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Abstract

Socioecological drivers of complex social structure in an avian cooperative breeder
Shailee S. Shah

Cooperatively breeding societies, in which one or more non-parental individuals (“alloparents™)
care for young alongside the parents, show considerable variation in social structure.
Traditionally, such societies have been thought to comprise small, kin-based family groups
where offspring from previous broods delay dispersal and help raise closely-related offspring to
gain indirect fitness benefits when independent breeding opportunities are unavailable or yield
lower fitness outcomes. However, genetic evidence is increasingly revealing cooperatively
breeding species whose social groups comprise unrelated individuals as co-breeders or
alloparents or both (for e.g., 45% of all avian cooperative breeders). Such social groups exhibit
complexity in social structure such as large group size, multiple breeders, and low and varied
group kin structure. To understand why such complex societies form and how are they
maintained when the opportunity to gain indirect benefits via kin selection is low and variable, |
investigated the direct and indirect benefits driving a key demographic process, dispersal, and the
resulting variation in group social structure on the individual, group, and population levels in an
obligate, avian cooperative breeder, the superb starling (Lamprotornis superbus). 1 used a
combination of long-term, individual-level data spanning 15 years from nine groups monitored at
the Mpala Research Centre in Kenya and fine-scale genetic and environmental data sampled
across 22 social groups that included the long-term study population. In Chapter 1, I show that
(1) dispersal decisions in superb starling males are driven by temporal environmental variation
experienced by their parents pre-laying, (ii) both dispersal and philopatry result in equivalent

lifetime inclusive fitness outcomes, and (iii) oscillating selection due to high temporal variability



in the environment likely maintains the two alternative dispersal tactics, resulting in the
formation of mixed-kin groups. In Chapter 2, I show that (i) immigrants are vital to the stability
of superb starling social groups in light of low and variable offspring recruitment in a harsh,
unpredictable environment, (ii) plural breeding likely arises as a result of reproductive
concessions provided by group members as joining incentives to recruit immigrants, and (ii1)
despite smaller groups providing more reproductive concessions, immigrants gain higher fitness
in larger social groups and thus prefer to immigrate into larger groups which are found in higher-
quality territories. Finally, in Chapter 3, I find genetic signatures of directional dispersal from
social groups in low- to high-quality territories across an environmental gradient which likely
generates considerable within-population variation in group social structure. Overall, my
dissertation underscores the importance of direct benefits derived from group augmentation in
the formation and maintenance of cooperative social groups with a complex social structure in a

harsh and unpredictable environment.
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Introduction

Cooperative societies, where individuals live in social groups and cooperate to access resources
or defend against predators, are widespread across the animal kingdom (Rubenstein & Abbot,
2017). The formation and maintenance of such societies, especially groups in which certain
individuals (termed “alloparents” or “helpers”) forego their own reproduction to help raise
offspring of other individuals of the same species, has long been the subject of scientific inquiry
(Brown, 1978). In a now widely accepted and applied theory, Hamilton (1963) proposed that
cooperative groups are adaptive when individuals receive indirect fitness benefits from helping
closely related individuals. Kin selection theory thus predicts that cooperative social groups will
be kin-based, and indeed many well-studied cooperative societies fit this criterion. However,
with the advent of genetic sequencing technology, there has been a considerable shift in our
understanding of the social structure of cooperative societies. In a comprehensive review, Riehl
(2013) showed that almost 45% of all cooperatively breeding birds, for example, form
cooperative groups with unrelated group members, be they co-breeders or helpers or both.
Variation in the social structure of cooperatively breeding societies can manifest as variation in
group size, number of breeders per group, relatedness of helpers, and kin group structure, and
leads to the hypothesis that the functional causes of the formation of cooperative societies differ
based on their social structure (Lin et al., 2019; Rubenstein et al., 2016a). Specifically, in
complex cooperative societies, with large groups, multiple reproductives, and low kin structure,
direct benefits—i.e., increased survival and reproductive outcomes—must govern the formation
and maintenance of cooperative social groups alongside or in the absence of kin selection

(Clutton-Brock, 2002).



In my dissertation, I examined the direct and indirect benefits driving the formation and
maintenance of cooperative social groups in an avian cooperative breeder, the superb starling
(Lamprotornis superbus). A study population consisting of nine superb starling social groups has
been monitored since 2001 at the Mpala Research Centre in Kenya (0° 17°N 37° 52°E)
(Rubenstein, 2016). Superb starlings within the study population are caught and fitted with a
numbered metal ring and a unique combination of color bands that make them easily identifiable
in the field. Social groups are monitored year-round. In the non-breeding season, new
immigrants are captured and banded, and a rolling census is conducted of all the individuals
present in the social groups. During the breeding season, nests are checked daily and the
presence of eggs and/or chicks recorded. Regular focal observations are also conducted at active
nests to identify the parents and helpers at the nest. Breeding roles of social group members are
confirmed genetically using DNA from blood samples collected from the adults and chicks. This
individual-level long-term dataset assembled jointly by field assistants, students, and
researchers—including me—spans the entire lifetime of 45% (513 of 1145) of all individuals in
the study population and has documented the extinction of two of the nine social groups.
Building on insights gained from previous work on this study system, the dataset can now be
used to understand patterns of lifetime fitness on an individual level and group extinction-
recolonization dynamics on the group level.

Previous work has shown that many attributes of superb starlings make them an ideal
system for examining the drivers of complex cooperative societies. Superb starlings live in
complex cooperative groups that are large (mean = SD = 22 + 11 individuals), of mixed kinship
(i.e., they comprise both natal and immigrant individuals of both sexes), and exhibit plural

breeding (i.e., more than one breeding pair can have active nests at the same time, with up to 8
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breeding pairs per group observed in our study population (mean = SD = 2.70 & 1.49 pairs per
group) (Rubenstein, 2016; Shah & Rubenstein, in press). A breeding pair consists of either a
natal or immigrant male and an immigrant female (females have never been observed breeding in
their natal group). Around 30% of males and 50% of females disperse away from their natal
group (Rubenstein, 2016; Shah & Rubenstein, in press). Since we have never observed floaters
in this system, when an individual emigrates from its natal group it presumably immigrates into
another social group within a short time period (Rubenstein, 2016). Superb starlings live on the
East African savanna which is a harsh and unpredictable environment where they experience
high spatiotemporal climatic variability and high nest predation pressure (Rubenstein, 2016;
Rubenstein & Lovette, 2007). Living in larger groups has been shown to buffer the adverse
effects of the harsh environment by increasing survival and decreasing reproductive variance
(Guindre-Parker & Rubenstein, 2020; Rubenstein, 2011). Thus, dispersal is a key process driving
group formation in this system and group members likely gain both indirect fitness benefits from
cooperating with kin and direct fitness benefits by cooperating to bolster the group size by
increasing the recruitment of new individuals into the group (i.e., group augmentation) (Kokko et
al., 2001; Rood, 1978). In this dissertation, I examined the effect of socioecological factors on
survival and reproductive fitness outcomes driving emigration and immigration decisions in
superb starlings to understand the formation and maintenance of their complex cooperative
groups.

In Chapter 1, I investigated the effect of social and ecological factors on dispersal
decisions of superb starlings (i.e., natal philopatry or dispersal), and the subsequent inclusive
(i.e., both direct and indirect) lifetime fitness outcomes of the two tactics. This chapter focused

on males, since males can attain breeding positions by either remaining in their natal group
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throughout their lifetime or dispersing into a non-natal group (Rubenstein, 2016). While previous
studies have proposed that these two dispersal phenotypes persist despite unequal fitness
outcomes because individuals adopt the tactics with lower fitness when the alternative tactic is
not available due to internal or external constraints (Bergmiiller et al., 2005b; Ekman et al., 2001;
Kingma et al., 2016; Walters et al., 1992), very few studies have examined the lifetime fitness
outcomes of both phenotypes in a cooperatively breeding species. However, shorter-term
“snapshot” measures of fitness may not be accurate for cooperatively breeding vertebrates which
are generally long-lived. Moreover, I examined not only the effect of the socioecological factors
experienced by the males in question, but also the effect of their parents’ environment pre-laying.
Parental effects (i.e., modifications provided to the offspring by its parents in its early
developmental stages (Mousseau & Fox, 1998)), are known to affect dispersal in other species
(Liebl et al., 2021; Tschirren et al., 2007) and may be particularly important in cooperative
breeders where an offspring’s decision to delay or forego dispersal and instead act as an
alloparent can have a significant impact on its parents’ future direct fitness (Russell & Lummaa,
2009). Finally, I examined whether males that adopted the dispersal tactic not predicted by the
environment had lower fitness outcomes. Surprisingly, I found that both tactics result in
equivalent fitness outcomes and their adoption is determined only by the prenatal environment
experienced by the males’ parents pre-laying, not the conditions they experience as juveniles. If a
male adopted a tactic not predicted by its prenatal conditions, it was less likely to accrue
inclusive fitness in its lifetime. The two dispersal phenotypes in superb starlings are thus likely
maintained due to oscillating selection as a result of high temporal environmental variability

(Moran, 1992), contributing to the formation of mixed-kin social groups.
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In Chapter 2, I examined the other side of the dispersal equation by asking how group
members might benefit from the immigration of unrelated individuals and what kind of groups
dispersing individuals prefer to join. Again, I focused on males since reproductive opportunities
are “shared” between natal and immigrant males within a social group in this system (while all
reproductive opportunities are monopolized by immigrant females, likely to prevent inbreeding)
(Rubenstein, 2016). I built a population growth model, parametrized with the long-term data, to
investigate the contribution of immigration relative to other group demographic processes (i.e.,
offspring recruitment and death or dispersal) to group stability over time. I found that immigrants
are vital to group stability, with groups rapidly declining when immigration was set to zero.
Thus, I hypothesized that, in light of low offspring recruitment rates, groups benefit from group
augmentation via immigration of unrelated individuals. Further, I predicted that groups
“compete” for immigrants in a biological market by providing them with reproductive
opportunities (i.e., reproductive concessions) (Noé & Hammerstein, 1994; Reeve & Keller,
2001). Using data from the long-term study, I demonstrated that in addition to increasing
survival (Guindre-Parker & Rubenstein, 2020) and reducing reproductive variance (Rubenstein,
2011), an increase in group size also leads to a higher likelihood of offspring recruitment.
Smaller groups provide more reproductive concessions to immigrant males. However,
immigrants are more likely to join larger groups, which are found in higher quality territories,
where they can breed more times per breeding season—the only way to increase the likelihood
of reproductive success due to high, stochastic predation pressure. Further, providing
reproductive concessions to immigrant males also benefits the group as a whole since more

breeders increase the group’s likelihood of offspring recruitment. Thus, while smaller groups in
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lower quality territories may benefit more from immigration, dispersal patterns driven by
individual fitness benefits may doom them to lower stability and a higher risk of extinction.

Finally, in Chapter 3, I examined how dispersal patterns driven by individual level
fitness payoffs (Chapters 1 & 2) vary across a heterogeneous landscape to generate intraspecific
variation in complexity of group social structure within the same population. Using fine-scale
genetic and environmental data from a population-wide assemblage of social groups, including
groups from the long-term study, I inferred patterns of dispersal between territories of varying
qualities using measures of gene flow. I found multiple lines of evidence of directional gene flow
from groups occupying lower quality territories to groups occupying higher quality territories.
The results suggest that while complex cooperatively breeding groups form, more broadly, to
buffer against harsh, temporally unpredictable environmental conditions, the degree of
complexity of group social structure is governed on a finer scale by local environmental
conditions that influence dispersal patterns.

Taken together, my dissertation findings suggest that while indirect fitness benefits
derived from kin selection may drive the initial inception of a cooperative social group, direct
fitness benefits operating on an individual and group level can sustain large, mixed-kin
cooperative social groups with low overall kin structure alongside or in the absence of indirect
fitness benefits. These findings provide insight into alternative evolutionary trajectories for
simple versus complex cooperatively breeding societies. For example, species forming mixed-
kin, plural breeding societies such as the superb starlings might evolve due to selective pressures
unique to harsh and unpredictable environments (e.g., Brown et al., 1997; Luca, 1998; Russell,
2016). While kin selection has long been thought of as a single, unifying theory explaining the

evolution of cooperative breeding, there is growing theoretical and empirical evidence of direct
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benefits such as group augmentation alone leading to the formation and maintenance of

cooperative societies (Bshary et al., 2016; Kokko et al., 2001).
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Chapter 1: Prenatal environmental conditions underlie alternative
reproductive tactics that drive the formation of a mixed-kin

cooperative society

Shailee S. Shah, Dustin R. Rubenstein

Status: In press, Science Advances

1.1 Introduction

Dispersal decisions that enable individuals to escape unfavorable environmental
conditions or reduce inbreeding risk also influence ecological and evolutionary processes like
range expansion, gene flow, and the formation of animal societies (Taylor, 1992). Limitations on
natal dispersal—the permanent movement of an individual from its natal to breeding site—play a
crucial role in social evolution by creating spatial clustering of kin that facilitates cooperative
care of young by relatives (Emlen, 1994; Taylor, 1992). Natal dispersal may be limited due to
environmental constraints, such as habitat saturation (Emlen, 1994) , or due to the benefits of
philopatry, including those resulting from kin selection (Hamilton, 1963). Although most animal
societies are therefore characterized by groups with high kin structure, a surprising number of
species form social groups with low kin structure (Riehl, 2013) that consist of same-sex residents
and immigrants who often compete for breeding opportunities (Baglione et al., 2002; Davidian et
al., 2016). Since indirect fitness benefits (i.e., those gained by positively influencing the
reproduction of relatives (Hamilton, 1963)) alone cannot explain the evolution of these mixed-
kin societies, direct fitness benefits are thought to underlie their formation (Clutton-Brock,

2002). Given the low genetic relatedness among same-sex individuals that compete for
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reproduction, social conflict in mixed-kin cooperative societies can be high and potentially
destabilizing (Cant & Johnstone, 2000). Understanding how such societies form and remain
stable despite their reduced kin structure and potential for high social conflict will require
examining not only the causes and lifetime fitness consequences of individual reproductive
decisions, but also the mechanisms underlying dispersal decisions to determine why some
individuals remain in their natal groups with kin while others do not.

Dispersal decisions are influenced not only by aspects of the social or ecological
environment that individuals experience during their lifetime after reaching nutritional
independence (Baglione et al., 2006; Eikenaar et al., 2010; Nelson-Flower et al., 2018), but also
by how these factors impact their development early-in-life, including how they affect their
parents prior to birth (termed prenatal factors, which can also influence development into the
natal stage via carryover effects) (Duckworth, 2009; Tschirren et al., 2007). The influence of the
parental environment can manifest via parental effects, modifications provided by the mother or
father to the offspring during various stages of development (Russell & Lummaa, 2009), that
alter offspring phenotype (Mousseau & Fox, 1998) through mechanisms such as hormonal and
epigenetic manipulation (Dantzer et al., 2019; Liebl et al., 2021), variable parental investment
early-in-life (Vitousek et al., 2018), and other behavioral mechanisms such as aggression and
eviction (Cant et al., 2001) . Parental effects may be particularly important in cooperatively
breeding species because parents may benefit from limited offspring dispersal by accruing more
helpers or from reduced kin competition from when offspring disperse (Dantzer et al., 2019;
Duckworth, 2009). Although dispersal in most social species tends to be sex-biased (Greenwood
& Harvey, 1982), in many cooperative breeders, individuals of one sex can adopt either of two

alternative reproductive tactics: natal dispersal or philopatry (Davidian et al., 2016; Nelson-
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Flower et al., 2018) . Such sex-specific behavioral polyphenisms can exist either because (1)
individuals face conditional constraints in adopting the tactic with higher fitness and must
instead make “the-best-of-a-bad-job” by choosing the tactic with lower fitness (Dawkins, 1980;
Koprowski, 1993), or (ii) the relative fitness payoffs are environmentally-dependent such that
both tactics can persist within a population when conditions fluctuate (Moran, 1992; West
Eberhard, 1989). Consistent with the best-of-a-bad-job hypothesis, the fitness benefits of
alternative reproductive tactics in cooperative breeders tend to be unequal in the short-term
(Bergmiiller et al., 2005b; Ekman et al., 2001; Kingma et al., 2016; Walters et al., 1992). Yet,
few studies have compared the lifetime inclusive fitness outcomes of alternative reproductive
tactics, especially in mixed-kin societies where they are most common (Davidian et al., 2016).
Thus, the evolutionary mechanism underlying the formation of mixed-kin societies remains
largely unknown and can only be revealed by considering the lifetime inclusive fitness
consequences of alternative reproductive tactics.

Here, we leveraged a 16-year longitudinal dataset from Kenya to examine how
reproductive tactics in male cooperatively breeding superb starlings (Lamprotornis superbus) are
influenced by ecological and social factors in both the prenatal stage (including possible
carryover effects into the natal stage) and the juvenile stage, and ultimately how these alternative
tactics impact lifetime inclusive fitness. Superb starlings are plural cooperative breeders in which
both sexes help (Rubenstein, 2007c, 2016), and although males tend to be more philopatric than
females, these mixed-kin social groups have low but variable kin structure overall as well as
within both sexes (Pollack & Rubenstein, 2015; Rubenstein, 2016). Whereas resident females
never breed in their natal groups, both resident and immigrant males can acquire breeding status

(Rubenstein, 2016). These savanna-dwelling birds inhabit one of the most variable and
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unpredictable environments on earth (Rubenstein & Lovette, 2007) where annual fluctuation in
seasonal rainfall governs insect prey availability (Rubenstein, 2007d) and climate-driven
oscillating selection impacts many aspects of their social behavior and life-history (Rubenstein,
2016). In particular, rainfall experienced by the parents (prenatal rainfall) influences their
offspring in terms of the clutch sex ratio (Rubenstein, 2007¢), epigenetic modification of genes
related to the avian stress response (Rubenstein et al., 2016b), and ultimately male reproductive
decisions (Rubenstein et al., 2016b). Dry season rainfall experienced by individuals of both sexes
also influences access to breeding opportunities (Rubenstein, 2007b) and helping behavior
(Guindre-Parker & Rubenstein, 2018). In addition, the social environment (group size) also
impacts superb starling fitness, with increased survival (Guindre-Parker & Rubenstein, 2020)
and reproductive success (Rubenstein, 2011) in larger groups.

To examine the environmental causes of alternative reproductive tactics in superb
starlings, we first investigated how ecological and social factors early-in-life during the prenatal
stage (which could influence offspring development during the natal stage via carryover effects),
as well as later in life during the juvenile stage influence male dispersal decisions. We predicted
that under harsh prenatal environmental conditions (low rainfall) dispersal of male offspring will
be limited and helping behavior promoted. This effect may be intensified in smaller groups with
a female-skewed sex ratio because group size is correlated with helper number and males help
more than females (Rubenstein, 2011). Similarly, male superb starlings that experience harsh
environmental conditions as juveniles, the life history stage when dispersal decisions are likely
made (Rubenstein, 2016), would be more likely to remain in their natal group in order to avoid
the costs of dispersal or reap the benefits of philopatry. Furthermore, a social environment

conducive to higher survival (i.e., when in larger groups) and with greater access to reproductive
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opportunities (i.e., groups with female-skewed sex ratios) may also promote philopatry.
Additionally, we predicted that males that remain in their natal group may be more likely to
provide alloparental care in their first year of life than males that ultimately disperse, since
parents may manipulate males to stay and help in order to increase their own future reproductive
success (Dantzer et al., 2019). In addition to potentially gaining indirect fitness benefits, males
that adopt the tactic of not dispersing may also stand to gain future inclusive fitness benefits by
increasing offspring recruitment in their natal group (Clutton-Brock et al., 2002; Green &
Hatchwell, 2018).

Next, to understand the fitness consequences of these alternative reproductive tactics, we
compared access to reproductive opportunities, reproductive success, lifetime inclusive fitness,
and survivorship of resident and immigrant males. According to the best-of-a-bad-job
hypothesis, we predicted that the two alternative tactics would result in unequal lifetime
inclusive fitness. Alternatively, if both dispersal and philopatry maximize individual fitness, then
the two tactics would have equivalent lifetime inclusive fitness but exhibit reproductive tradeoffs
such that individuals would have lower lifetime fitness when they adopt the reproductive tactic
not predicted by the prevailing environmental conditions. Ultimately, by linking the
environmental causes and fitness consequences of alternative reproductive tactics in a
cooperative breeder that experiences variable and unpredictable climatic oscillations, we will be
able to determine how two fundamentally different reproductive phenotypes can persist and

potentially give rise to mixed-kin cooperative societies.

1.2 Methods and Materials

Data collection
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Nine superb starling social groups have been monitored continuously since 2001 at the
Mpala Research Centre, Kenya (0° 17°N 37° 52°E) (Rubenstein, 2016). The study population is
distributed over a 9 km distance from North to South. Groups (mean size = SD =22 £+ 12
individuals) defend stable territories year-round and consist of breeding (mean = SD =2.70 +
1.49 pairs per group) and non-breeding individuals, some of whom act as alloparents that guard
and/or provision young (Guindre-Parker & Rubenstein, 2018; Rubenstein, 2016). Birds breed
twice a year during the long (March-June) and short rains (October-November) (Rubenstein,
2016). We used data from the beginning of the 2001 short rains breeding season through the end
of the 2017 long rains breeding season (N = 33 breeding seasons over 16 years), since not all
birds in the study population were banded in the first long rains breeding season.

