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Abstract

Species are facing environmental challenges caused by rapidly changing environments. Globally, extreme weather events, like
droughts or extreme rainfall, are increasing in frequency. Natural selection usually acts slowly, while adaptations through phe-
notypic plasticity are limited. Therefore, organisms may utilise other mechanisms to cope with such rapid change. Cooperative
breeding is hypothesised to be one such mechanism, as helpers could increase survival probabilities of offspring, especially in
harsh years. Rainfall is a cue for onset of breeding in many tropical species, to ensure young are born when food abundance
is highest. Using 21 years of data, we investigate the effect of rainfall on social behaviour and life history in the insectivorous
Seychelles warbler (Acrocephalus sechellensis), a facultative cooperative breeder. We found that low rainfall is associated with
reduced reproductive output and possibly with decreased survival. However, there were no statistical differences in response
between groups with helpers, groups with only non-helping subordinates, and breeding pairs without subordinates. With low
rainfall, more sons (the sex less likely to help) were produced, and those subordinate males already present were less likely to
help. Thus, in contrast to expectations, cooperative breeding does not seem to buffer against harsh environments in Seychelles
warblers, indicating that group living may be costly and thus not a mechanism for coping with changing environments. Our
study showed that the interaction between the environment and life histories, including social behaviour, is complex, but that
this interaction is important to consider when studying the impact of changing environments on species survival.
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Introduction (NOAA 2021) but also increases the frequency of extreme

weather, like droughts or floods (NOAA 2021). Changing

In this era of climate change, individuals and populations need
to cope with challenging environmental conditions (Chevin
et al. 2010; Sih et al. 2011; Ummenhofer and Meehl 2017).
Climate change not only causes the temperature to rise globally
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environments can be challenging habitats as individuals and
populations may have little time to adapt, which may lead to
reduced reproduction and survival (Allen et al. 2015; Rey et al.
2017; Spooner et al. 2018), and ultimately extinction. Evolu-
tionary adaptation occurs slowly, especially in long-lived spe-
cies, as it involves changes in allele frequencies across genera-
tions, and might therefore not be fast enough for adaptation
to environmental change (Merild 2012). Individuals may also
adapt during their own lifetime through phenotypic plastic-
ity, potentially enabling them to cope with changing environ-
ments. However, phenotypic plasticity is limited by the vari-
ation in phenotypes that genotypes can produce, and may not
be enough to enable populations to cope with extreme change
(Visser et al. 2004).

The effect of climate change on individuals and popula-
tions, and the way they cope with this change has mainly
been studied in temperate zones (Orgeret et al. 2022), where
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temperature increases occur faster than in the tropical zone
(NOAA 2021). Even though the effect of rising temperatures
is relatively smaller in tropical zones, an increasing number of
extreme weather events do occur. For example, El Nifio events
happen more frequently now than in past decades (McPhaden
et al. 2021). As species richness and abundance is highest in
the tropics (Stevens 1989), it is also important to consider the
effects of climate change in this part of the world.

When individuals are maladapted to new and changing
environmental conditions, as evidenced by lower survival
and reproductive success, this may result in a reduction in
abundance and eventually lead to populations going extinct
(Butchart et al. 2010; Barnosky et al. 2011). However,
organisms might show complex changes in their behaviour
in response to environmental change. These changes may
be positive, enabling individuals to mitigate the impact of
environmental change on fitness. Alternatively, they may
be negative, for example when behaviour that used to be
beneficial is now maladaptive (e.g. reproducing too late in a
season, because a cue for onset of reproduction is no longer
aligned optimally with food abundance; Both et al. 2006).

One hypothesised way through which organisms may
buffer the negative effects induced by environmental change
is by forming groups, becoming social, and cooperatively
breeding (Rubenstein and Lovette 2007; Cockburn and
Russell 2011; Jetz and Rubenstein 2011; Rubenstein 2011;
Griesser et al. 2017; Komdeur and Ma 2021). Most coop-
erative breeding species live in unpredictable and variable
environments (Jetz and Rubenstein 2011; Komdeur and Ma
2021), or in harsh environments (Lukas and Clutton-Brock
2017). Becoming social can decrease predation risk (e.g.
safety in numbers; Lehtonen and Jaatinen 2016) or increase
food availability per individual, when food is difficult to find
and distributed in patches, or when larger territories can be
defended in groups (Fitzpatrick and Bowman 2016). When
the environment becomes too harsh for breeding pairs to
raise offspring alone (e.g. high predation risk or extreme
weather), cooperative breeding may be beneficial as the
breeding pair may be able to successfully raise offspring if
assisted by helpers (MacColl and Hatchwell 2002; Canario
et al. 2004; Covas et al. 2008). Breeders themselves may
also survive better when helped (Russell et al. 2007; Kingma
et al. 2010; Hammers et al. 2019), because they have to
invest less in offspring (Russell et al. 2007; Wiley and Ridley
2016; van Boheemen et al. 2019). Thus, group living could
increase the fitness of breeders both via increased fecundity
and viability. However, a growing body of studies has found
no evidence for a buffering effect of cooperative breeding (or
sociality) on survival and reproduction in species living in
harsh or unpredictable environments (Gonzalez et al. 2013;
Van de Ven et al. 2019; Bourne et al. 2020a, b, ¢; Guindre-
Parker and Rubenstein 2020; Bourne et al. 2021; D’Amelio
et al. 2022). Understanding why cooperation seems to have
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a buffering effect in some species, while in others it does
not, is important to our understanding of the vulnerability
of species to environmental change. Therefore, studying this
question across multiple species in different environments,
phylogenetic lineages, and with different life history traits
is important to unravel when and why cooperation can be
helpful in environmental buffering, or not.

Changing environments could also impact populations if the
life histories of different groups within the population are differ-
ently affected. For example, in species with sexual size dimor-
phism where the larger sex needs more resources for survival,
the larger sex may have lower survival than the smaller sex when
food becomes scarce (Toigo and Gaillard 2003), which could
result in an adult sex ratio skew (Wong-Mufioz et al. 2011).
This could, in turn, lead to a more skewed offspring sex ratio,
as the rarer sex now has a fitness advantage and therefore par-
ents may be selected to overproduce this sex (Fisher 1930). As
another example, subordinates might be more disadvantaged in
harsh situations than dominants, as dominants generally have
preferential access to resources. Subordinates might therefore
choose to leave the group (Vehrencamp 1983; Kingma et al.
2014). Alternatively, helping subordinates might choose to help
less, to better preserve themselves (van de Crommenacker et al.
2011; Covas et al. 2022), as helping is often costly (Heinsohn
and Legge 1999; Kingma et al. 2014). Conversely, under stress-
ful conditions, dominants might share relatively more resources
with subordinates as a strategy to assure subordinates remain in
the group. Understanding these complex interactions between
changing environmental conditions and possible shifts in behav-
iour is important, as it helps us understand how species may
cope with rapid environmental change, and how we could better
conserve them. This study aims to explore these interactions
between the environment and life histories, including social
behaviour and sex allocation. To do so, we study the Seychelles
warbler (Acrocephalus sechellensis), a facultative cooperative
breeder, where subordinates sometimes help raise offspring of
a dominant breeding pair. Using differences in rainfall levels
among years as proxy of environmental harshness, we aim to
explore if and how rainfall influences the (social) behaviour of
Seychelles warblers.

Low rainfall is expected to have negative effects on Sey-
chelles warblers, as they are insectivorous and most of their prey
need water to reproduce. On the other hand, extreme rainfall is
also expected to have negative effects, as it becomes more dif-
ficult to maintain body temperature (and possibly other basal
body functions), and because extreme rainfall can destroy the
habitat of Seychelles warblers. Therefore, we expect rainfall to
have a quadratic effect both on survival and reproduction, with
the highest levels of these occurring at intermediate rainfall lev-
els. If there is an environmental buffering effect of cooperative
breeding, we expect that the negative effects of rainfall during
dry and extreme wet years will be mitigated in groups with help-
ers, but not in breeding pairs.
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We also test whether changes in rainfall are associated
with changes in the offspring sex ratio. If cooperative breed-
ing is a coping mechanism for harsh environments, we expect
warblers to produce more daughters (the sex more likely to
help) when it is dry (and food availability is low), when more
help is necessary to raise offspring. Alternatively, if coopera-
tive breeding is not a mechanism to cope with harsh environ-
ments, we expect warblers to produce more daughters in peri-
ods of favourable environments, as more offspring could be
sustained in a wet environment and therefore helping could
be beneficial to raise more offspring than would be possible
for a breeding pair. If cooperation is a buffer against unpre-
dictable environments, we expect no correlation between off-
spring sex ratio and rainfall. However, in that case, we expect
that the offspring sex ratio is associated with social infor-
mation (e.g. are helpers currently present or not) to assure
availability of helpers also in the future. Lastly, we test if
the helping behaviour of subordinates (whether they helped
or not) was associated with rainfall. In Seychelles warblers,
subordinates do not always become helpers. Instead, they can
reside on the territory without directly helping at the nest,
though possibly they help indirectly, for example by protect-
ing the territory. If cooperation is a buffer against harsh or
unpredictable environments, we expect the number of help-
ing subordinates to increase during extreme weather — i.e.
very dry and very wet years. Alternatively, if cooperation
is not a buffer against harsh or unpredictable environments,
we expect the number of helping subordinates to be highest
during favourable conditions, as in harsh periods, subordi-
nates might not want to help, but instead preserve their own
resources (van de Crommenacker et al. 2011).

