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Abstract

Breeding in groups allows the costs of reproduction to be shared amongst multiple
individuals, enabling species to occupy environments where independent
reproduction is challenging. However, group breeding is also likely to increase
levels of competition and other types of conflict. Cooperative groups are, for
instance, vulnerable to being exploited by cheats that benefit from the resources
provided by cooperators without contributing to the collective effort themselves.
How can cooperation be maintained in face of cheating and competition, and how
does this influence the complexity of social groups in cooperative breeding animals?

To answer these questions, | experimentally established groups of varying
complexity, defined by the number of male and female members, in the ostrich,
Struthio camelus. This created variable conditions for cooperation and conflict to
arise. The need for cooperation over offspring care was also manipulated by
artificially incubating eggs during a part of the breeding season. Finally, | examined
if the emergence of cooperation in groups was influenced by variation in tolerance
to a key environmental challenge for ostriches, high temperatures. Individual
genetic tolerance to heat stress was estimated using long-term egg production data
spanning, temperature records and a population pedigree.

The results of this thesis show that cooperation and variation in group complexity
are maintained in a number of different ways: a) The benefits of cooperation over
offspring care and the costs of competition over mates are determined by the number
of males and females in groups. These costs and benefits differ between the sexes.
b) In large cooperative groups, the detrimental effects of cheating on cooperative
behaviour and reproductive success are buffered by the presence of many
cooperators, whereas in small groups cheating leads to the collapse of cooperation.
¢) Individual tolerance to heat stress promotes cooperative behaviour, and variation
in heat tolerance within groups increases the benefits of cooperation for individuals
with low heat tolerance.

These results provide experimental evidence that sexual conflict over optimal group
size can promote variation in the complexity of social groups. The occurrence of
cheats in the population favours greater group complexity by increasing the relative
benefits of being in bigger groups, in which cooperation buffers the effects of
cheating. This in turn leads to the coexistence of cheats and cooperators in large
groups, adding yet another level of social complexity to the system. Finally, this
thesis shows that measures of individual tolerance to environmental stress are
important for predicting how cooperative behaviour and environmental factors
interact. The presence of heat tolerant individuals in cooperative groups allows
individuals with low heat tolerance to breed under hot conditions with a lower
reproductive investment. This suggests that cooperation may mediate the
maintenance of variation in individual environmental sensitivity.
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Popular science summary

People are used to hearing that evolution is about the survival of the fittest. They
imagine a world full of bullies that ruthlessly fight their way to the top in the struggle
for life, leaving the weak behind. But this doesn’t need be the case. This thesis
reveals a different side of evolution, where survival means working together, and
where the weak can ride on the shoulders of the fit.

Ostriches are awkward and goofy-looking. They are the biggest bird alive, easily
reaching 2.5 meters in height, and can weigh over 150 kg. These massive birds are
adapted to dry and hot environments. In the past, their habitat extended from the
Arabian Peninsula to the southernmost tip of Africa. But their habitat is now
confined to Africa, south of the Sahara Desert, and it keeps shrinking due to human
activities.

Ostriches are social animals. They breed in groups (often several males and several
females), and their nests are communal, which means that females lay eggs in the
same nest. Adult ostriches cooperate over the incubation of eggs and in the
protection of young chicks. They are caring parents and go through a lot of trouble
to raise their chicks in the harsh and dangerous environment in which they thrive.
And no, ostriches do not bury their heads in the sand at the first sign of trouble. |
know from first-hand experience that they can chase you down if they feel
threatened. In nature, ostriches fight cheetahs. They are definitely not head-burying
cowards.

In this thesis, | experimentally manipulated more than one hundred groups of
breeding ostriches. This allowed me to study the social behaviour of these
fascinating birds. I did this using a pair of binoculars and a birding telescope, sitting
hidden on top of a 10-meter tall camouflaged tower in a research farm in
Oudtshoorn, South Africa.

Studying ostriches has taught me many things about living in a group. Being in a
group can lead to conflict, of course. Ostrich males in particular do not want other
males around. In groups with several males, they often compete with each other
over females. This competition can get so frantic that, in their crazed attempts to
mate before their rivals do, males sometimes break the eggs in their own nest.

Females are generally at ease with having other females in their group; they even
benefit from it. Given that incubating eggs is tedious and time consuming, having
more females around is welcomed, since it means that there are more bottoms to
help with incubation. Males incubate as well, but they mostly take the night shift.
During the day, they are busy fighting each other and breaking the eggs!

Under the peaceful surface of female coexistence, however, trouble lurks: some
females sneak their eggs into the communal nest, without contributing to incubation.
These cheats let other females do all the hard work. This kind of cheating behaviour
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is most common in big groups. This is probably because cheats can easily pass
unnoticed when there are lots of females in the group, or maybe because the other
females don’t mind a cheat or two when there are plenty of others that do help with
incubation.

Cheat are very uncommon small in small groups, but do occasionally occur. When
cheats do occur in small groups, they are often discovered. What happens next is
striking. When a hard-working female discovers that the other female in her group
is not contributing to incubation, she herself stops incubating. This is bad for both
females, because the nest fails completely. Does this reaction to cheating mean that
ostriches have a sense of fairness? If you don’t do your fair share, I won’t either! |
don’t know if this is about fairness in the human sense. Nonetheless, it is incredibly
relatable behaviour.

Enough about conflict. What about the kinder side of evolution | promised? Well,
this relates to heat-stress. Some female ostriches can tolerate high temperatures but
others are sensitive to the heat and struggle to lay eggs in hot conditions. Even 25°C
is too hot for some females, suggesting that heat-sensitive females should avoid hot
environments. But wait! Ostriches are supposed to be adapted to hot and dry
habitats, like the savannahs of sub-Saharan Africa. How can it be that some female
ostriches would suffer on a nice summer day in Sweden? The answer to this question
lies in shared incubation. Females that can tolerate the heat incubate more. This lets
heat-sensitive females survive and reproduce in environments where they probably
couldn’t breed on their own.

This shows how nature’s fittest help the vulnerable survive. Evolution may not be
so ruthless after all and cooperation could be a way for ostriches, and other species,
to cope with climate change.

Dedicated parents. In De Hoop National Park.
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Popularvetenskaplig sammanfattning

Man brukar hora att evolution handlar om att de starkaste, de bast lampade,
Overlever. Detta for tankarna till en varld full med Gversittare, som hénsynslost
driver fram och lamnar de svaga bakom sig. Men det behdver inte vara sa. Denna
avhandling visar oss att gemenskap ar styrka, och att evolutionen skapar liv dar de
svaga ibland sitter pa de starkas axlar.

Strutsar &r markliga varelser. De ser ut som befjadrade, spralliga jattar. De &r de
stérsta nu levande faglarna, och blir ofta ver 2,5 meter hoga och véga val éver 150
kilo. De hér gigantiska fjaderfana ar anpassade till ett liv i varma, torra omraden.
Fram tills mitten av forra seklet kunde man hitta strutsar hela vagen fran den
Arabiska halvon till sydligaste Afrika. Deras utbredningsomrade ar nu begransat till
Afrika soder om Saharacknen, och fortsatter minska pa grund av maéansklig
paverkan.

Strutsar ar sociala djur. De hackar i grupper som ofta bestar av flera hannar och flera
honor. Hannarna graver stora bon in marken dér alla honorna i gruppen, och ibland
en och annan utomstdende, lagger sina agg. Strutsarna hjalps sedan at att
tillsammans ruva dggen och skydda ungarna. De ér flitiga foraldrar som sliter hart
for att foda upp sina ungar i den karga, farofyllda miljon dér de trivs. Och nej, de &r
inga fegisar som sticker huvudet i sanden. De sticker definitivt inte huvudet i sanden
nér de kénner sig hotade; sannolikt skulle de jaga efter dig om du kom fér néra (jag
vet av egen erfarenhet!). | naturen slass strutsar mot geparder, sa nagra forsvarslosa
duvungar &r de inte.

| samband med denna avhandling akte jag till en forskningsfarm i Oudtshoorn, i
sydvastra Sydafrika. Dar genomforde jag sociala experiment med strutsgrupper. Jag
manipulerade antalet hannar och antalet honor i mer an hundra grupper av hackande
strutsar. Detta tillat mig att, pa behorigt avstand och med ett par kikare, studera dessa
faglars fascinerande sociala beteende.

Mina studier av strutsarnas sociala beteende har lart mig mycket om innebdrden av
att leva i grupp. Samvaron med andra innebér givetvis att konflikter ibland uppstar.
Strutshannar i synnerhet visar en viss motvilja mot att ha andra hannar i sin grupp.
I grupper med fler &n en hanne konkurrerar hannarna ofta om honornas gunst. Den
har konkurrensen kan ibland bli s& hard att hannar, i sin iver att hinna para sig med
honorna fore sina konkurrenter, kan trampa sonder sina egna, och andras, &gg.
Honorna &r generellt mer tillfreds med att ha andra honor i gruppen. For honor kan
det namligen vara fordelaktigt att vara manga. Eftersom ruvning av agg ar ett
tidskravande och ledsamt arbete &r det ofta valkommet att ha nagra extra vingar att
dela arbetet med. Hannar hjalper ocksa till med ruvningen, men de tar oftast
nattskiftet, sa de ar inte mycket till hjalp under dagen. De &r dessutom upptagna med
att braka med varandra och ha sonder &gg!
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Under ytan av denna till synes harmoniska samvaro mellan honor déljer sig dock
konflikt. Vissa honor kan smyga in sina agg i ett bo, trots att de sen inte hjalper till
med att ta hand om dem. Dessa honor utnyttjar alltsa andras harda arbete utan att
sjélva bidra. Den hér typen av fusk ar vanligare i stora grupper, formodligen for att
fuskarna lattare kan handla obemarkta nar det finns manga andra att halla reda pa.
Eller kanske &r det sa att det inte & s& noga om nagra enstaka individer fuskar, sa
lange det finns tillrackligt manga som hjalper till med ruvningen. Fuskare &r mycket
ovanliga i sma grupper, men forekommer dven dar. | sma grupper blir de dock oftast
upptackta, och nar det hander, foljer nagot ypperligt fascinerande: forekomsten av
en fuskare i en liten grupp, som kanske bara har tva honor, leder till att &ven den
honan som till en borjan gjorde sin del i ruvningen, slutar ruva dggen. Detta ar daligt
for bada. Utan honor som ruvar klarar sig inte aggen, och da blir det inte heller nagra
ungar. Betyder denna reaktion pa fusk att strutsar har en kansla for rattvisa? Om
ingen annan gor sin del, sa gor jag inte heller min! Jag vet inte om detta handlar om
rattvisa, sa som vi manniskor forstar den, men jag kan i alla fall verkligen relatera
till kénslan!

Nog sagt om konflikter. Jag har trots allt lovat en vanskapligare bild av evolutionen.
Denna avhandling har ocksa avslojat ett 6verraskande, och betagande, samarbete
mellan strutshonor. For att forsta varfor ar det viktigt att veta att vissa strutsar ar
mer taliga for varmestress an andra. De honor som inte tal varme lagger farre dgg
nar temperaturen stiger dver 25°C. Detta antyder att honor som blir stressade av
varme mar battre av att undvika varma miljoer. Men, vanta! Skulle inte strutsar vara
anpassade till ett liv i varma omraden? Hur kan det da komma sig att vissa strutsar
skulle tycka att det var for varmt pa en hdgsommardag har hemma i Sverige? Svaret
pa den fragan stavas: samarbete. Nar strutsar hackar i grupp kan de honor som tal
varme bast ta 6ver en storre del av ruvningen. Pa detta sétt far varmekansliga honor
hjalp pa traven, och kan frodas i miljoer déar de formodligen hade haft svart att klara
hackningen sjélva. Samarbete skulle kunna vara ett satt for strutsar, och andra
djurarter, att klara de utmaningar som foljer med den globala uppvarmningen vi
manniskor har skapat. De starkaste, och mest lampade kan ibland hjalpa de sarbara.
Sadana &r naturlagarna.

“Men den angest, som hon sjdlv bar pd, oppnade hennes
hjarta. Hon tyckte, att hon inte stod sa langt
borta fran alla levande varelser, som manniskor annars
gor. Hon forstod mycket battre &n nagonsin forut hur
faglarna hade det. De hade sina jamna omsorg for hem
och barn, de som hon. Det var nog inte sa stor skillnad
mellan dem och henne, som hon hittills hade trott.”
Ur Selma Lagerlofs
Nils Holgerssons underbara resa genom Sverige
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Introduction

Cooperative breeding, where more than two individuals participate in acquiring
reproductive partners and/or raising offspring, has evolved numerous times across
the animal kingdom (Rubenstein & Abbot, 2017). In some mammals, such as lions,
related males cooperate over the acquisition and protection of females that
subsequently help each other take care of their offspring (Smith et al., 2017). In
cooperative breeding cichlid fish, non-breeding adults care for the progeny of
unrelated individuals and in cooperative breeding birds, such as Florida scrub jays,
breeding pairs are often joined by mature offspring that help raise subsequent broods
(Fitzpatrick & Bowman, 2016; Taborsky & Limberger, 1981). Cooperative
breeding has also reached astonishing complexity in insects. Many ant species, and
some species of bees, have evolved sterile workers that rear juveniles while queens
focus entirely on reproduction (Heinze et al., 2017; Wcislo & Fewell, 2017). The
fact that some individuals invest time and energy to help others reproduce has long
puzzled evolutionary biologists: Why, given that natural selection is expected to
favour individuals to maximize their own fitness, do individuals aid the reproductive
success of others in such a wide variety of animals?

Why be a cooperative breeder?

To understand the evolution of cooperative behaviour, we need to consider the
different ways in which individuals can transmit their genes to subsequent
generations: an individual can pass on its genes by producing its own offspring
(“direct fitness™), or by promoting the number of offspring a relative, which shares
the same genes, produces (“indirect fitness™). Together, direct and indirect fitness
make up inclusive fitness, a term coined by W. D. Hamilton in 1964 (Hamilton,
1964b, 1964a). The importance of this concept for understanding cooperative
breeding is captured by Hamilton’s rule, which predicts cooperative behaviour will
be favoured when rb > c; where “c” is the fitness cost an individual pays for helping
another individual reproduce, “b” is the fitness benefit that an individual gets from
receiving help, and “r” is the degree of relatedness between helpers and recipients,
relative to the population (Gardner & West, 2004; Hamilton, 1964a, 1964b).

Inclusive fitness theory tells us that selection can favour individuals to forego their
own reproduction and help others when relatedness, r, is high. Inclusive fitness
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theory has been successful in explaining patterns of cooperative behaviour amongst
relatives in a wide variety of taxa, from bacteria to mole-rats (Bourke, 2014; Stuart
A. West et al., 2002, 2021; Stuart A. West & Cooper, 2016). It also illustrates that
for selection to favour cooperation amongst unrelated individuals, r ~ 0, they must
gain net lifetime direct fitness, so ¢ must be negative (Bourke, 2011). Therefore,
unrelated helpers are only expected to sacrifice their own reproduction to help in a
given breeding season if by doing so they improve their future direct fitness. In this
case, cooperation is “mutually beneficial” (Stuart A. West et al., 2008). This can
happen in a number of different ways. For example in fish and birds, helpers in
social groups have been shown to be more likely than non-helpers to inherit
breeding positions, and be protected against predators (Balshine-Earn et al., 1998;
Heg et al., 2004; Stacey & Koenig, 1990; Woolfenden & Fitzpatrick, 1978). In
mammals, parenting experience gained by helpers during

Table 1: Glossary

Cheat | An individual that benefits from the (cooperative) effort of other individuals
without contributing to the effort itself.
Complexity | Property of the behaviour of a system (here a social group) whose

components interact in multiple ways. Complexity increases both when
the number of components that can interact with each other, and the
number of ways in wich they can interact, increase. The complexity of a
social group, for example, will increase if the size of the group increases
(i.e. the number of components in the system increases), or if the number
of strategies that members of the group can adopt increases (i.e. the
number of ways in which the components of the system can interact
increases). Examples of strategies in a social group are: breeder, helper,
cooperator, cheat.

The process of individuals acting together for common benefit.

When more than two individuals participate in the producing or raising of
offspring, and/or when two or more individuals cooperate with each other
in the acquisition of mates.

An individual that contributes to a collective effort.

Cooperation
Cooperative breeding

Cooperator

Direct fitness

Fitness gained by producing own offspring.

Facultative cooperative breeder

Species capable of, but not restricted to, cooperative breeding .

Family groups

Groups formed by individuals remaining in their natal territories to help
relatives reproduce. Members of family groups are often highly related to
each other.

Hamilton’s rule

Cooperative behaviour should be favoured when rb > c. Where “c” is the
fitness cost an individual pays for helping another individual reproduce, “b”
is the fitness benefit that an individual gains by receiving help, and “r’ is
the degree of relatedness between helper and recipient relative to the
population.

Inclusive fitness

The sum of direct and indirect fitness.

Independent breeder

An individual that breeds without the assistance of any other individual(s)
other than the second parent of its offspring.

Indirect fitness

Fitness gained by increasing the number of offspring produced by
relatives.

Non-family groups

Groups formed by individuals aggregating after they disperse from their
natal territories. Within group relatedness in non-family groups is often
low.

Obligate cooperation breeder

Species restricted to breeding cooperatively.

Reproductive division of labour

An organization principle of some social groups where one or a few
individuals specialize in reproduction while others perform strictly non-
reproductive tasks.

18




early life has been shown to have a positive effect on their direct fitness later in life
(Salo & French, 1989). By integrating indirect and direct fitness, inclusive fitness
theory provides a framework for understanding why cooperation evolves in groups
of both relatives and unrelated individuals (Bergmdiller et al., 2007; Clutton-Brock,
2002, 2009).

Why do cooperative breeders vary in their social
organisation?

Although we now have a good theoretical understanding of why cooperation
evolves, it remains a challenge to explain the variation in social organization that
occurs within the animal kingdom (Stuart A. West et al., 2021). For example, some
species are solitary and rarely meet conspecifics, like the ocean sunfish, whereas
others are obligately social, like ants and honey bees, relying on conspecifics for
survival and reproduction (Dugatkin, 1997; Koenig & Dickinson, 2016; Rubenstein
& Abbot, 2017; Stacey & Koenig, 1990; E. O. Wilson, 1971). Variation in social
organization is not only about whether an animal is social or not, but also about how
social groups are structured. For instance, groups can vary in their size, sex ratio,
relatedness among members, the number of reproductive individuals in relation to
(non-reproductive) helpers, and the degree to which members are specialized in
specific tasks (Dugatkin, 1997; Koenig & Dickinson, 2016; Rubenstein & Abbot,
2017; Stacey & Koenig, 1990). Moreover, variation in social organization is evident
not just across species, but also within species (J. J. Boomsma & Grafen, 1990; Lott,
1984; Schradin et al., 2018; Yamagiwa & Hill, 1998). Variation in social
organization within and between species may be explained by two main factors:
variation in relatedness, and variation in the benefit to cost ratio of cooperative
behaviour. Explaining how and why social organization varies, both between and
within species, is a major outstanding problem in social evolution (Stuart A. West
etal., 2021).

Relatedness and its influence on variation in social organisation

Relatedness within groups is expected to have an important influence on social
group organization by governing the opportunities for direct and indirect fitness
(Figure 1) (Bergmuller et al., 2007; Clutton-Brock, 2002, 2009; Downing et al.,
2020). The relative magnitudes of direct and indirect fitness will in turn influence
the distribution of reproduction among individuals within groups (Keller & Reeve,
1994; Vehrencamp, 1983). In groups with low relatedness where the potential for
indirect fitness is limited, selection will act to maximise direct fitness, and
reproduction will be more or less evenly distributed among all adult members of the
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group (Clutton-Brock, 2002). This is illustrated by the fact that the majority of
cooperative breeding groups where relatedness is low do not have non-breeding
helpers (Cockburn, 1998; Downing et al., 2020; Koenig & Dickinson, 2016; Riehl,
2017). Instead, individuals in groups with low relatedness generally assist each other
in reproducing simultaneously (Koenig & Dickinson, 2016).

In groups with high relatedness, where there is a higher potential for indirect fitness,
selection can favour individuals to invest in activities other than reproduction,
resulting in what is known as a “reproductive division of labour” (Edward O.
Wilson, 2000). Many groups with high relatedness have a strict reproductive
division of labour, with a pair, or a few dedicated breeding individuals and a non-
reproductive work force that forgoes reproduction (Rubenstein & Abbot, 2017). For
example, in grey-crowned babblers, Pomatostomus temporalis, offspring stay
behind as non-breeding helpers to assist their parents in raising their subsequent
broods (Blackmore et al., 2011; McGowan & Woolfenden, 1990; Woolfenden,
1975).

[EE
/

\ Indirect fitness

—— — Direct fithess

Relative importance of
fithess benefits

o

0 Mean group relatedness 0.5
Pure non-family groups Pure family groups

Figure 1. The relative importance of direct and indirect fitness is affected by the degree of relatedness in a
cooperative group, which in turn is affected by the way in which the group forms. Mean group relatedness refers to
mean relatedness between helpers and breeders.

Reproductive division of labour is predicted to set the scene for further task
specialisation (Cooper & West, 2018). The relaxation of the requirement to
reproduce to pass on genes may enable selection to favour helpers to specialise in
tasks that further increase group productivity. For example, in army ants, where
reproductive division of labour is strict, sterile helpers are morphologically and
behaviourally differentiated into different soldier and worker castes (Schneirla &
Piel, 1948). Soldier castes specialize in defending their group against threats from
predators and competitors, while worker castes specialize in brood care and foraging
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(Schneirla & Piel, 1948). The specialisation that underlies the complex social
organisation in this species would not be possible if helpers in the group had not
been freed from the resource demanding task of reproduction.

Why do groups vary in relatedness?

One key factor influencing relatedness is the way groups form, which can happen
in two main ways (Downing et al., 2020; Stuart A. West et al., 2015). First, groups
can form by offspring remaining with their parents to help raise younger siblings in
“family groups”, such as in ants, meerkats, Suricata suricatta, and Florida scrub
jays, Aphelocoma coerulescens (Figure 2A-C) (Clutton-Brock & Manser, 2016;
Fitzpatrick & Bowman, 2016; Heinze et al., 2017) In family groups relatedness of
helpers to offspring is typically high and so is the potential for individuals to gain
indirect fitness through helping (Figure 1). Second, groups can form when
individuals join together after they disperse from their natal groups, as in greater
anis, Crotophaga major, daffodil cichlids, Neolamprologus pulcher, and Galapagos
Hawks, Buteo galapagoensis (Figure 2D-F) (Clutton-Brock, 2009; Faaborg et al.,
1995; Riehl, 2011, 2013; Taborsky & Limberger, 1981). Groups formed in this way
have been referred to as “non-family groups” (Downing et al., 2020). In non-family
groups relatedness is typically low and the potential for individuals to gain indirect
fitness is limited (Figure 1). Individuals in non-family groups are therefore expected
to cooperate as a result of gains in direct fitness, for instance through gaining access
to mates, reduced adult mortality and/or increased offspring survival (Baglione et
al., 2002; Cameron et al., 2009; Kokko et al., 2001).

Family groups: individuals stay together Non-family groups: individuals come together

Figure 2. Some cooperative breeding species reproduce in family groups (e.g. Argentine ants, Linepithema humile
(A\), Florida scrub jays, Aphelocoma coerulescens (B) and Meerkats, Suricata suricatta (C), whereas other cooperative
breeding species form non-family groups (e.g. greater anis, Crotophaga major (D), daffodil cichlids, Neolamprologus
pulcher (E) and Galapagos hawks, Buteo galapagoensis (F)).
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There are also cases where cooperative groups are a mix of related and unrelated
individuals (Dierkes et al., 2005; Horn et al., 2004; Magrath & Whittingham, 1997;
Reyer, 1984; Wright et al., 2010). These groups typically arise when unrelated
immigrants join family groups or family members disperse together to join other,
unrelated, individuals (Rubenstein & Abbot, 2017). Furthermore, even when groups
form through the same mechanisms, relatedness can vary due to mating behaviour,
breeder turnover and levels of reproductive competition (Hartley & Davies, 1994;
Riehl, 2011; Russell, 2016). For example, in family groups, relatedness between
retained offspring (“helpers”) and offspring raised in subsequent broods
(“recipients”) is reduced when breeding females are polyandrous and/or breeding
females are replaced between reproductive events (Hartley & Davies, 1994; Russell,
2016). Under such circumstances, cooperative groups may still be maintained when
relatedness is low, but are expected to involve helpers gaining direct fitness from
helping, for example by inheriting breeding positions or by getting a greater benefit
to cost ratio from helping (Downing et al., 2018).

In non-family groups, where all adult members reproduce, relatedness to offspring
can also vary due to mating competition, mate choice and policing behaviour to
avoid brood parasitism (Bertram, 1979; Hartley & Davies, 1994; Riehl, 2010).
However, research on the effects of variation in relatedness has focused mainly on
family groups, where relatedness is easier to measure. Consequently, we know
much less about how relatedness affects the cost to benefit ratio of cooperation in
non-family groups.

To summarize: relatedness in cooperative groups can vary in a number of different
ways, and when relatedness varies, cooperation is generally maintained by a change
in the relative importance of direct and indirect fitness gains (Figure 1). However,
an increase in the cost to benefit ratio of cooperation, resulting from for instance
low relatedness, can also drive individuals to change strategy, from cooperation to
independent breeding.

The benefit to cost ratio of cooperative behaviour and its influence on
variation in social organisation

The benefits and the costs of helping are predicted to depend on environmental
factors (Emlen, 1982a; Hatchwell & Komdeur, 2000). Imagine an individual that
has just reached sexual maturity and is ready to enter its first breeding season. It is
faced with the decision of whether to disperse and attempt to breed on its own, to
join a group where relatedness is low or uncertain, or stay in its natal group as a
non-breeding helper and forego its own reproduction. The outcome of this decision
will depend on the cost of helping, which is defined by the probability that the
individual will be able to successfully breed on its own. This probability is affected
by: a) how likely it is that an individual will establish a breeding position, and b)

22



how likely an individual is to successfully breed once it has gained a breeding
position. Both “a” and “b” are dependent on environmental factors, such as food
availability and weather conditions during dispersal, and demographic factors, such
as mate availability and population density. If the likelihood of successfully
breeding independently is low, then the costs of foregoing reproduction (measured
as fitness loss through not reproducing independently) will be low as well. Under
such circumstances, selection for cooperative breeding will be stronger than when
opportunities for independent breeding are high.

The idea that environmental constraints drive the evolution of cooperative breeding
has found support from both observational and experimental studies, as well as from
comparative studies (Hatchwell & Komdeur, 2000). However, it is not entirely clear
what type of environments favour cooperative breeding. Some studies suggest that
cooperative breeding is favoured in benign environments while others show that
cooperative breeding is associated with harsh environments (Arnold & Owens,
1999; J. L. Brown, 1974; Gonzalez et al., 2013; Jetz & Rubenstein, 2011; Ricklefs,
1975; Rubenstein & Lovette, 2007). Whether an environment is harsh or benign is
typically defined by the degree of stability and predictability, with more unstable
and unpredictable environments being considered harsher (Emlen, 1982a).

Cooperative breeding in harsh and in benign environments

Both harsh and benign environments can be challenging for independent breeding
(Emlen, 1982a). Harsh environments often have low carrying capacity and impose
constraints on survival and breeding due to extreme ecological conditions, such as
high temperatures (Chesson & Huntly, 1997), or drought (Lukas & Clutton-Brock,
2017). Cooperative breeding has been proposed to buffer individuals from these
kinds of challenges (Emlen, 1982a). For instance, in birds inhabiting hot
environments, heat stress during incubation could potentially be alleviated if several
individuals take it in turns to incubate eggs (AlRashidi et al., 2010; Deeming, 2001).
Benign environments, on the other hand, typically have a higher carrying capacity
due to lower rates of mortality (Gonzalez et al., 2013). Favourable conditions can,
however, lead to habitats becoming saturated, which can also restrict opportunities
for independent breeding (Komdeur, 1992). These constraints come mainly from
intraspecific competition for mates and breeding sites (Pen & Weissing, 2000).
Selection is thus likely to favour non-breeding individuals to remain on their natal
territories and help raise siblings, or to join other already established breeders in the
hope of getting a breeding position in the future. Consequently, in benign
environments selection for cooperation is likely to be driven by interactions with
the biotic environment and with conspecifics (e.g. mate availability, competition)
(Komdeur, 1992; Pen & Weissing, 2000). In harsh environments on the other hand,
interactions with abiotic factors, such as temperature and rainfall, may play a more
prominent role (Emlen, 1982a, 1982b).
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The effects of the social environment

Above, | have provided an overview of how within-group relatedness affects the
benefit to cost ratio of cooperation, and how this, in combination with environmental
factors, is predicted to shape the evolution of cooperation. There are, however,
characteristics of social groups other than relatedness, that are likely to affect the
evolution of cooperation. The social environment, which results from interactions
between members of a group, has also been shown to affect the costs and benefits
of cooperation (Smiseth & Moore, 2004; Wong et al., 2013).

The complexity of cooperative groups is likely to influence the way in which
individuals interact with each other. For instance, in groups that do not have a strict
reproductive division of labour, group size, and relative numbers of males and
females (sex ratio), are likely to influence the levels of competition over mates
within the group (Alexander, 1974; Davies & Houston, 1986; Hauber & Lacey,
2005). If levels of competition over mates are high, individuals are likely to be
driven to pursue reproductive opportunities at the expense of others, which can
potentially lead to the collapse of cooperation in the group, or prevent cooperation
from evolving in the first place (Galliard et al., 2005; Rankin et al., 2011). Moreover,
the level of competition over mates in a given set of social conditions might differ
between males and females, leading to sexual conflict, which arises when the fitness
interest of males and females diverge from each other (Arngvist, 2004; Chapman et
al., 2003). Such conflict is likely to lead to female and male fitness being optimized
in different groups sizes, or different sex ratios, providing a potential explanation to
why social groups vary in their social organization.

Cooperative groups are also vulnerable to a different kind of conflict between group
members: cheating (C. R. Brown, 1984; Emlen & Wrege, 1986; Ghoul et al., 2014;
Michod & Herron, 2006; Wade & Breden, 1980). Cheating arises when individuals
increase their fitness by exploiting the benefits of cooperation without contributing
to cooperation themselves. Cheating can, in a similar way to competition over
mates, lead to the collapse of cooperation (Haig & Grafen, 1991; Hardin, 1968;
Rankin et al., 2007; Riehl & Strong, 2019; Sachs et al., 2004; Sachs & Rubenstein,
2007; Strassmann & Queller, 2011; Van Dyken et al., 2011; Stuart A. West,
Gardner, et al., 2006; Stuart A. West, Griffin, et al., 2006). The occurence of
cheating in a group has been shown to be frequency dependent, with cheats being
more successful when they are rare (Gore et al., 2009; Ross-Gillespie et al., 2007;
Stuart A. West et al., 2021), cheting is thus likely to be yet another factor
contributing to variation in the complexity of social groups.
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What is the causal relationship between the
environment and cooperative breeding?

The environment as a promotor of cooperative breeding is an intuitive idea that has
dominated research on cooperative breeders for several decades (J. L. Brown, 1974;
Emlen, 1982a, 1982b). However, the causal direction of that relationship is not
entirely clear. The fact that there is an overabundance of cooperative breeding
species in harsh environments has nurtured the idea that the evolution of cooperative
breeding is driven by a high benefit to cost ratio of cooperation imposed by
ecological constraints (J. L. Brown, 1974; Emlen, 1982a; Jetz & Rubenstein, 2011;
Koenig et al., 1992; Lukas & Clutton-Brock, 2017). The environment is, in other
words, viewed as a cause of cooperative breeding.

However, there is an alternative explanation for the relationship between
cooperative breeding and the environment that invokes the reverse causal
relationship: cooperative breeding evolves in the absence of strong ecological
constraints but enables inhospitable environments to be invaded. Cooperative
breeding is instead favoured by high indirect fitness ensured by high within group
relatedness, mediated by high levels of monogamy, with only a small benefit to cost
ratio required for the evolution of cooperation (Jacobus J. Boomsma, 2007, 2009).
Cooperative groups with a work force of helpers may then be able to expand into
ecological niches unsuitable for independent breeders (Cornwallis et al., 2017;
Duffy & Macdonald, 2010). The environment is hence not a cause, but rather a
consequence, of cooperative breeding.

The idea that cooperative breeding is a cause and not a consequence of the
environment has gained support in the last decade. Phylogenetic studies have shown
that cooperative breeding has facilitated niche expansion in birds (Cornwallis et al.,
2017) and social shrimps (Duffy & Macdonald, 2010). Studies like these are very
valuable in providing general inferences about the order in which traits evolve (e.g.
cooperative breeding first, and then environment, or vice versa). However,
conclusions from phylogenetic studies can be complicated by, among other things,
traits evolving at different rates, uneven distributions of species exhibiting different
traits (e.g. cooperative versus independent breeding) and difficulties in
reconstructing past evolutionary events. As a result, experimental studies are needed
to complement and verify patterns seen in phylogenetic studies.

Only one experimental study to date has tested the idea that cooperative breeding
determines the environments species can inhabit. This study was carried out in a
facultative cooperative breeding species of burying beetle and showed that
cooperative groups thrived in a wider range of thermal environments than non-
cooperative groups (Sun et al., 2014). Experimental studies are invaluable for our
understanding of the causal relationship between environmental conditions and
cooperation and more are needed.
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Hamilton’s b’s and c’s are not always equal

Understanding how environmental conditions affect the costs and benefits of
cooperation can help us understand why species vary in their social organization.
However, a given environmental factor, temperature for instance, is likely to affect
the cooperative traits of different species in idiosyncratic ways. Consequently, if we
want to explain why a given environmental factor affects cooperative traits in some
species, but not in others, we need to take into account non-social traits that have
the potential of effecting interactions with the environment (Figure 3).

>
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- —— + - e ) +
Relative environmental measure

Absolute environmental measure 3 -
(number of units away from optimum)

Figure 3. A relative measure of environmental factors: Conceptual figures 3 A and B show the same dummy data
but ask different questions that might lead to different conclusions. Figure A asks the question: How does an increase
in environmental factor “x” affect cooperative phenotype “y”? The answer to this question is that the cooperative
phenotype y generally decreases when environmental factor x increases. However, the cooperative phenotype “y” has
high values both at the low and the high end of the environmental range and the curve does not fit the data very well. A
more sensible question to ask might instead be: Does distance away from the optimum in environmental factor “x” affect
cooperative phenotype “y*? (B). The curve fits the data much better in this case, and shows that cooperative phenotype
“y” increases with increasing distance from optimum at both sides of the environmental range. If we are interested in
understanding the relationship between cooperative behaviour and environmental constraints, then taking into account
species, or individual, optima, as in B, is likely to give us more relevant answers.

In a similar way, understanding how the costs and benefits of cooperation vary in
relation to the environment across individuals within a population can help us
understand variation in social organization within species. The costs and benefits of
cooperative behaviour are likely to vary across individuals, due to, for instance,
variation in their genetic predisposition to withstand environmental stress
(Mackinnon et al., 1991; Ravagnolo & Misztal, 2000). For example, in a hot
environment, an individual with a high heat tolerance would not be constrained by
heat stress in the same way as an individual more sensitive to heat. If we view
cooperative breeding as an adaptation that enables individuals to overcome
environmental constraints, then it follows that cooperative breeding will be expected
to increase when environmental conditions shift away from the individual, or
species, optimum (Figure 3B). Since individuals, and species, are likely to vary in
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their optimal environmental conditions, and in how sensitive they are to
environmental change; this variation may explain the coexistence of cooperative

and non-cooperative strategies in the same environments (Lott, 1984; Schradin,
2013; Schradin et al., 2018).
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Thesis Aims

The main aim of this thesis is to further our understanding of the relationship
between variation in the social organization of cooperative groups and their
environment (both the social and abiotic environment). To do this, I: a) manipulated
the complexity of groups of cooperative breeding ostriches (Struthio camelus) by
establishing groups with different numbers of males and females (papers I, Il and
1V), and b) quantified individual tolerance to temperature stress to examine its
influence on fitness and cooperation under challenging temperature conditions
(papers 111 and 1V).

