprocity in this
study.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
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Extended DataFig.1|Superb starlings are obligate cooperative breeders, leaving the nest) (a) and nest defense from predators, where they act as sentinels
witheverybreeding pair assisted by up to16 nonbreeding helpers. toguard young fromavariety of aerial and terrestrial predators (b). Photographs
a-b, Helpers play acritical rolein offspring provisioning (of both hatchlings by K. Tseng (a) and D.R. Rubenstein (b).

inside the nestand, as the photograph shows, fledglings for afew weeks after
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Extended DataFig.2|Superbstarlings help bothkin and nonkinregardless
of sex or dispersal history. a-e, The distribution of marker-based relatedness
estimatesin 5889 pairs of breeders and helpers (a), 1572 pairs of abreeder and
resident male helper (b), 819 pairs of abreeder and immigrant male helper (c),
1022 pairs of abreeder and resident female helper (d), and 1435 pairsof a
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breeder and immigrant female helper (e). Relatedness estimated from 15
polymorphic microsatellite markers,and maximumbreeder-helper relatedness
isthe higher of the two relatedness estimates for either of the two breeding
parentstoagiven helper. The vertical dashed line indicates the mean of the
maximumbreeder-helper relatedness values.
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Extended DataFig. 3 |See next page for caption.



Extended DataFig.3|Helpers were morelikely to help atkin nests than at (akinship threshold of 0.1 means relatedness above 0.1is ‘kin”and relatedness
nonkin nests whenboth options were available. a-d, Bars show proportion below 0.1is ‘nonkin’). The unweighted average probability of nonkin helping
of cases with nonkin helping when kin nests were also present for resident acrossthe four helper typesranged from 44% with akinship threshold of 0.05%
males (a), resident females (b), immigrant males (c), and immigrant females (d).  to40% with akinship threshold of 0.5.

Estimates of kinship bias are shown for varying thresholds for defining ‘kin’
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Extended DataFig. 4 |No clear evidence thatkinship impacts the
probability of reciprocal helping. Posterior probability distributions (with
means and 95% Bayesian credible intervals) are shown for a possible interaction
betweenkinship and reciprocal help across all helpers (circle, violet), including
individuals of unknown dispersal history, as well as for male (blue) and female
(red) helpers who are residents (triangles) orimmigrants (square). A positive or
negative estimate would indicate that greater kinship increases or decreases
the probability of reciprocal helping versus one-way helping. Regression
coefficients, samplesizes, and convergence diagnostics are provided in
Extended DataTable2.
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Extended DataFig.5|Nonparametric network permutation tests within
ninesocial groups confirmreciprocal helping. a, Results of Mantel Tests
applied to each of nine social groups. Points show Pearson’s correlations
betweengivenand received help. b, Results of multiple regression quadratic
assignment procedure (MRQAP) with double semi-partialling applied to each
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of ninesocial groups. Points show standardized regression coefficients for
effect of help given on help received after controlling for effect of kinship. In
both plots, dark points with p-values show groups where test was statistically
significant, and squares show the mean for the observed statisticacross the
nine groups with bootstrapped 95% confidenceintervals.
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Extended DataFig. 6 | Reciprocal helpingis not driven by kinship (shown
withregression coefficients for kinship effect). Posterior probability
distributions (with means and 95% Bayesian credible intervals) are shown for
theregression coefficients for reciprocal help as a predictor of helping when
adjusting (statistically controlling) for kinship. Estimates are shown for all
helpers (circles, violet), including individuals of unknown dispersal history, as
well as for male (blue) and female (red) helpers that are residents (triangles) or
immigrants (squares). Estimates of the coefficients for kinship as a predictor of
helping when adjusting for reciprocal help (grey) should not beinterpreted as
measures of kin-biased helping, because they exclude pairs where reciprocal
helpwasimpossible (e.g., all resident females), and exclude any possible effect
ofkinship causing help through reciprocal help amongkin. Regression
coefficients, sample sizes, and convergence diagnostics are provided in
Extended Data Table 2.