Methods
Study population

The population of Seychelles warblers on Cousin Island
(4°19'53.5" S 55°39'43.2" E) has been studied intensively since
1985. From 1997 onwards, >95% of individuals in the population
have been caught, colour-banded, and given a metal ring with a
unique BTO number (Hammers et al. 2019). Since 1992, blood
samples (~50 pl) have been collected by brachial venipuncture
from all caught birds, diluted in 800 ml of 100% ethanol, and
stored at room temperature. DNA extraction from blood samples
followed Richardson et al. (2001) and sex was confirmed follow-
ing Griffiths et al. (1998) and Sparks et al. (2021).

Seychelles warblers are insectivorous, gleaning insects from
the underside of leaves (Komdeur 1996). They are territorial
and form long-term pair bonds. About half of the ca 115 ter-
ritories on Cousin contain 1-5 sexually mature subordinates in
addition to the dominant breeding pair. Some (20% of males
and 42% of females) of these subordinates act as helpers and

provide alloparental care, assist in incubation (females only)
and the provisioning of offspring (Richardson et al. 2003b;
Hammers et al. 2019). Helpers are mostly present on high qual-
ity territories, and can be maladaptive in low quality territories
(Komdeur 1998). Seychelles warblers usually produce a clutch
size of 1 (ca 80% of the time, Richardson et al. 2001). They
have previously been found to produce skewed offspring sex
ratios, such that daughters (the sex more likely to help) are pro-
duced when having an (additional) helper in subsequent seasons
results in higher future fitness of the breeding pair (Komdeur
et al. 1997). Seychelles warblers have their major breeding
season in June—October (Komdeur and Daan 2005). Rainfall
is used as a cue to initiate nesting to ensure nestling feeding
aligns with the peak in insect prey abundance (Komdeur 1996).
If there is a mismatch between food abundance and breeding
activity, warblers are not successful in their breeding attempt
(Komdeur 1996). This can have a major impact on their fitness
as they generally produce one offspring per year and live on
average 5.5 years (Raj Pant et al. 2020).

To determine the status of all birds and to census adult
population size, observations in the territory and at the nest
were performed. The dominant male and female were defined
as the pair-bonded male and female in a territory (Richardson
et al. 2003b). Each territory was monitored for breeding activ-
ity and the presence of ringed individuals. High annual resight-
ing probabilities (98%, Brouwer et al. 2006) and extremely rare
inter-island dispersal (Komdeur et al. 2004) allow for accurate
measures of annual survival and fecundity. Breeding data were
collected between June and October each year from 1995 to
2015 for this study. In our dataset, the number of territories
ranged from 96 to 123, and the number of adult birds in the
population ranged from 252 to 342 individuals.

Rainfall measurements

Previously, Komdeur (1996) showed that rainfall peaks on
Cousin strongly correlated with subsequent insect peak abun-
dance 2 months later. In the present dataset, monthly pre-
cipitation was measured on the neighbouring island Praslin
(~1.5 km distance from Cousin) by the Seychelles Mete-
orological Authority Praslin from 1995 to 2015 (Seychelles
Meteorological Authority 2016). As rainfall measurements on
Praslin were precise and there is no reason to assume a bias in
any specific direction between rainfall on Cousin and Praslin,
we used rainfall on Praslin as a measure of rainfall on Cousin.

Since we only obtained monthly total rainfall, we used the
total rainfall of June, July, and August as a measure of the
timing of peak rainfall. The dry season always starts some-
where in this period (Komdeur and Daan 2005; this dataset),
and thus, any changes in life history strategies based on the
amount of rain are most likely made in this period (e.g. when
it keeps raining, the birds might start reproducing later and
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Fig. 1 Total rainfall (mm) at Praslin airport (1.5 km from Cousin Island)
in June, July, and August during the period 1995-2015

therefore possibly have a lower reproductive output as fewer
broods can be raised). Rainfall therefore partially reflected
insect abundance, but could also reflect other effects on Sey-
chelles warblers, like the costs of maintaining body tem-
perature or moving (which could be higher in extreme rain).
Rainfall fluctuated strongly over the years (mean =275 +45
(SE) mm, range =57-844 mm, see Fig. 1). As a second
measure of insect abundance, we tried to include mean
insect abundance during the breeding season (from Spurgin
et al. 2018) in our models. However, as this caused statistical
problems (e.g. over parameterisation), we excluded mean
insect abundance during the breeding season from our mod-
els. However, see Appendix A in the supplementary materi-
als where we show the models with this factor included, yet
its inclusion results in little change overall to the results.

Statistical analyses

All analyses were performed in R, version 4.2.1, with pack-
ages lme4 (version 1.1.30, Bates et al. 2015) and glmmTMB
(version 1.1.4, Brooks et al. 2017) when convergence prob-
lems arose with Ime4. To check for over- or underdispersion,
DHARMa was used (version 0.4.5, Hartig 2022). When a
model was over- or underdispersed, the assumed underly-
ing distributions were changed to quasi-Poisson or quasi-
binomial distributions. To check for collinearity, the package
performance was used (version 0.9.2, Liidecke et al. 2021),
see Appendix C in the supplementary materials for all VIF
values. Data visualisation was done with ggplot (version 3.3.6,
Wickham 2016) and cowplot (version 1.1.1, Wilke 2019).
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Extreme values in rainfall were not removed from the
models, as we were interested in the behavioural responses
of warblers to such extremes. We expected negative effects
of both little rainfall and a lot of rainfall on behavioural
responses. In dry periods, insect abundance is lower, as most
of these insects lay their eggs in water. In extremely high
rainfall years, trees and leaves can get seriously damaged,
and it might therefore be harder to find food for Seychelles
warblers. Also, during heavy rainfall, the costs of mainte-
nance will change for individuals, as more energy needs to
be invested in a stable body temperature. Therefore, both
rainfall and rainfall’ were added to our models. Models with
and without rainfall” were compared with ANOVAs and only
when rainfall® significantly improved the models (p < 0.05),
it was included in our results.

In multiple models (see descriptions below), “group com-
position” (a factor describing if a territory contained a breed-
ing pair, a group with only non-helping subordinates, or a
group with at least one helping subordinate) was used. In
these cases, the model was ran twice, with a different group
composition as the reference value, so that all comparisons
between the group compositions were made, see Supplemen-
tary Appendix B for this model output.

Survival

Our goal was to test if rainfall affected the survival of adult
warblers. We expected rainfall measured during the breeding
season to have direct effects on survival during the breeding
season. However, survival during a breeding season cannot
be accurately measured directly, as not all individuals were
observed with equal intensities (due to differences in vis-
ibility as a consequence of vegetation type and density in
different territories). In order to estimate if survival during
a breeding season was correlated with rainfall, we corre-
lated the adult population size (based on observations) with
rainfall both measured in the same period. To do so, a gen-
eralised linear model with Poisson distribution was used.
However, this method only yields a rough estimate of the
association between rainfall and survival, as the method is
also influenced by the visibility of birds (which is higher
when it is sunny because they are more active then) and by
the possibility to observe them (when it is extremely wet, it
is more difficult for observers to see anything).

As our yearly survival measure is much more accurate
than our within season survival estimate, we also investi-
gated whether rainfall affected individual survival to the next
year (from now on termed ‘“annual survival”). Annual sur-
vival was based on observations, where individuals are pre-
sumed dead when they are not seen at all for two consecutive
field seasons, which is a reliable method as resighting prob-
abilities are extremely high (98%, Brouwer et al. 2006). For
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this, a generalised linear mixed model with binomial error
structure was used. As random effects, Bird ID and year
were included. Sex, status (breeder or subordinate), adult
population size, age, group size, and group composition (the
composition of the breeding group an individual is part of:
breeding groups with at least one helper, breeding groups
with only non-helping subordinates, or breeding pairs) were
added as fixed effects. An interaction between rainfall and
group composition was added to test whether groups with
helpers responded differently to different environments than
breeding pairs and groups with only non-helping subordi-
nates, and thus to analyse whether cooperative breeding
could buffer changing or harsh environments. The adult
population size was added to the model as population den-
sity has a negative effect on survival (Brouwer et al. 2006).

