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ABSTRACT

Cognitive abilities vary widely across the animal kingdom, and multiple
hypotheses have been formulated to explain why. The Relationship Intelligence
Hypothesis (RIH) posits that maintaining and managing high quality pair-bonds
is a key driver of cognitive evolution. The RIH was first proposed more than a
decade ago, and while its introductory paper has been widely cited, little work
has been done to interrogate the RIH’s central predictions. In this thesis, |
critically evaluate the RIH. First, in Chapters 2 — 4, | test central predictions of
the RIH within one wild study system, the jackdaw (Corvus monedula).
Specifically, | test whether (i) pairs have fully aligned fitness interests (Chapter
2); (ii) pairs use consolation as a mechanism through which to manage and
maintain their bond (Chapter 3); (iii) pair-bond strength (1) varies between pairs,
(2) is consistent within pairs, (3) positively correlates with socio-cognitive
performance, and (4) positively correlates with reproductive success (Chapter
4). Finally, | test whether a commonly used method in the study of cognitive
evolution - the comparative study of brain size — is methodologically robust
(Chapter 5). | find that jackdaw partners do not always have fully aligned fitness
interests, and that they do not use consolation to manage and maintain their
pair-bond. However, pair-bond strength does vary between pairs, is consistent
within pairs and is positively correlated with a measure of socio-cognitive
performance, partner responsiveness. While | did not find a link between pair-
bond strength and reproductive success, partners with stronger bonds were
better able to adjust hatching synchrony to environmental conditions. Finally, |
demonstrate that comparative studies of brain size are not methodologically
robust. In Chapter 6, | integrate my findings with contemporary empirical and
theoretical evidence in order to critically evaluate the RIH. | end by proposing

future directions for the study of cognitive evolution.

Cover image: "Jackdaws" by Jyrki Salmi (licensed under CC BY-NC-SA 2.0)
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CHAPTER 1: Introduction

Background Cognition can be defined as an individual’s ability to acquire,
process, store and use information from its environment (Shettleworth 2010b).
The building blocks of cognition — neurons (Dicke & Roth, 2016; G. Roth &
Dicke, 2005) — are energetically intensive to use (Herculano-Houzel, 2011;
Sterling & Laughlin, 2015). Indeed, 20% of a brain’s energy usage is through
the firing of neurons (Sterling & Laughlin, 2015). Yet neuron number varies
vastly across the animal kingdom (Montgomery et al., 2018; Sterling & Laughlin,
2015). Caenorhabditis elegans survive and thrive with only 302 neurons (White
et al., 1986), while humans have around 86 billion (Azevedo et al., 2009). Given
their cost, for neurons to be maintained by selection they must offer some
adaptive advantage. The fundamental advantage of possessing neurons is
neatly summed up by Sterling and Laughlin, 2017, who state that for an
organism to survive in the world, it must “exchange amounts of information with
its external environment”. Without the ability to do this to some degree, survival
(and therefore, reproduction) would not be possible. But why is there so much
variation in neuron number across species? A simple answer is that some
species must exchange more information with their environment than others.
Why this is the case, however, remains unclear, despite an array of hypotheses
(Wartel et al., 2019). Arguably the most influential of these hypotheses, in terms
of historically dominant narrative and research effort (Rosati, 2017), is the
Social Intelligence Hypothesis (SIH) (Dunbar, 1998; Humphrey, 1976; Jolly,
1966).

First developed in the 1950s by Chance and Mead (1953), the underpinnings of
the SIH were later expanded by Jolly (1966) and Humphrey (1976). The central
premise of the hypothesis is that successfully navigating a “complex” social
landscape is both informationally (and thus, cognitively) demanding and
positively related to fitness outcomes. Thus, “complex sociality” generates
selection on cognitive ability. Accordingly, we would expect to see a relationship
between measures of social complexity and measures of cognitive ability.
However, both social complexity and cognitive ability are difficult to quantify.
Early investigations of the SIH thus used group size (i.e., quantity of social
relationships) as a proxy of social complexity, and a measure of brain size as a

proxy of cognitive ability (Dunbar, 1992, 1995). The idea that brain size should
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increase with measures of social complexity was dubbed the Social Brain
Hypothesis (SBH) and received empirical support in primates. Specifically, a
strong positive relationship was found between relative neocortex size and
group size in primates (Dunbar, 1992, 1995). The neocortex is involved in
higher-order cognitive functions (Funahashi, 2001). This result thus implies that
individuals may require more sophisticated cognitive ability in order to navigate
larger groups. However, this finding has proved contentious. While some
studies do support that brain size and group size are positively correlated in
primates (Barton, 1996; Dunbar, 1992, 1995; Dunbar & Bever, 1998; Shultz &
Dunbar, 2007), others have failed to find a robust relationship (DeCasien et al.,
2017; Powell et al., 2017; Wartel et al., 2019). Moreover, the same relationship
is not found in non-primate taxa. Instead, pair-bonding and brain size appear to
be positively correlated in many non-primates, such as birds, ungulates, bats
and mammalian carnivores (Dunbar & Shultz, 2007; Emery et al., 2007; Shultz
& Dunbar, 2010). The discovery of this relationship led to the formulation of the
Relationship Intelligence Hypothesis (RIH) (Emery et al., 2007). The RIH can be
considered a sub-branch of the SIH, and proposes that maintaining and
managing a pair-bond is cognitively demanding (Emery et al., 2007). Thus, the
relevant measure of “social complexity” in the RIH is the quality of bonds
(Emery et al., 2007). The hypothesis was specifically formulated to explain

cognitive evolution in birds; however, it should in principle apply to other taxa.

“Social complexity” is central to both the SIH and the RIH, but what exactly does
it mean? There is no straightforward definition (Lukas & Clutton-Brock, 2018).
Some researchers consider societies where individuals have highly aligned
fitness interests as complex (e.g.(Abbot & Chapman, 2017; Anderson &
McShea, 2001; Emery et al., 2007)). These societies tend to be characterised
by, for example, cooperation, reproductive suppression, alloparental care and
division of labour (Lukas & Clutton-Brock, 2018). This would lead to the
conclusion that eusocial, cooperatively breeding and genetically monogamous
pair-bonded species are particularly complex. On the other hand, some
researchers consider societies where individuals have conflicting interests as
complex (e.g.(Bergman & Beehner, 2015; Byrne & Whiten, 1988; Freeberg et
al., 2012)). These societies tend to be characterised by, for example, low levels
of relatedness, differentiated relationships and coalition formation (Lukas &
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Clutton-Brock, 2018). When proponents of the SIH refer to social complexity,
they tend to be referring to the latter, such that a society characterised by many
individuals with conflicting interests generates cognitive challenges (Dunbar,
1995, 1998; Humphrey, 1976). The RIH, however, focusses more on the

former.

In the original formulation of the RIH, Emery et al. (2007) propose that the
informational challenges (i.e. “complexity”) of long-term pair-bonding arises
because partners have aligned interested, and thus are highly invested in one
another and the maintenance of the pair-bond (Emery et al., 2007). The RIH
was formulated using corvids as an exemplar taxon. As in primates, corvids
have large brains relative to their body size (van Horik et al., 2012) and despite
smaller brains than non-human primates, have a similar number of neurons
(Olkowicz et al., 2016). They also show similar cognitive performance to non-
human primates (Gunturkin & Bugnyar, 2016). Corvids tend to form long-term,
monogamous pair-bonds (Emery et al., 2007). Emery et al. (2007) assume that
these long-term pair-bonds tend to be genetically as well as socially
monogamous, meaning that partners have fully aligned fitness interests.
However, evidence for genetic monogamy is limited. Moreover, whether non-
sexual relationships beyond the pair-bond also influence the informational
demands faced by partners is unclear. Thus, to what degree interests of long-
term partners align is uncertain, yet must be understood in order to fully
interrogate the informational demands of pair-bonding, and to evaluate the RIH.

But what precisely is it about the pair-bond that is thought to generate
informational demands? Tracking and responding to subtle behavioural
changes of the partner is considered to be a key challenge (Emery et al., 2007).
However, tracking and responding to the behaviour of others does not
necessarily require a great deal of information processing. For instance, flocking
and shoaling species with a range of cognitive abilities are capable of tracking
and responding to the fine-scale movements of multiple neighbours (Ballerini et
al., 2008; Herbert-Read et al., 2011; Kotrschal et al., 2018). Indeed, selecting
for guppies (Poecilia reticulata) with bigger brains and better cognitive
performance did not improve their shoaling ability, indicating that the cognitive
mechanisms involved in this behaviour are relatively simple (Kotrschal et al.,

2018). However, Emery et al. (2007) invoke behaviours that potentially require
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more sophisticated information-processing. For example, they suggest that
individuals may manage their pair-bond by engaging in third-party post-conflict
affiliation with their partner, possibly as a mechanism through which to decrease
the stress levels of the partner (Emery et al., 2007). Such behaviour, referred to
by some researchers as consolation (Pérez-Manrique & Gomila, 2018), has
been argued to require empathy (de Waal, 2010). Whether non-humans show
empathy is, however, controversial. For instance, many studies that invoke
consolation as an explanation of observed behaviours do not rule out alternative
explanations, such as self-soothing of the putative “consoler” or solicited
affiliation (Adriaense et al., 2020; Pérez-Manrique & Gomila, 2018). Thus,
whether consolation actually occurs in non-humans is unclear. In addition, the
majority of studies of consolation are conducted on captive or semi free-ranging
species. While such studies are valuable, social interactions differ drastically
between wild and captive populations (Inoue & Shimada, 2020; Pacheco &
Madden, 2021). Thus, it is difficult to understand whether and when a behaviour
would naturally occur, and where it is adaptive, without testing for it in an
ecologically relevant environment (Boesch, 2020; Cauchoix et al., 2020;
Thornton & Lukas, 2012; Webster & Rutz, 2020). Whether wild animals manage
their relationships using strategies that require empathy is therefore not well-

known.

The SIH and the RIH propose that cognitive evolution occurs because forming
and maintaining social bonds requires socio-cognitive ability, and social bond
guantity and/or quality positively influences fithess outcomes (Dunbar, 1998;
Emery et al., 2007; Humphrey, 1976). As a result, both make some fundamental
“Darwinian” predictions. In particular, they predict that the ability to form social
bonds is (i) variable between individuals, (ii) consistent and heritable, and (iii)
related to positive fithess outcomes. For the SIH, which focusses on both the
guantity and quality of social bonds, there is some empirical support for each of
these predictions. Many social taxa have differentiated social bonds (Aplin et
al., 2015; Bergman & Beehner, 2015; Braun & Bugnyar, 2012; Heathcote et al.,
2017; Seyfarth & Cheney, 2012; M. J. Silk & Hodgson, 2021; Weiss et al.,
2021), and an individual’s propensity to form social bonds has been shown to
be consistent and heritable in some mammalian taxa (Aplin et al., 2015; Brand|
et al., 2021; Brent et al., 2013; Finkenwirth & Burkart, 2017; Koski et al., 2012;
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Massen & Sterck, 2013; Mitani, 2009; Silk et al., 2010a, 2010b; Stanley et al.,
2018). For instance, some female chacma baboons (Papio hamadryas ursinus)
form stronger, more enduring bonds than others (J. B. Silk et al., 2010b), while
rhesus macaques (Macaca mulatta) have consistent and heritable social
network positions (Brent et al., 2013). Moreover, individuals with more and/or
stronger bonds have been shown to have higher fithess across a broad range of
taxa (Cameron et al., 2009; McFarland et al., 2017; Schilke et al., 2010; Silk et
al., 2010b; Silk & Hodgson, 2021; Spoon et al., 2006). For example, more
socially integrated female feral horses have a higher foal birth rate and survival
rate (Cameron et al., 2009), and chacma baboons that form stronger social
bonds have increased survival (J. B. Silk et al., 2010b). Thus, there is evidence
across a range of taxa that the ability to form social bonds varies between
individuals, is consistent and heritable within individuals, and results in
differential fithess. However, empirical support for the RIH — focussing
specifically on the quality of the pair-bond — is scarcer. Indeed, while pair-bond
strength has been shown to vary between pairs in some species (Boucherie et
al., 2018; Elie et al., 2011, Firth et al., 2018; Sparks, 1964; Spoon et al., 2004,
2006), whether an individual’'s ability form a strong pair-bond is consistent and
heritable is generally unknown (but see Kralj-FiSer et al., 2007, who show that
partner proximity is repeatable between wild greylag geese, Anser anser).
Furthermore, while several studies have demonstrated that the length of the
pair-bond and the familiarity of partners (both likely to be facets of pair-bond
strength) influence fitness outcomes (Black, 2001; Culina et al., 2020; Naves et
al., 2007; Sanchez-Macouzet et al., 2014; Van De Pol et al., 2006), only one
study has directly interrogated whether pair-bond strength influences fithess
(Spoon et al., 2006). Spoon et al. (2006) demonstrated that captive cockatiel
(Nymphicus hollandicus) pairs with stronger bonds raise more chicks to
independence. However, no research has yet been undertaken to test how pair-
bond strength influences reproductive success in an ecologically relevant
environment. In sum, the RIH has scarce support for its fundamental
“Darwinian” predictions, and current available evidence for both the SIH and the
RIH is from a range of disparate taxa. Testing multiple predictions of the RIH
within a single wild study system is thus a crucial next step in evaluating this

hypothesis.
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Study system In this thesis, | examine predictions of the RIH within a single
wild study system, the jackdaw (Corvus monedula). Jackdaws are a socially
monogamous, colonially breeding species that form long-term pair-bonds and
stay with their partner throughout the year (Cramp & Perrins, 1994; Henderson
et al., 2000; Kubitza et al., 2015; Liebers & Peter, 1998; Ling et al., 2019; Réell,
1978; Wechsler, 1989). While pair-bonded adults affiliate with other flock
members, the majority of affiliative behaviours are directed toward their partner
(Kubitza et al., 2015). During the breeding season, both members of the pair
cooperate to build the nest (Hahn et al., 2020; Réell, 1978), and the female
incubates the eggs while her partner brings her food (Roell, 1978). Both parents
care for the chicks until fledging, and the pair tend to have only one breeding
attempt per year (Cramp & Perrins, 1994; Roell, 1978). In multiple populations,
jackdaws have been shown to have no to low rates of extra-pair paternity,
implying that they are often genetically as well as socially monogamous (Gill et
al., 2020; Henderson et al., 2000; Liebers & Peter, 1998; Turjeman et al., 2021).
However, rates of extra-pair paternity can vary substantially between
populations (e.g. Birkhead & Moller, 1998; Gray, 1996; Hatchwell, 1988;
Westneat, 1992). Thus, genetic monogamy should not be taken for granted in
any untested population. Given that long-term pair-bonds are the foundational
unit of jackdaw social life, they are an excellent species in which to test key

predictions of the RIH (and, in parallel, the SIH).

In this thesis, all field-based studies were conducted on three wild populations
of jackdaws, which form the Cornish Jackdaw Project (CJP). All sites are based
in Cornwall, UK. Site X is based on the university campus, a semi-urban
environment (50°17'32"N; 5°11'96"W). Size Y is based in a village churchyard
and adjacent fields (50°11'26"N, 5°10'51"W). Site Z is based in a working farm
(50°11'56"N, 5°10'9"W). Since 2013, the CJP has ringed over 3000 jackdaws
with unique colour combinations and monitored the reproductive success of ~85
pairs per year, who breed in project-owned nest-boxes. Reproductive success
data includes clutch size, hatching synchrony, fledgling number and fledgling
mass. All nestlings where the eldest in the clutch reaches 25 days old are also
ringed with unique colour combinations. During ringing of chicks and adults,
body condition data is collected, and blood samples are taken for molecular
sexing. Each nest-box has an internal shelf that allows for the placement of a
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CCTV camera. Thus, along with detailed data on who occupies nest-boxes and
what their reproductive outcomes are, detailed behavioural data is also
recorded from within the nest-box.

Thesis framework In Chapter 2, | examine the mating system of jackdaws in
our three study populations. Specifically, | ask: are jackdaws in these
populations genetically monogamous? The RIH assumes that corvids with long-
term pair-bonds are genetically monogamous (Emery et al., 2007), and thus
that they have fully aligned fitness interests. This has implications for the
cognitive challenges faced by individuals within a pair-bond. Therefore,
understanding exactly how aligned the fitness interests of jackdaw partners are
is essential to elucidating the informational demands potentially faced by
partners. Beyond quantifying rates of extra-pair paternity, | also investigate the
extra-pair mating behaviour of jackdaws in detail, shedding further light on
behaviours that may introduce conflict of interest between partners. | then
conduct a literature review to attempt to elucidate the ultimate reasons that this

behaviour occurs.

In Chapter 3, | test for consolation between jackdaw partners. Consolation
between jackdaws would suggest that partners may be capable of sympathetic
or empathetic concern, and that they use this behaviour to maintain and
manage the pair-bond. As discussed previously, former tests of consolation
tend to be (i) unable to rule out alternative explanations for behaviour and (ii)
undertaken on captive or semi free-ranging species, where the ecological
relevance of the behaviour is unclear. | therefore designed an experiment on
jackdaw pairs that ruled out alternative explanations of behaviour, and that was
conducted in an ecologically relevant setting.

In Chapter 4, | interrogate four key predictions of the RIH (and in tandem, the
SIH) within jackdaws. Specifically, | ask whether bond strength is (i) variable
between pairs, (ii) consistent within pairs, (iii) positively correlated with socio-
cognitive performance and (iv) positively correlated with fitness outcomes. This
is the first time that multiple key predictions of either the SIH or RIH have been
tested within a single study system, and indeed the first time that prediction (iii)

has been directly tested in a non-human species.
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In Chapter 5, | ask whether comparative brain size studies, such as those used
to show that elements of sociality correlate with brain size, are a
methodologically robust approach to interrogating cognitive evolution. Given
that both the SIH and RIH are formulated from the results of such studies, it is

vital to know if they are methodologically sound.

In Chapter 6, the General Discussion, | integrate the results of each data
chapter into a review of the RIH, which leverages contemporary theoretical and
empirical results to critically evaluate the hypothesis. | conclude the thesis by
examining differing approaches to the study of cognitive evolution, asking why
these differences arise, and proposing future directions in the study of cognitive

evolution.

Note: Each data chapter is written as an independent piece of work. Certain
information is therefore repeated, particularly in Methods sections. Apologies for

any inconvenience this causes.
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CHAPTER 2: Ultimate drivers of forced extra-pair copulations in birds
lacking penises: jackdaws as a case-study

Abstract

Forced copulation is common, presumably because it can increase male
reproductive success. Forced extra-pair copulation (FEPC) has been reported
in birds, many of which lack a penis and thus are thought to require female
cooperation for successful fertilisation. Why FEPC persists, despite a presumed
lack of siring success and likely non-negligible costs (FEPCs often involve
violent conflict) is unknown. Using the jackdaw (Corvus monedula) as a case
study, we (i) use SNPs to quantify maximum extra-pair paternity rate through
FEPC and (ii) evaluate support for seven hypotheses interrogating why FEPC
exists in species without a penis. We then collate evidence for FEPC across
penis-lacking birds. We find that FEPC in jackdaws is probably a relic from a
time when it led to siring success, which if true, makes its persistence enigmatic
given its presumed costs. Across birds lacking a penis, FEPC is taxonomically
widespread, yet very little is known about its evolution and maintenance.
Broader implementation of the approach used here will shed light on why this
widespread sexual behaviour persists. Additional work is necessary to fully
understand whether a penis is needed for paternity through forced copulation,
and to quantify costs of FEPC incurred by the male and the victim female.

Introduction

Copulations that are unsolicited and resisted by females (forced copulations),
are common across the animal kingdom (Clutton-Brock & Parker, 1995). Forced
copulation exists as either a discrete or plastic reproductive tactic (Gross, 1996;
Kustra & Alonzo, 2020). Most commonly, forced copulation is a plastic,
condition-dependent strategy where poor quality males, unable to acquire
mating through female choice, make the “best of a bad job” (Eberhard, 1982;
Thornhill, 1981; Thornhill & Palmer, 2000). For instance, small male swordtails
(Xiphophorus multilineatus) force copulations with females, while larger (more
attractive) males court females who then cooperatively copulate (Rios-
Cardenas et al., 2018). Similarly, in orangutans (Pongo spp.), females mate
cooperatively with dominant (generally older) males, while subordinate

(generally younger) males often force copulations (Galdikas, 1985; Schirmann
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& van Hooff, 1986; Utami et al., 2002). Forced copulation would be
evolutionarily favoured if it resulted in paternity (Eberhard, 1982; Rios-Cardenas
et al., 2018; Thornhill, 1981), and it has been shown to enhance siring success
in several species (e.g., Brekke et al., 2012, 2013; Hogg & Forbes, 1997). For
species with internal fertilisation, it has been suggested that an intromittent
organ (e.g. a penis) is necessary for forced copulations to result in siring
success, because without a penetrative organ, female cooperation is required to
achieve fertilisation (Briskie & Montgomerie, 2001; Fitch & Shugart, 1984;
Gowaty & Buschhaus, 1998). Males of most taxa have penises, but 97% of bird
species do not (Briskie & Montgomerie, 1997). Puzzlingly, forced copulations
have been reported in several bird species that do not have penises
(Gladstone, 1979; Gowaty & Buschhaus, 1998; McKinney et al., 1984;
McKinney & Evarts, 1998; Westneat & Stewart, 2003). Here, we evaluate
possible explanations for the existence of forced copulations in species lacking

a penis.

The majority of bird species are socially monogamous (Lack, 1968), but forced
extra-pair copulation (FEPC) is common in many species (Gladstone, 1979;
Gowaty & Buschhaus, 1998; McKinney et al., 1984; McKinney & Evarts, 1998;
Westneat & Stewart, 2003). FEPC is most commonly observed in bird species
with penises capable of penetrating the female cloaca (Adler, 2010; Briskie &
Montgomerie, 2001; Briskie & Montgomerie, 1997; McKinney & Evarts, 1998),
and is most often adopted as part of a mixed reproductive strategy (i.e., males
have a monogamous partner yet still engage in FEPC: McKinney & Evarts,
1998). In these species, males probably increase their reproductive success
through FEPC (McKinney & Evarts, 1998). For FEPC to persist, benefits for the
male (e.g. siring success) must exceed costs. Male costs are difficult to
quantify, but are likely to be non-trivial. Males are at risk of injury during FEPC,
either due to fights with the female or her partner (Gill et al., 2020; Gladstone,
1979), energy must be expended to engage in FEPC (Adler, 2010), and males
engaging in FEPC leave their own partner unguarded and thus risk losing
paternity there (Sorenson, 1994). Additionally, in species that lack a penis, the
prevailing, although largely untested, viewpoint is that female cooperation (i.e.,
where the female positions herself so as to allow cloacal contact: McKinney &
Evarts, 1998) is needed for fertilisation to occur (Briskie & Montgomerie, 2001;
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Fitch & Shugart, 1984; Gowaty & Buschhaus, 1998). If FEPC cannot or rarely
results in siring success, this generates the question: why do birds without a
penis engage in FEPC if this is costly and will not result in paternity?