Extended Data Table 1| Proportion of helping time at nonkin nests

Helper type No. Total minutes of observed Percentage of observed helping at
helpers helping nonkin nests
all 510 31,012 51%
resident male 127 9681 62 %
resident female 91 5682 55%
immigrant male 77 4490 39 %
immigrant female 133 5015 54 %
unknown 82 6144 81 %

Nonkin nests are defined as those where the helper’s relatedness to both parents is either O for pedigree-based estimates (residents) or less than 0.125 for marker-based relatedness (immigrants
and unknown). Cases where this relatedness value was unknown (2.6% of daily helping rates) were excluded.
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Extended Data Table 2 | Models and Coefficients

Model: Kinship as predictor of daily helping

Sample Coefficient Estimate Est. Lower Upper Rhat Bulk Tail No. No.
Error 95% 95% ESS ESS obs. helpers
all kinship 0.567 0.076 0.419 0.716 1.0002 13092 12030 25398 738
resident male kinship 0.997 0.132 0.741 1.258 1.0000 13312 11442 6958 186
resident female kinship 0.498 0.204 0.103 0.908 1.0001 19620 13177 4437 154
immigrant male kinship 0.411 0.203 0.018 0.815 1.0003 10004 10831 3218 92
immigrant female kinship 0.123 0.176 -0.217 0.468 1.0004 7103 10342 5684 186

Model: Reciprocal help as predictor of daily helping

Sample Coefficient Estimate Est. Lower Upper Rhat Bulk Tail No. No.
Error 95% 95% ESS ESS obs. helpers
all reciprocal help 1.226 0.239 0.758 1.700 1.0005 6701 9826 25398 233
resident males reciprocal help 0.728 0.451 -0.135 1.626 1.0002 20440 13439 1410 35
immigrant male reciprocal help 2.010 0.515 1.022 3.042 1.0003 8980 10925 1731 44
immigrant female reciprocal help 1.967 0.436 1.135 2.846 1.0005 6866 8492 3276 112

Model: Reciprocal help and Kinship as predictors of daily helping

Sample Coefficient Estimate Est. Lower Upper Rhat Bulk Tail No. No.
Error 95% 95% ESS ESS obs. helpers
all reciprocal help 0.994 0.243 0.524 1.474 1.0005 9547 10083 25398 225
kinship 0.609 0.123 0.365 0.853 1.0003 9439 10267 25398 225
resident male reciprocal help 0.289 0.431 -0.550 1.149 1.0001 10101 11799 1410 35
kinship 1.343 0.239 0.887 1.826 1.0000 10529 11802 1410 35
immigrant male reciprocal help 1.943 0.537 0.922 3.022 1.0003 8982 10903 1673 41
kinship 0.298 0.269 -0.229 0.833 1.0003 7712 9208 1673 41
immigrant female reciprocal help 1.739 0.453 0.878 2.643 1.0000 7593 10220 3084 107
kinship 0.261 0.223 -0.172 0.701 1.0001 7736 9745 3084 107

Model: Interaction between reciprocal help and kinship as predictors of daily helping

Sample Coefficient Estimate Est. Lower Upper Rhat Bulk Tail No. No.
Error 95% 95% ESS ESS obs. helpers
all reciprocal help 0.995 0.243 0.524 1.465 1.0002 7019 10513 25398 225
kinship 0.640 0.176 0.297 0.991 1.0005 5681 8625 25398 225
interaction -0.051 0.227 -0.498 0.391 1.0003 5645 8399 25398 225
resident male reciprocal help 0.134 0.442 -0.737 1.014 0.9999 9220 10347 1410 35
kinship 1.057 0.307 0.459 1.663 1.0002 7344 9411 1410 35
interaction 0.605 0.417 -0.216 1.425 1.0004 7662 10393 1410 35
immigrant male reciprocal help 2.025 0.546 0.983 3.116 1.0003 9076 8991 1673 41
kinship 0.651 0.365 -0.050 1.379 1.0004 8061 9226 1673 41
interaction -0.766 0.529 -1.797 0.253 1.0003 8120 9661 1673 41
immigrant female reciprocal help 1.732 0.459 0.858 2.671 0.9999 6963 6000 3084 107
kinship 0.128 0.348 -0.553 0.809 1.0008 6970 9801 3084 107
interaction 0.223 0.437 -0.631 1.077 1.0006 6410 9627 3084 107

Model: Direct and generalized reciprocal help per groupmate (mean help received) as predictors of daily helping