Reproduction

Our second goal was not only to understand if reproduction
was associated with rainfall but also to get a better understand-
ing of differing life history strategies due to changes in cli-
matic conditions. To do so, we analysed whether the offspring
sex ratio was correlated with rainfall. Offspring sex could only
be determined after catching (as a DNA sample was necessary
to determine molecular sex), which usually happens anywhere
between the nestling stage and when fledglings become inde-
pendent around 3 months of age. Thus, any changes observed
in offspring sex ratio could have been influenced not only by
changes in sex allocation strategy but also by differences in
sex-specific mortality up until catching. To explore any possi-
ble effects of rainfall on offspring sex, where each young rep-
resents one data point, a generalised linear mixed model with
binomial error distribution was used. In this model, rainfall
and natal breeding group composition were included, as well
as an interaction term between them to test whether groups
with helpers have a different strategy under different climatic
conditions than breeding pairs, and/or breeding groups with
only non-helping subordinates. In this model, territory ID and
year were included as random effects.

To explore whether rainfall was associated with offspring pro-
duction, a correlation between rainfall and number of offspring
produced per breeding group was performed. Population size was
added as a fixed effect to the model to correct for any possible
density dependent effects. Group size was added as a fixed effect
as more individuals could help to increase the survival of young
until catching (as only caught offspring were included in the
model). Group composition was also included in the model, since
positive group effects were mostly to be expected when helpers
were present. Again, an interaction between rainfall and group
composition was added to the model to test whether cooperative
breeding could buffer negative effects of harsh environments. A
generalised linear mixed model with Poisson distribution was
used, as number of offspring is count data.

Subordinate behaviour

To further investigate whether cooperative breeding may
buffer reproductive output in harsh or unpredictable environ-
ments, we also analysed the effect of rainfall on the propor-
tion of subordinates acting as helpers. To do so, we tested
if the proportion of subordinates that helped (on the entire
island, separately for male and female subordinates) cor-
related with rainfall, using a binomial and quasi-binomial
distribution.

Sampling bias

In general, there should not be a strong sampling bias in our
dataset. As discussed above, patterns of association between
adult population size and rainfall could be caused by an obser-
vation bias, but this bias would be most pronounced in peri-
ods with extreme rainfall. As there are few data points in this
area anyway (there are only a few years with extreme rain-
fall), the results in these ranges should always be considered
with care. Any bias due to observing frequency would lead
to fewer observations (of birds or of activities like feeding)
with increasing rain, so would cause a negative slope in our
adult population size model. Any positive slopes found could
therefore only be conservative estimates if there was a bias. As
the annual resighting probability is very high (98%, Brouwer
et al. 2006) for Seychelles warblers on Cousin, we know that
our estimated year of death is accurate and not dependent on
where the birds reside or on rainfall in specific months. Also as
discussed above, the offspring sex ratio data is measured once
the offspring are caught. Therefore, it is unclear if possible
patterns are caused by sex-specific offspring mortality prior
to catching, or if these really reflect differential sex allocation
strategies. This will further be explored in our discussion, but
we think that both possibilities are relevant. The number of
offspring produced could also be biased, as only offspring that
were caught were included in our analysis. However, because
offspring that survive are most important for future fitness, we
do not think this bias would cause a different interpretation of
our results. Lastly, the correlation between the proportion of
subordinates that help and rainfall is again based on observa-
tions and thus has the same potential sampling problems as
adult population size. Therefore, if a negative correlation is
found, it should be considered with care, but any positive cor-
relation could be considered a conservative estimate.

Results
Adult population size and survival

The adult population size ranged from 252 to 342 individu-
als in a year (mean=293 +5.5 SE) and was significantly
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associated with rainfall, with a quadratic effect (rain2 esti-
mate=1.2%10"°+4.0¥10"" (SE), p =0.0066; rain esti-
mate=0.0011+0.00034, p=0.0041, n=21 years; Fig. 2a).
With increasing rainfall, adult population size increased and
reached its peak at intermediate rainfall values and declined
afterwards. Thus, dry or extreme wet years may result in
lower adult survival during the breeding season. Inter-annual
survival of individuals was correlated with sex, social status,
age, and group composition (Table 1, Fig. 2). Individuals
from groups with helpers had a higher survival compared to
groups without helpers (but not to breeding pairs); however,
there was no significant interaction between group compo-
sition and rainfall. There was a very marginal effect of sex
on adult survival; males had slightly lower survival than
females (mean survival females =79%, n=4339; mean sur-
vival males=76%, n=4225; see Table 1). However, subordi-
nates had significantly lower survival than dominants (mean
survival dominants =78%, n=6539; mean survival subordi-
nates =72%, n=2025), see Table 1 and Fig. 2. Mean survival
to the next year for breeding females was 79% (n=3162), for
breeding males 77% (n=23377), for subordinate females 74%
(n=1177), and for subordinate males 71% (n=848). Rainfall
did not significantly affect annual survival (Table 1, Fig. 2).

Influence of rainfall on offspring sex ratio
and number of offspring

Offspring sex was significantly associated with rainfall. In
dry years, more sons were produced, while in wetter years,
more daughters were produced (Table 2, Fig. 3a). There was

a significant interaction between rainfall and group compo-
sition (Table 2, Fig. 3a). In dry years, all groups produced
mostly sons. Yet in wet years, groups with helpers still pro-
duced mostly sons, while pairs and groups with only non-
helping subordinates produced mostly daughters. The number
of offspring produced in a breeding season was also correlated
with rainfall and group composition (Table 3, Fig. 3b). With
increasing rain, more offspring were produced, until a maxi-
mum after which the number of offspring decreased again.
Groups with helpers produced more offspring than the other
groups, but there was no significant interaction between rain-
fall and group composition (Table 3, Fig. 3b), as would have
been expected if cooperative breeding would buffer the effects
of harsh environments.

Influence of rainfall on subordinate helping
behaviour

The proportion of female subordinates that helped did not corre-
late with rainfall (rain estimate=0.0013+0.00081 (SE), p=0.12,
n=21 year, with in total 766 subordinate females; Fig. 4). The
proportion of male subordinates that helped did significantly
correlate with rainfall (rain® estimate = —5.0%107°+2.4%1075,
p=0.041; rain estimate =0.0052+0.0021, p=0.012,
n=21 years, with in total 512 subordinate males). In this data-
set, the mean proportion of female subordinates that helped was
39% (n=21 years, 766 subordinate females in total), while the
mean proportion of male subordinates that helped was 19%
(n=21 years, 512 subordinate males in total). For females, the
squared-term of rainfall did not improve the model, and there-
fore, the linear (non-significant) estimate is shown in Fig. 4a.
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Fig.2 a Associations between the adult population size of the Seychelles
warbler on Cousin Island and rainfall (rain” estimate=12%10"°+4.0%10~7
(SE), p=0.0066; rain estimate=0.0011+0.00034, p=0.0041, n=21 years,
from 1995 to 2015). Associations between survival to the next year of b
dominant breeders and ¢ subordinate individuals (total n=6054 individu-
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als, dominant breeders n=4784, subordinate individuals n=1270, from
2995 to 2015). For statistics of b and ¢, see Table 1. Grey shading indi-
cates confidence intervals. For a, a generalised linear model with a quasi-
Poisson distribution was used, and for b and ¢, a generalised linear model
with binomial error distribution was used
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Tablg 1 Association between Independent variables Estimate Standard 95% Confidence interval p-value
survival to the next year and error
total rainfall, sex, status, adult
population size, age, group Intercept 2.05 0.28 1.50t0 2.61 <0.001
oroun o jﬁ;ﬁ‘l’sg}; o, Rainfal ~0.16  0.090 ~033100.017 0.076
in the Seychelles warbler Sex (0 =female, 1 =male) -0.19 0.096 —0.38 to - 0.0020 0.048
Status (0 =breeder, 1 =subordinate) —0.51 0.12 —0.74t0 - 0.28 <0.001
Population size —0.066 0.075 —0.21 t0 0.082 0.38
Age -0.15 0.027 —0.20to —0.095 <0.01
Group size —-0.010 0.075 —0.16t0 0.14 0.89
Group composition (compared to groups with non-helping subordinates)
Groups with helpers 0.25 0.11 0.033 to 0.46 0.024
Breeding pairs 0.021 0.13 —0.24t0 0.28 0.87
Rainfall * Group composition
Rainfall * Groups with helpers 0.065 0.11 —0.14 t0 0.27 0.54
Rainfall * Breeding pairs 0.075 0.082 —0.086 to 0.24 0.36
Random effects
Variance n
Bird ID 1.16 1450
Year 0.079 21