There are seven different, non-mutually exclusive hypotheses for the evolution
and maintenance of FEPC (Table 1). (1) FEPC is maintained by selection due
to direct fertilisation benefits. (2) FEPC is an evolutionary ‘relic’. It is likely that
ancestrally, all birds had penises (Montgomerie & Briskie, 2007). The relic
hypothesis suggests that while FEPC ancestrally provided paternity benefits, it
now persists as a non-adaptive vestigial behaviour. (3) FEPC is a pleiotropic by-
product of another trait that is selectively advantageous for males (Thornhill &
Palmer, 2000). For example, high testosterone levels may be advantageous but
result in hyper-sexual drive, leading to FEPC (Davis, 2002). The remaining
hypotheses posit that FEPC is selectively favoured, even though it does not
directly result in paternity. These are (4) the ‘Creation Of a Dangerous
Environment’ (CODE) hypothesis (Gowaty & Buschhaus, 1998), (5) the ‘territory
signalling’ hypothesis (outlined in Gill et al., 2020), (6) the ‘reproductive
suppression’ hypothesis and (7) the sperm quality hypothesis. The CODE
hypothesis posits that males use FEPC to create an environment of fear for
females. This is beneficial for males because it selects for females to seek male
protection, and to trade this protection for copulation (Gowaty & Buschhaus,
1998). The ‘territory signalling’ hypothesis stemmed from observations that
male jackdaws (Corvus monedula) produce loud copulation calls both when
mating with their own partner, and when engaging in FEPC, suggesting they
serve a territorial function (Gill et al., 2020), whereby males attempt to claim
future territory by forcing copulation with the resident female and signalling this
behaviour through loud copulation calls (Gill et al., 2020). Gill et al. (2020) also
raise the possibility that FEPC may suppress the reproductive success of the
target female. We label this the ‘reproductive suppression’ hypothesis, whereby
males with a mated partner (‘paired males’) use FEPC as a tool to suppress the
reproductive success of their neighbours, thus decreasing competition for
themselves and/or their offspring. Finally, FEPC could serve to enhance sperm
guality. Baker & Bellis (1993) suggested that masturbation evolved as a
mechanism to maintain ejaculate quality through sperm turnover. Following this

logic, males could be forcing copulation with non-partners to ensure only high-
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quality sperm fertilises their partner’s eggs. Indeed, hatching success and chick
quality has been shown to decrease significantly for pairs whose eggs are
fertilised by older sperm in black-legged kittiwakes (Rissa tridactyla) (R. H.
Wagner et al., 2004), suggesting this is a feasible idea. Here, we use genomic
and behavioural examination of jackdaws (Corvus monedula) combined with a
systematic literature review to interrogate the reproductive consequences of
FEPC, evaluate support for possible explanations (Table 1), highlight the
breadth of FEPC in birds lacking a penis, and underscore where future work

would be best focused to aid in our understanding of the function of FEPC.

Jackdaws are long-term monogamous, colonially breeding corvids (Cramp &
Perrins, 1994; Henderson et al., 2000; Liebers & Peter, 1998; Roell, 1978).
Pairs have one brood per year, and the female fertile period is highly
synchronous (Roell, 1978). Divorce is rare and pairs typically form in their first
year and stay together for life (Cramp & Perrins, 1994; Roell, 1978). While
cooperative extra-pair copulations have never been observed in jackdaws, in
one population 82% of monitored females experienced at least one FEPC event
during the breeding season (Gill et al., 2020). However, multiple studies,
including that which found high rates of FEPC, show no or very low rates of
extra-pair paternity (Gill et al., 2020; Henderson et al., 2000; Liebers & Peter,
1998; Turjeman et al., 2021). Rates can vary drastically between populations
though (e.g. Birkhead & Moller, 1998; Gray, 1996; Hatchwell, 1988; Westneat,
1992), highlighting the need for population-specific genetic pedigrees to be built.
We use single nucleotide polymorphism (SNP) data from double digest
restriction site-associated DNA (ddRAD), a relatively new and under-utilised
method for pedigree reconstruction (Brouwer & Griffith, 2019), to build a genetic
pedigree of our populations. We then compare this with our detailed social
pedigree, allowing us to estimate the rate of extra-pair paternity in our
populations, and thus elucidate the maximal rate at which FEPC leads to
fertilisation. Following this, we use fine-scale behavioural data to evaluate
support for each of the six hypotheses outlined above. Finally, we expand our
taxonomic focus to all species lacking penises. Although there have been
several reviews of FEPC in the past (Gladstone, 1979; Gowaty & Buschhaus,
1998; McKinney et al., 1984; McKinney & Evarts, 1998; Westneat & Stewart,
2003), the most recent was almost 20 years ago and numerous further studies
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have reported FEPC behaviour in species lacking a penis since. We therefore

collated a list of species where FEPC has been reported, in order to evaluate

the breadth of FEPC behaviour across birds lacking penises, and to identify

patterns of where FEPC occurs.

Table 1 Hypotheses for the evolution of FEPC in birds lacking intromittent organs, associated
predictions and whether the prediction is supported, refuted or unknown in jackdaws. Y = yes,
supported. N = no, not supported. U = unknown. * indicates that this is what current evidence

suggests, but more research is needed.

Hypothesis

Immediate
fertilisation

enhancement

Immediate

fertilisation

enhancement:

Relic

By-product

Creation of a

dangerous
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FEPC is adaptive

because it leads

to fertilisation

FEPC used to be

adaptive;

however, it is not

costly enough to

have been

selected out of the

population

FEPC is a by-
product of a
different,

beneficial trait

FEPC creates a
dangerous

environment for

Adaptive?

Adaptive

Non-

adaptive

Non-

adaptive

Adaptive

Directional
Predictions
FEPC results in

fertilization success

Fertilization success
from FEPC may be
absent or very low
FEPC occurs closer to
the target female's
fertile period

Males increase mate-
guarding when their
mate is fertile
Fertilization success
from FEPC may be
absent or very low
Tendency to engage in
FEPCs co-occurs with
another trait, for
example testosterone
levels

The trait with which
FEPCs co-occur
provides a fitness
advantage for males
Fertilization success
from FEPC may be

absent or very low

Supportin
Jackdaws
Unlikely due
to no to low
rates of
extra-pair
paternity

Y

Y

Y

Y

U

U
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females which
fosters male
mating advantage
via social

monogamy

Males engage in
FEPCs to claim

territory

Males engage in
FEPCs to

suppress the

Adaptive

Adaptive

Female fertility has no
effect on FEPC
behaviour

Both paired and
unpaired males attempt
copulation

Females' vulnerabilities
to male aggression
against them varies, so
that e.g. smaller
females have increased
vulnerability to male
aggression

Males direct aggressive
copulations at unmated
or unguarded females
Male mate-guarding is
not correlated with their
partner’s fertility
Fertilization success
from FEPC may be
absent or very low
Males advertise FEPC
Males who engage in
FEPC are more likely to
acquire territory
Females in more
desirable territories are
more likely to be
subject to FEPC

FEPC occurrence is not
correlated with the
target female’s fertility
Male mate-guarding is
not correlated with their
partner’s fertility
Fertilization success
from FEPC may be

absent or very low



Sperm turnover

Methods

reproductive
success of
neighbours whose
offspring would
compete for
resources with

their own

Males engage in
FEPCs to improve
sperm quality
before mating with

their partner

Adaptive

Paired neighbours are
more likely to engage in
FEPC than other males
FEPC results in fithess
costs for the pair whose
female experienced
FEPC

FEPC occurrence is not
correlated with the
target female’s fertility
Male mate-guarding is
not correlated with their
partner’s fertility
Fertilization success
from FEPC may be
absent or very low
Males engage in FEPC
more when their partner
is fertile

Engaging in FEPC
increases sperm
quality/fertilisation
success

FEPC occurrence is not
correlated with the
target female’s fertility
Male mate-guarding is
not correlated with their

partner’s fertility

Y*

N*

Ethics This study was carried out following the ASAB Guidelines for the
Treatment of Animals in Behavioural Research and Teaching (Buchanan et al.,
2012). Subjects were not captured for the purpose of this study, but had been
previously captured and ringed by Cornish Jackdaw Project team members
licensed by the British Trust for Ornithology and UK Home Office (project
licence 30/3261).
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Study sites From 2013-2019, the Cornish Jackdaw Project has collected
behavioural and life history data from three sites in Cornwall, UK (Site X
50°17'32"N; 5°11'96"W; Site Y 50°11'26"N, 5°10'51"W; Site Z 50°11'56"N,
5°10'9"W). Across these field sites, ~85 nest-boxes were monitored throughout
each breeding season, starting from when the jackdaws started building nests
in March to when the chicks fledged in June. Nest-box owners were ringed after
being caught through ladder trapping or using trapdoors at the nest-box. Non-
box-owning birds were also ladder-trapped and ringed for individual
identification. Nest-box chicks were ringed when the eldest in the clutch was 25
days old. During ringing of chicks and adults, tarsus length (an indicator of
structural size; Rising & Somers, 1989) was recorded for each individual, and
blood samples were collected by licenced members of the team and used for
molecular sexing (as described by Griffiths et al., 1998), and pedigree

reconstruction.

Pedigree analysis Blood/liver sampling For chicks that survived until 25 days
old, blood samples for DNA extraction were collected at ringing. In 2018 and
2019, nest-boxes with chicks <25 days old were monitored closely so that
deceased chicks could be collected before removal from the nest by parents.
Deceased chicks were frozen at -20°C as soon after death as possible, and

tissue samples from the liver were collected for DNA extraction.

DNA extraction DNA was extracted from blood using Thermo Scientific
GeneJET Whole Blood Genomic DNA Purification, and from liver using
QIAGEN DNeasy Blood & Tissue Kit, both following manufacturer’s protocols.
To validate sexes of social parents, and to sex offspring, we used PCR with
P2P8 primers (Griffiths et al., 1998), and assigned sex visually following gel
electrophoresis. All genetic and social sexes (i.e., sex assigned following
behavioural observation) of parents matched. Samples were quality controlled
for molecular weight and salt/protein contamination using gel electrophoresis
with a 1kb ladder and Nanodrop, respectively. Samples showing DNA
degradation or considerable salt/protein contamination were re-extracted. All

samples were standardised to 10ng/ul in 40pl.

Sample selection Samples for genomic sequencing were selected based on
fully sampled family units (i.e. broods where both social parents had also been

sampled), site (sample number was proportional to site size), and quality of
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DNA extraction (some liver samples had many bands below 1kb and high levels
of protein contamination; these samples were therefore dropped from the
sequencing pool and replaced with high quality samples from different
individuals). Five duplicate samples (from the same DNA extraction) were
included in the sequencing pool in order to estimate approximate sequencing
error rate. We also included known social half-siblings (known through re-
pairing of the social parent) so we could examine whether our final analysis had
the power to detect half-sib relationships, which is key to estimating extra-pair
paternity rates. A female with no known offspring or parents was also included,
because she had been observed for several years to associate with a pair who
were included (along with their offspring) in the sample selection. We also had
video evidence of this female laying an egg in that pair’s nest-box (see

Methods: behavioural data).

Our final sample for sequencing consisted of 188 individuals (plus five
duplicates) across two sites. 149 individuals were included from Site YZ,
comprising 113 (plus two duplicate) offspring from 47 broods and 22 sibships.
Two parent samples were also duplicates. From Site X, 43 individuals were
included, which comprised of 33 (plus one duplicate) offspring from 13 broods
and six sibships. Quality control of DNA extracted from liver samples revealed a
moderate level of degradation in many samples. Therefore, only six samples
from deceased chicks were included in the analysis; all other samples were

extracted from blood.

RadSeq library preparation Selected DNA samples were sent to Exeter
Sequencing Services for library preparation and sequencing. The ddRADseq
library preparation has been modified from Peterson et al., 2012, to enable
multiplexing using Nextera dual indexes (lllumina) together with Pstl and EcoRl
restriction digest. Nextera indexing enables demultiplexing of 192 samples
using the same pipelines as other lllumina projects. To this end, the adapter
sequences have been modified from the Illumina Nextera/amplicon protocol. 16
oligonucleotides make up eight different P1 adapters for ligation to the Pstl
overhang and 2 oligonucleotides make up a single P2 adapter for ligation to the
EcoR1 overhang. P1 adapters that ligate to the Pstl overhang have six bases
5’ to the TGCA overhang which forms an in-line barcode and ensures sufficient

complexity at the start of Read 1 for cluster identification. In ddRADseq libraries,
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multiple identical fragments resulting from the double digest cannot be
separated from those generated by PCR during indexing. Therefore, the P2
adapter has six bases (YRYRYR) added 3’ to the EcoR1 overhang which acts
as a unique molecular identifier (UMI) and enables PCR duplicates to be
removed during analysis. This UMI would be expected to have a complexity of
4096, which should be sufficient to identify PCR duplicates in the context of
ddRAD, where only a limited amount of the genome is expected to be present
each the library. Modification to the lllumina sequencing library design made for
Pstl EcoR1 RADseq is illustrated in Figure S1. Libraries were size selected
using a double SPRI bead-based method resulting in fragments between 450bp
and 800bp. Pooled libraries were 150 paired-end sequenced on the Novaseq
6000 (lllumina Corp. USA). There was high variability in read count per sample
following the first round of sequencing, so a second round was undertaken on
174/190 samples. Both rounds underwent identical library preparation and
sequencing protocols, and fastq files were therefore combined following

sequencing and before data processing.

Bioinformatic pipeline Adapters were removed and bases were filtered for a
mean Phred score of 20 from the 3’ end using fastp 0.20.1 (Chen et al., 2018).
Reads shorter than 75 base-pairs post-filtering were removed. Clone filter from
the software STACKS v2.54 (Rochette et al., 2019) was used to filter PCR
clones based on identical UMIs. Following clone filtering, UMIs were removed
using cutadapt v1.18 (Martin, 2011) and reads were run through process
radtags in STACKS. Reads were then aligned to the jackdaw reference genome
(GenBank accession JABDSK000000000; Weissensteiner et al., 2020) using
GSNAP/GMAP v2020-10-27 (Wu & Nacu, 2010) specifying a maximum of ten
mismatches (-m 10), an indel penalty (-i 2) and turning off terminal alignments
(—min-coverage = 0.95). Only reads that aligned uniquely were retained (-n 1, --

guiet-if-excessive) (Paris et al., 2017).

Following alignment, we retained samples with >1 million aligned reads. These
were run through the ref_map module of STACKS, specifying a minor allele
frequency of 0.15 (--min-maf 0.15), retaining one random SNP per read (--write-
random-snp) and retaining only SNPs present in >50% of samples (-r 0.5).
Finally, we used PLINK v1.9 (Purcell et al., 2007) to discard loci in linkage

disequilibrium. To do this, we considered all individuals without sampled parents
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as ‘founders’ for Site Y + Site Z, two sites with substantial overlap and assumed
gene flow, and Site X, a separate site with little to no observed overlap with Site
Y + Site Z. We tested for linkage disequilibrium using --indep, evaluating 50
SNP windows, five SNPs at a time with a variance inflation factor cutoff of 2
(Levine et al., 2019), and filtered out SNPs in linkage disequilbrium from our

final datasets.

Pedigree reconstruction We used Sequoia v2.1.2 (Huisman, 2017) in R v4.0.2
(R Core Team, 2017) for pedigree reconstruction. Sequoia is an R package
specifically designed for reconstructing multigenerational pedigrees using SNP
data. Unlike traditional pedigree reconstruction software such as Colony (Jones
& Wang, 2010), Sequoia does not require a candidate group of parents for each
cohort, which would be difficult to accomplish with our data given multiple
overlapping generations. Sequoia also explores a wider range of relationships
than many other pedigree reconstruction software and runs quickly relative to

alternatives (Flanagan & Jones, 2019).

Before pedigree reconstruction, SNPs and individuals were filtered to be scored
for at least 30% of individuals or SNPs, respectively. Stricter filtering is typically
recommended (Jisca Huisman, personal communication), but our SNP data
was characterised by a high degree of missingness. Initial exploration showed
that this level of filtering minimised the number of obvious assignment errors

while maximising the number of individuals included.

To reconstruct the pedigree, we first estimated the association between age
difference and relationship type with function MakeAgePrior(), using known and
estimated birth years and the social pedigree. We then used the function
sequoia(), specifying Tassign = 2 for conservative assignment of relatives,
Tfilter = -4 to prevent filtering out of true relatives, Complex = “simp” to not
explicitly consider double relationships, and UseAge = Extra. The genotyping
error rate was set to 0.09, based on an estimation from four duplicated samples

(see Results).

Following pedigree reconstruction and to further resolve relationships, we used
CalcPairLL() with a flat age prior to explore relationship log likelihoods between
all pairs of individuals (see Supplementary Materials for an extended
explanation). From CalcPairLL(), the Log Likelihood Ratio (LLR) of full-sibship
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versus unrelated (FS/U), half-sibship versus unrelated (HS/U) and parent-
offspring versus unrelated (PO/U) was calculated. LLR(FS/U) and LLR(HS/U)
for assigned full-siblings and assigned unrelated pairs were plotted against
values for known social half-siblings (where a social parent is shared through a
re-pairing event) to allow evaluation of the likelihood that individuals unassigned
to their social sibship were the product of extra-pair paternity or maternity (half-
siblings with their social sibship), or egg-dumping (unrelated to their social
sibship) (Jisca Huisman, personal communication; see Supplementary

Materials).

Behavioural data Data extraction We fitted internal cameras with
microphones inside nest-boxes during the 2014, 2015, 2018 and 2019 breeding
seasons. Cameras were set to record starting from between 6 and 11 (n =575
recordings), with a small subset set to record in the afternoon (n = 8 recordings;
13:30 - 14:30). Videos were recorded at three different stages of the breeding
season: the nest building stage, the incubation stage, and the nestling stage,
with one to three videos per pair per stage (total number of pairs = 130). The
nest-building stage was filmed when building had begun and the floor of the
nest-box with lined with material (Hahn et al., 2020); the incubation stage was
filmed 2 — 10 days post the female’s fertility window, and the nestling stage was
filmed at 4 — 10 (nestling 1) and 17 — 23 (nestling 2) days following the first egg
hatching. Note that videos were filmed for various research purposes, and in-
line with these protocols, no videos were filmed during the female’s fertile period
(5 days pre-clutch initiation to the penultimate lay date; (Birkhead & Mgller,
1993; Gill et al., 2020)).

Videos were coded by undergraduate and Master’s students, each of whom
underwent a training period. Using a standardised ethogram with capacity for
descriptive notes, video code was recorded using either Microsoft Excel (2014 -
2015) or the Behavioral Observation Research Interactive Software, BORIS
(Friard & Gamba, 2016). The collated coded data, including notes, was
searched for key terms that could potentially implicate an extra-pair intrusion
event: “intr*”, “attack™”, “copul*”, “fight”, “aggress*”, “defen*”. All videos that
contained any of these key terms in their coded data were re-watched by RH, to
verify whether an extra-pair copulation had occurred. The confirmation of an

extra-pair copulation event was based on the identity of the intruding male, or, if
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the individual was unidentifiable, on the pattern of behaviour observed relative
to known extra-pair copulation events (see Supplementary Materials and
Results). All extra-pair copulations (and associated male IDs) identified by RH

were independently checked and confirmed by GM.

For fine-sale behavioural analyses, used to test specific predictions of each
hypothesis presented in Table 1, all videos in the incubation stage that
contained extra-pair copulation, and a subset of incubation-stage videos that did
not contain extra-pair copulation, were re-coded by RH using a detailed
behavioural ethogram (Table S3).

Statistical analysis We used GLMMs to investigate (i) differences in fine-scale
behaviours between within-pair and extra-pair copulations, and (ii) fine-scale
behavioural patterns of jackdaws in relation to FEPC, in order to test predictions
of the hypotheses presented in Table 1. Statistical analyses were conducted
using gimmTMB v1.0.1 (Brooks et al., 2017) in R v4.0.2 (R Core Team, 2017).
For fine-scale behavioural models, the response variable was the number of
seconds for which the behaviour occurred. For models comparing copulation
length and copulation visit length between FEPC and within-pair copulation, no
offset was necessary; for all other behavioural models an offset of either video
duration (seconds) was used or, for models exploring time males spent with the
females, the sum of seconds the female spent in the nest-box. The most
appropriate error structure was selected based on model diagnostic plots (using
DHARMa) and lowest AIC. Nbinom2 (negative binomial with a quadratic
parameterisation) was selected for all models in Table 2 and Table 3
(behavioural models), except Table 3 model 2 which used nbinom1 (negative
binomial with a linear parameterisation). For non-behavioural correlates of
FEPC, logistic regressions with a binomial error structure and a probit link
function were used. Pair ID was included as a random effect in all models,
except for models comparing within-pair copulation and FEPC copulation length
and copulation visit length, where male ID was the random effect. Models were
validated by testing for normality of residuals, overdispersion and zero inflation
using DHARMa (Hartig, 2020). Where zero inflation occurred, a zero inflation
term was included in the model (Table 2, model 2; Table 3, model 1). Influential
points were identified as those that that were more than four times the mean

Cook’s Distance (Cook, 1979). Where full models and those with influential
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points removed are qualitatively identical, the latter are presented. Where a key
result differs between models (n = 3 models: Table 3, models 1, 2 and 3), both
are reported in the main text while the model without influential points is
reported in the associated table, with additional detail in the Supplementary
Materials. The model comparing within-pair copulation and FEPC visit lengths
did not perform well with the inclusion of extreme values (n = 4, see
Supplementary Material), so these were removed for this model (results
remained qualitatively identical). The model investigating the relationship
between female structural size and FEPC did not perform well with influential
points excluded so the full model is presented, again with further detail in the
Supplementary Materials. Note that sample size (n videos and n pairs) per
model varies because (i) some information (such as tarsus size) is missing for
some individuals, and covariates per model vary (Tables 2-4; Supplementary
Material) and (ii) a varying number of influential points (min = 0 pairs, max =5

pairs) were removed per model.