Birds were banded with a unique combination of colored leg bands and a numbered metal
ring. Hatchlings were banded in the nest; all other individuals were captured in baited pull-string
traps or mist nets and banded after fledging from the nest (Rubenstein, 2007b). If banded post-
fledgling, age was assessed via eye color as “fledgling” (black eyes), “sub-adult” (less than one
year of age; cloudy eyes), or “adult” (one year of age or older; white eyes) (Guindre-Parker &
Rubenstein, 2020). Individuals were classified as “natal” or “immigrant” based on age at
banding, as well as genetic parentage data from 15 microsatellite markers analyzed in Cervus
v3.0 (Kalinowski et al., 2007) with methods described previously for this species (Rubenstein,
2007a, 2007d; Weinman et al., 2015). Natal individuals were defined as those either banded as
hatchlings in the nest or as juveniles whose parents were genetically identified as members of the
same group. Immigrants were defined as those banded as juveniles or older whose parents were
not genetically identified as belonging to the same group. In addition to parentage, we used the

same microsatellite markers to estimate pairwise relatedness (Queller & Goodnight, 1989)
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between all individuals with the R package related (Pew et al., 2015). Sex was determined
genetically (Griffiths et al., 1998) as previously described for this species (Rubenstein, 2007a).

We performed daily nest searches throughout the breeding season. Active nests were
observed with a spotting scope for 60-120 min per observation period (total observation time per
nest: mean + SD = 314.33 + 248.82 min, N = 391). All superb starlings within 30 m of the nest
were identified, and their times of arrival and departure were recorded (Rubenstein, 2007a).
Parents are the primary nest builders, and only the mother incubates the eggs (Rubenstein,
2007a). All other members of the social group seen visiting or guarding the nest were
categorized as alloparents (Guindre-Parker & Rubenstein, 2018).

Census data were used to estimate group size and operational sex ratio (calculated by
dividing the number of males by the sum of the number of males and immigrant females in the
group to estimate potential mate competition; natal females were excluded since they never
breed and are thus not viable mates for males in the group). Groups were opportunistically
censused year-round and each individual marked as either present or absent in its social group
twice a year in six-month increments. Individuals not seen for five or more breeding seasons
(i.e., 2.5 years) were assumed to be dead (Guindre-Parker & Rubenstein, 2020; Pollack &
Rubenstein, 2015). We inferred that the dispersal window for males is between fledging and
around one year of age (age of sexual maturity) using four lines of evidence: (i) the modal age at
which males disappear from their natal group (6 months); (ii) the categorical age of immigrant
males dispersing into the study population (> 1 year); (ii1) the likelihood of males being detected
in the census in their first year of life (30% in the period preceding and during the short rains
breeding season (Jul-Nov) and 52% in the period preceding and during the long rains breeding

season (Dec-Jun)), which directly matches the intra-annual variation in census effort); and (iv)
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the minimum age of first breeding by resident males (1.5 years) (see Appendix A for details). If a
male was observed in its natal group after one year of age, we classified it as a resident; if not,
we classified it as having dispersed. Although we could not distinguish between dispersal and
mortality, the positive relationship between the likelihood of dispersal and benign ecological
conditions (see Results) suggests that these males did indeed disperse since we would have
expected a negative relationship if mortality were higher following harsh ecological conditions
as has been shown in this study system (Guindre-Parker & Rubenstein, 2020). In addition, we
found no association between hatchling mass before fledging (measured at 10 days of age) and
variation in ecological conditions, further suggesting that this pattern is driven by dispersal and
not mortality, unlike in other studies where the effect of harsh ecological conditions on post-
fledging survival has been shown to be mediated by hatchling mass pre-fledging (Bourne et al.,
2020; Ridley et al., 2021) (4dppendix A). Following the same lines of evidence, immigrant males
were assumed to have entered the group at about one year of age (Appendix A). There is no
evidence of breeding dispersal (i.e., dispersal between two successive breeding attempts) in our
study population (Rubenstein, 2016).

We considered the period between the end of the breeding season when a male is born to
the beginning of the breeding season one year later (i.e., its juvenile stage) as its “dispersal
window” (see Appendix A for more details). Ecological and social conditions experienced by
juveniles in this period were termed “juvenile stage conditions”. In contrast, ecological and
social conditions experienced by parents in the pre-breeding period preceding the breeding
season of an individual’s birth were termed “prenatal conditions”. The breeding season of an
individual’s birth was termed its “natal stage”. A “breeding season” was defined as the period

between two weeks before the first nest and two weeks after the last nest of the season. The
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period between the two consecutive breeding seasons was termed the “pre-breeding period”.
Daily rainfall was measured using an automated Hydrological Services TB3 Tipping Bucket
Rain Gauge at Mpala Research Centre (Caylor et al., 2017), supplemented by a manual gauge at
the same location when the automated gauge failed (Rubenstein, 2011). To calculate prenatal,
natal, and juvenile rainfall, we summed the rainfall within the relevant stages of an individual’s
lifetime, as defined above (Fig. S1.1). Rainfall from different life stages was not correlated

(Pearson’s r <0.15).

Data analysis

Our dataset comprises individuals that (i) are known to have been born in the groups (natal), (i1)
are known to have immigrated into the group (immigrant), and (iii) were already part of the
group in 2001 when the study population was banded. All individuals are either known to have
disappeared (classified as either “dead” or “dispersed” depending on age at disappearance) or
were still present in the study population in 2017. Natal individuals that did not disperse were
termed “residents”. Thus, individuals with “known complete life histories” are natal and
immigrant individuals who were classified as dead.

Using data from individuals with known complete life histories as well as natal
individuals that are still alive and present in the study population past one year of age (Nmale
=198, Nremale = 248), we first examined patterns of male dispersal by quantifying the proportion
of immigrant adult males and females in the study population. We then determined how breeding
opportunities were shared between immigrants and residents by calculating the proportion of
immigrant breeders of both sexes in the study population using data from breeders with known

complete life histories (Nmate = 59, Nfemale = 121).
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Next, using data from all natal males—including those classified as dispersed or dead as
well as those still present in the study population past the age of 1 year in 201 7—we investigated
the effect of ecological and social conditions during the prenatal and juvenile stages on the
likelihood of a male dispersing. We built a generalized linear mixed model (GLMM) with a
binomial error structure and “logit” link function. We used the binomial response of reproductive
tactic (1 = dispersed, 0 = remained) as the dependent variable (Naispersed = 52, Nremained = 133).
Fixed effects, which were standardized using z-scores (Schielzeth, 2010), included prenatal and
juvenile stage rainfall, prenatal group size, and prenatal sex ratio. Since group size and sex ratio
were highly correlated across consecutive breeding seasons and thus highly correlated across the
prenatal and juvenile stages (group size: Pearson’s r = 0.95; sex ratio: Pearson’s r = 0.80), we
were unable to distinguish between the effects of prenatal and juvenile stage social factors, and
only included prenatal group size and sex ratio in the final model. However, prenatal rainfall and
juvenile stage rainfall were not correlated (Pearson’s r = 0.12, Fig. S1.3) and could therefore
both be included in the final model. All two-way interactions were included in the model, but
later removed if their effect was not significant (Engqvist, 2005). Breeding season of birth,
season (long vs. short rains), social group, mother ID, and father ID were included as random
effects. All random effects other than breeding season of birth had variance components equal to
zero and were thus removed from the final model to facilitate the computation of 95%
confidence intervals. This had no effect on the estimates of fixed effects (Pasch et al., 2013).
Furthermore, to investigate the relationship between alloparental care provided by males prior to
reaching one year of age and their subsequent reproductive tactic, we used a GLMM with a

binomial error structure and “logit” link function with alloparental status (ever alloparent/never
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alloparent) as the response variable, reproductive tactic (dispersed/remained) as a fixed effect,
and social group as a random effect for all natal males (N = 185).

Finally, we sought to understand the fitness consequences of the alternative reproductive
tactics using data from males with known complete life histories (i.e., only including males
classified as dead). Although it was not possible to compare the fitness consequences of the
alternative reproductive tactics adopted by males born in the same social group (since dispersers
rarely remain within the study population; only 3 dispersing males were resighted in the study
population in 16 years), we compared access to reproductive opportunities, reproductive success,
lifetime inclusive fitness, and survivorship of resident and immigrant males. Previous studies of
cooperatively breeding birds have used the same approach (Green & Hatchwell, 2018). Access to
reproductive opportunities was quantified as: (i) the likelihood of a male ever breeding in its
lifetime (GLMM with a binomial error structure and “logit” link function, with social group as a
random effect) (Nimmigrant = 59, Nresigent = 103); (i1) lifetime breeding effort, or the number of
breeding attempts as a proportion of an individual’s adult lifespan (Mann-Whitney test with
continuity correction) (Nimmigrant = 59, Nresident = 103); and (iii) for males that bred at least once
(Nimmigrant = 30, Niesidgent = 29), the age at first breeding (Mann-Whitney test with continuity
correction). To evaluate the likelihood of a male obtaining any reproductive success in their
lifetimes, we modeled the effect of dispersal status on nest success (1 = succeeded, 0 = failed)
using a GLMM with a binomial error structure and “logit” link function (Nsucceeded = 49, Nailed =
229). Since some males nested multiple times in their lifetimes, we included individual ID as a
random effect in the model along with social group and breeding season.

Following Green and Hatchwell (2018), we calculated lifetime inclusive fitness (I) as the

sum of lifetime direct and indirect fitness according to the equation
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where direct fitness was calculated as the product of the number of fledglings per nest (M;),
paternal care effort (E = 0.5, the other half being attributed to the mother), and the mean
offspring-father relatedness (R = 0.5) summed over all successful nests (J), minus half of the
indirect fitness attributed to alloparents (the other half being subtracted from the mother’s direct
fitness). Indirect fitness attributed to alloparents at each nest was calculated as the product of the
mean alloparental effort at a nest per social group per breeding season (enj) and the alloparent’s
relatedness to the fledglings (rmnj), summed over all fledglings (M;) and alloparents at the nest
(N;j) for all successful nests (J). Alloparents with rmnj < 0 received no indirect fitness. Indirect
fitness of the focal male was similarly calculated as the product of the mean alloparental effort
(eo) and its relatedness to the fledglings (rmo), summed over all the nests he visited in his lifetime
(O). We used population means instead of individual measures of alloparental effort because
total observation time for nests varied. Alloparental effort was calculated as the proportion of
time an individual spent attending a nest (both guarding and bringing food) relative to the length
of the observation period (Guindre-Parker & Rubenstein, 2018).

We compared the lifetime inclusive, direct, and indirect fitness of resident and immigrant
males using a Mann-Whitney test with continuity correction (Nimmigrant = 53, Nresident = 99). Since
males accrue indirect fitness as juveniles, we excluded males born in 2001 short rains, the
earliest breeding season in our dataset, during which limited focal observations were conducted
at nests. To account for indirect fitness accrued by immigrant males in their natal group prior to

dispersing, we additionally compared the fitness (i) of residents and immigrants after excluding
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fitness accrued by residents during the first year of their life (Appendix A), and (ii) of natal males
accrued in the first year of life that remained in their natal group to that accrued by natal males
that subsequently dispersed (4dppendix A). To account for mortality during dispersal, we
conducted a sensitivity analysis by adding incremental proportions of immigrants with zero
lifetime fitness to the dataset (Appendix A).

To determine whether differences in reproductive access and success between resident
and immigrant males affected their lifetime inclusive fitness, we used GLMMs to model the
effect of lifetime breeding effort and dispersal status on lifetime inclusive fitness of males. The
first model had a binomial response (zero/nonzero lifetime inclusive fitness) and a “logit” link
function (Nimmigrant = 53, Nresident = 99). The second model had a continuous dependent variable of
all nonzero inclusive fitness observations (Nimmigrant = 20, Nresident = 47) with an “identity” link
function and a gamma error distribution. The fixed effects for both models were lifetime
breeding effort and dispersal status. Social group was included as a random effect, but later
removed from the second model, where its variance component equaled zero, to facilitate the
computation of 95% confidence intervals (Pasch et al., 2013).

We also built a GLMM to investigate the lifetime fitness consequences of adopting the
tactic not predicted by the prevailing environmental conditions, with a binomial response
variable (zero/nonzero lifetime inclusive fitness) and prenatal rainfall and dispersal status as
fixed effects (Nimmigrant = 53, Nresident = 99). Although we did not have precise rainfall data from
the immigrants’ natal sites, we used monthly rainfall data from three sites within the dispersal
radius (~30 km) (Rubenstein, 2016) of our study population (Mpala Research Centre, MRC)—
UHURU Central (12 km from MRC) (Goheen et al., 2013), UHURU North (20 km from MRC)

(Goheen et al., 2013), and Nanyuki (38 km from MRC) (East African Livestock Early Warning
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System)—to demonstrate high spatiotemporal correlation of prenatal rainfall for immigrant and
resident males (Table S1.5). Nonetheless, to take a more conservative approach, we used a
categorical measure based on mean long-term pre-breeding rainfall at Mpala Research Centre
(“low prenatal rainfall”: rainfall < long-term mean; “high prenatal rainfall”: rainfall > long-term
mean). Rainfall within 10 mm of the long-term mean was categorized as “low” to account for the
accuracy of the rainfall gauge (Caylor et al., 2017).

Finally, we used a time-varying Cox proportional hazards model to determine whether
dispersal status affected male survival (Nimmigrant = 59, Niesident = 103) (Guindre-Parker &
Rubenstein, 2020). The model was built using the R package survival (Therneau, 2020). We
checked that our dataset did not violate the proportional hazard assumption using the “cox.zph”
function. Social group was included as a random factor. We performed all data analysis in R (R
Core Team, 2019). VIF <2 for all fixed effects in GLMMs, excluding interaction terms (Fox &

Monette, 1992).

1.3 Results
Patterns of male dispersal

Consistent with previous reports in this species (Rubenstein, 2016), we found that males
were the primary philopatric sex; only 59 of 198 (30%) males in our marked social groups for
whom we had data on dispersal status (i.e., excluding individuals already present in the groups at
the beginning of 2001 [dispersal status unknown] and individuals not seen past one year of age
[presumed dispersed]) were immigrants (compared to 121 of 248 [49%] females). However,

among all male breeders for whom we had complete life history data (i.e., males who bred at
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least once during their lifetime) (N = 59), more than half the individuals (30 of 59 [51%] males)

were immigrants.

Ecological and social predictors of male dispersal

Next, we examined the role of ecological and social factors experienced by males during
their juvenile stage (i.e., the period when dispersal occurs) as well as by their parents (i.e.,
prenatal stage) in influencing male dispersal decisions. We found that harsh prenatal ecological
conditions were associated with limited dispersal such that males were less likely to disperse
when they were born in years following low prenatal rainfall (Z = 2.03, P = 0.04, 95% CI = 0.02
to 0.74; Fig. 1.1, Table 1.1). Since including natal stage rainfall in the model did not affect the
results and prenatal ecological conditions did not affect hatchling mass prior to fledging
(Appendix A), this pattern was likely driven by dispersal, and not mortality due to poor offspring
condition during development. In contrast, the social environment as well as the ecological
conditions experienced during the juvenile stage had no significant impact on the likelihood of
males dispersing (Tables 1.1 and S1.1). Together, these results suggest that male dispersal is
influenced more by (i) conditions experienced by their parents (and therefore the chicks early-in-
life) than the conditions that they experience as juveniles and (ii) ecological rather than social
factors. Finally, we also found that males that subsequently dispersed were less likely to act as
alloparents in their first year of life than males that subsequently remained in their natal group (Z

=-2.75,P=0.006, 95% CI = -2.23 to -0.41).

Fitness consequences of male dispersal decisions
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We then explored the fitness consequences of the different male dispersal decisions.
More than half of the males in the population (85 of 152 [56%] males) failed to accrue any
inclusive fitness in their lifetimes (Fig. S1.4) (Rubenstein, 2016). Residents unsurprisingly
accrued higher indirect fitness than immigrants (Fig. 1.2C, U = 2103, P = 0.02), who were also
unlikely to accrue meaningful indirect fitness in their natal group prior to dispersal (Appendix A).
In contrast, resident and immigrant males had similar direct and inclusive lifetime fitness (Fig.
1.2A and B; inclusive: U =2337, P = 0.22; direct: U = 2701, P = 0.59). Although this analysis
does not quantify indirect fitness accrued by immigrants in their natal group prior to dispersing,
natal males that dispersed accrued significantly lower fitness in their first year than residents,
suggesting that immigrants into our study population also did not likely accrue considerable
fitness prior to dispersing (Appendix A). Nonetheless, to account for the possibility that
immigrant males accrued at least some indirect fitness in their natal group prior to dispersal, we
repeated our analysis after excluding fitness accrued by residents in their first year of life. We
found qualitatively similar results, with residents and immigrants still having equivalent direct
and inclusive fitness, as well as equivalent indirect fitness (Appendix A). Furthermore, to account
for any biases introduced in our analysis of lifetime fitness due to the exclusion of males that
were still alive at the end of the study period, we repeated our analysis after excluding all males
from birth cohorts that had at least one male still alive in the 2017 long rains breeding season and
found that our results remained unchanged (Appendix A).

Although the survival likelihood of immigrants after successful dispersal is not
significantly different from that of residents (Z = 0.06, P = 0.95, 95% CI =-0.36 to 0.38) (Fig.
S1.6), our analysis did not account for any potential mortality of immigrants during dispersal.

Although we expected the mortality of immigrants to be low because there are no floaters in this
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system (Rubenstein, 2016), to account for potential immigrant mortality during dispersal, we ran
a sensitivity analysis that added immigrants with zero fitness in 10% increments to the analyses
of direct, indirect, and inclusive lifetime fitness. Our sensitivity analysis found that the mortality
threshold for immigrants at which direct fitness would be higher in residents than immigrants
was 70% (Table S1.3). In addition, the mortality threshold for immigrants at which inclusive
fitness would be higher in residents than immigrants was 20% when first-year resident males
were included in the analysis, and 50% when first-year resident males were excluded from the
analysis (Table S1.3). These thresholds were much higher than the mean mortality for both
immigrant and resident males, which was 4% (SD immigrants = 4%, SD residents = 3%) for
each six-month interval over their adult lifetime (Table S1.4). Together, these results indicate
that resident and immigrant males have similar lifetime inclusive fitness, even when accounting
for the potential of mortality during dispersal.

Despite similar lifetime inclusive fitness, immigrants were more likely than residents to
breed at least once in their lifetimes (Z =2.74, P = 0.006, 95% CI = 0.27 to 1.64), had higher
lifetime breeding effort (the number of breeding attempts as a proportion of an individual’s adult
lifespan) (U = 2388, P = 0.006), and began breeding at a younger age (U = 604.5, P =0.01). In
contrast, residents that did breed had higher nest success than immigrant breeders (Z = 2.46, P =
0.01, 95% CI = 0.27 to 2.34). In addition, both lifetime breeding effort and dispersal status (i.e.,
immigrant or resident) affected a male’s likelihood of accruing some nonzero inclusive fitness
during his lifetime (Fig. 1.3A, Table 1.2). Among males with some lifetime inclusive fitness,
residents accrued higher inclusive fitness than immigrants with the same amount of lifetime

breeding effort (Fig. 1.3B, Table 1.2).
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Finally, we assessed whether there were reproductive tradeoffs for individuals that
adopted the tactic not predicted by prenatal ecological conditions. Since we did not have precise
rainfall data from the immigrants’ natal sites (though rainfall is highly spatially correlated and
temporally synchronous within the dispersal radius of our study site; Table S1.4), we used a
categorical measure of prenatal rainfall based on the mean long-term pre-breeding rainfall at our
study site (see Methods and Appendix A). Consistent with the idea of reproductive tradeoffs and
the hypothesis that the fitness consequences of alternative reproductive tactics depend on
prenatal environmental conditions, we found that immigrant males were more likely to accrue
nonzero lifetime inclusive fitness when born following periods of high prenatal rainfall, but that
resident males were more likely to accrue nonzero lifetime inclusive fitness when born following
periods of low prenatal rainfall (Fig. 1.4, Table 1.3). Repeating this analysis using a continuous
rather than a categorical value of rainfall collected at the Mpala Research Centre yielded

qualitatively similar results (Fig. S1.5).