In paper 1, | investigated why groups vary in complexity by experimentally
engineering entire social groups of cooperatively breeding ostriches, mirroring the
complexity of groups observed in natural populations. To disentangle the effects of
competition and cooperation across different phases of breeding, |1 compared the
reproductive success of individuals when offspring care was experimentally
removed to when individuals were allowed to provide offspring care.

In a similar way, in paper 11, | experimentally manipulated the opportunities for
cheating and cooperation in groups of breeding ostriches. This allowed me to
examine the role of cheating in shaping the complexity of social groups, and also
what social conditions allow cheats to proliferate.

In paper 111 the effect of fluctuating temperatures on male and female reproductive
success, without any opportunities for cooperative breeding, was quantified. In
paper 1V the knowledge gained from paper Il on the temperature effects on
reproduction was used to predict the heat tolerance of males and females used in
experiments where opportunities for cooperation were manipulated. This paper
addresses the question of why individuals of the same species show so much
variation in how cooperative they are, adding a piece to the great puzzle of what
causes variation in social organization.
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Methods

Study system: The ostrich (Struthio camelus), a
facultative cooperative breeder

Ostriches have a communal nesting system in which males dig and protect a nest
where multiple females lay their eggs (Bertram, 1992). As several females lay eggs
in each nest, and because females can be polyandrous, numerous males and females
potentially contribute offspring to a single nest (Kimwele & Graves, 2003). Both
males and females participate cooperatively in the incubation of the eggs and
protection of offspring (Bertram, 1992; Kimwele & Graves, 2003; Magige et al.,
2009). Ostrich groups are thought to largely consist of unrelated individuals
(Kimwele & Graves, 2003), but the details of how ostrich groups form in the wild
(i.e. whether they are family, of non-family groups) is very limited. We know,
however, that the size and sex ratio of breeding ostrich groups varies greatly in
nature (Figure 5), ranging from pairs to groups of well over a dozen individuals of
various sex ratios (Figure 5B) (Bertram, 1992; Kimwele & Graves, 2003; Magige
et al., 2009). The natural variation in complexity, and the flexibility of the social
organisation of ostrich groups make these birds an ideal species for the study of
social evolution.

Natural variation social organization

Natural variation in the complexity of breeding groups (group size, number of males
and number of females) was examined using published literature (Bertram, 1992;
Magige et al., 2009), and directly estimated by conducting transects along the roads
of the south eastern part of Karoo National Park. Each transect was carried out 2 to
3 times in two separate years (2014 and 2018). Ostriches were typically observed in
clearly defined groups, judged by their coordinated movement and close proximity
to each other (< ~100m). In a few instances, individuals were separated by more
than 100m and in these situations they were observed until it was clear whether they
were part of the group or moving separately. The location of groups and single
individuals was recorded using GPS on an iPhone 4 in 2018 and using maps in 2014.
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Experimental population

Study site

The research presented in this thesis on captive ostriches was done at Oudtshoorn
Research Farm, South Africa (33° 38’ 21.5“S, 22° 15° 17.4”E) in natural Karoo
habitat, where wild ostriches thrive (Figure 4).

Figure 4. Field work in South Africa. A) a group of female ostriches guarding their nest in one of the experimental
groups. B) Charlie Cornwallis surveying the wild ostrich population. C) A daily routine; Jakob Baartman (right) and
Niklaas Appel counting and marking eggs in one of the experimental groups. The observation tower can be seen in
the background. D) Mads Schou (standing) and Charlie Cornwallis examining the remains of a wild ostrich nest.

Study population

The captive ostriches used in this thesis are derived from 139 founding individuals.
From 1998 to 2018 the reproduction of captive breeding pairs (Nfemates = 756, Nmates
= 701) was monitored in 197 enclosures of ~0.25 ha. A male and a female ostrich
were assigned to each enclosure in May/June each year and kept together until the
end of the breeding season in December/January. During this period, pairs were
checked twice daily and any eggs were collected. Male—female combinations were
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established to prevent inbreeding and, when possible, generate new combinations
each year. From 2008 to 2018 the fertility of males (n = 22) kept in solitary
enclosures (20m x 17 m) and trained to ejaculate into an artificial cloaca using a
dummy female (Rybnik et al., 2007) was monitored.

During the breeding season ostriches received a balanced ostrich breeder diet (90 to
120 g protein, 7.5 to 10.5 MJ metabolizable energy, 26 g calcium and 6 ¢
phosphorus per kg feed) and ad-libitum water.

Estimating individual tolerance to heat stress

Daily records of egg production between 1998 and 2018 of 678 pair-breeding female
ostriches, as well as daily temperature records, and an available pedigree were used
to estimate the tolerance to heat stress of each individual included in the
experimental part of this thesis. This was done by constructing a random regression
animal model of the individual change in egg-laying rate with increasing or
decreasing temperatures from the optimum (20°C). The animal model was run in R
v.3.6.0 (R Core Team, 2019) using the Bayesian framework implemented in the R-
package MCMCglmm v.2.29 (Hadfield, 2010).

Experimental manipulations of groups

The complexity of 118 groups of breeding ostriches, involving 309 adult ostriches
(145 males and 164 females), was experimentally manipulated over a seven-year
period (between 2012 and 2018, 16-18 groups per year). Groups were kept in fenced
areas (range: 2400 and 70600 m?, median = 4700 m?). The number of males in
groups ranged from 1 to 3 and the number of females ranged from 1 to 6. Due to
limitations in the number of birds accessible for the experiments, and other
experiments being conducted on the same population, not all combinations of male
and female group sizes were possible. All individuals in the population were
individually identifiable by coloured and numbered neck tags.

The breeding season was typically from May to December every year. During the
first ~5 months of the season, eggs were collected and put in artificial incubators to
measure reproductive success independently of the effects of incubation behaviour.
During the last ~2 months, eggs were left in nests and incubation behaviour was
monitored to examine patterns of reproductive success when individuals had to care
for offspring. The number of eggs and number of chicks produced in every group
was recorded.

Behavioural observations

During the last ~2 months of every breeding season, the incubation and copulation
behaviours of individuals were monitored by conducting ~3 hour observations at
least three times a week using binoculars (10 x 40) and a telescope (12-36 x 50).
The observer sat camouflaged in a 10-meter-tall observation tower in the middle of
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the field site. Groups were observed for between 47 and 91 hours. The identity of
each individual involved in the focal behaviours, the time of every copulation, and
the time for the start and end of incubation were recorded.

Parentage analysis

Blood samples were collected from all adults included in the experimental groups,
from all chicks hatched from these groups, and, when possible, blood or tissue
samples were collected from eggs that failed to hatch. From these samples, seven
highly polymorphic tracts of repetitive DNA (microsatellites) were amplified using
Phusion Blood Direct PCR Kit (Thermo Scientific™) and fluorescently labelled
primers. These seven microsatellites have previously been used to assign parentage
in ostriches with high confidence (Bonato, 2009). After DNA-amplification, the
amplicons were separated by size using capillary electrophoresis. Microsatellite
scoring was then performed visually using the software Geneious 10.2.3 (Geneious
| Bioinformatics Software for Sequence Data Analysis, 2017). Finally, a parentage
analysis was run in the software Cervus 3.0.7 (Marshall et al., 1998).

Statistical analyses

Data were analysed in R (R Core Team, 2020) with Bayesian Linear Mixed Models
(BLMM) with Markov chain Monte Carlo (MCMC) estimation in the package
MCMCglmm (Hadfield, 2010). Convergence was checked by running models three
times and examining the overlap of traces, levels of autocorrelation, and testing with
Gelman and Rubin’s convergence diagnostic (Brooks & Gelman, 1998). Fixed
effects were considered significant when 95% credible intervals (Cls) did not
overlap with 0 and pMCMC were less than 0.05. Random effects were used, when
applicable, to model the non-independence of data arising from multiple data points
per individual, per group, per enclosure and per year. To estimate the magnitude of
random effects, the percentage of the total random effect variance explained by each
random term on the expected data scale (12%: (Vi/Vtotal)*100) was calculated (de
Villemereuil et al., 2016). To obtain estimates of 12 on the expected scale from
binomial models, the distribution variance for the logit link function was included
in the denominator (Vi/Vtotal + 7°3/2)*100).
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Results and discussion

Here | present, in an abbreviated form, some of the most important results found in
the four papers of this thesis, together with a brief discussion. | have, across this
section, indicated the paper in the thesis to which each result (or set of results)
belongs. In this way, readers interested in gaining a more in-depth knowledge of a
given result can find it in the corresponding paper.

Natural variation in group complexity (paper I)

Groups of wild ostriches co-occurring in the same habitat at the same time have
previously been shown to be highly variable in their complexity (Bertram, 1992;
Kimwele & Graves, 2003; Magige et al., 2009). | confirmed this phenomenon when
I conducted transects in Karoo National Park, South Africa, and found that ostrich
groups inside the national park varied greatly in size and sex ratio, with sizes of
between 2 and 18 individuals, containing 1 to 12 same sexed individuals. However,
groups usually consisted of 1 to 6 females and 1 to 3 males (Figure 5). This is similar
to the complexity of groups reported in East African populations (Bertram, 1992;
Kimwele & Graves, 2003; Magige et al., 2009), showing that local variation in
ostrich groups is widespread across their geographical range.

Experimental ostrich population (papers I-1V)

Using estimates from the wild as a guide, | experimentally established 118 groups
involving a total of 309 individuals in enclosures of natural Karoo habitat. These
experimental groups covered the typical range of group complexities observed in
the wild (i.e. groups composed of 1 to 3 males with 1 to 6 females).
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Figure 5: Variation in the complexity of cooperative breeding groups of ostriches. (A) Group of two males and
one female breeding ostriches in Karoo National Park. (B) A map of Karoo National Park with the complexity of each
group plotted. The size of the circles indicate the number of individuals (maximum = 18, minimum = 1), the blue and
yellow segments indicate the proportion of males and females respectively.

The costs and benefits of cooperation differ between males and females
in relation to group complexity (paper I)

Individual reproductive success was measured using data on eggs and chicks
produced in the experimental groups over a period of six to seven months each
breeding season. | used mean reproductive success per individual (total number of
eggs and chicks / number of same sex individuals in group) as | was interested in
the average reproductive returns for individuals in groups with different

34



complexities, irrespective of within-group individual variation in reproductive
success. These data were combined with behavioural observations (59.25+1.17
(meanzse) hours per group spread over the season) that allowed me to quantify the
incubation and mating behaviour of all individuals.

To disentangle the effects of competition and cooperation in different stages of
breeding, the need for cooperation over incubation was experimentally removed.
This was done by collecting eggs and incubating them artificially during the initial
~5 months of the breeding season. In the final ~2 months of the season, eggs were
left in groups to allow natural incubation. When the need for cooperation over
incubation was removed, average male reproductive success declined as the number
of competitors in groups increased (Figure 6A. Number of malesScnicks posterior mode
(PM) and credible interval (CI) = -0.38 (-0.57 , -0.23), pMCMC = 0.001). For
example, single males on average sired three times the number of chicks compared
to when males had competitors (Figure 6A). Male reproductive success was also
influenced by the number of sexual partners in groups (Figure 6A). As the number
of females in groups increased to four, male reproductive output went up markedly
(Figure 6A. Number of femaleschicks PM (CI) = 0.48 (0.33, 0.69), pPMCMC = 0.001),
after which it plateaued (Number of females%gs PM (CI) = -0.2 (-0.29 , -0.1),
pMCMC = 0.001). In contrast, female reproductive success, expressed as both the
number of eggs and number of chicks, was largely independent of the number of
males and females in groups (Figure 6B).

When eggs were left with their parents, and individuals cooperated over incubation,
the way female reproductive success was maximised changed (Figure 6D). The
number of chicks that females produced during this period was dependent on the
number of females in their group, and also on whether there were multiple or single
males (Number of males:Number of femalesicks PM (CI) = 0.38 (0.07 , 0.77),
pMCMC = 0.018). In groups with multiple males, the average number of chicks
hatched per female was highest when there were low and high numbers of females
(Figure 6D). Conversely, in groups with single males, the number of chicks hatched
per female was highest in groups with four females and lowest when females were
on their own (Figure 6D). Female reproductive success was therefore lowest in
groups with intermediate numbers of each sex and in pairs, which was not the case
when individuals did not cooperate over incubation (Figure 6). In contrast, patterns
of male reproductive success were not influenced by the need to incubate offspring
(Figure 6A & C).

The results above suggest that in ostriches, sexual competition and gaining access
to females dominates male reproductive success. In contrast, female reproductive
success is strongly dependent on cooperative care and there was little evidence of
sexual competition amongst females. The differences in the relative effect of
cooperation and competition on male and female reproductive success may explain
why groups with a certain level of complexity are more common than others in the
wild. The reproductive interests of males and females were best balanced in groups
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with single males and four females. Interestingly this is the most common group
composition observed in the wild (Bertram, 1992; Magige et al., 2009). Female
reproductive success was, nevertheless, equally high when on their own in groups
with multiple males and in multi-male multi-female groups, which may provide an
answer to why group complexity is so variable in nature.
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Figure 6: Group complexity and the need for offspring care influence male and female reproductive success.
(A) The average number of chicks males sired decreased with the number of males in the group and increased with the
number of females, irrespective of whether there was offspring care (C). The number of chicks females produced
depended on the number of males in groups and offspring care. In groups with single males, the number of chicks
females produced was highest in groups with four females both with (D) and without offspring care (B). In groups with
more males, the number of chicks females produced declined with increasing numbers of females when offspring care
was removed (B), but was highest in groups with few and many females when there was offspring care (D). See figure
S1 for plots of egg production. Means + SE are plotted.
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Group size buffers the costs of cheating in cooperative groups (paper

)

Using the behavioural data obtained on experimental groups, | identified two
different strategies among breeding females: ‘“cooperators” and “cheats”.
Cooperators were individuals that contributed to the collective incubation effort,
whereas cheats were individuals that were active breeders, but did not contribute to
incubation.

My results show that, although the relative frequency of cheats is higher in big
groups (PM (CI) = 0.25 (0.01, 0.43), pMCMC = 0.04), cheats appeared to have
higher reproductive success in small groups (Cheats : number of cooperators?: PM
(C1)=0.34(-0.04, 0.78), pMCMC = 0.074). Why are not cheats then more frequent
in small groups, where they seem to maximize their reproductive success? The
results of this paper suggest that the answer to this question is that cooperators in
small groups respond to cheats by decreasing their incubation effort (Figure 7A. PM
(Cl) = 0.29 (0.04 , 0.7), pMCMC = 0.03), leading to the collapse of cooperative
incubation.
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Figure 7: The effect of cheats. A) Mean individual incubation effort across diferent breeding group size in groups with
(orange) and without (green) cheats. B) Mean hatching success of eggs in groups with (orange) and without (green)
cheats. In groups without female cooperators (x = 0), incubation was taken care of by males only. Groups where no

incubation was recorded were excluded from the data. Points and error bars show mean +/- 1 standard error.
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This in turn triggers a “tragedy of the commons” (Hardin, 1968; Rankin et al., 2007),
by severely compromising reproductive success in small groups (Figure 7B. PM
(Cl) =1.09 (0.21, 1.84), pMCMC = 0.006). Together, these results suggest that
group size buffers the negative effects of cheating in ostrich groups, contributing to
the stability of cooperation.

Variation in individual temperature tolerance and its effects on fitness
(paper 111)

In paper 111, daily records from 20 years of egg production between 1998 and 2018
from 678 pair-breeding female ostriches, as well as ten years of data (2008-2018)
of ejaculates of 22 solitary males, were combined with daily temperature records
(that ranged from ranged from —5 to 45 °C), to quantify individual variation in
temperature tolerance and its effects on gametic traits. Moreover, hatching success
data of artificially incubated eggs on the same population was used to assess the
fitness effects of thermal tolerance.

The results of paper 111 show that the number of eggs females laid and the number
of sperm males ejaculated were significantly reduced by both increasing and
decreasing ambient temperature (Figure 8a, b). The effects of temperature were not
immediate, but resulted from a critical thermal window 2—4 days before laying and
ejaculation. During this critical thermal window, egg laying rate peaked at 20 °C,
dropping by 18% and 15% when temperatures decreased and increased by 5 °C,
respectively (Figure 8a). Similar reductions were seen in the number of sperm males
gjaculated (19% with 5 °C increases and decreases from the optimum; Figure 8b),
but the thermal optimum appeared to be slightly higher than for egg laying, peaking
at ~26 °C.

A significant part of the variation in the reduction of gamete production was
explained by individual differences, suggesting that there is individual variation in
thermal tolerance in the study population. Differences between individual females
explained 24% of variation in egg laying rate declines when temperatures increased,
and 18% of variation when temperatures decreased. Similarly, some males were
much more resilient to temperature change than others, as indicated by the number
of sperm they ejaculated. When temperatures increased, 47% of variation in the
decline in sperm numbers was explained by differences between males, and 57%
when temperature decreased.

Hatching success was significantly affected by the temperature birds experienced
prior to laying: hatching success was reduced by 4-7% with 5 °C increases and
decreases from 20 °C (Figure 8C; Theat stress (credible interval, CI) = —0.26 (—0.43,
—0.09), pMCMC = 0.002; Tcold stress (CI) = —0.57 (—0.98, —0.01), pMCMC = 0.028).
Combined with changes in laying rates, this resulted in the total number of offspring
decreasing by 28% with an increase in temperature of 5 °C, and 44% with a
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temperature decrease of 5 °C from 20 °C (Figure 8d; Tcold stress (CI) = —2.10 (=2.57,
—1.60), pMCMC = 0.001; Theatstress (CI) = —1.42 (—1.61, —1.21), pMCMC = 0.001).

The results of paper 11l show that ostriches experience thermal stress when
temperatures are below 15 °C, or above 25 °C, but that individuals varied
substantially in their thermal tolerance. This leads to the question of how this
variation is maintained in an environment with highly fluctuating temperatures,
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Figure 8 Temperature extremes compromise male (n =22) and female (n = 652) fertility. Female egg laying rate
(a) and number of sperm ejaculated by males (b) were both highly sensitive to increases and decreases in temperature.
Hatching success (c), which is influenced by the egg mass, sperm numbers and sperm viability, was also less affected
by temperature change. The number of offspring (d) is a product of hatching success as well as egg laying and showed
sensitivity to changes in temperature during egg laying. Ostrich females can only lay an egg every other day and we
therefore used number of eggs or chicks per number of two-day intervals (eggs/2 days or chicks/2 days). The range of
temperatures that sperm traits were measured at differed from the other traits, because it was not possible to collect
sperm across all years. Fitted lines and 95% credible intervals (shaded area) from the primary set of models are shown
for traits significantly affected by temperature. For binomial models the fitted lines span the modelled binned temperature
classes making them robust to outliers. Points are averages with standard errors binned according to the temperature
variable. Point size illustrates relative number of observations.

39



where fitness is likely to be maximized with high thermal tolerance. One possible
explanation is that variation in thermal tolerance is maintained by the cooperative
breeding nature of ostriches. The results in paper 111 were obtained from
individuals breeding in pairs. In paper 1V | therefore test whether the reproductive
consequences of low heat tolerance can be buffered by benefits of breeding in
cooperative groups.

Individual heat tolerance explains variation in cooperative behaviour
(paper 1V)

In paper 1V, an additional element was added to the complexity of the experimental
groups of cooperatively breeding ostriches: within-group variation in heat tolerance.
The methods and data in paper 111 were used together with an available pedigree
of the population to quantify genetic heat tolerance in all adult birds. Experimental
birds were then selected so that relative frequency of heat tolerant individuals varied
across groups. In this way, | could study the effect of individual heat tolerance, and
its interaction with other elements of group complexity, such as numbers of males
and females, on cooperative incubation behaviour. Note that, since incubation
behaviour is likely to interfere with the behavioural response to heat (Maloney,
2008), the focus of this paper is on heat tolerance, the cold-tolerance element of
thermal tolerance has consequently been omitted. Thus, all temperatures below 25
°C are referred to as “benign”.

The results of paper IV show that individual contributions to cooperative
incubation were highly variable, and that this variation was predicted by individual
heat tolerance. Heat tolerant females were much more likely to engage in incubation,
both at benign and hot temperatures (Figure 9A. Benign: PM (Cl) =0.38 (0.1, 0.55),
pMCMC = 0.004. Hot: PM (Cl) =0.2 (-0.03 , 0.44), pMCMC = 0.07). Heat tolerant
females also invested more time in incubation (Figure 9C. Benign: PM (CI) = 0.67
(0.29 , 1.46), pMCMC = 0.006. Hot: PM (Cl) = 0.67 (-0.06 , 1.29), pMCMC =
0.054). Females with low heat tolerance reduced their incubation effort in groups
with more females, whereas females with high heat tolerance largely maintained
their incubation effort across different group sizes, even at high temperatures
(Figure 9C). In contrast to females, male genetic heat tolerance did not influence the
probability that they incubated or the amount of time they invested in incubation at
either high or benign temperatures (Figures 8B & 8D).

In paper 1V, | also tested whether differences in the incubation behaviour of
individuals with low and high heat tolerance influenced the emergence of
cooperation at the group level. This was done by examining whether the frequency
of heat tolerant individuals in groups predicted the number of individuals that
contributed to cooperation over incubation. | found that as the opportunity for
cooperation increased (big groups), groups with a higher frequency of heat tolerant
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females had more cooperators under hot conditions than groups with lower
frequencies of heat tolerant females (Figure 10A). This effect disappeared under
benign temperatures, suggesting that higher frequencies of heat tolerant females
results in greater cooperation over incubation during periods of heat stress (Hot: PM
(Cl) =0.45 (0.04 , 0.94), pMCMC = 0.032; Benign: PM (CI) =0.35 (-0.19, 0.68),
pMCMC = 0.246).
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Figure 9: Genetic heat tolerance influences incubation behaviour. The probability that females (A) and males (B)
with high (>median) and low (<=median) heat tolerance contributed to incubation. The proportion of time females (C)
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are plotted.
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Heat tolerance in males had the opposite effect to that in females under hot
conditions. As the frequency of heat tolerant males increased, the number of males
that cooperated over incubation decreased (Figure 10B. Hot: PM (CI) =-0.35 (-0.58
, -0.05), pMCMC = 0.018. Benign: PM (CIl) =-0.07 (-0.3, 0.1), pMCMC = 0.262).

The results in paper 1V suggest that individual sensitivity to environmental stress
affects the cost to benefit ratio of cooperation. Moreover, the effects of tolerance to
environmental stress differ between the sexes, adding yet another level of
complexity that can help us better account for the variation in social organization.
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Figure 10: The emergence of cooperation in groups with different frequencies of heat tolerant individuals. (A)
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The effect of heat tolerance on the cost to benefit ratio of cooperation is expected to
lead to a reduction in the need for cooperation under hot conditions. However, the
fact that | found a higher frequency of heat tolerant females resulted in greater levels
of cooperation in big groups at hot temperatures (Figure 10A, see panel to the right),
seems contrary to this idea. Instead, my results suggest that higher heat tolerance in
females may in fact drive cooperation.

It is important to note that these increased levels of cooperation were not because
heat tolerant females had a greater propensity to cooperate in hot environments:
among cooperators, heat tolerance did not affect the likelihood of cooperation over
incubation in a given temperature condition (Benign: PM (CI) = 0.02 (-0.05, 0.06),
pMCMC = 0.782. Hot: PM (CI) = -0.02 (-0.07 , 0.05), pMCMC = 0.654). Instead,
higher levels of cooperation appear to emerge in groups with more heat tolerant
females due to their inherent higher probability of engaging in incubation.
Additionally, the incubation behaviour of heat tolerant females was largely
insensitive to variations in group size (Figure 9A & C), suggesting that heat tolerant
females are relatively unaffected by the benefits of cooperation. This might be
because they pay a lower cost of incubation (although we do not test this), which in
turn results in lower benefits of cooperation. For females with low heat tolerance,
on the other hand, incubation is likely to be costlier, and thus they get relatively
large benefits by being able to reduce their incubation effort when being part of a
big cooperative group (Figure 9A & C).

Figure 11. A schematic representation of the author.
By Sina Melgar Hilz.
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Conclusions

Disentangling the effects of the many factors that affect the cost to benefit ratio of
cooperation is difficult (Stuart A. West et al., 2021). This is true, in part due to the
difficulties of finding systems amenable to experimental manipulation of entire
cooperative groups. Much of the novelty and value of this thesis, thus lies in its
experimental approach.

This thesis shows that the cost to benefit ratio of cooperative versus competitive
behaviour can change with the complexity of social groups. In particular, the
interests of individuals within groups can differ in a number of ways, helping
explain why cooperative groups can be so variable in their complexity, even under
the same ecological conditions. The relationship between cooperation and group
complexity has long been discussed (Alexander, 1974; Williams, 1996). However,
how and why they are linked has been challenging to explain due to lack of
experimental tests. The results presented here, therefore provide important pieces of
evidence that help us understand why social groups vary in complexity in nature.

Individuals vary in their response to the conditions that affect cooperative
behaviour. Environmental factors, mediated by individual variation in
environmental sensitivity, are key drivers of this variation. The fact that some
individuals are more prone to cooperating than others also implies that when a
cooperative group has formed, it is vulnerable to exploitation. Some individuals do
not cooperate at all but reap the rewards of cooperation, compromising the stability
of the group. Others are constrained by the environment and do less than their fair
share. This individual variability, and the fact that the social and physical
environments interact with each other, have implications for predictions about how
cooperative species are able to expand their ranges to habitats that pose
environmental challenges. Stress tolerant individuals might pave the way for
conspecifics less tolerant to environmental stress, so that the species’ range can be
expanded. This has also implications for our understanding of how species will be
able to maintain their ranges in face of the global climate crisis.

My results on the effects of variation in heat tolerance on cooperative ostrich
behavior suggest that there are benefits for groups to having individuals with
varying genotypes in fluctuating environments. Ostriches typically form groups of
unrelated individuals (Kimwele & Graves, 2003). Genetic variation within groups
is therefore likely to be higher than in species where groups are formed of relatives.
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For example, in family groups, where relatedness is high, variation in environmental
sensitivity within groups is likely to be lower due to all individuals having similar
genotypes.

Although cooperation still has a buffering effect against environmental stress in
family groups (Cornwallis et al., 2017; Covas et al., 2008; Duffy & Macdonald,
2010; Emlen, 1982a; McLeod & Wild, 2014; Pen & Weissing, 2000; Rubenstein,
2011). Fluctuating environmental conditions might select for higher genetic
variation (Husby et al., 2011; Rowinski & Rogell, 2017). This can be achieved by
for instance increased levels of polyandry (EI-Niweiri & Moritz, 2011; E. O.
Wilson, 1971), resulting in decreased group relatedness. Fluctuating environmental
conditions can also lead to the dissolution of family groups by favouring direct over
indirect fitness (Bourke, 2014). This illustrates how environmental conditions can
shift the relative importance of direct and indirect fitness in cooperative groups (see
figure 1). Fluctuating environments are likely to promote higher genetic variation,
and thus lower relatedness, while more stable environments allow lower levels of
genetic variation, paving the way for indirect fitness benefits.

Another important consideration when examining the results of this thesis is that
they are a snap shot in time, not accounting for longer term effects, such as life time
reproductive success, longevity or cumulative effects of heat stress. Therefore, a
potential future avenue of research would be to examine how the effects of
successive breeding attempts affect the cost to benefit ratio of cooperation. Using a
novel and versatile study system, this thesis provides a starting point for such
research, along with new insights into the question of why cooperative groups vary
in social organization.

Figure 12. An attentive observer. Julian Melgar demostrates how field
work can be on the observation tower at Oudtshoorn’s research farm.
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Ode to Thanks

By: Pablo Neruda—translated by Ken Krabbenhoft
Thanks to the word that says thanks!
Thanks to thanks,
word
that melts
iron and snow!

The world is a threatening place
until
thanks
makes the rounds
from one pair of lips to another,
soft as a bright
feather
and sweet as a petal of sugar,
filling the mouth with its sound
or else a mumbled
whisper.

Life becomes human again:
it’s no longer an open window.

A bit of brightness
strikes into the forest,
and we can sing again beneath the leaves.
Thanks, you 're the medicine we take
to save us from
the bite of scorn.

Your light brightens the altar of harshness.
Or maybe
a tapestry
known

to far distant peoples.
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Travelers
fan out
into the wilds,
and in the jungle
of strangers,
merci
rings out
while the hustling train
changes countries,
sweeping away borders,
then spasibo
clinging to pointy
volcanoes, to fire and freezing cold,
or danke, yes! and gracias, and
the world turns into a table:

a single word has wiped it clean,
plates and glasses gleam,
silverware tinkles,
and the tablecloth is as broad as a plain.
Thank you, thanks,
for going out and returning,
for rising up
and settling down.

We know, thanks,
that you don'’t fill every space-
you re only a word-
but
where your little petal
appears
the daggers of pride take cover,

and there’s a penny’s worth of smiles.
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In Brief

Cooperative animal societies vary in complexity from simple pairs to complex multi-male, multi-
female groups, but explaining why is challenging. Experiments on ostriches show that variation
in group complexity emerges because the benefits of cooperative offspring care and the costs of
sexual competition differ between males and females at different phases of reproduction.
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»  The complexity of cooperative breeding groups of ostriches is highly variable
«  Group complexity increases competition over reproduction in males

«  Cooperative care in complex groups promotes female reproductive success

+ Intermediate group sizes harbour conflict over the timing of mating and incubation
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Summary

Breeding in large cooperative groups allows the costs of reproduction to be shared amongst
individuals, enabling environments where independent reproduction is challenging to be
inhabited [1-4]. However, in the majority of cooperative breeding animals, groups vary markedly
in the number of males and females they contain [3—7]. Why, given the benefits of cooperation,
do large breeding groups only emerge sometimes? We addressed this question by experimentally
establishing groups with variable numbers of males and females (‘group complexity’) in the
ostrich, Struthio camelus, and manipulated the need for cooperation over offspring care by
artificially incubating eggs. When the need for offspring care was removed, group complexity
had little effect on female reproductive success. However, when eggs were left in nests,
cooperative incubation was frequently observed and female reproductive success was dependent
on group complexity, being highest in large multi-female groups and groups with single females
and multiple males. In contrast, the reproductive success of males was always highest in groups
with multiple females without male competitors, regardless of the need for offspring care. The
benefits of cooperative care and the costs of sexual competition meant that male and female
reproductive success was lowest in pairs and in groups with intermediate numbers of males and
females, where there was conflict over the timing of mating and incubation. Our results provide
experimental evidence that variation in the complexity of social groups arises because males and
females differ in how they increase their reproductive success during different phases of
breeding.
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Results and Discussion

In cooperatively breeding animals, groups differ markedly in the number of males and females
that contribute to reproduction and offspring care [3,4,7,8]. A pervasive idea to explain such
variation is that environmental fluctuations change constraints on independent breeding, and in
turn the benefits of group living [1,2,9-12]. However, this fails to explain why groups are often
highly variable under similar ecological conditions, such as in the same location during the same
time [3-5,5-7,13-16]. An alternative explanation is that there are advantages and disadvantages
to being in large and small groups that broaden the range of group sizes where reproductive
success is maximised [8,17-19]. For example, individuals in small groups may face less sexual
competition, but have fewer opportunities for cooperating over offspring care compared to
individuals in larger groups [6,20,21].

Investigating why groups vary in complexity is challenging as it requires experiments to
disentangle the effects of competition and cooperation, and remove the effects of breeder and
territory quality on reproductive success [22—-25]. A commonly used experimental approach is the
removal of individuals from groups, but this can lead to social upheaval resulting in variable and
inaccurate estimates of reproductive success [22,25]. Here we address these issues by
experimentally engineering entire social groups of cooperatively breeding ostriches, Struthio
camelus, that mirror the complexity of groups seen in natural populations (Figure 1). To separate
the effects of competition and cooperation across different phases of breeding (mating versus
offspring care measured here as time invested in incubation), we compared the reproductive
success of individuals when offspring care was experimentally removed (eggs were collected and
artificially incubated) to when eggs were incubated naturally (Figure 1).

Ostriches breed in groups where multiple males and multiple females dig and protect a nest
(Figure 1) [26,27]. Each nest can contain the offspring of several individuals, as females lay
communally and mate with multiple males [28,29]. Males and females participate in the
cooperative incubation of eggs that last 42 days, representing a major part of offspring care
[27,30]. During this period eggs must be constantly protected, which exposes adults to risks of
heat exhaustion and predation [26,27,31]. After hatching, the breeding group often dissolves and
the precocial young are typically protected by a single male and female [27].

Groups of wild ostriches co-occurring in the same habitat can be highly variable in their

complexity. We conducted transects in Karoo National Park, South Africa, and found that groups
consisted of 1 to 12 same sex individuals, although most often groups consisted of 1 to 6 females
and 1 to 3 males (Figure 1; Table S1). This is similar to the complexity of groups reported in East
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African populations, showing that local variation in groups is widespread across their
geographical distribution and across subspecies [27-29]. Using estimates from the wild as a
guide, we established 118 groups involving a total of 309 individuals in enclosures of natural
Karoo habitat that covered the typical natural range of group complexies (groups composed of 1
to 3 males with 1 to 6 females: Table S1). The reproductive success of individuals was measured
by collecting data on the number of eggs and chicks produced over a period of six to seven
months each year by each group. The mean reproductive success per individual was examined
(total number of eggs and chicks / number of same sex individuals in group) as we were
interested in the average reproductive returns for individuals of being in groups with different
complexities, irrespective of between individual variation in reproductive success within groups.
This data was combined with behavioural observations to quantify the incubation and mating
behaviour of all individuals (59.25+1.17 (meanzse) hours per group spread over the season).

Male and female reproductive success is maximised in groups with different complexities
When the need for offspring care was experimentally removed, average male reproductive
success declined as the number of competitors in groups increased (Figure 2A. Number of
maleschicks posterior mode (PM) and credible interval (CI) = -0.38 (-0.57 , -0.23), pMCMC =
0.001. Table S3. For similar statistical support for eggs see Figure S1 and Table S2). For
example, single males on average sired three times the number of chicks compared to when
males had competitors (Figure 2A). Male reproductive success was also influenced by the
number of sexual partners in groups (Figure 2A). As the number of females in groups increased
to four, male reproductive output went up markedly (Figure 2A. Number of femaleschicks PM (CI)
=0.48 (0.33, 0.69), pPMCMC = 0.001. Table S3. For similar statistical support from eggs see
Figure S1 and Table S2), after which it plateaued (Number of femalesZggs PM (CI) = -0.2 (-0.29 ,
-0.1), pMCMC = 0.001. Table S2). In contrast, female reproductive success, expressed as both
the number of eggs and number of chicks, was largely independent of the number of males and
females in groups (Figure 2B & S1. Tables S2 & S3).

Offspring care changes how group complexity influences female, but not male, reproductive
success

Caring for offspring changed the way female reproductive success was maximised (Figure 2D.
Table S2 & S3). The number of chicks females produced when they naturally incubated eggs was
dependent on the number of females in groups, and whether there were multiple or single males
(Number of males:Number of femalesZchicks PM (CI) = 0.38 (0.07, 0.77), pMCMC = 0.018). In
groups with multiple males, the average number of chicks hatched per female was highest when
there were low and high numbers of females (Figure 2D). Conversely, in groups with single
males, the number of chicks hatched per female was highest in groups with four females and
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lowest when females were on their own (Figure 2D). Female reproductive success was therefore
lowest in groups with intermediate numbers of each sex and in pairs, which was not the case
when individuals did not incubate offspring (Figure 2. Tables S2 & S3). In contrast, patterns of
male reproductive success were not influenced by the need to incubate offspring (Figure 2A &
2C), with single males in groups with four or more females hatching the most chicks (Number of
maleSchicks PM (CI) =-0.32 (-0.54 , -0.1), pMCMC = 0.002; Number of femaleschicks PM (CI) =
0.84 (0.64 , 1.19), pMCMC = 0.001; Number of males:Number of femalesZeicks PM (CI) = 0.43
(0.11, 0.74), pMCMC = . Table S3. For similar statistical support from eggs see Figure S1 and
Table S2).