FEPCs beyond jackdaws To understand the prevalence of FEPCs in birds
lacking penises, we collated species reported to engage in FEPC from previous
reviews (Gladstone, 1979; Gowaty & Buschhaus, 1998; McKinney et al., 1984;
McKinney & Evarts, 1998), and used Google Scholar to search for additional
reports of FEPC, using the terms “bird” + “forced copulation” or “rape” or
“FEPC” or “force” + “copulation”. We excluded species with penises, and
included only species where active female resistance to attempted male
copulation has been reported. For example, species where extra-pair males are
known to chase females but attempted copulation has not actually been
observed (e.g. tree swallows Tachycineta bicolor; Venier, Dunn, Lifjeld, &
Robertson, 1993) were not included. If species were included in previous review
papers but the primary literature did not describe female resistance to male
copulation attempts, these species were not included. If the primary source
describing FEPC could not be accessed (e.g. in cases of personal
communication between review authors and researchers), then these species
were included. Given that extra-pair behaviour can differ drastically between
captive and wild populations (e.g. Griffith et al., 2010) we only included species
where FEPC has been recorded in the wild. In order to identify broad-scale

patterns in FEPC occurrence, we also collected information on species’ mating
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system, whether they are colonial breeders, the identity of the male engaging in
FEPC (e.g. if he was known to be a neighbour), and whether unforced extra-
pair copulation has also been observed.

Results

Pedigree analysis Bioinformatic pipeline Sequencing of ddRAD libraries
resulted in 1161498224 raw reads across 190 samples (two samples failed to
sequence), with 6113148.5 + 3507048 reads per sample. Following adapter
trimming and quality filtering, 87.28 + 6.93% of reads per sample were retained,
and following clone filtering, 82.56 + 5.22% of filtered reads per sample were
retained. Alignment in GMAP/GSNAP resulted in an average alignment of 66.33
+ 8.48% reads (2888614 + 1647162). 26 samples had fewer than 1 million
aligned reads and were not taken forward in the analytical pipeline. Following
SNP discovery and filtering out of SNPs in linkage disequilibrium, 901 SNPs
were retained for Site YZ and 770 SNPs were retained for Site X.

Sequencing error rate Before filtering out SNPs in linkage disequilibrium, we
calculated approximate sequencing error rate using our five duplicate samples.
One duplicate sample had an anomalously high sequencing error of 21.9%, and
this duplicate was discarded from the analysis. The other four samples showed
an error rate of 7.19%, 8.32%, 9.49% and 10.34%, giving an approximate error
rate of ~9%.

Pedigree reconstruction Site YZ: 901 SNPs and 117 individuals were loaded
into Sequoia. Following 30% missingness filters, 757 SNPs and 93 individuals
were retained (17 parents, 76 offspring, 44 broods, 19 sibships). Pedigree
reconstruction with sequoia() and inspection of pairwise relationships
(calculated from CalcPairLL(); see Supplementary Materials), both of which
were blind to the social pedigree, found that 67 of the 76 offspring clustered into
their known social sibships and were the offspring of their social parent(s),

where their social parent(s) was retained in the analysis.

The nine offspring who did not have convincing support for full sibship with their
social sibships were investigated in detail, and a full discussion of each case is

included in the Supplementary Materials. In brief, there were two likely cases of
egg-dumping (where non-resident females lay eggs in a nest-box, and the

resident male is not the father), two ambiguous cases of egg-dumping or half-
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sibship within a social sibship, and five likely cases of half-sibship within a social
sibship. Half-sibship within a social sibship can be the result of either extra-pair
maternity, where non-resident females lay an egg sired by the resident male in
his nest-box, or extra-pair paternity, where resident females lay an egg sired by
a non-resident male in the nest-box. Of the five likely cases of half-sibship we
identified, two are highly likely to be the result of extra-pair maternity through an
unusual ‘follower’ relationship, where an extra-pair female was often observed
with a nest-box-owning pair, and was recorded on video laying an egg in their
nest-box. This extra-pair female is likely to be the mother of two individuals from
this nest-box, across two different years (2017 and 2019), with the resident
male likely to be the father. This same male was also likely to have sired
another chick in his nest-box whose mother was neither the resident female nor
the known follower female, indicating that the resident male sired offspring with
a total of three females, all while maintaining his pair-bond with one partner.
One further case of likely half-sibship was identified to most likely be the result
of extra-pair paternity, although we could not rule out extra-pair maternity, while
the remaining case was unresolved (i.e. either extra-pair maternity or paternity).
Of the two ambiguous cases of egg-dumping or half-sibship, one was most
likely the result of either egg-dumping or extra-pair maternity, while the final
case was unresolved (i.e. could be the result of egg-dumping, extra-pair

maternity or extra-pair paternity).

Fertilisation as a result of FEPC would most likely be reflected as extra-pair
paternity within a social sibship. Extra-pair maternity as a result of fertilisation
through FEPC is considered highly unlikely, given that females would need to (i)
know the box and (ii) take the risk of entering the box of the male who attacked
her and fertilised her egg in order to lay that egg, and it is not immediately
obvious why all this would occur. Furthermore, across eight years of field
observations, we have not observed a nest-box-owning, breeding female enter
another pair's nest-box around the date of laying. In contrast, we have
observed a follower female laying her and the resident male’s eggs inside his
nest-box, and we therefore suggest that cases of extra-pair maternity in this
population are most likely due to unobserved cases of follower females.
Therefore, to calculate the potential rate of fertilisation through FEPC, we

considered only extra-pair paternity. Including unlikely but potential cases of
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extra-pair paternity, this population has a maximal potential rate of fertilisation
through FEPC of 3/76 (3.95%).

Site X: 770 SNPs and 38 individuals were loaded in Sequoia. Following 30%
filters, we retained all SNPs and 37 individuals (9 parents, 28 offspring, 13
broods, six sibships). We identified no cases of egg-dumping and one potential
case of half-sibship within a social sibship, which was most likely the result of
extra-pair maternity, although could potentially be a case of extra-pair paternity
instead (see Supplementary Materials). Thus, the maximal potential rate of
extra-pair paternity through FEPC is considered to be 1/28 (3.57%).

Behavioural data analysis Of 1786.37 hours of nest-box video filmed and
coded across 575 videos and 130 pairs, 87 within-pair copulations were
observed. 40.22% (n within-pair copulation = 35) of these were in the nest-
building (pre-fertile) stage (301.84 hours of video), 59.77% (n within-pair
copulation = 52) occurred during the incubation (post-fertile) stage (708.51
video hours), and none occurred in the nestling-rearing (post-fertile) stage
(776.01 video hours). In total we recorded 17 extra-pair copulation events (n =5
events at Site X, n = 8 events at Site Y, n = 4 events at Site Z). Of these, one
extra-pair copulation event was in the nest-building stage and 16 were in the
incubation stage, observed across 14 videos (two videos contained two extra-
pair copulation events). No videos in the nestling-rearing stage contained extra-

pair copulation.

For the fine-scale behavioural analysis of videos in the incubation stage, all
videos containing extra-pair copulation (n = 14 videos) and 87 randomly
selected videos were re-coded by the lead author using the fine-scale
behavioural ethogram (Table S3), equating to 290.28 hours of recording and 63
jackdaw pairs.

Intruding male ID In 13 of the 17 extra-pair copulation events, we could
establish with certainty that the intruding male was not the resident male (see
Supplementary Material). In six extra-pair copulation events, the intruder was
identifiable due to a full set of visible rings, and in one case the identity was
ambiguous (two possible identifications) due to one unclear ring. In five cases of
confident identification, the intruder was a paired adult male who owned a

neighbouring nest-box and had a partner either in the process of laying or
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incubating eggs (in two of these instances, the intruder was the same male
forcing copulation with different neighbouring females). In the sixth case of
confident identification, the male was known to be an adult but we had no
further information about him. In the case of ambiguous identification, the male
was either a paired adult neighbour or an adult male for whom we had no
further information. Four of the five males who we could confidently identify had
bred in nest-boxes the year preceding the extra-pair copulation. Two of these
males had failed to fledge any offspring despite eggs being laid, one had built a
nest with his partner but she did not lay eggs, and the final fledged two offspring
(for comparison, the average reproductive success in that year was 1.85 = 0.88
chicks per pair).

FEPC and within-pair copulation comparison 100% of extra-pair copulation
events co-occurred with female nest-box defence and/or prolonged female
aggression (pecking/kicking the head and body of the intruder, or turning
around and fighting with claws) that occurred throughout the copulation attempt
(Supplementary Video 1). We did not observe any instance of female copulation
solicitation (bending the tail upward and to the side, often accompanied by
horizontal tail shaking; Gill et al., 2020); no extra-pair copulations appeared to
be completed by the intruder (wing flapping of less than two seconds indicated
an aborted attempt; Gill et al., 2020), and none were associated with affiliative
behaviours (allopreening, contact sitting/standing, see Table S3). In two cases,
the resident male returned during the extra-pair copulation event; in one case
the intruder immediately left the nest-box and in the other a fight ensued
between the resident male and the intruder for ~22s until the intruder left

(Supplementary Video 2).

The fine-scale behavioural dataset, which included videos only from the
incubation stage of the breeding season, included 14 videos containing 16
extra-pair copulation events and 24 videos containing 32 within-pair copulations
(across 29 male visits). In contrast to extra-pair copulation, no within-pair
copulation events were preceded by nest-box defence, and 100% of within-pair
copulations were associated with male affiliation toward the female prior to
copulation. However, no copulations were solicited by the female. Only 28.13%
of within-pair copulations appeared to be completed, and 46.67% were

associated with female aggression (turning to her partner with an open beak or
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pecking at her partner’s beak/head). In contrast to extra-pair copulations,
female aggression during within-pair copulations was brief and caused the male
to cease his copulation attempt. While the length of copulation was not
significantly different between within-pair copulations and FEPCs (f =-1.38, SE
=2.51, x> =0.30, 95% CI [-6.29,3.54], P = 0.58), the length of the visit in which
the copulation occurred was significantly longer in within-pair copulations than
FEPCs (B = 1.50, SE = 0.20, 2 = 60.25, 95% CI [1.12,1.87], P = <0.0001;
Figure 1a). See Supplementary Video 3 for an example of within-pair

copulation.

Considering the female’s nest-box defence, prolonged attack behaviours, and
the lack of the intruder’s pre-copulatory routines (specifically, affiliation towards
the female), it appears that all identified extra-pair copulation events were

indeed forced (FEPC) rather than cooperative.

Resident male behaviour and FEPC (Table 2) All FEPC events occurred
when the resident male was absent from the nest-box. Females were more
likely to experience FEPC when their partners spent less time with them at the
nest-box in the period preceding the FEPC (measured as time the pair spent
together controlled for overall time the female spent at the nest-box; § =-0.92,
SE =0.31, 32 =8.81, 95% CI [-1.53,-0.31], P = 0.003; Figure 1b), relative to the
behaviour of males whose partners did not experience FEPC. Females were
also more likely to experience FEPC when their partners spent less time in
vigilance at the nest-box (B =-1.11, SE = 0.50, %2 = 4.95, 95% CI [-2.09,-0.13],
P = 0.03) in the period preceding the FEPC, relative to the behaviour of males

whose partners did not experience FEPC.

Resident female behaviour and FEPC (Table 3) With influential points
removed, females spent significantly more time in vigilance in videos where
FEPC occurred relative to videos without FEPC (B = 0.73, SE = 0.36, % = 4.03,
95% CI [0.02,1.45], P = 0.045, Figure 1c). Females spent significantly more
time in vigilance before the FEPC than after it (3 = -0.61, SE = 0.25, % = 6.99,
95% CI [-1.10,-0.12], P = 0.01), suggesting that external cues alerted them to
the possibility of danger, and that their increased vigilance did not protect them
from being attacked. Females spent significantly less time incubating in videos
with FEPC (B = -0.07, SE = 0.03, %2 = 4.61, 95% CI [-0.14,-0.01], P = 0.03).
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Table 2 Resident male behaviour and FEPC. The response variable was number of seconds engaged in the behaviour,
with an offset of video length for model 1, and female time in the nest-box in model 2. Pair ID was included as a random
effect in both models, and both used an nbinom2 error structure. A zero inflation term was included in model 2. Both

models have influential points removed; key results (FEPC in video; days since female fertile) were qualitatively
identical with their inclusion. Bold indicates significant results.

Model
n

Response n n Fixed effects B SE 7 95% ClI  95% ClI
videos pairs (lower)  (upper)
FEPC in video -1.109 0.498 4.951 -2.085 -0.132
(yes)
Time Video starting -0.407 0.098 17.141 -0.599 -0.214
resident time
male is 73 41 Male tarsus -0.231 0.112 4.226 -0.451 -0.011
vigilant Femaletarsus 0277 0.100 7.643 0081  0.473
Male's minimum 0.324 0.109 8.866 0.111 0.537
age
Year(15) -0.319 0.844 -1.973  1.335
11.953
Year(18) 0.311 0.913 -1.478  2.100
Year(19) -1.148 1.011 -3.131  0.834
Days since female -0.052 0.091 0.334 -0.230 0.125
fertile
FEPC in video -0.918 0.309 8.811 -1.525 -0.312
(yes)
Video starting -0.116 0.057 4.065 -0.228 -0.003
Time time
resident 69 40 Male tarsus -0.252 0.070 12.939 -0.389 -0.115
vn\:i?rlle 1S Femaletarsus 0220 0069 10.129 0085  0.356
Male's minimum 0.181 0.064 8.036 0.056 0.306
female age
Year(15) 0.842 0.536 -0.209 1.893
Year(18) 1.065 0.556 14.596 -0.026 2.155
Year(19) 0.094 0.617 -1.117 1.304
Days since female -0.052 0.057 0.829 -0.163 0.060

fertile

Without the removal of influential points (n = 4, n =1 and n = 4 pairs for each

model respectively; see Supplementary Materials for further details), there was

no significant difference in either vigilance model (no FEPC versus FEPC: 3 =

0.49, SE = 0.37, 2 =1.74, 95% CI [-0.24,1.21], P = 0.19; pre-FEPC versus

post-FEPC: B

-0.35, SE = 0.28, 32 = 1.52, 95% CI [-0.90,0.20], P = 0.22) or

incubation (B = -0.01, SE = 0.04, 42 = 0.02, 95% CI [-0.09,0.07], P = 0.87).

Non-behavioural predictors of FEPC The structural size of the female and her
partner were unrelated to the female’s risk of experiencing FEPC (female tarsus
size: B =-0.18, SE = 0.12, 2 = 2.09, 95% CI [-0.15, 0.06], P = 0.15; male tarsus
size: B =-0.05, SE =0.21, 2 =0.05, 95% CI [-0.45, 0.36], P = 0.83). However,

the closer to her fertile window the female was, the more likely she was to
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experience FEPC (B =-0.45, SE = 0.21, 2 = 4.56, 95% CI [-0.53, -0.04], P =
0.03, Figure 1d). It is possible that the greater risk of FEPC closer to the fertile

Table 3 Resident female behaviour and FEPC. The response variable was number of seconds engaged in the behaviour,
with an offset of video length. Pair ID was included as a random effect in model 1 and 3, while video ID was used as a
random effect in model 2. Model 1 and 3 used an nbinom2 error structure; model 2 used an nbinom1 error structure. A
zero inflation term was included in model 1. All models have influential points removed. Key results differed with their
inclusion; see Results and Supplementary Material. Bold indicates significant results.

Model Response n n Fixed B SE 7 95% ClI  95% CI P-
n videos pairs effects (lower)  (upper) value
FEPC in 0.732 0.365 4.028 0.017 1.448 0.045
video
(yes)
Video 0.028 0.075 0.144 -0.118 0.175 0.704
starting
Total time time
1 resident 73 41 Female 0.212 0.092 5.308 0.032 0.393 0.021
female is tarsus
vigilant Male -0.071 0.101 0.493 -0.268 0.127 0.482
tarsus
Female's -0.048 0.098 0.235 -0.240 0.145 0.628
minimum
age
Year(15) 0.606  0.928 -1.213 2.424
Year(18) 0.106 0.984 2.339 -1.823 2.035 0.505
Year(19) 0.125 1.065 -1.963 2.213
Days since 0.036 0.068 0.277 -0.097 0.168 0.598
female
fertile
Pre/post- -0.609 0.250 5.937 -0.119 -0.609 0.015
FEPC
Time pre- (post)
FEPC/post- Video 1971 0.746 6.986 3.433 1.971 0.008
2 FEPC 24 12 starting
resident time
female is Female's 1.022 0501 6.930 3.656 2.036 0.041
vigilant minimum
age
Year(15) 2.036 0.827 1.254 2.394 0.027 0.031
Year(18) 0.027 1.208 0.140 -0.187
Days since -0.187 0.167 4.157 2.005 1.022 0.263
female
fertile
FEPC in -0.073 0.034 4.612 -0.139 -0.006 0.032
video
(yes)
Video -0.007 0.007 0.920 -0.020 0.007 0.338
starting
Total time time
resident 69 41 Female -0.002 0.006 0.135 -0.015 0.010 0.713
3 female tarsus
incubates Male -0.019 0.007 7.378 -0.033 -0.005 0.007
tarsus
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Female's -0.004 0.008 0.211 -0.019 0.012
minimum

age

Year(15) -0.149 0.080 -0.306 0.009
Year(18) -0.083 0.085 8.530 -0.250 0.083
Year(19) -0.067 0.090 -0.244 0.110
Male-to- -0.001 0.005 0.044 -0.011 0.009
female

food-

sharing

Days since -0.005 0.006 0555 -0.017 0.008
female

fertile

window could result from changes in resident male behaviour; for instance if
males left their partner alone for longer periods. However, we found no
evidence that males changed either vigilance (B = -0.05, SE = 0.09, % = 0.33,
95% CI [-0.23, 0.13], P = 0.56; Table 2, model 1) or time with the female ( = -
0.05, SE = 0.06, x? = 0.83, 95% CI [-0.16, 0.06], P = 0.36; Table 2, model 2)

relative to number of days post-fertile.

FEPCs beyond jackdaws We identified 48 bird species lacking penises where
FEPC has been reported, nine of which were not included in previous reviews
(see Supplementary Data). These species spanned 23 families and 11 orders,
out of a total of 22 bird orders that lack penises. Laridae (gulls), Ardeidae
herons) and Corvidae (corvids) had the largest number of species recorded to
engage in FEPC (n =9, 7, 7 respectively). Of all included species, 98% of those
with known mating systems (n species = 47) are always or primarily socially
monogamous (n species = 46), while 75% (n species = 36) are always or
sometimes colonial breeders. In 20 of these 28 species, the male was recorded
in at least one instance to be a neighbour of the target female. In 19 of these
species, the male was recorded in at least one instance to be a paired
individual, while in four species the male was recorded in at least one instance
to be unpaired. Just under half of the species recorded (48%, n species = 23)

engage in unforced extra-pair copulation (i.e., where the female does not resist

or actively seeks extra-pair copulation with non-partner males) as well as FEPC.

No studies have directly investigated whether FEPC can lead to fertilisation in
species lacking penises, but there is strong evidence to suggest FEPC can lead
to fertilisation in the stitchbird (or hihi; Notiomystis cincta) (Brekke et al., 2013;

Ewen et al., 1999), and ambiguous evidence in American crows (Corvus
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Copulation visit length (s)

% video female in vigilant

brachyrhynchos) (Townsend, 2009). In contrast, the limited evidence available
indicates that FEPC does not (or rarely) results in fertilisation in jackdaws (Gill
et al., 2020), western gulls (Larus occidentalis) (Gilbert, Burke, & Krupa, 1998)
and black-legged kittiwakes (Rissa tridactyla) (Helfenstein et al., 2004).
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Figure 1a: length of visits (in seconds) in which copulation occurred for intruders (FEPC) and resident males
(within-pair copulation). Note that copulation visits of >300s (all resident males) have been removed for
visualisation purposes; b: percentage of time the resident male spends with the female, out of total female time
in the nest-box, for videos with and without FEPC; c: percentage of video in which the female engages in
vigilance across videos with and without FEPC; d: days since the female’s fertile window and whether FEPC
occurs.
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Discussion

If species lacking a penis cannot achieve fertilisation through FEPC, then why
forced copulation occurs in these species is puzzling. Generally, we do not
know whether FEPC leads to paternity, but in jackdaws it seems that it does
not, or rarely, results in siring success. Hence, explanations unrelated to siring
success are needed to explain this behaviour. We now discuss our findings in
jackdaws, the general pattern across penis-lacking birds, and identify

knowledge gaps before recommending future research directions.

Despite multiple detailed observational studies of wild jackdaw populations (Gill
et al., 2020; Henderson et al., 2000; Liebers & Peter, 1998; Roell, 1978;
Turjeman et al., 2021), females have never been seen to engage in cooperative
extra-pair copulation. Thus, the rate of extra-pair paternity is likely to reflect the
siring success of FEPC. We found that paternity through FEPC was 0-4%,
indicating that FEPC either never or rarely results in paternity. Paternity studies
of multiple wild jackdaw populations have revealed similarly low levels of extra-
pair paternity (Gill et al., 2020; Henderson et al., 2000; Liebers & Peter, 1998;
Turjeman et al., 2021), even in populations where 82% of females experienced
at least one FEPC event (Gill et al., 2020). While some previous studies did not
observe behaviours within the nest-box, several authors also report behaviours
in-line with FEPC (i.e., non-resident birds entering a nest-box with a lone female
inside: Chen, R., personal communication; Henderson et al. 2000; Liebers &
Peter, 1998). Together, these results indicate that while FEPC is not unusual in
jackdaws, achieving siring success through FEPC is rare. This suggests that
forced copulation may not be maintained via paternity benefits in jackdaws,

which is at odds with the vast majority of species (Gross, 1996).

Given that FEPC provides a low probability of paternity, why do males engage
in this behaviour? This is especially perplexing considering the potential costs of
FEPC. While costs are inherently difficult to quantify in a wild and long-lived
species, FEPC costs to males appear to be non-trivial in jackdaws. Specifically,
both we and Gill et al. (2020) observed fights between females and the male
attempting FEPC. Moreover, if the resident male returned during the FEPC,
escalated fighting occurred. Such conflict is likely to result in injury given that
pecking and kicking occurred for prolonged periods in a confined space, and

this must also involve energy expenditure. In addition to these apparent costs,
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because males engaging in FEPC only ever entered a nest-box when the
resident male was absent, they must have invested time monitoring the victim’s
nest-box (also see Gill et al. 2020). Furthermore, given that all but one of the
identifiable males were breeding neighbours whose partner was laying or
incubating eggs, these males traded time foraging for themselves and their
partner (males food-share with females while they incubate: Réell, 1978) for
time engaging in FEPC. Moreover, when seeking FEPC, males left their mates
alone at the nest-box, thus making them vulnerable to FEPC (and the
associated injury, stress and energy expenditure) while males were away.