1.4 Discussion

Although mixed-kin cooperative groups characterized by low relatedness are surprisingly
common (45% of all cooperatively breeding birds) (Riehl, 2013), it remains unclear how these
societies arise and are maintained given the potential for high social conflict among unrelated
group members competing for reproductive opportunities. We examined the environmental
causes and inclusive fitness consequences of dispersal decisions in male superb starlings living
in a climatically variable and unpredictable savanna environment (Guindre-Parker & Rubenstein,
2020; Rubenstein & Lovette, 2007), for whom philopatry and dispersal can both be pathways to

reproductive opportunities (Rubenstein, 2016). We found that dispersal in males is influenced by
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their parents’ prenatal ecological environment rather than the environment that the males
experience as juveniles, suggesting that parental effects during offspring development or
carryover effects early-in-life play an important role in governing dispersal decisions.
Ultimately, natal dispersal and philopatry had similar lifetime inclusive fitness outcomes,
meaning that they are two equivalent, alternative male reproductive tactics. Yet, the two tactics
showed reproductive tradeoffs—immigrants had greater access to reproductive opportunities via
the acquisition of breeding positions, whereas residents that bred had higher reproductive
success. When males adopted a tactic not predicted by prevailing prenatal environmental
conditions, their lifetime inclusive fitness was reduced. Together, these results suggest that
environmental variability driven by oscillating climatic conditions experienced by parents prior
to laying may help maintain a reproductive polyphenism with equivalent lifetime inclusive
fitness, which ultimately enables the formation and persistence of a mixed-kin cooperative
society in an unpredictable environment. Our study is one of very few to use lifetime inclusive
fitness rather than just point-in-time reproductive rates, contributing a more robust understanding
of the formation and maintenance of cooperative societies.

Unlike in other cooperatively breeding species where conditions experienced during the
juvenile stage shape dispersal decisions (Baglione et al., 2006; Nelson-Flower et al., 2018; Suh et
al., 2020), male dispersal in superb starlings was only governed by prenatal ecological
conditions. Although we were unable to directly distinguish between dispersal and mortality,
several lines of evidence—including the modal age at which natal males disappear from our
study population, the modal age at which immigrants arrive into our study population, the age at
which males reach sexual maturity, the close match in the proportions of dispersers and

immigrants, the increased likelihood of dispersal following benign ecological conditions, no
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effect of prenatal ecological conditions on hatchling mass prior to fledging, and the high
likelihood of post-fledgling survival from year-to-year (Guindre-Parker & Rubenstein, 2020)—
strongly suggest that the pattern we observed is driven by dispersal, and not mortality (see
Methods and Appendix A for further details). The effect of prenatal conditions on dispersal
suggests that parental effects during development influence the dispersal phenotype of male
superb starlings, a result that has been suggested previously for male reproductive opportunities
in this species (Rubenstein et al., 2016b). Parental effects, which can result from physiological or
molecular modifications to offspring during development (Mousseau & Fox, 1998), may be
particularly important in cooperatively breeding species (Russell & Lummaa, 2009) and species
inhabiting unpredictable environments (Meylan et al., 2012). While the specific physiological
mechanisms of early-life parental effects on dispersal remain unknown for this species, previous
studies have demonstrated an effect of maternal condition on offspring sex allocation, maternal
investment in eggs, and DNA methylation in superb starlings (Rubenstein, 2007c; Rubenstein et
al., 2016b) and other vertebrates (Meylan et al., 2012; Van Petegem et al., 2015). Studies of two
other avian species, western bluebirds (Sialia mexicana) and great tits (Parus major), found an
effect of maternal androgen deposition on offspring dispersal in response to ecological
conditions (Duckworth, 2009; Tschirren et al., 2007). Viviparous lizards (Lacerta vivipara) show
a similar effect (Meylan et al., 2002), and maternal hormones have also been shown to increase
helping behavior in subordinate female meerkats (Suricata suricatta) (Dantzer et al., 2019).
Parental effects can also manifest during the natal and early postnatal stages (Lindstrom,
1999) because environmental conditions experienced by parents prior to birth may affect their
behavior towards their offspring after birth, such that dispersal is driven purely by behavioral

interactions prior to offspring becoming self-sufficient (Cant et al., 2001). Carryover effects may
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also influence offspring phenotypes, including competitive ability (Ekman et al., 2002) or
personality traits (Duckworth & Badyaev, 2007), which subsequently affect dispersal decisions.
Although we were only able to examine the effect of prenatal conditions on nestling mass, there
may be more subtle parental effects on offspring condition early-in-life that govern their
subsequent reproductive tactics and lifetime fitness (Lummaa & Clutton-Brock, 2002). Since
conditions preceding the breeding season are known to affect behavioral phenotypes of adult
superb starlings during the breeding season (e.g., breeding status (Rubenstein, 2007b) and
helping behavior (Guindre-Parker & Rubenstein, 2018)), it is likely that prenatal conditions
govern development throughout early life. Although directly examining the role of factors such
as helper number, territory quality, and average relatedness to group members (i.e., potential for
indirect benefits) was outside the scope of the present study, all three factors are correlated with
group size in this species (Guindre-Parker & Rubenstein, 2018, 2020; Rubenstein, 2016), which
did not have a significant effect on dispersal decisions. Ultimately, further work in this and other
cooperatively breeding species should examine the mechanisms by which environmentally-
mediated parental effects at different developmental stages might influence future reproductive
tactics adopted by offspring.

Parental effects can be selfish, to manipulate offspring phenotype in order to increase
parental fitness, or anticipatory, to maximize offspring fitness (Russell & Lummaa, 2009). We
know that offspring sex ratio in superb starlings is male-biased when mothers are in poorer body
condition following harsher prenatal conditions, a pattern that suggests that females maximize
their inclusive fitness in an unpredictable environment by investing in the sex with lower fitness
variance (males in the case of superb starlings) (Rubenstein, 2007¢) . However, our results

suggest that mothers could also be influencing cooperative behavior in their offspring because
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males that participated in alloparental care in their first year of life were subsequently more
likely to remain in their natal group. Male superb starlings are more likely to become alloparents
and help more than females (Rubenstein, 2011) , and alloparents buffer the detrimental effects of
harsh environmental conditions on reproductive success in this species (Guindre-Parker &
Rubenstein, 2018). Thus, parental effects promoting alloparental behavior following harsher
prenatal conditions might serve to selfishly increase the parents’ short-term future reproductive
success and indirectly limit dispersal of male offspring (Dantzer et al., 2019). Although males
born following benign prenatal conditions could, conversely, be more likely to disperse so as to
reduce kin competition, this seems less probable because kin competition has actually been
shown to decrease under benign environmental conditions in other cooperatively breeding
species (Nichols et al., 2012). Additionally, our results are consistent with the hypothesis that
parental effects on dispersal in males are anticipatory because when males adopted the tactic
predicted by the prevailing prenatal ecological conditions, they were more likely to accrue some
inclusive fitness in their lifetimes. Since more than half of superb starling males fail to accrue
any fitness in their lifetimes, largely due to high nest predation pressure (Rubenstein, 2016),
securing any amount of nonzero lifetime fitness is crucial in this species, an idea consistent with
the bet-hedging hypothesis proposed for this (Rubenstein, 2011) and other social species
(Capilla-Lasheras et al., 2021; Kennedy et al., 2018; Koenig & Walters, 2015). Furthermore,
increased alloparental care by males that subsequently remained in their natal group may result
not only in higher indirect benefits in their first year of life, but also increased likelihood of
future inclusive fitness benefits as has been shown in other cooperatively breeding species
(Clutton-Brock et al., 2002; Green & Hatchwell, 2018). Males born following harsh prenatal

conditions thus appear to benefit from avoiding the costs of dispersal and remaining in their natal
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group (Eikenaar et al., 2010; Ligon et al., 1991), whereas males born following benign
conditions might be better able to cope with the costs of dispersal and maximize their fitness by
immigrating into another social group (Bergmiiller et al., 2005b).

In contrast to other studies in kin-only cooperatively breeding societies (Antunes &
Taborsky, 2020; Ekman et al., 2001; MacColl & Hatchwell, 2004; Sparkman et al., 2011;
Walters et al., 1992), we found that the two reproductive tactics adopted by males—natal
dispersal and philopatry—have equivalent lifetime inclusive fitness in a mixed-kin cooperative
society. Although resident males had significantly higher lifetime indirect reproductive success
than immigrants, an unsurprising result given the kin structuring among males in superb starling
social groups (Rubenstein, 2016), this was more than balanced out by the relatively larger
contribution of lifetime direct fitness, even when accounting for potential mortality during
dispersal. While it was not logistically possible to compare the fitness of resident and dispersing
males born to the same social group, our approach of comparing resident to immigrant males has
proven informative in other avian studies (Green & Hatchwell, 2018). Although we do not have
an estimate of dispersal mortality in this species, we have never observed floaters in our study
area, suggesting that individuals move from their natal group to their non-natal group over a
relatively short time period and likely do not incur significant mortality in transit (Rubenstein,
2016). Yet, when even accounting for this possibility, immigrant and resident males still had
equivalent lifetime inclusive fitness. Following successful dispersal, our results show that the
survival likelihood of immigrants is similar to that of resident males. Furthermore, males that
remain in their natal group provide more alloparental care and accrue significantly higher
indirect fitness in their first year of life than natal males that subsequently disperse. Since most

males disperse at around one year of age, this suggests that immigrants are unlikely to accrue
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considerable indirect fitness in their natal group prior to dispersing. Similar variation in
alloparental effort and indirect fitness in relation to dispersal tactics has been shown in other
cooperatively breeding species (Clutton-Brock et al., 2002; Green & Hatchwell, 2018).

Finally, we also show that the equivalent lifetime inclusive fitness outcomes of the two
dispersal tactics are due to a reproductive tradeoff, an idea that has been proposed theoretically
(Moran, 1992) but rarely tested empirically. Although immigrant male superb starlings had
greater access to reproductive opportunities via the acquisition of dominant breeding positions
within the group, residents that acquired breeding positions were more likely to successfully
fledge young. Resident males can therefore afford to have lower access to breeding opportunities
over their lifetimes since they have higher nest success. This higher nest success is likely due to
greater alloparental care at nests of resident males who have more kin in the group to act as
helpers than do immigrants (Emlen & Wrege, 1988; Komdeur, 1994; Wright et al., 2010). Thus,
for superb starling males, philopatry leads to lower reproductive quantity but higher quality,
whereas dispersal results in higher reproductive quantity but lower quality. Since immigrants and
residents are equally likely to survive from one breeding season to the next, these differences in
reproductive quality and quantity are unrelated to longevity (Walters et al., 1992). Together these
results suggest that the two male alternative dispersal tactics are equivalent in terms of lifetime
inclusive fitness and refute the hypothesis that remaining in the natal group—the tactic favored
following harsh prenatal conditions—is simply making “the-best-of-a-bad-job” (Dawkins, 1980;
Koprowski, 1993). The coexistence of resident and immigrant males in cooperative social groups
has been shown to be similarly facilitated by equivalent reproductive rates in spotted hyenas
(Crocuta crocuta) (Davidian et al., 2016) and inclusive fitness at different age stages in dwarf

mongooses (Helogale parvula) (Creel & Rabenold, 1994), both species that live in mixed-kin
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societies. However, to the best of our knowledge, ours is the first study in a cooperatively
breeding vertebrate to demonstrate equivalent lifetime inclusive fitness outcomes of alternative
dispersal tactics.

This behavioral polyphenism in male reproductive tactics is likely maintained by a
flexible response to high and unpredictable environmental variability (West Eberhard, 1989). A
temporally variable and unpredictable environment has been shown both theoretically (Moran,
1992) and empirically (Lampert & Linsenmair, 2002) to generate conditional strategies that
result in a developmental switch between alternative tactics. If alternative reproductive tactics
have a strong genetic (or perhaps epigenetic) basis (Beldade et al., 2011; Saastamoinen et al.,
2018), environmental variability can reverse the selective differential between the two tactics
from one year to the next, resulting in alternative tactics with equivalent fitness outcomes (Gibbs
& Grant, 1987; Moran, 1992). The savanna habitat inhabited by superb starlings has high
temporal ecological variability (Rubenstein, 2011; Rubenstein & Lovette, 2007) that may allow
both dispersal tactics to persist as conditions oscillate unpredictability from year to year,
resulting in the formation of mixed-kin cooperative groups. Interestingly, spotted hyenas
(Holekamp & Smale, 1998) and dwarf mongooses (Creel & Rabenold, 1994) experience the
same unpredictable African savanna environments as superb starlings, suggesting that
environmental uncertainty—and perhaps oscillating selection pressures more generally—
maintains alternative dispersal tactics and leads to the formation of and/or stabilizes societies
with low kin structure. Oscillating selection may be particularly important in arid and semi-arid
environments where climatic variability is high (Gibbs & Grant, 1987), and may help explain the
evolution of both mixed-kin societies and plural breeding more broadly. Indeed, many other

plural cooperatively breeding birds across the globe live in harsh arid and semi-arid
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environments characterized by unpredictable variation in rainfall and food resources (Brown et
al., 1997; Clarke, 1984; Curry & Grant, 1990; Hegner et al., 1982; Riehl & Strong, 2018;
Rowley et al., 1989; Russell et al., 2010). More generally, any variation in the social or
ecological environment that results in reversals of selective differentials of alternative dispersal
tactics may lead to the rise of mixed-kin societies in cooperatively breeding species. While we do
not yet know whether dispersal has a genetic basis in superb starlings—though there are
indications of a potential epigenetic basis (Rubenstein et al., 2016b)—our results suggest that the
two tactics face oscillating selection since the relative lifetime inclusive fitness of the two tactics
fluctuates in response to prenatal environmental conditions. Ultimately, identifying the
mechanism by which prenatal parental effects lead to developmental differences that determine
male reproductive tactics will be important for understanding the role that environmentally-
driven selection pressures play in shaping behavioral polyphenisms in this and other social
species.

In summary, we have shown that natal dispersal and philopatry in male cooperatively
breeding superb starlings represent two alternative reproductive tactics with equivalent lifetime
inclusive fitness. The tactics are likely mediated by parental effects before and during
development, and are maintained by oscillating selection pressures characteristic of their variable
and unpredictable savanna environment. Our study suggests a direct link between environmental
uncertainty, behavioral polyphenism, and the evolution of mixed-kin animal societies that cannot
be explained by indirect fitness benefits alone. Our work also underscores the importance of
prenatal environmental conditions and parental effects in determining offspring phenotype,
especially in cooperative societies where early life conditions have direct implications on the

future fitness of both parents and offspring. Moreover, the direct benefits derived from
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environmental selective pressures appear to play a significant role in the evolution and
maintenance of cooperative societies, alongside or in the absence of kin selection. Ultimately,
understanding how fluctuation in early life environmental conditions helps mediate reproductive
tradeoffs and lifetime fitness is critical in an era of rapid anthropogenic climate change because

climatic uncertainty is only likely to increase across much of the globe for the foreseeable future.
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1.5 Figures and Tables
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Figure 1.1 Effect of prenatal rainfall on the probability of male superb starlings dispersing
from their natal groups. Males were more likely to disperse when born following periods of
higher prenatal rainfall (N = 185, P = 0.04). Model estimate (solid line) is bounded by the 95%
confidence interval (shaded areas). Circles indicate raw data and boxplots indicate median, upper

and lower quartiles, and range of prenatal rainfall for birds that dispersed (blue) and those that

did not (orange).
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Figure 1.2. Mean lifetime fitness of immigrant and resident male superb starlings.
Immigrant and resident males (Nimmigrant = 59, NResident = 99) have equivalent lifetime (A)
inclusive (P = 0.22) and (B) direct fitness (P = 0.59), though residents have higher (C) indirect
fitness (P = 0.02). Black dots represent means and error bars denote standard deviation. Shaded
areas are kernel probability densities illustrating the distribution of the data. Asterisks indicate

significance (ns: P > 0.05; *: P <0.05).
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Figure 1.3. Effect of reproductive tradeoffs on lifetime inclusive fitness of male superb
starlings. The effect of lifetime breeding effort and dispersal status (immigrants = blue,
triangles; residents = orange, circles) on (A) the probability of accruing any nonzero lifetime
inclusive fitness (N = 152), and (B) the value of nonzero lifetime inclusive fitness (N = 67). For
visualization purposes, we excluded one individual with lifetime breeding effort greater than
three standard deviations above the mean; this individual was included in the statistical analysis,
though excluding it did not alter the results. Lifetime breeding effort (i.e., the number of
breeding attempts as a proportion of an individual’s adult lifespan) (P = 0.001) and dispersal
status (P = 0.04) affected a male’s likelihood of accruing some nonzero inclusive fitness during
his lifetime. Among males with some lifetime inclusive fitness, residents accrued higher
inclusive fitness than immigrants for the same amount of lifetime breeding effort (P = 0.04).
Model estimates (solid lines) are bound by 95% confidence intervals (shaded areas). Points

indicate raw data. Dashed vertical lines indicate mean lifetime breeding effort.
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Figure 1.4. Fitness consequences of male superb starlings adopting the tactic not predicted
by the prevailing prenatal environmental conditions. The effect of prenatal rainfall and
dispersal status (immigrants = blue, residents = orange) on the probability of accruing any
nonzero lifetime inclusive fitness (fill = nonzero fitness, no fill = zero fitness) (N = 152).
Immigrants were more likely to accrue nonzero lifetime inclusive fitness when born following
periods of high prenatal rainfall, whereas residents were more likely to accrue nonzero lifetime

inclusive fitness when born following periods of low prenatal rainfall (P = 0.02).
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Table 1.1. Factors affecting dispersal decisions of natal male superb starlings. Factors

affecting dispersal decisions of natal male superb starlings. Results of a generalized linear mixed

model with a binomial response (dispersed vs. remained) for natal males (N = 185). Since sex

ratio and group size are highly correlated across consecutive breeding seasons, we only included

the prenatal sex ratio and group size in the final model. Breeding season was included as a

random effect. Random effects of social group, father ID, mother ID, and season (short vs. long

rains) had variance components equal to zero, and were thus excluded from the final model to

facilitate the computation of 95% confidence intervals.

Effect Estimate Std. Error ~ Z value 95% CI p-value
Intercept -0.97 0.18 -5.45 -1.36  -0.60 <0.001
Prenatal rainfall 0.36 0.18 2.03 0.02 0.74 0.04
Prenatal sex ratio -0.13 0.20 -0.68 -0.54 0.24 0.50
Prenatal group size 0.05 0.19 0.27 -0.34 0.44 0.78
Juvenile rainfall -0.12 0.17 -0.69 -0.48 0.24 0.49
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Table 1.2. Effects of lifetime breeding effort and dispersal status on lifetime inclusive

fitness of male superb starlings. Results of generalized linear mixed models with a (A)

binomial (zero vs. nonzero) (N = 152) and (B) continuous, positive (N = 67) response variable

for lifetime inclusive fitness of males. Social group was included as a random effect in the first

model, but since it explained none of the variance and hindered the calculation of 95%

confidence intervals for the fixed effects, we removed it from the second model.

(A) Response variable: binomial (zero/nonzero) lifetime inclusive fitness

Effect Estimate Std. Error 7 value 95% CI p-value
Intercept -1.10 0.35 -3.14 -1.86  -0.44 0.002
Lifetime breeding effort 1.03 0.31 3.28 0.46 1.72 0.001
Dispersal status 0.78 0.39 2.02 0.01 1.56 0.04
(B) Response variable: continuous, positive lifetime inclusive fitness

Effect Estimate Std. Error t value 95% CI p-value
Intercept 0.02 0.01 2.04 0.01 0.06 0.04
Lifetime breeding effort 0.55 0.15 3.73 0.33 0.95 <0.001
Dispersal status 0.04 0.02 2.27 -0.00 0.08 0.03
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Table 1.3. Effects of male superb starlings adopting the tactic not predicted by the
prevailing prenatal ecological conditions on the likelihood of gaining inclusive fitness
during their lifetimes. Results of a generalized linear mixed model with a binomial response
(zero vs. nonzero lifetime inclusive fitness) variable for males (N = 152). Social group was

included in the model as a random effect.

Effect Estimate  Std. Error  Z value 95% CI p-value
Intercept -0.10 0.46 -0.23 -1.03  0.80 0.82
Categorical prenatal rainfall -0.63 0.59 -1.08 -0.80  0.52 0.28
Dispersal status -0.84 0.64 -1.31 -2.13 0.40 0.19
Categorical prenatal rainfall x 1.74 0.77 2.25 0.24 3.29 0.02

Dispersal status
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Chapter 2: Multilevel group augmentation benefits underlie plural

breeding societies

Shailee S. Shah, Dustin R. Rubenstein

2.1 Introduction

Cooperatively breeding societies in which more than two individuals care for young vary
widely in size and structure (Brown, 1978; Solomon & French, 1997), including in the number of
breeding pairs within a social group (Rubenstein, 2012). Groups with one breeding pair and
those with more than one breeding are thought to represent alternative evolutionary outcomes
(Chak et al., 2015; Lukas & Clutton-Brock, 2018; Rubenstein et al., 2016a) in response to
distinct selection pressures (Brooks et al., 2017) or genetic architectures (Purcell et al., 2014;
Ross & Keller, 1998). In vertebrates, singular breeding societies with one breeding pair typically
consist of small, nuclear families that are thought to have evolved via limited dispersal and the
retention of kin (Hamilton, 1964a, 1964b; Taylor, 1992). In contrast, plural breeding societies
with multiple breeding pairs tend to be larger than those of singular breeders, and since the
breeders are often unrelated, groups tend to have low but mixed kinship that results from a
combination of limited offspring dispersal and recruitment of immigrants of both sexes (Riehl,
2013). Because of the increased reproductive opportunities for subordinates and the mixed
kinship within plural breeding groups, reproductive conflict and social instability are predicted to
be higher in plural than in singular breeding societies (Rubenstein, 2012). Nonetheless, large
cooperative societies with multiple reproductives and low but mixed kinship are found in taxa
ranging from insects (Chapuisat et al., 2004; Seppa et al., 2002) to birds (Cockburn et al., 2017)

to mammals (Lukas & Clutton-Brock, 2020) and even crustaceans (Hultgren et al., 2017). With a
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reduced potential for indirect benefits (i.e., fitness gained by positively influencing the
reproduction of relatives) due to low kin structure within the groups, the formation of such
demographically and socially complex societies is thought to be primarily governed by direct
benefits (Kokko et al., 2001).