Cooperative care in larger groups offsets the costs of competition

Next, we investigated why female reproductive success increased in more complex groups and
decreased in pairs when there was offspring care. When observing groups, multiple males and
multiple females were frequently seen sharing incubation. We therefore examined cooperation
over incubation in relation to group complexity and quantified the influence this had on hatching
success. The amount of time eggs were incubated increased with the number of females and
males in groups (Figure 3A. Number of females PM (CI) = 0.87 (0.51 , 1.32), pMCMC = 0.001.
Number of males PM (CI) = 0.63 (0.24 , 1.03), pMCMC = 0.001. Table S4). In turn, hatching
success was positively related to the amount of time eggs were incubated (Figure 3B. PM (CI) =
0.28 (0.05, 0.61), pPMCMC = 0.014. Table S5).

Individuals did not, however, spend more time incubating in larger groups. On the contrary, the
amount of time males and females invested in incubation decreased with the number of same sex
individuals, although not significantly for females (Figure 3C & 3D. Females: Number of
females PM (Cl) =-0.38 (-0.89 , 0.09), pMCMC = 0.164. Males: Number of males PM (CI) = -
0.9 (-1.74 , -0.52), pMCMC = 0.002. Table S6). The incubation eggs received and their hatching
success were therefore greatest in groups with multiple males and multiple females, and yet
individuals in these groups did not work any harder. This suggests that cooperation over
incubation in larger groups increases hatching success while spreading the load of parental care
across more individuals.

Conflict over the timing of mating and incubation disfavours intermediate group sizes
Low female reproductive success in pairs when there was offspring care may be explained by
cooperation over incubation being limited (Figure 2 & 3). However, the question remains as to
why female reproductive success was lower in groups with intermediate numbers of each sex. In
some groups, males were frequently seen trying to copulate with incubating females that
superficially resemble soliciting females. This not only disturbed incubation, resulting in nests
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being protected for less time, but can also causes eggs to be displaced and broken. We
investigated whether such lack of coordination over mating and incubation could explain
reductions in the reproductive success of individuals in intermediate group sizes.

The number of interruptions to incubation increased with the number of males in groups (Figure
4A. Number of males PM (CI) =0.78 (0.28 , 1.17), pMCMC = 0.001. Table S7). However, the
effect of males was dependent on the number of females (Figure 4A. Number of males?: Number
of females PM (CI) =0.97 (-0.13, 3.38), pPMCMC = 0.072. Table S7). In groups with the lowest
and highest numbers of females, interruptions to incubation were rare irrespective of the number
of males in groups (Figure 4. Number of females? PM (CI) = -0.48 (-0.97 , -0.08), pMCMC =
0.028. Table S7). In contrast, when there were intermediate numbers of females, interruptions to
incubation increased markedly with the number of males (Figure 4A). Interruptions to incubation
were associated with a mismatch in the amount of time males and females spent incubating
(Figure 4B. Difference in incubation PM (CI) =-0.49 (-0.71 , -0.25), pMCMC = 0.002. Table
S8). When females invested more time than males in incubation, interruptions were frequent,
which was not the case when males invested more than females (Figure 4B).

The number of interruptions increased the proportion of broken eggs that were found in nests,
which contributed significantly to lower hatching success (Figure 4C & 4D. Broken eggs PM
(Cl)=0.22 (0.05, 0.45), pMCMC = 0.028. Hatching success PM (CI) =-0.98 (-1.17 , -0.59),
pMCMC =0.001. Table S9 & S10). Consequently, the greater the disparity between males and
females in the amount they invested in incubation, the greater the proportion of broken eggs,
which reduced the reproductive success of groups (PM (CI) = -0.13 (-0.32, 0), pMCMC = 0.046.
Table S11). These results are consistent with the idea that in groups with intermediate numbers of
males and females, reproductive success is jeopardised by males pursuing copulations after
females initiated incubation. Conflicts over the timing of reproduction between the sexes have
been found to influence reproductive success in other species [32,33], but these results show that
it may be an important factor shaping the complexity of cooperative breeding groups.

Conclusions

In cooperative breeding species, levels of sexual selection and opportunities for cooperation can
vary with the number of males and females in groups [8,17,34]. Our results suggest that in
ostriches, sexual competition and gaining access to females dominates male reproductive success,
even though cooperation over care with other males reduces the burden of offspring care. In
contrast, female reproductive success was strongly dependent on cooperative care and there was
little evidence of sexual competition amongst females. Although the importance of competition
and cooperation for group living species has long been recognised [8,35], experimental evidence
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of their relative importance for males and females, and how this shapes the complexity of social
groups during different stages of reproduction, has been challenging to obtain.

The differences in the relative effect of cooperation and competition on male and female
reproductive success may explain why groups with a certain level of complexity are more
common than others in the wild. For example, the reproductive success of individuals in groups
with intermediate numbers of males and females was compromised by a lack of reproductive
coordination, that bared a signature of male competition cancelling the benefits of cooperative
care. The pursuit of reproductive opportunities by individuals at the expense of others may
therefore lead to a ‘sexual tragedy of the commons’ and the disappearance of such groups from
natural populations [36—-38]. This does not appear to happen in groups with single females,
potentially where access to females is more easily controlled. Because of the benefits of
cooperative care, the adverse effects of sexual competition do not simply lead to smaller groups,
as illustrated by the reduction in the reproductive success of individuals in pairs when there was
offspring care. The reproductive interests of males and females were best balanced in groups with
single males and four females. Interestingly this is the most common group composition observed
in the wild [27,29]. Female reproductive success was nevertheless equally high when on their
own in groups with multiple males and in multi-male multi-female groups, which may provide an
answer to why group complexity is so variable in nature.
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All data and code are available on request.
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Figures
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225
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Figure 1: Variation in the complexity of cooperative breeding groups of ostriches. (A) Group
of three male and three female breeding ostriches in Karoo National Park. (B) A map of Karoo
National Park with different group compositions plotted. The size of the circles indicate the
number of individuals (maximum = 18, minimum = 1), the blue and yellow segments indicate the
proportion of males and females respectively. (C) The need for offspring care was manipulated at
the experimental study site by collecting eggs and using artificial incubators. (D) The
reproductive success of individuals when incubating naturally, such as these females, was
compared to periods where eggs were removed.
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Figure 2: Group complexity and the need for offspring care influence male and female
reproductive success. (A) The average number of chicks males sired decreased with the number
of males in the group and increased with the number of females, irrespective of whether there
was offspring care (C). The number of chicks females produced depended on the number of
males in groups and offspring care. In groups with single males, the number of chicks females
produced was highest in groups with four females both with (D) and without offspring care (B).
In groups with more males, the number of chicks females produced declined with increasing
numbers of females when offspring care was removed (B), but was highest in groups with few
and many females when there was offspring care (D). See figure S1 for plots of egg production.
Means + SE are plotted.
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Figure 3: The benefits of cooperative offspring care in relation to group complexity. (A) The
amount of time nests were protected was higher in groups with more males and females. (B)
Hatching success increased with the amount of time nests were protected. Regression line from a
binomial glm with 95% confidence intervals is shown. (C) When the number of females in
groups went up, females decreased and males increased the amount of time they invested in
incubation. (D) As the number of males in groups went up, females increased and males
decreased the amount of time they invested in incubation. Means + SE are plotted in A, B and C.
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Figure 4: Coordination over reproduction changed with group complexity. (A) The
probability of interruption during incubation increased with the numbers of males in groups,
especially when there were intermediate numbers of females. Means + SE are plotted. (B)
Interruptions to incubations were related to the disparity in the amount of time males and females
invested in incubation. (C) Interruptions to incubation were associated with more broken eggs,
which decreased hatching success (D). Regression lines from glms (B & C = binomial; D =
Poisson) with 95% confidence intervals. Infinite values (log(0)) in B (x axis) and C (y axis) are

shown along the axis.
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Star Methods

Experimental Model and Subject Details

Study population

The research was conducted on two populations. The experiments manipulating group
complexity were conduced on a captive population of ostriches kept at Oudtshoorn Research
Farm, South Africa (33° 38” 21.5“S, 22° 15’ 17.4”E) from 2012 to 2018. Natural variation in
group complexity was examined in a wild population of ostriches in Karoo National Park, South
Africa (32°19°49.27¢S, 22°29°59.99”E) in 2014 (8-9th November) and 2018 (17-19th
November).

Method Details

Natural variation in group complexity

Natural variation in the complexity of breeding groups (group size, number of males and number
of females) was examined using published literature [27-29], and directly estimated by
conducting transects along the roads of the south eastern part of Karoo National Park. Each
transect was carried out 2 to 3 times. Ostriches were typically observed in clearly defined groups,
judged by their coordinated movement and close proximity to each other (< ~100m). In a few
instances, individuals were separated by more than 100m and in these situations they were
observed until it was clear whether they were part of the group or moving separately. The
location of groups and single individuals was recorded using GPS on an iPhone 4 in 2018. In
2014 it was not possible to take GPS coordinates, but locations were marked on a map of the
park. Additional information such as whether individuals were sexually mature (immature
females = no or very few white wing feathers; immature males = mix of brown and black body
plumage) was also recorded. Only one group of four (three males, one female) immature
individuals, approximately two years old, and only one group of seven immature individuals
(sexes unclear), approximately 1 years old, were observed in 2018. Figure 1B includes the two-
year-old group, but not the one-year-old group.

Experimental design

We experimentally manipulated the complexity of 118 groups of breeding ostriches involving
309 adult ostriches (145 males and 164 females), over a seven year period (16-18 groups per
year: Table S14). Groups were kept in fenced areas (range: 2400 and 70600 m?, median = 4700
m?) of Karoo habitat at Oudtshoorn Research Farm [39]. The number of males in groups ranged
from 1 to 3 and the number of females ranged from 1 to 6. Due to limitations in the number of
birds accessible for our experiments, and other experiments being conducted on the same
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population, not all combinations of male and female group sizes were possible. All individuals in
the Oudtshoorn population were individually identifiable by coloured and numbered neck tags.

The breeding season was typically from May to December every year. During the first ~5 months
of the season, eggs were collected to measure reproductive success independently from the
effects of incubation behaviour. During the last ~2 months, eggs were left in nests and incubation
behaviour was monitored to examine patterns of reproductive success when individuals had to
care for offspring. Reproductive success was measured as the number of eggs and number of
chicks produced by groups. During the breeding season ostriches received a balanced ostrich
breeder diet (90 to 120 g protein, 7.5 to 10.5 MJ metabolizable energy, 26 g calcium and 6 g
phosphorus per kg feed) and ad-libitum water.

Measuring reproductive success in the absence of offspring care

To measure reproductive success independently of incubation behaviour, eggs were collected
from nests twice a day and artificially incubated. Eggs were marked according to the time of day,
date and group of origin, and placed under UV lights for 20 minutes for disinfection. As eggs
were incubated in batches starting once a week, eggs were stored prior to incubation for 1 to 6
days under conditions known to maintain hatching success [40]: Eggs were kept on turning trays
(two daily 180° rotations) in a cold room (17°C) with relative humidity between 80% and 90%.
Hereafter eggs were transferred to artificial incubators set at 36.2°C with a relative humidity of
24%. Eggs in the incubator were automatically turned 60° around their long axis every hour.
Eggs were set horizontally for the first 21 days of incubation and then turned vertically with their
air sac on top for the rest of the hatching period. Eggs were inspected daily for signs of pipping
from day 39 of incubation. The period of incubation in ostriches is ~42 days. Individual
reproductive success was estimated as the number of eggs and chicks produced by groups divided
by the total number of same sex individuals within groups, as we were interested in the average
reproductive returns for individuals in groups with different complexities, irrespective of between
individual variation in reproductive success within groups.

Measuring reproductive success when groups cared for offspring

Nests were checked daily and new eggs were marked with the date and an egg identification
number. The absence and presence of previously laid eggs was recorded to track the fate of each
egg. During this period, the incubation behaviour of individuals was monitored by conducting ~3
hour observations at least three times a week using binoculars (10 x 40) and a telescope (12-36 x
50). The observer sat camouflaged in a 10-meter-tall observation tower in the middle of the field
site. Groups were observed for between 47 and 91 hours. The identity of each incubating
individual, as well as the start and end of incubation, were recorded. When incubation was
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interrupted by other individuals in the group, the time of the interruption and the identity and sex
of the interrupting individual was recorded. The consequences of interruptions varied in severity
from individuals returning to nests within seconds to ceasing incubation for that observation
period. To avoid including minor disturbances in our measure of the number of interruptions, we
only included those events that resulted in the incubating individual not returning to the nest
within one minute.

From 2012 to 2014, hatching success was measured by allowing groups to naturally incubate
eggs to completion. If no eggs were observed hatching in groups after 50 days of incubation, they
were removed and checked for developing embryos. From 2015 onwards, changes in legislation
to reduce the spread of avian flu meant that contact between adults and chicks had to be
minimised. Consequently, eggs were removed from nests just before hatching (~40 days after the
onset of incubation) and placed in artificial incubators to determine hatching success. Individual
reproductive success was estimated in the same way as when offspring care was removed: the
number of eggs and chicks produced by groups divided by the total number of same sex
individuals within groups.

Quantification and Statistical Analyses

General approach

Data were analysed in R [41] using Bayesian Linear Mixed Models (BLMM) with Markov chain
Monte Carlo (MCMC) estimation in the package MCMCglmm [42]. Default fixed effect priors
were used (independent normal priors with zero mean and large variance (101°)) and for random
effects inverse gamma priors were used unless otherwise specified (V = 1, nu = 0.002). Each
analysis was run for 1100000 iterations with a burn-in of 100000 and a thinning interval of 1000.
Convergence was checked by running models three times and examining the overlap of traces,
levels of autocorrelation, and testing with Gelman and Rubin’s convergence diagnostic (potential
scale reduction factors <1.1)[43].

Parameter estimates for fixed effects are reported from models that included all terms of the same
order and lower. For example, all main effect estimates are from models where all other main
effects are included, all estimates of two-way interactions are from models that included all two-
way interactions and main effects, and so forth. Quadratic effects were tested in models including
main effects and effects of the same order (other quadratic effects and two-way interactions). The
length of time groups were monitored varied across years (no care range = 153-189 hours; care
range = 24-62 hours). This was accounted for by including a fixed effect of the amount of time
groups were monitored. All continuous explanatory variables were z transformed using the
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scale() function in R. Explanatory variables that were proportions were logit transformed using
the logit() function in R and count variables were log transformed. Curvilinear effects of
continuous explanatory variables were modelled using the quadratics of the z transformed values
computed before running the models.

Fixed effects were considered significant when 95% credible intervals (Cls) did not overlap with
0 and pMCMC were less than 0.05 (PMCMC = proportion of iterations above or below a test
value correcting for the finite sample size of posterior samples). By default MCMCglmm reports
parameter estimates for fixed factors as differences from the global intercept. This does not allow
absolute estimates and 95% Cls for all factor levels to be estimated or custom hypothesis tests of
differences between factor levels. Consequently, we removed the global intercept from all models
and present absolute estimates for factor levels. Differences between factor levels were estimated
by subtracting the posterior samples from one level from the second level and calculating the
posterior mode, 95% CI and pMCMC.

Random effects were used to model the non-independence of data arising from multiple data
points per individual per group, per enclosure and per year. Random effect estimates presented in
tables are from models that included the highest order fixed effect terms. To estimate the
magnitude of random effects we calculated the percentage of the total random effect variance
explained by each random term on the expected data scale (12%: (Vi/Viotal) * 100)[44]. To
obtained estimates of 12 on the expected scale from binomial models the distribution variance for
the logit link function was included in the denominator (Vi/Viota + 73/2) * 100).

Specific analyses

1. Testing how group complexity and the need for offspring care influences male and female
reproductive success

The effect of group complexity on the number of eggs individuals produced was modelled using
a BLMM with a Poisson error distribution. The need for offspring care (2 level factor: no care vs
care), sex of adult (2 level factor: male, female), number of males (continuous), the number of
females (continuous) and the time groups were monitored were entered as fixed effects, and year,
enclosure and group were included as random effects. The effects of group complexity on the
number of eggs produced per adult bird with and without the need for offspring care, were
estimated by fitting three-way interactions between care, sex and the number of males and
females in groups (R code: M1). The number of chicks produced per individual was modelled in
exactly the same way (R code: M2).
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2. Testing how the benefits of cooperative offspring care vary with group complexity The effect
of group complexity on the proportion of time groups protected nests was modelled using a
BLMM with a binomial error distribution. The response variable was the number of observation
minutes birds were sitting on nests versus the number of observation minutes nests were exposed.
This accounts for variation across years in observation effort. The number of males and females
in groups were included as fixed effects and year and enclosure were random effects (R code:
M3). The effect of the proportion of time nests were protected on hatching success was modelled
using a BLMM with a binomial error distribution of the number of eggs hatched per individual
(total number of chicks produced by groups / number of same sex individuals) versus the number
of eggs that did not hatch per individual (total number of eggs that failed to hatch / number of
same sex individuals). The proportion of time nests were protected, the number of males and
females in groups and the amount of time groups were monitored were included as fixed effects,
and year and enclosure were included as random effects (R code: M4).

Typically groups only had one active nest, but in a few cases a second and a third nest were
occasionally used. The amount of time groups protected their nests was calculated by summing
data across all nests (total time nests were protected versus total time nests were exposed). Data
were summed across nests to facilitate comparisons with the egg and chick data, which were
recorded at the level of the group (e.g. total number of eggs and chicks groups produced by each
group), not at the level of each nest. To check if the number of nests groups used influenced the
time nests were protected and hatching success, we included the number of nests (continuous) as
a fixed effect in models (R code: M3 & M4). The number of nests did not have a significant
effect in any of our analyses (Tables S4 & S5).

3. Testing how individual investment in cooperative care varies with group complexity The effect
of group complexity on the time individuals invested in incubation was modelled using a BLMM
with a binomial error distribution. The response variable was the number of observation minutes
an individual was observed sitting versus the number of minutes it was not sitting, which
accounts for variation in the amount of time individuals were observed. Sex and the number of
males and females in groups were included as fixed effects and year, enclosure, group and
individual identity were entered as random effects (R code: M5). For this analysis only data on
primary nests were included as attendance at secondary and tertiary nests was sporadic, and the
presence of secondary and tertiary nests did not influence the total amount of time groups
protected their nests (Tables S4 & S5).

4. Testing how coordination over reproduction changes with group complexity The effect of
group complexity on the number of interruptions to incubation was modelled using a BLMM
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with a Poisson error distribution. The response variable was the total number of interruptions
observed across all observations. The amount of time groups were observed, the amount of time
individuals were sitting on nests and the number of males and females in groups were included as
fixed effects, and year and enclosure were included as random effects (R code: M6). The effect of
the disparity in the time males and females invested in incubation on the number of interruptions
was modelled in the same way, but an extra fixed effect of the difference in the proportion of
time males and females spent incubating was included (R code: M7).

4. Testing how coordination over reproduction changes with group complexity The effect of
group complexity on the number of interruptions to incubation was modelled using a BLMM
with a Poisson error distribution. The response variable was the total number of interruptions
observed across all observations divided by the number of hours groups were observed (this was
multiplied by 100 and rounded to whole numbers as MCMCglmm requires count data to be
whole numbers). The number of males and females in groups were included as fixed effects, and
year and enclosure were included as random effects (R code: M6). We removed five enclosure-
by-year records where no incubation was observed as this removes the possibility for
interruption. The effect of the disparity in the time males and females invested in incubation on
the number of interruptions was modelled in the same way, but an extra fixed effect of the
difference in the proportion of time males and females spent incubating was included (R code:
M7).

5. Testing how coordination over reproduction influences reproductive success The effect of
interruptions on the proportion of eggs broken in nests was modelled using a BLMM with a
binomial error distribution. The response variable was the number of eggs broken versus the
number of eggs not broken. The number of interruptions to incubation and the amount of time
groups were observed were included as fixed effects, and the year and enclosure were included as
random effects (R code: M8). The same model setup was used to test how the disparity in the
amount of time males and females invested in incubation influenced the proportion of eggs
broken, but different fixed effects were included. The number of males and females in groups, the
amount of time groups were observed and the difference in the proportion of time males and
females spent incubating were included as fixed effects (R code: M10). The impact of the broken
eggs on the overall hatching success of groups was modelled using a BLMM with a binomial
error distribution of the number of eggs hatched versus the number of eggs that did not hatch as
the response variable. The proportion of eggs that were broken was included as a fixed effect, and
year and enclosure were included as random effects (R code: M9).
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6.Supplementary analyses We present two additional analyses in the supplementary materials
(Figure S1. Table S12 & S13) that are not discussed in the main text, but may provide useful
information to some readers. These analyses examine the effects of group complexity on the total
number of eggs (R code: M11) and chicks (R code: M12) produced by groups as opposed to the
per individual measures of reproductive success presented in the main text.
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Figure S1: The effect of group complexity and offspring care on the number of eggs produced per individual.
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Supplementary Tables

Table S1: The composition of groups observed in karoo national park

Lattitude Longitude Year Date Group_size Females Males Age Chicks Age_chicks
-32.357 22.538 2018 17-Nov 3 2 1 Adult 0 NA
-32.342 22.536 2018 17-Nov 5 3 2 Adult 0 NA
-32.339 22.520 2018 17-Nov 2 0 2 Adult 0 NA
-32.334 22.517 2018 17-Nov 1 0 1 Adult 0 NA
-32.331 22513 2018 17-Nov 8 3 5 Adult 0 NA
-32.349 22.487 2018 18-Nov 1 1 0 Adult 0 NA
-32.365 22.493 2018 18-Nov 3 2 1 Adult 0 NA
-32.377 22.458 2018 18-Nov 11 6 5 Adult 0 NA
-32.371 22.440 2018 18-Nov 3 2 1 Adult 0 NA
-32.400 22.446 2018 18-Nov 3 1 2 Adult 0 NA
-32.363 22.450 2018 18-Nov 3 3 0 Adult 0 NA
-32.363 22.433 2018 18-Nov 7 NA NA Subadult 0 NA
-32.365 22.437 2018 18-Nov 1 0 1 Adult 0 NA
-32.348 22.439 2018 18-Nov 1 0 1 Adult 0 NA
-32.353 22.433 2018 18-Nov 4 1 3 Subadult 0 NA
-32.337 22.416 2018 18-Nov 2 0 1 Adult 0 NA
-32.338 22.410 2018 18-Nov 1 0 1 Adult 0 NA
-32.324 22.404 2018 18-Nov 3 1 2 Adult 0 NA
-32.316 22.314 2018 18-Nov 2 2 0 Adult 0 NA
-32.277 22.401 2018 18-Nov 2 1 1 Adult 0 NA
-32.277 22.466 2018 18-Nov 3 2 1 Adult 0 NA
-32.287 22.477 2018 18-Nov 5 1 4 Adult 0 NA
-32.338 22.486 2018 18-Nov 6 4 2 Adult 0 NA
-32.332 22.506 2018 18-Nov 1 1 0 Adult 0 NA
-32.340 22.521 2018 18-Nov 4 2 2 Adult 0 NA
-32.328 22532 2018 18-Nov 6 4 2 Adult 0 NA
-32.321 22.536 2018 18-Nov 4 3 1 Adult 0 NA
-32.315 22.539 2018 18-Nov 3 2 1 Adult 0 NA
-32.315 22.547 2018 18-Nov 2 2 0 Adult 0 NA
-32.301 22.553 2018 18-Nov 6 3 3 Adult 0 NA
-32.319 22.557 2018 18-Nov 7 4 3 Adult 0 NA
-32.358 22.467 2018 19-Nov 2 0 2 Adult 0 NA
-32.377 22.441 2018 19-Nov 1 0 1 Adult 0 NA
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Lattitude Longitude Year Date Group_size Females Males Age Chicks Age_chicks
-32.377 22.440 2018 19-Nov 1 0 1 Adult 0 NA
-32.374 22.441 2018 19-Nov 5 2 3 Adult 0 NA
-32.372 22.450 2018 19-Nov 3 3 0 Adult 0 NA
-32.358 22.438 2018 19-Nov 1 0 1 Adult 0 NA
-32.327 22.408 2018 19-Nov 3 0 4 Adult 0 NA
-32.332 22.400 2018 19-Nov 1 0 1 Adult 0 NA
-32.325 22.401 2018 19-Nov 3 1 2 Adult 0 NA
-32.317 22.386 2018 19-Nov 2 0 2 Adult 0 NA
-32.291 22.384 2018 19-Nov 1 0 1 Adult 0 NA
-32.278 22.422 2018 19-Nov 3 0 3 Adult 0 NA
-32.268 22.429 2018 19-Nov 2 1 1 Adult 0 NA
-32.261 22.429 2018 19-Nov 2 0 2 Adult 0 NA
-32.278 22.420 2018 19-Nov 4 2 2 Adult 0 NA
-32.259 22.450 2018 19-Nov 2 2 0 Adult 0 NA
-32.291 22.455 2018 19-Nov 3 2 1 Adult 0 NA
-32.303 22.440 2018 19-Nov 2 2 0 Adult 0 NA
-32.333 22514 2018 19-Nov 2 1 1 Adult 0 NA
-32.325 22.529 2018 19-Nov 3 1 2 Adult 0 NA
-32.340 22.565 2018 19-Nov 6 2 4 Adult 0 NA
-32.314 22.548 2018 19-Nov 17 5 12 Adult 0 NA
-32.302 22.453 2018 19-Nov 4 2 3 Adult 0 NA
-32.312 22.556 2018 19-Nov 18 12 6 Adult 0 NA
-32.325 22.563 2018 19-Nov 11 9 2 Adult 0 NA
-32.312 22.562 2018 19-Nov 3 3 0 Adult 0 NA
-32.324 22.552 2018 19-Nov 8 6 2 Adult 0 NA
-32.330 22.551 2018 19-Nov 6 4 2 Adult 0 NA
-32.326 22.545 2018 19-Nov 1 1 0 Adult 0 NA
-32.329 22.534 2018 19-Nov 5 3 2 Adult 0 NA
-32.331 22.536 2018 19-Nov 2 1 1 Adult 0 NA
-32.338 22.538 2018 19-Nov 4 1 3 Adult 0 NA
-32.334 22.531 2018 19-Nov 3 3 0 Adult 0 NA
-32.328 22.532 2018 19-Nov 2 1 1 Adult 0 NA
-32.343 22.521 2018 19-Nov 2 1 1 Adult 0 NA
-32.356 22.538 2018 19-Nov 4 1 3 Adult 0 NA
NA NA 2014 08-Nov 2 1 1 Adult 0 NA
NA NA 2014 08-Nov 2 1 1 Adult 0 NA
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Lattitude Longitude Year Date Group_size Females Males Age Chicks Age_chicks
NA NA 2014 08-Nov 2 1 1 Adult 0 NA
NA NA 2014 08-Nov 1 0 1 Adult 0 NA
NA NA 2014 08-Nov 2 0 2 Adult 0 NA
NA NA 2014 08-Nov 6 3 3 Adult 0 NA
NA NA 2014 08-Nov 6 1 5 Adult 0 NA
NA NA 2014 08-Nov 5 3 2 Adult 0 NA
NA NA 2014 08-Nov 10 4 3 Adult 3 6-8 months
NA NA 2014 08-Nov 2 1 1 Adult 0 NA
NA NA 2014 08-Nov 1 0 1 Adult 0 NA
NA NA 2014 08-Nov 5 1 4 Adult 0 NA
NA NA 2014 08-Nov 4 2 2 Adult 0 NA
NA NA 2014 08-Nov 4 1 3 Adult 0 NA
NA NA 2014 08-Nov 6 3 3 Adult 0 NA
NA NA 2014 08-Nov 3 2 1 Adult 0 NA
NA NA 2014 08-Nov 2 2 0 Adult 0 NA
NA NA 2014 08-Nov 15 12 3 Adult 0 NA
NA NA 2014 08-Nov 12 9 3 Adult 0 NA
NA NA 2014 08-Nov 2 1 1 Adult 0 NA
NA NA 2014 08-Nov 8 4 4 Adult 0 NA
NA NA 2014 08-Nov 2 1 1 Adult 0 NA
NA NA 2014 08-Nov 4 3 1 Adult 0 NA
NA NA 2014 08-Nov 3 1 2 Adult 0 NA
NA NA 2014 08-Nov 1 0 1 Adult 0 NA
NA NA 2014 08-Nov 3 3 0 Adult 0 NA
NA NA 2014 08-Nov 1 0 1 Adult 0 NA
NA NA 2014 08-Nov 2 1 1 Adult 0 NA
NA NA 2014 09-Nov 2 1 1 Adult 0 NA
NA NA 2014 09-Nov 6 4 2 Adult 0 NA
NA NA 2014 09-Nov 2 0 2 Adult 0 NA
NA NA 2014 09-Nov 3 3 0 Adult 0 NA
NA NA 2014 09-Nov 2 2 0 Adult 0 NA
NA NA 2014 09-Nov 1 1 0 Adult 0 NA
NA NA 2014 09-Nov 4 2 2 Adult 0 NA
NA NA 2014 09-Nov 1 0 1 Adult 0 NA
NA NA 2014 09-Nov 6 4 2 Adult 0 NA
NA NA 2014 09-Nov 2 2 0 Adult 0 NA
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Lattitude Longitude Year Date Group_size Females Males Age Chicks Age_chicks
NA NA 2014 09-Nov 1 0 1 Adult 0 NA
NA NA 2014 09-Nov 2 1 1 Adult 0 NA
NA NA 2014 09-Nov 2 1 1 Adult 0 NA
NA NA 2014 09-Nov 7 1 6 Adult 0 NA
NA NA 2014 09-Nov 2 0 2 Adult 0 NA

Table S2: The effect of the number of males and females on the number of eggs produced by individuals

Posterior Mode

Fixed Effects (C1) pMCMC
Females No care 5.41(3.63, 6.86) 0.001
Females Care 5.22 (2.97,6.18) 0.001
Males No care 5.74 (3.94,7.17) 0.001
Males Care 5.57 (3.32, 6.54) 0.001
Time monitored (days Z) No care -1.9(-3.28,-0.14) 0.014
Time monitored (days Z) Care 3.15(1.12,4.28) 0.001
Females No care: Number females -0.09 (-0.15, 0) 0.064
Females Care: Number females -0.22 (-0.34 ,-0.15) 0.001
Males No care: Number females 0.5(0.43, 0.58) 0.001
Males Care: Number females 0.47 (0.36, 0.54) 0.001
Females No care: Number males -0.02 (-0.08, 0.07) 0.822
Females Care: Number males 0.04 (-0.04, 0.16) 0.334
Males No care: Number males -0.46 (-0.53 ,-0.4) 0.001
Males Care: Number males -0.43 (-0.49,-0.32) 0.001
Females No care: Number females2 0.01 (-0.11, 0.07) 0.794
Females Care: Number females2 0.23 (0.11, 0.35) 0.002
Males No care: Number females2 -0.2(-0.29,-0.1) 0.001
Males Care: Number females2 0.08 (-0.06 , 0.17) 0.288
Females No care: Number males2 0.02 (-0.12, 0.16) 0.75
Females Care: Number males2 -0.05(-0.25,0.12) 0.468
Males No care: Number males2 0.13 (0, 0.26) 0.072
Males Care: Number males2 -0.04 (-0.18,0.13) 0.786
Females No care: Number females:Number males 0.01 (-0.07 , 0.06) 0.928
Females Care: Number females:Number males -0.01 (-0.07, 0.1) 0.808
Males No care: Number females:Number males 0(-0.06 , 0.07) 0.808
Males Care: Number females:Number males -0.02 (-0.1,0.07) 0.772
Females No care: Number males:Number females2 0.02 (-0.03, 0.1) 0.312
Females Care: Number males:Number females2 -0.05 (-0.15, 0.04) 0.248
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Posterior Mode

Fixed Effects (cn pMCMC
Males No care: Number males:Number females2 0.01 (-0.04, 0.09) 0.418
Males Care: Number males:Number females2 -0.09 (-0.16 , 0) 0.062
Females No care: Number females:Number males2 -0.09 (-0.27 , 0.21) 0.822
Females Care: Number females:Number males2 -0.08 (-0.42,0.18) 0.38
Males No care: Number females:Number males2 0(-0.17,0.28) 0.656
Males Care: Number females:Number males2 -0.01 (-0.27 , 0.25) 0.968
Females No care: Number females vs Females Care: Number females 0.17 (0.09, 0.26) 0.001
Males No care: Number females vs Males Care: Number females 0.05 (-0.01, 0.14) 0.154
Females No care: Number males vs Females Care: Number males -0.07 (-0.15, 0.04) 0.224
Males No care: Number males vs Males Care: Number males -0.06 (-0.14, 0) 0.06
Females No care: Number females2 vs Females Care: Number females2 -0.23 (-0.33,-0.15) 0.001
Males No care: Number females2 vs Males Care: Number females2 -0.28 (-0.35, -0.19) 0.001
Females No care: Number males2 vs Females Care: Number males2 0.1(-0.08, 0.22) 0.266
Males No care: Number males2 vs Males Care: Number males2 0.12 (0.01, 0.25) 0.012
Females No care: Number females:Number males vs Females Care: Number females:Number ~ -0.02 (-0.09 , 0.06) 0.594
males
Males No care: Number females:Number males vs Males Care: Number females:Number males  0.01 (-0.04 , 0.08) 0.528
Females No care: Number males:Number females2 vs Females Care: Number males:Number 0.1(0,0.17) 0.054
females2
Males No care: Number males:Number females2 vs Males Care: Number males:Number 0.11(0.05, 0.17) 0.004
females2
Females No care: Number females:Number males2 vs Females Care: Number females:Number ~ 0.13 (-0.13, 0.38) 0.41
males2
Males No care: Number females:Number males2 vs Males Care: Number females:Number 0.1(-0.15, 0.28) 0.594
males2
Random Effects Posterior Mode 12 % (CI)

()]

Year

Camp

Group

Residual

0.261 (0.046 ,
2.207)

0.002 (0, 0.026)

0.081 (0.056 ,
0.113)

0.001 (0, 0.006)

83.549 (64.113 ,
98.431)

1.667 (0.013 , 5.429)

14.364 (1.53 , 31.992)

0.42 (0.008 , 1.245)
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Table S3: The effect of the number of males and females on the number of chicks produced by individuals

Posterior Mode

Fixed Effects (cn pMCMC
Females No care 2.65(1.89, 3.65) 0.001
Females Care 0.83 (-0.62, 1.72) 0.266
Males No care 3.02 (2.27, 4.02) 0.001
Males Care 0.89 (-0.1, 2.16) 0.072
Time monitored (days Z) No care -0.23 (-1.16, 0.57) 0.442
Time monitored (days Z) Care 1.35(0.39, 2.73) 0.016
Females No care: Number females -0.14 (-0.25,0.1) 0.37
Females Care: Number females -0.11 (-0.4 , 0.18) 0.394
Males No care: Number females 0.48 (0.33, 0.69) 0.001
Males Care: Number females 0.84 (0.64, 1.19) 0.001
Females No care: Number males 0.06 (-0.09, 0.25) 0.422
Females Care: Number males 0.41(0.11,0.75) 0.014
Males No care: Number males -0.38 (-0.57 ,-0.23) 0.001
Males Care: Number males -0.32 (-0.54 ,-0.1) 0.002
Females No care: Number females2 0.13(-0.12, 0.28) 0.286
Females Care: Number females2 0.43 (0.04, 0.68) 0.016
Males No care: Number females2 -0.08 (-0.26 , 0.15) 0.468
Males Care: Number females2 -0.04 (-0.31, 0.3) 0.956
Females No care: Number males2 0.06 (-0.27, 0.38) 0.672
Females Care: Number males2 0.07 (-0.47 , 0.68) 0.738
Males No care: Number males2 0.06 (-0.14, 0.49) 0.376
Males Care: Number males2 0.27 (-0.2, 0.84) 0.286
Females No care: Number females:Number males 0(-0.19,0.12) 0.716
Females Care: Number females:Number males -0.3 (-0.51, 0.08) 0.134
Males No care: Number females:Number males -0.01 (-0.18,0.12) 0.736
Males Care: Number females:Number males -0.06 (-0.29, 0.17) 0.698
Females No care: Number males:Number females2 0.05 (-0.07 , 0.27) 0.266
Females Care: Number males:Number females2 0.38 (0.07,0.77) 0.018
Males No care: Number males:Number females2 0.06 (-0.09, 0.25) 0.326
Males Care: Number males:Number females2 0.43 (0.11,0.74) 0.01
Females No care: Number females:Number males2 -0.02 (-0.56 , 0.53) 0.948
Females Care: Number females:Number males2 0.54 (-0.46 , 1.94) 0.208
Males No care: Number females:Number males2 0.04 (-0.49, 0.58) 0.798
Males Care: Number females:Number males2 0.71(-0.3, 1.61) 0.162
Females No care: Number females vs Females Care: Number females 0.09 (-0.2,0.3) 0.708