Taken together, it seems likely males incur a cost as a result of FEPC attempts.

Of the proposed hypotheses (Table 1) explaining why FEPC occurs, the ‘relic’
hypothesis is most supported. This posits that FEPC originally delivered
paternity gain, and persists as a vestigial behaviour even though it is no longer
advantageous. Specifically, we found that FEPC is more likely to occur closer to
the female’s fertile period, independent of the resident male’s behaviour. This
suggests that intruders try to access females when they are fertile, implying that
the behaviour has evolved for paternity enhancement. Indeed, resident males
increase their mate-guarding efforts when their partner is fertile (Gill et al.,
2020), which suggests cuckoldry avoidance has evolved in males (Stockley,
1997). Furthermore, three of the four identifiable males for whom we had
breeding information in the year previous to their FEPC attempt, had failed
breeding attempts in that year. This suggests that males may once have
adopted a “best of a bad job” strategy, where they tried to increase reproductive
success by pursuing fertilisation outside of the pair-bond. Such strategies are
commonly observed in species where forced copulation leads to fertilisation
(Gross, 1996). However, it is also possible that we are still seeing a “best of a
bad job” tactic, because we cannot rule out that FEPC may sometimes, albeit
rarely, result in fertilisation. Thus, we cannot totally exclude the possibility that
the “immediate fertilisation enhancement” hypothesis explains the persistence
of FEPC in jackdaws, although we consider it unlikely. If the relic hypothesis
explains the persistence of FEPC, a question remains: if the benefit of FEPC is
low, yet it is a costly behaviour, why does it persist? One explanation for why
FEPC persists is that it is selectively neutral, i.e. the benefits are low but the
costs are also low, and it is therefore not selected against. Given the costs
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outlined above, we suggest this is unlikely. However, the field would benefit

immensely from explicit quantification of putative costs.

We did not find strong support for any other of the hypotheses. The CODE
hypothesis suggests that FEPC is adopted by males to create an ‘environment
of fear’ for females, who evolve the counter-strategy of pairing with a male
partner for protection, and in return offer access to copulation and fertilisation
(Gowaty & Buschhaus, 1998). While we found support for the prediction that
males direct FEPC attempts towards unguarded females (Gowaty &
Buschhaus, 1998), because of putative costs of escalated fighting with resident
males, it could be argued that targeting unguarded females would be expected
regardless of the ultimate causation of FEPC. We did not find support for three
other predictions of the CODE hypothesis, namely that FEPC is unrelated to the
victim female’s fertility state, that female vulnerability to male aggression
predicts where FEPC occurs (Gowaty & Buschhaus, 1998) and that male mate-
guarding is not associated with his partner’s fertility (Gill et al., 2020). On
balance, we suggest that the CODE hypothesis probably does not explain
FEPC in jackdaws. We also found no evidence that males engage in FEPC
when their own partner is fertile (in order to fertilise their partner with high
quality sperm), a key prediction of the sperm turnover hypothesis. However, this
is tentative since three of five males engaged in FEPC when their partner was
post-fertile, and two did so when their partner was fertile. Thus, further
investigation into this hypothesis is needed. Likewise, key predictions of the by-
product hypothesis (FEPC as a pleiotropic behaviour) and the territory signalling
hypothesis (males gain territory as a result of FEPC) could not be tested (see

Table 1). Further work is also necessary to investigate these ideas.

We found ambiguous support for the reproductive suppression hypothesis. This
hypothesis suggests that males target neighbouring females to decrease the
reproductive success of direct competitors. Reproductive suppression has
previously been demonstrated in birds. For example, in superb lyrebirds
(Menura novaehollandie) and white-winged choughs (Corcorax
melanorhamphos), individuals destroy nests to suppress the reproductive
success of direct competitors (Austin et al., 2019; Heinsohn, 1988). Conspecific
egg destruction may also occur in acorn woodpeckers (Melanerpes

formicivorus) and Mexican jays (Aphelocoma ultramarina) (Mumme et al., 1983;
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Trail et al., 1981) for the same reason. In this context, the reproductive
suppression hypothesis predicts that (i) females incur costs as a result of FEPC,
(i) this negatively influences their fithess outcomes, and (iii) FEPC is
undertaken by neighbouring males. Females may incur injury during conflict
with the male (Gill et al., 2020), and given that FEPC occurs both during egg-
laying and incubation (our populations; Gill et al., 2020) eggs may also be
damaged (Gill et al., 2020). We could not quantify costs of injury to females, but
we did find a behavioural cost to FEPC. Specifically, females increased
vigilance prior to the FEPC event, probably because they could hear or see an
intruding male in close vicinity to the nest-box, and decreased incubation.
Interrupted incubation may lead to a sub-optimal adjustment of hatching
synchrony to environmental conditions, which increases the likelihood of brood
failure (Lack, 1966; Parejo et al., 2015; Wang & Beissinger, 2011). Considering
up to 82% of females may experience FEPC (Gill et al. 2020), this apparently
short-term incubation disruption could have major implications for reproductive
success. However, since we only filmed each nest-box for a few hours and did
not know the distribution of FEPC across the breeding season, we could not
test whether fithess was impacted by FEPC. This should be the subject of future
work. Additionally, our data indicated that FEPC is undertaken by neighbouring
males. Of the FEPC males we could identify, four of five were paired, breeding
neighbours. Although this lends support to the reproductive suppression
hypothesis, it must be noted that males may simply be more likely to engage in
extra-pair behaviour with their neighbours due to proximity, and that this pattern
is also seen in species where unforced extra-pair copulation results in
fertilisation (Mayer & Pasinelli, 2013). Two other predictions of this hypothesis,
that FEPC is independent of the female’s fertile period, and that male mate-
guarding is not associated with female fertility, were not met (Gill et al., 2020).
In sum, this hypothesis deserves further interrogation, but it would be premature

to conclude this is occurring in jackdaws at present.

It is also possible that FEPC can result in fertilisation in specific ecological
conditions. That is, benefits and costs (to males and females) vary spatially or
temporally. For example, in resource-poor years, resident males may mate-
guard less due to increased foraging effort (Gill et al., 2020), while females may
not have the energy to resist intruding males and simply accept copulations as
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a means of cost minimization (Westneat & Stewart, 2003). Consistent with this,
despite low rates of extra-pair paternity in jackdaws (Gill et al., 2020; Henderson
et al., 2000; Liebers & Peter, 1998; Turjeman et al., 2021), rates do vary

between populations (Turjeman et al., 2021).

While we tentatively suggest the relic hypothesis is the best supported
explanation of FEPC in jackdaws, much remains unknown despite intense study
of jackdaw FEPC. FEPC in species lacking penises has generally not been well
quantified, potentially because it is considered rare (Adler, 2010; Zduniak et al.,
2016). However, we found reports of FEPC in 48 bird species from 11 orders (of
a total of 22 orders where species do not have penises). This is likely to be
vastly under-representative because in many species copulation does not occur
in the open and is therefore difficult to observe (Sheldon, 1994; Westneat &
Stewart, 2003), and our criterion for inclusion in the FEPC database was fairly
conservative. In any case, FEPC in species lacking penises can be considered

taxonomically widespread.

Despite a general lack of fine-scale quantification of FEPC behaviour across
species, we were able to elucidate some broad patterns. Most species with
FEPC tend to be socially monogamous, and the majority are always or
sometimes colonial breeders. This is consistent with previous work (Gowaty &
Buschhaus, 1998), however there is a caveat: most studies on extra-pair
matings have been conducted on colonially breeding species. Within colonial
species, it appears that neighbouring males frequently initiate FEPCs. However,
whether this pattern is due to specific targeting of neighbours, or just proximity
and ease of access, is not clear. While it might be expected that FEPC would
be more common in species where males are larger and can more easily
overpower females with lower injury risk, many species with FEPC show little
sexual size dimorphism. Indeed, it stands to reason that females would incur a
higher cost of resistance if males were much larger, and thus may instead
accept extra-pair copulation in order to minimise costs. In just under half the
species identified, unforced extra-pair copulation was also recorded. This is also
likely to be an underestimate, given that unforced extra-pair copulations are
probably less obvious to observers, so may be more easily missed than FEPC.
In species with unforced extra-pair copulation, rejected extra-pair copulation

attempts could lead to FEPC. Nevertheless, based on current knowledge, it
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seems that FEPC does also occur in a range of species where unforced extra-

pair copulation does not occur (see Supplementary Data).

Within the Corvidae family, species showed similar FEPC behaviours to
jackdaws. We found reports of FEPC in six species, in addition to jackdaws:
American crows (Corvus brachyrhynchos), carrion crows (Corvus corrone),
common ravens (Corvus corax), northwestern crows (Corvus caurinus), rooks
(Corvus frugilegus) and yellow-billed magpies (Pica nuttalli) (Birkhead, 1979;
Gill et al., 2020; Kilham, 1984; Kramer, 1932; Roskaft, 1983; Townsend et al.,
2009; Verbeek, 1972; Verbeek & Butler, 1999; Wittenberg, 1968). In four of
these species, the initiators of FEPC were known in at least some cases to be
paired, neighbouring males (Gill et al., 2020; Kramer, 1932; Roskaft, 1983;
Verbeek, 1972; Wittenberg, 1968); in all cases where the location of the FEPC
was recorded, FEPC always or mostly occurred at the female’s nest site
(Birkhead, 1979; Gill et al., 2020; Kilham, 1984; Kramer, 1932; Roskaft, 1983,;
Townsend et al., 2009; Verbeek & Butler, 1999; Wittenberg, 1968), and all
FEPC events occurred while the resident male was absent and the female was
alone (Birkhead, 1979; Gill et al., 2020; Kilham, 1984; Kramer, 1932; Roskafft,
1983; Townsend et al., 2009; Verbeek, 1972; Verbeek & Butler, 1999;
Wittenberg, 1968). Thus, FEPC behaviour appears to be somewhat conserved

within these closely related taxa.

While no studies have directly investigated whether FEPC increases siring
success in species without a penis, evidence suggests FEPCs are successful in
the stitchbird, where rates of FEPC correlate with the rate of extra-pair paternity
(Brekke et al., 2013; Ewen et al., 1999). Despite lacking a penis, this species is
unusual in that the male cloacae rotates and swells to 400% of their original
size during the breeding season, and a unique face-to-face copulatory position
is adopted during FEPC (Low et al., 2005). Together, these behavioural and
physiological adaptations are thought to aid male stitchbird fertilisation success
during FEPC (Brekke et al., 2013; Low et al., 2005). There is also some
evidence to suggest FEPC increases siring success in American crows, where
the rate of observed FEPC correlates with the rate of extra-pair paternity
(Townsend, 2009). However, this is uncertain: the authors note that unobserved
unforced extra-pair copulation may have led to extra-pair fertilisation instead
(Townsend et al., 2009). Meanwhile, data from western gulls (Larus
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occidentalis) (Gilbert et al., 1998), black-legged kittiwakes (Rissa tridactyla)
(Helfenstein et al., 2004) and jackdaws (here; Gill et al., 2020) suggest that
FEPC does not, or rarely, results in siring success. The fact that FEPC may
result in fertilisation in some species lacking penises, while it appears not to in

others, again highlights the need for in-depth study of this behaviour.

Here, we investigated forced copulations in jackdaws to evaluate seven
hypotheses as to why it occurs (Table 1). We find the rate of extra-pair paternity
through FEPC to be between 0 and 4%. This indicates either no or a low rate of
siring success through FEPC. Of the hypotheses presented, we tentatively find
the most support for the relic hypothesis, which suggests that FEPC persists
because at one time it led to siring success. Given that FEPC is likely to be
costly, this suggests that the male must receive some benefit of engaging in
FEPC. While we do not find any convincing support for the alternative
hypotheses, and thus cannot identify what these benefits may be, we urge
further study given that some key predictions could not be tested. Moreover,
while FEPC is likely to be costly, this is uncertain and must be tested in future
studies. Finally, we find that FEPC is widespread across birds lacking penises,
and that the ecology of the behaviour appears to be highly conserved within at
least one closely related group, the Corvidae family. However, very little is
known about FEPC in most species, and almost nothing about why it has
evolved and persisted. Understanding the ultimate function of FEPC is therefore
an important component of wider research into sexual behaviour. We suggest
that the framework presented here, where specific predictions of multiple
hypotheses are tested using both genetic and behavioural data, will help us

understand the ultimate underpinnings of this behaviour.
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Supplementary Material
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Figure S1 Schematic of Pstl EcoR1 ddRADseq library generation
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Pedigree reconstruction
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Figure S2 Pairwise log likelihood ratios (LLRsS) for FS (full sibling)/U (unrelated)
and HS (half-sibling)/U, per population (Site YZ and Site X).

Pedigree reconstruction was undertaken in Sequoia, implementing an
integrated approach of pedigree reconstruction using sequoia() and detailed
examination of pairwise relationship log likelihood ratios (LLRsS) using
CalcPairLL(). While an age prior, based on known ages of offspring and
estimated ages of parents, was implemented in pedigree reconstruction with
sequoia(), CalcPairLL() was run with a flat age prior (i.e. no ages were
specified). This is because we were specifically interested in verifying parent-
offspring, full-sibling and half-sibling relationships within known social family
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units using CalcPairLL(), and given our social pedigree, an age prior was not
necessary to elucidate patterns of relatedness. For example, high support for
LLR(full sibling (FS)/unrelated (U)) between social siblings indicates full sibship,
while high support for LLR(FS/U) between a social parent and its offspring
indicates a parent-offspring (PO) relationship (given the same relationship

coefficient, 0.5, between full siblings and parent-offspring).

Of 76 offspring at Site YZ, there was strong support that all but nine individuals
clustered into their social sibships and with their social parents (where social
parents were included in the analysis). Of 28 offspring at Site X, one did not
cluster into its social sibship/with its social parents. To understand whether
these individuals were the result of egg dumping or extra-pair fertilisation, we
first explored pairwise LLRs for full sibling versus unrelated (FS/U) and half-
sibling versus unrelated (HS/U) for known social half-siblings (where a parent
had re-paired). This allowed for a per-population identification of the range of
LLR(FS/U, HS/U) that known half-siblings exhibit. Figure S2a and b show
LLR(FS/U) for Site YZ and Site X, respectively, while Figure S2c and d show
LLR(HS/U) for Site YZ and Site X, respectively.

Relationships inferred from Figure S2 for individuals who were not assigned as
full siblings with individuals in their social sibship are presented in Table S1 (YZ)
and Table S2 (X). Note that although there is some overlap between the
LLR(FS/U,HS/U) distributions for known social half-siblings and the
LLR(FS/U,HS/U) distributions for full siblings, sequoia() correctly assigned
social half-siblings as not a full sibling 95.77% of the time (3 of 71 pairwise
social half-sib relationships were assigned as full siblings). In addition, the
known social half-siblings who were incorrectly assigned as full siblings showed
clear patterns of half-sibship with multiple members of their social half-sibship
(i.e. were not assigned as full siblings with them and had an LLR(FS/U, HS/U)
within the bounds of half-sibship). Thus, integrating three pieces of information:
(i) sequoia’s assignment, (ii) pairwise LLR(FS/U, HS/U) and (iii) patterns of
LLR(FS/U,HS/U) within the whole sibship, known social half-siblings could be
identified in every case. Using this methodology for all individuals in the

analysis, it is likely that all (or almost all) cases of half-sibship are identified.
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Table S1: Site YZ Log likelihood ratio (LLRs) thresholds of full sibling (FS) versus unrelated
(U) and half-sibling (HS) versus U, and the corresponding most likely relationship.

LLR VALUE RELATIONSHIP

FS/U >8 Full sibling
-8-8 Half-sibling or unrelated
<-8 Unrelated

HS/U >4 Full sibling
-4 -4 Half-sibling or unrelated
<-4 Unrelated

Table S2: Site X Log likelihood ratio (LLRs) thresholds of full sibling (FS) versus unrelated (U)
and half-sibling (HS) versus U, and the corresponding most likely relationship.

LLR VALUE RELATIONSHIP

FS/U >5 Full sibling
-20-5 Half-sibling or unrelated
<-20 Unrelated

HS/U >5 Full sibling
-8-5 Half-sibling or unrelated
<-8 Unrelated
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Site YZ

J2862: potential egg dumping
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Figure S3 Heatmaps with inset values of a full sibling/unrelated pairwise log likelihood ratios
(LLRs) for J2862's social sibship and b for its assigned sibship. ¢ and d show half-
sibling/unrelated LLRs.
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J2862 was not assigned to its social sibship, and instead was assigned to the
sibship of a neighbouring pair. While neither sibship had any sampled parents
(due to strict data filtering), we found substantial support that J2862 was
unrelated to its social sibship and full siblings with individuals in the group it was

assigned to by Sequoia (see inset LLRs and corresponding Table S1).

From our field data, we can confirm that (i) based on clutch size, lay and hatch
dates, a second (non-resident) female is likely to have laid eggs in the nest-box
J2862 is suggested to have been dumped into; however that (ii) the inferred
genetic mother is unlikely to be J2862’s actual mother because of anomalous
pigmentation patterns on this egg relative to the rest of her brood. Thus, the
combined field and genetic data do not present a clear picture, and it must be
considered that J2862 may be a mistaken identity due to a sample mix-up.
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J2700: egg dumping
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Figure S4 Heatmaps with inset values of a full sibling/unrelated pairwise log likelihood ratios
(LLRs) for J2700’s social sibship and b half-sibling/unrelated LLRs.

J2700 was not assigned to any sibship. It is very unlikely to be a full or half-
sibling with multiple social siblings, and has no strong support for full sibship
with any (see inset LLRs and corresponding Table S1). J2700’s social mother
was also included in the analysis, and J2700 is more likely to be unrelated than
her offspring (LLR(PO/U) = -5.57, where PO = parent-offspring and negative
values indicate that U is more likely than PO). Taken together, this evidence
suggests that J2700 was egg-dumped into this nest by an unsampled female.
Field data supports this conclusion.
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J3295, J2298 and J3392: extra-pair maternity
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Figure S5 Heatmaps with inset values of a full sibling/unrelated pairwise log likelihood ratios
for the social sibship and b half-sibling LLRs; ¢ shows the LLR of J754 (the ‘follower’ female)
being the genetic parent of each individual (PO = parent-offspring).

Neither of the social parents of this social sibship were retained for analysis
post-filtering; thus, relationships are inferred by patterns of sibship and
relationships with the known ‘follower’ female associated with the social

parents, J754.

J754 was observed laying an egg in the nest-box owned by the social parents,
so she was strongly suspected to be the genetic mother of at least some of this
sibship. Indeed, we found some support that J754 is J3295’s mother (2017;
LLR(PO/U) = 3.85) and J2298’s mother (2019; LLR(PO/U) = 4.61). LLR(FS/U)
and LLR(HS/U) values do not refute that J3295 and J2298 could be full siblings
(see inset LLRs and corresponding Table S1), but equally there is no strong
support. Nevertheless, the fact that every pairwise LLR with other individuals in
the sibship are within the range of half-sibship, while none show strong support
for being unrelated, suggest that J3295 and J2298 are the offspring of the social
father, J2402, and are thus half-siblings with their social siblings.
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Based on LLR(FS/U)s and LLR(HS/U)s, J3392 may also be a half-sibling of all
other individuals, including J3295 + J2298, but it is highly unlikely to be a child
of J754 (PO/U < -10). Given strong support for full sibship between J2223,
J2801 and J3222 (see inset LLRs and corresponding Table S1), these are likely
to be the offspring of the social parents. If J3392 is unrelated to J754, but a half-
sibling of everyone else, including J3295 and J2298, then they most likely share
a father in common: the social father, J2402.

It is important to note that we cannot absolutely rule out that there are cases of
egg dumping here, but given that no pairwise combination shows a strong

indication that a pair are unrelated, egg dumping is considered to be unlikely.

J1153: extra-pair paternity (or maternity)
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Figure S6 Heatmaps with inset values of full sibling/unrelated pairwise log likelihood ratios
(LLRs) for a J1153’s social sibship and b J1153’s assigned sibship, plus its social sibling’s
relationships with its assigned siblings; ¢ and d show half-sibling/unrelated LLRs.

J1153’s LLR(PO/U) with its social father shows little support that they are

parent-offspring (-2.43). Moreover, J1153 has LLR(FS/U) and LLR(HS/U)
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values that are in-line with half-sibship with every member of its social and its
assigned sibship, and no strong support for any unrelated combinations (see
inset LLRs and corresponding Table S1). Although this could be assumed to be
a case of half-sibship, where J1153 is sired by the father of its assigned sibship,
the picture becomes more complicated when assessing J1153’s social sibship’s
relationships with its assigned sibship. Indeed, it appears that there is a general
pattern of weak relatedness between the two sibships, which makes inference
more difficult. Nonetheless, the data suggest that J1153 is unlikely to be a full
sibling of its social sibship, and most likely to be a maternal half-sibling
(although we cannot rule out that it is a paternal half-sibling), while its
relationship as half-sibling with its assigned sibship remains speculative.

J2084: extra-pair maternity (or paternity)
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Figure S7 Heatmaps with inset values of a full sibling/unrelated pairwise log likelihood ratios
(LLRs) for J2084’s social sibship and b half-sibling/unrelated LLRs.

J2084 has no strong support as the offspring of its social mother, J243
(LLR(PO/U) = -4.73). However, it has strong support as full sibling with two of its
social sibship (who themselves are likely to be the offspring of J243 and full
siblings with other members of the sibship), and LLR(FS/U,HS/U) values within
the range of half-sibship, with no strong support for unrelatedness (see inset
LLRs and corresponding Table S1). Therefore, the most likely scenario is that
J2084 is a paternal half-sibling of its social sibship (the product of extra-pair

maternity), although we cannot rule out extra-pair paternity.
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J2144: egg dumping or extra-pair maternity
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Figure S8 Heatmaps with inset values of a full sibling/unrelated pairwise log likelihood ratios
ford2144’s social sibship and b half-sibling LLRs; ¢ shows the LLR of J2144 having a parent-
offspring relationship with its social parents, versus unrelated.

J265

J2144

J2144 is highly unlikely to be the offspring of J43 based on LLR(PO/U), and has
an ambiguous relationship with J265, implying egg dumping or half-sibship.
FS/U with its social siblings lend support to either of these conclusions (see
inset LLRs and corresponding Table S1), although the negative LLR(PO/U) with
both parents means egg-dumping is the most likely scenario.