Data from 1995 to 2015 were used with n=6054 individuals. An individual’s status could either be a
breeder or a subordinate. Group composition was divided into groups with at least one helping subordinate,
groups with only non-helping subordinates, and breeding pairs. A generalised linear model was used with a
binomial error distribution. Significant effects are indicated in italics

Discussion

In our study, rainfall correlates with variation in the life his-
tory of Seychelles warblers in several ways. Low to medium
rainfall is associated with adult population size increases,
but with extremely high rainfall, the adult population size
decreases. This suggests that adult survival during the breed-
ing season is highest when there is intermediate rainfall.
Rainfall during the breeding season was not associated with

survival to the next year. However, annual survival was corre-
lated with sex, status, age, and group composition. Males had
slightly lower survival than females, breeders had higher sur-
vival than subordinates, survival decreased with increasing
age, and groups with helpers had higher survival than groups
with only non-helping subordinates (but not than breeding
pairs). The number of offspring produced was correlated with
rainfall (also the quadratic term) and with group composition,
so that most offspring were produced during intermediate

Table 2 Associations between offspring sex (1 =male and 0 =female) and rainfall and group composition in the Seychelles warbler

Independent variables Estimate Standard error 95% Confidence interval p-value
Intercept —0.020 0.13 —0.27t0 0.23 0.88
Rainfall -0.40 0.15 —-0.70to - 0.10 0.009
Group composition (compared to groups with subordinates)

Groups with helpers 0.10 0.18 —0.24 t0 0.45 0.56

Breeding pairs 0.055 0.16 —0.26t0 0.37 0.73
Rainfall * Group composition

Rainfall * Groups with helpers 0.38 0.19 0.0059 to 0.76 0.046

Rainfall * Breeding pairs 0.27 0.18 —0.081 to 0.62 0.13
Random effects

Variance n

Territory ID 2.45e-8 114
Year 2.07e-9 21

A territory contained either a breeding pair, a group (a breeding pair and only non-helping subordinate individuals), or a group with helpers
(where at least one subordinate actively helps in raising offspring). Data from 1995 to 2015 was used, with n=959 offspring. A generalised lin-
ear mixed model was used with binomial error distribution. Significant effects are indicated in italics
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rainfall. Groups with helpers produced most offspring; how-
ever, there was no significant interaction term between rain-
fall and group composition. The higher reproductive output
of groups with helpers could be explained by positive effects
of helping on survival of offspring from dominant breeders,
but could also be affected by co-breeding of some helping
subordinate females (Richardson et al. 2002). Offspring sex
was also linearly correlated with rainfall. With increasing
rainfall, more daughters were produced. Group composition
did not affect offspring sex. However, there was an interac-
tion between rainfall and group composition; groups with
helpers produced relatively more sons in wetter conditions
compared to groups with only non-helping subordinates and

breeding pairs, who mostly produced daughters in wet condi-
tions. Lastly, the proportion of male subordinates that showed
helping behaviour varied with rainfall; they helped most at
intermediate rainfall. There was no correlation between rain-
fall and the proportion of female subordinates that helped.

Does cooperation buffer harsh and unpredictable
environments

In comparative studies, Rubenstein and Lovette (2007), Jetz and
Rubenstein (2011), Sheehan et al. (2015), and Cornwallis et al.
(2017) all showed that cooperative breeding mainly occurs in
unpredictable environments. Consequently, it was hypothesised

Table 3 Associations between

) Independent variables Estimate Standard error 95% Confidence interval p-value
the number of offspring
produced and rainfall and group  yptercept 0.51 0.95 ~1.35102.36 0.59
svoa’;‘b‘;::‘“"" in the Seychelles Rainfall 0.47 0.16 0.1710 0.78 0.0025
Rainfall? -0.26 0.090 —0.44 to —0.086 0.0037
Population size —0.0057 0.0030 —0.012t0 0.16 0.057
Group size 0.014 0.075 —0.13t00.16 0.85
Group composition (compared to groups with subordinates)
Groups with helpers 0.46 0.11 0.24 to0 0.68 <0.001
Breeding pairs —-0.22 0.14 —0.49 to 0.046 0.10
Rainfall * Group composition
Rainfall * Groups with helpers —0.22 0.15 —0.51t0 0.07 0.14
Rainfall * Breeding pairs -0.10 0.13 —-0.35t00.15 0.43
Rainfall? * Groups with help- 0.16 0.082 —0.0038 to 0.32 0.056
ers
Rainfall® * Breeding pairs 0.076 0.075 —0.071t0 0.22 0.31
Random effects
Variance n
Territory ID 0.72 182
Year 0.073 21

A territory contained either a breeding pair, a group (a breeding pair and subordinate individuals), or a
group with helpers (where at least one subordinate actively helps in raising offspring). Data from 1995 to
2015 was used, with n=2363 breeding groups. A generalised linear mixed model was used with Poisson
distribution. Significant effects are indicated in italics
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Fig.4 Association between the proportion of subordinate Sey-
chelles warblers acting as helpers and rainfall for a females (rain esti-
mate=0.0013+0.00081 (SE), p=0.12, n=21 year, with 766 subordinate
females) and b males (rain’ estimate=—5.0¥107+2.4*1079, p=0.041;

that cooperative breeding could be a mechanism to cope with
unstable environments, i.e. helpers help offspring to survive
under bad conditions thus decreasing variability in reproductive
output (Cockburn and Russell 2011; Jetz and Rubenstein 2011;
Griesser et al. 2017). In contrast, non-cooperative individuals
would produce less offspring under harsh conditions and there-
fore show more variance in reproduction over time and space.
Similarly, it has been hypothesised that cooperation could buffer
the effects of harsh (but not necessarily unpredictable) environ-
ments (Canario et al. 2004; Covas et al. 2008; Shen et al. 2012;
Wiley and Ridley 2016; Cornwallis et al. 2017; Lukas and
Clutton-Brock 2017). Neither of these hypotheses are supported by
our results, as there was no interacting effect of rainfall and group
composition on survival and reproduction. In other words, indi-
viduals might show different behaviours during harsher or easier
periods, but there are no differences in this change in behaviour
between groups with and without helpers, thus helpers do not
truly buffer the negative effects of harsh periods. Yet, cooperative
breeding could provide benefits if the environment keeps fluc-
tuating (and does not have many harsh years in a row). In these
cases, cooperative breeding may not truly buffer negative effects
within a harsh year, but in later favourable years, individuals can
compensate by cooperation, as it leads to higher reproductive out-
put in these favourable years (Bourne et al. 2020a). It is possible
this is also the case for Seychelles warblers, as forgoing reproduc-
tion in a harsh year could increase survival of not only breeders
(Hammers et al. 2013, showed a trade-off between reproduction
and survival in Seychelles warbler) but possibly also of (kin) sub-
ordinates. Furthermore, in the Seychelles warbler, subordinates
abstain from helping when in low condition and their condition
improved during the breeding season when not helping (Van de
Crommenacker et al. 2011). Thus, abstaining from breeding for a

(b) 1.00
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5
a
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b g

o
o
=}
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rain estimate=0.0052+0.0021, p=0.012, n=21 years, with 512 subor-
dinate males). Grey shading indicates 95% confidence intervals. For a, a
quasi-binomial distribution and for b, a binomial distribution was used

season could increase the condition of both breeders and subordi-
nates, so that they are in good condition for the next breeding sea-
son. Next to that, if subordinates did help in harsh environments,
the reproductive success of these breeding groups stayed higher
than that of pairs and groups without helpers (though lower than
the reproductive success of groups with helpers in good years;
Fig. 3, but see also Busana et al. 2022). Thus, there is potential
for partial buffering, if subordinates decide to help. Understand-
ing what factors drive the choice of subordinates to help or not
is therefore important to understand the evolution of cooperative
breeding and the ability of populations to cope with harsh and
unpredictable environments. However, it is important to take into
account population size as well in this question. If many breeders
die during a harsh year, helpers might get more fitness benefits
by taking over these breeding positions in the next year instead
of staying a helper.