Fixed Effects

Posterior Mode
(&)}

pMCMC

Males No care: Number females vs Males Care: Number females
Females No care: Number males vs Females Care: Number males
Males No care: Number males vs Males Care: Number males
Females No care: Number females2 vs Females Care: Number females2
Males No care: Number females2 vs Males Care: Number females2
Females No care: Number males2 vs Females Care: Number males2
Males No care: Number males2 vs Males Care: Number males2

Females No care: Number females:Number males vs Females Care: Number females:Number
males

Males No care: Number females:Number males vs Males Care: Number females:Number males

Females No care: Number males:Number females2 vs Females Care: Number males:Number
females2

Males No care: Number males:Number females2 vs Males Care: Number males:Number
females2

Females No care: Number females:Number males2 vs Females Care: Number females:Number
males2

Males No care: Number females:Number males2 vs Males Care: Number females:Number
males2

-0.42 (-0.57 ,-0.14)
-0.29 (-0.63 , -0.09)
-0.08 (-0.22, 0.08)
-0.36 (-0.53 , -0.02)
-0.05 (-0.33, 0.18)
-0.03 (-0.59 , 0.43)
-0.11 (-0.54 , 0.29)

0.2 (-0.07 , 0.45)

0.04 (-0.15, 0.23)

-0.39 (-0.68 , -0.02)

-0.25 (-0.62 , -0.07)

-0.77 (-1.88 , 0.33)

-0.68 (-1.55, 0.16)

0.002

0.008

0.364

0.036

0.604

0.912

0.508

0.128

0.848

0.046

0.006

0.18

0.14

Random Effects

Posterior Mode
(&)

12 % (Cl)

Year
Camp

Group

Residual

0.003 (0, 0.148)
0.002 (0, 0.193)

0.62 (0.44 , 0.881)

0.001 (0, 0.005)

4.624 (0.02,17.172)

8.449 (0.042 , 23.461)

86.664 (69.201 ,
99.494)

0.263 (0.031, 0.765)

96



Table S4: The effect of the number of males and females on the time nests are protected

Fixed Effects Posterior Mode (Cl) pMCMC
Intercept -0.47 (-1.38, 0.15) 0.142
Number nests 0.32 (-0.07 , 0.68) 0.11
Number males 0.63 (0.24, 1.03) 0.001
Number females 0.87 (0.51,1.32) 0.001
Number males2 -0.91 (-1.36, 0.06) 0.098
Number females2 -0.23 (-0.69,0.17) 0.178
Number males:Number females -0.33(-0.72,-0.04) 0.03
Number males:Number females2 0.24 (-0.12, 0.58) 0.172
Number females:Number males2 0.49 (-0.7 ,1.57) 0.424
Random Effects Posterior Mode (Cl) 12 % (CI)

Year
Camp

Residual

0.244 (0.09 , 1.706)
0.23 (0.076, 0.721)

2.878 (2.209 , 3.966)

15.819 (2.627 , 33.913)

8.312 (1.808 , 17.647)

75.869 (57.281, 91.246)

Table S5: The effect of nest protection on hatching success

Fixed Effects Posterior Mode (Cl) pMCMC
Intercept -2.33 (-3.25, -1.67) 0.001
Nest protection (% time) 0.28 (0.05, 0.61) 0.014
Time monitored (days Z) -0.07 (-0.87, 0.53) 0.668
Number nests 0.26 (-0.22, 0.51) 0.342
Number males 0.01 (-0.36, 0.44) 0.814
Number females 0(-0.37, 0.55) 0.808
Number males2 0.37 (-0.28 , 1.14) 0.294
Number females2 0.03 (-0.54 , 0.47) 0.936
Number males:Number females -0.17 (-0.46 , 0.28) 0.654
Number males:Number females2 0.58 (0.08 , 0.98) 0.01
Number females:Number males2 0.85(-0.42,2.2) 0.18
Random Effects Posterior Mode (Cl) 12 % (Cl)

Year
Camp

Residual

0.29 (0.082 , 1.725)
0.223 (0.104 , 1.135)

1.614 (0.767 , 2.728)

20.61(2.607 , 44.704)
18.365 (3.251 , 37.883)

61.025 (38.286 , 86.02)
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Table S6: The effect of the number of males and females on the amount of time individuals spend incubating

Fixed Effects Posterior Mode (Cl) pMCMC
Females -4.27 (-4.98 , -3.42) 0.001
Males -6.24 (-7.09 , -5.35) 0.001
Females: Number males 0.51(-0.01, 0.85) 0.042
Males: Number males -0.9 (-1.74 ,-0.52) 0.002
Females: Number females -0.38 (-0.89, 0.09) 0.164
Males: Number females 0.52 (-0.04, 1.05) 0.07
Females: Number males2 -0.92 (-1.86,-0.12) 0.024
Males: Number males2 -0.59 (-1.52,0.81) 0.488
Females: Number females2 -0.29 (-0.71, 0.47) 0.716
Males: Number females2 -0.12 (-0.9, 0.29) 0.466
Females: Number males:Number females -0.33 (-0.71,0.23) 0.278
Males: Number males:Number females -0.49 (-1.02, 0.21) 0.13
Females: Number males: Number females2 0.26 (-0.27, 0.76) 0.336
Males: Number males:Number females2 0.11 (-0.45, 0.89) 0.658
Females: Number females:Number males2 0.14 (-0.88 , 2.23) 0.416
Males: Number females:Number males2 -0.36 (-1.69, 1.91) 0.984
Females: Number males vs Males: Number males 1.57 (0.85,2.2) 0.001
Females: Number females vs Males: Number females -0.93 (-1.46, -0.2) 0.018
Females: Number males2 vs Males: Number males2 -0.54 (-1.92,0.78) 0.412
Females: Number females2 vs Males: Number females2 0.23 (-0.67, 0.8) 0.768
Random Effects Posterior Mode (Cl) 12 % (CI)

Year
Camp
Group

ID

Residual

0.251 (0.071, 1.64)
0.273 (0.092, 1.111)
0.667 (0.124 , 1.842)
2.773 (0912, 5.113)

12.008 (9.596 , 14.386)

3.407 (0.453 , 8.981)
2.839 (0.568 , 6.448)
5.155 (0.632, 10.743)
18.218 (5.923 , 29.61)

70.381 (57.995 , 83.759)

Table S7: The effect of the number of males and females on interruptions to incubation

Fixed Effects Posterior Mode (Cl) pMCMC
Intercept 0.94 (-0.1,1.79) 0.06
Number males 0.78 (0.28,1.17) 0.001
Number females 0.33 (0.05, 0.86) 0.036
Number males2 -0.55 (-1.51,-0.09) 0.038
Number females2 -0.48 (-0.97 , -0.08) 0.028
Number males:Number females -0.19 (-0.61, 0.33) 0.528
Number males:Number females2 0.31(-0.19, 1.48) 0.162
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Fixed Effects

Posterior Mode (Cl)

pMCMC

Number females:Number males2

0.97 (-0.13 , 3.38)

0.072

Random Effects

Posterior Mode (Cl)

12 % (Cl)

Year
Camp

Residual

0.005 (0, 1.067)
0.005 (0, 0.674)

2,672 (1.678 , 4.164)

7.325 (0.009 , 27.964)
4.5(0.008 , 18.797)

88.175 (62.618 , 99.961)

Table S8: Effect of the disparity in incubation on the number of interruptions

Fixed Effects

Posterior Mode (Cl)

pMCMC

Intercept
Difference in incubation
Time observed (hrs Z)
Time incubating (hrs Z)
Number males

Number females

-0.01 (-1.21,0.94)
-0.49 (-0.71, -0.25)
0.01(-1.23, 0.66)
0.57 (0.2, 0.94)
0.55(0.21, 0.91)

0.42 (0.06 , 0.84)

0.978
0.002
0.786
0.002
0.004

0.02

Random Effects

Posterior Mode (Cl)

12 % (C1)

Year
Camp

Residual

0.517 (0.127 , 4.653)
0.004 (0, 0.772)

1.221(0.767 , 2.143)

40.43 (8.719, 76.352)
8.727 (0.008 , 24.881)

50.843 (18.074 , 81.877)

Table S9: The effect of interruptions on the % of eggs broken

Fixed Effects

Posterior Mode (Cl)

pMCMC

Intercept
Time observed (hrs Z)

Number interruptions (log)

0.22(-0.9,04)
-0.07 (-0.67 , 0.38)

0.22 (0.05, 0.45)

0.358
0.572

0.028

Random Effects

Posterior Mode (Cl)

12 % (Cl)

Year
Camp

Residual

0.237 (0.092 , 1.427)
0.149 (0.079, 0.49)

0.705 (0.412 , 1.067)

30.967 (9.008 , 59.391)
16.101 (4.803 , 31.147)

52.933 (26.051, 73.831)

Table S10: The effect of the % of eggs broken on hatching success

Fixed Effects

Posterior Mode (Cl)

pMCMC

Intercept

Broken eggs (%)

25(-3.12,-1.91)

-0.98 (-1.17 , -0.59)

0.001

0.001

Random Effects

Posterior Mode (Cl)

12 % (C1)

Year
Camp

Residual

0.152 (0.055 , 0.944)
0.236 (0.091 , 0.823)

0.902 (0.523 , 1.635)

19.531 (5.112 , 42.539)
21,531 (4.971 , 40.399)

58.938 (34.885 , 80.786)
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Table S11: The effect of the disparity in incubation between males and females on % of eggs broken

Fixed Effects Posterior Mode (Cl) pMCMC
Intercept -0.09 (-0.74 , 0.42) 0.72
Difference in incubation -0.13(-0.32, 0) 0.046
Time monitored (days Z)) 0.37 (-0.24, 0.79) 0.192
Number males 0.02 (-0.16, 0.29) 0.664
Number females 0.04 (-0.23, 0.27) 0.746

Random Effects Posterior Mode (Cl) 12 % (Cl)

Year 0.236 (0.057 , 1.085)
Camp 0.178 (0.088 , 0.536)
Residual 0.692 (0.476 , 1.149)

26.197 (5.831, 53.037)

19.088 (5.035 , 34.604)

54.715 (33.381 , 78.49)

TableS12: The effect of the number of males and females on the number of eggs produced by groups

Fixed Effects Posterior Mode (Cl) pMCMC
No care 4.8 (4.26 ,5.52) 0.001
Care 4.34 (3.65,5.01) 0.001
Time monitored (days Z) No care -0.21(-1,0.32) 0.316
Time monitored (days Z) Care 1.44 (0.74 , 2.16) 0.001
No care: Number females 0.52 (0.46, 0.6) 0.001
Care: Number females 0.44 (0.35, 0.53) 0.001
No care: Number males 0.02 (-0.06 , 0.08) 0.848
Care: Number males 0.08 (-0.01, 0.15) 0.068
No care: Number females2 -0.19 (-0.26 , -0.1) 0.001
Care: Number females2 0.03 (-0.07, 0.12) 0.668
No care: Number males2 -0.01 (-0.12, 0.15) 0.84
Care: Number males2 -0.11 (-0.28 , 0.03) 0.122
No care: Number females:Number males 0(-0.07 , 0.06) 0.778
Care: Number females:Number males -0.02 (-0.08 , 0.07) 0.916
No care: Number males:Number females2 0.03 (-0.05, 0.08) 0.476
Care: Number males:Number females2 -0.06 (-0.14, 0.02) 0.132
No care: Number females:Number males2 0.09 (-0.15, 0.31) 0.61
Care: Number females:Number males2 -0.04 (-0.31, 0.19) 0.704
No care: Number females vs Care: Number females 0.09 (-0.01, 0.19) 0.054
No care: Number males vs Care: Number males -0.07 (-0.16, 0.04) 0.198
No care: Number females2 vs Care: Number females2 -0.21 (-0.34,-0.1) 0.002
No care: Number males2 vs Care: Number males2 0.13 (-0.06 , 0.36) 0.19
No care: Number females:Number males vs Care: Number females:Number males 0(-0.1,0.1) 0.898
No care: Number males:Number females2 vs Care: Number males:Number females2 0.07 (-0.01, 0.19) 0.106



Fixed Effects Posterior Mode (Cl) pMCMC
No care: Number females:Number males2 vs Care: Number females:Number males2 0.07 (-0.22, 0.43) 0.502
Random Effects Posterior Mode (Cl) 12 % (CI)

Year
Camp

Residual

0.002 (0, 0.057)
0.001 (0, 0.017)

0.103 (0.085, 0.143)

10.096 (0.248 , 32.368)
4.387 (0.1, 12.278)

85.517 (61.757 , 99.02)

Table S$13: The effect of the number of males and females on the number of chicks produced by groups

Fixed Effects Posterior Mode (Cl) pMCMC

No care 4.2(3.2,5.01) 0.001

Care 1.38 (0.14 , 2.55) 0.02

Time monitored (days Z) No care -0.55 (-1.36 , 0.42) 0.25

Time monitored (days Z) Care 0.91(-0.33, 2.04) 0.136

No care: Number females 0.52 (0.36, 0.74) 0.001

Care: Number females 0.73 (0.45, 0.94) 0.001

No care: Number males 0.08 (-0.1, 0.27) 0.358

Care: Number males 0.23 (0.03, 0.47) 0.04

No care: Number females2 -0.03 (-0.28 , 0.12) 0.442

Care: Number females2 0.04 (-0.24,0.31) 0.87

No care: Number males2 0.11 (-0.3,0.37) 0.808

Care: Number males2 -0.06 (-0.39, 0.55) 0.792

No care: Number females:Number males 0(-0.19,0.16) 0.998

Care: Number females:Number males -0.09 (-0.36,0.12) 0.288

No care: Number males:Number females2 0.12 (-0.08 , 0.28) 0.368

Care: Number males:Number females2 0.36 (0.08 , 0.83) 0.006

No care: Number females:Number males2 0.1 (-0.57, 0.63) 0.828

Care: Number females:Number males2 0.65 (-0.13, 1.75) 0.082

No care: Number females vs Care: Number females -0.14 (-0.43, 0.13) 0.318

No care: Number males vs Care: Number males -0.13 (-0.42, 0.11) 0.302

No care: Number females2 vs Care: Number females2 -0.04 (-0.42, 0.25) 0.574

No care: Number males2 vs Care: Number males2 -0.03 (-0.59 , 0.56) 0.932

No care: Number females:Number males vs Care: Number females:Number males 0.14 (-0.16 , 0.45) 0.412

No care: Number males:Number females2 vs Care: Number males:Number females2 -0.4 (-0.76 , 0.05) 0.072

No care: Number females:Number males2 vs Care: Number females:Number males2 -0.34 (-1.83,0.28) 0.208
Random Effects Posterior Mode (Cl) 12 % (Cl)

Year
Camp

Residual

0.001 (0, 0.051)

0.041(0.001, 0.212)

0.789 (0.546 , 0.991)

1.488 (0.025 , 5.699)

10.227 (0.067 , 22.909)

88.285 (75.232, 99.798)
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Table S14: Sample size of experiment and summary statistics of reproductive success and incubation

2012 2013 2014 2016 2018 Total
(N=17) (N=18) (N=19) 2015 (N=13) (N=16) 2017 (N=14) (N=16) (N=113)
Number_of_females
1 2(11.8%) 2(11.1%) 2(10.5%) 4 (30.8%) 4 (25.0%) 4 (28.6%) 4(25.0%) 22 (19.5%)
2 2(11.8%) 2(11.1%) 4 (21.1%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 8 (7.1%)
3 5(29.4%) 6(33.3%) 4(21.1%) 4 (30.8%) 4 (25.0%) 3 (21.4%) 4(25.0%) 30 (26.5%)
4 8(47.1%) 8(44.4%) 9 (47.4%) 0(0.0%) 0 (0.0%) 0 (0.0%) 0(0.0%) 25 (22.1%)
6 0 (0.0%) 0 (0.0%) 0 (0.0%) 5 (38.5%) 8 (50.0%) 7 (50.0%) 8(50.0%) 28 (24.8%)
Number_of_males
1 5(29.4%) 6(33.3%) 6(31.6%) 2 (15.4%) 3(18.8%) 3 (21.4%) 4(25.0%) 29 (25.7%)
2 7(41.2%) 7(38.9%) 7 (36.8%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 21 (18.6%)
3 5(29.4%) 5(27.8%) 6(31.6%) 11(84.6%) 13(81.2%) 11(78.6%) 12(75.0%) 63 (55.8%)
Number_of_eggs_laid
Mean (SD) 25.706 28.667 20.421 23.538 22.500 25.786 15.562 23.159
(9.068) (11.632) (9.593) (15.103) (10.764) (16.101) (7.642) (11.885)
Range 9.000 - 8.000 - 9.000 - 8.000 - 10.000 - 8.000 - 5.000 - 5.000 -
42.000 47.000 40.000 63.000 43.000 61.000 29.000 63.000
Number_of_chicks_hatched
Mean (SD) 2.941 2.333 2.000 5.692 3.625 3.643 2.000 3.053
(2.989) (2.590) (3.528) (6.575) (2.604) (4.618) (2.989) (3.852)
Range 0.000 - 0.000 - 0.000 - 0.000 - 0.000 - 0.000 - 0.000 - 0.000 -
9.000 7.000 10.000 23.000 10.000 12.000 12.000 23.000
Number_of_broken_eggs
Mean (SD) 13.765 16.611 12.947 8.462 10.750 12.714 6.250 11.850
(7.989) (8.919) (8.134) (4.858) (8.970) (7.518) (5.871) (8.172)
Range 0.000 - 1.000 - 3.000 - 4.000 - 1.000 - 1.000 - 1.000 - 0.000 -
30.000 34.000 35.000 19.000 32.000 24.000 21.000 35.000
Incubation_time_in_minutes
Mean (SD) 992.000 1329.222 1894.211 2498.692 1793.312 1501.000 2042.250 1695.982
(780.623)  (860.343)  (930.376)  (1426.348)  (808.881)  (1053.690)  (750.026)  (1024.630)
Range 0.000 - 0.000 - 273.000 - 325.000 - 0.000 - 27.000 - 508.000 - 0.000 -
2283.000  2590.000 3342.000 3905.000 3250.000 2855.000 3100.000 3905.000
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Abstract

Cooperative societies frequently contain cheats that reap the rewards provided by
others without contributing anything. Cheating is predicted to lead to the demise of
cooperative groups, and yet cooperation is widespread in animals. Under what
conditions does cheating occur without causing the breakdown of cooperation? Here
we test the idea that in complex social groups cheating is more likely to occur
because cheats are harder to detect and the costs of cheating are shared among more
cooperators. We investigated this by experimentally manipulating group size in a
species renowned for having reproductive cheats, the cooperatively breeding
ostrich, Struthio camelus. Ostrich groups nurture a common nest where multiple
individuals contribute offspring, but not all individuals contribute to parental care
(incubation). We found that while the opportunities for cheating are greater in larger
groups with more cooperators, cheats maximize their reproductive success in small
groups. However, in small groups cooperators react strongly to cheats by reducing
incubation effort, leading to a collapse of reproduction. In contrast, in large groups,
individuals appeared buffered from the reproductive costs of cheating by the
presence of many cooperators. Our results suggest that the emergence of cheats in
social groups contributes to group complexity. Small groups are destabilized by
cheating while the impact on individuals in large groups is offset by the presence of
more cooperators.

Introduction

Cooperation is widespread across the tree of life and has allowed a wide range of
organisms to expand into new niches and reach new adaptive peaks (Archibald,
2014; Bourke, 2011; Maynard Smith & Eors, 1995; Rubenstein & Abbot, 2017).
Although individuals clearly benefit from cooperating, they are also vulnerable to
cheats that increase their fitness by exploiting the resources provided by cooperators
(Ghoul et al., 2014; Michod & Herron, 2006; Wade & Breden, 1980). The
persistence of cooperative groups therefore requires that the effects of cheating are
minimized in order to prevent a “tragedy of the commons” (Hardin, 1968; Rankin
et al., 2007).

A number of mechanisms have evolved in animal societies to prevent cheating. For
instance, individuals have been shown to punish cheats by evicting them from social
groups, by physically harassing them, or by destroying their offspring (Fischer et
al., 2014; Foster & Ratnieks, 2000, 2001; Mulder & Langmore, 1993; Ratnieks &
Visscher, 1989; Reeve & Nonacs, 1992; Travisano & Velicer, 2004; but see Riehl
& Frederickson, 2016). Although research has focused on the ways cheating is
controlled, cheating still occurs frequently in nature and we know less about the
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circumstances where cheating can proliferate (West et al., 2021). What factors
influence the prevalence of cheating and are the effects on cooperators mitigated in
any way?

One factor predicted to influence the likelihood of detecting cheats (Alencar et al.,
2008; Fischer et al., 2014), and determine the strength of selection for controlling
cheating (Brannstrom et al., 2011; Brown, 1982; Shen et al., 2014) is the complexity
of social groups. In small groups, the behavior of individuals may be more easily
tracked allowing cheats to be identified, and consequently punished (high costs to
cheating) (Alencar et al., 2008; Fischer et al., 2014). Also, the resources cheats can
exploit may be limited in small groups due to the presence of fewer cooperators
(low benefits of cheating) (Gore et al., 2009; Ross-Gillespie et al., 2007). In contrast,
in larger groups the cost of cheating to cooperators may be buffered by the presence
of other cooperators (Brown, 1982; Gore et al., 2009; Ross-Gillespie et al., 2007),
and cheats are likely to be harder to detect, eluding punishment (Alencar et al., 2008;
Fischer et al., 2014). Consequently, cheating is expected to be more likely to occur
in larger groups where both the ability, and strength of selection, to control cheating
is weaker (Brown, 1982; Gore et al., 2009; Ross-Gillespie et al., 2007). This
prediction has been challenging to test because it requires experimentally
manipulating group complexity, and the opportunities for cheating, while
monitoring the behavior and reproductive success of individuals in detail.

Here we use a unique system, the cooperatively breeding ostrich, Struthio camelus,
and experimentally manipulate the numbers of male and female breeders to mimic
natural variation in group complexity (see paper 1, Sauer & Sauer, 1966; Bertram,
1992; Magige et al., 2009). Ostriches typically breed in groups of unrelated
individuals that nest communally and cooperate over incubation (Bertram, 1992;
Kimwele & Graves, 2003; Magige et al., 2009). Despite the cooperative nature of
their breeding system, ostriches are renowned for being reproductive cheats:
females frequently lay eggs in nests but never help with incubation, a behaviour that
we define as “cheating” (Bertram, 1979; Kimwele & Graves, 2003). These features
of the ostrich breeding system make them ideal to study the emergence of female
cheating and the impact cheats have on the reproductive success of cooperators in
groups that vary in complexity. We identified cheats using a combination of
parentage data and observations of copulation and incubation behaviour (see
methods for details). Leading to the classification of two different types of
reproductive females: cheats and cooperators. Using this data we tested how the
number of females in groups influences rates of cheating and cooperation;
quantified the expected reproductive payoffs of cooperating and cheating; examined
how cooperators responded to the presence of cheats; and analyzed the
consequences of cheating for the breeding success of groups of different complexity.

107



Results

Opportunities for cheating and cooperation vary with group
complexity

We found that out of 107 breeding groups, 32 (30%) had at least one reproductive
female that did not contribute to collective incubation (i.e. a cheat). Of these, 23
groups had one cheat, seven had two, and two had three cheats (Figure 1A). The
opportunities for both cheating and cooperating increased with the number of
females in groups (Figure 1B. Frequency of cheats: Number of females: posterior
mode (PM) and credible interval (Cl) = 0.25 (0.01 , 0.43), pMCMC = 0.04;
Frequency of cooperators: Number of females: PM (C1) =0.76 (0.6, 0.99), pMCMC
= 0.001. Table S1). In small groups (< 3 females) rates of cooperation were
extremely high, with over 90% of females contributing to incubation and cheating
being almost non-existent (Figures 1C & 1D). However, as group sizes became
larger, the rate of increase in number of cooperators slowed down (Figures 1C.
Number of cooperators: Number of females?: PM (Cl) = 0.2 (0.03, 0.39), pPMCMC
= 0.02. Table S1), whereas the rates of cheating accelerated (Figures 1D. Number
of cheats: Number of females?: PM (CI) = -1.08 (-1.69 , -0.78), pMCMC = 0.001.
Table S1). Consequently, larger groups had more cheats and more cooperators, but
the proportion of cheats relative to cooperators increased with the number of females
in groups.

The expected reproductive payoffs of cheating are particularly high in
small groups

One explanation for the persistence of cooperative groups in the face of cheating is
that cheats have lower reproductive success than cooperators (Riehl & Frederickson,
2016; but see Riehl & Strong, 2019; Deng et al., 2015). We tested this idea by
estimating the expected reproductive payoffs of cooperating and cheating, measured
as the number of offspring groups produced multiplied by the estimated individual
share (see Methods for details). We found that, across all group sizes, the expected
reproductive

payoffs for cheats were at least as high as they were for cooperators (Cheats vs
Cooperators in groups with cheats: PM (CI) =0.06 (-0.29, 0.47), pMCMC = 0.606;
Cheats : vs Cooperators in groups without cheats: PM (CI) = 0.19 (-0.18 , 0.56),
pMCMC = 0.388. Table S2).

The expected reproductive success of cheats was particularly high in small groups
(Figure 2. Cheats : number of cooperators?: PM (Cl) = 0.34 (-0.04 , 0.78), pMCMC
=0.074. Table S2. See also Table S3). Similar patterns were evident for cooperators
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Figure 1: The occurrence of cheats and cooperators in experimentally established breeding groups of
ostriches. A) The frequency of groups with a given number of cooperators (green) and cheats (orange). B) The mean
number of cooperators (green) and cheats (orange) across groups with different numbers of females. C) The mean
proportion of cooperators across groups with different numbers of females. D) The mean proportion of cheats across
groups with different numbers of females. Points and error bars in B-D show mean +/- 1 standard error.

in the absence of cheats (Figure 2. Cooperators in groups without cheats : Number
of cooperators: PM (Cl) = -0.27 (-0.43 , -0.15), pMCMC = 0.001. Table S2).
However, this was not the case for cooperators with a cheat in their group,
suggesting that cheating

was costly for cooperators in small groups (Cooperators in groups with cheats :
Number of cooperators: PM (CI) = 0.02 (-0.31, 0.21), pMCMC = 0.764. Table S2).
As groups increased in size, these effects disappeared and cheats and cooperators,
both with and without cheats in their groups, had similar expected reproductive
success (Figure 2). These effects did not appear to be due to individual differences
between cheats and cooperators. Across successive breeding attempts there was
little repeatability in the breeding roles that individuals adopted, suggesting that
cheating is dependent on circumstance rather than inherent differences between
individuals (variation in cheating explained by individual, % (CI) = 1.842 (0,
14.592). TableS3).

While the costs of cheating for cooperators appear to be mitigated by being in larger
groups (Figure 2), the detrimental effects of cheats likely pose a problem for the
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Figure 2: The reproductive returns and costs of cheating. The effect of the number reproductive females (cheats
+ cooperators) on the mean reproductive success of cheats (orange), cooperators in groups without cheats (green)
and cooperators in groups with cheats (grey). Points and error bars show mean +/- 1 standard error.

stability of small breeding groups. Small groups are nevertheless frequently
observed in the wild, and given that cheats benefit more from being in small groups,
how is cheating controlled under these circumstances?

Cooperators adjust their incubation effort in response to cheats in
small groups

In groups without cheats, cooperators decreased their investment in incubation as
the number of cooperators increased (Figure 3A. Number of female cooperators:
PM (Cl)=-0.43(-0.71, -0.16), pMCMC = 0.008. Table S5). This is in line with our
previous findings that showed cooperative incubation enables individuals to reduce
their work load while increasing the amount of time nests are protected (see paper
1). However, in groups with cheats, investment in incubation did not decline linearly
as the number of cooperators increased (Figure 3A. Number of female cooperators:
PM (CI) = -0.13 (-0.51 , 0.27), pMCMC = 0.566. Table S5). Instead, incubation
effort by cooperators was generally lower in groups with cheats (Cooperators in
groups without cheats vs cooperators in groups with cheats: PM (CI) = 0.78 (0.17 ,
1.15), pMCMC = 0.01. Table S5). This was particularly pronounced in small
groups, causing the relationship between incubation effort and number of
cooperators to be relatively flat in groups with cheats (Figure 3A).

Cooperators with the most to lose respond most strongly to cheats

We examined whether the response to the presence of cheats was similar across all
individuals within groups, or whether individuals that had the most to lose were
more sensitive to cheats. It is possible that individuals only contribute to cooperative
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Figure 3: The effect of cheats on the incubation effort of cooperators. A) Mean individual incubation effort in
relation to the number of female cooperators in groups, where cheats were present (orange) and absent (green). B)
The effect of the presence of cheats on the incubation effort of individuals in relation to their expected reproductive
success (1=low to 4=high) in different group sizes. Points and error bars in A show mean +/- 1 standard error.

incubation when their expected reproductive returns exceed a certain threshold
(Sachs et al., 2004; Smith et al., 2014). The presence of cheats may thus influence
individuals that are close to this threshold more than those that perceive their
reproductive success to be higher. We investigated this by examining the
relationship between expected reproductive success and incubation effort in the
presence and absence of cheats.

In groups where cheats were present, incubation effort was tailored to expected
reproductive success (PM (Cl) =0.29 (0.04, 0.7), pMCMC = 0.03. Table S5). This
was not the case for groups without cheats. When cheats were absent, individuals
contributed to cooperative incubation irrespective of their potential reproductive
success (PM (CI) =-0.01 (-0.26, 0.21), pMCMC = 0.908. Table S5). The difference
in the relationship between incubation effort and expected reproductive success in
groups with and without cheats was, at least partly, driven by the fact that
individuals with low expected reproductive success appeared to reduce their
incubation effort in the presence of cheats across all group sizes (figure 3B).
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Cheats drive a tragedy of the commons in small groups, but
cooperation in large groups attenuates it

It has previously been shown in ostriches that the more time eggs are protected, the
higher the hatching success of groups (see paper 1). A reduction in the amount of
time individuals incubate in the presence of cheats may therefore compromise the
reproductive success of groups. We found that in group with cheats, hatching
success increased with the number of females that contributed to incubation (Figure
4.PM (CI)=1.09 (0.21, 1.84), pMCMC = 0.006. Table S6). This was not the case
in groups without cheats (Figure 4. PM (CI) = 0.36 (-0.18 , 0.86), pMCMC = 0.158.
Table S6). These differences were due to hatching success being compromised in
small groups when cheats were present, but not when cheats were absent. For
example, the presence of cheats resulted in complete hatching failure in groups with
a single incubating female. This did not happen in groups without cheats, nor in
larger groups (Figure 4). Together, these results suggest that the reduction in
incubation effort triggered by the presence of cheats drives a tragedy of the
commons in small, but not large, groups.
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Figure 4: Cheating and the reproductive success of groups. The effect of number of female cooperators on the
hatching success of eggs in groups with (orange) and without (green) cheats. In groups without female cooperators,
incubation was taken care of by males only. Groups where no incubation was recorded were excluded from the data.
Points and error bars show mean +/- 1 standard error.

Discussion

Our results show that the opportunities for cheating increase as groups become
larger and contain more cooperators, whereas cheats are virtually absent in small
groups (Figure 1). These results are in line with the prediction that the common
goods provided by cooperators in larger groups allow cheating to proliferate (Gore
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et al., 2009; Ross-Gillespie et al., 2007). However, when looking at the effects of
breeding group size (i.e. the number of females that contribute to incubation) on
individual expected reproductive success, we found that cheats maximize their
reproductive success in small groups (Figure 2). Why don’t we then see more cheats
in small groups? The answer is that cheating in small groups elicits strong reductions
in incubation by cooperators (Figure 3A) leading to breeding failure for all members
of the group (Figure 4). This tragedy of the commons, appears attenuated in larger
groups by more individuals cooperating where the costs of cheating to individual
reproductive success are more diffuse.

Our results suggest that the presence of cheats induces individuals to calculate their
potential returns from reproductive events, and adjust their cooperative behavior
accordingly. It is unclear why cheats induce individuals to become calculating about
their reproductive payoffs. However, understanding the mechanisms that
individuals use to estimate their reproductive success could help clarify this
guestion. Our experiments were not designed to reveal such mechanisms, but some
insight was provided by the presence of females in groups that did not copulate or
incubate (classified as “other”, non-breeding individuals). In the absence of cheats,
an increasing number of such non-breeding females had an inhibitory effect on the
incubation behavior of cooperators (PM (Cl) = -0.44 (-0.65 , -0.25), pMCMC =
0.001. Table S4). This suggests that individuals use a simple “rule of thumb” of the
number of individuals within the group not contributing to incubation to adjust their
investment in cooperation, rather than calculating the expected reproductive success
of others (e.g. through mating behavior). Such simple rules have also been found to
be used to coordinate cooperation in another communal breeding bird, the Greater
Ani, Crotophaga major (Riehl, 2010).

The question still remains of why individuals should desert incubation when they
find themselves in small groups with a cheat. It is likely that cooperators have laid
eggs in the deserted nest and that they will suffer the loss of this investment when
the breeding attempt is aborted. It would, however, be fallacious to expect that
individuals base their decisions on past investment, the so called ‘Concorde fallacy’
(Curio, 1987; Dawkins & Carlisle, 1976). Decisions should instead be weighed
against future benefits (Dawkins & Carlisle, 1976; Sargent & Gross, 1985). The
relative costs and benefits for cooperators of abandoning eggs versus raising the
offspring of cheats is thus likely to depend on how current and future reproduction
investment is traded-off (McNamara et al., 2004; Nielsen et al., 2006; Williams,
1966).

Ostriches are long lived, reaching well over 30 years in captivity, and breed
frequently (Bertram, 1992). The chance of finding future reproductive opportunities
is therefore likely to be high. Moreover, the costs of incubation are likely to be
significant, as it takes 42 days for ostrich eggs to hatch, and ostriches have to face
the challenges of incubating in habitats where predation risk and thermal stress is
high (Bertram, 1992; Magige et al., 2009; Schou et al., 2021). It may in fact be
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extremely difficult for single individuals, or small groups, to successfully complete
incubation as temperatures often exceed 40°C in many parts of their geographical
range, which increases the need of both egg protection (see paper 4 and Bertram,
1992), and thermoregulation by adults (see paper 4 and Bertram (1992), Schou et
al. (2021)). Given that eggs in a nest guarded by a small group may be unlikely to
hatch, abandoning such nests will come at a relatively small cost to individuals.