J2141/32035: egg dumping or extra-pair maternity/paternity

No social siblings or parents of these two social siblings were retained in the
analysis post-filtering. These individuals have an LLR(FS/U) of -7.7 and HS/U is
-2.84, which indicates either egg dumping or half-sibship through extra-pair
maternity or extra-pair paternity.
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Site X

J2018: extra-pair maternity or paternity
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Figure S9 Heatmaps with inset values of a full sibling/unrelated pairwise log likelihood ratios for
J2018’s social sibship and b half-sibling LLRs; ¢ shows the LLR of J2144 having a parent-offspring
relationship with its social parents, versus unrelated.

J1347

J2018

J2018 has an ambiguous relationship with both social parents, and ranges that
fall into potential half-sibship with all its social offspring (see inset LLRs and
corresponding Table S2). Given moderate support for full sibship (with J1563),
where LLR(FS/U) approaches the boundary of strong confidence in full sibship,
the most likely scenario is that J2018 is half-siblings with its social siblings (full
sibling support would be unlikely if egg dumping had occurred); however, it is
unclear as to whether this is due to extra-pair maternity or paternity.
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Behavioural data analysis

Ethogram

Table S3 The behavioural ethogram used by the lead author to code fine-scale behaviours

Behaviour Type Description

ALLOPREEN Duration One individual preens another
An individual is stood or sat close enough to their partner that they

CONTACT Biration vyould not have- to- move their .bodies in order to make physical contact
(i.e. they are within a beak's distance of one another). They are not
actively engaged in any other behaviour (see SM Video 3)

CHATTER Duration A specific call often made between partners

IN Duration An individual is in the box (time together is extracted from this variable)

FS Point Food-sharing between adults. In the incubation stage this is always from
the male to the female. Coded only once per male visit to the box

PEEK Duration Individual looks out of nestbox

SELFPREEN Duration Adult preens self

LAY DiiFSEGH Individual sitting on eggs (start behaviour when the individual 'wiggles'
onto the eggs)

BEG Duration Female begs for food

CONTACT CALL Duration Individual makes a contact call

OTHER CALL Duration Individual makes an unknown or ambiguous call
One individual tries to copulate with another. Here is was noted whether
i) the female solicited copulation with pre-copulatory displays (bending

COPULATION Duration the tail upwards/to the side, horizontal tail quivering), ii) whether the

FEPC versus within-pair copulation

copulation appeared complete or aborted (wing flapping <2s) and iii) if
the copulation was associated with aggression (pecking/scratching)

In 13 of 16 cases of suspected FEPC, the male could be identified as definitely

not the resident male. This could be ascertained either through certain

identification of the intruding male using ring combinations, or because the

intruding male was unringed while the resident male was ringed (or vice versa).

In the remaining three cases, behaviour clearly indicated an FEPC event.

FEPCs were characterised by (i) female nest-box defence, (ii) no affiliative

behaviour (allopreening or contact sitting/standing) and (iii) prolonged female

attack. This was in contrast to within-pair copulations, none of which involved

nest-box defence, all of which involved affiliative behaviour and none of which

involved prolonged female aggression.

Covariate inclusion

For non-behavioural correlates of FEPC (models presented in Table 3), two
models were run to test for the effect of structural size on the probability of
FEPC because models performed poorly when both male and female structural

size were included in one model. Similarly, all potential covariates except from
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number of days since the female was fertile were removed due to model

performance issues. Both final models performed well.

In models presented in Table 2, minimum male age is used as a covariate,
while minimum female age is used as a covariate in models presented in Table
3. This is because when subsetting to data where both the female and male’s
exact ages are known, all three variables are completely or highly correlated
(female age and male age: df = 11, Pearson’s correlation coefficient=1, p <
0.0001; female age/male age and years together: df = 11, Pearson’s correlation
coefficient = 0.910, p < 0.0001). Therefore, the most biologically meaningful
variable was selected for each model (for male behaviour, male age; for female

behaviour, female age).

Because partners were of the same age in every case where exact age was
known for both individuals, where one individual in a pair had a missing age we

inputted their partner’s age as an estimate (exact age = 0 (not known)).
WPC vs FEPC copulation visit length

Copulation visit length varied greatly, from a minimum of 14 seconds to a
maximum of 2338 seconds. Only four visits, all of which by resident males (not
intruders) were >500 seconds. Models were significantly over-dispersed with
the inclusion of these four points according to DHARMa’s dispersion test. With
these points removed, the model performed well. The model presented in the

main text is therefore the model with these points excluded.
Models where full results are presented

We identified influential points (four times the mean Cook’s distance, as
described in the methods) and removed them from our models. In the majority
of cases this made no qualitative difference to results. However, models
presented in Table 3 had differing results when influential points were removed.
In Table 3, model 1 (female vigilance as a response to FEPC/no FEPC in a
video), four influential points were identified. All were females from non-FEPC
videos, three of which were in the top 5% for time spent in vigilance. Both the
full model and the model with influential points removed are presented in the

main text.
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In Table 3, model 2 (female vigilance pre- and post-FEPC), one influential point
was identified. This was a female who spent 0.03% of her time pre-FEPC in
vigilance, and 3.17% of her time post-stressor in vigilance. With this female
included, there was no significant difference in female behaviour pre- or post-
stressor. With her removal, females were significantly more vigilant pre- relative

to post-stressor.

In Table 3, model 3 (female incubation and FEPC/no FEPC in a video), four
influential points were identified. Again, all were females from non-FEPC
videos, three of which were in the bottom 5% of time spent incubating. As
before, both the full model and the model with influential points removed are

presented in the main text.

In the model exploring female structural size and FEPC, the removal of
influential points resulted in violations of model assumptions. We therefore
present the full model in the main text. Days since the female’s fertile period
was included as a covariate, and showed qualitatively identical results to those
presented for the model exploring male structural size (that females are more

likely to experience FEPC closer to their fertile period).
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CHAPTER 3: Wild jackdaws respond to their partner’s distress, but not
with consolation

Note: a version of this chapter has been published as Hooper R, Meekins E,
Mclvor G.E. and Thornton A. (2021) Wild jackdaws respond to their partner's
distress, but not with consolation. R. Soc. open sci.8210253210253.
http://doi.org/10.1098/rs0s.210253

Abstract

Individuals are expected to manage their social relationships to maximise
fitness returns. For example, reports of some mammals and birds offering
unsolicited affiliation to distressed social partners (commonly termed
‘consolation’) are argued to illustrate convergent evolution of prosocial traits
across divergent taxa. However, most studies cannot discriminate between
consolation and alternative explanations such as self-soothing. Crucially, no
study that controls for key confounds has examined consolation in the wild,
where individuals face more complex and dangerous environments than in
captivity. Controlling for common confounds, we find that male jackdaws
(Corvus monedula) respond to their mate’s stress-states, but not with
consolation. Instead, they tended to decrease affiliation and partner visit rate in
both experimental and natural contexts. This is striking because jackdaws have
long-term monogamous relationships with highly interdependent fithess
outcomes, which is precisely where theory predicts consolation should occur.
Our findings challenge common conceptions about where consolation should
evolve, and chime with concerns that current theory may be influenced by
anthropomorphic expectations of how social relationships should be managed.
To further our understanding of the evolution of such traits, we highlight the
need for our current predictive frameworks to incorporate the behavioural trade-

offs inherent to life in the wild.

Introduction

In species where social bonds differentially influence fithess outcomes,
individuals should strategically manage and maintain relationships in order to
maximise fitness returns (de Waal & Aureli, 1997; Kummer, 1978). One
proposed mechanism through which individuals do this is via prosocial
behaviour motivated by empathetic and/or sympathetic concern, such as
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consolation (Adriaense et al., 2020; Pérez-Manrique & Gomila, 2018).
Consolation is said to occur when an individual directs unsolicited affiliation
towards a distressed individual in order to alleviate their negative emotional
state (Burkett et al., 2016). It is therefore considered to be ‘other-oriented’
behaviour (sensu (Pérez-Manrique & Gomila, 2018)). To date, consolation has
been studied almost exclusively in the context of Post-Conflict Matched-Control
(PC-MC) experimental designs. In these studies, researchers measure affiliative
behaviour directed from bystanders toward individuals involved in a conflict, and
compare this to baseline levels of affiliation (Adriaense et al., 2020; de Waal &
van Roosmalen, 1979; Pérez-Manrique & Gomila, 2018). Results from these
studies suggest that consolation may occur in a range of species, including
great apes (Cordoni et al., 2006; de Waal & van Roosmalen, 1979; Palagi &
Norscia, 2013), monkeys (Call et al., 2002; Palagi et al., 2014), canids (Quervel-
Chaumette et al., 2016) and corvids (Fraser & Bugnyar, 2010a). The presence
of consolation-like behaviours in such evolutionarily disparate lineages has
been used to justify claims of convergent socio-cognitive evolution across
divergent taxa (Gunturkin & Bugnyar, 2016). However, whether these findings

truly reflect other-oriented behaviour is open to question.

Most study designs include potential confounds that hinder robust conclusions
about the occurrence of consolation. First, the putative ‘consoling individual’
typically witnesses the stressor, which in the majority of studies is a conflict
between groupmates. Given that not only being involved in (Wascher et al.,
2010), but also witnessing conflicts has been found to increase physiological
indicators of stress (Dezecache et al., 2017; Kano et al., 2016), the ‘consoler’
may simply engage in affiliation to reduce its own distress (Adriaense et al.,
2020) (‘self-soothing’). Some studies attempt to control for this by recording
behavioural proxies of distress in the ‘consoler’ (e.g. (de Waal & Aureli., 1996)),
but in the absence of physiological measurements it is not possible to entirely
eliminate the possibility of self-soothing. This confound is overcome in several
studies of rodents and companion animals by ensuring that the ‘consoler’ is
blind to the stressor (e.g. (Burkett et al., 2016; Li et al., 2019; Quervel-
Chaumette et al., 2016)); however, the role of consolation in natural (as
opposed to captive or domestic) environments remains unclear. Second,

whether affiliation is solicited by the distressed individual (for example through
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the initiation of the affiliative contact or through specific signals (de Waal &
Aureli., 1996)) is not always measured (e.g.(Burkett et al., 2016)), even though
this would rule consolation out as an explanation of the observed behaviour.
These two potential confounds represent behaviours that are proximately, and
in the first case ultimately, different to consolation. A third potential confound is
that directing affiliation toward an individual previously involved in a conflict may
function to protect the ‘consoler’ from redirected aggression (Koski & Sterck,
2009; Palagi & Cordoni, 2009; Schino & Marini, 2012), to reconcile former
opponents (Wittig & Boesch, 2010) and/or to strengthen and advertise alliances
(Das et al., 1998). Here, affiliative behaviour may appear proximately identical
to consolation but its ultimate function differs (Adriaense et al., 2020).

A further important limitation to our current understanding of consolation is that
the vast majority of studies have been performed on captive or semi free-
ranging populations. Wild individuals are subject to a more dangerous and
complex ecological landscape than their captive counterparts (Pritchard et al.,
2016), and there is growing recognition that behavioural and cognitive
phenotypes measured in captivity may not reflect those employed by animals in
the wild (Boesch, 2020; Cauchoix et al., 2020; Thornton & Lukas, 2012;
Webster & Rutz, 2020). Indeed, in the few cases where consolation has been
studied on both captive and wild populations of the same species, results are
often inconsistent (Cordoni et al., 2006; Pérez-Manrique & Gomila, 2018),
suggesting that the costs and benefits of consolation differ between contexts.
Additionally, experiments that alter resource availability in captive populations
have found that different levels of resource competition influence patterns of
post-conflict affiliation (Sima et al., 2016). Wild animals are likely to face higher
levels of resource competition, greater constraints on their activity budgets
(e.g.(Inoue & Shimada, 2020)) and thus substantially different trade-offs (for
example between investment in affiliation versus foraging) compared to their
captive counterparts. Consequently, field studies are critical to determine if
consolation plays a role in animal societies under natural conditions. To our
knowledge no studies of consolation that control for the aforementioned
confounds have been conducted on wild animals, yet only by studying

consolation in the wild can we interrogate its adaptive value and thus
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understand the ultimate reasons it has evolved (Pritchard et al., 2016; Thornton
& Lukas, 2012).

Here, we test whether wild jackdaws (Corvus monedula) exhibit consolation
towards social partners while explicitly controlling for the potential confounds of
self-soothing, solicitation and alternative conflict-related motives such as
protection from redirected aggression. Jackdaws are a highly social member of
the corvid family and form lifelong, monogamous pair-bonds where partners
have almost completely interdependent fithess (Gill et al., 2020; Roéell, 1978).
Individuals in a partnership are therefore highly valuable to each other, in terms
of the potential influence they have on one another’s fitness outcomes
(Kummer, 1978). This is therefore precisely the context in which investment in
relationship management and maintenance should occur (Kummer, 1978), and
thus where consolation would be expected (Adriaense et al., 2020; Kummer,
1978; Pérez-Manrique & Gomila, 2018). There is evidence that post-conflict
third-party affiliation occurs in captive corvids (e.g.(Fraser & Bugnyar, 2010a;
Logan, Emery, et al., 2013; Seed et al., 2007; Sima et al., 2018)), but robust
conclusions about consolation (i.e. truly other-oriented affiliative behaviour
(Pérez-Manrique & Gomila, 2018)) cannot be drawn due to the aforementioned
caveats. Our experimental design overcomes these potential caveats by (i)
ensuring that the potential ‘consoler’ was blind to the stressor, (ii) measuring
fine-scale female behaviour to rule out female solicitation, and (iii) testing our
predictions in a context where protection from redirected aggression and
reconciliation of former opponents were not relevant. To do this, we exposed
incubating females to a stressor while their partners were absent from the area
and compared behaviours of both the male and the female in the pre- and post-
stressor period. Under natural conditions, female jackdaws are occasionally
subjected to violent, forced extra-pair copulations (FEPCs) by intruders while
their partners are absent from the nest (Chapter 2; Gill et al., 2020). FEPC
attempts are likely to be highly stressful, as females almost always resist them
by defending the nest-box vigorously and attacking the intruder (see
Supplementary Materials Section 1, Chapter 2 and Gill et al., 2020), but genetic
analyses show they do not result in fertilisations (Gill et al., 2020), so do not
present a risk of lost paternity to the male partner. For our experimental

stressor, we simulated an FEPC event by exposing females alone at the nest-

68



box to a playback of an unknown male landing on the nest-box. We
supplemented this experimental data with data from naturally-occurring FEPC
events, where females were subjected to forced copulations while their partners
were absent. We predicted that (1) male jackdaws would console their stressed
partners upon their return, but that (2) investing in consolation would result in
trade-offs with other behaviours, such as vigilance, and (3) that males would
respond to subtle but detectable changes in female behaviour. See Table 1 for

a summary of predictions and whether they were supported.

Table 1 Predictions concerning consolation, behavioural trade-offs and female cues: all predictions relate to
the post-stressor period in comparison to the pre-stressor period, except from prediction 1c. Arrows indicate
the predicted direction of the effect. t indicates a result specific to the experimental dataset only. LPFP = the
Last Pre-stressor First Post-Stressor male visit; FP = First Post-stressor male visit.

Predicted Predicti
Scale Prediction [ ke

direction met?

Whole video la Male-initiated direct affiliation f N, opposite
LPFP 1b Male-initiated direct affiliation f N
é FP 1c Male-initiated direct affiliation and time since the stressor v N
‘_; Whole video 1d Male chatter 4 N
é LPFP le Male chatter 4 N
Whole video 1f Male time with female A N

LPFP 1g Male time with female o N, opposite
‘_é . Whole video 2a Male vigilance ¢ N
E E LPFP 2b Male vigilance ¢ v
% E Whole video 2c Male visit number ¢ Y
g Whole video 2d Male to female food-sharing ¢ N
@ LPFP 3a Female calling behaviour t Y
g LPFP 3b Female incubation ¢ N
E LPFP 3c Female vigilance f N
- LPFP 3d Female self-preening f N

Methods

Ethics statement The experiment received ethical approval from the University
of Exeter Bioscience Ethics Committee (eCORN001858) and followed ASAB
Guidelines for the Treatment of Animals in Behavioural Research and
Teaching56. All birds involved in this study had been previously captured and
ringed by British Trust for Ornithology and UK Home Office (project licence
30/3261) licenced researchers.
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Study population The experiment was performed during the 2019 breeding
season on 30 wild pairs of jackdaws in two study sites in Cornwall, UK (Site Y
50°11'26"N, 5°10'51"W; 14 pairs and Size Z 50°11'56"N, 5°10'9"W; 16 pairs).
All jackdaws involved in the experiment were nest-box residents with rings

allowing individual identification. Each pair was involved in one trial only.

Experimental stressor Internal CCTV cameras were placed in 30 target nest-
boxes during the nest-building stage of the breeding season. Dummy speakers
were attached externally to nest-boxes at least 14 days prior to
experimentation, to ensure habituation before they were swapped with FoxPro
Fury remote-controlled loudspeakers on the night preceding or dawn of the
experimental day. All experiments were conducted after 10 + 3 days of clutch
initiation, when the clutch was complete, the female was no longer fertile (Gill et
al., 2020; Henderson et al., 2000) and incubation had started. Targeting the pair
during incubation meant the female was almost always in the nest-box, while
the male visited frequently to provide her with food (termed ‘food sharing’). This
allowed us to expose the female to the stressor while the male was foraging,
with the knowledge that he would soon return to feed to the female.
Experimenters used either a hide or a car as cover while running the
experiment. If a hide was used, the hide was erected at least 12 hours before
the experiment so that the pair had time to adjust to its presence. No
acclimatisation period was needed when cars were used as these populations
of jackdaws are habituated to their presence.

Speakers were pre-loaded with an audio sequence that aimed to simulate the
sound of a non-partner male landing on the nest-box. We expected that this
would be a stressful event for females given that female jackdaws are known to
be subjected to forced extra-pair copulations (FEPCs) during incubation
(regardless of fertility state) by non-partner males while alone in the nest-box,
and based on video footage from our own populations and other study sites(Gill
et al., 2020), FEPCs are almost always violently resisted by females (see
Supplementary Materials Section 1). The audio sequence contained 20
seconds of jackdaw feet walking on a nest-box, followed by the contact call of
one of four males from a different and non-overlapping population. Sequences
were created in Audacity(Audacity Team, 2019). The four sequences were set

to a volume that simulated natural landing and call volumes; we did this by
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recording calls directly outside the nest-box and the sound of feet landing on the
nest-box from the interior of the box. We then adjusted the volume of the
playback so that the decibel level received inside the nest-box from the
playback matched these natural decibel levels. Sequences were assigned

randomly to each pair.

A maximum of four experiments were run per day, starting from 8:00 — 9:40 or
13:30 — 14:30. Experimenters recorded internal pre-stressor footage for 1.5
hours while observing the nest-box from the hide or car. If we noticed that the
female or male appeared hesitant to enter the nest-box in the pre-stressor
period (e.g. they repeatedly returned to the area but did not enter the nest-box,
suggesting that they may not have habituated to the presence of the hide), we
called off the experiment and re-ran it on a following day. After 1.5 hours, we
waited until the male had left the area before remotely triggering the speaker.
Following the playback, we continued internal video recording for a further 1.5

hours. We also recorded external video footage during the playback.

Natural stressor Internal CCTV cameras were used to record the incubation
stage of pairs in previous years (2014, 2015, 2018). As in our experimental
data, these videos were filmed when the clutch was complete, the female was
no longer fertile and incubation had started. In six of these videos (recorded at
6x1 days after clutch initiation, starting between 7:00 and 10:40AM) females
were subjected to FEPCs (the stressor), a pre-stressor period and a post-
stressor period had been filmed, the partner male was absent for the stressor,
and both pre- and post-stressor periods contained visits by the partner male.
There was no overlap between pairs in the experimental and natural data. This
data was processed and coded identically to experimental data.

Video coding Videos were cut into three sections: pre-stressor, stressor and
post-stressor, and cuts were then randomly labelled as cut 1, 2 or 3. The coder
was thus blind to which treatment they were coding, but the three cuts from
each video were always coded by the same coder. In one video from the natural
dataset there were two FEPC events in close succession; here, the pre-stressor
period refers to before the first FEPC, while the post-stressor period refers to
the period following the second FEPC. Experimental and natural videos were
coded in BORIS v7.4.6 (Friard & Gamba, 2016) using a detailed behavioural

ethogram (see Supplementary Materials Section 2). EM coded the behaviours
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‘IN’, ‘LAY’, ‘PEEK’ and ‘FS’ for 22 experimental videos. RH coded the full
ethogram for six experimental and six natural videos, and coded ‘CONTACT’,
‘ALLOPREEN’, ‘CHATTER’, ‘SELFPREEN’ and ‘CALL’ in all videos. These
behaviours are sometimes subtle and difficult to distinguish. RH had two years
of experience recognising and coding these behaviours, hence why they were
coded by RH only. For all behaviours coded by both RH and EM, interrater
reliability (IRR) was calculated from 92 minutes of overlapping coded data using
Cohen’s kappa with a three second time window. See Supplementary Materials
Section 2 for further details of the ethogram and IRR results (all values were

>0.8, considered to be a high strength of agreement (Landis & Koch, 1977)).

Data extraction All behaviours were measured as durations (in seconds),
except for male visit number (measured as a count) and food-sharing

(measured as a binary variable per male visit).

The affiliative behaviours measured were contact, allopreen, chatter and time
together (see Supplementary Materials Section 2 for a detailed ethogram).
Contact, allopreen and time together (analogous to proximity) are often used as
measures of affiliation in corvids (Fraser & Bugnyar, 2010a; Logan, Emery, et
al., 2013; Logan, Ostogji¢, et al., 2013). Contact and allopreen, which are non-
overlapping behaviours, were summed and treated as one measure of
affiliation, which we refer to as ‘direct affiliation’. This is because allopreen was
too sparse to model independently (n = 6 across three different pairs), but too
important to exclude from the analysis given that it is a direct and active form of
affiliation. Only male-initiated direct affiliation was included in analyses. If male-
initiated affiliation was preceded by female-initiated affiliation within a single
male visit, this behaviour was excluded from analysis. This is because female-
initiated affiliation may solicit male affiliation. However, potential female
solicitation through affiliation only occurred in one instance (an allopreening
event followed by contact). Chatter, a call that pairs often make when engaging
in other affiliative behaviours (Chapter 4), was not incorporated in the measure
of direct affiliation because (i) its affiliative function is ambiguous (e.qg. it
sometimes occurred when an individual was alone in the nest-box), and (ii) it
was sometimes difficult to ascertain whether it was male- or female-initiated.
Time together was modelled separately as a coarser-grained measure of

affiliation. Because the female was incubating eggs and thus almost always in
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the nest-box (females occupied the box for 91.21% + 5.92 of the video length),
time spent together was principally under male control and thus can be
interpreted as a male-initiated behaviour in this context.