The demographic and structural variation observed across animal societies may influence
their long-term stability, particularly in the face of environmental challenges, which may favor
the formation of such societies in the first place (Griesser et al., 2017; Jetz & Rubenstein, 2011;
Rubenstein & Lovette, 2007). For example, obligate cooperative breeders commonly exhibit
high rates of group instability due to inverse density dependence (i.e., Allee effect) at small
group sizes (Courchamp et al., 1999a). Below a threshold group size, social groups are often
unable to successfully recruit offspring and group members are less likely to survive (Heinsohn,
1992; Rasa, 1989), resulting in the groups spiraling toward extinction (Clutton-Brock et al.,
1999; Courchamp et al., 1999b; Heg et al., 2005). The risk of group extinction is heightened in
species where group members cooperate to increase both reproductive success and survival
(Courchamp et al., 1999b), as well as in environments that are harsh or unpredictable because
they negatively impact population growth (Bateman et al., 2018). Negative environmental
conditions experienced by small social groups can have far-reaching and fatal consequences. By
affecting demographic processes that alter the group’s social structure, such as offspring
recruitment and emigration, even one low quality year can lead to population crashes in obligate
cooperatively breeding species (Bateman et al., 2018; Clutton-Brock et al., 1999). Thus, group
augmentation can lead to direct benefits on the group level by buffering against environmental

stochasticity and make admitting immigrants into social groups adaptive by contributing to group
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stability over time, particularly when recruitment of offspring is lower than needed to achieve
and maintain optimal group sizes (Kingma et al., 2014).

Despite the potential direct benefits of increasing group size, insider-outsider conflict
theory predicts that existing group members (insiders) may exhibit resistance towards potential
immigrants (outsiders) if they stand to incur fitness costs (e.g., reduced access to resources) from
admitting immigrants (Higashi & Yamamura, 1993). When immigration can generate substantial
group augmentation benefits, however, insider-outsider conflict may be low (Shen et al., 2017)
and groups may even compete for outsiders in a biological market (Grinsted & Field, 2017). If
the demand for immigrants exceeds their availability, dominant breeders may concede breeding
opportunities to immigrants as joining incentives in the form of reproductive concessions (No¢ &
Hammerstein, 1994; Reeve & Keller, 2001), giving rise to plural breeding societies. Plural
breeding may then be maintained by a positive feedback loop of group augmentation benefits if
having additional breeding pairs further increases group productivity (Rubenstein, 2012).
Biological market theory also predicts that when immigrants are rare relative to the demand for
additional group members, they can afford to be choosy and preferentially join groups that
maximize their own individual fitness (Grinsted & Field, 2017). Consequently, while all groups
may permit or even favor immigration, social and ecological factors such as group size and
resource availability that affect individual fitness outcomes may govern immigration rates and
determine group demography and stability over time.

Understanding the formation and maintenance of plural breeding societies requires
studying a species that shows variation in group size and structure, as well as in the types of
fitness benefits achieved by grouping. Superb starlings (Lamprotornis superbus) live in large but

variable social groups (mean group size ranged from 13-41 individuals across 9 groups during
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our study period) that contain multiple breeding pairs (up to 8 breeding pairs per group) and a
combination of related and unrelated non-breeding individuals that may act as alloparents
(Rubenstein, 2016). Individuals of both sexes may either forego dispersal (residents) or
immigrate from other social groups (immigrants) (Shah & Rubenstein, in press). Although
resident females never breed in their natal groups, both resident and immigrant males can acquire
breeding status within a social group during the same breeding season (Rubenstein, 2016).
Within our study population, all breeding females and more than half of all breeding males are
immigrants (Shah & Rubenstein, in revision). Importantly, immigrant males commonly acquire
breeding opportunities within their new social groups despite the presence of reproductively
capable resident males and unrelated potential mates (Rubenstein, 2016). In addition to the
potential inclusive fitness benefits of helping relatives raise their offspring, superb starlings also
receive group augmentation benefits, as living in a larger social group increases an individual's
survival likelihood (Guindre-Parker & Rubenstein, 2020) and decreases reproductive variance
within the group (Rubenstein, 2011).

Superb starlings inhabit the East African savanna, a spatiotemporally variable
environment (Rubenstein & Lovette, 2007) that affects many aspects of their life history,
including demographic processes such as survival, dispersal, and breeding opportunity (Guindre-
Parker & Rubenstein, 2020; Rubenstein, 2007d). Their year-round territories center around
glades, open areas embedded within the semi-arid bushland that host a unique, nutrient-rich grass
community and a high density of insect prey (Augustine, 2003). Because glades are the remnants
of former Masaii bomas that housed livestock for extended periods of time, they are highly
enriched in nitrogen and phosphorous, but vary in quality based on age, size, and duration of the

original boma (Augustine, 2003), creating spatial variation in territory quality across the
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landscape that affects the mating system of superb starlings (Rubenstein, 2007d). In addition to
the spatially variable environment, unpredictable variation in rainfall from year to year creates a
temporally variable environment (Rubenstein & Lovette, 2007) that also affects demographic
processes such as dispersal (Shah & Rubenstein, in revision) and the adoption of different
breeding roles (Rubenstein, 2007b; Rubenstein et al., 2016b). Finally, superb starlings face high
rates of nest failure (>70% of all nests), primarily due to predation, a predominantly stochastic
process (Rubenstein, 2016) such that groups are more likely than not to experience complete
reproductive failure in a given breeding season (Fig. S2.1).

Here, we combine models of population dynamics and empirical analysis of longitudinal,
individual-level data from a long-term study of superb starlings (Lamprotornis superbus) to
examine the formation and maintenance of plural breeding societies. First, we simulate group
dynamics using models of population growth parametrized with data from our long-term study to
investigate how immigration and offspring recruitment contribute to group stability over time via
group augmentation, and whether immigration can compensate for low offspring recruitment to
counter erosion of group size. Because superb starlings have low offspring recruitment
(Rubenstein, 2016), we predict that immigration is necessary to prevent groups from going
extinct, and that smaller groups will be more likely to go extinct unless they have higher rates of
immigration than larger groups. Next, we use long-term empirical data to test our key model
prediction that immigrants provide vital group augmentation benefits to groups of all sizes.
Further, we predict that while conflict over group membership between insiders and outsiders
may be low such that groups of all sizes will provide reproductive concessions as joining
incentives to immigrant males, smaller groups, which are more susceptible to extinction, will be

more likely to concede breeding opportunities to immigrant males. This should lead to more
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immigration into, and higher fitness benefits to birds joining, smaller groups. Finally, we
examine the fitness benefits of plural breeding at the group level, predicting that more
immigrants will result in a greater number of breeding pairs in the group, which in turn will
increase group reproductive output. Ultimately, our theoretical and empirical results show that in
a temporally variable and unpredictable environment that generates high annual variation in
fitness, group augmentation benefits generate a positive feedback loop that both gives rise to and

helps maintain plural breeding by favoring both individual- and group-level fitness.

2.2 Methods
Data collection

Nine superb starling social groups, distributed across approximately 20 square
kilometers, have been monitored continuously since 2001 at the Mpala Research Centre, Kenya
(0° 17°N 37° 52’E) (Rubenstein, 2006, 2016). Groups defend stable territories year-round and
consist of breeding (mean = SD: 2.58 &+ 1.49, range: 1-8 breeding pairs per group) and non-
breeding individuals, some of whom act as alloparents that guard and/or provision young
(Guindre-Parker & Rubenstein, 2018; Rubenstein, 2016). Birds breed twice a year during the
long (March-June) and short rains (October-November) (Rubenstein, 2016). We used data from
the beginning of the 2003 long rains breeding season (when all birds in the population were
banded) through the end of the 2017 long rains breeding season (N = 31 breeding seasons over
15 years).

Birds were banded with a unique combination of colored leg bands and a numbered metal
ring. Hatchlings were banded in the nest; all other individuals were captured in baited pull-string

traps or mist nets and banded after fledging from the nest (Rubenstein, 2007b). Immigrants were
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identified as juveniles or older whose parents were not genetically identified as belonging to the
same group using 15 microsatellite markers in Cervus v3.0 (Kalinowski et al., 2007; Rubenstein,
2005). Using the same microsatellite markers we estimated group relatedness for each social
group for every breeding season with the R package related (Pew, Wang, Muir, & Frasier, 2015).
Sex was determined genetically (Griffiths, Double, Orr, & Dawson, 1998) as previously
described for this species (Rubenstein, 2007b).

We performed daily nest searches throughout the breeding season. Active nests were
observed with a spotting scope for 60-120 min per observation period and all superb starlings
within 30 m of the nest were identified (Rubenstein, 2007a). Parents are the primary nest
builders, and only the mother incubates the eggs (Rubenstein, 2007a). Nests were checked every
day to determine their success (fledged or failed). Census data were used to estimate group size
and operational sex ratio (natal females were excluded since they never breed and are thus not
viable mates for males in the group). Groups were opportunistically censused year-round, and
each individual marked as either present or absent in its social group twice a year in six-month
increments.

Territory quality was quantified as the average number of dropped pins that touch
vegetation on seven transects conducted monthly between 2008 and 2017 at territories held by 7
of the 9 social groups that are part of the long-term study population (see Rubenstein, 2007d for
detailed methodology). Percent grass cover is correlated with insect availability in this system
(Rubenstein, 2007c). We averaged percent grass cover over the months spanned by a breeding
season to obtain one measure of percent grass cover for each breeding season. Length of
breeding season was calculated as the number of days from two weeks before the first nest to

two weeks after the last nest of the breeding season (sensu Shah & Rubenstein, in press).
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Data analysis
Models of group population dynamics

We fit five generalized linear models (GLMs) with a negative binomial error distribution
and group size as a fixed effect to estimate the effect of group size on number of immigrants,
number of offspring recruited, and number of individuals that disappear (dispersed or dead)
(Table 2.1). Since group size, number of breeders, and genetic relatedness of social groups are all
related (Appendix B), for simplicity we used only group size as a fixed effect. Further, since our
model is not age or stage structured, birds that died or dispersed were put in the same category to
simplify the model. We built separate GLMs by sex for two of the three demographic processes
resulting in a total of five models, with number of male immigrants, female immigrants, males
disappeared, females disappeared, and offspring recruited as the dependent variables (see Table
2.1 for model details). To account for carrying capacity, we added a quadratic term for the fixed
effect of group size for demographic processes that results in the recruitment of new individuals
to the group (i.e., offspring recruitment and immigration) such that recruitment scales linearly
with group size at smaller group sizes and asymptotically as groups get larger (Table 2.1).

We then built a discrete time step population growth model such that group size at time
t+1 (Ne+1) was calculated as a function of group size at time t (Ny), and rate of immigration (i),

offspring recruitment (r), and disappearance (d) (Eqn. 1).

Nt+1 = Nt + (im + if)immigration + (r)offspring - (dm + df)disappearance (1)
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Demographic rates were parametrized using estimates from fitted GLMs. For each time step (t),
we generated a distribution of predictions for each demographic rate based on group size at that
time step (N¢) and randomly picked a number to plug into the equation. We let the model run for
29 time-steps for 100 iterations. We used 29 time steps to match the time period of our long-term
dataset (29 breeding seasons). For each iteration, starting group size (No) was randomly set
between 10-30 individuals, which matches the natural variation in group size (range in means
across nine groups = 13-41 individuals, mean = SD =23 + 11 individuals). To simulate the
effect of no immigration into the social groups, we then set the immigration terms to zero, and

reran the model for 29 time-steps for 100 iterations (Eqn. 2).

Nt+1 = Nt + (r)offspring - (dm + df)disappearance (2)

We also evaluated the effect of no offspring recruitment into the social groups by setting the

offspring recruitment term to zero and running 100 iterations for 29 time steps (Eqn. 3).

Nt+1 = Nt + (im + if)immigration - (dm + df)disappearance (3)

We evaluated the percentage of iterations for which group size fell to zero for the full model, the
model without immigration, and the model without offspring recruitment. We also visually
assessed the presence of inverse density dependence in population growth by plotting group size
at time N against the per capita growth rate ((Nw1 — N¢)/N¢) using both simulated data and

empirical data from the long-term study (4dppendix B).
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Next, to examine the effect of group size on group stability, we set starting group size
(No) to either 10, 20, or 30 individuals and ran 100 iterations of the model (Eqn. 1) for 29 time
steps. The starting group size values were based on the natural variation in group size in our
study population (mean + SD = 23 + 11 individuals). Models were run 10 times for Ny to obtain
mean and standard deviation estimates. We fit a beta regression to the model results with the
percentage of iterations resulting in group extinction as the dependent variable and Ny as the
fixed effect using the package betareg (Cribari-Neto & Achim, 2010). We also estimated the
threshold group size, below which superb starling groups cannot successfully fledge offspring,
by plotting reproductive success against group size from our long-term dataset and identifying
the group size below which no offspring have ever been recruited (Fig. 2.3a), similar to studies
of other cooperative breeders (Heinsohn, 1992; Rasa, 1989).

Finally, to examine the effects of social (group size) and ecological (resource availability)
factors on group stability, we added territory quality (i.e., percent grass cover) as a fixed effect to
our GLMs modelling demographic processes (Table 2.2). Group size and grass cover were not
correlated (Pearson’s r = 0.19). Specifically, we investigated how territory quality interacted with
group size to impact group stability over time. To do so, we let the model (Eqn. 1) run 100
iterations for 29 time steps under 15 different scenarios, with discrete variation starting group
size (No) and territory quality (No= 10, 20, or 30 individuals, territory quality = 10%, 30%, 50%,
70%, or 90% grass cover). Values of territory quality were based on the natural variation in our
study population (mean + SD = 68% + 16% grass cover; range = 19%-99% grass cover). We
then evaluated the percentage of iterations for which group size fell to zero for each model run.
Models were run 10 times for each combination of starting group size (No) and territory quality

values to obtain mean and standard deviation estimates. We then fit a beta regression with the
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percentage of iterations resulting in group extinction as the dependent variable and starting group
size (No) and territory quality as the fixed effects, using the package betareg (Cribari-Neto &
Achim, 2010). We also fit three separate beta regressions for the three classes of starting group
size (i.e., small = 10, medium = 20, and large = 30 individuals) with only territory quality as the
fixed effect to assess whether difference in starting group size can buffer the negative effect of

lower territory quality on group stability.

Empirical tests of individual and group level benefits driving immigration and plural breeding

We tested the prediction generated from the results of our population growth models, that
immigrants are vital to group augmentation and stability of superb starling social groups, using
empirical data from our long-term study. We tested three key predictions regarding variation in
reproductive concessions to immigrant males based on group size, immigration patterns and
reproductive fitness outcomes of dispersing males in relation to group size, and group
augmentation benefits of plural breeding itself (see Introduction). First, we used generalized
linear mixed models (GLMM) to examine whether smaller groups are in more need of
immigrants as a result of lower offspring recruitment, and whether they respond in kind by
providing higher reproductive concessions to immigrant males. We fit two generalized linear
mixed models (GLMM). We fit a GLMM with a negative binomial error distribution including
number of offspring fledged as the dependent variable and group size as the dependent variable
(N = 255), followed by a GLMM with a binomial error distribution that included the ratio of
breeding to non-breeding immigrant males as the dependent variable and categorical group size
as the fixed effect (N = 177). Group size was categorized in the second model into “small”,

“medium”, and “large” based on the population mean and standard deviation (sensu Guindre-
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Parker & Rubenstein, 2020). Groups smaller than one standard deviation below the population
mean were classified as “small”, and groups larger than one standard deviation above the
population mean were classified as “large”. All other groups were classified as “medium” sized.
We reran the second model with continuous group size as the fixed effect to compare results
(Appendix B). We also fit a GLMM with a binomial error distribution to investigate the effect of
group size on the likelihood of an immigrant male ever attaining a breeding position within its
non-natal social group to approach the question of reproductive concessions from the point of
view of the immigrating individual and found a similar result (Appendix B). Social group ID,
breeding season, and proximity to human settlement (yes/no) were included as random effects in
all models. Proximity to human settlement was included as the territories of two of the nine
social groups overlap the research station which may affect their demography (Marzluff &
Neatherlin, 2006).

Second, we investigated the effect of social factors on immigration of males into superb
starling social groups (N =257). We fit a GLMM with a binomial error distribution including
immigration of males (yes = 1, no = 0) as the dependent variable and group size, sex ratio, and
fledging success in the previous breeding season as fixed effects. Group ID, breeding season, and
proximity to human settlement (yes/no) were included as random effects. Furthermore, we
examined the reproductive fitness benefits accrued by immigrant males in groups of varying
sizes. We know from previous studies that the best predictor of lifetime direct reproductive
success is the number of lifetime nesting attempts (Apakupakul & Rubenstein, 2015), and that
immigrant males in particular maximize their lifetime fitness by maximizing nesting attempts
(Shah & Rubenstein, in press). Thus, we fit a GLMM with a poisson error distribution and the

number of nesting attempts per immigrant male per breeding season as the dependent variable
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and group size and the length of breeding season as the fixed effects (N = 188). We included the
length of breeding season in number of days as a fixed effect to account for its effect on the
variation in opportunity to nest multiple times. Additionally, we fit a GLMM with a binomial
error distribution modeling the effect of the number of nesting attempts (fixed effect) on the
likelihood of achieving any reproductive success for immigrant males in a breeding season
(dependent variable) (N = 188). We also examined the likelihood of nest success (1 = fledged/0 =
failed) of individual nests in relation to group size for immigrant males using a GLMM with a
binomial error distribution (N = 323). Group ID, Father ID, breeding season, and proximity to
human settlement (yes/no) were included as random effects in all models.

Finally, we investigated whether group augmentation benefits help maintain plural
breeding in superb starling. We examined whether more immigrant males lead to more breeding
pairs in a group, which then lead to a higher likelihood of offspring recruitment. We fit two
GLMs with a binomial error distribution with a “logit” link and the number of breeding pairs as
the fixed effect. The dependent variable was the likelihood of one or more male breeders being
immigrants for the first model (0 = no immigrant males breeding / 1 = at least one immigrant
male breeding), and the likelihood of fledging any offspring (0 = no offspring fledged, 1 = some
offspring fledged) for the second model. Social group ID, breeding season, and proximity to
human settlement (yes/no) were included as random effects in both models (N = 200). All
analysis was conducted in R (R Core Team, 2019). For GLMMs and beta regression, all fixed
effects were standardized using z-scores (Schielzeth, 2010). GLMMs were fit using the package

Ime4 (Bates et al., 2015).
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2.3 Results

Models of group population dynamics

We began by building a discrete time population growth model with group size at time
t+1 (Ne+1) as a function of five demographic processes—immigration of males, immigration of
females, offspring recruitment, disappearance of males, and disappearance of females—
parametrized with longitudinal data from nine superb starling social groups collected over 15
years (Eqn. 1, Table S2.1, Fig. S2.2). After 100 iterations, only 16% of the simulated group
trajectories resulted in group extinction (i.e., group size = 0) (Fig. 2.1), a result comparable to our
long-term data in which 2 of 9 (22%) social groups went locally extinct over a 15-year period.
However, when immigration was set to zero, 61% of group trajectories went to extinction,
indicating that immigrants contribute to group stability over time in this species by bolstering
group size (Fig. 2.1). Without immigration, offspring production and recruitment alone is not
enough to stabilize groups and they can quickly spiral toward extinction. Setting offspring
recruitment to zero generated a similar result (54% of group trajectories went to extinction, Fig.
S2.3). Together, these results suggest that both offspring recruitment and immigration are
necessary to stabilize superb starling groups. However, given the low offspring recruitment in all
of our marked social groups over a 15-year period (mean £+ = 1.32 £+ 2.31 offspring per group per
year; Fig. S2.1), immigration is critical to group stability. Furthermore, we found that, similar to
other obligate cooperative breeders (Courchamp et al., 1999b), superb starling social groups
exhibit inverse density dependence at low group sizes, such that per capita growth rate declines
at low group sizes (Fig. S1.4). Thus, immigration is necessary to keep groups above a minimum

group size threshold, at which point extinction is likely to occur.
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Next, to determine whether small groups are more likely to go extinct than large groups,
or are instead buffered against extinction by immigration, we ran simulations that varied in
starting group size (No = 10, 20, or 30 individuals), but that fell within the range of natural group
size variation within our study population (mean + SD = 23 + 11 individuals). We found that
groups were more likely to go extinct when starting with a smaller group size (Z =-67.10, P <
0.001). We also used empirical data from our long-term study to estimate a threshold group size
below which offspring recruitment is unsuccessful. We found that groups in our study population
with fewer than seven individuals never successfully fledged offspring (Fig. 1.3a) or exhibited
per capita increases in group size (Fig. S2.4). Over 15 years, 3 out of 9 groups fell below this
threshold (but only in 11 out of 255 [4%] group breeding years), with 2 of the 3 groups
eventually going extinct. Groups that experienced below threshold group sizes had significantly
lower offspring recruitment in the preceding years, though not a significantly different number of
male immigrants, than groups that remained above the threshold group size (Appendix B).