In summary, these results provide experimental evidence that under certain
conditions (small groups) the response to cheating by cooperators results in a
tragedy of the commons. In turn, this may nullify the benefits of being a cheat in
small groups, and make it unlikely for cheating to proliferate. Under other
circumstances (big groups), the negative effect of cheats on individuals is buffered
by the presence of other cooperators, and cheating becomes a viable, and more
frequent, strategy. This buffering effect of cooperation also suggests that the need
for having mechanisms to control cheats may be reduced in big groups. The fact that
cheats and cooperators can coexist in big groups, with apparently little conflict,
makes such groups complex beyond their sheer size (Lukas & Clutton-Brock, 2018).
Understanding the coexistence of two different breeding strategies in ostrich groups
can help us shed light on the much bigger question about how animal societies have
reached their diversity and complexity (Veit, 2019).

Methods

Study population

The research was conducted on a captive population of ostriches kept in fenced areas
(range: 2400 and 70600 m2, median = 4700 m2) of Karoo habitat at Oudtshoorn
Research Farm, South Africa (33° 38* 21.5“S, 22° 15° 17.4”E). The experiments
involved 118 breeding groups monitored from 2012 to 2018 involving 147 males
and 170 females. All individuals were individually identifiable by coloured neck
tags.

Experimental design

We manipulated the complexity of ostrich groups by experimentally establishing
groups with different numbers of males (1 to 3) and females (1 to 6) across a seven-
year period (16-18 groups per year). Due to limitations in the number of birds
accessible for our experiments, and other experiments being conducted on the same
population, not all combinations of male and female group sizes were possible. The
final sample size of the experiment was slightly reduced for the following reasons:
Individual ostriches were removed from the study due to casualties, injuries or
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aggressive behaviour. Entire groups were excluded if any of their members was
removed, and not replaced, less than two weeks before the start of the observations
of incubation behaviour, as such a removal was likely to cause a disruption in
breeding behaviour. Groups were also excluded from the study if no incubation or
copulation behaviour was observed. This resulted in a final sample size of 107
groups with 143 males and 162 females, many of which were included in the study
in more than one year. The breeding season was typically from May to December.
During the first ~5 months of the season, eggs were collected twice a day and
incubated artificially. During the last ~2 months eggs were left in nests and the data
for this study was collected. During the breeding season, ostriches received a
balanced ostrich breeder diet (90 to 120 g protein, 7.5 to 10.5 MJ metabolizable
energy, 26 g calcium and 6 g phosphorus per kg feed) and ad-libitum water.

Monitoring incubation and copulation behaviour

Copulation frequency, copulation success and incubation behaviour (start time,
duration and end time) were monitored by conducting ~3 hour observations at least
three times a week using binoculars (10 x 40) and a telescope (20-60 x 80). The
observer sat camouflaged in a 10-meter-tall observation tower in the middle of the
field site. Each group was observed for between 47 and 91 hours. Individual
incubation effort was estimated as the proportion of time that each individual spent
incubating (total amount of time each individual was observed incubating divided
by the total observation time).

Expected reproductive success

There was a correlation between copulation success and reproductive success
(Figure S1. Pearson’s correlation test: r(157) = 0.51, p < 0.001). We estimated this
correlation using parentage and copulation success data from the three initial years
of our study (2012-2014). The parentage data was obtained from blood and tissue
samples collected from adults and their offspring. From these samples, seven highly
polymorphic tracts of repetitive DNA (microsatellites) were amplified using
Phusion Blood Direct PCR Kit (Thermo ScientificTM) and fluorescently labelled
primers. These seven microsatellites have previously been used to assign parentage
in ostriches with high confidence (Bonato, 2009). After DNA-amplification, the
amplicons were separated by size using capillary electrophoresis. Microsatellite
scoring was then performed visually using the software Geneious 10.2.3. Finally, a
parentage analysis was run in the software Cervus 3.0.7.

The expected reproductive success of every individual was measured as the number
of eggs produced by their group multiplied by the percentage of copulations each
individual obtained (number of successful copulations gained by an individual
divided by the total number of successful copulations observed in that individual’s
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breeding group). This allowed us to estimate individual reproductive success using
some of the main cues that ostriches are likely to use when estimating their own
reproductive success.
For figure 3B the distribution of expected reproductive success across the whole
population was used to create four categories of expected reproductive success.
Individuals that had an expected reproductive success below the first quantile of the
distribution were assigned reproductive success category 1, individuals between the
first quantile and the median (including the first quantile) were assigned category 2,
individuals between the median and the third quartile (including the median)
category 3, and individuals on and above the third quartile were assigned category
4,

Hatching success

Nests were checked daily and new eggs were marked with the date and an egg
identification number. The absence and presence of previously laid eggs was
recorded to track the fate of each egg. Between 2012 and 2014, hatching success
was measured by allowing groups to naturally incubate eggs to completion. If no
eggs were observed hatching in groups after 50 days, they were removed and
checked for developing embryos. In 2015, changes to legislation to reduce the
spread of bird flu meant that contact between adults and chicks had to be minimised.
Consequently, between 2015 and 2018, eggs were removed from nests just before
hatching (~40 days after the onset of incubation) and placed in artificial incubators
to estimate hatching success.

Quantification and statistical Analyses

General approach

Data were analysed in R using Bayesian Linear Mixed Models (BLMM) with
Markov chain Monte Carlo (MCMC) estimation in the package MCMCgIimm.
Default fixed effect priors were used (independent normal priors with zero mean
and large variance (101°)) and for random effects inverse gamma priors were used.
Apart from in binary models. For binary models fixed effect priors were specified
asmu=0,V=1+n2/3 (relatively flat on the logit scale), residual variance is not
identifiable and was fixed at 1, and for random effects parameter expanded priors
were used (V =1, nu=0.002, alpha.mu =0, alpha.V = 1000) (Hadfield, 2021). Each
analysis was run for 1100000 iterations with a burn-in of 100000 and a thinning
interval of 1000. Convergence was checked by running models three times and
examining the overlap of traces, levels of autocorrelation, and testing with Gelman
and Rubin’s convergence diagnostic (potential scale reduction factors <1.1).
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Parameter estimates for fixed effects are reported from models that included all
terms of the same order and lower. For example, all main effect estimates are from
models where all other main effects are included, all estimates of two-way
interactions are from models that included all two-way interactions and main effects,
and so forth. Quadratic effects were tested in models including main effects and
effects of the same order (other quadratic effects and two-way interactions). All
continuous explanatory variables were z transformed using the scale() function in
R. Curvilinear effects of continuous explanatory variables were modelled using the
quadratics of the z transformed values computed before running the models.

Fixed effects were considered significant when 95% credible intervals (Cls) did not
overlap with 0 and pMCMC were less than 0.05 (PMCMC = proportion of iterations
above or below a test value correcting for the finite sample size of posterior
samples). By default MCMCglmm reports parameter estimates for fixed factors as
differences from the global intercept. This does not allow absolute estimates and
95% Cls for all factor levels to be estimated or custom hypothesis tests of
differences between factor levels. Consequently, we removed the global intercept
from all models (with one exception, M2b, specified in the section below) and
present absolute estimates for factor levels. Differences between factor levels were
estimated by subtracting the posterior samples from one level from the second level
and calculating the posterior mode, 95% CI and pMCMC. The non-independence
of data arising from multiple data points per individual, per group, per enclosure
(used repeatedly across years), and per year was modelled using random effects. To
estimate the magnitude of random effects we calculated the percentage of variation
explained by each random term (12%: (Vi/Vtotal)x100) (Villemereuil et al., 2016)
after accounting for variation attributable to fixed effects. To obtain estimates of 12
on the expected scale from binomial models the distribution variance for the link
function (logit) was included in the denominator (Vi/(Vtotal + n*/2) x100). Random
effect estimates are reported from models that included the highest order fixed effect
terms.

Specific analyses

1. Testing how female group size influences frequencies of female cheats and
cooperators.

The effect of group size on the frequency of female cheats and cooperators was
modelled using a BLMM with a Poisson error distribution. The response variable
was the frequency of a given breeding strategy in each breeding group. Breeding
strategy (2 level factor: Cooperator or Cheat), number of males (continuous),
number of females (continuous) were entered as fixed effects, and year, enclosure
and group were included as random effects. The effects of female group size on the
frequency of cheats and cooperators were estimated by fitting two-way interactions
between breeding strategy and number of females (R code: M1).
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2. Testing how group composition influences expected reproductive success.

The effect of group composition on the expected reproductive success of cheats and
cooperators was modelled using a BLMM with a Poisson error distribution. The
response variable was individual expected reproductive success. Number of males,
number of female cooperators and number of non-reproductive females
(continuous, referred to as “Other”). To test the presence of cheats in the group a
new 3 level factor was created (referred to as breeding status): a) cheat, b)
cooperator in a group with cheat(s), and ¢) cooperator in a group without cheat(s).
Due to the fact the vast majority (72%) of the groups that had a cheat only had one
cheat, we used the presence or absence of cheat in a given group to create this
variable, rather than as number of cheats in the group. Year, enclosure, group and
individual were included as random effects. The effects of number of female
cooperators on reproductive success was estimated by fitting a two-way interaction
between breeding status and number of female cooperators (R code: M2).

2b. Testing how group composition influences expected reproductive success of
cheats.

To examine whether the effect of number of female cooperators on the reproductive
success of cheats was influenced by other terms in the model, we modelled this
effect using a BLMM with a Poisson error distribution including only cheats. The
response variable was thus the expected reproductive success of cheats. Number of
non-reproductive females, number of female cooperators and number of males were
entered as fixed effects. Since none of the explanatory variables was a factor, the
global intercept was left in the model. Year, enclosure, group and individual were
included as random effects (R code: M2c).

3. Testing repeatability of cheating across years.

We tested the repeatability of cheating behaviour across years using a BLMM with
binary error distribution of the probability of cheating as the response variable (1 if
an individual was a cheat in a given year, and 0 if she was not a cheat). Number of
males and females in the group, as well as age were included as fixed effects. Year,
enclosure, group and individual were entered as random effects. Repeatability of
cheating was then estimated by the percentage of variation explained by individual
(R code: M2Ch).

4. Testing how group composition and expected reproductive success influences
individual incubation effort.

The effect of group composition and expected reproductive success on the time
individuals invested in incubation was modelled using a BLMM with a binomial
error distribution. The response variable was the number of observation minutes an
individual was observed sitting versus the number of minutes it was not sitting,
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which accounts for variation in the amount of time individuals were observed. The
presence of cheats in the group (2 level factor: Cheat present-Yes or Cheat present-
No), number of female cooperators, expected reproductive success, number of non-
reproductive females and number of males were included as fixed effects. Year,
enclosure, group and individual were entered as random effects. The effects of
number of female cooperators on the incubation effort of cooperators in groups with
and without cheats was estimated by fitting a two-way interaction between presence
of cheats in the group and number of female cooperators. In a similar way, the effect
of expected reproductive success was modelled fitting a two-was interaction
between presence of cheats in the group and expected reproductive success (R code:
M4).

5. Testing how group composition influences hatching success.

The effect of group composition on hatching success was modelled using a BLMM
with a binomial error distribution. The response variable was the number of eggs
that hatched versus the number of eggs that did not hatch. Presence of cheats,
number of female cooperators, number of non-reproductive females and number of
males were included as fixed effects. Year, enclosure and group were included as
random effects. The effects of number of female cooperators on hatching success in
group with and without cheats was estimated fitting a two-way interaction between
presence of cheats and number of female cooperators. (R code: M8).
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Figure S1. Correlation between female individual reproductive share (the proportion of offspring tha individuals
mothered in their breeding group) and relative individual copulation success (the proportion of successful
copulations, out of the group total, that individuals gained). The regression line and correlation statistics were
calculated using Spearman correlation. Grey area shows the 95% confidence intervales. Each data point is a
single individual. Groups in which no copulations were observed and/or no parentage was assigned are excluded
from the analyses. Groups with only one individual of the sex being analyzed were also excluded from the
analyses.
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Supplementary Tables

Table S$1. Effect of group size on frequencies of cooperators and cheats.

Fixed Effects Posterior Mode (Cl) pMCMC
Cheats : ZNumber of males -0.01 (-0.23, 0.17) 0.656
Cooperators : ZNumber of males 0.06 (-0.11,0.22) 0.44
Cheats : ZNumber of females 0.25(0.01,0.43) 0.04
Cooperators : ZNumber of females 0.76 (0.6, 0.99) 0.001
Cheats : ZNumber of females*2 -1.08 (-1.69, -0.78) 0.001
Cooperators : ZNumber of females”2 0.2 (0.03, 0.39) 0.02
Cheats : ZNumber of females vs Cooperators : ZNumber of females -0.54 (-0.87 ,-0.29) 0.001
Cheats : ZNumber of females*2 vs Cooperators : ZNumber of females*2 -1.42 (-1.86 , -1.04) 0.001
Random Effects Posterior Mode (Cl) 12 % (CI)

Year
Camp
Group

Residual

0.139 (0.018 , 0.797)
0.001 (0, 0.02)
0.001 (0, 0.013)

0.002 (0, 0.061)

88.246 (58.906 , 99.714)
2.909 (0.031, 10.512)
2.037 (0.048 , 7.09)

6.808 (0.062 , 30.068)

Table S2. Effect of group composition on expected reproductive success.

Posterior

Fixed Effects Mode (CI) pMCMC

Cheats 1.83(1.36, 0.001
2.17)

Cooperators in groups without cheats 1.53(1.28, 0.001
1.84)

Cooperators in groups with cheats 1.67 (1.33, 0.001
1.93)

ZNumber of other females 0.02 (-0.08, 0.646
0.13)

ZNumber of males 0.04 (-0.08 , 0.624
0.15)

Cheats : ZNumber of cooperators 0.11 (-0.28, 0.62
0.39)

Cooperators in groups without cheats : ZNumber of cooperators -0.27 (-0.43, 0.001
-0.15)

Cooperators in groups with cheats : ZNumber of cooperators 0.02 (-0.31, 0.764
0.21)

Cheats : Znumber of cooperators*2 0.34 (-0.04 , 0.074
0.78)

Cooperators in groups without cheats : ZNumber of cooperators”2 0.07 (-0.05, 0.204
0.19)
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Posterior

Fixed Effects Mode (ClI) pMCMC
Cooperators in groups with cheats : ZNumber of cooperators2 -0.02 (-0.43, 0.576
0.22)
Cheats vs Cooperators in groups without cheats 0.19 (-0.18, 0.388
0.56)
Cheats vs Cooperators in groups with cheats 0.06 (-0.29, 0.606
0.47)
Cooperators in groups without cheats vs Cooperators in groups with cheats -0.06 (-0.34 , 0.582
0.18)
Cheats : ZNumber of cooperators vs Cooperators in groups without cheats : ZNumber of cooperators 0.38 (0.01, 0.05
0.73)
Cheats : ZNumber of cooperators vs Cooperators in groups with cheats : ZNumber of cooperators 0.11 (-0.27, 0.544
0.51)
Cooperators in groups without cheats : ZNumber of cooperators vs Cooperators in groups with cheats : ~ -0.29 (-0.53 , 0.096
ZNumber of cooperators 0.02)
Cheats : Znumber of cooperators”2 vs Cooperators in groups with cheats : ZNumber of cooperators*2 0.45(-0.05, 0.08
0.92)
Cooperators in groups without cheats : ZNumber of cooperators*2 vs Cooperators in groups with cheats 0.21 (-0.16, 0.298
: ZNumber of cooperators”2 0.49)
Random Effects Posterior 12 % (Cl)
Mode (CI)
Year 0.05 (0.003 , 13.562 (0.469 ,
0.359) 33.783)
Camp 0.001 (0, 0.931(0.033,
0.029) 3.275)
Group 0.001 (0, 0.77 (0.018 , 2.49)
0.022)
Individual 0.002 (0, 10.363 (0.041,
0.208) 24.932)
Residual 0.598 (0.425 , 74.375 (51.241,
0.807) 94.113)
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Table S3. Effect of group composition on the expected reproductive success of cheats.

Fixed Effects Posterior Mode (Cl) pMCMC
Intercept 1.84 (1.44 ,2.13) 0.001
ZNumber of other females -0.18 (-0.59, 0.1) 0.16
ZNumber of female cooperators -0.01 (-0.37,0.21) 0.638
ZNumber of males 0.05 (-0.16 , 0.27) 0.598
ZNumber of female cooperators®2 0.34 (0.1, 0.61) 0.008
Random Effects Posterior Mode (Cl) 12 % (Cl)

Year
Camp
Group
Individual

Residual

0.002 (0, 0.152)
0.004 (0, 0.223)
0.002 (0, 0.15)

0.002 (0, 0.124)

0.002 (0, 0.165)

14.807 (0.08 , 53.482)

26.963 (0.143 , 76.326)
19.977 (0.121, 72.097)
15.798 (0.082 , 58.585)

22.455 (0.161, 75.209)
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Table S4. Effect of group structure and age on individual probability of cheating.

Fixed Effects Posterior Mode (Cl) pMCMC
Intercept -510.02 (-803.34 , -201.43) 0.001
Znumber of males -41.43 (-141.46 , 20.41) 0.184
Znumber of females 24.2 (-86.85, 129.11) 0.664
Zage -36.29 (-116.88 , 47.66) 0.362
ZNumber of males*2 316.19 (77.32, 677.33) 0.004
ZNumber of females”2 -92.26 (-379.97 , 127.79) 0.422
Zage’2 12.13 (-70.71, 111.39) 0.684
Random Effects Posterior Mode (Cl) 12 % (CI)

Year
Camp
Group
Individual

Residual

-362.624 (0 , 63855.426)

450.816 (0.001, 125218.058)

-49.54 (0, 35387.275)

-34.971 (0, 34109.397)

174869.04 (56148.441 , 420763.388)

3.796 (0, 21.283)
11.067 (0, 36.546)
1.912 (0, 13.066)
1.842 (0, 14.592)

81.384 (55.082, 100)

Table S5. Effect of group composition and expected reproductive success on incubation effort.

Fixed Effects

Posterior
Mode (Cl)

pMCMC

Female cheats in camp - No

Female cheats in camp - Yes

Female cheats in camp - No : ZNumber of other females

Female cheats in camp - Yes : ZNumber of other females

Female cheats in camp - No : Znumber of males

Female cheats in camp - Yes : Znumber of males

Female cheats in camp - No : ZExpected reproductive success

Female cheats in camp - Yes : ZExpected reproductive success

Female cheats in camp - No : ZNumber of female cooperators
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2.24
(-2.58,
-1.96)

2.89
(-3.38,
-2.48)

-0.44
(-0.65,
-0.25)

0.4 (-1.16
,0.22)

0.06 (-0.25
,0.26)

0.12
(-0.38,
0.25)

-0.01
(-0.26,
0.21)

0.29 (0.04
0.7)

043
(-0.71,
-0.16)

0.001

0.001

0.001

0.228

0.898

0.618

0.908

0.03

0.008



Posterior

Fixed Effects Mode (Cl) pMCMC

Female cheats in camp - Yes : ZNumber of female cooperators -0.13 0.566
(-0.51,
0.27)

Female cheats in camp - No : ZExpected reproductive success : ZNumber of female cooperators 0.1(-0.1, 0.386
0.26)

Female cheats in camp - Yes : ZExpected reproductive success : ZNumber of female cooperators 0.13(-0.2, 0.452
0.55)

Female cheats in camp - No vs Female cheats in camp - Yes 0.78 (0.17, 0.01
1.15)

Female cheats in camp - No : ZExpected reproductive success vs Female cheats in camp - Yes : ZExpected -0.34 (-0.8  0.066

reproductive success ,0.02)

Female cheats in camp - No : ZNumber of female cooperators vs Female cheats in camp - Yes : ZNumber of -0.33 0.162

female cooperators (-0.81,
0.11)

Female cheats in camp - No : ZExpected reproductive success : ZNumber of female cooperators vs Female 0(-0.5, 0.768

cheats in camp - Yes : ZExpected reproductive success : ZNumber of female cooperators 0.34)

Random Effects Posterior 12 % (Cl)
Mode (Cl)

Year 0.004 (0, 1.72(0.007,
0.175) 6.582)

Camp 0.002 (0, 1.288(0.012
0.114) ,4.47)

Group 0.001 (0,  1.332(0.009
0.133) ,5.294)

Individual 0.881 34.672
(0.414, (19.322,
1.321) 49.197)

Residual 1.481 60.986
(1.124, (45.168 ,
1.859) 76.042)

Table S6. Effect of group composition on hatching success.

Posterior

Fixed Effects Mode (Cl) pMCMC

Female cheat in camp - No -3.29 (-3.77 , 0.001
-2.44)

Female cheat in camp - Yes -2.7 (-3.66 , 0.001
-2.03)

ZNumber of other females 0(-0.41,0.42) 0.948

ZNumber of males 0.11 (-0.23, 0.416
0.66)

Female cheat in camp - No : ZNumber of female cooperators 0.36 (-0.18, 0.158
0.86)

Female cheat in camp - Yes : ZNumber of female cooperators 1.09 (0.21, 0.006
1.84)
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Posterior

Fixed Effects Mode (Cl) pMCMC
Female cheat in camp - No : ZNumber of female cooperators*2 0.13 (-0.33, 0.566
0.59)
Female cheat in camp - Yes : ZNumber of female cooperators*2 -0.86 (-2.53 , 0.044
-0.1)
Female cheat in camp - No vs Female cheat in camp - Yes -0.24 (-1.25, 0.488
0.59)
Female cheat in camp - No : ZNumber of female cooperators vs Female cheat in camp - Yes : ZNumber -0.41 (-1.64 , 0.234
of female cooperators 0.36)
Female cheat in camp - No : ZNumber of female cooperators*2 vs Female cheat in camp - Yes : 1.03 (0.09, 0.034
ZNumber of female cooperators*2 2.71)
Random Effects Posterior 12 % (CI)
Mode (Cl)
Year 0.007 (0, 3.831(0.005,
0.642) 17.842)
Camp 0.003 (0, 5.595 (0.008 ,
0.771) 22.552)
Group 0.025 (0, 48.262 (0.005,
4.045) 98.108)
Residual 0.021 (0, 42.313 (0.012,
3.888) 97.289)
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Extreme temperatures compromise male
and female fertility in a large desert bird
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Temperature has a crucial influence on the places where species can survive and reproduce.
Past research has primarily focused on survival, making it unclear if temperature fluctuations
constrain reproductive success, and if so whether populations harbour the potential to
respond to climatic shifts. Here, using two decades of data from a large experimental
breeding programme of the iconic ostrich (Struthio camelus) in South Africa, we show that the
number of eggs females laid and the number of sperm males produced were highly sensitive
to natural temperature extremes (ranging from —5 °C to 45 °C). This resulted in reductions
in reproductive success of up to 44% with 5°C deviations from their thermal optimum. In
contrast, gamete quality was largely unaffected by temperature. Extreme temperatures
also did not expose trade-offs between gametic traits. Instead, some females appeared to
invest more in reproducing at high temperatures, which may facilitate responses to climate
change. These results show that the robustness of fertility to temperature fluctuations, and
not just temperature increases, is a critical aspect of species persistence in regions predicted
to undergo the greatest change in climate volatility.
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The range of temperatures that organisms can tolerate has a
crucial influence on their distributions across space and
time!=3. Our current understanding of thermal tolerance
largely comes from studies examining how high temperatures
affect survival*-7. However, it has recently been argued that
because reproductive failure often occurs well before death,
temperature effects on fertility (thermal fertility limits) may be
more important in determining species responses to environ-
mental change®~12. Characterizing how natural temperature
fluctuations affect investment in fertility traits, such as the
number and viability of eggs and sperm, and the impact this has
on reproductive success is therefore crucially important, espe-
cially as climatic variation is expected to increase globally!>14. Do
extreme temperatures have damaging effects on different fertility
traits and if so, is there the potential for selection to increase
resilience to changing climates?

Responses to selection for coping with more extreme and
unpredictable temperatures relies on individuals varying in their
thermal resilience!®. One factor that can influence individual
variation in thermal resilience is how reproductive and somatic
investment are managed under thermal stress. For example,
temperature extremes may lead to high physiological demand to
protect essential organismal functions that reduce investment in
reproduction>1617, Reduced reproductive investment can in turn
generate trade-offs between different fertility traits that limit
responses to selection for increased resilience to temperature
change. However, whether temperature extremes expose such
reproductive trade-offs, and the extent to which individuals vary
in their prioritization of investment across different fertility traits,
is unclear.

Research on the effects of natural temperature variation on
reproduction in non-domesticated endotherms has primarily
been on temperate species!®-33. However, temperature unpre-
dictability is greatest in tropical and sub-tropical regions and
climate modelling shows this will increase in the future!334 The
reproductive performance of species living in such regions may
also be particularly sensitive to the effects of climatic fluctuations,
as they often have prolonged breeding seasons that increase

their risk of exposure to shifts in environmental conditions.
Furthermore, because temperate species typically have short
breeding seasons, timed to the seasonal appearance of food
(phenology), there has been a focus on whether advancing spring
temperatures reduce breeding success through phenological
mismatches!8-28:3536_ Consequently, more information is needed
on the effects of ecologically relevant temperatures on investment
in the traits directly related to fertility, such as the production and
viability of eggs and sperm.

Here we examine how temperature fluctuations over a 20-year
period affect multiple fertility traits in the world’s largest bird, the
ostrich (Struthio camelus), which reproduce throughout the year
in tropical and sub-tropical regions (Fig. 1)%7-3. Individually
marked birds (n = 1299, Supplementary Table 1) were studied in
the Klein Karoo region of South Africa where temperatures
during the reproductive cycle ranged from —5 to 45 °C. Data on
the fertility of females and males was obtained by collecting eggs
daily from captive pairs, and by collecting natural ejaculates from
captive solitary males. All pairs and solitary males used for sperm
collection were kept in separate fenced enclosures of natural
Karoo scrub exposed to natural weather conditions (Fig. 1a). Data
were matched with onsite temperature records to investigate: (1)
how thermal fluctuations shape investment in gametic traits
(number of eggs and sperm, egg mass and sperm viability) and
reproductive success (hatching success and offspring numbers),
(2) individual variation in the resilience of fertility to temperature
change, and (3) whether extreme temperatures cause trade-offs in
investment across gametic traits.

Results

Is fertility compromised by hot and cold temperatures? The
number of eggs females laid and the number of sperm males
ejaculated were significantly reduced by both increases and
decreases in ambient temperature (Fig. 2a, b). The effects of
temperature were not immediate, but resulted from a critical
thermal window 2-4 days before laying and ejaculation (Sup-
plementary Figs. 1 and 2; see the subsection “Time lag effects of

Fig. 1 Ostriches (Struthio camelus) cope with large thermal fluctuations in their native |
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Western Cape to the deserts of Southern and Northern Africa. a Courtship by a male ostrich (right) towards a female (left) in one of the enclosures (n =
197) at the study site used to keep a single breeding pair (photo: CKC). b Data structure of fertility traits obtained from 1998 to 2018 at the study site of
Oudtshoorn Research Farm in the arid Klein Karoo region of South Africa. Sperm viability data was not available for all of the solitary males where
measures of sperm numbers were obtained (sperm viability: ning =18, Nyears = 7, Xyears pering = 2.7)- See also Supplementary Table 1for detailed overview of
sample sizes. ¢ Geographic range (green) of the ostrich®3 with the study site marked by an asterisk. d Monthly temperature range was calculated by
estimating the range of temperatures of each month and then calculating the mean of this across all months®4.
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Fig. 2 Temperature extremes compromise male (n = 22) and female (n = 652) fertility. Female egg laying rate (a) and number of sperm ejaculated by
males (b) were both highly sensitive to increases and decreases in temperature. Female (c: egg mass) and male (d: sperm viability) gamete quality were
generally more resistant to temperature change. Hatching success (e), which is influenced by the egg mass#!42, sperm numbers and sperm viability, was
also less affected by temperature change. The number of offspring (f) is a product of hatching success and rates of egg laying and was influenced by
changes in temperature that occured during egg laying. Ostrich females can only lay an egg every other day and we therefore used number of eggs or
chicks per number of two-day intervals (eggs/2 days or chicks/2 days) (see the subsection “Time lag effects of temperature on gametes” in
“Methods"” section). The range of temperatures that sperm traits were measured at differed from the other traits, because it was not possible to collect
sperm across all years (Supplementary Table 1). Fitted lines and 95% credible intervals (shaded area) from the primary set of models are shown for traits
significantly affected by temperature (Supplementary Tables 2-7). For binomial models the fitted lines span the modelled binned temperature classes

making them robust to outliers. Points are averages with standard errors binned according to the temperature variable. Point size illustrates relative

number of observations. Source data are provided as a Source Data file.

temperature on gametes” in “Methods” section). During this
critical thermal window, egg laying rate peaked at 20°C (Sup-
plementary Fig. 3), dropping by 15% and 18% when temperatures
increased and decreased by 5 °C, respectively (Fig. 2a; Table 1,
Supplementary Table 2). Similar reductions were seen in the
number of sperm males ejaculated (19% with 5 °C increases and
decreases from the optimum; Fig. 2b; Table 1, Supplementary
Table 3), but the thermal optimum appeared to be slightly higher
than for egg laying, peaking at ~26 °C (Supplementary Fig. 4).
While this may indicate there is the potential for conflict over the
thermal optima of males and females, this dataset was not
designed to test this (see the subsection “thermal stress index” in
NATURE CC
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“Methods” section). It is also likely that both 20 and 26 °C are
within the thermal neutral zone (TNZ), which although not
explicitly known for ostriches, spans from 10-15 to 30 °C in the
closest relative, the emu (Dromaius novaehollandiae)*0.
Fluctuations in temperature had much less of an effect on
gamete viability than on the number of gametes. The mass of eggs
females produced only decreased by 0.7% when temperatures fell
from 20 to 15 °C and were unaffected by increases in temperature
(Fig. 2¢; Table 1; Supplementary Table 4). Similarly, the viability
of sperm (viable sperm: normal morphology, intact membrane
and eosin impermeable) males produced was robust to tempera-
ture fluctuations, with no consistent change with increases or
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decreases in temperature (Fig. 2d; Table 1; Supplementary
Table 5).

Do changes in fertility traits matter for reproductive success?
The effect of temperature on reproductive success (number of
offspring) is a product of changes in egg laying rates and the
probability that eggs hatch. Hatching success is in turn influenced
by the fertilizing ability of males, which depends on the numbers
and viability of sperm inseminated, and egg viability, which is
linked to egg mass*l42, The potential effects of ambient tem-
peratures during incubation on hatching success were removed by
artificially incubating eggs using an on-site hatchery. Hatching
success was significantly affected by the temperature birds
experienced prior to laying: hatching success was reduced by 4-7%
with 5°C increases and decreases from 20 °C (Fig. 2€; Theat stress
(credible interval, CI) = —0.26 (—0.43, —0.09), pMCMC = 0.002;
Teod stress (CI) = —0.57 (—0.98, —0.01), pMCMC = 0.028; Sup-
plementary Table 6). Combined with changes in egg laying rates,
this resulted in the total number of offspring decreasing by 28%
with 5 °C increases, and 44% with 5°C decreases in temperature
from 20°C (Fig. 26 Teo swess (CI)=—2.10 (—2.57, —1.60),
PMCMC =0.001; Thear stress (CD)=—142 (=161, —121),
pMCMC = 0.001; Supplementary Table 7). Reproductive success
can also be reduced if individuals die from temperature-related
stress during the breeding season, but during the 21 years of
experimental breeding only six adult deaths (0.5%) related to
overheating were recorded. These results suggest that the negative
effects of temperature fluctuations on reproductive success arise
through the cumulative, detrimental effects on egg and sperm
production under both low and high temperatures. It is also worth
noting that these effects may be even more pronounced in wild
populations where access to food and water is likely to be more
restricted.

PSlopeVar (CI)
0.16 (0.14,0.18)
0.03 (0.03,0.04)
0.07 (0.04,0.13)
0.1 (0.05,0.17)

0.18 (0.06,0.34)
0.47 (0.41,0.53)
0.57 ((0.24,0.79)
0.60 (0.36,0.81)

Teold stress

0.24 (0.17,0.32)
0.52 (0.48,0.57)
0.47 (0.13,0.84)
0.61(0.38,0.81)

Slopes
Theat stress

Repeatability (CI)
0.27 (0.21,0.33)
0.62 (0.59,0.65)
0.23 (0.13,0.39)
0.54 (0.35,0.74)

Intercept

Do individuals vary in how resilient their fertility is to tem-
perature change? There was substantial variation among females
in how resilient their laying rates were to temperature change.
Differences between individual females explained 24% of varia-
tion in the rate of decline in egg laying when temperatures
increased, and 18% of variation when temperatures decreased
(Table 1). Similarly, some males were much more resilient to
temperature change than others, as indicated by the number of
sperm they ejaculated (Table 1). When temperatures increased,
47% of variation in the decline in sperm numbers was explained
by differences between males, and 57% when temperature
decreased. We examined the robustness of these results using
character state models where values of a trait are correlated
between different temperature categories (cold (<17.7°C), hot
(>28.7°C) and benign): correlations lower than one indicate
variation between individuals in their response to temperature
change3. These analyses confirmed that there were substantial
differences among males and females in their responses to tem-
perature change (Supplementary Tables 12 and 13).

Females were extremely consistent in their egg mass, which was
relatively unaffected by temperature change (PSlopeVar: 0.03,
Table 1). While average egg mass ranged from 1.41 to 1.68 kg
among females, the most extreme change in egg mass of a female
from 20 to 25 °C was an increase of just 0.015 kg. Despite this, a
relatively large proportion of the variation in egg mass change
was explained by differences between females, around 50%. Such
consistent differences among females is in accordance with
research on other bird species where egg mass is variable in
populations, but highly consistent within individuals*. For
males, the pattern was similar with around 60% of variation in
the change in sperm viability with temperature being explained

—2.10 (—2.43,-1.80)***
—0.05 (-0.07,—-0.03)***
—0.67 (-1.13,-0.23)**
—0.21 (-0.55,0.11)

Teold stress

—1.68 (~1.90,—1.50)***
0 (-0.01,0.02)
—0.67 (—1.30,—-0.02)*
0.13 (—0.24,0.42)

Slopes
Theat stress

0.32 (0.18,0.49)
1.43 (1.42,1.45)
10.46 (10.16,10.79)
—1.91 (-2.19,-1.62)
**pMCMC < 0.001.

Fixed effects (CI)

Intercept

**pMCMC < 0.01, *

We quantified the differences between individuals relative to within and between individual variation (repeatability) for fertility at intermediate temperatures (intercept) and for the change in fertility with increasing and decreasing temperatures (slopes). Estimates and credible

intervals (CI) were extracted from the second set of MCMCglmm models including individual by year slopes. See Supplementary Tables 8-T1 for model details including estimates of repeatability on the expected scale and variance of fixed effects. PSlopeVar = ratio of the slope

variance to the total phenotypic variance.

Table 1 Individual variation in the resilience of fertility to temperature change.
“pMCMC < 0.05,

Trait

Egg laying

Egg mass
Number of sperm
Sperm viability
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by differences between males (Table 1). That said, character state
models showed only a weak correlation between measures of
sperm viability at benign versus cold and hot temperatures,
suggesting that data from extreme temperatures may inflate the
estimation of between individual differences (Supplementary
Table 15). Taken together, these results show that when
temperatures increase and decrease, individual females and males
vary substantially in the number and viability of eggs and sperm
they produce. The efficacy of selection to promote thermal
tolerance is therefore unlikely to be limited by a lack of variation
between individuals.

Is the resilience of fertility to temperature change compro-
mised by trade-offs between traits? When individuals are
exposed to temperature extremes, simultaneous investment in
multiple traits may not be possible. The resulting trade-offs can
take two forms. First, negative correlations between fertility traits
may occur at extreme temperatures because physiological stress
limits the resources individuals have to invest across reproductive
traits. Second, there may be negative correlations in the degree of
change across traits (thermal resilience) rather than absolute trait
values. For example, investment in the maintenance of one trait
may come at the expense of maintenance of other traits.