Understanding why some studies find a buffering effect of
cooperative breeding (MacColl and Hatchwell 2002; Canério
et al. 2004; Rubenstein and Lovette 2007; Covas et al. 2008;
Jetz and Rubenstein 2011; Rubenstein 2011; Shen et al. 2012;
Sheehan et al. 2015; Langmore et al. 2016; Wiley and Ridley
2016; Cornwallis et al. 2017; Griesser et al. 2017; Lukas and
Clutton-Brock 2017; Kennedy et al. 2018), while others do not
(Gonzalez et al. 2013; Van de Ven et al. 2019; Bourne et al.
2020b, c¢; Guindre-Parker and Rubenstein 2020; D’Amelio
et al. 2022), is vital for understanding the potential role of
sociality in decreasing the vulnerability of species to envi-
ronmental change. One reason might be that species vary in
their social and spatial organisation. For example, positive
buffering effects of cooperative breeding have been found in
various species that breed in colonies (e.g. azure-winged mag-
pies Cyanopica cyanus, Canario et al. 2004; sociable weavers
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Philetairus socius, Covas et al. 2008; Polistes wasps, Sheehan
et al. 2015), while no effects were found in multiple territorial
breeding species (e.g. Seychelles warblers, this study; southern
pied babbler Turdoides bicolor, Bourne et al. 2020b, c). These
species could have different trade-offs between resource acqui-
sition and reproductive benefits through helping. For example,
helpers could decrease food availability for offspring in terri-
tories in harsh environments, as the limited resource needs to
be divided up between more individuals. However, in species
that are not territorial, like colonial breeding species, helpers
could increase food availability for offspring in harsh environ-
ments, as more adults can forage and can reach more places to
forage, while taking care of the offspring. In hornbills (Buc-
erotidae), it was found that cooperative breeding was posi-
tively associated with climatic stability (Gonzalez et al. 2013),
thus showing an opposite correlation as was found in the other
comparative studies. Hornbills are mostly frugivorous, and
their food resources are thus less dependent on environmental
fluctuations, meaning that hornbills again may have different
trade-offs linked to resource acquisition and sociality. In spe-
cies with relatively stable food resources, cooperation could
have evolved to decrease inter- and intraspecific competition
or predation risks instead of coping with harsh or fluctuating
environments. Lin et al. (2019) pointed out that whether coop-
erative breeding affects range size (and thus food availability)
could also completely change the expectations on whether or
not species should be cooperative in harsh and unpredictable
environments or, conversely, in stable and favourable condi-
tions. Additionally, Shen et al. (2017) pointed out that the type
of environmental variation (spatial or temporal) could also lead
to vastly different conclusions on whether cooperation could
buffer negative environmental effects. Next to that, it is impor-
tant to take into account sample size. While some studies used
data from only a couple of years, others use long-term datasets.
This could influence the environmental variation captured by
the study and therefore could vastly impact the conclusions
that are drawn. For example, Covas et al. (2008) found a buff-
ering effect using 2 years of data, while D’Amelio et al. (2022)
found no effect using 7 years of data, despite both studies being
performed on the exact same population of sociable weavers.
In other words, long-term datasets are key for understanding if
sociality could buffer negative effects from harsh or unpredict-
able environments.

Another reason for differences between species and taxa in
the relationship between sociality and environmental factors
could be their evolutionary mechanism behind cooperation.
In some species, like long-tailed tits (Aegithalos caudatus)
(MacColl and Hatchwell 2002) and azure-winged magpies
(Canério et al. 2004), species can change their helping behav-
iour within a breeding season and can start helping after their
own reproductive attempt has failed. In these cases, increases
in helping behaviour occur automatically in hard years,
as more breeding attempts fail, which in turn results in a

@ Springer

buffering of the survival of the remaining nests and offspring
(that had already survived until help was provided). Hence, it
is important to consider the type of cooperation when study-
ing the effect of sociality on adapting to new environments.
Lastly, one important point regarding the different outcomes
of these studies was made by Cockburn (2020), who argues
that possibly the comparative methods that found correlations
between the stability or harshness of the environment and the
number of social species were not sufficient to understand the
underlying evolution of cooperation. He argues that many
attempts to understand the evolution of cooperation have been
done using phylogenetic comparative methods, but that they
often do not include all possible hypotheses and can therefore
not discriminate which are most likely to explain the majority
of variance. Thus, within-species studies using empirical data
are vital to understand if cooperation could buffer unfavour-
able environments, as well as understanding the differences
between the species focused on in those studies, which could
potentially cause opposing results. Cockburn (2020) also sug-
gested that the relationship between cooperative breeding and
temporal variability may in fact be an artefact of geographical
and habitat biases in sampling effort, for example showing
high sampling effort in Australia, but low sampling in tropical
habitats. To understand if this is truly the case, our study on
a tropical passerine could be important in disentangling these
effects, but more studies across tropical habitats are necessary.

Offspring sex ratios in changing environments

Interestingly, groups with helpers produced more sons inde-
pendent of rainfall, while breeding pairs, and groups without
helpers, produced mostly sons in dry years and mostly daugh-
ters in wet years. Potentially, this could be adaptive. Survival
of offspring can only be increased to a certain extent, thus there
is a limit on the benefits of having more helpers for parents,
while on the contrary, more helpers deplete more resources.
Thus, in groups with helpers, additional helpers might be dis-
advantageous. Conversely, in groups without helpers, obtain-
ing helpers might be beneficial in years that food is plentiful,
while it might be disadvantageous in years with low food abun-
dance. Yet, producing the optimal offspring sex ratio could
be more complicated than expected for parents, especially in
changing environments. Daughters have a higher probability of
becoming helpers in Seychelles warblers (Komdeur et al. 1997
Richardson et al. 2002; Hammers et al. 2019; Fig. 4) and help
substantially more than sons (Richardson et al. 2003a). From
the perspective of the dominants then, daughters could be more
beneficial under extreme circumstances than sons. However,
the decision to help (instead of being a non-helping subor-
dinate) seems to be made by the subordinate and not by the
dominant (van de Crommenacker et al. 2011). Thus, accurately
predicting the helping behaviour of daughters is complex. As
the adult population is usually female-biased in the Seychelles
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warbler population on Cousin (Speelman et al. Under review),
males should have higher direct fitness (following directly from
Fisher’s reproductive value theory; Fisher (1930)), thus pro-
ducing sons could be beneficial as well. Moreover, the social
environment (e.g. whether helpers are present or not) seems
to be important as well in determining the optimal sex alloca-
tion strategy (Komdeur et al. 1997; Fig. 3; Table 2) and seems
to interactively influence the offspring sex ratio together with
environmental factors. In addition, the environment on Cousin
seems unpredictable, and there is a lag between offspring pro-
duction and potential help from this offspring, thus predicting
which offspring might yield the highest fitness benefits is dif-
ficult. Accordingly, the trade-off between producing sons and
daughters is complex, and needs to be better understood in
combination with environmental and social factors to deter-
mine if sex allocation is adaptive and in which cases it would
be more beneficial to produce one sex instead of the other.

Moreover, offspring sex ratio in Seychelles warblers was
measured rather late during offspring development, as nests
are often unreachable. Thus, disentangling the effects of
potential sex allocation strategies and sex-specific mortal-
ity (adaptive or non-adaptive) in early development is not
possible. Therefore, understanding if patterns in offspring
sex ratio are adaptive or not is complex.

Generality of results

Sampling bias does not seem to have a large effect on our
results. As discussed in the “Methods” any potential sampling
bias would have caused our results to be opposite of what they
are currently. Only the results during extreme rainfall could be
caused by sampling bias, so these results should be handled
with care. Yet, we think that the patterns found between low to
intermediate rain were not affected by sampling bias.

Future research

To further understand the effects of the environment in general,
and rainfall specifically, on social behaviour and other life history
traits, it is important to better understand which time period of
weather affects these traits, and what aspects of the weather indi-
viduals use as cue (e.g. peak rainfall, total rainfall, and average
rainfall). While Komdeur (1996) provides valuable information
towards understanding this question, it should be studied in more
detail. On another note, understanding how general environmen-
tal change (e.g. changes in rainfall or temperature) impacts local
environments (e.g. the microhabitat within a territory) and the
differences between local environments is also important to
understand the vulnerability of species to this general change,
and possible changes in life history strategies of individuals. For
example, Groenewoud (2016) showed there was considerable

spatio-temporal variation in insect abundance on Cousin Island.
Understanding whether and how these differences in insect abun-
dance between territories are affected by environmental change
and how this in turn affects life history traits of animal species
may be beneficial to conserve these species.