Statistical analyses Statistical analyses were undertaken using gimmTMB
v1.0.1 (Brooks et al., 2017) in R v4.0.2 (R Core Team, 2017). All model tables

can be found in Supplementary Materials Section 3.

Sample size and subsets Of the 30 experimental pairs, three pairs were
excluded. One pair was excluded due to equipment failure, one was excluded
because the male did not enter the nest-box in the pre-stressor treatment (thus
meaning we had no control for his within-box behaviour), and one was excluded

because the male did not enter the nest-box in the post-stressor treatment.

In all successful experimental trials (n = 27), females left the nest-box upon
hearing the playback. Our experimental design was intended to test for changes
in the behaviour of males that returned to their distressed partner in the nest-
box. However, in nine of 27 cases males arrived at the nest before their partner
returned. These cases are analysed and presented separately in
Supplementary Materials Section 4. With the removal of pairs where the male
returned before the female the final full sample size for analyses presented in
the main text was 24 (18 experimental pairs and six natural pairs), except for
chatter where two experimental pairs were excluded because audio recording
failed.

Fine-scale female behaviours were coded but given that we found no
consolation these were not analysed for evidence of solicitation. Instead, we
analysed a subset of this data to understand which cues males may have been
using to inform their behavioural response. To ensure that males could only be
responding to a change in the female’s behaviour, as opposed to other cues
(e.g. olfactory cues from an FEPC event, or the cue of the female being outside
the nest-box), we analysed data only for females who had been exposed to the
experimental stressor and returned to the nest-box before their partner (n = 16).
From this subset we also removed data for four females who interacted with
their partner outside of the nest-box (see Supplementary Materials Section 5;
no affiliative behaviours were observed in these interactions), resulting in a final

sample size of 12.
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For every analysis incorporating both data types (experimental and natural), we
modelled the interaction between data type and treatment. If there was a
significant interaction, we subset the data into natural and experimental and
present both analyses. Details of all interaction models can be found in

Supplementary Materials Section 3.

Model structure and validation Response variables were the summed
duration or counts of behaviours per treatment. For durations, values were
rounded to the nearest second unless they were <0.5, in which case they were
rounded to 1 so as not to create false zeros. Fixed effects varied depending on
the model, but treatment (pre-stressor/post-stressor; or in the case of the
control data first-half/second-half) was always included, and where applicable
pair identity was included as a random effect. AIC of models with different error
structures (Poisson and Negative Binomial with linear (‘nbinom1’) and quadratic
(‘nbinom2’) parameterisations) were compared and the model with the lowest
AIC was selected. In cases where AAIC was not >2 between models with
different distributions (this was often the case with ‘nbinom1’ and ‘nbinom2’
distributions), model plots were inspected using DHARMa (Hartig, 2020) and
the best performing model based on model diagnostics was selected. All final
models showed uniformity of residuals and no significant levels of zero-inflation
or over-dispersion. Goodness of fit of final models was tested by comparing AIC
to a null model (i.e. models with no predictor variables); models with AICs that
were lower than null by =22 were considered to be better than null (Thomas,
2015). Results presented in the main text are based on models with influential
points excluded (where influential points were identified as those that were
more than four times the mean Cook’s Distance). See Supplementary Materials
Section 3 for all model details, with and without influential points. Note that the
exclusion of influential points did not qualitatively change conclusions drawn
from results, except for male visit rate at the scale of the whole video, which
was significant only after removing one influential point (see Supplementary
Materials Section 3); female chatter which was no longer significant after the
removal of one influential point (see Supplementary Materials Section 3), and
male chatter in the control data, which was significant after the removal of two
influential points (see Supplementary Materials Section 6). Diagnostic plots
indicated that some generalised mixed models did not perform well on the
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subset of data where males returned before the female (n = 9); we therefore
analysed these subsets with paired t tests or, if the assumption of normally
distributed differences between pairs did not hold, Wilcoxon matched pairs

signed rank tests (see Supplementary Materials Section 4).

Scales of analysis Direct affiliation, chatter, time together and male vigilance
were analysed at the scale of the whole video and the Last Pre-stressor First
Post-Stressor male visit (LPFP) scale. Male visit number and male food-sharing
were analysed at the scale of the whole video only. Possible female behavioural
cues (begging, chatter, self-preen, vigilance and incubation) were analysed at
the LPFP scale only. This is because if behavioural changes due to stress do
occur, they should be strongest when female stress levels were still high, i.e. in

the immediate post-stressor period.

At the scale of the whole video an offset of the time the female spent inside the
nest-box (in seconds) was included in models for behaviours that required
female presence (direct affiliation, time together, food-sharing). For behaviours
that occurred independently of female presence (male chatter, male vigilance,
male visit number), video duration was included as the offset. At the LPFP scale
we did not include an offset for models of male behaviour. This is because
males were free to spend as much time as they chose with the female during
these visits: their behaviours were constrained neither by female presence nor
video duration. For analyses of female cues, we included an offset of length of

the male’s visit.

Control data For 18 of the experimental pairs, internal CCTV footage had been
recorded in previous years (2015, 2018) and no FEPC was captured. In these
data, as in the experimental/natural data, the female was not fertile and had
completed her clutch (videos were filmed 8+3 days post clutch-initiation, starting
between 7:37 and 8:37). This data was used as a control to confirm that setting
up internal CCTV recording was not the cause of any patterns observed, and
ensure that the patterns observed were not present when no stressor occurred
(for example as an artefact of changing affiliation levels throughout the day).
Control videos were coded by several coders across different years, and coding
was completed either in BORIS or manually in Excel. RH re-coded each section
of video where the male and female were in the nest-box together. Post-coding,

data from each video were trimmed to 10800 seconds and assigned as first-half
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(up to 5400 seconds) or second-half (5400 — 10800 seconds). Where a
behaviour overlapped this split, the split was adjusted to occur after the
behaviour had finished. The differences in ‘video length’ of each split were
controlled statistically. Analyses of direct affiliation, time together, chatter,
vigilance, visit number and food-sharing were conducted on control data at the
scale of the whole video. Model details and full results can be found in
Supplementary Materials Section 6.

Results

In the natural dataset, females were trapped in the nest-box by the intruding
male and remained in the nest-box following the FEPC. In the experimental
treatment, all females responded to the stressor by immediately leaving the
nest-box (see Supplementary Video 1). They re-entered the nest-box on
average 6.55 = 4.21 minutes later and appeared hesitant upon re-entry (e.g.
spending prolonged periods of time outside the box and inspecting the interior

of the nest-box before re-entering; see Supplementary Video 2).

For males that returned to the nest-box after their partner had returned, we
found no evidence for consolation in either experimental or natural data at the
scale of the whole video (i.e. comparing the entire pre-stressor vs post-stressor
periods). Instead, in both data types, males significantly decreased direct
affiliation (contact and allopreen; see Methods, Supplementary Materials
Section 2 and Supplementary Videos 3 and 4), chatter (a call often made
between partners during affiliative contact; see Supplementary Materials
Section 2 and Supplementary Video 5) and visit rate after the stressor (Figure 1,
Table 2). There was also a non-significant tendency for males to spend less
time with the female post-stressor (Table 2), but no change in food-sharing rate
(Figure 1; Table 2) or vigilance (Table 2). The significant changes detected
were not an artefact of naturally occurring behavioural changes throughout the

day or a response to the initial video set-up, as control data (data from videos
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Figure 1 Behaviour changes across the pre- and post-stressor period, at the scale of the whole video. 1a shows
the percentage of female time in the nest-box spent in male-initiated direct affiliation; b shows the percentage of
female time in the nest-box that the male spent with the female; ¢ shows the number of food-sharing visits made
by the male, controlled for female time in the nest-box; d shows the male’s visit number, controlled for video length.
Grey ties connect the same individuals.

where no stressor occurred, see Methods) found no significant changes in
behaviour (see Supplementary Materials Section 5), except from chatter, where
control data showed a significant decrease over time after the removal of two
influential points (B = -0.62; SE = 0.19; 2 = 10.38; p = 0.001).
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We also examined behaviours at a finer scale, where data were subsetted to
the Last male visit Pre-stressor and the First male visit Post-stressor (LPFP). At
this scale, there was no significant change in male-initiated affiliation and
chatter (Table 2) and no effect of time since the stressor on direct affiliation (B =
-0.0003; SE = 0.0003; 2 = 1.49; p = 0.22). In the experimental dataset, males
spent significantly less time with the female (see Table 2), while there was no
significant change in behaviour in the natural dataset (Table 2). Thus, although
male post-stressor responses differed slightly depending on context, in neither
case did males console their partners. For males in the natural data there was
no change in vigilance at the LPFP scale, while males in the experimental data

significantly decreased vigilance in their first post-stressor visit (Table 2).

Despite not consoling their partners, males did change their behaviour post-
stressor. We therefore examined fine-scale female behaviour that might be
used by males to inform their behavioural change. To do this, we analysed a
subset of data where the male could not have responded to any other cues to
inform his behaviour, such as olfactory cues left by an intruding male in the
natural dataset (see Methods). We found a small but significant decrease in
female chatter post-stressor (all seven females who chattered in the last pre-
stressor male visit decreased chatter in the first post-stressor male visit, by an
average of -5.89% + 2.48 of male visit time; = -1.66; SE = 0.73; x> =5.26; p =
0.02). This was not robust to the removal of one influential point (p =-1.78; SE
=1.02; x2 = 3.08; p = 0.08); however, this model was better than a null model
containing no predictors (AlCnu-+ul = 4.86). We also detected a change in the
rate of calling but not the duration of female begging calls (eight of 12 females
increased while only two decreased the number of begging calls made post-
stressor; B = 1.98; SE = 0.78; y? = 6.46; p = 0.01; model better than null (AlIChu-
ful = 3.57); see Supplementary Materials Section 3 for all other female
behavioural results). These results suggest that there may be subtle alterations
in female behaviour post-stressor, and that males may attend to these to inform

their own behavioural changes.

For males who returned to the nest-box before the female, no aspect of male
behaviour showed a significant pre- versus post-stressor change (see

Supplementary Materials Section 4).
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Discussion

Corvids are thought to have comparable cognitive abilities to primates (Emery &
Clayton, 2004; Gunturkin & Bugnyar, 2016) and exhibit similar social
behaviours (e.g.(Adriaense et al., 2019; Emery, 2004; Greggor et al., 2016; Lee,
Réqli, et al., 2019; Massen et al., 2014)), including third-party affiliation (Fraser
& Bugnyar, 2010a; Logan, Emery, et al., 2013; Seed et al., 2007; Sima et al.,
2018). Furthermore, jackdaw pairs form lifelong bonds and, unlike most birds,
are almost entirely genetically monogamous (Chapter 2; Gill et al., 2020;
Henderson et al., 2000; Liebers & Peter, 1998; Turjeman et al., 2021), despite
FEPCs occurring during the breeding season (see Supplementary Materials
Section 1, Chapter 2 and Gill et al., 2020). They consequently have some of the
highest levels of fitness interdependence between mated partners within the
animal kingdom. The pair-bond thus represents the most valuable bond in
jackdaw society, in terms of fitness consequences (Kummer, 1978). Following
arguments in the field that individuals should actively manage and maintain
valuable relationships (de Waal & Aureli, 1997; Kummer, 1978), we predicted
that jackdaws would show consolation toward their distressed partner, as a
mechanism through which to maintain their valuable bond (Adriaense et al.,
2020; de Waal & Aureli, 1997; Kummer, 1978; Pérez-Manrique & Gomila,
2018). However, when controlling for the potential confounds introduced by
previous studies, we found no evidence that wild jackdaws console their

distressed partners in either an experimental or natural context.

After their partner had experienced a stressor, male jackdaws generally
responded by decreasing affiliation towards their partner and reducing visit
rates. We suggest that rather than consoling their partners, males may instead
have responded to female distress with a form of self-protection. Given that the
stressor was unknown to the male, decreased visit rate may be a generalised
response to a potential threat within a confined space (the nest-box); for
example, the threat of escalated conflict with an intruding male (Gill et al.,
2020). Males, who do not incubate the eggs but must feed the incubating
female so that she does not leave the eggs (Rdell, 1978), may be able to
decrease visits to the nest-box during the incubation stage without directly

influencing fithess consequences, as long as they maintain food-sharing rates.
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Our results therefore suggest that males may have responded to post-stressor
cues by strategically adjusting their behaviour so as to minimise their own
exposure to a potential threat while maintaining behaviours that have a direct
impact on reproductive fitness (food-sharing). An alternative explanation is that
males decreased visits and affiliation with the female in order to invest in
increased mate-guarding outside of the nest-box; however, we did not observe
any behaviours to suggest this was the case (see Supplementary Materials
Section 5).

Our results indicate that despite not consoling them, males do attend to subtle
behavioural cues from their partner and use these to inform their behaviour. For
example, males may have used subtle changes in female calling behaviour,
such as decreased chattering or increased frequency of begging, as cues for
behavioural change. However, the directionality of this result is unclear, and
female behaviour may instead have changed in response to male behaviour.
Other subtle cues that we did not measure, such as breathing rate(Carere &
Van Oers, 2004), may also have been detected by the male. It is possible that
male responses may have been mediated through emotional contagion
(emotional state-matching between individuals (de Waal & Preston, 2017)),
which is sometimes argued to be a form of empathy (de Waal & Preston, 2017);
however, our current data do not allow us to address this. In future, the use of
non-invasive methods to quantify physiological stress-states (e.g.(lkkatai &
Watanabe, 2015; Jerem et al., 2018)) may allow researchers to determine
whether the stress responses of individuals mirror those of social partners that

have experienced a stressor.

There are three potential explanations for the absence of consolation in this
study. The first is that jackdaws do not engage in consolation. We found a
significant and similar change in male behaviour following the female’s
exposure to both a severe natural stressor, where the female was engaged in
direct, violent conflict with another individual, and an experimental stressor,
where the female left the nest-box immediately after the stressor and showed
hesitancy upon return. This implies that both stressors elicited a similar
response in females. Nevertheless, although males did alter their behaviour
toward their partners post-stressor, we found no evidence to support the

occurrence of consolation. This is at odds with previous studies on captive
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corvids, where consolation-like behaviours have been observed in post-conflict
contexts (e.g.(Fraser & Bugnyar, 2010a; Logan, Emery, et al., 2013)). The
absence of consolation in our study, where key confounds are controlled,
therefore raises the possibility that the consolatory behaviours observed in
captive populations may differ, in terms of their proximate underpinnings, or
ultimate function, from true consolatory behaviour. To rule out alternative
explanations of consolation, future work would benefit from explicitly addressing
potential confounds and measuring the physiological stress state of study
subjects. Until we can rule out alternative explanations and build a more robust
understanding of the taxonomic distribution of consolation, claims of convergent
socio-cognitive evolution (Gunturkin & Bugnyar, 2016) must be interpreted with
caution. Given that the jackdaw pair-bond is arguably one of the most ‘high
value’ (Kummer, 1978) relationships in the animal kingdom, the apparent
absence of consolation seems to contradict theoretical predictions. Our results
therefore raise fundamental questions as to whether predictions about where
we should expect non-human sympathetic and empathetic concern to occur are
unduly influenced by an anthropomorphic view of how animals should manage
social relationships (Barrett, 2017). More broadly, our results chime with
concerns that our current predictions in the field of animal sociality and
cognition may be inappropriately influenced by anthropomorphic perspectives
(Barrett, 2017; Heyes, 2012; Penn, 2011; Shettleworth, 2010a).

A second potential explanation of our results is that although consolation was
not detected at the population-level, it may occur in some jackdaws but be
highly inter-individually variable (Boogert et al., 2018; Thornton & Lukas, 2012).
Jackdaws have been found to show substantial inter-individual variability in
socio-cognitive behaviour (Lee, Mclvor, et al., 2019), and it is possible that
although the majority of males do not offer consolation to their distressed
partner, a minority do. To further interrogate this hypothesis, an experimental
design with repeated measures of individual responses to partner distress
would be necessary (Boogert et al., 2018). Although future work in the study of
consolation may benefit from such an experimental design, the value of
understanding consolation beyond the population-level must be carefully

weighed with welfare costs of repeated stressor exposure.
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A final, non-mutually exclusive, explanation of our results is that jackdaws do
not console in this specific context. We found that at the population-level and in
an ecologically relevant setting, male jackdaws do not console their stressed
partner and that this was consistent across both experimental and natural
datasets. Nevertheless, we cannot eliminate the possibility that males may
console their partners in other contexts. Indeed, in the few experimental cases
where males returned to the nest-box before rather than after the female
returned, males appeared to show a different pattern of behaviour (see
Supplementary Materials Section 4). While these cases still provided no
evidence for consolation, they demonstrate that even subtle differences in
context can have detectable effects. Thus, in addition to more robust
methodologies, we suggest that the field would benefit from testing for
consolation across multiple ecologically relevant contexts within the same study
species. Given that different contexts generate distinct trade-offs at an
individual level, to understand a behaviour’s ultimate function we require theory
that incorporates the context-specific costs and benefits incurred by the
individual performing the behaviour (Mcauliffe & Thornton, 2015; McNamara,
2013). For example, in the context of this study, for males who detect stress in
their partner without knowing the source of the stressor, the fitness costs of
staying in a potentially dangerous location to console the female may outweigh
any benefits gained through offering consolation. Formal theoretical approaches
that evaluate the adaptive value of responding to another individual’'s state while
incorporating ecologically relevant trade-offs would form the basis for a more
robust predictive framework than verbal arguments alone (McNamara & Leimar,
2020; Smaldino, 2020), and we suggest such models would be invaluable in
furthering the field. Together, implementing robust methodologies that explicitly
control for common confounds and formalising our predictions as to where and
when consolation should be ultimately advantageous will allow for a deeper

understanding of non-human sympathy and empathy.
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Supplementary Material

SECTION 1: Forced extra-pair copulations (FEPCs) in jackdaws
SECTION 2: Behavioural ethogram

SECTION 3: Main text model details

SECTION 4: Analysis of cases where male returns before the female
SECTION 5: External data

SECTION 6: Analysis of control data

SECTION 1: Forced extra-pair copulations (FEPCs) in jackdaws

FEPCs are unsolicited copulations that are actively resisted by females. Internal
nest-box video footage has revealed that FEPCs occur in jackdaw populations,
both in our three study populations in Cornwall, UK (Chapter 2) and in a study
population in Bavaria, Germany (Gill et al., 2020). FEPCs occur when the
female is alone at the nest-box in both the fertile and post-fertile phase of the
breeding season. However, jackdaws are almost entirely genetically
monogamous (Chapter 2; Gill et al., 2020; Henderson et al., 2000; Liebers &
Peter, 1998; Turjeman et al., 2021). In all populations, the majority of females
responded to an intruding male with active resistance through nest-box defense
(rushing to the nest-box entrance at the sound of a possible intruder) and direct
attack (pecking and kicking). For example, in 97% of FEPC intrusions in the
Bavarian population (n = 73), females defended the nest-box against the
intruder, and in the two cases where this did not occur the female was either
sleeping or had her back to the entrance when the intruder approached the box
(Gill et al., 2020). In the Cornish populations, females engaged in nest-box
defense and/or direct attack of the intruding male in every case (Chapter 2).
FEPCs and the associated conflict may lead to injury or mortality of eggs/chicks
and/or the female (Chapter 2; Gill et al., 2020). FEPCs are therefore highly
likely to induce stress in female jackdaws.
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SECTION 2: Behavioural ethogram

Table S1 The behavioural ethogram used in BORIS v7.4.6 to code video data. IRR is Inter-Rater Reliability
calculated using Cohen’s Kappa with a 3 second time window. Both coders were blind to treatment (pre- or post-
stressor

Behaviour Type Description Coder IRR
ALLOPREEN Duration One individual preens another (see SM Video 4) RH NA
An individual is stood or sat close enough to their partner that
they would not have to move their bodies in order to make
CONTACT Duration physical contact (i.e. they are within a beak's distance of one RH NA
another). They are not actively engaged in any other behaviour
(see SM Video 3)

CHATTER Duration A specific call often made between partners (see SM Video 5) RH NA
. An individual is in the box (time together is extracted from this
IN Duration . EM/RH 0.99
variable)
Food-sharing between adults. In the incubation stage this is
FS Point always from the male to the female. Coded only once per male EM/RH 1
visit to the box
PEEK Duration Individual looks out of nestbox EM/RH 0.86
SELFPREEN Duration Adult preens self RH NA
] Individual sitting on eggs (start behaviour when the individual
LAY Duration - : EM/RH 0.99
wiggles' onto the eggs)
BEG Duration Female begs for food RH NA
CONTACT CALL Duration Individual makes a contact call RH NA
OTHER CALL Duration Individual makes an unknown or ambiguous call RH NA
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SECTION 3: Main text model details

Presented here are the full details of each model presented in the main text. For
each model, an interaction between data type (experimental and natural) and
treatment was investigated first. If this was significant (a < 0.05), the data was
split into experimental and natural for further analysis. If it was non-significant,
data were analysed together. For each model, the error structure with the
lowest AIC of “Poisson”, “nbinom1” (negative binomial with a linear
parameterisation) and “nbinom2” (negative binomial with a quadratic
parameterisation), were selected. These three error structures were
investigated because the response variable is a count (number of seconds for
which the behavior occurred) in a given time period (video duration/length of
time female in box; included as an offset). The models presented here are the
final i) interaction and ii) main effects model (with and without influential points)
per prediction. Where models with influential points are not presented, no
influential points were identified in the main effects model. No models were
overdispersed or zero-inflated. Note: ‘n.obs’ in the model tables is the number
of observations, but this should be halved to obtain the true sample size as
there were two observations per pair (one pre-stressor, one post-stressor) for all

models except those in 1c.

Prediction 1a: There will be an increase in male-initiated direct affiliation

post-stressor (whole video)

Interaction model

modell <- gimmTMB(DIRECT_AFFILIATION_DURATION ~
TREATMENT*DATA_TYPE +
VIDEO_STARTS + offset(log(F_IN_DUR)) # F_IN_DUR = duration female is in the box
+ (1|PAIR), family = nbinom1, data = whole_video_male_last)

Estimate (significance) Standard Error
Intercept (mean) -4.368 ** (1.451)
Treatment (post- -0.821 * (0.324)
stressor)
Data type (natural) -0.170 (0.679)
Video starts -0.115 (0.146)
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Treatment (post- -0.479 (0.670)
stressor) * Data type
(natural)

n.obs 48

***p<0.001; **p <0.01; * p <0.05.

Main effects model

model4 <- gimmTMB(DIRECT_AFFILIATION_DURATION ~
TREATMENT + DATA TYPE +
VIDEO_STARTS + offset(log(F_IN_DUR) + (1| PAIR), family = nbinom1, data =
whole_video_male_last)

Full model
Estimate (significance) Standard Error
Intercept (mean) -4.322 ** (1.397)
Treatment (post- -0.880 ** (0.330)
stressor)
Data type (natural) -0.345 (0.621)
Video starts -0.112 (0.141)
n.obs 48

*** 1 <0.001; * p <0.01; * p <0.05.

Influential points removed

Estimate (significance) Standard Error
Intercept (mean) -4.669 *** (1.273)
Treatment (post- -0.818 ** (0.311)
stressor)
Data type (natural) -1.043 (0.653)
Video starts -0.078 (0.127)
n.obs 46

k) < 0.001; ** p < 0.01; * p < 0.05.