We found no evidence of any negative correlations between
any fertility traits within or among individuals at any temperature
(Fig. 3; Supplementary Table 18). This shows that the number of
eggs females produce and the number of sperm males ejaculate is
not traded-off against egg mass or sperm viability in either hot or
cold periods. Instead, correlations between traits within females
were generally significantly positive, indicating that investment in
the number and mass of eggs are up and down regulated together
(Fig. 3; Supplementary Table 18). Furthermore, among indivi-
duals there was a significant positive relationship between change
in egg laying rates and change in egg mass as temperatures
increased (Fig. 3). This is contrary to the idea that temperature
stress induces trade-offs between fertility traits. Instead, this
suggests that some females respond to higher temperatures by

Within individuals
< Increasing temperatures O Increasing temperatures
< Decreasing temperatures © Decreasing temperatures

Among individuals

061
041
0.2 ¢¢éf
o]

~0.2
0.4
-0.61

Phenotypic correlation (CI)

Sperm viability Egg mass
V§ VS
number of sperm egg laying

Fig. 3 Correlated changes in the number and quality of gametes as
temperatures increased and decreased. The number of eggs and sperm
females (n = 652) and males (n =18) produced was not traded-off against
egg mass and sperm viability as temperatures changed (see also
Supplementary Table 18). This was consistent within and among
individuals. Changes in egg-laying rates were positively correlated to egg
mass as temperatures increased both within and among females (credible
interval (CI) of phenotypic correlation excluded zero). Source data are
provided as a Source Data file.

producing more eggs that are also heavier, compared to other
females.

Discussion

It has been argued that to understand how species are affected by
environmental change, it is crucial to broaden the current focus
on lethal limits to include thermal fertility limits®. Our results
provide support for this proposition, as only six adults (0.5%)
died from thermal stress, whereas there were dramatic reductions
of 28-44% in reproductive success with 5 °C deviations from their
thermal optimum. Although increased climatic change has
brought into focus the effect of rising temperatures on survival
and population persistence34, our results show that cooler, as well
as hotter, temperatures may pose a challenge for species.

Much of the classical life-history research on birds has focused
on the seasonal appearance of food as a factor limiting breeding
success?>46, whereas the direct effects of temperature on repro-
duction have remained more unclear (but see Hurley et al.!1). In
ectotherms, extreme temperatures have been shown to reduce
both the number and the quality of gametes individuals
produce®4748 and similar effects have been found in domestic
chickens, domestic mammals and laboratory mice?*-52. Such
concordant effects of heat stress on different gametic traits sug-
gests that high temperatures may lead to a general degradation of
reproductive function. While our results show that heat and cold
stress compromise reproductive success, this was not because of
consistent detrimental effects across all traits, but rather specific
responses of traits to temperature change: Sperm viability and egg
mass did not decline even under the most extreme thermal stress,
whereas the number of gametes individuals produced was highly
sensitive to temperature change.

One potential reason for why the numbers and quality of
gametes differ in their response to temperature change is that
they are under different mechanistic control. Reductions in sperm
and oocyte production caused by heat stress have been shown in
mammals to occur due to decreases in testosterone in males and
changes in luteinizing hormone in females®>>!. General physio-
logical changes due to temperature stress may therefore reduce
rates of gametogenesis®. In contrast, changes in sperm and folli-
cular function have previously been linked to processes, such as
DNA damage®#-51, and may be somewhat shielded from phy-
siological stress by the follicle/testes-blood barriers®. Alter-
natively, the limited effects of temperature on sperm viability and
egg mass may be due to reduced sensitivity to physiological stress,
consistent with early life-history models®}, or other measures of
gametic performance may be required to detect the effects of
temperature on gamete quality. For example, the biochemical
composition of eggs can vary independently of egg mass and can
influence offspring fitness>>. The differences in the response of
gametic traits to temperature change highlights the importance of
understanding reproductive mechanisms when predicting out-
comes of environmental change, and has important implications
for how thermal fertility limits are studied.

The evolution of increased thermal tolerance is key to the
persistence of populations as environments change and become
more unpredictable!:15. Our results show that ostrich populations
harbour individual variation in resilience to temperature change
that may facilitate responses to shifting climates. However, this
raises the question of why some individuals are more susceptible
to temperature change than others? Given the fitness benefits of
increased thermal tolerance, why has selection not eliminated
variation within populations®”’? One possibility is that there are
alternative strategies to cope with temperature change during
reproduction. If thermal tolerance is costly, tolerant individuals
that reproduce across a wide range of temperatures (generalists)
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may have comparable fitness to individuals that only reproduce
under specific thermal conditions (specialists), if they have lower
reproductive success per breeding attempt!>8-%0. We found no
support for this idea, and if anything the opposite was true:
Certain females appeared to specialize in reproducing at higher
temperatures by increasing both the number and mass of eggs
they laid, with no apparent reductions in egg mass at other times.
It is possible that the ability of females to increase laying rates
without compromising egg mass under extreme temperatures is
facilitated by their unique life-history characteristics, including
laying extremely small eggs relative to their body size. Whether
certain life-history characteristics increase or decrease the vul-
nerability of species to climate change is unclear and clearly
warrants further investigation.

Another possibility is that variation in thermal tolerance is
maintained due to alternative breeding strategies. Ostriches have
an extremely flexible breeding system, reproducing in both pairs
and cooperative groups®’~3%. Cooperative breeding in birds has
been shown to be a successful strategy for coping with high and
fluctuating temperatures where breeding in pairs often fails®1-63,
In this study, it was necessary to restrict breeding opportunities to
pairs to gain detailed measures of individual reproductive success.
It is therefore possible that the sensitivity of individuals to tem-
perature change may be alleviated by the buffering effects of
sociality when opportunities to breed in groups arise®-67.

This study shows thermal stress is an important factor that can
limit reproductive success (see also Nord and Nilsson®® and
Walsh et al.%), even in species, such as the ostrich, that are well
adapted to survive in extreme thermal environments. To explain
the past and predict the future effects of climate change, it is
crucial to quantify the effects of temperature on the fertility in
species inhabiting different biogeographical zones and with dif-
ferent breeding biology. The extent to which the results of this
study can be generalized remains to be established, given that
little is known about temperature-dependent fertility in other
tropical and sub-tropical species. However, the challenges faced
by endotherms in arid, tropical and sub-tropical regions are clear
and have already led to the collapse of entire bird communities34.
A key feature of climate change highlighted by our results is that
both hot and cold temperatures likely pose a challenge for species,
providing an illustration of why temperature fluctuations, and not
just temperature increases, are critical to study.

Methods

Study site and population. The study site is situated at the Oudtshoorn Research
Farm in the arid Klein Karoo of South Africa (GPS: 33°38/21.5"S, 22°15’17.4"E).
The ostriches used in this study are derived from 139 founding individuals, con-
sisting of individuals classified into one of two subpopulations with the popularized
names South African Blacks (S. camelus) or Zimbabwean Blues (S.c. australis).
From 1998 to 2018 the reproduction of captive breeding pairs (#1emates = 756,
Nmales = 701) was monitored in 197 enclosures of ~0.25 ha of natural Karoo
habitat®. A male and a female ostrich were assigned to each enclosure in May/June
each year and kept together until the end of the breeding season in December/
January. Male-female combinations were established to prevent inbreeding and
where possible, generate new combinations each year. From 2008 to 2018 the
fertility of males (n = 22) kept in solitary enclosures (20 m x 17 m) and trained to
ejaculate into an artificial cloaca using a dummy female was monitored (method
developed by Rybnik et al.”%). Ostriches received a diet designed for breeding
individuals (90-120 g protein, 7.5-10.5 M] metabolizable energy, 26 g calcium and
6 g phosphorus per kg feed) and water ad libitum. Levels of dietary protein and
energy were reduced across years to lower feed costs, which had negligible effects
on fertility”72, Maximum daily temperature records were obtained from a local
weather station 600 m from the study site. Ethical clearance was obtained from the
Western Cape Department of Agriculture (DECRA R12/48).

Reproductive data

Female gametic traits. Pairs were checked twice a day and any eggs were collected
and weighed using an electronic balance (Mercer). This gave us an estimate of the
daily changes in quantity and mass of female gametes, that could be directly
compared to daily temperatures. In two years the laying season was extended
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beyond February until April. All data from these months were removed to ensure
data were consistent with other years. We also removed data from pairs where the
male or female was replaced during the breeding season, which occurred some-
times when individuals were injured or died. Data on the rate of egg laying from
these replacement pairs indicated that acclimation to enclosures and new partners
takes ~45 days (Supplementary Fig. 5). Based on this information we removed data
from the first 45 days from each season. Two-year-old females had substantially
lower reproductive success than older breeders (Supplementary Fig. 6, see also
Cloete et al.%%) so these were removed from the data. Pairs that spent fewer than
200 days in their enclosure in a given year were removed so that data were con-
sistent across pairs and years. Finally, pairs that laid fewer than 10 eggs per year
were removed to avoid including incompatible pairings and individuals not in
breeding condition, which reduced the total number of females in the analyses
to 652.

Male gametic traits. For males, the ability to deliver high quantities of sperm of
high quality is crucial for fertilization success”3~7°. We obtained natural ejaculates
from solitary males kept in individual enclosures and estimated the number of
sperm and sperm viability. Semen collections were performed three to five times a
week and after periods of sexual rest the first three ejaculates collected were dis-
carded. From the resulting set of ejaculates we kept data on the first ejaculate
collected each day, typically obtained in the morning, from each individual. Sperm
concentration was measured with a spectrophotometer in 20 uL semen diluted
1:400 (v/v) with a phosphate buffered saline solution containing 10% formalin. The
number of sperm was estimated as the product of sperm concentration and eja-
culate volume, which we estimated using an automatic pipette. Sperm viability was
estimated by inspecting 500 sperm stained with nigrosin-eosin, and characterizing
a sperm as viable if the morphology was normal (complete unit of tail, midpiece
and slightly curved head)®, the membrane was intact and eosin impermeable””.
Only males from which we were able to obtain at least five ejaculates were included
in the analysis to avoid including males not accustomed to the ejaculation col-
lection process. Subsets of these data have previously been used to test effects of
season, age and collectio”8-80,

Hatching success and number of offspring. Hatching success reflects the product of
both male and female gametic traits as well as the quality of incubation. To control
incubation effects, eggs were artificially incubated in an on-site hatchery until
hatching. Eggs were stored (1-6 days) at 17 °C and 80-90% humidity with two
daily rotations through a 180° angle until eggs were moved to incubators once a
week. Eggs were incubated at 36.2 °C and 24% humidity with hourly rotation on
their long axis through a 60° angle for the first 35 days and then switched to a
hatcher set at 36 °C and 24% humidity for the remaining 7 days8!. This dataset was
subject to the same filtering procedure as the female egg traits.

Statistical analyses

Time lag effects of temperature on gametes. The time period where different traits
are influenced by fluctuations in ambient temperatures (i.e. the critical thermal
window) is unknown. We therefore estimated the sensitivity of each trait to dif-
ferent sliding thermal windows preceding gamete production using general linear
models (GLMs), where different thermal windows were entered as predictors of
gametic traits at the population level. A window size of 3 days was chosen and one
day steps were examined from 7 days before to 5 days after egg laying. We chose a
window size of 3 days to capture immediate temperature fluctuations, while
minimizing the effects of seasonal trends that occurred with larger windows. This
also enabled us to avoid missing daily extreme events that occurred with smaller
windows. Supplementary one-day and two-day window analyses supported this
decision, as three sequential one-day windows (or two overlapping two-day win-
dows) were particular important predictors of egg-laying (Supplementary Fig. 7).
The thermal windows after egg laying served as controls, as we did not expect any
predictive power apart from the autocorrelation in temperature. In each window,
the average daily maximum temperature (AVG-Tysx) was modelled as a quadratic
effect. To identify the critical thermal window, we compared the models using
Akaike information criterion (AIC) or QAIC (Quasi-AIC) to account for the
overdispersion common to logistic regressions. The maximum egg-laying rate is
one egg every 2 days. We therefore modelled the probability of laying as the
number of 2-day intervals with (eggs/2 days) and without eggs using a Binomial
error distribution, which was necessary to correctly model the variance in successes
(our response ranged from 0 to 1 whereas eggs per day ranged from 0 to 0.5).
Model comparison with QAIC showed that the critical thermal window was

2-4 days before egg-laying (Supplementary Fig. 1). Interestingly 2 days is also the
time it takes for eggs to travel down the oviduct®283. Egg mass was modelled using
a Gaussian error distribution and the ranking of AIC was very sensitive to small
model adjustments and extreme temperatures, reflecting the generally low effect of
temperature on this trait (Fig. 1 and see the section “Discussion”). Visual inspec-
tion revealed a consistent trend of increasing egg mass at extreme high tempera-
tures but not at intermediate to high temperatures (Fig. 1). To reduce the influence
of these extreme data points, without removing the entire trend of what may be a
true biological signal we removed the 0.5% hottest and the 0.5% coldest records in
this particular analysis. Several thermal windows prior to egg-laying appeared to
predict egg mass equally well, but we proceeded with 0-2 days before egg laying as
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the critical window for this trait due to its proximity to day of laying (Supple-
mentary Fig. 1). For both hatching success (Binomial error distribution: number
hatched vs. number not hatched) and the number of offspring (Binomial error
distribution: 2-day intervals with chicks vs. 2 days without chicks, chicks/2 days)
we used 0-4 days before egg laying as the critical thermal window as this included
all days used as predictors for egg mass and egg laying rate. In birds, spermato-
genesis is believed to range from 11 to 15 days®, and we therefore tested thermal
windows from 15 days before to 5 days after ejaculation. The critical thermal
window for the number of sperm (Poisson distribution) was 2-4 days before
ejaculation, and while sperm viability (Binomial error distribution: number alive vs.
number dead) was also influenced by temperature during this time, the window
4-6 days before ejaculation was a better predictor (Supplementary Fig. 2). How-
ever, as results did not differ between the analyses of sperm viability detailed below
(random regression and character-state models) when using 2-4 vs. 4-6 days, we
used 2-4 days for consistency across traits. The critical thermal windows estimated
for sperm and egg traits are specific to this study. If other species are studied it will
be important to estimate these parameters using similar critical thermal window
analyses from time series datasets.

Thermal stress index. For each trait we modelled the response to increases and
decreases in temperature by creating cold and heat thermal stress indexes. This was
done by first estimating the temperature at which trait values were maximized
(thermal optimum), and secondly by calculating decreases (Tcoiq stress) and
increases (Theat siress) away from this optimum. Using GLMs we modelled the
change in number of sperm and eggs produced as a response to AVG-Tyax (linear
and quadratic terms) of the critical thermal window, and extracted the parametric
vertex as the thermal optimum (rounded to closest degree Celsius). For egg laying
the optimum was estimated as AVG-Tyax = 20 °C (Supplementary Fig. 3), which
also reflects the centre of the TNZ of the emu? (unknown for the ostrich). For the
number of sperm ejaculated the optimal temperature was estimated to be 26 °C
(Supplementary Fig. 4). As a result, Theat stress for females was from 20 to 45 °C and
for males it was from 26 to 45 °C. Ty|q stress Was from 20 to 10 °C for females and
from 26 to 10 °C for males. The observed difference in thermal optima between
sexes is intriguing, but this dataset was not designed to robustly test for sex dif-
ferences: the fitness of males and females are intertwined in the pairs and we have
no direct data on how solitary male sperm performance influenced female fitness.
To make the intercept of the statistical models represent the most benign tem-
perature we subtracted the minimum stress value resulting in 0 being the new
minimum (no stress) of the thermal stress index. The variance of slopes (see below)
depends on the scale of the environmental parameter and we therefore standar-
dized this by dividing by the maximum of the range resulting in 1 being the
maximum deviation from 0.

Modelling resilience to temperature change using random regression models. We
constructed random regression models in R v.3.6.0%° using the Bayesian framework
implemented in the R-package MCMCglmm v.2.29%. For both residual and ran-
dom terms we used the weakly informative inverse-Gamma distribution (scale =
0.001, shape = 0.001, i.e. V= n, nu = (n—1 4 0.002 with n being the dimension of
the matrix) as priors. For female gametic traits, models were run for 10,000,000
iterations of which the initial 100,000 were discarded and only every 10,000th
iteration was used for estimating posterior probabilities. For male gametic traits,
models were run for 3,000,000 iterations, of which the initial 30,000 were discarded
and only every 3000th iteration was used for estimating posterior probabilities. The
number of iterations was based on inspection of autocorrelation among posterior
samples in preliminary runs. Convergence of the estimates was checked by running
the model three times and inspecting the overlap of estimates in trace plots and the
level of autocorrelation among posterior samples. Posterior mode and 95% credible
intervals are reported for random effects, correlations and repeatability measures.
Models included the fixed effects of thermal stress (ranging from 0 to 1) and stress
type (cold or heat). The interaction between thermal stress and stress type was
modelled with a common intercept for cold stress and heat stress, as the con-
struction of the thermal stress index dictated that these intercepts are identical.
For the three traits modelled with Binomial error distributions (egg laying,
hatching success and number of offspring) data were grouped into four hot and
three cold thermal stress classes, each representing the number of observations with
success (e.g. 2-day intervals with egg) and the number of observations with failure
(e.g. 2-day intervals without egg). For female gametic traits we included the
additional fixed effects of female subpopulation (South African Blacks: 476 females,
Zimbabwean Blues: 68 females or crosses: 108 females) and its interaction with the
thermal stress and stress type, as well as female age and the subpopulation of the
pair male. Results were highly consistent across subpopulations and we therefore
report fixed effect estimates from the most numerous subpopulation (South
African Blacks) for brevity. Population-specific estimates are available in the results
tables provided in the supplementary information. The mass of eggs decreased with
the number of days since the previous egg (Supplementary Fig. 8). This was
accounted for by including days since previous egg (linear and quadratic terms,
log-transformed) as a fixed effect in the egg mass model. Several sperm-
characteristics may peak at an intermediate age8, and therefore linear and
quadratics effects of age were included as fixed effects in models. We accounted for
environmental effects that differed across years, such as diet, by including year as a
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random effect. For egg-laying rates, egg mass, hatching success and offspring
number, enclosure was also added as a random effect, since they were used
repeatedly across years and varied in size and vegetation cover. The males used for
sperm collection were kept in the same enclosures across years and therefore we
did not have enclosure as random effect in analyses of sperm traits (not possible to
separate individual from enclosure effects). The enclosures where males were kept
for sperm collection are, however, extremely similar making it unlikely that this
was a significant source of error variance.

Quantifying individual variation in resilience to temperature change. In all models
the thermal stress index and type of stress (cold versus heat) was allowed to interact
with ostrich ID to model the individual variance (id). This was modelled as 3 x 3
unstructured variance-covariance matrix composed of the intercept (id;y,,), slope
during cold stress (idy.co1a) and slope during heat stress (idy peat). Individual
repeatability (R) of trait values at the optimum temperature (Tyyess =0, 20 °C for
females and 26 °C for males) was then estimated as the proportion of intercept
variance that is explained by the individual variance in intercepts:

%
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Individual variation in the cold and heat stress slopes was used as an estimate of
variation in resilience to increasing and decreasing temperatures, i.e. phenotypic
plasticity. However, to estimate the repeatability of slopes for individuals
(consistency of individual by environment interaction; I x E), we constructed a
second set of models. In these models a second 3 x 3 unstructured
variance-covariance matrix of individual by year (id-yr) combinations was added,
allowing the repeatability of thermal plasticity within individuals across different
breeding years to be calculated. Variance in individual slopes is on a different scale
to that of intercepts, and also dependent on the scaling of the temperature index.
For these reasons we followed a recently introduced practice8”88 and estimated the
repeatability of thermal slopes as the proportion of slope variance attributable to
between individual variance:
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To quantify how much variation in each trait was explained by responses to
temperature we transformed the between individual and within individual slope
variance to the same scale as the intercept variances using 03 = 0% *var(x), where
var(x) is the variance of the environmental variable, the temperature index?. We
then expressed this variation as a ratio of the total variance, including between
individual and within individual intercept variance as well as year, enclosure and
residual variance:
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It has recently been debated if the fixed effect variance (67) should be included in
the denominator when estimating R%. There are arguments for including fixed
effect variance if it captures natural variation and excluding it if it represents
experimental variance®l. For full transparency we chose to report estimates of
o7 excluding variance from the thermal index (o?ﬁmcm‘ o) as this parameter has
already been accounted for by the interaction with the random terms. We estimated
fixed effect variance of all terms (07 ) and of thermal stress separately (alz- )

a T—p—
following de Villemereuil et al. 1, such that o} P aéu — o?“mmhm4

As egg laying, hatching success and number of offspring are modelled via a logit
link function, estimates of R are calculated on the latent scale. While this scale has
the benefit of fulfilling the typical assumptions of parametric analyses, it may not
reflect the scale at which selection is working. Methods have therefore been
developed to make inferences on the observed scale®2. There are currently no
methods to perform this transformation for a model using a logit-link function and
where the number of trials varies between data points. Instead it is possible to
calculate estimates of repeatability on the expected scale (corresponding to the
liability scale in a threshold model) according to equations in de Villemereuil et al
using the R-package QGglmm®2. Similar methods are not available for the slope
variance parameters presented below, and all estimates presented in the main
document are therefore on the latent scale for consistency. Where possible, we also
provide estimates on the expected scale in the supplementary material
(Supplementary Tables 2-10).
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Modelling resilience to temperature change using character-state models. As an
alternative modelling approach to random regression, we modelled changes in each
trait across three temperature categories (cold, benign and hot), using character-
state models. For egg-related traits the ranges for these categories were limited by
the lower number of cold compared to hot days, according to the thermal optimum
cut-off used in the random regression analysis (20 °C). To avoid low replication in
the cold category relative to hot days we assigned the lowest 50% of days classified
as Teold stress a8 cold (<17.7 °C, neges = 10,483), and the highest 30% of days clas-
sified as Theat stress a8 hot (>28.7 °C, Hegge = 14,759), with the remainder being
classified as benign (Meggs = 56,297). Data on sperm traits had higher temperature
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values. We therefore increased the temperature cut-offs (cold: <18.7 °C, #ejacutations
=319; hot: >29.7 °C, Njacutations = 392 and benign Aejacutations = 1174). The models
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1 Supplementary Tables

1.1 Supplementary Table 1: Sample sizes within years

Yearly number of females and males and observations included in the analysis. Data of egg laying, egg mass,
hatchting success and number of offspring were all obtained from the same females every year.

Egg Egg Males Males Ejaculates Ejaculates

mass hathcing (number of (sperm (number of (sperm
Year Eggs records records Females sperm) viability) sperm) viability)
1998 3705 3603 3303 86 0 0 0 0
1999 3506 3421 3310 90 0 0 0 0
2000 2446 2424 2378 48 0 0 0 0
2001 2972 2938 2903 53 0 0 0 0
2002 2221 2193 2123 56 0 0 0 0
2003 4530 4471 4355 102 0 0 0 0
2004 6160 6104 5988 148 0 0 0 0
2005 4702 4641 4369 131 0 0 0 0
2006 5781 5705 5462 124 0 0 0 0
2007 4570 4485 4225 95 0 0 0 0
2008 5470 5366 5024 116 4 4 37 37
2009 4444 4376 4018 100 8 8 358 352
2010 5116 5051 4928 107 7 7 379 380
2011 4147 4107 3981 90 8 7 297 232
2012 2772 2749 2642 71 10 0 79 0
2013 3595 3544 3463 82 8 5 39 16
2014 2974 2920 2880 69 8 0 209 0
2015 2860 2806 2736 65 7 0 20 0
2016 2857 2806 2681 63 10 10 245 225
2017 3164 3116 3074 64 10 8 122 58
2018 3547 3512 3463 70 0 0 0 0
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1.2 Results from random regression models (Supplementary Tables 2-7)

1.2.1 Supplementary Table 2: Egg laying (random regression)

Testing the effect of thermal stress on egg laying rate using a random slope model in the R-package

MCMCglmm.

Type Parameter Posterior mode (CI) pMCMC Level
Intercept 0.26 (0.08,0.42) 0.006 -
dam_ subpopZB -0.39 (-0.67,-0.18) 0.001 -
dam__subpopCross -0.15 (-0.36,0.04) 0.141 -
sire__subpopZB -0.13 (-0.24,0) 0.051 -
sire_subpopCross -0.09 (-0.29,0.12) 0.4 -

. dam_age z -0.04 (-0.07,0) 0.034 -

Fixed effects TSIcon:StressCold -1.97 (-2.33,-1.61) 0.001 -
TSIcon:StressHeat -1.62 (-1.81,-1.41) 0.001 -
TSIcon:StressCold:dam__subpopZB -0.37 (-1.57,0.64) 0.507 -
TSIcon:StressHeat:dam_ subpopZB -0.37 (-0.96,0.26) 0.246 -
TSIcon:StressCold:dam__subpopCross  -1.36 (-2.28,-0.45) 0.004 -
TSIcon:StressHeat:dam_subpopCross  0.38 (-0.15,0.91) 0.164 -
(Intercept) 0.564 (0.511,0.694) - damid
TSIcon:StressCold 2.139 (1.247,3.32) - damid

Random effect var TSIcon:StressHeat 2.956 (2.32,3.53) - damid

" enclosure 0.179 (0.14,0.238) - enclosure
year 0.092 (0.037,0.156) - year
residuals 0.603 (0.579,0.641) - units

Correlations TSIcon:StressCold:(Intercept).damid ~ 0.136 (-0.08,0.361) 0.172 -
TSIcon:StressHeat:(Intercept).damid ~ -0.072 (-0.208,0.044) 0.154 -

Fixed effect var.

All fixed - thermal stress

0.027 (0.013,0.06)

Expected scale

Intercept individual variance
Intercept phenotypic variance
Intercept repeatability

4.967 (4.505,5.822)
10.18 (9.519,10.717)
0.519 (0.463,0.556)

For fixed effects the posterior mean is reported
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1.2.2 Supplementary Table 3: Number of sperm (random regression)

Testing the effect of thermal stress on number of sperm using a random slope model in the R-package
MCMCglmm.

Type Parameter Posterior mode (CI) pMCMC Level
Intercept 10.47 (10.17,10.84) 0.001 -
poly(age, 2)1 1.62 (-2.56,6.24) 0.503 -

Fixed effects poly(age, 2)2 -5.47 (-8.18,-3.22) 0.001 -
TSI:StressCold -0.63 (-1.07,-0.24) 0.002 -
TSI:StressHeat -0.67 (-1.24,-0.02) 0.028 -
(Intercept) 0.265 (0.157,0.663) - name
TSI:StressCold 0.24 (0.123,0.871) - name

Random effect var. TSI:StressHeat 0.705 (0.231,2.878) - name
year 0.049 (0.015,0.197) - year
residuals 0.923 (0.86,0.987) - units

Correlations TSI:StressCold:(Intercept).name  -0.162 (-0.583,0.49) 0.786 -
TSI:StressHeat:(Intercept).name  -0.111 (-0.571,0.468) 0.921 -

Fixed effect var. All fixed - thermal stress 0.018 (0.004,0.041) - -

Expected scale Intercept individual variance 487.713 (166.046,2733.395) - -

For fixed effects the posterior mean is reported
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1.2.3 Supplementary Table 4: Egg mass (random regression)

Testing the effect of thermal stress on egg mass using a random slope model in the R-package MCMCglmm.

Type Parameter Posterior mode (CI) pMCMC Level
Intercept 1.43 (1.42,1.45) 0.001 -
dam_ subpopZB 0.07 (0.04,0.11) 0.001 -
dam__subpopCross 0.04 (0.01,0.07) 0.001 -
sire_ subpopZB 0.01 (0.01,0.02) 0.001 -
sire_ subpopCross 0 (0,0.01) 0.404 -
poly(days.since.prev.eggLOG_z, 2)1  -5.15 (-5.3,-5) 0.001 -

. poly(days.since.prev.eggLOG_z, 2)2 -1.85 (-1.98,-1.7 0.001 -

Fixed effects dali(iageiz o ) 0 (—O.(gl,(]) ) 0.004 -
TSI:StressCold -0.05 (-0.06,-0.03) 0.001 -
TSI:StressHeat 0.01 (0,0.02) 0.261 -
TSI:StressCold:dam subpopZB 0.02 (-0.04,0.07) 0.461 -
TSI:StressHeat:dam_ subpopZB -0.02 (-0.05,0.01) 0.301 -
TSI:StressCold:dam__subpopCross -0.02 (-0.06,0.02) 0.307 -
TSI:StressHeat:dam__subpopCross 0.01 (-0.02,0.03) 0.497 -
(Intercept) 0.017 (0.015,0.019) - damid
TSI:StressCold 0.021 (0.018,0.025) - damid

Random effect var. TSI:StressHeat 0.012 (0.01,0.013) - damid
enclosure 0.002 (0.002,0.003) - enclosure
year 0 (0,0.001) - year
residuals 0.005 (0.005,0.005) - units

Correlations TSI:StressCold: (Intercept).damid -0.082 (-0.2,-0.012) 0.032 -
TSI:StressHeat: (Intercept).damid -0.024 (-0.112,0.053) 0.463 -

Fixed effect var.

All fixed - thermal stress

0.001 (0.001,0.002)

For fixed effects the posterior mean is reported
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1.2.4 Supplementary Table 5: Sperm viability (random regression)

Testing the effect of thermal stress on sperm viability using a random slope model in the R-package
MCMCglmm.

Type Parameter Posterior mode (CI) pMCMC Level
Intercept -1.91 (-2.23,-1.61) 0.001 -
poly(age, 2)1 -2.64 (-5.45,-0.16) 0.044 -

Fixed effects poly(age, 2)2 1.46 (0.16,2.57) 0.014 -
TSI:StressCold -0.24 (-0.55,0.08) 0.152 -
TSI:StressHeat 0.06 (-0.22,0.29) 0.651 -
(Intercept) 0.165 (0.073,0.352) - name
TSI:StressCold 0.366 (0.134,0.707) - name

Random effect var. TSI:StressHeat 0.18 (0.083,0.441) - name
year 0.032 (0.016,0.252) - year
residuals 0.039 (0.034,0.043) - units

Correlations TSI:StressCold:(Intercept).name  0.279 (-0.402,0.571) 0.671 -
TSI:StressHeat:(Intercept).name  -0.267 (-0.681,0.287) 0.527 -

Fixed effect var. All fixed - thermal stress 0.004 (0,0.021) - -

Expected scale Intercept individual variance 631.663 (197.463,1409.6) - -

For fixed effects the posterior mean is reported
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1.2.5 Supplementary Table 6: Hatching success (random regression)

Testing the effect of thermal stress on hatching success using a random slope model in the R-package

MCMCglmm.

Type Parameter Posterior mode (CI) pMCMC Level
Intercept -0.04 (-0.25,0.18) 0.685 -
dam__subpopZB 0.12 (-0.24,0.43) 0.501 -
dam_subpopCross 0.05 (-0.24,0.32) 0.705 -
sire_subpopZB 0.16 (-0.01,0.32) 0.069 -
sire_ subpopCross 0.45 (0.17,0.69) 0.001 -

. dam_age z -0.1 (-0.14,-0.05 0.001 -

Fixed effects TSIcon:StressCold -0.57( (—0.98,0.01)) 0.028 .
TSIcon:StressHeat -0.26 (-0.43,-0.09) 0.002 -
TSIcon:StressCold:dam__subpopZB -0.15 (-1.54,1.47) 0.826 -
TSIcon:StressHeat:dam subpopZB -0.14 (-0.67,0.41) 0.628 -
TSIcon:StressCold:dam__subpopCross  -1.46 (-2.73,-0.36) 0.012 -
TSIcon:StressHeat:dam subpopCross  -0.2 (-0.62,0.26) 0.382 -
(Intercept) 1.164 (0.99,1.363) - damid
TSIcon:StressCold 0.784 (0.299,2.943) - damid

Random effect var TSIcon:StressHeat 0.728 (0.376,0.977) - damid

*  enclosure 0.341 (0.236,0.424) - enclosure
year 0.134 (0.07,0.282) - year
residuals 0.556 (0.519,0.61) - units

For fixed effects the posterior mean is reported
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1.2.6 Supplementary Table 7: Number of offspring (random regression)

Testing the effect of thermal stress on number of offspring using a random slope model in the R-package

MCMCglmm.

Type Parameter Posterior mode (CI) pMCMC Level
Intercept -1.25 (-1.46,-1.05) 0.001 -
dam__subpopZB -0.18 (-0.47,0.14) 0.253 -
dam__subpopCross -0.08 (-0.34,0.18) 0.501 -
sire_subpopZB 0.04 (-0.11,0.18) 0.636 -
sire_subpopCross 0.25 (0.01,0.48) 0.051 -

. dam_age z -0.07 (-0.12,-0.04 0.001 -

Fixed effects TSIcon:StressCold -2.1 (—(2.57,—1.6) : 0.001 -
TSIcon:StressHeat -1.42 (-1.61,-1.21) 0.001 -
TSIcon:StressCold:dam__subpopZB -0.66 (-2.12,0.67) 0.341 -
TSIcon:StressHeat:dam_ subpopZB -0.51 (-1.08,0.07) 0.087 -
TSIcon:StressCold:dam__subpopCross  -1.88 (-3.01,-0.78) 0.008 -
TSIcon:StressHeat:dam subpopCross  0.04 (-0.43,0.48) 0.885 -
(Intercept) 1.058 (0.884,1.23) - damid
TSIcon:StressCold 2.419 (1.14,4.239) - damid

Random effect var TSIcon:StressHeat 1.889 (1.458,2.443) - damid

*  enclosure 0.3 (0.224,0.383) - enclosure
year 0.106 (0.047,0.212) - year
residuals 0.703 (0.663,0.747) - units

For fixed effects the posterior mean is reported
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1.3 Results from random regression models with year specific slopes (Supple-
mentary Tables 8-11)

1.3.1

Testing the effect of thermal stress on egg laying rate using a (yearly) random slope model in the R-package

Supplementary Table 8: Egg laying (year specific random regression)

MCMCglmm.

Type Parameter Posterior mode (CI) pMCMC Level
Intercept 0.32 (0.18,0.49) 0.001 -
dam_ subpopZB -0.39 (-0.6,-0.18) 0.001 -
dam__subpopCross -0.16 (-0.33,0.04) 0.091 -
sire_subpopZB -0.17 (-0.34,0) 0.046 -
sire_ subpopCross -0.23 (-0.49,0.04) 0.083 -

. dam_age z 0.01 (-0.04,0.05) 0.756 .

Fixed effects TSIcon:StressCold 2.1 (-243-1.8) 0.001 ;
TSIcon:StressHeat -1.68 (-1.9,-1.5) 0.001 -
TSIcon:StressCold:dam__subpopZB -0.39 (-1.24,0.62) 0.402 -
TSIcon:StressHeat:dam__subpopZB -0.45 (-1.01,0.16) 0.143 -
TSIcon:StressCold:dam__subpopCross ~ -1.28 (-2.03,-0.58) 0.001 -
TSIcon:StressHeat:dam_subpopCross  0.42 (-0.06,0.91) 0.091 -
(Intercept) 0.311 (0.244,0.384) - damid
TSIcon:StressCold 1.345 (0.457,2.22) - damid
TSIcon:StressHeat 1.609 (1.146,2.275 - damid

Random effect var.

(Intercept)
TSlIcon:StressCold
TSIcon:StressHeat
enclosure

year

residuals

0.484 (0.427,0.548
4.339 (3.103,7.009
4.963 (4.411,5.794

0.073 (0.034,0.157
0.163 (0.147,0.184

year damid
year__damid
year__damid
enclosure

year
units

Repeatabilities

Intercept
Heat stress slope
Cold stress slope

0.275 (0.216,0.324
0.244 (0.174,0.322
0.177 (0.06,0.341)

)
)
|
0.087 (0.054,0.134)
)
)
)
)

Fixed effect var.

All fixed - thermal stress

0.036 (0.013,0.062)

Expected scale

Intercept individual variance
Intercept phenotypic variance
Intercept repeatability

2.919 (2.377,3.57)
8.463 (7.88,9.2)
0.354 (0.284,0.409)

For fixed effects the posterior mean is reported
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1.3.2 Supplementary Table 9: Number of sperm (year specific random regression)

Testing the effect of thermal stress on number of sperm using a (yearly) random slope model in the R-package

MCMCglmm.