Conclusion

This study shows that variation in rainfall is linked to life history,
including cooperative behaviour, and thus that environmental
change will have complex effects on populations of this species.
Yet, we also show with this long-term study that it is unlikely
that cooperative breeding is capable of buffering against harsh or
unpredictable environments in Seychelles warblers. Thus, these
results add to a growing body of studies finding no evidence
for this hypothesis. Although our study is exploratory and cor-
relational, we hope it stimulates future research to gain a better
understanding of the complex interactions between changing
environments and the life history of species. This is vital if we
are to conserve these species in times of climate change. We
think that a focus on cooperation specifically deserves attention
in this context, as it could be a beneficial trait for species facing
change, but also could be deleterious.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10211-022-00408-y.

Acknowledgements We thank the Seychelles Bureau of Standards and
the Seychelles Ministry of Environment, Energy and Climate Change
for permission to perform fieldwork and for permits for the export of
blood samples. We are grateful to Nature Seychelles for facilitating
fieldwork on Cousin Island. We thank all fieldworkers and technicians
that contributed to the Seychelles warbler project as without them the
current long-term dataset would not exist. We are also thankful for the
help of two anonymous reviewers and the guest editor Matthieu Paquet
in improving this manuscript.

Funding MJB was funded by ALW-NWO Grant No. ALWOP.531 awarded
to JK and DSR. The long-term data gathering that enabled this study was
supported by various NERC grants: NE/B504106/1, to TAB and DSR, NE/
1021748/1 to HLD, NE/P011284/1 to HLD and DSR, and NE/F02083X/1
and NE/K005502/1 to DSR; as well as a NWO Rubicon No. 825.09.013,
Lucie Burgers Foundation and KNAW Schure Beijerinck Popping grant
SBP2013/04 to HLD, NWO visitors grant 040.11.232 to JK and HLD, and
NWO TOP grant 854.11.003 and NWO VICI 823.01.014 to JK.

Data availability Data is available following the link: https://doi.org/
10.34894/AKUSMG.

Declarations

Ethical note Fieldwork was conducted with the permission of the Sey-
chelles Bureau of Standards and the Seychelles Ministry of Environ-
ment, Energy and Climate Change. Research adhered with all local
and university ethical guidelines and regulations. Nature Seychelles
provided permission to work on Cousin Island. All authors agree on
publication of the manuscript.

@ Springer


https://doi.org/10.1007/s10211-022-00408-y
https://doi.org/10.34894/AKUSMG
https://doi.org/10.34894/AKUSMG

222

acta ethologica (2023) 26:211-224

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Allen CD, Breshears DD, McDowell NG (2015) On underestimation of
global vulnerability to tree mortality and forest die-off from hotter
drought in the Anthropocene. Ecosphere 6:1-55. https://doi.org/
10.1890/es15-00203.1

Barnosky AD, Matzke N, Tomiya S, Wogan GO, Swartz B, Quental
TB, Marshall C, McGuire JL, Lindsey EL, Maguire KC, Mersey
B, Ferrer EA (2011) Has the Earth’s sixth mass extinction already
arrived? Nature 471:51-57. https://doi.org/10.1038/nature09678

Bates D, Maechler M, Bolker B, Walker S (2015) Fitting linear mixed-
effects models using Ime4. J Stat Softw 67:1-48. https://doi.org/
10.18637/js5.v067.101

Both C, Bouwhuis S, Lessells CM, Visser ME (2006) Climate change
and population declines in a long-distance migratory bird. Nature
441:81-83. https://doi.org/10.1038/nature04539

Bourne AR, Cunningham SJ, Spottiswoode CN, Ridley AR (2020a)
Compensatory breeding in years following drought in a desert-
dwelling cooperative breeder. Front Ecol Evol. https://doi.org/10.
3389/fev0.2020.00190

Bourne AR, Cunningham SJ, Spottiswoode CN, Ridley AR (2020) High
temperatures drive offspring mortality in a cooperatively breeding
bird. Proc Royal Soc B: Biol Sci 287:1-9. https://doi.org/10.1098/
rspb.2020.1140

Bourne AR, Cunningham SJ, Spottiswoode CN, Ridley AR (2020c)
Hot droughts compromise interannual survival across all group
sizes in a cooperatively breeding bird. Ecol Lett 23:1776-1788.
https://doi.org/10.1111/ele.13604

Bourne AR, Ridley AR, McKechnie AE, Spottiswoode CN, Cunningham
SJ (2021) Dehydration risk is associated with reduced nest attend-
ance and hatching success in a cooperatively breeding bird, the
southern pied babbler Turdoides bicolor. Conserv Physiol 9:1-16.
https://doi.org/10.1093/conphys/coab043

Brooks ME, Kristensen K, van Benthem KJ, Magnusson A, Berg CW,
Nielsen A, Skaug HJ, Maechler M, Bolker BM (2017) glmmTMB
balances speed and flexibility among packages for zero-inflated
generalized linear mixed modeling. The R J 9(2):378—400

Brouwer L, Richardson DS, Eikenaar C, Komdeur J (2006) The role
of group size and environmental factors on survival in a coopera-
tively breeding tropical passerine. J Anim Ecol 75:1321-1329.
https://doi.org/10.1111/j.1365-2656.2006.01155.x

Busana M, Childs DZ, Burke TA, Komdeur J, Richardson DS, Dugdale
HL (2022) Population level consequences of facultatively coopera-
tive behaviour in a stochastic environment. J Anim Ecol 91:224-240.
https://doi.org/10.1111/1365-2656.13618

Butchart SHM, Walpole M, Collen B, van Strien A, Scharlemann JPW,
Almond REA, Baillie JEM, Bomhard B, Brown C, Bruno J, Carpenter
KE, Carr GM, Chanson J, Chenery AM, Csirke J, Davidson NC,
Dentener F, Foster M, Galli A, Galloway JN, Genovesi P, Gregory

@ Springer

RD, Hockings M, Kapos V, Lamarque J-F, Leverington F, Loh J,
McGeoch MA, McRae L, Minasyan A, Hernandez Morcillo M,
Oldfield TEE, Pauly D, Quader S, Revenga C, Sauer JR, Skolnik B,
Spear D, Stanwell-Smith D, Stuart SN, Symes A, Tierney M, Tyrrell
TD, Vié J-C, Watson R (2010) Global biodiversity: indicators of recent
declines. Science 328:1164-1168

Canario F, Matos S, Soler M (2004) Environmental constraints and
cooperative breeding in the azure-winged magpie. The Condor
106:608-617

Chevin LM, Lande R, Mace GM (2010) Adaptation, plasticity, and extinc-
tion in a changing environment: towards a predictive theory. PLoS
Biol 8:¢1000357. https://doi.org/10.1371/journal.pbio.1000357

Cockburn A (2020) Can’t see the “hood” for the trees: can avian coop-
erative breeding currently be understood using the phylogenetic
comparative method? Adv Study Behav 243-291

Cockburn A, Russell AF (2011) Cooperative breeding: a question of
climate? Curr Biol 21:R195-197. https://doi.org/10.1016/j.cub.
2011.01.044

Cornwallis CK, Botero CA, Rubenstein DR, Downing PA, West SA, Griffin
AS (2017) Cooperation facilitates the colonization of harsh environ-
ments. Nat Ecol Evol 1:57. https://doi.org/10.1038/s41559-016-0057

Covas R, du Plessis MA, Doutrelant C (2008) Helpers in colonial coop-
eratively breeding sociable weavers Philetairus socius contribute to
buffer the effects of adverse breeding conditions. Behav Ecol Socio-
biol 63:103—112. https://doi.org/10.1007/s00265-008-0640-2

Covas R, Lardy S, Silva LR, Rey B, Ferreira AC, Theron F, Tognetti
A, Faivre B, Doutrelant C, Ridley A (2022) The oxidative cost of
helping and its minimization in a cooperative breeder. Behav Ecol
33:504-517. https://doi.org/10.1093/beheco/arab152

D’Amelio PB, Ferreira AC, Fortuna R, Paquet M, Silva LR, Theron
F, Doutrelant C, Covas R (2022) Disentangling climatic and nest
predator impact on reproductive output reveals adverse high-
temperature effects regardless of helper number in an arid-region
cooperative bird. Ecol Lett 25:151-162. https://doi.org/10.1111/
ele.13913

Fisher RA (1930) The genetical theory of natural selection. Oxford
University Press, Oxford

Fitzpatrick JW, Bowman R (2016) Florida scrub-jays: oversized ter-
ritories and group defense in a fire-maintained habitat. In: Koenig
WD, Dickinson JL, editors. Cooperative Breeding in Vertebrates
Studies of Ecology, Evolution, and Behavior Cambridge: Came-
bridge University Press

Gonzalez JC, Sheldon BC, Tobias JA (2013) Environmental stability
and the evolution of cooperative breeding in hornbills. Proc Biol
Sci 280:20131297. https://doi.org/10.1098/rspb.2013.1297