87



Prediction 1b: There will be an increase in male-initiated direct affiliation

post-stressor (LPFP)

Interaction model

model11 <- gImmTMB(DIRECT AFFILIATION DURATION ~
TREATMENT*DATA_TYPE + VIDEO_STARTS + (1|PAIR),

Estimate (significance) Standard Error

Intercept (mean) 1.487 (1.502)
Treatment (post- -0.758 (0.534)
stressor)

Data type (natural) -0.534 (0.892)
Video starts 0.090 (0.139)
Treatment (post- -0.188 (1.337)
stressor) * Data type

(natural)

n.obs 48

0k < 0.001; ** p < 0.01; * p < 0.05.

Main effects model

modell4 <- gimmTMB(DIRECT_AFFILIATION_DURATION ~
TREATMENT + DATA_TYPE + VIDEO_STARTS + (1|PAIR),
family = nbinom1, data = LPFP_after)

Full model
Estimate (significance) Standard Error
Intercept (mean) 1.504 (1.496)
Treatment (post- -0.788 (0.492)
stressor)
Data type (natural) -0.601 (0.763)
Video starts 0.089 (0.139)
n.obs 48

*** 1 <0.001; * p <0.01; * p <0.05.

Influential points removed
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Estimate (significance) Standard Error

Intercept (mean) 0.459 (1.654)
Treatment -0.656 (0.484)
(post-stressor)

Data type (natural) -0.525 (0.816)
Video starts 0.124 (0.153)
n.obs 46

***p<0.001; *p <0.01; *p <0.05.

Prediction 1c: Male-initiated direct affiliation will negatively correlate with

time since the stressor occurred (FP)

Interaction model

modell7 <- gimmTMB(DIRECT AFFILIATION DURATION ~
TOGETHER LATENCY_POST_ PLAYBACK*DATA_TYPE +
VIDEO STARTS,
data = LPFP_post_after,family = nbinom1)

Estimate (significance) Standard Error

Intercept (mean) -1.369 (1.927)
Time until pair -0.0004 (0.0003)
reunite

Data type (natural) 1.035 (1.592)
Video starts 0.309 (0.193)
Time until pair -0.008 (0.008)
reunite*Data type

(natural)

n.obs 24

*** 1 <0.001; * p <0.01; * p <0.05.

Main effects model

model22 <- gimmTMB(DIRECT_AFFILIATION_DURATION ~
TOGETHER_LATENCY_POST_PLAYBACK + DATA_TYPE +
VIDEO_STARTS,
data = LPFP_post_after,family = nbinom1)
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Estimate (significance) Standard Error

Intercept (mean) -1.134 (1.885)
Timg until pair -0.0004 (0.0003)
reunite

Video starts 0.290 (0.189)
Data type (natural) -0.716 (1.171)
n.obs 24

***p<0.001; *p <0.01; *p <0.05.

Prediction 1d: There will be an increase in male chatter post-stressor

(whole video)

Note: chatter at the scale of the whole video is not necessarily male-initiated, as
it is was often difficultto ascertain whether the male or the female initiated a

chatter bout.
Interaction model

model23 <- gImmTMB(MALE_CHATTER_DURATION ~ TREATMENT*DATA_TYPE +

VIDEO S
TARTS + (1|PAIR)+ offset(log(VIDEO_DURATION)), data = whole_video_Nona_last, family =

Estimate (significance) Standard Error
Intercept (mean) -5.493 ** (2.077)
Treatment (post- -0.842 (0.614)
stressor)
Video starts -0.194 (0.220)
Data type (natural) 0.806 (0.796)
Treatment (post- -0.413 (0.980)
stressor)*Data
type (natural)
n.obs 44

1 < 0.001; ** p < 0.01; * p < 0.05.

Main effects model

model26 <- gImmTMB(MALE_CHATTER_DURATION ~ TREATMENT +
VIDEO_STARTS + DAT

A _TYPE + (1|PAIR) + offset(log(VIDEO_DURATION)), data = whole_video Nona_last,
family = nbi

nom1l)
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Full model

Estimate (significance) Standard Error
Intercept (mean) -5.411 ** (2.079)
Treatment (post- -1.007 * (0.482)
stressor)
Video starts -0.199 (0.221)
Data type (natural) 0.675 (0.743)
n.obs 44

***p<0.001; *p <0.01; *p <0.05.

Influential points removed

Estimate (significance) Standard Error
Intercept (mean) 3.320 (2.250)
Treatment (post- -1.319 ** (0.506)
stressor)
Video starts -0.213 (0.235)
Data type (natural) 0.480 (0.821)
n.obs 42

0k < 0.001; ** p < 0.01; * p < 0.05.

Prediction le: There will be an increase in male chatter post-stressor
(LPFP)

Note: chatter at this scale was analysed at a finer scale than at the whole video.
The body movements of the individuals were scrutinized to try and ascertain
which individual initiated a chatter bout. There were only 5 instances of male-

initiated chatter, all in the pre-stressor period.

Prediction 1f: There will be an increase in time the male spends with the

female post-stressor (whole video)
Interaction model

model33 <- gimmTMB(TIME_TOGETHER ~ TREATMENT*DATA_TYPE + VIDEO_STARTS +
offset(log(F_IN_DUR)) + (1| PAIR), family = nbinom2, data = whole_video_male_last)
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Estimate (significance)

Standard Error

(0.692)
(0.259)

(0.397)
(0.067)
(0.516)

Intercept (mean) -1.053
Treatment (post- -0.431
stressor)

Data type (natural) 0.553
Video starts -0.212 **
Treatment (post- 0.077
stressor) * Data type

(natural)

n.obs 48

** 1 < 0.001; ** p < 0.01; * p < 0.05.

Main effects model

model36 <- glmmTMB(TIME_TOGETHER ~ TREATMENT + DATA_TYPE + VIDEO_STARTS +
offset(log(F_IN_DUR)) + (1| PAIR), family = nbinom2, data = whole_video_male_last)

Full model
Estimate (significance) Standard Error

Intercept (mean) -1.063 (0.689)
Treatment (post- -0.412 (0.225)
stressor)

Data type (natural) 0.591 (0.305)
Video starts -0.212 ** (0.067)
n.obs 48

0k < 0.001; ** p < 0.01; * p < 0.05.

Influential points removed

Estimate (significance)

Standard Error

(0.614)
(0.229)

(0.294)
(0.061)

Intercept (mean) -1.100
Treatment (post- -0.434
stressor)

Data type (natural) 0.310
Video starts -0.206 ***
nobs 46

*** 1 <0.001; * p <0.01; * p <0.05.
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Prediction 1g: There will be an increase in time the male spends with the

female post-stressor (LPFP)

Interaction model

model38 <- almmTMB(TIME. TOGETHER ~ TREATMENT*DATA TYPE +
VIDEO_STARTS + (1|PAIR), family = nbinom2, data = LPFP_after)

Estimate (significance)

Standard Error

(0.921)
(0.325)

(0.089)
(0.613)

Intercept (mean) 5.994 *x*
Treatment (post- -1.1471 ***
stressor)

Video starts -0.160
Treatment (post- 1.597 **
stressor)*Data type

(natural)

n.obs 48

0k < 0.001; ** p < 0.01; * p < 0.05.

Main effects model: natural data

# natural

model41 <- gimmTMB(TIME_TOGETHER ~ TREATMENT + VIDEO_STARTS + (1| PAIR), family =

nbinom2, data = LPFP_after_nat)

Estimate (significance)

Standard Error

(1.970)
(0.324)

(0.236)

Intercept (mean) 6.291 **
Treatment (post- 0.537
stressor)

Video starts -0.353
n.obs 12

*** 1 <0.001; * p <0.01; * p <0.05.

Influential points removed

Estimate (significance)

Standard Error

Intercept (mean) 4,722 ***
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Treatment (post- 0.537 (0.317)

stressor)
Video starts -0.202 (0.126)
n.obs 10

***p<0.001; *p <0.01; *p <0.05.

Main effects model: experimental data
# experimental

model44 <- gImmTMB(TIME_TOGETHER ~ TREATMENT + VIDEO_STARTS + (1|PAIR), family =
nbinom2, data = LPFP_after_exp)

Full model
Estimate (significance) Standard Error
Intercept (mean) 5.850 *** (1.000)
Treatment (post- -1.163 *** (0.348)
stressor)
Video starts -0.141 (0.097)
n.obs 36

***p <0.001; *p<0.01; *p <0.05.

Influential points removed

Estimate (significance) Standard Error
Intercept (mean) 5.059 *** (0.729)
Treatment (post- -1.101 *** (0.285)
stressor)
Video starts -0.088 (0.070)
n.obs 34

*** 1 <0.001; * p <0.01; * p <0.05.

Prediction 2a: There will be a decrease in male vigilance post-stressor
(whole video)

Interaction model

model47 <- gimmTMB(MALE_PEEK_DURATION ~ TREATMENT*DATA_TYPE + VIDEO_STARTS +
offset(log(VIDEO_DURATION))



Estimate (significance) Standard Error

Intercept (mean) -2.057 (1.148)
Treatment (post-stressor) -0.612 (0.331)
Data type (natural) 1.143 (0.614)
Video starts -0.278 * (0.116)
Treatment (post-stressor) 0.263 (0.646)

* Data type (natural)

n.obs 48

0k ) < 0.001; ** p < 0.01; * p < 0.05.

Main effects model

model50 <- gimmTMB(MALE_PEEK_DURATION ~ TREATMENT + DATA_TYPE + VIDEO_STAR
TS + (1/VIDEO_DURATION), family = nbinom2, data = whole_video_male_last)

Full model
Estimate (significance) Standard Error
Intercept (mean) -2.077 (1.146)
Treatment (post- -0.544 (0.288)
stressor)
Data type (natural) 1.276 * (0.525)
Video starts -0.279 * (0.116)
n.obs 48

*** 1 <0.001; * p <0.01; * p <0.05.

Prediction 2b: There will be a decrease in male vigilance post-stressor
(LPFP)

Interaction model

model56 <- gImmTMB(MALE_PEEK DURATION ~ TREATMENT*DATA_TYPE + VIDEO_STAR
TS + (1|PAIR), family = nbinom2, data = LPFP_after)

95



Estimate (significance) Standard Error

Intercept (mean) 6.530 *** (1.480)
Treatment (post- -1.350 ** (0.511)
stressor)

Data type (natural) -0.791 (0.776)
Video starts -0.369 * (0.145)
Treatment (post- 2.157 * (0.919)
stressor) * Data type

(natural)

n.obs 48

0k ) < 0.001; ** p < 0.01; * p < 0.05.

Main effects model: natural data

model59 <- gimmTMB(MALE_PEEK_DURATION ~ TREATMENT +
VIDEO_STARTS + (1|PAIR), family = nbinom2, data = LPFP_after_nat)

Full model

Estimate (significance) Standard Error
Intercept (mean) 7.770 ** (2.892)
Treatment (post- 0.932 (0.676)
stressor)
Video starts -0.629 (0.353)
n.obs 12

*** 1 <0.001; * p <0.01; * p <0.05.

Main effects model: experimental data

# experimental
model62 <- gimmTMB(MALE_PEEK_DURATION -~
TREATMENT + VIDEO_STARTS + (1|PAIR), family = nbinom2, data = LPFP_after_exp)

Full model
Estimate (significance) Standard Error
Intercept (mean) 6.269 *** (1.650)
Treatment (post- -1.382 * (0.553)
stressor)
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Video starts -0.337 * (0.161)

n.obs 36

***p<0.001; *p <0.01; *p <0.05.

Influential points removed

Estimate (significance) Standard Error
Intercept (mean) 5.219 *** (1.455)
Treatment (post- -0.899 * (0.454)
stressor)
Video starts -0.274 * (0.138)
n.obs 34

0k < 0.001; ** p < 0.01; * p < 0.05.

Prediction 2c: There will be a decrease in visit number post-stressor
(whole video)

Interaction model

Estimate (significance) Standard Error
Intercept (mean) -5.849Q *** (0.433)
Treatment (post- -0.135 (0.155)
stressor)
Data type (natural) 0.219 (0.199)
Video starts -0.124 ** (0.045)
Treatment (post- -0.257 (0.293)
stressor) * Data type
(natural)
n.obs 48

*** 1 <0.001; ** p <0.01; * p <0.05.

Main effects model
model68 <- gImmTMB(M_IN ~ TREATMENT + DATA_TYPE +
offset(log(VIDEO_DURATION))
+ (1|PAIR), family = poisson, data = whole_video_male_last)

Full model

97



Estimate (significance) Standard Error

Intercept (mean) -5.811*** (0.430)
Treatment (post- -0.208 (0.131)
stressor)

Data type (natural) 0.109 (0.157)
Video starts -0.125 ** (0.045)
n.obs 48

*** 1 < 0.001; ** p < 0.01; * p < 0.05.

Influential points removed

Estimate (significance) Standard Error
Intercept (mean) -5.938 *** (0.436)
Treatment (post- -0.270 * (0.137)
stressor)
Data type (natural) 0.177 (0.160)
Video starts -0.114 * (0.045)
n.obs 46

0k < 0.001; ** p < 0.01; * p < 0.05.

Prediction 2d: There will be a decrease in male food-sharing post-stressor
(whole video)

model74 <- glmmTMB(M_FS ~ TREATMENT*DATA_TYPE + VIDEO_STARTS + offset(log(F_IN_DUR)) +
(1| PAIR), family = poisson, data = whole_video_male_last)

Interaction model

Estimate (significance) Standard Error
Intercept (mean) -7.072 *** (0.505)
Treatment (post- -0.002 (0.201)
stressor)
Data type (natural) 0.349 (0.256)
Video starts -0.047 (0.051)
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Treatment (post- -0.228 (0.365)
stressor)*Data type
(natural)

n.obs 48

***p<0.001; **p <0.01; *p <0.05.

Main effects model

model74 <- gimmTMB(M_FS ~ TREATMENT + DATA TYPE + + VIDEO_STARTS +
offset(log(F_IN_DUR)) + (1|PAIR), family = poisson, data = whole_video_male_last)

Full model
Estimate (significance) Standard Error

Intercept (mean) -7.034 *** (0.501)
Treatment (post- -0.072 (0.168)
stressor)

Data type (natural) 0.244 (0.197)
Video starts -0.048 (0.051)
n.obs 48

***p <0.001; * p<0.01; *p <0.05.

Influential points model

Estimate (significance) Standard Error
Intercept (mean) -7.520 *** (0.528)
Treatment (post- -0.080 (0.184)
stressor)
Data type (natural) 0.455 * (0.210)
Video starts -0.014 (0.052)
n.obs 48

% < 0.001; ** p < 0.01; * p < 0.05.

Prediction 3a: Females will change calling behaviour post-stressor (LPFP)

Begging: Duration
model90 <- glmmTMB(BEG_F ~ TREATMENT + VIDEO_STARTS + offset(log(TIME_TOG)) + (1| PAIR),
data = calls_after_exp, family = nbinom2)
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Full model

Estimate (significance) Standard Error
Intercept (mean) -3.047 (2.056)
Treatment (post- 1.294 (0.836)
stressor)
Video starts 0.082 (0.193)
n.obs 24

** 1 < 0.001; ** p < 0.01; * p < 0.05.

Influential points removed

Estimate (significance) Standard Error
Intercept (mean) 5.872 (5.869)
Treatment (post- 1.544 (0.873)
stressor)
Video starts -0.946 (0.652)
n.obs 22

0k < 0.001; ** p < 0.01; * p < 0.05.

Begging: Count

model92 <- glmmTMB(BEG_COUNT_F ~ TREATMENT + VIDEO_STARTS +
offset(log(TIME_TOG)) + (1| PAIR), data = calls_after_exp, family = nbinom2)

Full model
Estimate (significance) Standard Error
Intercept (mean) -4.270 * (1.996)
Treatment (post- 1.874 * (0.755)
stressor)
Video starts 0.128 (0.188)
n.obs 24

*** 1 <0.001; * p <0.01; * p <0.05.

Influential points removed

Estimate (significance) Standard Error
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Intercept (mean) 2.469 (4.245)
Treatment (post- 1.982 * (0.780)
stressor)

Video starts -0.637 (0.458)
n.obs 22

***p<0.001; *p <0.01; *p <0.05.

Chatter: Duration

model97 <- giImmTMB(CHATTER_F ~ TREATMENT + VIDEO_ STARTS +
offset(log(TIME_TOGQG)) + (1|PAIR), data = calls_after _exp, family = poisson)

Full model
Estimate (significance) Standard Error
Intercept (mean) -5.802 * (2.881)
Treatment (post- -1.663 * (0.725)
stressor)
Video starts 0.196 (0.291)
n.obs 24

***p <0.001; * p<0.01; *p <0.05.

Influential points removed

Estimate (significance)

Standard Error

(16.068)
(1.043)

(1.845)

Intercept (mean) 22.622
Treatment (post- -0.933
stressor)

Video starts -3.084
n.obs 22

*** 1 <0.001; * p <0.01; * p <0.05.
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Prediction 3b: Females will decrease incubation post-stressor (LPFP)

Only 7 values are not 100%: 5 females do not incubate for 100% of the male's
last pre-stressor visit and 2 females do not incubate for 100% of the male's first

post-stressor visit.
Prediction 3c: Females will increase vigilance post-stressor (LPFP)

There is only one case where the female peeks while the male is also in the

nest-box and it is in the last male visit pre-stressor.
Prediction 3d: Females will increase self-preening post-stressor (LPFP)

There are no cases of female self-preening while the male is also in the nest-

box.
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SECTION 4: Analysis of nine cases where male returns before the female

(=)
P

Male time with female (as % of female

time in nestbox)

Pre-stressor Post-stressor Pre-stressor Post-stressor

d)

0.141

0.10+

N. male visits to nestbox (controlled for video

length)

Pre-stressor Post-stressor Pre-stressor Post-stressor

Figure S1 Behaviour changes across the pre- and post-stressor period, at the scale of the
whole video. 1a shows the percentage of female time in the nest-box spent in male-initiated
direct affiliation; b shows the percentage of female time in the nest-box that the male spent with
the female; ¢ shows the number of food- sharing visits made by the male, controlled for female
time in the nest-box; d shows the male’s visit number, controlled for video length. Grey ties
connect the same individuals.

In the experimental data there were nine cases where the male returned to the
nest-box before the female returned post-stressor. This subset of males
responded differently to males who returned when the female was back in the
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box: no behaviour showed a significant pre- to post-stressor change (see

Tables below). Whether males returned before or after the female did not

correlate with the length of the female’s absence from the nest-box ( = 0.03,

SE =0.27, 2 =0.01, p = 0.91), so this different pattern in results (relative to

cases where the male returned after the female) is unlikely to be associated

with the intensity of the female’s stress.

Prediction 1la: There will be an increase in male-initiated direct affiliation

post-stressor (whole video)

model101 <- gimmTMB(DIRECT_AFFILIATION_DURATION~

TREATMENT + VIDEO STARTS + offset(log(F_IN_DUR)) + (1|PAIR),

family = nbinom1, data = whole_video _male_first)

Standard Error

(2.453)
(0.900)

(0.234)

Full model
Estimate (significance)
Intercept (mean) 3.553
Treatment (post- -0.546
stressor)
Video starts -0.292
n.obs 18

k) < 0.001; ** p < 0.01; * p < 0.05.

Influential points removed

One influential point was identified in this model, but diagnostic plots indicated

that the model with this influential point removed did not perform well, even

when the model was simplified by removing “Video_starts”. We therefore used a

paired t-test with standardised direct affiliation (seconds of direct

affiliation/female duration in box) as the response and treatment (before- or

post-stressor) as the predictor. The relationship was not significant (t = 2.117, df

=7, p=0.072).

Prediction 1b: There will be an increase in male-initiated direct affiliation

post-stressor (LPFP)
Full model
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Estimate (significance) Standard Error

Intercept (mean) 3.553 (2.453)
Treatment (post- -0.546 (0.900)
stressor)

Video starts -0.292 (0.234)
n.obs 18

** < 0.001; ** p <0.01; * p < 0.05.
Prediction 1c: Male-initiated direct affiliation will negatively correlate with

time since the stressor occurred (FP)

model107 <- gImmTMB(DIRECT_AFFILIATION_DURATION -~
TOGETHER_LATENCY_POST_PLAYBACK + VIDEO_STARTS,

data = LPFP_post_first,family = nbinom1)

Full model
Estimate (significance) Standard Error
Intercept (mean) -1.025 (3.368)
Time until pair reunite 0.002 (0.001)
Video starts 0.025 (0.312)
n.obs 9

*** 1 <0.001; * p <0.01; * p <0.05.

Prediction 1d: There will be an increase in male chatter post-stressor
(whole video)

model108 <- gimmTMB(MALE_CHATTER_DURATION -~
TREATMENT + VIDEO_STARTS + + offset(log(F_IN_DUR)) + (1|PAIR),
data = whole_video_Nona_first ,family = nbinom1)
Model diagnostic plots showed that this model performed poorly; we therefore
used a Wilcoxon test (given non-normality of differences between pairs) with
standardised chatter (seconds of chatter/video length) as the response variable
and treatment (before- or post-stressor) as the predictor. The relationship was

non-significant (V = 6, p = 0.402).