Type Parameter Posterior mode (CI) pMCMC Level
Intercept 10.45 (10.11,10.76) 0.001 -
poly(age, 2)1 2.52 (-2.46,8.23) 0.374 -

Fixed effects poly(age, 2)2 -6.2 (-10.37,-2.03) 0.006 -
TSI:StressCold -0.67 (-1.18,-0.23) 0.008 -
TSI:StressHeat -0.67 (-1.32,-0.07) 0.032 -
(Intercept) 0.309 (0.131,0.658) - name
TSI:StressCold 0.299 (0.131,0.982) - name
TSI:StressHeat 0.762 (0.188,2.469) - name

Random effect var.

(Intercept)
TSI:StressCold
TSI:StressHeat

0.16 (0.088,0.258)
0.286 (0.134,0.851)
0.771 (0.18,2.15)

year_name
year_name
year_name

Repeatabilities

year 0.002 (0,0.114) - year
residuals 0.883 (0.812,0.933 - units
Intercept 0.232 (0.137,0.404 - -

Heat stress slope
Cold stress slope

)
)
0.493 (0.136,0.831)
0.414 (0.254,0.793)

Fixed effect var.

All fixed - thermal stress

0.011 (0.002,0.067)

Expected scale

Intercept individual variance
Intercept phenotypic variance
Intercept repeatability

544.614 (143.844,2543.709)
12684.275 (5969.37,40455.823)

0.039 (0.021,0.076)

For fixed effects the posterior mean is reported
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1.3.3 Supplementary Table 10: Egg mass (year specific random regression)

Testing the effect of thermal stress on egg mass using a (yearly) random slope model in the R-package

MCMCglmm.

Type Parameter Posterior mode (CI) pMCMC Level
Intercept 1.43 (1.42,1.45) 0.001 -
dam__subpopZB 0.09 (0.05,0.12) 0.001 -
dam_ subpopCross 0.05 (0.02,0.07) 0.002 -
sire_subpopZB 0.02 (0,0.03) 0.036 -
sire_subpopCross 0 (-0.02,0.03) 0.857 -
poly(days.since.prev.eggLOG_z, 2)1  -5.03 (-5.16,-4.89) 0.001 -

. poly(days.since.prev.eggLOG_z, 2)2  -1.86 (-2,-1.72 0.001 -

Fixed effects dam(iageiz ) -0.01 5-0.01,0)) 0.02 -
TSI:StressCold -0.05 (-0.07,-0.03) 0.001 -
TSI:StressHeat 0 (-0.01,0.02) 0.572 -
TSI:StressCold:dam__subpopZB 0.01 (-0.04,0.07) 0.675 -
TSI:StressHeat:dam__subpopZB -0.03 (-0.06,0.01) 0.152 -
TSI:StressCold:dam__subpopCross -0.02 (-0.07,0.02) 0.275 -
TSI:StressHeat:dam__subpopCross 0.01 (-0.01,0.04) 0.378 -
(Intercept) 0.015 (0.013,0.017 - damid
TSI:StressCold 0.019 (0.015,0.022 - damid
TSI:StressHeat damid

0.004 (0.004,0.004 - year damid
0.021 (0.018,0.024 - year__damid
0.01 (0.009,0.011) - year damid

(Intercept)
TSI:StressCold
TSI:StressHeat

)
)
0.011 (0.009,0.012) -
)
)

Random effect var.

Repeatabilities

enclosure 0 (0,0) - enclosure
year 0 (0,0.001) - year
residuals 0.004 (0.004,0.005) - units
Intercept 0.622 (0.588,0.652) B B

Heat stress slope
Cold stress slope

0.525 (0.482,0.57)
0.474 (0.41,0.528)

Fixed effect var.

All fixed - thermal stress

0.001 (0.001,0.002)

For fixed effects the posterior mean is reported
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1.3.4 Supplementary Table 11: Sperm viability (year specific random regression)

Testing the effect of thermal stress on sperm viability using a (yearly) random slope model in the R-package

MCMCglmm.

Type Parameter Posterior mode (CI) pMCMC Level
Intercept -1.93 (-2.24,-1.67) 0.001 ,
poly(age, 2)1 -3.53 (-7.92,0.29) 0.099 -

Fixed effects poly(age, 2)2 0.25 (-4.05,4.3) 0.909 -
TSI:StressCold -0.2 (-0.53,0.11) 0.242 -
TSI:StressHeat 0.13 (-0.18,0.48) 0.392 -
(Intercept) 0.155 (0.084,0.381) - name
TSI:StressCold 0.293 (0.096,0.625) - name
TSI:StressHeat 0.208 (0.1,0.581) - name

Random effect var.

(Intercept)
TSI:StressCold
TSI:StressHeat

0.094 (0.06,0.179)
0.153 (0.091,0.341)
0.154 (0.085,0.341)

year__name
year__name
year__name

year 0.004 (0,0.159) - year

residuals 0.036 (0.03,0.039) - units

Intercept 0.592 (0.31,0.727) - -
Repeatabilities Heat stress slope 0.652 (0.359,0.82) - -

Cold stress slope

0.615 (0.364,0.815)

All fixed - thermal stress 0.001 (0,0.04) - -

Intercept individual variance  466.637 (229.317,1463.239) - -
Intercept phenotypic variance  1246.648 (718.613,2649.615) - -
Intercept repeatability 0.532 (0.277,0.702) - -

Fixed effect var.

Expected scale

For fixed effects the posterior mean is reported
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1.4 Results from character state models (Supplementary Tables 12-17)

1.4.1 Supplementary Table 12: Egg laying (character-state)

Testing the effect of thermal stress on egg laying rate using a character-state model in the R-package

MCMCglmm.

Type Parameter Posterior mode (CI) pMCMC Level
Intercept 0.08 (-0.07,0.25) 0.313 -
TSIcatCold -0.05 (-0.14,0.03) 0.251 -
TSIcatHot -0.64 (-0.72,-0.56) 0.001 -
dam_ subpopZB -0.45 (-0.66,-0.2) 0.001 -
dam__subpopCross -0.13 (-0.32,0.05) 0.192 -

. sire_subpopZB -0.14 (-0.29,0) 0.055 -

Fixed effects sire_subpopCross -0.15 (-0.38,0.08) 0.212 -
dam_age_ z -0.03 (-0.07,0.01) 0.22 -
TSIcatCold:dam_subpopZB -0.07 (-0.32,0.2) 0.582 -
TSIcatHot:dam_ subpopZB -0.17 (-0.41,0.08) 0.188 -
TSIcatCold:dam_subpopCross -0.26 (-0.46,-0.06) 0.016 -
TSIcatHot:dam_ subpopCross 0.14 (-0.06,0.36) 0.204 -
TSIcatBenign 0.505 (0.43,0.585) - damid
TSIcatCold 0.541 (0.441,0.711) - damid
TSIcatHot 0.884 (0.694,1.03) - damid
enclosure 0.142 (0.098,0.189) - enclosure

Random effect var. 0.08 (0.041,0.18) - year
TSIcatBenign 0.363 (0.335,0.399) - units
TSIcatCold 0.93 (0.821,1.043) - units
TSIcatHot 0.857 (0.789,0.982) - units

Correlations TSIcatCold: T'SIcatBenign.damid  0.849 (0.783,0.883) 0.001 -
TSIcatHot: TSIcatBenign.damid  0.877 (0.834,0.915) 0.001 -

For fixed effects the posterior mean is reported
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1.4.2 Supplementary Table 13: Number of sperm (character-state)

Testing the effect of thermal stress on number of sperm using a character-state model in the R-package
MCMCglmm.

Type Parameter Posterior mode (CI) pMCMC Level
Intercept 10.39 (10.06,10.74) 0.001 -
TSIcatCold -0.35 (-0.66,0) 0.034 -
Fixed effects TSIcatHot -0.19 (-0.55,0.16) 0.253 -
poly(age, 2)1 2.56 (-2.08,6.98) 0.279 -
poly(age, 2)2 -5.11 (-7.53,-2.38) 0.001 -
TSIcatBenign 0.304 (0.171,0.645) - name
TSIcatCold 0.396 (0.172,0.811) - name
TSIcatHot 0.417 (0.224,1.064) - name
Random effect var. year 0.074 (0.015,0.246) - year
TSIcatBenign 0.827 (0.763,0.901) - units
TSIcatCold 0.892 (0.778,1.096) - units
TSIcatHot 1.232 (1.09,1.471) . units
Correlations TSIcatCold:TSIcatBenign.name  0.587 (0.127,0.824) 0.026 -
TSIcatHot: TSIcatBenign.name  0.563 (0.061,0.786) 0.046 -

For fixed effects the posterior mean is reported
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1.4.3 Supplementary Table 14: Egg mass (character-state)

Testing the effect of thermal stress on egg mass using a character-state model in the R-package MCMCglmm.

Type Parameter Posterior mode (CI) pMCMC Level
Intercept 1.44 (1.42,1.45) 0.001 -
TSIcatCold -0.01 (-0.02,0) 0.034 -
TSIcatHot 0 (-0.01,0.01) 0.646 -
dam_ subpopZB 0.07 (0.04,0.1) 0.001 -
dam__subpopCross 0.04 (0.01,0.07) 0.006 -
sire_ subpopZB 0.01 (0.01,0.02) 0.001 -

. sire__subpopCross 0 (0,0.01 0.384 -

Fixed effects poly(days.since.prev.eggLOG_z, 2)1 —5.(17 (—5.)32,—5.02) 0.001 -
poly(days.since.prev.eggLOG_z, 2)2  -1.85 (-1.99,-1.68) 0.001 -
dam_age_z 0 (-0.01,0) 0.001 -
TSIcatCold:dam__subpopZB 0.01 (-0.02,0.03) 0.642 -
TSIcatHot:dam_subpopZB 0 (-0.03,0.02) 0.749 -
TSIcatCold:dam_subpopCross -0.01 (-0.03,0.01) 0.57 -
TSIcatHot:dam_ subpopCross 0 (-0.02,0.02) 0.8 -
TSIcatBenign 0.017 (0.015,0.019) - damid
TSIcatCold 0.017 (0.015,0.019) - damid
TSIcatHot 0.019 (0.016,0.021) - damid
enclosure 0.002 (0.002,0.002 - enclosure

Random effect var. year 0 (0,0.(001) ) ] vear
TSIcatBenign 0.005 (0.005,0.005) - units
TSIcatCold 0.006 (0.006,0.006) - units
TSIcatHot 0.005 (0.005,0.006) - units

Correlations TSIcatCold:T'SIcatBenign.damid 0.761 (0.733,0.795) 0.001 -
TSIcatHot: T'SIcatBenign.damid 0.767 (0.738,0.803) 0.001 -

For fixed effects the posterior mean is reported
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1.4.4 Supplementary Table 15: Sperm viability (character-state)

Testing the effect of thermal stress on sperm viability using a character-state model in the R-package
MCMCglmm.

Type Parameter Posterior mode (CI) pMCMC Level
Intercept -1.93 (-2.19,-1.6) 0.001 -
TSIcatCold -0.11 (-0.41,0.17) 0.455 -
Fixed effects TSIcatHot 0.03 (-0.23,0.3) 0.842 -
poly(age, 2)1 -2.3 (-4.48,0.16) 0.061 -
poly(age, 2)2 1.29 (0.03,2.67) 0.067 -
TSIcatBenign 0.167 (0.092,0.379) - name
TSIcatCold 0.203 (0.106,0.484) - name
TSIcatHot 0.143 (0.074,0.341) - name
Random effect var. year 0.052 (0.014,0.224) - year
TSIcatBenign 0.035 (0.031,0.041) - units
TSIcatCold 0.089 (0.073,0.12) - units
TSIcatHot 0.051 (0.043,0.067) - units
Correlations TSIcatCold: T'SIcatBenign.name  0.426 (-0.1,0.721) 0.176 -
TSIcatHot: TSIcatBenign.name  0.215 (-0.265,0.631) 0.418 -

For fixed effects the posterior mean is reported
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1.4.5 Supplementary Table 16: Hatching success (character-state)

Testing the effect of thermal stress on hatching success using a character-state model in the R-package

MCMCglmm.

Type Parameter Posterior mode (CI) pMCMC Level
Intercept -0.11 (-0.31,0.09) 0.226 -
TSIcatCold -0.09 (-0.18,0.02) 0.101 -
TSIcatHot -0.05 (-0.13,0.05) 0.325 -
dam__subpopZB 0.05 (-0.24,0.4) 0.743 -
dam__subpopCross -0.02 (-0.28,0.24) 0.907 -

. sire_subpopZB 0.22 (0.05,0.41) 0.016 -

Fixed effects sire_ subpopCross 0.49 (0.21,0.82) 0.002 -
dam_age_z -0.09 (-0.14,-0.03) 0.001 §
TSIcatCold:dam__subpopZB 0.02 (-0.31,0.31) 0.867 -
TSIcatHot:dam subpopZB -0.01 (-0.27,0.3) 0.917 -
TSIcatCold:dam_ subpopCross  -0.13 (-0.39,0.1) 0.317 -
TSIcatHot:dam subpopCross ~ -0.02 (-0.27,0.2) 0.927 -
TSIcatBenign 0.906 (0.761,1.078) - damid
TSIcatCold 0.961 (0.798,1.254) - damid
TSIcatHot 1.027 (0.813,1.231) - damid
enclosure 0.192 (0.135,0.275) - enclosure

Random effect var. 0.091 (0.06,0.237) . year
TSIcatBenign 0.628 (0.57,0.703) - units
TSIcatCold 0.652 (0.527,0.835) - units
TSIcatHot 0.613 (0.49,0.723) - units

For fixed effects the posterior mean is reported
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1.4.6 Supplementary Table 17: Number of offspring (character-state)

Testing the effect of thermal stress on number of offspring using a character-state model in the R-package

MCMCglmm.

Type Parameter Posterior mode (CI) pMCMC Level
Intercept -1.41 (-1.59,-1.23) 0.001 -
TSIcatCold -0.26 (-0.36,-0.16) 0.001 -
TSIcatHot -0.66 (-0.77,-0.57) 0.001 -
dam__subpopZB -0.26 (-0.54,0.02) 0.071 -
dam_ subpopCross -0.12 (-0.35,0.11) 0.341 -

. sire_subpopZB 0.05 (-0.12,0.22) 0.547 -

Fixed effects sire__subpopCross 0.26 (-0.03,0.52) 0.077 -
dam_age_z -0.07 (-0.11,-0.02) 0.006 .
TSIcatCold:dam__subpopZB -0.01 (-0.28,0.25) 0.956 -
TSIcatHot:dam subpopZB -0.14 (-0.41,0.12) 0.307 -
TSIcatCold:dam__subpopCross  -0.28 (-0.5,-0.05) 0.014 -
TSIcatHot:dam subpopCross ~ 0.09 (-0.14,0.33) 0.442 -
TSIcatBenign 0.891 (0.744,1.023) - damid
TSIcatCold 0.995 (0.839,1.29) - damid
TSIcatHot 1.184 (0.983,1.468) - damid
enclosure 0.221 (0.164,0.3) - enclosure

Random effect var. 0.088 (0.05,0.209) . year
TSIcatBenign 0.643 (0.591,0.699) - units
TSIcatCold 1.021 (0.846,1.166) - units
TSIcatHot 1.039 (0.925,1.198) - units

For fixed effects the posterior mean is reported
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2 Supplementary Figures

2.1

Supplementary Fig.
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The sensitivity of female and male fertility traits to local temperature fluctuations may not only be a product
of the immediate environment, but also time-lag effects. When comparing population-level GLMs using
different windows to predict the sensitivity of egg production to fluctuating temperatures, we found improved
predictive power of the days preceding egg-laying compared to the days around egg-laying (A). AVG-Tymax
of the window spanning 4 to 2 days before egg-laying was the best predictor of egg-laying (i.e. the critical
thermal window). This is in accordance with the duration of egg formation in the ostrich being approximately
2 days. For egg mass (B) the ranking of AIC was highly sensitive to outliers and we therefore removed eggs
laid at the 0.5% hottest and 0.5% coldest days. The critical thermal windows of 2 to 0 days before egg-laying
was choosen the best predictor, but several windows show similar performance.
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2.2 Supplementary Fig. 2: Identification of critical thermal window for sperm
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For the number of sperm (A) produced by males, we also found improved model fit in the days before
ejaculation, with AVG-Tyax of the window spanning 4 to 2 days before delivery shown to be the critical
thermal window. Sperm viability (B) showed a similar pattern but with the best model fit using AVG-Tpax
being the window spanning 6 to 4 days before ejaculation. The vertical lines indicate the time of egg-laying
or time of ejaculation.
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2.3 Supplementary Fig. 3: The relationship between ambient temperature and
egg-laying.
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Points show observed probabilities of egg laying (n = 652 females) for the binned temperature variable. Data
are presented as mean values +/- SEM.
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2.4 Supplementary Fig. 4: The relationship between ambient temperature and
number of sperm.
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Points show observed number of sperm (n = 22 males) for the binned temperature variable. Data are
presented as mean values +/- SEM.
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2.5 Supplementary Fig. 5: Acclimation duration in the start of a new breeding
season.
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When ostrich pairs are established in the enclosures in May/June (normal start: 746 females) there is a steep
increase in rate of egg-laying for the first 75 days. This increase likely reflects two effects, one being the
increase in temperature at this time of year and the other being the acclimation to the enclosure and assigned
partner. To determine the duration of acclimation to enclosure and partner, we investigated the reaction
norm of ostrich pairs that, for various reasons, started their breeding season between July and October (Late
start: 93 females) (note that these pairs are not included in the analyses presented in the main document).
These late starters also show an increase in laying probability at the start and seem to be fully acclimated
around 45 days after they were assigned to an enclosure. Estimated probability and 95% confidence band
were obtained from a cubic spline model. Days after 100 days since start of breeding season are not shown.
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2.6 Supplementary Fig. 6: Female age influences egg-laying.
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Data are presented as mean values +/- SEM across females (n = 756 females). Only 7 females had an age >
11 and are not shown.
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2.7 Supplementary Fig. 7: Inspecting ranking of one-day and two-day thermal
windows in egg-laying
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The temperature at several days before are important for egg-laying, showing that a window of three days is
an acceptable way to capture the most important immediate thermal fluctuations. Best thermal windows
(lowest QAIC values) are consistent with the critical three-day thermal window identified in Supplementary
Fig. 2.
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2.8 Supplementary Fig. 8: Change in egg mass with number of days since
previous egg.

1.46 1 @
) )

1.444
O

1.424 @

Egg mass (kg)

1.404

@

2 4 6 8
Days since previous egg

When more than three days pass since the previous egg was laid, the egg mass of the next egg starts to
decline. A decrease of 70 g is substantial, since the average standard deviation of egg mass for an ostrich pair
amounts to 73 g. If more than eight days passed since the previous egg, we assigned eight days since previous
egg for illustration purposes. Data are presented as mean values +/- SEM across females (n = 652).
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Abstract

Cooperative breeding has enabled animals to inhabit areas where extreme
temperatures make reproduction difficult. The predominant explanation for this is
that raising offspring under harsh conditions can only be achieved by sharing the
burden of parental care. However, in the vast majority of cooperative breeding
species some individuals manage to breed independently, even under extreme
conditions, challenging our current understanding of cooperative breeding. Here we
test the hypothesis that genetic variation in the ability to cope with extreme
temperatures determines the need to cooperate over reproduction using a novel
study system, the ostrich, Struthio camelus. Using experimental manipulations of
the number of males and females in cooperative groups, we show that cooperation
over incubation lightens the load of parental care under challenging thermal
conditions. Furthermore, the genetic ability of individuals to cope with high
temperatures predicted cooperative behaviour within groups. However, high heat
tolerance only resulted in lower levels of cooperation among males. In females,
higher heat tolerance was associated with greater incubation effort, irrespective of
social context, resulting in higher, not lower, levels of cooperation. Our results show
that genetic variation in the ability to cope with environmental challenges has
important, yet unexpected effects, on the emergence of cooperation.

Introduction

Cooperation has been shown to facilitate survival and reproduction in environments
where independent living is hard (AlRashidi et al., 2011; Cornwallis et al., 2017;
Emlen, 1982; Firman et al., 2020; Jetz & Rubenstein, 2011; Koenig & Dickinson,
2016; Lukas & Clutton-Brock, 2017; Rubenstein & Lovette, 2007; Sun et al., 2014).
Many studies have shown that the occurrence of cooperation is greater in habitats
with extraordinary environmental conditions (Cornwallis et al., 2017; Davies, 2003;
Firman et al., 2020; Jetz & Rubenstein, 2011; Lukas & Clutton-Brock, 2017). Yet,
even in challenging environments, individuals vary dramatically in how cooperative
they are. For example, some individuals breed independently foregoing cooperation,
and those that do cooperate, can vary in how much they contribute to the common
cause (Hatchwell, 2009). How can animals of the same species, in the same
environment, vary so much in their cooperative behaviour?

One potential answer to this question is that individuals vary in their ability to
overcome environmental challenges and hence the need to cooperate. Individuals
that are more tolerant to environmental conditions might be capable of reproducing
independently under stressful conditions, reducing the benefits of cooperating. In
contrast, individuals that are more sensitive to environmental conditions, might need
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to be part of a cooperative group to survive and reproduce. Such environmental
buffering effects of cooperation have been proposed to explain variation in
cooperation across species (Cornwallis et al., 2017; Firman et al., 2020; Jetz &
Rubenstein, 2011; Lukas & Clutton-Brock, 2017). However, whether variation in
tolerance to environmental conditions also explains levels of cooperation within
species remains unclear.

Testing how individual tolerance to environmental conditions influences
cooperative behaviour is challenging. First, key environmental factors that influence
cooperation have to be identified. Second, individual tolerance to such
environmental factors have to be quantified. Third, the behaviour of individuals has
to be monitored while manipulating opportunities for cooperation, which is difficult
to do successfully in cooperative breeding animals (Cockburn et al., 2008;
Dickinson & Hatchwell, 2004; Downing et al., 2020).

One of the key environmental variables influencing animals is temperature (Chown
et al., 2004; Parmesan, 2006; Sunday et al., 2012), and in birds it is the predominant
driver of cooperative breeding (Cornwallis et al., 2017; Jetz & Rubenstein, 2011).
With this as a backdrop, we examine how tolerance to temperature influences the
probability that individuals engage in cooperation, and how individuals that do
cooperate vary in their investment. To overcome the difficulties in testing how
individual tolerance to temperature influences cooperation, we have developed a
unique study system using ostriches, Struthio camelus. Ostriches breed both
independently and in groups where multiple females and multiple males cooperate
over the incubation of eggs, which represents a substantial proportion of the total
parental care provided. Ostriches also inhabit some of the most extreme thermal
environments: during the study period temperatures ranged from 5 to 45°C, just at
the field site. Such fluctuations significantly reduce the reproductive success of
males and females, but individuals do vary markedly in how sensitive they are to
changes in temperature (Schou et al., 2021).

To quantify individual tolerance to temperature change, we used an eight-generation
pedigree and 21 years of data on the reproductive success of breeding pairs exposed
to natural fluctuations in temperature (756 females and 701 males). Using these data,
genetic breeding values of heat tolerance were estimated as the ability of individuals
to maintain reproduction when hot and without opportunity for cooperation. We
focused on tolerance to high temperatures because incubation limits behavioural
thermoregulation in ostriches, making it difficult for individuals to reduce their body
temperatures under hot conditions, whereas elevating their body temperatures when
it is cold appears to be less challenging during incubation (Svensson et al.,
unpublished data; Fuller et al., 2003; Maloney, 2008). Using these data, genetic
breeding values of heat tolerance were estimated as the ability of individuals to
maintain reproduction when hot and without opportunity for cooperation.
Maintenance of reproduction was measured as the change in egg laying rate when
temperatures increased from the optimum temperature for reproduction (20°C, see
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Schou et al., 2021 for details). In males, individual heat tolerance reflects genetic
correlation to a female trait, but ultimately we assume this measure to reflect
inherent physiological heat tolerance. Individual heat tolerance was estimated for
the whole population, of which 162 females and 143 males were used in the
experiments presented here. In these experiments, the opportunities for cooperation
over incubation were manipulated by varying the number of males and females in
groups. Groups were also established so that the frequency of heat tolerant
individuals varied across groups to test if cooperation was more likely to emerge
when all individuals in a group were sensitive to high temperatures. The incubation
behaviour of individuals in experimental groups was monitored and related to
hourly temperature measurements recorded by an onsite weather station.

Results

Extreme temperatures increase the need for incubation eliciting a
division of labour between males and females

It is widely recognised that for embryos to successfully develop in birds eggs need
to be protected against low temperatures (Berntsen & Bech, 2016; DuRant et al.,
2013; Hepp & Kennamer, 2012; Nord & Nilsson, 2016; Olson et al., 2008). Our
results show that ostrich eggs also require protection from the heat, as they
frequently experience temperatures that are lethal to embryos (Figure 1. See also
Bertram, 1992; Deeming & Ayres, 1993). Eggs incubated by adults were protected
from the heat (Figure 1B), being kept at temperatures close to the optimum for
embryo development (Deeming & Ayres, 1993). This required adults to increase the
protection of eggs at extreme temperatures (Figure2. Temperature?: posterior mode
(PM) and credible interval (CI) = 0.88 (0.65, 1.09), pMCMC = 0.001. Table S1),
which was facilitated by a division of labour between males and females (Figure 2C
& 2D). During cold periods, males performed the majority of incubation, whereas
females incubated more at high temperatures (Figure 2. Male investment:
Temperature PM (CI) =-1.11 (-1.46, -0.81), pPMCMC = 0.001. Female investment:
Temperature PM (Cl) = 1.45 (1.09, 1.61), pMCMC = 0.001. Temperature? PM (CI)
=-0.78 (-1.02, -0.53), pMCMC = 0.001.Table S2).
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Figure 1: Temperature fluctuations and the need for incubation. (A) Thermal image of a nest with 14 eggs. A female
was incubating the nest just seconds before the picture was taken. Note how eggs are maintained much cooler than
the surrounding ground. (B) Thermal image of a panting incubating female. (C) Hot as well as cold temperatures
increase the need for incubation. (D) Eggs that were incubated maintained temperatures that were close to those optimal
for embryo development (grey area). Brighter colours in A and B indicate higher temperatures. Regression lines with
95% confidence intervals are presented (C = quadratic fit, D = linear fit).

Social group complexity increases the amount of time eggs are
incubated, but reduces individual work loads

Groups with more males and females were able to protect their eggs for a greater
amount of time than smaller groups (Figure2. Nmaes: PM (CI) = 0.39 (0.04 , 0.9),
pPMCMC = 0.04. Ntemates: PM (CI) = 0.8 (0.43 , 1.3), pPMCMC = 0.001. Table S1).
However, the amount of time individual males and females invested in incubation
decreased with the number of individuals in groups at all temperatures (Figure 2.
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Male investment: Nmaies PM (CI) = -1.06 (-1.65 , -0.58), pMCMC = 0.001. Female
investment: Ntemaes PM (CI) = -1.62 (-1.95 , -1.06), pMCMC = 0.001. Table S2).
Such reductions in incubation effort are likely to be important, at least for females,
as there was evidence that long periods of incubation at higher temperatures were
difficult: The rate at which females ended incubation was significantly higher under
hotter temperatures (Figure S2. Temperature PM (CI) = 0.68 (0.48 , 0.85), pMCMC
= 0.001. Table S3). These results are consistent with previous findings (see paper
1), further showing that the costs of parental care are reduced in larger groups across
highly variable temperature conditions.
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Figure 2: Social group complexity and the incubation of eggs at extreme temperatures. Groups with more males
(A) and more females (B) increase the time that their nest is incubated compared to smaller groups. However, this was
not because males (C) or females (D) in the larger groups invested more in incubation. Means + SE are plotted.
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Genetic heat tolerance explains variation in incubation behaviour

Individual contributions to cooperative incubation were highly variable, even after
taking into account the effects of the number of males and females in groups. Both
the probability that individuals contributed to incubation, as well as their incubation
effort, varied markedly within groups (proportion incubating: males = 0.3 to 1,
females = 0.2 to 1. Proportion of time invested in incubation: males = 0 to 0.61,
females = 0.01 to 0.76). We examined whether such variation was predicted by the
genetic heat tolerance of individuals when experiencing relatively benign (<25°C)
and hot temperatures (>=25°C: see Methods for justification of cut-off).

Females predicted to be more heat tolerant were much more likely to engage in
incubation than less heat tolerant females, both at benign and hot temperatures
(Figure 3A & S3. Benign: PM (Cl) =0.28 (0.12, 0.55), pPMCMC = 0.001. Hot: PM
(Cl) = 0.22 (-0.03 , 0.44), pMCMC = 0.05. Table S4. See also figure S2.). Heat
tolerant females also invested more time in incubation than less heat tolerant females
(Figure 3C. Benign: PM (Cl) =0.89 (0.29, 1.51), pMCMC = 0.004. Hot: PM (CI)
=0.63(0.02, 1.32), pMCMC = 0.05. Table S5). This was most pronounced in larger
groups where females with low heat tolerance reduced their incubation effort,
whereas heat tolerant females largely maintained their incubation effort, even when
it was hot (Figure 3C. Tables S5). Furthermore, females with higher heat tolerance
were less likely to end incubation when it was hot compared to females with lower
heat tolerance, which was not the case under benign temperatures (Benign: PM (CI)
=-0.08 (-0.24, 0.12), pPMCMC = 0.64. Hot: PM (CI) =-0.18 (-0.36, 0.02), pMCMC
=0.048. Figure S3. Table S6).

In contrast to females, male genetic heat tolerance did not influence the probability
that they incubated or the amount of time they invested in incubation, at either high
or benign temperatures (Figures 3B & 3D. Tables S4 & S5). In fact, the only
evidence that male heat tolerance influenced incubation behaviour was a significant
increase in the rate that they ended incubation under hot conditions as the number
of males in their group increased (Hot: PM (CI) = 0.46 (0.08 , 0.83), pMCMC =
0.008. Table S6). Such an effect was not apparent at benign temperatures,
suggesting that, if anything, more heat tolerant males were less inclined to incubate
in groups under hotter conditions rather than the opposite (Benign: PM (CI) = 0.04
(-0.21, 0.26), pMCMC = 0.92. Figure S3. Table S6).

Female heat tolerance enhances cooperation whereas male heat
tolerance reduces it

We tested whether differences in the incubation behaviour of low and high heat
tolerant individuals influenced the emergence of cooperation at the group level. This
was done by examining if the frequency of heat tolerant females and males (genetic
breeding value > median) in groups predicted the number of individuals that
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Figure 3: Genetic heat tolerance influences incubation behaviour. The probability that females (A) and males (B)
with high (>median) and low (<=median) heat tolerance contributed to incubation. The proportion of time females (C)
and males (D) with high and low heat tolerance invested in incubation under benign (<25°C) and hot temperatures
(>25°C). Heat tolerance was categorised for illustration purposes only, models analyse continuous values. Means +
SE are plotted.

cooperated over incubation. We found that, as the opportunities for cooperation
(number of females in groups) increased, groups with the highest frequency of heat
tolerant females had the most cooperators (Figure 4A). This effect was only
apparent under hot conditions, suggesting that higher frequencies of heat tolerant
females results in greater cooperation over incubation during periods of heat stress
(Benign: PM (Cl) =0.39 (-0.16 , 0.72), pMCMC = 0.22. Hot: PM (CI) = 0.62 (0.05
, 0.99), pMCMC = 0.036. Table S7). This was not because more heat tolerant
females had a greater propensity to cooperate per se: Out of the females that
contributed to incubation, heat tolerant females were no more or less likely to share

186



A Benign Hot_25C

-+ Large
% Smal

w
o

N
4

[3*]
o
\
S
&
-

Number of cooperators

A

o
— -
—a

o
o

0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
Frequency of heat tolerant females

12 + Benign

| L (B

4
o
—a
S

o
o

Number of cooperators

o
[}

0.00 0.25 0.50 0.75 1.00
Frequency of heat tolerant males

Figure 4: The emergence of cooperation in groups with different frequencies of heat tolerant individuals. (A)
The number of females that cooperated over incubation in relation to the frequency of heat tolerant females in small
(<=3 females) and large groups (>3 females) under benign (<25°C) and hot temperature (>25°C) conditions. Female
group size was categorised for graphical purposes only. (B) The number of males that cooperated over incubation in
relation to the frequency of heat tolerant males under benign (<25°C) and hot temperature (>25°C) conditions.
Regression lines with 95% confidence intervals are plotted. Points plotted are means + SE.

incubation during benign or hot periods than less heat tolerant females (Benign: PM
(Cl) = 0 (-0.05 , 0.06), pMCMC = 0.824. Hot: PM (CI) = -0.03 (-0.08 , 0.05),
pMCMC = 0.638. Figure S4. Table S8). Instead, higher levels of cooperation in
groups appeared to emerge in groups with more heat tolerant females due to their
inherent higher probability of engaging in incubation (Figures 3A & S3. Table S4.).
These results are contrary to the idea that increased heat tolerance negates the need
for cooperation, and show that higher heat tolerance in females may in fact drive
cooperation.

187



The effect of heat tolerance in males was the opposite to that of females. As the
frequency of high heat tolerant males increased, the number of males that
cooperated over incubation decreased (Figure 4B. Benign: PM (CI) =-0.14 (-0.33,
0.07), pMCMC = 0.3. Hot: PM (CI) =-0.31 (-0.58 , -0.04), pMCMC = 0.03. Figure
S4. Table S9). Reductions in the number of cooperating males with increasing
frequencies of heat tolerant males were particularly evident during hot periods
(Figure 4B). While in females heat tolerance was associated with more individuals
cooperating over incubation, the general trend in males appears to be that higher
heat tolerance reduced cooperation (Figures S3B & S4E).

Discussion

Why individuals of the same species vary in how cooperative they are, even under
the same environmental conditions, has been challenging to explain. Here we show
that individual heat tolerance influences variation in cooperation, although not in
the way initially expected. In female ostriches, high tolerance leads to an increase
in cooperation over incubation, rather than the predicted decrease (Figure 3A, 3C
an 4A). Moreover, females with low heat tolerance were able to make substantial
investments in incubation when alone or in small groups (Figures 3A and 3C). These
findings are inconsistent with the idea that individuals that are less tolerant to
environmental stress are more dependent on cooperation to successfully reproduce.
However, in male ostriches, heat tolerance was associated with a reduction in
cooperative behaviour under hot conditions (figure 4B), but our results did not
support that this was because they were more capable of incubating when
temperatures were high. In fact, heat tolerant males were neither more likely to
incubate, nor invested more in incubation, than heat sensitive males (Figures 3B &
3D). Together, our findings suggest that the inherent properties of individuals within
groups, in our case their degree of heat tolerance, is an important factor in predicting
variation in the size of cooperative groups: both heat tolerant and heat sensitive
males and females can breed on their own, explaining the occurrence of small
groups, but females that are vulnerable to heat stress appear to benefit more from
being in larger groups.

Only females with low heat tolerance significantly decreased their incubation effort
when opportunities for cooperation increased (Figures 3C and S3). This suggests
that only females that are vulnerable to heat stress capitalize on the rewards of
cooperation over incubation. Why do females with high heat tolerance not reap the
benefits of cooperation? One potential answer is that heat tolerance reduces the cost
of incubation (Amat & Masero, 2004; Grant, 1982; Vincze et al., 2013; Ward,
1990), and increases the number of eggs in nests (Schou et al., 2021). Therefore,
failure to incubate may come at a higher cost for heat tolerant females, selecting for
greater investment in incubation. Females with low heat tolerance, on the other
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hand, reduced their investment in incubation when groups became larger (Figure
3C). This suggests that cooperation buffers the costs of incubation for heat sensitive
females. The presence of heat tolerant individuals is thus likely to allow individuals
with low heat tolerance to breed under hot conditions while decreasing their
reproductive investment. One potential implication of this result is that variation in
heat sensitivity may mediate the maintenance of cooperative behaviour and vice
versa.