Griesser M, Drobniak SM, Nakagawa S, Botero CA (2017) Family
living sets the stage for cooperative breeding and ecological resil-
ience in birds. PLoS Biol 15:¢2000483. https://doi.org/10.1371/
journal.pbio.2000483

Griffiths R, Double MC, Orr K, Dawson RJG (1998) A DNA test to
sex most birds. Mol Ecol 7:1071-1075

Groenewoud F (2016) Better together: University of Groningen

Guindre-Parker S, Rubenstein DR (2020) Survival benefits of group liv-
ing in a fluctuating environment. Am Nat 195:1027-1036. https://
doi.org/10.1086/708496

Hammers M, Kingma SA, Spurgin LG, Bebbington K, Dugdale HL,
Burke T, Komdeur J, Richardson DS (2019) Breeders that receive
help age more slowly in a cooperatively breeding bird. Nat Com-
mun 10:1301. https://doi.org/10.1038/s41467-019-09229-3

Hammers M, Richardson DS, Burke T, Komdeur J (2013) The impact
of reproductive investment and early-life environmental conditions
on senescence: support for the disposable soma hypothesis. J Evol
Biol 26:1999-2007

Hartig F (2022) DHARMa: residual diagnostics for hierarchical (multi-
level/mixed) regression models. https://CRAN.R-project.org/
package=DHARMa


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1890/es15-00203.1
https://doi.org/10.1890/es15-00203.1
https://doi.org/10.1038/nature09678
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1038/nature04539
https://doi.org/10.3389/fevo.2020.00190
https://doi.org/10.3389/fevo.2020.00190
https://doi.org/10.1098/rspb.2020.1140
https://doi.org/10.1098/rspb.2020.1140
https://doi.org/10.1111/ele.13604
https://doi.org/10.1093/conphys/coab043
https://doi.org/10.1111/j.1365-2656.2006.01155.x
https://doi.org/10.1111/1365-2656.13618
https://doi.org/10.1371/journal.pbio.1000357
https://doi.org/10.1016/j.cub.2011.01.044
https://doi.org/10.1016/j.cub.2011.01.044
https://doi.org/10.1038/s41559-016-0057
https://doi.org/10.1007/s00265-008-0640-2
https://doi.org/10.1093/beheco/arab152
https://doi.org/10.1111/ele.13913
https://doi.org/10.1111/ele.13913
https://doi.org/10.1098/rspb.2013.1297
https://doi.org/10.1371/journal.pbio.2000483
https://doi.org/10.1371/journal.pbio.2000483
https://doi.org/10.1086/708496
https://doi.org/10.1086/708496
https://doi.org/10.1038/s41467-019-09229-3
https://CRAN.R-project.org/package=DHARMa
https://CRAN.R-project.org/package=DHARMa

acta ethologica (2023) 26:211-224

223

Heinsohn R, Legge S (1999) The cost of helping. Trends Ecol Evol
14:53-57. https://doi.org/10.1016/s0169-5347(98)01545-6

Jetz W, Rubenstein DR (2011) Environmental uncertainty and the
global biogeography of cooperative breeding in birds. Curr Biol
21:72-78. https://doi.org/10.1016/j.cub.2010.11.075

Kennedy P, Higginson AD, Radford AN, Sumner S (2018) Altruism
in a volatile world. Nature 555:359-362. https://doi.org/10.1038/
nature25965

Kingma SA, Hall ML, Arriero E, Peters A (2010) Multiple benefits
of cooperative breeding in purple-crowned fairy-wrens: a conse-
quence of fidelity? J Anim Ecol 79:757-768. https://doi.org/10.
1111/5.1365-2656.2010.01697 .x

Kingma SA, Santema P, Taborsky M, Komdeur J (2014) Group aug-
mentation and the evolution of cooperation. Trends Ecol Evol
29:476-484. https://doi.org/10.1016/j.tree.2014.05.013

Komdeur J (1996) Seasonal timing of reproduction in a tropical bird,
the Seychelles warbler: a field experiment using translocation. J
Biol Rhythms 11:333-346

Komdeur J (1998) Long-term fitness benefits of egg sex modification
by the Seychelles warbler. Ecol Lett 1:56-62

Komdeur J, Daan S, Tinbergen JM, Mateman C (1997) Extreme adap-
tive modification in sex ratio of the Seychelles warbler’s eggs.
Nature 385:522-525

Komdeur J, Daan S (2005) Breeding in the monsoon: semi-annual repro-
duction in the Seychelles warbler (Acrocephalus sechellensis). J
Ornithol 146:305-313. https://doi.org/10.1007/s10336-005-0008-6

Komdeur J, Ma L (2021) Keeping up with environmental change: the
importance of sociality. Ethology 127:790-807. https://doi.org/
10.1111/eth.13200

Komdeur J, Piersma T, Kraaijeveld K, Kraaijeveld-Smit F, Richardson
DS (2004) Why Seychelles warblers fail to recolonize nearby
islands: unwilling or unable to fly there? Ibis 146:298-302. https:/
doi.org/10.1046/j.1474-919X.2004.00255.x

Langmore NE, Bailey LD, Heinsohn RG, Russell AF, Kilner RM (2016)
Egg size investment in superb fairy-wrens: helper effects are modu-
lated by climate. Proc Royal Soc B: Biol Sci 283:20161875. https://
doi.org/10.1098/rspb.2016.1875

Lehtonen J, Jaatinen K (2016) Safety in numbers: the dilution effect and
other drivers of group life in the face of danger. Behav Ecol Socio-
biol 70:449-458

Lin Y-H, Chan S-F, Rubenstein DR, Liu M, Shen S-F (2019) Resolving
the paradox of environmental quality and sociality: the ecological
causes and consequences of cooperative breeding in two lineages
of birds. Am Nat 194:207-216. https://doi.org/10.1086/704090

Liidecke D, Ben-Shachar MS, Patil I, Waggoner P, Makowski D
(2021) performance: an R package for assessment, comparison
and testing of statistical models. J Open Source Softw 6(60):3139.
https://doi.org/10.21105/joss.03139

Lukas D, Clutton-Brock T (2017) Climate and the distribution of coop-
erative breeding in mammals. R Soc Open Sci 4:160897. https://
doi.org/10.1098/rs0s.160897

MacColl ADC, Hatchwell BJ (2002) Temporal variation in fitness pay-
offs promotes cooperative breeding in long-tailed tits Aegithalos
caudatus. Am Nat 160

McPhaden MJ, Santoso A, Cai W (2021) El Nifio Southern Oscillation
in a changing climate, 1st edn. American Geophysical Union and
John Wiley & Sons Inc., Hoboken, USA

Merild J (2012) Evolution in response to climate change: in pursuit of
the missing evidence. BioEssays 34:811-818. https://doi.org/10.
1002/bies.201200054

NOAA National Centers for Environmental Information (2021) State of
the Climate: monthly Global Climate Report for 2020, published
online January 2021. Retrieved on June 10, 2022 from https://
www.ncei.noaa.gov/access/monitoring/monthly-report/global/
202013

Orgeret F, Thiebault A, Kovacs KM, Lydersen C, Hindell MA,
Thompson SA, Sydeman W1J, Pistorius PA (2022) Climate change
impacts on seabirds and marine mammals: the importance of study
duration, thermal tolerance and generation time. Ecol Lett 25:218—
239. https://doi.org/10.1111/ele.13920

Raj Pant S, Hammers M, Komdeur J, Burke T, Dugdale HL, Richardson
DS (2020) Age-dependent changes in infidelity in Seychelles war-
blers. Mol Ecol 29:3731-3746. https://doi.org/10.1111/mec.15563

Rey B, Fuller A, Mitchell D, Meyer LCR, Hetem RS (2017) Drought-
induced starvation of aardvarks in the Kalahari: an indirect effect
of climate change. Biol Let. https://doi.org/10.1098/rsbl.2017.0301

Richardson DS, Burke T, Komdeur J (2002) Direct benefits and the evo-
lution of female-biased cooperative breeding in Seychelles warblers.
Evolution 56:2313-2321

Richardson DS, Burke T, Komdeur J (2003a) Sex-specific associative
learning cues and inclusive fitness benefits in the Seychelles war-
bler. J Evol Biol 16:854-861

Richardson DS, Jury FL, Blaakmeer K, Komdeur J, Burke T (2001)
Parentage assignment and extra-group paternity in a cooperative
breeder: the Seychelles warbler (Acrocephalus sechellensis). Mol
Ecol 10:2263-2273

Richardson DS, Komdeur J, Burke T (2003b) Altruism and infidelity
among warblers. Nature 422:580