Lastly, to understand how resource availability interacts with group size to determine the
demographic fate of social groups, we further parametrized our model with territory quality data,
which was also collected from the longitudinal, long-term dataset (Table 2.2), and ran 15
simulations with varying combinations of starting group sizes (No = 10, 20, or 30 individuals)
and territory qualities (10, 30, 50, 70, or 90% grass cover, which is directly correlated with insect
biomass; (Rubenstein, 2007d)). The values of territory quality in our model simulations capture
the natural variation in territory quality in our study population (mean + SD = 68% + 16% grass
cover; range = 19%-99% grass cover). We found that groups were more likely to go extinct on
lower quality territories (Z =-6.19, P <0.001), though this effect was much smaller than that of

group size (Fig. 2.2). Furthermore, when we examined the effect of territory quality within the
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three classes of starting group sizes, we found that the effect was weakest for large groups (large
(No=30): Z=-2.43, P =0.02; medium (No = 20): Z=-4.82, P <0.001 ; small (No=10), Z = -
4.00, P <0.001), suggesting that larger groups are better able to buffer the adverse effects of low

territory quality on group stability than are smaller groups (Fig. 2.2).

Empirical analysis of individual and group level benefits driving immigration and plural
breeding

We made three key predictions regarding the role of group augmentation in the formation
and maintenance of plural breeding in superb starling groups, which we tested using the long-
term empirical data. First, our simulations suggest that smaller groups stand to benefit more from
immigration than larger groups since they experience lower offspring recruitment, though all
groups may permit immigrant males to join due to the survival (Guindre-Parker & Rubenstein,
2020) and reproductive (Rubenstein, 2011) benefits associated with being in a larger group.
Thus, we predicted that offspring recruitment would increase with group size and that smaller
groups would provide greater reproductive concessions (measured as the proportion of all the
immigrant males present in a social group that were breeders) to immigrant males than larger
groups. As predicted, the number of offspring recruited increased with group size (Table 2.3, Fig
2.3a). In addition, small groups provided significantly higher reproductive concessions than
medium and large groups (Table 2.1, Fig 2.3b). Using a continuous instead of categorical group
size measure led to qualitatively similar results (Table S2.1).

Second, our model predicted that immigrant males should preferentially join smaller
groups since they provide more reproductive concessions which should result in higher

reproductive fitness. However, we found that immigrants preferentially joined larger groups
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(Table 2.3, Fig. 2.3c). When controlling for the length of breeding season, we found that
immigrant males were able to nest more often in larger groups (Table 2.3, Fig 2.3d), which
consequently increased their likelihood of gaining reproductive success (Table 2.1; Fig 2.3e).
The success of an individual nest by an immigrant male did not depend on group size (Z = 0.06,
P =10.95,95% CI=-0.57 to 0.52), suggesting that nest failure is largely stochastic due to
predation pressure and that reproductive success can only be maximized by increasing the
number of nesting attempts, as has been shown previously for this species (Apakupakul &
Rubenstein, 2015). Finally, the operational sex ratio (an estimate of the potential mate
competition calculated as the number of males divided by the sum of the number of males and
immigrant females in the group) and total group reproductive success in the previous breeding
season (i.e., the number of offspring fledged) had no impact on the likelihood of a male
immigrating into a group (Table 2.3).

Third, our model predicted that male immigration will not only increase group size,
which generates group augmentation benefits in this species via increases in individual survival
(Guindre-Parker & Rubenstein, 2020), but also increase the number of breeders in a group,
which should lead to additional group augmentation benefits by increasing the group’s total
reproductive output. Indeed, we found that with an increase in number of breeding pairs per
group, the likelihood that one or more breeding males are immigrants increased (Table 2.3; Fig
2.3f), and that groups with more breeding pairs were significantly more likely to fledge offspring
(Table 2.3; Fig. 2.3g). Together, these empirical results suggest that a positive feedback loop
helps maintain plural breeding in superb starling societies via selection for larger group sizes due
to group augmentation benefits. In other words, immigrants prefer to join larger groups,

presumably because of the potential individual fitness benefits, which in turn increases group
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productivity and offspring recruitment, further increasing group size and stability in the face of

environmental stochasticity.

2.4 Discussion

Cooperatively breeding species exhibit tremendous variation in social organization,
including in size and breeding structure, two demographic traits of the group that are often linked
in social species (Rubenstein et al., 2016a). Group size in cooperatively breeding vertebrates can
be augmented via two mechanisms: recruitment of offspring and recruitment of unrelated
immigrants (Kingma et al., 2014). Recruitment only of offspring typically results in the
formation of singular breeding societies characterized by small, nuclear families with a single
breeding pair, whereas a combination of offspring and immigrant recruitment (of both sexes)
typically results in the formation of plural breeding societies characterized by large, mixed-kin
groups with multiple reproductives (Riehl, 2013). While previous studies in cooperatively
breeding species have shown that helping behavior is adaptive because it leads to group
augmentation via offspring recruitment (Kingma et al., 2011; Wright, 1998), the recruitment of
unrelated immigrants has received surprisingly little attention. Ultimately, our study examining
the implications of immigration on group structure and stability demonstrates that direct benefits
derived from group augmentation acting at both the individual and group level can lead to the
formation and maintenance of plural breeding societies due to the inverse density dependence
that is inherent in nearly all cooperatively breeding societies (Courchamp et al., 1999a), but that
is exacerbated by living in a harsh and unpredictable environment.

Using a combination of simulation modelling and empirical analysis, we show that in the

plural cooperatively breeding superb starling, group augmentation via offspring recruitment is

67



inadequate and immigration is essential to group stability over time. In fact, neither offspring
recruitment nor immigration by itself bolsters group size to the extent necessary to combat the
stochastic effects of temporal environmental variability that lead to group extinction. Contrary to
our expectation, immigration does not appear to compensate for reduced mean and increased
variance in offspring recruitment in smaller groups, especially when coupled with low territory
quality. Larger groups can buffer the adverse effects of low territory quality on recruitment and
survival, but in reality, group size and territory quality are linked such that low quality territories
do not support large groups in our study population (4ppendix B). This may be due to preferred
immigration of dispersing individuals into high-quality territories such that social groups in low-
quality territories do not experience substantial group augmentation from the recruitment of
immigrants.

Like other obligate cooperative breeders (Heinsohn, 1992), superb starlings are unable to
successfully fledge offspring below a threshold group size (approximately 7 individuals in this
species). To avoid falling below this critical size threshold, smaller groups should attempt to
recruit more immigrants than larger groups. Consistent with this prediction, we found that small
groups concede more reproduction to immigrant males than groups of intermediate or large size.
Yet, despite higher joining incentives provided by smaller groups, males actually preferred to
immigrate into larger groups because of increased fitness benefits. That is, in addition to higher
likelihood of survival (Guindre-Parker & Rubenstein, 2020) and lower reproductive variance
(Rubenstein, 2011), we found that immigrant males accrue greater reproductive benefits in larger
groups by nesting more often and increasing their likelihood of fledging offspring in a given
breeding season. Although group size had no effect on individual nesting success, total group

output was higher in larger groups and larger groups have previously been shown to decrease
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variance in group output (Rubenstein, 2011). Since nest failure is largely due to predation, a top-
down, stochastic process that accounts for >90% of all nest failures in this system (Rubenstein,
2016), reproductive success in a breeding season overwhelmingly depends on the number of
breeding attempts, as indicated by our model results and previous studies of lifetime reproductive
success in this species, especially for immigrant males (Apakupakul & Rubenstein, 2015; Shah
& Rubenstein, in press). Thus, while our model of group dynamics suggests that small groups in
low quality territories can theoretically be rescued from extinction by group augmentation via
immigration—and our empirical results suggest that smaller groups concede more reproductive
opportunities to attract more immigrants than larger groups—this may never happen due to the
individual fitness benefits pursued by immigrants and their apparent preference to join larger
groups.

While outsiders should theoretically face more resistance from group insiders in larger
groups due to increased resource competition (Higashi & Yamamura, 1993), aspects of superb
starlings’ life history may actually lead to lower within-group conflict than predicted for large
social groups (Shen et al., 2017). For example, while superb starlings maintain year-round
territories that they use for foraging, especially when nests are active, they have been observed
foraging outside their territories during the non-breeding season and are thus not entirely limited
to the resources available within their territories (Rubenstein, 2016). Moreover, theoretical work
has shown that social groups formed for pseudo-reciprocal benefits such as group augmentation
should show lower levels of within-group conflict (Bshary et al., 2016). Consequently, contrary
to the classic model of source-sink dynamics in a metapopulation where small groups would be

preferred by birds coming from large groups, large groups in high quality territories may act as
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“sinks” and small groups in low quality territories as “sources”, condemning smaller groups to
more instability and higher risk of extinction (Hanski & Simberloff, 1997; Unglaub et al., 2021).

Finally, we found that male immigration and group augmentation benefits govern not just
the formation of plural breeding societies, but also their maintenance over time. Specifically,
groups with more breeding pairs have an increased likelihood of reproductive success, and in
order to have more breeding pairs, groups must allow immigrant males to breed. The increased
offspring recruitment leads to further group augmentation, creating a positive feedback loop that
reinforces the adaptive value of plural breeding in superb starling societies. In a harsh and
unpredictable environment with high among-year variability in rainfall, food availability, and
predation pressure (such that >70% of nests fail and >90% of offspring fail to fledge
(Rubenstein, 2016)), additional breeding pairs increase the likelihood of successful offspring
recruitment by simply increasing the number of nesting attempts for the group as a whole. A
similar effect was observed in the plural breeding Mexican jay (Aphelocoma wollweberi) (Li &
Brown, 1999). While few if any other studies on birds have examined the group augmentation
benefits of plural breeding, plural breeding avian societies tend to inhabit harsh, unpredictable
environments worldwide (Brown, 1970; Riehl & Jara, 2009; Rowley et al., 1989; Rubenstein,
2016; Russell et al., 2010), suggesting that plural breeding is likely to be adaptive for
cooperatively breeding species in the face of ecological uncertainty. In fact, by decreasing the
likelihood of complete reproductive failure for the group in harsh years, plural breeding may
serve as a conservative, within-generation bet-hedging strategy for dominant breeders and non-
breeding resident males in unpredictable environments to reduce fecundity variance (Rubenstein
2011) (Rubenstein, 2011). Even though providing reproductive concessions to unrelated

immigrants may reduce their own mean fitness in benign years, the decreased likelihood of
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complete reproductive failure in harsh years would increase the longer-term fitness for all group
members, many of whom happen to be relatives (Gillespie, 1977; Starrfelt & Kokko, 2012).
Although we did not examine variation in individual fitness of resident males in this study, future
work should examine other plural breeding species within a bet-hedging framework, as has been
done for singular breeders (Capilla-Lasheras et al., 2021) where indirect fitness benefits
associated with bet-hedging may be important (Kennedy et al., 2018). For example, multi-
foundress social groups in cooperative Polistes wasps have been shown to similarly provide
insurance against complete colony failure (Reeve & Nonacs, 1997).

Previous work has linked plural breeding in vertebrates with reproductive output, but
with a focus on the life-history traits. In mammals, which have been the focus of most studies of
plural breeding, societies where the dominant female suffers minimal cost from subordinate
reproduction and thus tolerates the reproduction of subordinates are thought to have evolved
plural breeding (Cant et al., 2014; Kappeler & Fichtel, 2012). Subordinate tolerance should be
more common in species where females give birth to a single offspring (i.e., monotocy) as
opposed to a litter (i.e., polytocy), which leads to decreased competition for resources between
different females for their offspring (Lukas & Clutton-Brock, 2020). While avian species are
rarely monotocous, they can exhibit similar life-histories if predation reduces potential
competition for resources between breeders for their offspring by stochastically reducing the
number of offspring and kin structure within an offspring cohort (Beckerman et al., 2011).
Despite the clutch size of superb starlings ranging from 3-4 eggs (Rubenstein, 2016), for
example, the mean number of offspring fledged from a successful nest is two (Appendix B). This
almost 50% reduction in offspring number may greatly reduce resource competition between

breeders, facilitating plural breeding. Plural breeding may thus be generally more prevalent in
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cooperative societies with high variance in reproductive success and overall low annual and
lifetime reproductive success.

Reproductive success is low and more variable in unpredictable environments where
climatic uncertainty leads to low and variable fecundity. Our results suggest that in such
environments, reproductive sharing, as in plural breeding and polygynous societies, may be a
more successful strategy for the formation of large, cooperative societies than complete
reproductive monopolization as in singular breeding and monogynous societies (Lin et al., 2019;
Rubenstein et al., 2016a). This relationship between polygyny and environmental conditions has
been shown in social invertebrates between colonies of harvester ants (Pogonomyrmex
californicus) (Haney & Fewell, 2018) and between species in the wasp genus Polistes (Sheehan
et al., 2015), but has yet to be investigated in vertebrates. Thus, group augmentation benefits may
drive the evolution of reproductive sharing and the formation and maintenance of plural breeding
societies in unpredictable environments (Ostwald et al., 2021). In superb starlings, group
augmentation and plural breeding is partly driven by immigration of unrelated individuals from
other social groups, which are recruited to groups via reproductive concessions. While previous
theoretical and conceptual work has suggested that immigration may play a vital role in group
augmentation of cooperative societies where offspring recruitment is inadequate (Kingma et al.,
2014; Kokko et al., 2001), our study is one of the first to demonstrate this effect empirically.
However, recruitment of immigrants for group augmentation may be a more common
phenomenon than previously understood since complex cooperative societies with low and
mixed kin structure found in unpredictable environments remain poorly studied, despite the fact
that they are more common than previously recognized (Riehl, 2013). Finally, our results suggest

that despite the stabilizing influence of immigrants at the group level, dispersal patterns
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determined by individual benefits may still render some social groups unstable within a broader
metapopulation occupying an environmentally heterogeneous landscape. Considering selective
pressures acting on multiple levels will provide critical insights into the formation and

maintenance of complex, cooperative societies (Wright, 2007) and their population dynamics.
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2.6 Figures and Tables

Figure 2.1. Immigration increases the stability of superb starling social groups over time.
Graphs show the results of 100 simulations of a discrete time population growth model with
demographic processes (green) overlaid with longitudinal data from nine social groups (blue).
(A) With immigration set to zero, over half of all iterations (61%) resulted in group extinction in
29 time steps. (B) However, with immigration, only 16% of iterations resulted in group

extinction over the same time period.
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Figure 2.2. Group size increases the stability of superb starling social groups irrespective of
territory quality. With a larger starting group size (x-axis), the percentage of groups going
extinct over 29 time steps (y-axis) decreases for groups in both low (yellow-green lines) and high
(blue-purple lines) quality territories. However, higher territory quality lowers the probability of
extinction when starting group size is held constant. Points indicate means and error bars indicate

standard deviation generated from 10 runs of the model (100 iterations each).
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Figure 2.3. Reproductive concessions, immigration pattern, and reproductive fitness
outcomes for male immigrants in superb starling social groups. (A) Smaller groups fledge
fewer offspring in a given breeding season than larger groups (group size: N = 255,72 =2.99, P =
0.003), and groups with fewer than seven individuals (dotted red line) never fledge any
offspring. (B) Smaller groups also provide more reproductive concessions to immigrant males
compared to mid-sized groups (N = 177, small vs. medium: Z =2.27, P = 0.02; small vs. large: Z
=1.99, P =0.05). However, (C) males prefer to join larger groups (N =257, Z=2.08, P =0.04)
where they are able to (D) nest more times per breeding season (N =188, Z=2.10, P =0.04) and
thus (E) accrue higher reproductive success (N = 188, Z =3.87, P <0.001). Additionally, (F)
more immigrant males result in more breeding pairs (N =200, Z = 2.82, P = 0.005), and (G)
more breeding pairs increase the likelihood of reproductive success for the group as a whole (N =
200, Z =4.25, P <0.001), resulting in further group augmentation. Points indicate raw data
slightly jittered horizontally or vertically to improve visual discrimination. Blue lines indicate
model fits surrounded by 95% confidence intervals in light grey. Blue dots indicate means by
category, and asterisks indicate significant difference between categories (*: p-value < 0.05, ns:

p-value > 0.05).
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Table 2.1. Effect of group size on demographic processes in superb starling social groups.

We used estimates from these GLMMs with a negative binomial error distribution to

parameterize demographic processes in our discrete time population growth model to simulate

change in group size over time.

Demographic N  Fixed effect Estimate Std. V4 p-value 95% CI
process Error
Male 257  Intercept -1.46 0.56 -2.58 0.01 -2.63 -0.35
immigration Group size -0.02 0.04 -0.40 0.69 -0.10 0.07
Group size”2 0.0008  0.0007 1.22 0.22 -0.0006  0.002
Female 257  Intercept -2.00 0.51 -3.91 <0.001 -3.07 -1.002
immigration Group size 0.09 0.04 2.44 0.01 0.02 0.17
Group size”2 -0.001 0.0006 -1.75 0.08 -0.002  0.0002
Male 257  Intercept -1.13 0.19 -6.03  <0.001 -1.50 -0.78
disappearance Group size 0.04 0.006 6.17 <0.001 0.03 0.05
Female 257  Intercept -0.85 0.17 -5.11  <0.001 -1.19 -0.52
disappearance Group size 0.04 0.006  7.06 <0.001 0.03 0.05
Offspring 255  Intercept -2.77 0.54 -5.16  <0.001 -3.83 -1.76
recruitment Group size 0.17 0.04 4.63 <0.001 0.10 0.25
Group size”2 -0.002 0.0006 -3.13  0.002 -0.002  -0.0007
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Table 2.2. Effect of group size and territory quality on demographic processes in superb

starling social groups. We used estimates from these generalized linear mixed models with a

negative binomial error distribution to parameterize demographic processes in our discrete time

population growth model to simulate change in group size over time under varying social and

ecological contexts. Territory quality was quantified from monthly grass surveys (mean + SD =

68% =+ 16% grass cover; range = 19% - 99% grass cover).

Demographic N  Fixed effect Estimate  Std. Z p-value 95% CI
process Error
Male 122 Intercept -1.40 0.30 4.71 <0.001 -2.03 -0.83
immigration Group size 0.54 0.32 1.70 0.09 -0.07 1.20
Group size™2  -0.08 0.13 0.64 0.52 -0.36 0.18
Grass cover 1.33 0.44 3.04 0.002 0.62 2.37
Grass cover™2  -0.38 0.32 -1.20  0.23 -1.05 0.14
Female 122 Intercept -0.60 0.25 -240  0.02 -1.09 -0.10
immigration Group size 0.75 0.30 2.48 0.01 0.14 1.41
Group size™2  -0.31 0.14 -2.13  0.03 -0.62 -0.01
Grass cover 0.19 0.17 1.13 0.26 -0.16 0.55
Grass cover™2  0.10 0.13 0.75 0.45 -0.17 0.37
Male 122 Intercept -0.33 0.12 -2.68  0.01 -0.58 -0.10
disappearance Group size 0.45 0.10 4.54 <0.001 0.26 0.64
Grass cover 0.15 0.12 1.21 0.22 -0.09 0.39
Female 122 Intercept -0.11 0.11 -1.00 0.32 -0.34 0.10
disappearance Group size 0.37 0.10 3.73 <0.001 0.18 0.57
Grass cover 0.02 0.11 0.15 0.88 -0.20 0.24
Offspring 127  Intercept -0.62 0.27 -2.29  0.02 -1.16 -0.07
recruitment Group size 1.38 0.38 3.66 <0.001 0.68 2.16
Group size™2  -0.22 0.16 -1.35  0.18 -0.53 0.08
Grass cover -0.54 0.22 -2.48  0.01 -0.97 -0.13
Grass cover™2  -0.20 0.16 -1.27  0.20 -0.53 0.13
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Table 2.3. Empirical tests of predictions generated from results of population growth model
simulations. We used GLMMs for all analyses with error structure depending on the distribution

of the dependent variable (see Methods).