Sample Coefficient Estimate Est. Lower Upper Rhat Bulk Tail No. No.
Error 95% 95% ESS ESS obs. helpers

all reciprocal help 1.192 0.241 0.725 1.670 1.000 6352 9992 25398 233

mean help received 0.203 0.184 -0.153 0.568 1.000 5292 7899 25398 233

Model: Direct and generalized reciprocal help from all groupmates (total help received) as predictors of daily helping

Sample Coefficient Estimate Est. Lower Upper Rhat Bulk Tail No. No.
Error 95% 95% ESS ESS obs. helpers

all reciprocal help 1.195 0.245 0.714 1.686 1.000 6949 8990 25398 233

total help received 0.197 0.203 -0.204 0.592 1.000 4335 6956 25398 233

Estimated regression coefficients from brms R package are shown for each sample of individuals with standard error (Est. Error), 95% Bayesian Credible Intervals (Lower 95%, Upper 95%),
diagnostics for convergence including Rhat (4 chains), Bulk Effective Sample Size (ESS), Tail ESS, number of samples of possible daily helping across possible helpers (No. obs.), and number of
helpers (No. helpers). ‘All’ category includes helpers of unknown dispersal history.
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Ecological, evolutionary & environmental sciences study design
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Study description This study began in 2001 to study the evolution of cooperative breeding behavior in superb starlings in Kenya.

Research sample Nine social groups of superb starlings at the Mpala Research Centre in Laikipia, Kenya (n=1175 individuals)

Sampling strategy All birds in the population were trapped, marked, and monitored throughout their lives.

Data collection We conducted focal observations of nests during breeding using a spotting scope. For each individual observed within 30 m of the

nest, we recorded their identity, group membership, times of arrival and departure, their breeding role (i.e., “helper”, “breeder”),
and whether they arrived with food, vocalized, or mobbed predators at the nest.

Timing and spatial scale  Banding of this population began in 2001 and focal observations began in 2002. This study includes data from 2001-2021. Focal
observations were typically 120 min in length (median = 120 min, mean = 125 min, range = 3 to 240 min, 90% were at least 120 min,
99.5% were at least 60 min). Over 730 days from 2002 until 2021 (40 breeding seasons), we observed 410 nests in the nine social
groups and analyzed 12,112 visits to the nest with complete data (out of 14,588 events). In total, we observed 563 individually
banded superb starlings acting as helpers and 254 as breeders over the course of the 20-year study. Focal observations were
conducted during the two annual breeding seasons (short rains breeding season: October-December; long rains breeding season:
March-June).

Data exclusions No data were excluded after cleaning.

Reproducibility N/A

Randomization All individuals in the population were included in the analysis.
Blinding N/A

Did the study involve field work? |Z| Yes |:| No

Field work, collection and transport

Field conditions Birds were monitored continuously throughout the year from 2001 to 2021 in a range of conditions.

Location We collected data from 2001-2021 at the Mpala Research Centre in Laikipia, Kenya (0° 17'N 37° 52'E).




Access & import/export All research was approved by the Kenyan National Commission for Science, Technology and Innovation, the Kenyan National
Environmental Management Authority, the Kenya Wildlife Service, the Kenyan Wildlife Research and Training Institute, and the
Mpala Research Centre.

Disturbance Birds were monitored at a distance with spotting scopes.
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|:| Antibodies |:| ChiIP-seq
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Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals N/A

Wild animals We used baited pull-string traps (during the non-breeding season) or mist nets (at active nests during the breeding season) to
capture individuals first observed in this population after immigration or fledging. We also banded individuals as hatchlings in the
nest during the two annual breeding seasons (short rains breeding season: October-December; long rains breeding season: March-
June). Each of the 1175 individuals in the population was marked with a numbered metal ring and a unique series of colored leg
bands

Reporting on sex Sex was verified genetically for all individuals using PCR primers as previously described for this species.

Field-collected samples  N/A

Ethics oversight All research was approved by the Institutional Animal Care and Use Committee at Columbia University (IACUC protocol #AC-
AAAWG451), as well as the Kenyan National Commission for Science, Technology and Innovation, the Kenyan National Environmental

Management Authority, the Kenya Wildlife Service, the Kenyan Wildlife Research and Training Institute, and the Mpala Research
Centre.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks N/A

Novel plant genotypes  N/A

Authentication N/A
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