Rubenstein DR (2011) Spatiotemporal environmental variation, risk
aversion, and the evolution of cooperative breeding as a bet-
hedging strategy. Proc Natl Acad Sci U S A 108(Suppl 2):10816—
10822. https://doi.org/10.1073/pnas.1100303108

Rubenstein DR, Lovette 1J (2007) Temporal environmental variability
drives the evolution of cooperative breeding in birds. Curr Biol
17:1414-1419. https://doi.org/10.1016/j.cub.2007.07.032

Russell AF, Langmore NE, Cockburn A, Astheimer LB, Kilner RM
(2007) Reduced egg investment can conceal helper effects in coop-
eratively breeding birds. Science 317

Seychelles Meteorological Authority (2016) Monthly precipitation
data for Praslin airstrip 1994-2016. Data available from: info@
meteo.gov.sc

Sheehan MJ, Botero CA, Hendry TA, Sedio BE, Jandt JM, Weiner S,
Toth AL, Tibbetts EA (2015) Different axes of environmental var-
iation explain the presence vs. extent of cooperative nest founding
associations in Polistes paper wasps. Ecol Lett 18:1057-1067.
https://doi.org/10.1111/ele.12488

Shen SF, Emlen ST, Koenig WD, Rubenstein DR (2017) The ecology
of cooperative breeding behaviour. Ecol Lett 20:708-720. https://
doi.org/10.1111/ele.12774

Shen SF, Vehrencamp SL, Johnstone RA, Chen HC, Chan SF, Liao
WY, Lin KY, Yuan HW (2012) Unfavourable environment limits
social conflict in Yuhina brunneiceps. Nat Commun 3:885. https://
doi.org/10.1038/ncomms 1894

Sih A, Ferrari MC, Harris DJ (2011) Evolution and behavioural responses
to human-induced rapid environmental change. Evol Appl 4:367—
387. https://doi.org/10.1111/j.1752-4571.2010.00166.x

Sparks AM, Spurgin LG, van der Velde M, Fairfield EA, Komdeur J,
Burke T, Richardson DS, Dugdale HL (2021) Telomere heritabil-
ity and parental age at conception effects in a wild avian popula-
tion. Mol Ecol. https://doi.org/10.1111/mec.15804

Speelman FID, Borger MJ, Hammers M, van Eerden AOK, Richardson
DS, Burke T, Dugdale HL, Komdeur J (Under review) Males delay
natal dispersal when mates are rare whereas females do not; implica-
tions of adult sex ratios on natal dispersal in a cooperative breeder

Spooner FEB, Pearson RG, Freeman R (2018) Rapid warming is asso-
ciated with population decline among terrestrial birds and mam-
mals globally. Glob Change Biol 24:4521-4531. https://doi.org/
10.1111/gcb.14361

Spurgin LG, Bebbington K, Fairfield EA, Hammers M, Komdeur J, Burke
T, Dugdale HL,, Richardson DS (2018) Spatio-temporal variation in

@ Springer


https://doi.org/10.1016/s0169-5347(98)01545-6
https://doi.org/10.1016/j.cub.2010.11.075
https://doi.org/10.1038/nature25965
https://doi.org/10.1038/nature25965
https://doi.org/10.1111/j.1365-2656.2010.01697.x
https://doi.org/10.1111/j.1365-2656.2010.01697.x
https://doi.org/10.1016/j.tree.2014.05.013
https://doi.org/10.1007/s10336-005-0008-6
https://doi.org/10.1111/eth.13200
https://doi.org/10.1111/eth.13200
https://doi.org/10.1046/j.1474-919X.2004.00255.x
https://doi.org/10.1046/j.1474-919X.2004.00255.x
https://doi.org/10.1098/rspb.2016.1875
https://doi.org/10.1098/rspb.2016.1875
https://doi.org/10.1086/704090
https://doi.org/10.21105/joss.03139
https://doi.org/10.1098/rsos.160897
https://doi.org/10.1098/rsos.160897
https://doi.org/10.1002/bies.201200054
https://doi.org/10.1002/bies.201200054
https://www.ncei.noaa.gov/access/monitoring/monthly-report/global/202013
https://www.ncei.noaa.gov/access/monitoring/monthly-report/global/202013
https://www.ncei.noaa.gov/access/monitoring/monthly-report/global/202013
https://doi.org/10.1111/ele.13920
https://doi.org/10.1111/mec.15563
https://doi.org/10.1098/rsbl.2017.0301
https://doi.org/10.1073/pnas.1100303108
https://doi.org/10.1016/j.cub.2007.07.032
https://doi.org/10.1111/ele.12488
https://doi.org/10.1111/ele.12774
https://doi.org/10.1111/ele.12774
https://doi.org/10.1038/ncomms1894
https://doi.org/10.1038/ncomms1894
https://doi.org/10.1111/j.1752-4571.2010.00166.x
https://doi.org/10.1111/mec.15804
https://doi.org/10.1111/gcb.14361
https://doi.org/10.1111/gcb.14361

224

acta ethologica (2023) 26:211-224

lifelong telomere dynamics in a long-term ecological study. J] Anim
Ecol 87:187-198. https://doi.org/10.1111/1365-2656.12741

Stevens GC (1989) The latitudinal gradient in geographical range: how
S0 many species coexist in the tropics. Am Nat 133:240-256

Toigo C, Gaillard J-M (2003) Causes of sex-biased adult survival in ungu-
lates: sexual size dimorphism, mating tactic or environment harsh-
ness? Oikos 101:376-384

Ummenhofer CC, Meehl GA (2017) Extreme weather and climate events
with ecological relevance: a review. Philos Trans R Soc Lond B
Biol Sci. https://doi.org/10.1098/rstb.2016.0135

van Boheemen LA, Hammers M, Kingma SA, Richardson DS, Burke
T, Komdeur J, Dugdale HL (2019) Compensatory and additive
helper effects in the cooperatively breeding Seychelles warbler
(Acrocephalus sechellensis). Ecol Evol 9:2986-2995. https://doi.
org/10.1002/ece3.4982

van de Crommenacker J, Komdeur J, Richardson DS (2011) Assessing
the cost of helping: the roles of body condition and oxidative bal-
ance in the Seychelles warbler (Acrocephalus sechellensis). PLoS
ONE 6:¢26423. https://doi.org/10.1371/journal.pone.0026423

Van de Ven TMFN, Fuller A, Clutton-Brock TH (2019) Effects of
climate change on pup growth and survival in a cooperative mam-
mal, the meerkat. Funct Ecol 34:194-202. https://doi.org/10.1111/
1365-2435.13468

@ Springer

Vehrencamp SL (1983) Optimal degree of skew in cooperative socie-
ties. Am Zool 23:327-335

Visser ME, Both C, Lambrechts MM (2004) Global climate change leads
to mistimed avian reproduction. Birds and Climate Change p. 89-110

Wickham H (2016) ggplot2: elegant graphics for data analysis. Springer-
Verlag, New York

Wiley EM, Ridley AR (2016) The effects of temperature on offspring
provisioning in a cooperative breeder. Anim Behav 117:187-195.
https://doi.org/10.1016/j.anbehav.2016.05.009

Wilke CO (2019) Cowplot: streamlined plot theme and plot annotations
for ‘ggplot2’. R package version 1.0.0

Wong-Muiioz J, Cérdoba-Aguilar A, Cueva del Castillo R, Serrano-
Meneses MA, Payne J (2011) Seasonal changes in body size,
sexual size dimorphism and sex ratio in relation to mating system
in an adult odonate community. Evol Ecol 25:59-75. https://doi.
org/10.1007/s10682-010-9379-0

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1111/1365-2656.12741
https://doi.org/10.1098/rstb.2016.0135
https://doi.org/10.1002/ece3.4982
https://doi.org/10.1002/ece3.4982
https://doi.org/10.1371/journal.pone.0026423
https://doi.org/10.1111/1365-2435.13468
https://doi.org/10.1111/1365-2435.13468
https://doi.org/10.1016/j.anbehav.2016.05.009
https://doi.org/10.1007/s10682-010-9379-0
https://doi.org/10.1007/s10682-010-9379-0

	Testing the environmental buffering hypothesis of cooperative breeding in the Seychelles warbler
	Abstract
	Introduction
	Methods
	Study population
	Rainfall measurements
	Statistical analyses
	Survival
	Reproduction
	Subordinate behaviour
	Sampling bias

	Results
	Adult population size and survival
	Influence of rainfall on offspring sex ratio and number of offspring
	Influence of rainfall on subordinate helping behaviour

	Discussion
	Does cooperation buffer harsh and unpredictable environments
	Offspring sex ratios in changing environments
	Generality of results
	Future research

	Conclusion
	Anchor 22
	Acknowledgements 
	References