Dependent N Fixed Effect Estimate  Std. V4 p-value 95% CI
variable Error
Number of 255 Intercept -0.31 0.30 -1.04 0.30 -1.10  0.58
offspring recruited Group size 1.69 0.57 2.99 0.003 0.62 2.86
Group size * 2 -0.93 0.48 1.94 0.05 -1.92  -0.003
Reproductive 177 (a) Reference variable: “medium’ group size
concessions to Intercept -1.08 0.13 -8.58  <0.001 -148 -0.83
immigrant males group size (small) 1.04 0.46 2.27 0.02 0.13  1.98
group size (large) 0.12 0.19 0.63 0.53 -0.31 0.63
(b) Reference variable: “large” group size
Intercept -0.96 0.15 -6.34  <0.001 -1.43 -0.59
group size (small) 0.92 0.46 1.99 0.05 -0.00 1.89
group size -0.12 0.19 -0.63 0.53 -0.63  0.31
(medium)
Likelihood of male 257 Intercept -1.58 0.25 -6.36  <0.001 -3.02 -0.72
immigration Group size 0.41 0.20 2.08 0.04 0.00 0.84
Offspring -0.23 0.21 -1.09 0.27 -0.68  0.20
recruitment in the
previous breeding
season
Operational sex -0.35 0.20 -1.74 0.08 -0.76  0.06
ratio
Nesting attempts 188 Intercept 0.51 0.06 8.91 <0.001  0.33 0.64
by an immigrant Group size 0.11 0.05 2.10 0.04 0.01 0.22
male in a breeding Length of 0.20 0.06 348  <0.001 0.09 031
season breeding season
Likelihood of 188 Intercept -1.46 0.71 -2.04 0.04 -3.04  -1.33
reproductive Breeding attempts 0.78 0.20 3.87 <0.001 0.40 1.32
success
Likelihood of one 200 Intercept 0.42 0.62 0.68 0.50 -1.97  2.08
or more immigrant Breeding pairs 0.77 0.27 2.82 0.005 0.28 1.36
males breeding
Likelihood of 200 Intercept -1.64 0.44 -3.71  <0.001 -2.56 -0.58
group reproductive Breeding pairs 0.66 0.15 433  <0.001 0.37 0.98

SUCCESS
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Chapter 3: Fine-scale environmental conditions that govern
dispersal determine population genetic structure of a complex
cooperative breeder

3.1 Introduction

Across cooperatively breeding species, in which individuals form social groups and
jointly care for young, group social structure varies in complexity from small kin-based groups
with a single breeding pair to large groups with low kin structure and multiple breeders (Riehl,
2013). In such species a minimum number of social group members are needed for survival and
successful reproduction (Courchamp et al., 1999b). If groups are unable to recruit enough
individuals through reproduction, they may additionally recruit unrelated individuals that
disperse out of other social groups (Kingma et al., 2014; Shah & Rubenstein, in prep), increasing
social group complexity. Dispersal is thus a key demographic process determining the
complexity of a group’s social structure. Variation in dispersal patterns may generate
considerable variation in the social structure of groups, even within the same population of a
cooperatively breeding species.

Dispersal patterns are often determined by fine-scale social and ecological environmental
variables, such as group size and territory quality, which may covary. Most theoretical work
assumes (Shen et al., 2014; Shen et al., 2017), and some empirical studies have shown (Ridley,
2016), that larger groups in higher quality territories are more likely to resist potential
immigrants. Moreover, immigrants might have better access to breeding opportunities in, and
thus prefer to join, smaller groups (Bergmiiller et al., 2005a; Nelson-Flower et al., 2018).

However, these studies have largely been limited to cooperative breeders that only form small,
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kin-based family groups with breeding opportunities monopolized by one breeding pair
(Bergmiiller et al., 2005a; Nelson-Flower et al., 2018; Ridley, 2016). In complex cooperative
breeders, where groups can have multiple breeding pairs, the potential fitness payoffs for
immigrants may instead be higher in larger groups where they experience increased likelihoods
of survival and reproductive success (Shah & Rubenstein, in prep). In a heterogeneous landscape
where larger groups are found on higher-quality territories, directional dispersal from groups in
low- to groups in high-quality territories can thus create a pattern of increasing complexity of
group social structure with increase in territory quality.

Superb starlings (Lamprotornis superbus) are avian cooperative breeders forming
complex cooperative groups that experience high spatiotemporal variation in rainfall
(Rubenstein, 2016) which influences demographic processes, such as dispersal, and group
dynamics (Shah & Rubenstein, in prep). Groups defend year-round territories centered around
glades (Rubenstein, 2016), open areas embedded within a matrix of semi-arid bushland that were
created as a result of high nitrogen and phosphorus input from former Maasai livestock corrals
(Augustine, 2003). Glades host a unique, nutrient-rich grass community and a high density of
insect prey that is critical for feeding starling chicks (Rubenstein, 2007d). Coarse-grained spatial
variation in rainfall interacts with finer-scale variation in glade characteristics (e.g., age, size, and
duration of the original livestock corral) to determine the quality of superb starling territories
(Rubenstein, 2007d). Thus, glades form discrete patches of suitable breeding and foraging
habitat that are clearly distinguishable in a matrix of lower quality savanna bushland (Augustine,
2003). Immigration decisions in superb starlings are at least partly influenced by this spatial
variation in territory quality because even though smaller groups in lower quality territories stand

to benefit more from immigration and provide greater joining incentives to dispersing
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individuals, male dispersers prefer to join larger groups in higher quality territories where they
stand to gain higher individual-level survival and reproductive benefits (Shah & Rubenstein, in
prep). Thus, dispersal patterns driven by grouping benefits on an individual level may generate
extensive intraspecific variation in group social structure in this species.

Here, we employed a landscape genetic approach to infer patterns of dispersal, resulting
in gene flow, between social groups spanning an environmental gradient. Since our study
population is spatially structured (i.e., social groups occupy discrete habitat patches with varying
inter-group geographic distances), we first examined patterns of isolation-by-distance (IBD) to
account for the effect of geographic distance on gene flow and the resulting population genetic
structure. IBD predicts that individuals at shorter geographic distances will be more genetically
similar due to short dispersal distances or a high frequency of retention of individuals in their
natal territories (Wright, 1942). We predicted that males, who are more likely to remain in their
natal group (~70%) than females (~50%) (Rubenstein, 2016; Shah & Rubenstein, in press), will
show a higher degree of IBD than females. However, since a high proportion of social group
members of both sexes are immigrants (~30% of males and ~50% of females in groups where
average (£ SD) group size is 23 £ 11 individuals) (Shah & Rubenstein, in press), we predicted
that dispersal between groups will be greater, and dispersal distances longer, for both sexes than
has been shown in other cooperatively breeding bird species (e.g., Harrison et al., 2014; Leedale
et al., 2018; Nelson-Flower et al., 2012; Painter et al., 2000). Finally, we predicted that the high
frequency of dispersal in both sexes, as well as long dispersal distances, will lead to a low degree
of global genetic differentiation (global Fst) among social groups (Malécot, 1948; Wright,

1946).
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Next, to understand patterns of dispersal between groups as a function of fine-scale
environmental variation, we quantified variation in among- and within-group genetic structure in
relation to territory quality. Since we know that superb starlings prefer to disperse into groups
with higher quality territories (Shah & Rubenstein, in prep), we predicted that genetic
differentiation among groups will reflect a pattern of gene flow from low- to high-quality
territories. Specifically, we predicted that (i) genetic structuring among groups (i.e., global Fsr)
will be stronger across social groups in low- than groups in high-quality territories, (ii) genetic
differentiation between groups (i.e., pairwise Fst) will be stronger between two social groups
occupying lower quality territories than between either two groups occupying higher quality
territories or one group occupying a lower quality territory and the other a higher quality
territory, (ii1) genetic diversity (i.e., nucleotide (pi) and gene (He) diversity) of groups will
increase with territory quality, and (iv) genetic structure within groups (i.e., kin structure) will
decrease with increasing territory quality. Ultimately, identifying patterns of between-group
dispersal is fundamental to understanding variation in social structure of cooperatively breeding

groups.

3.2 Methods

Data collection

Genetic samples

We sampled 7-19 adult and subadult individuals (mean = SD = 11 £ 4 individuals) from
22 superb starling social groups across an environmental gradient spanning approximately 200
km? (from 0° 16' 50.991" N, 36° 50' 22.2" E (southwest corner) to 0° 31' 2.5752" N, 36° 55'

27.876" E (northeast corner) at the Mpala Research Center, Kenya (Fig. S3.1, Table S3.1). The
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two farthest groups were 26.13 km apart and the mean (= SD) distance between neighboring
groups was 1.97 km (£ 2.18 km). Among the 22 social groups sampled, eight have been
monitored since 2001 (Fig, S3.1, orange). The other 14 social groups were identified via surveys
in 2018 (Fig. S3.1, blue). Territories of 5 of 22 groups overlapped with permanent or semi-
permanent human settlements and cattle ranching activities (Fig. S3.1, triangles), which likely
affects their group dynamics (Shah & Rubenstein, in prep).

Birds were captured using baited pull-string traps or mist-nets. Although birds from the
long-term study population were caught between 2002 and 2018, all individuals in our sample
set were last seen between 2015-2019 (except two last seen in 2007 and 2014). Birds from social
groups not part of the long-term study were caught in 2018 and 2019 during the non-breeding,
dry season. Trapping was opportunistic, with an aim of catching 10 individuals per social group.
However, in some of the smaller social groups, birds became increasingly trap shy after about 7
individuals were caught and banded and not many unbanded individuals remained in the group.
We abandoned trapping effort in these groups in the interest of time after multiple days passed
without successful capture of unbanded individuals. All samples from social groups not part of
the long-term study population were collected within an average of 16 days (range: 1-42 days;
two groups were sampled in both 2018 and 2019 for sampling periods of <5 days). Age of
individuals was determined based on eye color (sensu Guindre-Parker & Rubenstein, 2020). We
collected blood from the brachial vein and stored it in Queens lysis buffer (Seutin et al., 1991).
We extracted DNA from the blood samples using a DNeasy Tissue Kit (QIAGEN). We used
PCR primers that have been previously confirmed in superb starlings (Rubenstein, 2007b) to

determine the sex of each individual (Griffiths et al., 1998).
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Genetic sequencing

We used double-digest restriction-site associated DNA sequencing (ddRAD seq) to
identify single nucleotide polymorphisms (SNPs) across the genome of all individuals in our
dataset following established protocols (Peterson et al., 2012; Thrasher et al., 2018). We used
adapters ligated to Sbfl-HF and Mspl—both frequent cutter restriction enzymes selected to
maximize the number of loci recovered (Thrasher et al., 2018)—to digest the DNA, ran low-
cycle PCR to add index primers, selected fragments in the range of 400-700 base pairs (bp) using
BluePippin, and pooled index libraries. The pooled fragments were sequenced on an Illumina
NextSeq 500 at the Cornell University Biotechnology Resource Center to obtain 150 bp paired-
end reads.

We trimmed all reads to 147 bp using a FASTX Trimmer, filtered the reads using
FASTQ Quality Filter, and demultiplexed the reads using the process_radtags program from
STACKS v2.3d (Catchen et al., 2013). We concatenated the forward and reverse reads for each
sample as per the protocol described by Rochette et al. (2019). We aligned the reads to the
superb starling reference genome (Rubenstein et al., 2021) using Bowtie 2 (Langmead &
Salzberg, 2012) and called SNPs using the gstacks program from STACKS v2.3d. Finally, we
used the populations program from STACKS v2.3d to export SNPs and population summary
statistics. We restricted the analysis to a single SNP from each RAD locus to filter out tightly
linked SNPs and required that a locus be present in at least two-thirds of all social groups (15 out
of 22) and in at least 75% of all individuals. Finally, we required a minimum minor allele
frequency of 5% (Linck & Battey, 2019) and maximum observed heterozygosity of 80%

(Hohenlohe et al., 2011) for a nucleotide site at a locus to be processed. Our final dataset
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comprised 4,068 polymorphic loci (8,136 SNPs) at a mean (+ SD) coverage depth of 21.9x (£
6.3x) (range: 1.4x — 40.3x).

To estimate genetic differentiation across groups, we calculated global Fst among social
groups using the “fstat” function in the R package adegenet (Jombart, 2008), and pairwise Fsr
between social groups as well as the inbreeding coefficient (Fis), nucleotide diversity (pi), and
gene diversity (He) per social group using the “fstats” flag in the populations program in
STACKS (Catchen et al., 2013) (Table S1). To calculate within-group kin structure, we
calculated the average relatedness coefficients of all individuals sampled from a group (mean +
SD = 11 + 4 individuals per group) as well as the average relatedness of males (N mean + SD =6
+ 2 males per group) and females (mean £ SD = 5 + 3 females per group) separately using the R

package related (Pew et al., 2015).

Territory quality

To quantify territory quality, we computed normalized difference vegetation index
(NDVI) in Google Earth Engine using PlanetScope 4-band multispectral, orthorectified imagery
at Sm resolution obtained from Planet Labs (Planet Team, 2017). NDVI is a measure of
vegetation greenness (i.e., chlorophyll level), calculated by comparing the relative amount of
near-infrared versus the visible red light reflected back (Tucker, 1979), and is known to be an
accurate measure of rainfall in the previous six months on this landscape (Goheen et al., 2013) as
well as resource availability in glades (Castillo Vardaro et al., 2021). We estimated territory
boundaries by creating a circular buffer of 300 m radius around the center of each social group’s
territory (Table S3.1), determined using nest locations, when available, as well as trapping

locations. We then averaged NDVI across all pixels within the boundary to obtain monthly
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measures of NDVI for each site from January to December 2018 (Table S3.2), which we then
used to calculate the annual mean and coefficient of variation (CV) of NDVI for each social
group’s territory for 2018 (annual mean NDVI: range = 0.31 to 0.42, mean + SD = 0.36 + 0.03;
annual CV of NDVI: range = 0.21 to 0.41, mean + SD = 0.31 £ 0.04). Varying buffer radius size
yielded highly correlated values of annual mean and CV of NDVI (Table S3.3). Rainfall on the
savanna is highly seasonal with two rainy seasons per year (March-August and October-
November), which was reflected in the monthly NDVI values (Fig. S3.2c). However, annual
mean NDVI was significantly higher for more southern sites (t =-5.83, df =20, P <0.001, 95%
CI=-0.43 to -0.20; Fig. S3.2a), a pattern that was consistent with the known rainfall gradient
(Goheen et al., 2013). Annual CV of NDVI of was more variable across territories and did not
show a linear relationship with latitude (t = 0.18, df = 20, P = 0.86, 95% CI =-0.07 to 0.40; Fig.

S3.2b).

Data analysis
Isolation-by-distance and global genetic structure

To examine patterns of isolation by distance, we generated distance matrices for pairwise
geographic and genetic distances using the “dist” function in R (R Core Team, 2019). We then
calculated Mantel’s r for both sexes to estimate the sex-specific degree of isolation by distance
using the “mantel” function in the package ecodist (Goslee & Urban, 2007) with 10,000
permutations to assess significance (Nmales = 123; Nfemates= 114). We also used Mantel
correlograms generated using the “mgram” function from the same package to compare pairwise
geographic and genetic distances within 14 distinct distance classes, each 1.87 km wide. The

number and width of distance classes were determined by Sturges’ rule to ensure even sampling.

88



To estimate the degree of genetic structuring across the study population, we used the value of
global Fsr (see above). We used the “gstat.randtest” function in the R package adegenet to
implement Goudet's G-statistic Monte Carlo test with 1,000 permutations to assess the
significance of the global Fst value. Since this function does not work with missing data, we
used a trimmed dataset of 1,653 polymorphic loci, which excluded loci with more than 2%

missing data. Trimming the dataset did not affect the global Fst value.

Fine-scale environmental variation and gene flow

To understand the dispersal patterns driven by individual level benefits of group living in
our study population, we examined variation in between- and within-group genetic structure in
relation to territory quality. First, we broadly categorized groups as occupying low- or high-
quality territories based on whether their mean annual NDVI values were less than or greater
than the mean (mean NDVI = 0.36) (Njow = 12, Nnigh = 10), and calculated global Fsracross
social groups within the two categories. Second, we ran a partial Mantel test using the “mantel”
function in the ecodist package to estimate the correlation between pairwise Fst between two
social groups and the quality of their territories while accounting for the geographic distance
between them. For a pairwise value of territory quality, we used the mean of the mean annual
NDVI of the two social groups such that social groups that were both on high-quality territories
had a higher pairwise value of NDVI than a pair in which one social group occupied a low- and
the other a high-quality territory. Pairs in which both social groups occupied low-quality
territories had the lowest pairwise value of NDVI. Third, we fit separate linear models with two
measures of genetic diversity—nucleotide diversity (pi) and expected heterozygosity (or gene

diversity, He)—as the dependent variables and mean and CV of annual NDVI, and proximity of
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the group to permanent human settlement (yes/no) as the fixed effects (N = 22). Finally, we fit
three linear models with average relatedness among all within-group individuals, males only, and
females only as the dependent variables, and mean and CV of annual NDVI and proximity of the
groups to permanent human settlement (yes/no) as the fixed effects (N = 22). The interaction
between the mean and CV of NDVI was also included in the models, but later removed if not
significant. Since the mean and CV of annual NDVI were not correlated (Pearson’s r = 0.04), we
were able to independently examine the effects of both average resource availability and degree
of variation in resource availability across a year. Linear models were fit using the R package
Ime4 (Bates et al., 2015). Continuous fixed effects were standardized using z-scores (Schielzeth,

2010). All statistical analysis was conducted in R (R Core Team, 2019).

3.3 Results

Isolation-by-distance and global genetic structure

As we predicted, superb starling males showed significant IBD (Mantel’s r = 0.15, P =
0.001, 95% CI =0.14 to 0.18), but females did not (Mantel’s r = 0.06, P =0.13, 95% CI = 0.02
to 0.14). Although neither sex showed a significant positive autocorrelation in any distance class
in their Mantel correlograms (Fig. 3.1, Table S3.4), significant negative autocorrelations at
similar distance classes for both sexes (males: three distance classes from 18.66-24.26 km;
females: one distance class from 14.93-16.80 km) suggests that males and females can each
disperse up to at least 15 km away from their natal group. Males also showed additional
significant negative autocorrelation at the second distance class (1.87-3.73 km). Since the mean
(= SD) distance between neighboring groups in our study population is 1.97 km (£ 2.18 km), this

result indicates that a higher proportion of males remain in their natal group instead of
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dispersing. Our findings are consistent with the two alternative dispersal tactics known to be
exhibited by male superb starlings (Shah & Rubenstein, in press)—they either disperse around 1
year of age (~30%) or remain in their group for their lifetime (~70%)—as well as anecdotal
evidence of color-banded superb starlings from our long-term study population near Mpala
Research Center having been sighted in a village 19 km away (W. N. Watetu, pers. comm.).
Further, these large dispersal distances explain our findings of weak, non-significant genetic
structure across all superb starling social groups in our study population (global Fst=0.04, P =
0.22). Consistent with this result, all social groups showed levels of heterozygosity higher than
or equal to that expected under Hardy-Weinberg equilibrium, and none of the social groups

showed significant levels of inbreeding (Fis < 0 for all groups, Table S3.1).

Fine-scale environmental variation and gene flow

Multiple lines of evidence suggest that superb starling social groups experience
directional dispersal from groups in low- to groups in high-quality territories. First, genetic
structure across social groups was slightly higher for those occupying territories with lower-than-
average quality territories (Fst = 0.06) than those in higher-than-average quality territories (Fst =
0.03). Second, we found significant negative autocorrelation between pairwise Fst and pairwise
territory quality while accounting for geographical distance between social groups (Mantel’s r =
-0.56, P =0.001, 95% CI = -0.67 to -0.48). Pairs in which both social groups occupied low-
quality territories were more genetically differentiated than pairs in which one social group
occupied a high- and the other a low-quality territory and pairs in which both social groups
occupied high-quality territories. Third, both measures of genetic diversity—nucleotide diversity

(p1) and gene heterozygosity (He)—of social groups increased with an increase in annual mean

91



NDVI. Nucleotide diversity also showed a negative relationship with annual CV of NDVI while
gene heterozygosity showed a similar, marginally significant trend, indicating that genetic
diversity of social groups is also higher in territories that experience more consistency in territory
quality across the year (Table 3.2, Figure 3.2). Fourth, we found a significant effect of the
interaction between the annual mean and CV of NDVI on within-group kin structure when
considering all individuals and when considering only males, but not when considering only
females (Table 3.3, Figure 3.3). Kin structure decreased with an increase in annual mean NDVI,
and the slope of this relationship was steeper among groups with higher variability in NDVI
values across the year (i.e., higher CV) than among groups with less variable intra-annual NDVI
(Table 3.3, Figure 3.3). Thus, groups in the highest quality territories (high mean and low CV of
NDVI) had the lowest average relatedness between all group members and between only males
in the group. Groups whose territories overlapped with permanent human settlement also had

significantly higher group and male-only relatedness (Table 3.3).

3.4 Discussion

In cooperatively breeding species, the complexity of group social structure is largely
driven by dispersal, with more complex social groups comprising a high proportion of
immigrants that leads to larger group sizes and multiple breeding pairs (Shah & Rubenstein, in
prep). Within species that form complex social groups, considerable intraspecific variation in
group complexity may arise due to variation in dispersal patterns among social groups.
Investigating how fine-scale environmental variation governs patterns of dispersal between
social groups can thus help us understand intraspecific variation in social structure and the

environmental conditions that underlie the formation of more complex cooperative groups. In
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this study we present genetic evidence of directional dispersal in an avian cooperative breeder, as
indicated by gene flow, into groups occupying higher quality territories. Directional dispersal
likely generates a pattern of increasing complexity of social structure with increase in territory
quality. Our results suggest that variation in dispersal patterns can generate variation in the social
structure of groups within the same population of a complex cooperative breeder.