In contrast to females, male heat tolerance had a negative effect on cooperation
(Figure 4B). In this context, it is important to point out that our estimates of heat
tolerance were based on egg laying rates in relation to increasing temperatures. Egg
laying is a trait tightly linked to female, not male, reproductive physiology. Our
initial assumption was that genetic variation underlying heat tolerance would be
captured by egg laying rates, and not be sex or trait specific. While our estimates of
heat tolerance do not appear to be trait specific, given they predicted incubation
behaviour, whether it reflects heat tolerance in males is unclear. Genetic conflict
between sexes can lead to opposing correlations between a given trait and fitness in
males and females (Arnqgvist, 2004; Chippindale et al., 2001; Fedorka & Mousseau,
2004; Foerster et al., 2007; Gibson et al., 2002; Meagher, 1992; Rice, 1984, 1992;
Rice & Chippindale, 2001). It is therefore possible that, while our breeding value
estimates correspond to increased heat tolerance in females, they reflect decreased
tolerance in males as seen by the elevated rate of ending incubation at high
temperatures (Table S6). Alternatively, our estimates may capture the heat tolerance
of males, but given they specialize in incubation at lower temperatures (Figure 1C)
(Bertram, 1992; Kennou Sebei & Bergaoui, 2009; Sauer & Sauer, 1966; Siegfried,
1974), higher heat tolerance may reduce incubation effort.

The benefits of cooperation are predicted to increase when a division of labour is
possible, which is more likely to occur if different individuals in a group are
specialized in different tasks (Cooper & West, 2018). This is generally thought to
be unlikely in groups of unrelated individuals because, when group relatedness is
low individuals are expected to pursue reproduction (direct fitness) rather than
invest in other activities (Queller, 2000; Queller & Strassmann, 1998; Szathmary &
Smith, 1995; Wilson, 2000). However, where individuals in groups gain mutual
direct fitness benefits from specializing in specific tasks then a division of labour
may still be possible. Our results raise the possibility that high heat tolerance in
females may be complemented by high cold tolerance in males, allowing a division
of labour over incubating under different temperature conditions. While previous
studies of ostriches have showed males and females incubate at different times
(Bertram, 1992; Kennou Sebei & Bergaoui, 2009; Sauer & Sauer, 1966; Siegfried,
1974), our results indicate that this difference may in fact be a response to the
climatic condition (Figure S1). Interestingly the same climatic conditions believed
to influence group size. The fact that male and female ostriches seem to have
different temperature optima for incubation may also help explain variation in group
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size: groups with many females but few males may have high hatching success
under hot conditions, but this may be compromised if hot days are followed by cold
nights. Fluctuating temperatures may therefore select for groups with more equal
sex ratios and offset the costs of sexual competition for males (see paper 1).

Although our results suggest that division of labour in ostriches is associated with
intersexual differences in heat tolerance, our experiments were not designed to
disentangle the effects of temperature from those of time of day. However, when we
restricted our data to observations around noon, we found that temperature still had
a negative effect on male incubation effort (Figure S1). This gives further support
to the idea that division of labour in ostriches is driven by temperature effects rather
than other factors associated with time of day, such as predator avoidance, as
previuosly suggested (Sauer & Sauer, 1966). Moreover, the fact that male and
female ostriches seem to have different temperature optima for incubation can help
explain variation in group size: groups with many females but few males may have
high hatching success under hot conditions, but this may be compromised if hot
days are followed by cold nights. Fluctuating temperatures may therefore select for
groups with more equal sex ratios and offset the costs of sexual competition for
males (see paper 1).

Together our results show that individual variation in tolerance to environmental
conditions has important implications for cooperative behaviour, and vice versa. It
is possible that genetic diversity in heat tolerance is maintained by the benefits that
cooperation confers to individuals with low heat tolerance. The benefits of
cooperation are in turn likely to be influenced by differences in heat sensitivity, both
within and between the sexes.

Methods

Study population

The research was conducted on a captive population of ostriches kept in fenced areas
(range: 2400 and 70600 m2, median = 4700 m2) of Karoo habitat at Oudtshoorn
Research Farm, South Africa (33° 38’ 21.5“S, 22° 15’ 17.4”E). The experiments
involved 118 breeding groups monitored from 2012 to 2018 involving 147 males
and 170 females. All individuals were individually identifiable by coloured neck
tags.
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Egg temperatures in protected and unprotected nests

The effect of temperature on ostrich eggs was examined across five days in early
November 2014.

To examine the effects of temperature on unattended ostrich eggs, we surveyed how
the temperature of ten fresh, unfertilized eggs oscillated with natural temperature
variation when left unprotected on bare soil. Measurements of the temperature of
the surface of each egg, as well as ambient temperature were taken with an infrared
camera (InfReC R500). These measurements were taken in 22 different occasions
across five days at different times of the day and night, covering ambient
temperatures from 19.4 to 50.5°C.

The thermal camera was also used to examine the thermal conditions of eggs that
were naturally incubated. 124 surface temperature measurements were taken on at
least 63 different newly incubated eggs in nine nests in the experimental groups.
These measurements were taken in two consecutive days at ambient temperatures
ranging from 26 to 42.8°C.

The thermal images were analyzed using specialized software (InfReC analyzer
NS9500 Lite).

Experimental design

We manipulated the complexity of ostrich groups experimentally across a seven-
year period (16-18 groups per year). The number of males in groups ranged from 1
to 3 and the number of females ranged from 1 to 6. Due to limitations in the number
of birds accessible for our experiments, and other experiments being conducted on
the same population, not all combinations of male and female group sizes were
possible.

The final sample size of our study population was reduced by a number of reasons:
individual ostriches were removed from the study due to casualties, injuries and
aggressive behaviour. Entire groups were excluded when the removal of any of their
members was likely to cause a disruption in their breeding behaviour. Groups were
also excluded from the study if no incubation or copulation behaviour was observed.
This resulted in a final sample size of 143 males and 162 females, many of which
were included in the study in more than one year, across 107 groups.

The breeding season was typically from May to December. During the first ~5
months of the season, eggs were collected twice a day and incubated artificially.
During the last ~2 months, when the data for this study was collected, eggs were left
in nests and incubation behaviour was monitored. During the last ~2 months of the
breeding season, the incubation behaviour of individuals in the breeding groups was
monitored by conducting ~3 hour observations at least three times a week using
binoculars (10 x 40) and a telescope (12-36 x 50). The observer sat camouflaged in
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a 10-meter-tall observation tower in the middle of the field site. Each group was
observed for between 47 and 91 hours. The identity of each incubating individual,
as well as the incubation’s start and end time, was recorded. Nests were checked
daily and new eggs were marked with the date and an egg identification number.

During the whole breeding season, ostriches received a balanced ostrich breeder diet
(90 to 120 g protein, 7.5 to 10.5 MJ metabolizable energy, 26 g calcium and 6 ¢
phosphorus per kg feed) and ad-libitum water.

Temperature

Temperature measurements were retrieved from an onsite weather station during the
whole observation period, except for 11/12/2014, when hourly temperature data
were not available from this weather station and had to be retrieved from a different
weather station, situated 53 km from the study site (33°32°05.4°S, 22°49°02.2”E).
Temperature measures were taken every hour on the hour (XX:00).
For the analyses, we divided temperatures into two categories: “Heat stress” for
temperatures > 25°C and ‘“No heat stress” for temperatures < 25°C. These
categories were based on Schou et al 2021, and Maloney 2008.

Estimating heat tolerance using long-term data of reproductive success
in pairs

In the majority of the enclosures on Oudtshoorn Experimental Farm (n = 197)
ostriches are restricted to breeding in pairs. We used the daily records of egg
production of the ostriches in these enclosures between 1998 and 2018 as a measure
of reproductive success at increasingly hot temperatures. Data was filtered
following (Schou et al., 2021), but without removing pairs with low reproductive
output, resulting in data from 678 females. The average maximum daily temperature
2 to 4 days before egg laying is the best predictor of egg-laying rate, and shows a
guadratic relationship with egg-laying with the highest egg-laying rate at 20°C
(Schou et al., 2021). Using an available pedigree for the pair breeders, we
constructed a random regression animal model of the individual change in egg-
laying rate with increasing or decreasing temperatures from the optimum. The
animal model was run in R v.3.6.0 (Team, 2020) using the Bayesian framework
implemented in the R-package MCMCglmm v.2.29 (Hadfield, 2010).

The model setup was similar to the primary model of egg-laying in (Schou et al.,
2021). Briefly, egg-laying is a binomial trait and was modelled as a multinomial2
trait. We used the weakly informative inverse-Gamma distribution (scale = 0.001,
shape = 0.001, i.e. V =1, nu = 0.002) as priors for the variance components, which
included unstructured variance-covariance matrices for individual id (permanent
environment variance) and an identical individual id linked to the pedigree (genetic
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variance). With each of these matrices the model estimated random intercept and
random slope variance with increasing or decreasing temperatures as well as their
covariances. The model performed 8100000 iterations of which the initial 200000
were discarded and only one in 8000 runs was used for estimating posterior
probabilities. When estimating the breeding values of the individuals’ rate of egg-
laying at increasingly hot temperatures we also accounted for the impact of the
subpopulation origin (>85% Southern Africa Black or <85% Southern Africa Black)
of each individual used in the group manipulation. The breeding value was
estimated as the mode of a composite posterior consisting of the individual random
slope posterior and the posterior of the fixed effect slope of subpopulation. The
extracted breeding values are on the logit scale. Throughout the text and in figures
were refer to breeding values as ‘heat tolerance’.

Incubation behaviour

To be able to match behavioural observations to the hourly temperature
measurements, observation bouts were split into hour breaks. Each hour break
started 31 minutes past a given hour, and ended 30 minutes past the next hour. In
this way, the temperature measurement, taken on the hour, was taken in the middle
of each hour break.

Probability of incubation

Individuals that were observed incubating in at least one occasion were given an
overall probability of incubation of 1 and were considered “cooperators”. In
contrast, individuals that were never seen incubating were given an overall
probability of incubation of 0. The probability of incubation in a given temperature
category was computed for every individual in the same way as the overall
probability of incubation.

Incubation effort

To compute incubation effort, the data was subset to only include hour breaks when
a given individual was observed incubating. Incubation effort was then defined as
the daily proportion of the total observation time that an individual was observed
incubating.

Probability of ending incubation bout

To compute the rate of ending incubation, the data was subset to only include hour
breaks when a given individual was observed incubating. The probability of
ending incubation was then defined by the daily proportion of observation hours,
in a given temperature category, in which an individual was observed incubating,
and in which it also ended at least one incubation bout.
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Quantification and Statistical Analyses

General approach

Data were analysed in R using Bayesian Linear Mixed Models (BLMM) with
Markov chain Monte Carlo (MCMC) estimation in the package MCMCglmm. The
non-independence of data arising from multiple data points per group, per enclosure,
per year and per individual was modelled using random effects. Default fixed effect
priors were used (independent normal priors with zero mean and large variance
(1019)) and for random effects inverse gamma priors were used. Apart from in
binary threshold models. For binary models fixed effect priors were specified as mu
=0, V=1+n2/ 3 (relatively flat on the logit scale), residual variance is not
identifiable and was fixed at 1, and for random effects parameter expanded priors
were used (V =1, nu=0.002, alpha.mu =0, alpha.V = 1000) (Hadfield, 2021). Each
analysis was run for 1100000 iterations with a burn-in of 100000 and a thinning
interval of 1000. Convergence was checked by running models three times and
examining the overlap of traces, levels of autocorrelation, and testing with Gelman
and Rubin’s convergence diagnostic (potential scale reduction factors < 1.1).

Fixed effects were considered significant when 95% credible intervals (Cls) did not
overlap with 0 and pMCMC were less than 0.05 (pMCMC = proportion of iterations
above or below a test value correcting for the finite sample size of posterior
samples). To estimate the magnitude of random effects we calculated the percentage
of variation explained by each random term (12%) after accounting for variation
attributable to fixed effects. By default MCMCglmm reports parameter estimates
for fixed factors as differences from the global intercept. This does not allow
absolute estimates and 95% Cls for all factor levels to be estimated or custom
hypothesis tests of differences between factor levels. Consequently, we removed the
global intercept from all models and present absolute estimates for factor levels.
Differences between factor levels were estimated by subtracting the posterior
samples from one level from the second level and calculating the posterior mode,
95% CI and pMCMC. Parameter estimates for fixed effects are reported from
models that included all terms of the same order and lower. For example, all main
effect estimates are from models where all other main effects are included, all
estimates of two-way interactions are from models that included all two-way
interactions and main effects, and so forth. Random effect estimates are from models
that included the highest order fixed effect terms. All continuous explanatory
variables were z transformed using the scale() function in R. Curvilinear effects of
continuous explanatory variables were modelled using the quadratics of the z
transformed values computed before running the models. As we were interested in
the effects of the number of individuals of the same sex on incubation behaviour we
restricted the effect of the number of males to male investment in incubation, and
the effect of number of females to female investment in incubation using the
‘at.level’ term in MCMCglmm (e.g. at.level(sex,”M”) : number males).
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Specific analyses

1. Testing how the numbers of males and females in groups influenced the time
eggs were incubated at different temperatures.

The effect that temperature (fixed effect: continuous variable of 5°C temperature
windows ranging from 5 to 45°C), the number of males (fixed effect: continuous
variable) and the number of females (fixed effect: continuous variable) had on the
proportion of time eggs were protected was modelled using a BLMM with a
binomial (multinomial2) error distribution. The response variable was the total
amount of time a nest was protected versus the total time it was not protected
summarized for 5°C temperature windows. Year, enclosure and group were
included as random effects (see R code: M1 for details).

2. Testing how individual investment in incubation changed with the numbers of
males and females in groups at different temperatures.

The effect that temperature (fixed effect: continuous variable of 5°C temperature
windows), sex (fixed effect: two level factor), number of males (fixed effect:
continuous variable) and number of females (fixed effect: continuous variable) had
on individual investment in incubation was modelled using a BLMM with a
binomial (multinomial2) error distribution. The response variable was the total time
an individual was observed incubating versus the time it was not incubating. Year,
enclosure, group and individual were included as random effects (see R code: M2
for details).

3. Testing how the rate at which individuals ended incubation was influenced by
the numbers of males and females in groups at different temperatures.

The effect that temperature (fixed effect: continuous variable of 5°C temperature
windows), sex (fixed effect: two level factor), number of males (fixed effect:
continuous variable) and number of females (fixed effect: continuous variable) had
on rates of ending an incubation was modelled using a BLMM with a poisson error
distribution. The response variable was the number of times an individual stopped
incubating at a given temperature. Since response variables in Poisson models in
MCMCglmm need to be whole numbers, rates were multiplied by 24 to covert rates
to per day and rounded to the nearest whole number. Year, enclosure, group and
individual were included as random effects (see R code: M3 for details).

4. Testing how individual probability of incubation was influenced by breeding
value at different temperatures.

The effect that temperature (fixed effect: 2-level factor hot vs benign), breeding
value (fixed effect: continuous variable), sex (fixed effect: two level factor), number
of males (fixed effect: continuous variable) and number of females (fixed effect:

195



continuous variable) had on the probability that individuals incubated was modelled
using a binary (threshold) BLMM with a probit link function. The response variable
was the probability that a given individual was ever seen contributing to incubation
(1 if an individual was observed incubating for more than 10 minutes in a given
temperature condition across the entire breeding season, otherwise 0). Year,
enclosure, group and individual were included as random effects (see R code: M4
for details).

5. Testing how individual investment in incubation and the rate individuals ended
incubation was influenced by breeding value at different temperatures.

Investment in incubation was modelled in the same way as 2, but heat tolerance was
included as a fixed effect (continuous) (see R code: M5 for details). The rate that
individuals ended incubation was modelled in the same way as 3, but heat tolerance
was included as a fixed effect (continuous) (see R code: M6 for details).

6. Testing how the frequency of high and low heat tolerant individuals influenced
the number of cooperators in groups.

The effect that the frequency of high tolerance individuals (fixed effect: continuous),
temperature (fixed effect: 2-level factor hot vs benign), number of males (fixed
effect: continuous variable) and number of females (fixed effect: continuous
variable) had on the numbers of individuals that cooperated over incubation was
modelled using a BLMM with a gaussian error distribution. The response variable
of the model was the average number of cooperators in a group under hot and benign
conditions. Individuals that had a breeding value equal to or above the median of
the whole population were considered to have high heat tolerance. The frequency of
high tolerant individuals was then calculated as the number of high tolerant
individuals / number of same sex individuals in the group. Separate analyses were
performed for females and males (see R code: M7 for details of females and M8 for
males).

7. Testing if the heat tolerance was associated with a greater propensity to
cooperate over incubation.

To examine if heat tolerance influenced the number of individuals that shared
incubation during hot and benign periods, we restricted data to only include those
individuals that incubated. With this data we ran a BLMM with Poisson error
distribution. The response variable was number of cooperators in the group. Sex
(fixed effect: 2-level factor), temperature ( fixed effect: 2- level factor benign vs
hot), breeding value (fixed effect: continuous) and number of males and females
(fixed effect: continuous) were entered as fixed effects. Year, enclosure, group and
individual were included as random effects. (see R code: M9 for details).
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Figure S6. Relative frequencies of high and low BV individuals across years

Supplementary Tables

Table S1: The % time nests were protected by groups with different numbers of males and females at
different temperatures

Fixed Effects Posterior Mode (Cl) pMCMC
Intercept 1.21 (0.53, 1.89) 0.008
Nmales 0.39 (0.04, 0.9) 0.04
Nfemales 0.8(0.43,1.3) 0.001

Temperature 0.17 (-0.07 , 0.36) 0.178

Temperature2 0.88 (0.65, 1.09) 0.001

Nmales*Temperature 0.15 (-0.02, 0.39) 0.082
Nfemales*Temperature 0.12 (-0.07, 0.33) 0.184
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Fixed Effects Posterior Mode (Cl) pMCMC
Nmales*Temperature2 -0.04 (-0.26, 0.17) 0.782
Nfemales*Temperature2 0.08 (-0.12, 0.31) 0.536

Random Effects Posterior Mode (Cl) 12 % (CI)

Year
Camp
Group

Residual

0.014 (0, 1.627)
0.001 (0, 0.292)
3.082 (2.147 , 4.584)

4.085 (3.197 , 4.532)

5.321 (0.003 , 18.889)
0.884 (0.003 , 3.973)
42194 (29.232 , 54.577)

51.602 (41.012, 63.049)

Table S2: Individual investment in incubation in groups with different numbers of males and females at

different temperatures

Fixed Effects Posterior Mode (Cl) pMCMC
Female -5.99 (-6.68 , -5) 0.001
Male -8.51(-9.55, -7.46) 0.001
Male: Nmales -1.06 (-1.65, -0.58) 0.001
Female: Nfemales -1.62 (-1.95 , -1.06) 0.001
Female: Temperature 1.45(1.09, 1.61) 0.001
Male: Temperature -1.11 (-1.46 , -0.81) 0.001
Female: Temperature2 -0.78 (-1.02, -0.53) 0.001
Male: Temperature2 0.17 (-0.22, 0.41) 0.51
Male: Nmales*Temperature 0.31 (-0.16 , 0.55) 0.246
Female: Nfemales*Temperature 0.17 (-0.09, 0.44) 0.2
Male: Nmales*Temperature2 0.09 (-0.33, 0.41) 0.846
Female: Nfemales*Temperature2 -0.12 (-0.32, 0.23) 0.692
Random Effects Posterior Mode (Cl) 12 % (CI)

Year
Camp
Group

Individual

Residual

0.002 (0, 0.248)
0.003 (0, 0.435)

3.687 (2.461,5.87)

19.321 (15.229 , 24.258)

17.87 (16.364 , 19.63)

0.138 (0.001 , 0.595)

0.219 (0.001 , 1.021)

9.551 (6.397 , 13.541)
46.516 (40.577 , 52.157)

43.576 (38.76 , 50.095)

Table S3: The rate individuals ended incubation in groups with different numbers of males and females

at different temperatures

Fixed Effects Posterior Mode (Cl) pMCMC
Female 0.98 (0.63, 1.47) 0.001
Male 1.84 (1.36, 2.31) 0.001
Male: Nmales -0.18 (-0.39, 0.08) 0.206
Female: Nfemales 0.07 (-0.16 , 0.24) 0.68
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Fixed Effects Posterior Mode (Cl) pMCMC
Female: Temperature 0.68 (0.48, 0.85) 0.001
Male: Temperature -0.58 (-0.85, -0.43) 0.001
Female: Temperature2 -0.34 (-0.55, -0.24) 0.001
Male: Temperature2 -0.36 (-0.51,-0.1) 0.001
Male: Nmales*Temperature 0.09 (-0.1, 0.34) 0.314
Female: Nfemales*Temperature 0.03 (-0.09, 0.24) 0.29
Male: Nmales*Temperature2 -0.21 (-0.37, 0.03) 0.084
Female: Nfemales*Temperature2 -0.04 (-0.21,0.1) 0.54
Random Effects Posterior Mode (Cl) 12 % (Cl)

Year
Camp
Group

Individual

Residual

0.048 (0.001, 0.416)

0.09 (0.002 , 0.453)

0.142 (0.001 , 0.379)
0.002 (0, 0.102)

4.076 (3.584 , 4.664)

3.077 (0.013, 8.322)
4.241 (0.053 , 9.556)
3.787 (0.008 , 8.123)
0.593 (0.007 , 2.286)

88.302 (80.275 , 95.151)

Table S4: The probability that individuals incubated in relation to their heat tolerance

Posterior Mode

Fixed Effects (cn pMCMC
Female Benign 0.37 (0.17,0.77) 0.008
Female Hot_25C 0.55(0.21, 0.89) 0.001
Male Benign 0.26 (-0.14, 0.57) 0.246
Male Hot_25C 0.14 (-0.29, 0.48) 0.674
Male Benign: Nmales -0.88 (-1.25, -0.65) 0.001
Male Hot_25C: Nmales -0.56 (-0.78 , -0.38) 0.001
Female Benign: Nfemales 0.28 (0.07, 0.48) 0.008
Female Hot_25C: Nfemales -0.04 (-0.25, 0.23) 0.892
Female Benign: Heat tolerance 0.28 (0.12, 0.55) 0.001
Female Hot_25C: Heat tolerance 0.22 (-0.03, 0.44) 0.05
Male Benign: Heat tolerance -0.01 (-0.28, 0.29) 0.958
Male Hot_25C: Heat tolerance -0.04 (-0.38,0.27) 0.816
Female Benign: Heat tolerance*Nfemales -0.02 (-0.15, 0.12) 0.734
Female Hot_25C: Heat tolerance*Nfemales 0.03 (-0.12, 0.17) 0.72
Male Benign: Heat tolerance*Nmales -0.01 (-0.46 , 0.48) 0.918
Male Hot_25C: Heat tolerance*Nmales -0.05 (-0.51, 0.58) 0.918
Female Benign vs Female Hot_25C -0.09 (-0.35, 0.12) 0.326
Male Benign vs Male Hot_25C 0.15(-0.16 , 0.45) 0.38
Male Benign: Nmales vs Male Hot_25C: Nmales -0.3 (-0.7,-0.01) 0.046
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Posterior Mode

Fixed Effects ((+)] pMCMC
Female Benign: Nfemales vs Female Hot_25C: Nfemales 0.29 (-0.04 , 0.6) 0.086
Female Benign: Heat tolerance vs Female Hot_25C: Heat tolerance 0.1(-0.15, 0.32) 0.396
Male Benign: Heat tolerance vs Male Hot_25C: Heat tolerance 0.04 (-0.24, 0.38) 0.748
Female Benign: Heat toleranceNfemales vs Female Hot_25C: Heat -0.05 (-0.21, 0.12) 0.572
toleranceNfemales
Male Benign: Heat toleranceNmales vs Male Hot_25C: Heat toleranceNmales 0.12 (-0.72, 0.62) 0.986
Random Effects Posterior Mode 12 % (Cl)

(cn

Year
Camp
Group

Residual

0.001 (0, 0.16)
0.001 (0, 0.146)
0.001 (0, 0.224)

1(1,1)

3.326 (0, 11.713)
3.674 (0, 11.607)
7.296 (0, 17.224)

85.704 (71.375,
96.412)

Table S5: Investment in incubation by individuals in relation to temperature and heat tolerance

Posterior Mode

Fixed Effects (Ch pMCMC
Female Benign -4.94 (-5.39, -4.06) 0.001
Female Hot_25C -4.35 (-4.86 , -3.45) 0.001
Male Benign -5.98 (-6.6 , -5) 0.001
Male Hot_25C -6.28 (-7.18 ,-5.51) 0.001
Male Benign: Nmales -1.68 (-2.21,-1.1) 0.001
Male Hot_25C: Nmales -1.26 (-1.7,-0.91) 0.001
Female Benign: Nfemales 0.89 (0.29, 1.37) 0.002
Female Hot_25C: Nfemales -0.08 (-0.77 , 0.54) 0.692
Female Benign: Heat tolerance 0.89 (0.29, 1.51) 0.004
Female Hot_25C: Heat tolerance 0.63 (0.02, 1.32) 0.05
Male Benign: Heat tolerance -0.07 (-0.72, 0.68) 0.938
Male Hot_25C: Heat tolerance -0.21 (-1.08 , 0.51) 0.514
Female Benign: Heat tolerance*Nfemales 0.14 (-0.19, 0.4) 0.446
Female Hot_25C: Heat tolerance*Nfemales 0.12 (-0.13, 0.49) 0.26
Male Benign: Heat tolerance*Nmales 0.38 (-0.54 , 0.99) 0.534
Male Hot_25C: Heat tolerance*Nmales 0.23 (-0.79, 0.92) 0.76
Female Benign vs Female Hot_25C -0.62 (-1.07 , 0.09) 0.072
Male Benign vs Male Hot_25C 0.42 (-0.31, 1.18) 0.264
Male Benign: Nmales vs Male Hot_25C: Nmales -0.44 (-1.05, 0.34) 0.28
Female Benign: Nfemales vs Female Hot_25C: Nfemales 0.99 (0.1, 1.73) 0.026
Female Benign: Heat tolerance vs Female Hot_25C: Heat tolerance 0.29 (-0.38, 0.8) 0.456
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Posterior Mode

Fixed Effects (o)) pMCMC
Male Benign: Heat tolerance vs Male Hot_25C: Heat tolerance 0.23 (-0.5, 1.05) 0.554
Female Benign: Heat toleranceNfemales vs Female Hot_25C: Heat -0.03 (-0.45, 0.28) 0.754
toleranceNfemales
Male Benign: Heat toleranceNmales vs Male Hot_25C: Heat toleranceNmales 0.01 (-0.95, 1.17) 0.826
Random Effects Posterior Mode 12 % (Cl)
(cn
Year 0.004 (0, 0.31) 0.35 (0.001, 1.514)
Camp 0.002 (0, 0.376) 0.448 (0.001, 1.804)
Group 0.817 (0.001, 3.72(0.003, 7.428)
1.584)
Individual 8.402 (6.55, 43.097 (35.195,
11.448) 50.548)
Residual 10.588 (8.98 , 52.385 (43.513,
12.357) 60.465)

Table S6: The rate that individuals with different heat tolerance ended incubation in groups with

different numbers of males and females at different temperatures

Posterior Mode

Fixed Effects (1)) pMCMC
Female Benign 1.65 (1.35, 1.92) 0.001
Female Hot_25C 2.01(1.66, 2.23) 0.001
Male Benign 2.62(2.26,2.88) 0.001
Male Hot_25C 1.45(1.06, 1.8) 0.001
Male Benign: Nmales -0.09 (-0.25, 0.12) 0.48
Male Hot_25C: Nmales 0.09 (-0.07, 0.23) 0.438
Female Benign: Nfemales -0.1 (-0.25, 0) 0.084

Female Hot_25C: Nfemales -0.06 (-0.22, 0.1) 0.4

Female Benign: Heat tolerance -0.08 (-0.24, 0.12) 0.64
Female Hot_25C: Heat tolerance -0.18 (-0.36 , 0.02) 0.048
Male Benign: Heat tolerance -0.05 (-0.23, 0.14) 0.782
Male Hot_25C: Heat tolerance -0.2 (-0.44, 0.09) 0.252
Female Benign: Heat tolerance*Nfemales -0.1(-0.2, 0.04) 0.184
Female Hot_25C: Heat tolerance*Nfemales 0.02 (-0.13, 0.1) 0.9
Male Benign: Heat tolerance*Nmales 0.04 (-0.21, 0.26) 0.92
Male Hot_25C: Heat tolerance*Nmales 0.46 (0.08, 0.83) 0.008
Female Benign vs Female Hot_25C -0.29 (-0.55 , -0.07) 0.004
Male Benign vs Male Hot_25C 1.23(0.83, 1.5) 0.001
Male Benign: Nmales vs Male Hot_25C: Nmales -0.16 (-0.35, 0.12) 0.258
Female Benign: Nfemales vs Female Hot_25C: Nfemales -0.05 (-0.25, 0.17) 0.67
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Posterior Mode

Fixed Effects ((+)] pMCMC
Female Benign: Heat tolerance vs Female Hot_25C: Heat tolerance 0.15(-0.12, 0.39) 0.222
Male Benign: Heat tolerance vs Male Hot_25C: Heat tolerance 0.09 (-0.18, 0.47) 0.4
Female Benign: Heat toleranceNfemales vs Female Hot_25C: Heat -0.06 (-0.23, 0.09) 0.4
toleranceNfemales
Male Benign: Heat toleranceNmales vs Male Hot_25C: Heat toleranceNmales -0.48 (-0.84 , 0.01) 0.046
Random Effects Posterior Mode 12 % (CI)

()]

Year

Camp

Group
Individual

Residual

0.004 (0, 0.16)

0.091 (0.001 ,
0.227)

0.003 (0, 0.188)

0.002 (0, 0.08)

1.22 (0.996 , 1.439)

3.346 (0.011, 10.215)

6.412 (0.035 , 14.576)

5.662 (0.022 , 13.157)

1.41(0.014 , 5.484)

83.171 (70.324 ,
94.15)

Table S7: The number of female cooperators in groups with different frequencies of heat tolerant

females at different temperatures

Posterior Mode

Fixed Effects (cn pMCMC
Benign 1.57 (1.1, 1.96) 0.001
Hot_25C 1.9 (1.46,2.32) 0.001
Nmales 0.08 (-0.02, 0.23) 0.114
Nfemales 0.44 (0.32, 0.59) 0.001
Benign: Freq tolerant females 0.02 (-0.29, 0.44) 0.656
Hot_25C: Freq tolerant females 0.3(-0.31, 0.84) 0.316
Benign: Freq tolerant females*Nfemales 0.39 (-0.16, 0.72) 0.22
Hot_25C: Freq tolerant females*Nfemales 0.62 (0.05, 0.99) 0.036
Benign vs Hot_25C -0.38 (-0.56 , -0.13) 0.001
Benign: Freq tolerant females vs Hot_25C: Freq tolerant females -0.19 (-0.88 , 0.44) 0.518
Benign: Freq tolerant femalesNfemales vs Hot_25C: Freq tolerant -0.14 (-0.81, 0.45) 0.486
femalesNfemales
Random Effects Posterior Mode 12 % (Cl)
(cn
Year 0.061 (0.001, 21.259 (2.226 , 48.523)
0.421)
Camp 0.002 (0, 0.074) 3.662 (0.032, 11.935)
Group 0.003 (0.001 , 16.621 (0.05 , 34.897)
0.221)
Residual 0.375(0.237, 58.459 (29.557 ,
0.485) 84.182)
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Table S8: Variation in the number of cooperators individuals that incubated at different temperatures in

relation to their heat tolerance

Posterior Mode

Fixed Effects ((od)] pMCMC

Female Benign 1.01 (0.88, 1.14) 0.001

Female Hot_25C 1.06 (0.91, 1.19) 0.001

Male Benign 0.52(0.26 , 0.68) 0.001

Male Hot_25C 0.28 (0.03, 0.54) 0.022

Male Benign: Nmales -0.1(-0.3, 0.18) 0.646

Male Hot_25C: Nmales 0.14 (0.06, 0.21) 0.001

Female Benign: Nfemales 0(-0.05, 0.06) 0.976

Female Hot_25C: Nfemales 0(-0.12,0.11) 0.926

Female Benign: Heat tolerance 0.02 (-0.05, 0.1) 0.67

Female Hot_25C: Heat tolerance -0.03 (-0.1, 0.06) 0.654

Male Benign: Heat tolerance -0.07 (-0.14, 0.13) 0.994

Male Hot_25C: Heat tolerance -0.06 (-0.2, 0.17) 0.892

Female Benign: Heat tolerance*Nfemales 0(-0.05, 0.06) 0.824

Female Hot_25C: Heat tolerance*Nfemales -0.03 (-0.08 , 0.05) 0.638

Male Benign: Heat tolerance*Nmales 0(-0.37, 0.35) 0.874

Male Hot_25C: Heat tolerance*Nmales -0.25 (-1.47, 0.39) 0.226

Female Benign vs Female Hot_25C -0.04 (-0.16 , 0.06) 0.376

Male Benign vs Male Hot_25C 0.13 (-0.06 , 0.46) 0.168

Male Benign: Nmales vs Male Hot_25C: Nmales -0.12 (-0.46 , 0.03) 0.072

Female Benign: Nfemales vs Female Hot_25C: Nfemales 0(-0.12, 0.13) 0.92

Female Benign: Heat tolerance vs Female Hot_25C: Heat tolerance 0.06 (-0.07, 0.14) 0.538

Male Benign: Heat tolerance vs Male Hot_25C: Heat tolerance -0.01(-0.23 , 0.24) 0.96

Female Benign: Heat toleranceNfemales vs Female Hot_25C: Heat 0.02 (-0.07, 0.1) 0.608

toleranceNfemales

Male Benign: Heat toleranceNmales vs Male Hot_25C: Heat toleranceNmales 0.49 (-0.38 , 1.59) 0.218

Random Effects Posterior Mode 12 % (CI)

(cn

Year

Camp

Group

Individual

Residual

0.002 (0, 0.041)

0.001 (0, 0.006)

0.002 (0, 0.019)

0.001 (0, 0.005)

0.001 (0, 0.004)

42,539 (3.77 , 84.419)

10.581 (0.199,
28.585)

29.359 (0.533 ,
66.208)

9.017 (0.381 , 25.589)

8.504 (0.152 , 23.562)
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Table §9: The number of male cooperators in groups with different frequencies of heat tolerant males

at different temperatures

Fixed Effects Posterior Mode (Cl) pMCMC

Benign 0.97 (0.79, 1.16) 0.001

Hot_25C 0.85(0.71, 1.09) 0.001

Nmales 0.1(0.02, 0.19) 0.02

Nfemales 0.03 (-0.07, 0.11) 0.638

Benign: Freq tolerant males -0.14 (-0.33, 0.07) 0.3

Hot_25C: Freq tolerant males -0.31(-0.58 , -0.04) 0.03

Benign: Freq tolerant males*Nmales -0.15 (-0.33, 0.06) 0.162

Hot_25C: Freq tolerant males*Nmales -0.17 (-0.36, 0.07) 0.128

Benign vs Hot_25C 0.1(-0.01,0.17) 0.08

Benign: Freq tolerant males vs Hot_25C: Freq tolerant males 0.19 (-0.14, 0.52) 0.27

Benign: Freq tolerant malesNmales vs Hot_25C: Freq tolerant malesNmales 0.07 (-0.26, 0.31) 0.822
Random Effects Posterior Mode (Cl) 12 % (Cl)

Year
Camp
Group

Residual

0.004 (0 , 0.069)
0.002 (0, 0.052)
0.074 (0.034 , 0.138)

0.072 (0.054 , 0.115)

10.476 (0.195 , 28.732)
8.154 (0.081 , 22.623)
41.376 (15.506 , 62.021)

39.994 (23.762 , 58.11)
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