Superb starlings form large, mixed-kin groups that comprise a high proportion of
immigrants of both sexes (Shah & Rubenstein, in press) indicating that these discrete social
groups are connected by relatively high rates of dispersal. Indeed, we found that even though
males, the less dispersive sex, show a degree of isolation-by-distance, both sexes show genetic
signatures of long dispersal distances of up to at least 15 km away from their natal territory.
Since the average distance between territories in our study population is just 1.97 km, superb
starlings appear to not simply disperse into neighboring social groups, but rather travel farther in
search of social groups where they can maximize their survival and reproductive fitness benefits.
The weak genetic structuring that we observed across all 22 social groups in our study
population, and inbreeding coefficient values equal to or lower than zero for each group, further
suggest a pattern of higher dispersal and gene flow between superb starling social groups than
has been found in other avian species forming cooperative societies (Harrison et al., 2014;
Leedale et al., 2018; Painter et al., 2000).

The difference in dispersal distances and genetic structuring between superb starlings and
other avian species forming cooperative groups (e.g., Fitzpatrick & Bowman, 2016; Nelson-
Flower et al., 2012) may be explained by two factors. First, previous studies have focused
heavily on species forming small, primarily kin-based cooperative social groups with only one

breeding pair (e.g., Double et al., 2009; Fitzpatrick & Bowman, 2016; Leedale et al., 2018;
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Nelson-Flower et al., 2012). This group structure, where most or all non-breeding individuals are
offspring of the breeding pair from previous broods, limits dispersal between social groups and
leads to stronger genetic structure (Wright, 1946). When individuals do disperse, they typically
transition from subordinate helpers to dominant breeders in the non-natal territory (i.e., disperse
to fill a breeding vacancy or an empty territory) (Fitzpatrick & Bowman, 2016; Nelson-Flower et
al., 2012). In this scenario, short-distance dispersal may be beneficial due to continued
familiarity with the surroundings (Fitzpatrick & Bowman, 2016; Nelson-Flower et al., 2012) or
the option to revert to helping kin in case of their own reproductive failure (Emlen & Wrege,
1992; Leedale et al., 2018). However, since superb starlings typically disperse as non-breeders
(Shah & Rubenstein, in prep), the benefits of short-distance dispersal for species forming small,
kin-based family groups are likely to be different than those for species like superb starlings for
whom access to resources for longer-term survival and reproductive benefits may instead be key
(Shah & Rubenstein, in press; Shen et al., 2017). Second, species forming small, kin-based
cooperative groups typically live in a patch of contiguous habitat with multiple, neighboring
territories, such that dispersal to a territory that is further away may lead to negative interactions
with conspecifics and prove costly (Daniels & Walters, 2000). In contrast, superb starling
territories are typically separated by a kilometer or more of habitat matrix that is unsuitable for
breeding and foraging but may be easily traversed for dispersal into far away social groups.
Although dispersal is not limited by geographical distance within our study population,
fine-scale variation in genetic structure in relation to territory quality of social groups suggests
that it is governed by local environmental conditions. Directional dispersal from groups
occupying lower quality territories to groups occupying higher quality territories is indicated by

the results of pairwise comparisons between genetic distance and territory quality. Pairs in which
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both social groups occupied lower quality territories showed the highest values of pairwise
genetic differentiation, whereas pairs in which both groups occupied higher quality territories
were the least genetically differentiated. These results suggest that the social structure of groups
increases in complexity with increase in local environmental quality because of higher
immigration rates. Within a population that on the whole experiences harsh and unpredictable
environmental conditions with regards to resource availability and survival of nestlings
(Rubenstein & Lovette, 2007; Shah & Rubenstein, in press), this dispersal pattern is likely driven
by benefits of living in larger groups as has been suggested in previous studies (Shah &
Rubenstein, in prep).

Directional dispersal into high-quality territories is also evident in the pattern of within
group kin structure across the heterogeneous environment. Interestingly, we found that not only
is kin structure lower in groups with higher values of mean annual resource availability
(measured as NDVI), but that this relationship is stronger among groups with higher variance in
resource variability across the year. Thus, territory quality appears to be driven by the
consistency of resource availability across the year in addition to the average amount of food
resources. When partitioned by sex, the kin structure of males, but not females, showed a similar
relationship with mean and variance in resource availability. In superb starlings, males are the
less dispersive sex and are able to attain breeding positions within their natal groups if they
forego dispersal (Rubenstein, 2016). Their likelihood of dispersing is tied to interannual variation
in rainfall, with males more likely to disperse if born following a period of higher rainfall during
the dry season preceding their breeding season of birth (Shah & Rubenstein, in press). Across the
environmental gradient in our study area, rainfall is higher in the south than the north (Goheen et

al., 2013). Thus, our results coupled with insight from previous studies suggest that more
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northern groups, occupying low-quality territories, may experience both higher retention of natal
males as well as lower immigration of non-natal males, generating significant male kin structure.
In contrast, preferential immigration by males into more southern groups on high-quality
territories likely dilutes their kin structure. Thus, social groups within our population may fall on
a gradient from more kin-based, smaller groups with fewer breeding pairs in the north to larger
groups with lower kin structure and more breeding pairs in the south.

In summary, we have shown that in superb starlings, individuals of both sexes disperse
frequently and across long distances, and that, at least for males, dispersal is directional with
respect to fine-scale environmental conditions. Directional dispersal from groups occupying
lower quality territories to groups occupying higher quality territories likely shapes intraspecific
variation in the complexity of group social structure within our study population. Although
previous studies have examined interspecific variation in the group social structure (Lin et al.,
2019) and even intraspecific variation in social structure of groups found in different,
geographically isolated populations of the same species (Komdeur, 1992; Ligon et al., 1991),
few studies have examined finer-scale variation of social structure between groups within the
same population of a cooperatively breeding species. Our results suggest that understanding the
role of the link between fine-scale environmental conditions and demographic processes, such as
dispersal, in determining the structure of social groups within a population can shed light on how

and why complex cooperative societies arise and are maintained.
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3.5 Figures and Tables
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Figure 3.1. Mantel correlograms of genetic and geographical distance for both sexes.
Circles indicate Mantel’s r values; grey lines indicate 95% confidence intervals. Both males (N =
123) and females (N = 114) showed evidence of long-distance dispersal with significant negative
autocorrelation (filled circles) in genetic and geographical distance at >15 km. Males also
showed evidence of dispersal constraints at <1.87 km, with significant negative autocorrelation
between 1.87-3.73 km. This result is unsurprising since ~70% of males remain in their natal
groups for their lifetimes, and the mean distance between neighboring groups in our study

system is 1.94 km.
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Figure 2.2. Variation in genetic diversity of superb starling groups with territory quality.

Both (A) nucleotide diversity (t =3.37, P = 0.003) and (B) gene diversity (t =4.00, P <0.001)

increased significantly with an increase in mean annual NDVI of social groups. Moreover, (C)

nucleotide diversity decreased significantly with an increase in annual CV of NDVI (i.e., higher

intra-annual variability in resource availability) (t=-2.13, P = 0.04). (D) The relationship

between gene diversity and annual CV of NDVI showed a similar trend but was not significant (t

=-1.92, P=10.07). Points indicate raw values (N = 22), and line type indicates the significance of

the relationship (solid line = significant, dotted line = not significant). Model estimates are bound

by 95% confidence intervals (shaded areas).
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Figure 3.3. Variation in within-group Kin structure of superb starlings with territory
quality. (A) Groups in territories with higher annual mean NDVI showed lower within-group kin
structure, and this relationship was stronger among groups with high intra-annual variation in
territory quality (t =-2.30, P =0.03). (B) The results were the same when we considered the kin
structure of only males (t =-2.63, P = 0.02), however (C) female kin structure did not show a

significant linear relationship with either measure of territory quality (mean: t=-1.66, P =0.11;
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CV:t=1.06, P =0.30) nor a significant effect of their interaction term (removed from final
model on account of not being significant, see Methods and Results). Colors indicate CV of
annual NDVI (light green = high CV; dark green = low CV). Model estimates (solid line =
significant effect, dashed line = non-significant effect) are bounded by the 95% confidence

interval (shaded areas). Points indicate raw data (N = 22).
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Tables

Table 3.1. Results of linear models examining variation in genetic diversity in relation to
territory quality. Both the nucleotide diversity (pi1) and gene diversity (He) of social groups
increased with increase in average resource availability over the year (mean NDVI).
Additionally, nucleotide diversity showed a significant increase with decrease in intra-annual
variation (i.e., more consistency) in resource availability (CV of NDVI). Gene diversity showed

a similar trend with respect to CV of NDVI, but the relationship was not significant.

Effect Estimate  Std. Error t value 95% CI p-value
(A) Nucleotide diversity (p1)

Intercept 0.23 0.002 103.29  0.23 0.24 <0.001
Mean NDVI 0.01 0.002 3.37 0.003 1.36 0.003
CV of NDVI -0.004 0.002 -2.13 -0.01  -0.00 0.04
Proximity to permanent -0.01 0.006 -1.84 -0.02  0.001 0.08
human settlement (yes)

(B) Gene diversity (He)

Intercept 0.22 0.002 87.53 0.21 0.23 <0.001
Mean NDVI 0.01 0.003 4.00 0.005  0.02 <0.001
CV of NDVI -0.004 0.002 -1.92  -0.008 0.0003 0.07
Proximity to permanent -0.01 0.006 -1.74 -0.02  0.002 0.10

human settlement (yes)
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Table 3.2. Results of linear models examining variation in within-group Kkin structure of all
individuals and both sexes separately with territory quality. When all individuals and only
males were considered, kin structure was lower in groups with higher resource availability on
average across the year (mean NDVI). This relationship was stronger among groups with high
intra-annual variability (i.e., lower consistency) in resource availability than among groups with
more consistent levels of food resources available throughout the year. Females, however, did
not show a significant linear relationship with either measure of territory quality or an interaction

between the two (removed from the final model on account of being not significant).

Effect Estimate  Std. Error tvalue 95% CI p-value
(A) All individuals

Intercept 0.06 0.01 5.19 0.03 0.08 <0.001
Mean NDVI -0.05 0.01 -451  -0.08 -0.03 <0.001
CV of NDVI 0.00 0.01 0.12 -0.03  0.03 0.91
Proximity to permanent 0.07 0.03 2.42 0.01 0.13 0.03
human settlement (yes)

Mean NDVI x CV of NDVI -0.03 0.01 -230  -0.05 -0.002 0.03
(B) Males only

Intercept 0.08 0.01 6.70 0.05 0.10 <0.001
Mean NDVI -0.06 0.01 -444  -0.08 -0.03 <0.001
CV of NDVI 0.004 0.01 0.28 -0.03  0.03 0.78
Proximity to permanent 0.15 0.03 4.96 0.08 0.21 <0.001
human settlement (yes)

Mean NDVI x CV of NDVI -0.03 0.01 -2.63  -0.06 -0.01 0.02
(B) Females only

Intercept 0.04 0.02 1.60 -0.01 0.09 0.13
Mean NDVI -0.05 0.03 -1.66  -0.11 0.01 0.11
CV of NDVI 0.02 0.02 1.06 -0.02  0.07 0.30
Proximity to permanent 0.02 0.06 0.36 -0.11 0.16 0.72

human settlement (yes)
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Appendix A: Supplementary Information for Chapter 1

Estimating the age of dispersal for males

We inferred the age of dispersal of males indirectly using four lines of evidence: (i) the
modal age at which males disappear from their natal group (N = 155); (i1) the categorical age of
immigrant males dispersing into the study population as determined by plumage and eye color
(fledglings: <4 mo, sub-adults: 4 mo — 1 yr, adults: >1 yr) (N = 97); (iii) the likelihood of males
being detected in the census in their first year of life (N = 103); and (iv) the minimum age of first
breeding by resident males (N =29). We found that (i) 33% of natal males that disappeared did
so within the first six months of hatching (Fig. S2A). If six months is the modal age of dispersal,
most immigrants into the study population should be in juvenile (<1 year of age; fledgling or
sub-adult) plumage. However, (ii) 90% of male immigrants into the study population were in
adult plumage (i.e., >1 year of age) (Fig. S2B). Depending on the month and season (short vs.
long rains) of their birth, males would be between 8-11 months old at the start of the breeding
season in which they reach sexual maturity. Coupled with individual variation in plumage and
eye color, this may explain the distribution of categorical ages of immigrants into our study
population. Thus, we reasoned that natal males disperse around 1 year of age but the majority of
them are likely missed in the census during the one breeding season that they spend in their natal
group before they disperse, largely because of our methods for performing censuses. However,
dispersal patterns remain to be rigorously quantified in superb starlings, which may be possible
in the future with the advent of lightweight GPS tracking devices.

Since our census effort is largely opportunistic, it is common for individuals to be missed
for multiple breeding seasons before being seen again, especially if they did not breed or act as

an alloparent (Guindre-Parker & Rubenstein, 2020). We found that (iii) of all the males that
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remained in their natal group past 1 year of age, 64% were missed in the census at age 0.5 years
(six months). Furthermore, the likelihood of missing individuals was higher in the period
preceding and during the short rains breeding seasons (70%; Jul-Nov) than in the period
preceding and during the long rains breeding seasons (48%; Dec-Jun), which directly matches
the variation in census effort. Finally, when we set age of dispersal as 1 year, 52 of 185 (28%)
natal males were classified as “dispersed” in our dataset, a proportion that closely matches the
proportion of male immigrants in the study population (see Results) and gives us more
confidence in our inference of dispersal age. Moreover, (iv) the minimum age of first breeding
by resident males was at one and a half years old, further suggesting that males are
reproductively immature in their first year of life and may thus disperse at around one year of
age. Although we cannot confirm that males dispersed rather than died, the increased likelihood
of dispersal following benign prenatal conditions (see Results) suggests that these males did
indeed disperse, since mortality would be higher following harsher conditions.

To further ensure that this relationship is not driven by mortality, we (i) built a linear
model of hatchling mass pre-fledging (at ten days-old, modal age at banding) and prenatal
rainfall, and (i1) added cumulative rainfall during the breeding season (i.e., “natal rainfall”) as a
fixed effect in our dispersal model. We found that (i) hatchling mass did not vary significantly
with variation in prenatal rainfall (Z = 1.19, P = 0.25), unlike other studies where the effect of
harsh ecological conditions on post-fledging survival has been shown to be mediated by
hatchling mass pre-fledging (Bourne et al., 2020; Ridley et al., 2021). Only hatchlings that
fledged successfully were included in the analysis (N =47 over 33 breeding seasons from 34
unique nests across all nine social groups). Social group, breeding season, and nest ID were

included as random effects. Moreover, (ii) natal rainfall was not correlated with prenatal
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(Pearson’s r = 0.01) or juvenile period (Pearson’s r = -0.03) rainfall, and it did not predict natal

dispersal in males or affect model results (Table S2).

Calculating additional measures of lifetime fitness

When the fitness accrued by natal males in their first year was excluded, resident and
immigrant males had similar indirect and inclusive lifetime fitness (indirect: U = 2607, P = 0.94,
inclusive: U = 2765, P =0.52). Since males do not accrue any direct fitness as juveniles,
excluding fitness gained during the first year did not affect variation in direct fitness by dispersal
status. Natal males that dispersed accrued significantly less indirect fitness as juveniles in their
first year than natal males that remained in their natal group, suggesting that immigrants into our
study population did not accrue considerable indirect fitness prior to dispersing (N = 185, U =
4241, P =0.003). Furthermore, acting as an alloparent during the juvenile stage may be part of
the tactic of philopatry as has been shown in other cooperatively breeding species (Clutton-
Brock et al., 2002; Green & Hatchwell, 2018).

To account for mortality during dispersal, we added immigrants with zero lifetime fitness
to the dataset in 10% increments and compared the lifetime fitness of immigrants and residents.
When comparing only fitness accrued as an adult (i.e., excluding fitness accrued by residents in
their first year of life), we found that residents had significantly higher direct, indirect, and
inclusive lifetime fitness when 70%, 40%, and 50% of immigrants with zero fitness were added,
respectively (Table S1). With fitness from the first year of the residents’ life included, the
inclusive fitness of residents was significantly higher with 20% of immigrants with zero fitness
added (Table S1). Although we do not have an estimate of mortality during dispersal in our study

population, there is no evidence of floaters in this species, suggesting that mortality rate of
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dispersers is much lower than estimates in other cooperatively breeding species (Kingma et al.,
2016; Walters et al., 1992).

To account for biases in estimates of lifetime fitness from having excluded males that
were still alive at the end of the study period (2017 long rains breeding season), we excluded
males from birth cohorts that had one or more males still living. For example, if a resident male
born in 2006 long rains breeding season was still alive in the 2017 long rains breeding season,
we excluded all resident males born in the 2006 long rains breeding season. We then compared
lifetime inclusive, direct, and indirect fitness of immigrant and resident males (Nimmigrant = 53,
Niresident = 46) and found no change in the results. Immigrant and resident males had equivalent
lifetime inclusive (U = 1072, P = 0.25) and direct fitness (U = 1217, P = 0.98). Lifetime indirect

fitness of resident males was higher than that of immigrant males (U =971, P = 0.05).

Summary statistics for fitness tradeoff analyses
1. Number of natal males that provided (ever alloparent) or did not provide (never

alloparent) alloparental care and their subsequent dispersal decision.

Lifetime care status Remained Dispersed

Q) )
Ever alloparent 47 7
Never alloparent 86 45

2. Number of males that bred at least once in their lifetime (bred ever) or never attained a

breeding position (never bred) by dispersal status.

Lifetime breeding status Resident Immigrant

N) N)
Bred ever 74 29
Never bred 29 30
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. Mean and standard deviation (SD) of lifetime breeding effort and minimum age of

breeding by dispersal status of superb starling males.

Dispersal status Lifetime breeding effort Minimum age of breeding

(Mean = SD) (Mean = SD)
Resident 0.24 +£0.51 3.09+1.63
Immigrant 0.66 + 1.08 2.23+1.52

. Mean and standard deviation (SD) of percentage of unsuccessful and successful nests

over the lifetime of superb starling males.

Male type % Unsuccessful nests % Successful nests

(Mean = SD) (Mean = SD)
All males 0.85+0.24 0.15+0.24
Resident 0.76 £0.31 0.24 +0.31
Immigrant 0.93+0.12 0.07+0.12
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Figure S1.1. Variat

population breed twice a year in the long rains (LR) and short rains (SR) breeding seasons. (A)

Variation in prenatal rainfall during the study period. (B) Variation in juvenile stage rainfall

during the study period based on the breeding season in which an individual was born. Dotted
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Figure S1.2. Evidence for age of dispersal of male superb starlings. (A) The modal age of
disappearance of natal males is six months (N = 155). Age is in 0.5-year (i.e., six month)
increments. (B) However, the majority of immigrant males are caught in adult plumage (>1 year
of age) (N =97). Thus, we concluded that males disperse around 1 year of age and are likely
missed in the census during the one breeding season they spend in their natal group before

dispersing
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Figure S1.3. Prenatal and juvenile stage rainfall. The cumulative rainfall for the two life

stages of superb starlings was not correlated (Pearson’s r = 0.12).
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Figure S1.5. Fitness consequences of male superb starlings adopting the tactic not
predicted by the prevailing prenatal environmental conditions. Although we used categorical
rainfall measures in our final analysis because we do not have rainfall data from natal sites of
immigrant males, analysis with continuous rainfall collected at the Mpala Research Center shows
the same trend. Immigrants (blue, triangles) tended to accrue nonzero lifetime inclusive fitness
when born following periods of high prenatal rainfall, whereas residents (orange, circles) tended
to accrue nonzero lifetime inclusive fitness when born following periods of low prenatal rainfall

(N=152,Z=-0.59,P=0.11, 95% CI =-0.02 to 0.00). However, the existence of a steep rainfall

gradient within the dispersal radius (85) limits our interpretation of this result.
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Figure S1.6. Survivorship of resident and immigrant male superb starlings. Male survival
did not differ by dispersal status (immigrants = blue, residents = orange) (Nimmigrant = 59, Nresident

=103, P = 0.95). Model estimates (solid lines) are bound by 95% confidence intervals.
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Table S1.1. Factors affecting dispersal decisions of natal male superb starlings. Results of a
generalized linear mixed model with a binomial response (dispersed vs. remained) for natal
males (N = 185). Since sex ratio and group size are highly correlated across consecutive breeding
seasons (group size: Pearson’s r = 0.95; sex ratio: Pearson’s r = 0.80), we only included the
prenatal sex ratio and group size in our final model (see Results). Substituting juvenile sex ratio
and group size in the model yielded qualitatively similar results. Breeding season was included
as a random effect. Random effects of social group, father ID, mother ID, and season (short vs.
long rains) had variance components equal to zero, and were thus excluded from the final model

to facilitate the computation of 95% confidence intervals.

Effect Estimate Std. Error  Z value 95% CI p-value
Intercept -0.98 0.18 -5.33 -1.39  -0.61 <0.001
Prenatal rainfall 0.30 0.18 1.70 -0.05 0.68 0.09
Juvenile sex ratio -0.10 0.18 -0.57 -0.47 0.28 0.57
Juvenile group size 0.08 0.18 -0.40 -0.45 0.29 0.69
Juvenile rainfall -0.25 0.19 -1.35 -0.64  0.10 0.18
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Table S1.2. Model results with natal rainfall added as a fixed effect. Results of a generalized
linear mixed model with a binomial response (dispersed vs. remained) for natal males (N = 185).
Breeding season was included as a random effect. Random effects of social group, father ID,
mother ID, and season (short vs. long rains) had variance components equal to zero, and were

thus excluded from the final model to facilitate the computation of 95% confidence intervals.

Effect Estimate Std. Error ~ Z value 95% CI p-value
Intercept -0.97 0.18 -5.51 -1.36  -0.61 <0.001
Prenatal rainfall 0.35 0.17 2.01 0.01 0.73 0.04
Prenatal sex ratio -0.14 0.20 -0.70 -0.55 0.24 0.48
Prenatal group size 0.03 0.19 0.16 -0.35 0.42 0.87
Natal rainfall -0.10 0.18 -0.57 -0.49  0.27 0.57
Juvenile rainfall -0.12 0.17 -0.72 -0.49  0.24 0.47
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Table S1.3. Sensitivity analysis accounting for potential mortality of immigrant male
superb starlings during dispersal. Results of adding immigrants with zero fitness in increments
of 10% to analysis of variation in fitness by dispersal status. We compared all categories of
lifetime fitness found to be similar for residents and immigrants (i.e., direct fitness, inclusive
fitness, indirect fitness excluding fitness gained in first year of life by residents, and inclusive
fitness excluding fitness gained in first year of life by residents) (see Results). Bold indicates

threshold at which fitness for immigrants and residents becomes significantly different.

Fitness Percentage of immigrants with zero U p-value
fitness added
Direct fitness 10 2968 0.75
20 3279 0.94
30 3724 0.83
40 4258 0.60
50 5059 0.36
60 6216 0.16
70 8219 0.04
Inclusive fitness 10 2493 0.09
20 2675 0.03
Indirect fitness 10 2811 0.63
excluding first year for 20 3049 0.37
residents 30 3389 0.15
40 3797 0.05
50 4409 0.01
Inclusive fitness 10 2696 0.83
excluding first year for 20 3207 0.81
residents 30 3547 0.42
40 3955 0.17
50 4567 0.03
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Table S1.4. Mortality likelihood of immigrant and resident males in six-month increments
of age. Values estimated by a time-varying Cox proportional hazards model (Nimmigrant = 59,

Niresident = 103)

Fromage Toage  Mortality likelihood of immigrant =~ Mortality likelihood of resident

(years) (years)  males (percentage) males (percentage)
1 1.5 3 13
1.5 2 5 6
2 2.5 8 6
2.5 3 8 8
3 3.5 10 7
3.5 4 2 7
4 4.5 12 5
4.5 5 12 5
5 5.5 5 5
5.5 6 2 5
6 6.5 5 3
6.5 7 2 5
7 7.5 0 3
7.5 8 5 0
8 8.5 2 7
8.5 9 3 1
9 9.5 2 4
9.5 10 7 1
10 15 0 4
15 11 3 3
11 11.5 0 2
11.5 12 0 1
12 12.5 2 1
12.5 13 2 0
13 13.5 - 0
13.5 14 - 1
Mean+ SD: 4+4 4+£3
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Table S1.5. Correlation in rainfall between sites within the dispersal radius of the study
site. Numbers represent Pearson’s correlation coefficients (r) of monthly rainfall (2008-2017; N
= 103) between three sites within the approximate dispersal radius of the study site, Mpala
Research Centre (MRC), from which we could obtain rainfall data: UHURU Central (12 km),

UHURU North (20 km), and Nanyuki (38 km).

MRC UHURU Central UHURU North Nanyuki
MRC - - - -
UHURU Central 0.85 - - -
UHURU North 0.82 0.87 - -
Nanyuki 0.78 0.73 0.70 -
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Appendix B: Supplementary Information for Chapter 2

Ecological and social characteristics of social groups

We used empirical data from our long-term study to characterize variation in group size
and genetic relatedness in superb starling social groups. First, we examined how group size
varies across all groups (N = 255) and within groups across time (N = 29 per group except two
groups that went extinct during the study period) using coefficients of variation. Second, to
examine the relationship between group size and genetic relatedness, we fit a linear model with
relatedness as the dependent variable and group size as the fixed effect using data from all nine
groups across 15 years (N = 255). Breeding season and proximity to human settlement were
included as random effects. Further, we fit separate models for each group to examine whether
the relationship between group relatedness and size is qualitatively similar within each group.
Finally, we fit a linear model to examine the relationship between group size (dependent
variable) and territory quality measured as percent grass cover (fixed effect) (N = 133). Group
size was square root transformed to fit a normal distribution. Social group and breeding season
were included as random effects to account for repeated measures.

Mean group size ranged from 13-41 individuals across the nine groups during our study
period, with absolute group size ranging from 1 to 61 individuals (mean+ SD =23 £ 11
individuals, CV = 0.51). The CV of group size was lower within groups such that small groups
remained relatively small and large groups remained relatively large over time (mean + SD CV =
0.32 £0.16). Although there was a general trend for average relatedness within groups to
decrease with increasing group size (t = -4.60, P <0.001, 95% CI =-0.03 to -0.01), within each
social group, the relationship between relatedness and group size varied (Table S2.2), suggesting

that smaller increases in group size can be achieved through offspring recruitment as well as
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through immigration. Furthermore, we found that larger groups hold higher quality territories

with greater percent grass cover (t =2.55, P =0.02).

Summary statistics for number of offspring fledged per nest

The mean (£ SD) and median number of offspring fledged per nest for our study
population was 0.35 (+ 0.89) and 0 (lower quartile = 0, upper quartile = 0) (N = 987). Among all
successful nests (i.e., with number of offspring fledged > 0) (N = 158), the mean (+ SD) and
median number of offspring fledged per nest was 2.17 (= 1.00) and 2 (lower quartile = 1, upper

quartile = 3).

Reproductive concessions models

We fit a GLMM with a binomial error distribution that included the ratio of breeding to
non-breeding immigrant males as the dependent variable and continuous group size as the fixed
effect with a quadratic term (N = 177). We compared the fit of this model against a model
including only a linear term for group size as the fixed effect using Akaike’s Information
Criterion (AIC) and found that the model with the quadratic term of group size was better
supported (AAIC = 3.54). We found that both smaller and larger groups concede more
reproduction to immigrant males than groups of intermediate size (Table S2.1a), the latter of
which may be due to the fact that large groups occur on higher quality territories where the costs
of reproductive sharing are lower (Shen et al., 2017). However, this pattern was driven by 7% of
the data where group size exceeded two standard deviations above the mean group size (i.e.,
group size > 45) (Table S2.1b). Excluding instances of group size exceeding 45 yielded a

negative linear relationship between group size and reproductive concessions to immigrant males
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(Table S2.1b). This result was qualitatively similar to the result of the same model with group
size as a categorical instead of a continuous fixed effect (see Results).

Further, to approach the question of reproductive concessions from the perspective of the
immigrating males, we fit two GLMMs with a binomial error distribution with (i) the likelihood
of an immigrant male breeding in its entire lifetime in its non-natal group (1 = bred at least once,
0 =never bred) and (ii) the likelithood of an immigrant male breeding in its first year in its non-
natal group (1 = bred at least once, 0 = never bred) as the dependent variables and group size at
immigration as the fixed effect. Group ID, breeding season of immigration, and proximity of the
social group to permanent human settlement (yes/no) were included as random effects. In
accordance with the results on the group level, we found that immigrant males were more likely
to attain a breeding position in their lifetime in smaller groups (Z = -1.88, P =0.06, 95% CI = -
2.12 to -0.07). However, group size did not affect the likelihood of an immigrant male breeding
in its first year in its non-natal group (N =93, Z = 0.40, P = 0.69, 95% CI = -0.51 to 0.60). In
fact, most superb starlings disperse as non-breeders with only 24% (22 of 93) of immigrant
males and 35% (64 of 183) of immigrant females breeding in their first year in their non-natal

social group.

Effect of offspring and immigrant recruitment on groups falling below threshold group size
To understand whether lower recruitment of offspring and immigrants over successive
breeding seasons led to groups falling below the threshold group size of seven individuals, we
compared the mean number of offspring and immigrants recruited over the preceding one to five
years before group size fell below the threshold (N = 3) with the mean number of offspring and

immigrants recruited over a randomly selected time period of the same duration for groups that
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remained above the threshold size (N = 6). We used t-tests to compare means due to the low
sample size (N =9) (de Winter, 2013). We found that in groups that fell below the threshold
group size, mean offspring recruitment, but not immigration, was significantly lower over the 3-4

years before group size fell below seven individuals (Table S2.3).
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Figure S2.1. Histograms of group reproductive output over the study period for each social
group. Seven out of nine groups were more likely than not to experience complete reproductive
failure in a breeding season (i.e., >50% of breeding seasons resulted zero group reproductive

output for seven groups: CF1, DRTI1, DRT2, MRCV, SRB2, WDB).
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Figure S2.2. Demographic processes contributing to a change

social groups for the duration of the study period. The y-axis shows the number of offspring

recruited (green), male immigrants (blue), female immigrants (light blue), females that

disappeared (red), and males that disappeared (dark red) for each breeding season (x-axis) for

each group.
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Figure S2.3. Without offspring recruitment, immigration alone cannot maintain the
stability of superb starling social groups over time. Graph showing results of 100 simulations
of a discrete time population growth model with all demographic processes except offspring
recruitment (green) overlaid with longitudinal data from nine social groups (blue). With
offspring recruitment set to zero, over half of all iterations (54%) resulted in group extinction in
29 time steps. This percentage is similar to when only immigration is set to zero (61%, see

Results).
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Figure S2.4. Evidence of inverse density dependence (Allee effect) in superb starling social
groups. At low group sizes (x-axis), per capita growth rate (y-axis) declines for both simulated
(green) and real data (blue). Below the threshold group size of seven individuals (dotted red

line), groups in the long-term study population only show negative per capita growth (i.e., they

spiral to extinction).
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Table S2.1. Effect of continuous group size on reproductive concessions to immigrant

males. Results of GLMM estimating the effect of continuous group size on reproductive

concessions provided to immigrant males. We ran the model with both (A) the full dataset (N =

177) and (B) the dataset trimmed to exclude 7% of datapoints where group size exceeded mean

group size by more than 2 standard deviations (N = 165). Social group ID, breeding season, and

proximity of territory to humans (yes/no) were included as random effects.

Fixed Effect Estimate  Std. Error Z P 95% CI
(A) Full dataset

Intercept -1.18 0.13 -8.99 <0.001 -1.47 -0.92
Group size -0.24 0.13 -1.87 0.06 -0.49 0.01
Groupsize*2  0.15 0.06 235  0.02 0.02 0.28
(B) Group size < mean group size + 2SD

Intercept -1.11 0.15 -7.43 <0.001 -1.43 -0.83
Group size -0.24 0.12 -1.95 0.05 -0.48 0.00
Group size*2  0.05 0.09 0.52  0.60 -0.14  0.23
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Table S2.2. Effect of group size on relatedness for each social group. Results of linear models
with group relatedness as the dependent variable and group size as the fixed effect for all nine

social groups comprising our study population.

Social N  Fixed effect Estimat Std. t value P 95% CI
group e Err.
CF1 25 Intercept 0.19 0.01 16.75 <0.001 0.17 0.21
Group size -0.04 0.01 -3.62 0.002 -0.07 -0.02
CF2 29 Intercept 0.10 0.01 16.69 <0.001 0.09 0.12
Group size -0.00 0.01 -0.54 0.60 -0.02 0.01
WDB 27 Intercept 0.09 0.01 7.46 <0.001 0.07 0.12
Group size 0.04 0.01 3.17 0.004 0.01 0.07
SRBI1 29 Intercept 0.03 0.00 7.29 <0.001 0.02 0.04
Group size -0.02 0.00 -4.77 <0.001 -0.03 -0.01
SRB2 29 Intercept 0.01 0.00 2.35 0.02 0.00 0.02
Group size 0.00 0.00 0.81 0.43 -0.01 0.02
DRT1 29 Intercept 0.06 0.01 5.53 <0.001 0.03 0.08
Group size 0.06 0.01 5.64 <0.001 0.04 0.08
DRT2 29 Intercept 0.06 0.01 9.88 <0.001 0.05 0.07
Group size 0.00 0.01 0.47 0.64 -0.01 0.02
MRCI1 29 Intercept 0.04 0.01 4.08 <0.001 0.02 0.06
Group size -0.02 0.01 -2.42 0.02 -0.04 -0.00
MRCV 29 Intercept 0.08 0.00 17.37 <0.001 0.08 0.10

Group size 0.01 0.00 2.07 0.05 0.00 0.02
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Table S2.3. Variation in offspring recruitment and immigration in groups that fell below

versus groups that remained above the threshold group size. Means were compared across

the two categories of groups using t-tests (N =9).

Number  Demographic Group size fell Group size t df p-
of process below threshold remained value
successive size above
years (mean = SD) threshold size
(mean = SD)
1 Offspring recruitment 1.17+1.04 2.25+1.60 1.22 6.12 0.27
Immigration 0.00 + 0.00 2.17+£2.98 1.78 5.00 0.13
2 Offspring recruitment 0.75 +0.66 1.79 £1.05 1.81 6.26 0.12
Immigration 0.00 = 0.00 1.71 £2.07 2.02 500 0.10
3 Offspring recruitment 0.50+0.44 1.44 £0.78 232 6.64 0.05
Immigration 0.06 +0.10 1.31+£1.45 2.09 5.09 0.09
4 Offspring recruitment 0.46 +0.44 1.75+1.16 241 6.87 0.05
Immigration 0.33+0.32 1.15+1.09 1.70 637 0.14
5 Offspring recruitment 0.53+0.47 1.63 +1.07 2.13  7.00 0.07
Immigration 0.37+0.40 1.03+0.90 1.53 7.00 0.17
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Appendix C: Supplementary Information for Chapter 3

0 2 4 6km

Figure S3.1. Our study area spanned approximately 200 sq. km. across an environmental
gradient at Mpala Research Center. The area is (A) driest in February and (B) wettest in May,
with territory quality decreasing from South to North as indicated by NDVI measured ata 5 m
resolution (green). (C) We sampled 22 social groups across the gradient, including groups
monitored as part of a long-term study (orange) as well as social groups not monitored as part of
the long-term study (blue). Social groups varied in their proximity to human settlement (open

triangles = near human settlements, closed circles = not near human settlements).
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Figure S3.2. Territory quality across the environmental gradient. (A) Mean annual NDVI

decreased from South to North across our study area. (B) In contrast, CV of NDVI did not show

a significant linear relationship with latitude. (C) Monthly NDVI varied in accordance with the

dry and rainy seasons, though more northern groups had consistently lower values of NDVI than

more southern groups.
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Table S3.1. Sample sizes, location, and metrics of genetic structure of the social groups in

our study population.

Social N N N Latitude Longitude Obs Std. Exp Std. Pi  Std. Fis Std

group males females total Het Error Het Error Error Error
CF2 11 7 18  0.36570 36.91816 0.25 0.003 0.23 0.002 0.24 0.002 -0.02 0.023
DRT1 4 9 13 0.31792 36.89346 0.26 0.003 0.23 0.002 0.24 0.003 -0.03 0.015
DRT2 5 8 13 0.31216 36.88497 0.27 0.003 0.24 0.003 0.25 0.003 -0.06 0.015
MRC1 6 9 15 0.29217 36.89837 0.25 0.004 0.22 0.003 0.23 0.003 -0.03 0.021
MRCV 6 10 16 0.29120 36.89549 0.25 0.003 0.23 0.002 0.24 0.003 -0.03 0.019
RH 6 4 10 0.32431 36.90281 0.25 0.004 0.22 0.003 0.23 0.003 -0.04 0.013
SPRAY 8 2 10 0.34089 36.87415 0.25 0.004 0.22 0.003 0.23 0.003 -0.04 0.014
SRBI1 9 10 19 0.31616 36.88016 0.24 0.003 0.23 0.002 0.24 0.002 -0.01 0.022
SRB2 10 9 19  0.31955 36.87861 0.26 0.003 0.24 0.002 0.24 0.002 -0.03 0.023
SS 15 4 3 7 0.35105 36.89621 0.25 0.004 0.21 0.003 0.23 0.003 -0.03 0.012
SS 2 3 5 8 0.28083 36.88998 0.24 0.003 0.22 0.003 0.24 0.003 0.006 0.011
SS 22 4 4 8 0.38634 36.86414 0.26 0.004 0.23 0.003 0.24 0.003 -0.04 0.011
SS 31 5 3 8 0.50178 36.86565 0.24 0.004 0.20 0.003 0.21 0.003 -0.07 0.011
SS 4 6 5 11 0.30745 36.88289 0.25 0.004 0.22 0.003 0.23 0.003 -0.04 0.015
SS 43 5 2 7 0.43490 36.85025 0.24 0.004 0.20 0.003 0.22 0.003 -0.03 0.011
SS 56 4 7 11 0.28426 36.91048 0.24 0.003 0.22 0.003 0.23 0.003 -0.01 0.014
SS 63 4 4 8 0.41930 36.88489 0.24 0.004 0.21 0.003 0.23 0.003 -0.03 0.011
SS 66 6 3 9 0.41995 36.86926 0.24 0.004 0.20 0.003 0.21 0.003 -0.07 0.010
SS 67 3 3 6 0.48480 36.86218 0.24 0.004 0.20 0.003 0.22 0.003 -0.05 0.006
SS 68 5 2 7 0.51738 36.86135 0.25 0.004 0.20 0.003 0.21 0.003 -0.07 0.011
SS 72 5 2 7 0.49866 36.83955 0.25 0.004 0.21 0.003 0.23 0.003 -0.04 0.011
WDB 4 3 7 0.35014 36.92441 0.25 0.004 0.22 0.003 0.24 0.003 -0.03 0.009
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Table S3.2. Dates and number of PlanetScope images used to calculate mean NDVI within
a 300 m radius around the approximate centers of the social groups in our study

population.

Month Day(s) |[Number of images
January 9 8
February 4 6
March 6 10
April 10 5
May 13 5
June 12 6
July 19 6
August 7,12 16
September 19 10
October 11 6
November 7 7
December 29 6
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Table S3.3. Correlation between annual (A) mean and (B) CV of NDVI calculated within
circular buffers of varying radii around the territory centers of superb starling social

groups (N =22). We used Pearson’s r as the correlation coefficient.

S50m 100m 200m 300m
(A) Annual mean NDVI

50 m - - - -
100m |093 - - -
200m | 0.80 0.94 - -
300m |0.78  0.92 0.99 -
(B) Annual CV of NDVI

50 m - - - -
100 m |098 - - -
200m | 093 0.96 - -
300m | 0.89 0.93 0.99 -
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Table S3.4. Results of Mantel correlograms examining spatial autocorrelation between

genetic and geographic distances for both sexes. Spatial autocorrelation was assessed for 14

distance classes, determined by Sturges’ rule for optimal distribution of sample sizes. Sample

sizes (N) indicate number of pairwise comparisons within the distance class.

Males Females
Distance N  Mantel'sr p-value 2.5%CI 97.5%Cl | N Mantel'sr p-value 2.5% CI 97.5% CI
class (km)

0-1.87 766 -0.01 0.57 -0.04 0.01 1076 0.05 0.12 0.03 0.08
1.87-3.73 | 1166 -0.06 0.02 -0.08 -0.05 1198  -0.03 0.47 -0.05 0.00
3.73-5.60 | 717 0.00 0.88 -0.02 0.01 795  -0.05 0.20 -0.06 -0.03
5.60-7.46 | 894 -0.05 0.10 -0.06 -0.03 637 0.01 0.85 -0.04 0.03
7.46-9.33 686 -0.01 0.59 -0.04 0.00 530  -0.01 0.89 -0.06 0.02

9.33-11.20 | 438 0.03 0.30 0.01 0.04 203 -0.04 0.16 -0.05 -0.03
11.20-13.06 | 502 -0.01 0.70 -0.03 0.01 408 0.01 0.82 -0.03 0.03
13.06-14.93 | 323 0.00 0.85 -0.02 0.01 234 -0.04 0.18 -0.06 -0.03
14.93-16.80 | 233 0.00 0.90 -0.01 0.01 167  -0.05 0.04 -0.06 -0.04
16.80-18.66 | 333 -0.04 0.10 -0.05 -0.02 125 -0.02 0.44 -0.04 0.00
18.66-20.53 | 302 -0.05 0.02 -0.06 -0.03 175 0.00 0.94 -0.02 0.02
20.53-22.39 | 451 -0.08 0.00 -0.10 -0.07 289 0.03 0.48 -0.03 0.06
22.39-24.26 | 196 -0.04 0.05 -0.05 -0.03 157 -0.01 0.79 -0.04 0.01
24.26-26.13 | 165 -0.02 0.42 -0.03 -0.01 122 -0.03 0.31 -0.06 0.00
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