Prediction le: There will be an increase in male chatter post-stressor
(LPFP)

There were only 4 cases of male-initiated chatter (all in the post-stressor visit)
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Prediction 1f: There will be an increase in time the male spends with the
female post-stressor (whole video)

model111 <- gImmTMB(TIME_TOGETHER -
TREATMENT + VIDEO_STARTS + + offset(log(F_IN_DUR)) + (1|PAIR),

data = whole_video_male_first ,family = nbinom?2)

Estimate (significance) Standard Error
Intercept (mean) -1.750 * (0.703)
Treatment (post- -0.211 (0.305)
stressor)
Video starts -0.126 * (0.061)
n.obs 18
** < 0.001; * p<0.01; *p <0.05. o
Prediction

1g: There will be an increase in time the male spends with the female
post-stressor (LPFP)

modell14 <- gImmTMB(TIME_TOGETHER -~
TREATMENT*DATA_TYPE + VIDEO_STARTS + (1|PAIR),

data = LPFP_first ,family = nbinom2)

Estimate (significance) Standard Error
Intercept (mean) 4.868 *** (1.146)
Treatment (post- 0.376 (0.408)
stressor)
Video starts -0.147 (0.096)
n.obs 18

*** 1 <0.001; * p <0.01; * p <0.05.

Prediction 2a: There will be a decrease in male vigilance post-stressor
(whole video)

Full model

model117 <- gImmTMB(MALE_PEEK_DURATION ~
TREATMENT + VIDEO STARTS + offset(log(VIDEO DURATION)) +

(1|PAIR),
data = whole_video_male_first ,family = nbinom2)
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Estimate (significance) Standard Error

Intercept (mean) -1.188 (1.180)
Treatment (post- -0.064 (0.510)
stressor)

Video starts -0.268 ** (0.100)
n.obs 18

Influential points removed

One influential point was identified in this model, but diagnostic plots indicated
that the model with this influential point removed did not perform well, even
when the model was simplified by removing “Video_starts”. We therefore used a
paired t-test with standardised vigilance (seconds of vigilance/video duration) as
the response and treatment (before- or post-stressor) as the predictor. The

relationship was not significant (t = 0.235, df = 7, p-value = 0.821).

Prediction 2b: There will be a decrease in male vigilance post-stressor
(LPFP)

model120 <- glmmTMB(MALE_PEEK_DURATION -~
TREATMENT + VIDEO_STARTS + (1|PAIR),
data = LPFP_first,,family = nbinom2)

Full model
Estimate (significance) Standard Error
Intercept (mean) 5.714 *** (1.632)
Treatment (post- 1.099 (0.568)
stressor)
Video starts -0.373 ** (0.138)
n.obs 18

*** 1 <0.001; * p <0.01; * p <0.05.
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Prediction 2c: There will be a decrease in visit number post-stressor
(whole video)

modell127 <- gImmTMB(M_IN ~
(TFleATl\)/lENT + VIDEO_STARTS + offset(log(VIDEO_DURATION)) +
1|PAIR),
data = whole_video_male_furst ,family = poisson)

Full model
Estimate (significance) Standard Error
Intercept (mean) -6.318 *** (0.439)
Treatment (post- -0.006 (0.196)
stressor)
Video starts -0.052 (0.039)
n.obs 18

***p <0.001; * p<0.01; *p <0.05.

Prediction 2d: There will be a decrease in male food-sharing post-stressor
(whole video)

modell27 <- glmmTMB(M_FS -~
TREATMENT + VIDEO_STARTS + offset(log(F_IN_DUR)) + (1|PAIR),

data = whole_video_male_furst ,family = poisson)

Full model
Estimate (significance) Standard Error
Intercept (mean) -6.014 *** (0.590)
Treatment (post- -0.164 (0.265)
stressor)
Video starts -0.119 * (0.055)
n.obs 18

0k < 0.001; ** p < 0.01; * p < 0.05.
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SECTION 5: External data

Alongside internal nest-box footage, we filmed the nest-box exterior from the
playback until the female returned (e.g. see Supplementary Video 2 for a clip of
this footage). Paired with the internal nest-box footage, this was used as
independent verification of nest-box identity. This footage shows that in four
cases where the male entered the nest-box after the female and in four cases
where the male entered first, the partners interacted outside of the box before
an individual entered. Some interesting behavior was observed in this footage.
For example, when females displayed hesitance to re-enter the box, males
sometimes also appeared hesitant (e.g. delaying entering despite carrying nest
material; inspecting the interior of the box from outside). Future studies of a
similar experimental design may benefit from incorporating external video
footage. In addition to filming externally, we took notes of external behaviours
observed from the hide throughout the experimental period; however, this was
difficult to record in a standardised way. Nonetheless, we did not observe any
evidence to suggest that males increased external nest-box defense or mate-

guarding post-stressor.
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SECTION 6: Analysis of control data

Prediction 1a: There will be an increase in male-initiated direct affiliation

post-stressor (whole video)

model7 <- gImmTMB(DIRECT_AFFILIATION_DURATION ~
TREATMENT + VIDEO_STARTS + offset(log(F_IN_DUR))
+ (1|PAIR), zi = ~1, family = nbinom1, data = control)

Full model
Estimate (significance) Standard Error
Intercept (mean) -13.384 ** (4.160)
Treatment 0.145 (0.382)
(second-half)
Video starts 1.081 * (0.527)
n.obs 36

***p<0.001; *p<0.01; *p <0.05.

Influential points removed

Estimate (significance) Standard Error
Intercept (mean) -14.452 * (6.649)
Treatment 0.104 (0.331)
(second-half)
Video starts 1.131 (0.837)
n.obs 32

0k < 0.001; ** p < 0.01; * p < 0.05.

Prediction 1d: males chatter more with females in the post-stressor period
relative to the pre-stressor period (whole video)
model29 <- gImmTMB(MALE_CHATTER_DURATION ~

TREATMENT + VIDEO_STARTS
+ (1|PAIR), zi = ~1, family = nbinom1, data = control_Nona)

Full model
Estimate (significance) Standard Error
Intercept (mean) -13.868 (14.179)
Treatment -0.221 (0.215)

(second-half)
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Video starts 1.913

(1.784)

n.obs 36

*** 1 < 0.001; ** p < 0.01; * p < 0.05.

Influential points removed

Estimate (significance)

Standard Error

Intercept (mean) 21.082 (26.322)
Treatment -0.616 ** (0.191)
(second-half)

Video starts -2.702 (3.408)
n.obs 34

***p <0.001; *p<0.01; *p <0.05.

Prediction 1f: There will be an increase in time the male spends with the

female post-stressor (whole video)

modell31 <- gImmTMB(TIME_TOGETHER ~ TREATMENT + VIDEO_STARTS +
offset(log(F_IN_DUR)) + (1|PAIR), family = nbinom2, data = control)

Standard Error

(5.915)
(0.111)

(0.749)

Full model
Estimate (significance)
Intercept (mean) -8.766
Treatment 0.136
(second-half)
Video starts 0.773
n.obs 36

k) < 0.001; ** p < 0.01; * p < 0.05.

Prediction 2a: There will be a decrease in male vigilance post-stressor

(whole video)

model55 <- gImmTMB(MALE_PEEK_DURATION ~ TREATMENT + VIDEO_STARTS +
offset(log(VIDEO_DURATION))

+ (1|PAIR), family = nbinom1, data = control)

Full model
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Estimate (significance) Standard Error

Intercept (mean) -12.436 (6.399)

Treatment 0.139 (0.163)
(second-half)

Video starts 1.129 (0.807)

n.obs 36

***p<0.001; *p <0.01; *p <0.05.

Influential points removed

Estimate (significance) Standard Error
Intercept (mean) -9.180 (7.455)
Treatment 0.157 (0.157)
(second-half)
Video starts 0.673 (0.948)
n.obs 32

***p <0.001; *p<0.01; *p <0.05.

Prediction 2c: There will be a decrease in visit number post-stressor
(whole video)
model71 <- gImmTMB(MALE_VISIT_N ~ TREATMENT + VIDEO_STARTS +

offset(log(VIDEO_DURATION))
+ (1|PAIR), family = poisson, data = control)

Full model
Estimate (significance) Standard Error
Intercept (mean) -9.876 *** (2.366)
Treatment 0.033 (0.138)
(second-half)
Video starts 0.374 (0.298)
n.obs 36

1 < 0.001; ** p < 0.01; * p < 0.05.

Prediction 2d: There will be a decrease in male food-sharing post-stressor
(whole video)
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Model80 <- gImmTMB(MALE_FS ~ TREATMENT + VIDEO_STARTS +
offset(log(F_IN_DUR))
+ (1|PAIR), family = poisson, data = control)

Full model
Estimate (significance) Standard Error
Intercept (mean) -9.343 ** (3.026)
Treatment 0.072 (0.190)
(second-half)
Video starts 0.230 (0.382)
n.obs 36

***p<0.001; * p<0.01; *p<0.05.

Influential points removed

Estimate (significance) Standard Error
Intercept (mean) -11.679 *** (2.709)
Treatment -0.096 (0.206)
(second-half)
Video starts 0.528 (0.339)
n.obs 34

k) < 0.001; ** p < 0.01; * p < 0.05.
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CHAPTER 4: Pair-bond strength is repeatable and related to partner
responsiveness in a wild corvid

Abstract

The Social Intelligence Hypothesis (SIH) posits that the maintenance and
management of social bonds generates selection on cognitive ability. While the
SIH has gained much traction over the past few decades, its fundamental
predictions have never been tested within a single study system. Here, we
tested four key predictions of the SIH within a single wild study system, the
jackdaw. We found support for three predictions: that pair-bond strength is
variable between pairs, repeatable within pairs and related to socio-cognitive
performance. We did not find any evidence that pair-bond strength influences
reproductive success. However, we did find that pairs with stronger bonds were
better able to adjust hatching synchrony to environmental conditions. Taken
together, our results provide support for several key predictions of the SIH,
including the first direct evidence that bond strength and cognitive performance
are related in non-humans. However, more work is necessary to understand the

fithness consequences of pair-bonds.

Introduction

Many societies across the animal kingdom are characterised by differentiated
social bonds (Bergman & Beehner, 2015; Seyfarth & Cheney, 2012; M. J. Silk &
Hodgson, 2021). Individuals who form and maintain ‘strong’ bonds, involving
frequent and consistent affiliative interactions, often derive fitness benefits
(Cameron et al., 2009; McFarland et al., 2017; Schilke et al., 2010; J. B. Silk et
al., 2010b; M. J. Silk & Hodgson, 2021). This has major implications for our
understanding of social evolution, but important questions remain. In particular,
an individual’s ability to form strong bonds is assumed to be a trait on which
selection can act. However, for this to be the case, the strength of social bonds
must vary within a population and show consistency (repeatability) over time. To
date, evidence for bond strength consistency is largely restricted to primates
(Brent et al., 2013; Koski et al., 2012; Massen & Sterck, 2013; Mitani, 2009; J.
B. Silk et al., 2010b, 2010a), with limited evidence in non-primate mammals
(Blumstein et al., 2013; Finkenwirth & Burkart, 2017; Stanley et al., 2018) and

non-mammalian taxa (Aplin et al., 2015; Brandl et al., 2021; Jacoby et al.,

114



2014). Moreover, whether selection can act on an individual’s ability to maintain
strong bonds is integral to the highly influential Social Intelligence (or Social
Brain) Hypothesis (Dunbar, 1998; Humphrey, 1976), but crucial evidence is

lacking.

The Social Intelligence Hypothesis (SIH) suggests that the information-
processing challenges posed by navigating social relationships are a central
driver of cognitive evolution (Dunbar, 1998). Evidence from both behavioural
and neuroanatomical studies support the SIH (Ashton, Ridley, et al., 2018;
Ashton, Thornton, et al., 2018; Dunbar, 1998; Dunbar & Bever, 1998; Fox et al.,
2017; Maclean et al., 2008; Pérez-Barberia et al., 2007; Shultz & Dunbar, 2006,
2007; Street et al., 2017). However, results are often contradictory (DeCasien et
al., 2017; Gonzélez-forero & Gardner, 2018; MacLean et al., 2009, 2014; Powell
et al., 2017; Wartel et al., 2019), and generally controversial due to
methodological caveats (Healy & Rowe, 2007; Powell et al., 2017; Wartel et al.,
2019). To date, multiple key predictions of the SIH have never been tested
within a single study system. Specifically, we need to know whether individual
ability to form strong bonds (1) varies within social groups, (2) is consistent, (3)
is related to the ability to meet challenges that require information processing
(i.e. are cognitive in nature: Shettleworth, 2010b), and (4) results in greater

reproductive success (i.e., may be under selection).

We tested all four key predictions of the SIH in a species of corvid; large-
brained birds that have emerged as a major model system in the study of
animal cognition (Boucherie et al., 2019; Emery & Clayton, 2004; Gunturkin &
Bugnyar, 2016; Seed et al., 2009). While the SIH was initially applied to
primates (Dunbar, 1998; Humphrey, 1976), its core predictions should, in
principle, apply across taxa. In primates, individuals that maintain multiple
strong relationships often derive fitness benefits (Cheney et al., 2016; Ellis et
al., 2019; J. B. Silk et al., 2003), while species that live in bigger groups (with
more social connections) tend to have bigger brains (Barton, 1996; Dunbar,
1998; S. Shultz & Dunbar, 2007, but see DeCasien et al., 2017). In contrast,
brain size in birds is associated not with the quantity of social connections
(Beauchamp & Fernandez-Juricic, 2004; Emery et al., 2007; Iwaniuk & Arnold,
2004; Sayol et al., 2016) but with long-term pair-bonds (Emery et al., 2007;
Shultz & Dunbar, 2010). Accordingly, some authors argue that forming and
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maintaining a strong bond with a mated partner, and tracking and responding to
that partner’s behaviour, is the critical driver of cognitive evolution in birds. This
is sometimes referred to as the ‘Relationship Intelligence Hypothesis’, or RIH

(Emery et al., 2007), but its key predictions mirror those of the broader SIH.

Many bird species form long-term monogamous relationships, and there is
evidence to suggest that the longer pairs have been together, or the more
familiar they are, the greater their reproductive success (Culina et al., 2020;
Sanchez-Macouzet et al., 2014; Van De Pol et al., 2006). However, few studies
have explicitly quantified the strength of the pair-bond by measuring rates of
affiliative interactions (for exceptions see Boucherie et al., 2018; Elie et al.,
2011; Sparks, 1964; Spoon et al., 2004). In addition, only one study on captive
cockatiels (Nymphicus hollandicus: Spoon et al., 2006) has linked pair-bond
strength to reproductive outcomes (Spoon et al., 2006). Moreover, evidence for
the consistency of pair-bond strength in birds is limited to one study on spatial
proximity in wild greylag geese (Anser anser) (Kralj-FiSer et al., 2007). Thus,
while there is support that pair-bond strength varies between pairs (prediction 1:
Boucherie et al., 2018; Elie et al., 2011; Firth et al., 2018; Sparks, 1964; Spoon
et al., 2004), there is very little evidence that pair-bond strength is consistent
(prediction 2) and related to reproductive success (prediction 4). Furthermore,
while there is some evidence to suggest that behavioural synchrony (a
behaviour that requires some degree of partner attentiveness) is correlated with
affiliative behaviours in cockatiels (Spoon et al., 2006), the link between bond
strength and socio-cognitive performance (prediction 3) have yet to be directly

tested in any non-human species.

Here, we test key predictions of the SIH in jackdaws (Corvus monedula), a
species of corvid that forms long-term pair-bonds which tend to be both socially
and genetically monogamous (Chapter 2; Gill et al., 2020; Henderson et al.,
2000; Kubitza et al., 2015; Roell, 1978; Wechsler, 1989). During the breeding
season, both members of the pair cooperate to build the nest (Hahn et al.,
2020; Roell, 1978), and the female incubates the eggs while her partner brings
her food (Roell, 1978). To test the four key predictions of the SIH, we captured
video footage of jackdaws inside the nest-box across four years, during the
nest-building and incubation stage of the breeding season. This video footage

was coded with a detailed behavioural ethogram to allow for fine-scale
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quantification and analysis of pair-bond strength, thus allowing us to test
prediction (1) that pair-bond strength varies between pairs, and (2) that pair
bond- strength is consistent within pairs. To test whether pair-bond strength
may be under selection (prediction 4), we recorded various fithess proxies,
including the total number and mass of fledglings per pair per year, and
cumulative fledging success of pairs over multiple years. To examine whether a
strong pair-bond may facilitate plastic responsiveness to changing
environmental conditions, which may present an informational (and thus,
cognitive) challenge (prediction 3) and result in differential fithess outcomes
(prediction 4), we also recorded hatching synchrony across years. More
asynchronous hatching is thought to be more advantageous in resource-poor
years because the brood is quickly reduced, thus increasing the probability that
a small number of chicks survive rather than entire brood failure (Lack, 1966;
Parejo et al., 2015; Wiebet et al., 1998 but see Podlas & Richner, 2013).
Conversely, more synchronous hatching is thought to be advantageous in
resource-rich years (Lack, 1966; Parejo et al., 2015). The synchronicity of
hatching depends on the female’s incubation behaviour (Wang & Beissinger,
2011), which is influenced by the male’s provisioning behaviour (Henderson &
Hart, 1993). Hatching synchrony may therefore be related to how well a pair are
able to coordinate their behaviour in the face of environmental variability.
Finally, as a more direct test of prediction (3), we experimentally tested whether
individuals in strong pair-bonds are more responsive to their partner’s
behaviour. To do this, we used results from a 2019 playback experiment
designed to test a specific facet of partner responsiveness: consolation
(Chapter 3). In this experiment, we tested whether males consoled their partner
by exposing incubating females to a minor stressor while their partners were
absent, and comparing male-initiated partner-directed behaviour before and
after the stressor. Males did respond to their partner’s distress, but there was
substantial inter-individual variation in response and no evidence for
consolation. We therefore tested whether the absolute change in male
behaviour, i.e. his general responsiveness to his partner (as opposed to any
specific behavioural response), was associated with pair-bond strength. We

expected responsiveness to increase with pair-bond strength.
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Methods

Ethics This study was carried out with approval from the University of Exeter
Biosciences Research Ethics Committee (eCORN002970; e CORN001858)
following the ASAB Guidelines for the Treatment of Animals in Behavioural
Research and Teaching (Buchanan et al., 2012). All subjects were ringed and
blood was collected by Cornish Jackdaw Project team members licensed by the
British Trust for Ornithology and UK Home Office (project licence 30/3261).

Study population Data were collected from wild nest-box-occupying jackdaws
during the 2014, 2015, 2018 and 2019 breeding seasons across three study
sites in Cornwall, UK (Site X: 50°17'32"N; 5°11'96"W; Site Y: 50°11"26"N,
5°10'51"W; Site Z: 50°11'56"N, 5°10'9"W). Nest-box owners were individually
ringed after being caught using baited walk-in traps or trapdoors at the nest-
box. During ringing, tarsus length (an indicator of skeletal size; Rising &
Somers, 1989) and age (see below) were recorded for each individual. Where
individuals had multiple measurements of tarsus length across different ringing
sessions, tarsus length was averaged for measurements taken when the
individual was fully grown. Blood samples were also collected and used for
molecular sexing as described by Griffiths et al. (1998).

Study subjects Individual ID Of 125 individuals (63 females, 62 males)
included in this study, 17 were not ringed (5 females, 12 males). For pairs
where a ringed bird (A) paired with an unringed bird (B) in year one, then in year
two A paired with a ringed bird (C), and C was not ringed during or before the
year one breeding season, B was presumed to be C (n = 7 instances). Given
low levels of observed re-pairing (in seven years of observation, ~7% of
females and ~11% of males were observed to re-pair), this is likely to be an
accurate reflection of identity. Altogether, 66 unique pairs were involved in this
study. Four males and three females re-paired during the course of the

research.

Individual age 41 individuals were of known (exact) age, while we had ‘minimum
age’ information for 70 individuals, based on morphology and previous sighting
data. For pairs where both individuals were of known age (n = 14 pairs),
partners were always the same age, which aligns with research suggesting that

jackdaws form pair-bonds during their first year (Lorenz, 1931; Von Bayern et
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al., 2007). Therefore, for individuals who were of unknown age, yet had a
partner of known or minimum age (n = 4 females, n = 8 males), we assumed

their age to match that of their partner.

Data collection Video data collection In 2014, 2015, 2018 and 2019 CCTV
cameras were placed inside nest-boxes during the initiation phase of nest-
building. Using Digital Video Recorders, we recorded footage of pairs inside the
nest-box during the nest-building stage and incubation stage. The onset of the
nest-building stage was defined as when a layer of material covered the floor of
the nest-box (Hahn et al., 2020), while the incubation stage was defined as 1 —
10 days after the female’s fertile period (where the fertile period ends on the day
before the final egg is laid; Birkhead & Mgller, 1993; Gill et al., 2020).

Video data coding Following video data collection, students were trained to
code the videos with a detailed behavioural ethogram (see Table S1) using
either Excel (2014 and 2015) or BORIS (2018 and 2019; Friard & Gamba,
2016). Inter-rater reliability (IRR) of 36 hours of repeated coding across 12
raters revealed high IRR for ‘male in’, female in’, ‘male vigilance’ and ‘female
vigilance’ (see Supplementary Materials for details). Affiliative behaviours were
re-defined in 2018 to make them more conservative (see Table S1). Therefore,
the lead author re-coded affiliative behaviour for every section of every video
where the pairs were coded as together in the nest-box (and thus where
affiliation could potentially occur). The lead author was blind to the ‘strength’ of
the pair-bond during coding, given that (i) videos were randomised in regards to
coding and (ii) pair-bond strength was calculated following objective criteria (see
Methods: Quantifying pair-bond strength) only after videos were coded, and it
was unknown at the time of coding which behaviours would be included in the

final index.

Some videos (n = 14) contained forced extra-pair copulations (FEPC), which
involved the female being attacked by a non-partner male (Chapter 2). In
Chapter 3, we found that following a stressful event such as FEPC, partner
males changed their affiliative behaviour towards the female by decreasing
affiliation with their partner and visit rate to the nest-box. This could skew pair-
bond strength calculations. Therefore, to calculate pair-bond strength from
these videos we only used footage from the section of video before FEPC

occurred.
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Partner responsiveness data In 2019, we ran a playback experiment to test
whether males responded to their partner’s distress (Chapter 3). To do this, we
exposed incubating females (n = 27) to the sound of a foreign male at the nest-
box while their partners were absent from the area (and therefore blind to the
stressor). Using internal CCTV footage, we then compared the male’s affiliative
behaviour towards his partner in the pre- and post-stressor periods. ‘Partner
responsiveness’ was measured as the absolute change in male-initiated direct
affiliative behaviour towards his partner pre- and post-stressor (i.e., the absolute
difference in affiliation during these periods). We supplemented experimental
data with data from natural FEPC events where we had a measure of male
behaviour towards the female both pre- and post-stressor, and the male was
absent for the stressor (n = 6). See Chapter 3 for detailed methods. The pre-

stressor period of these videos were included in pair-bond calculation data.

Fitness data Daily observation allowed us to monitor the date of egg-hatching in
order to calculate hatching synchrony. Hatching synchrony was calculated as
the date of the last hatch minus the date of the first hatch, divided by the
number of eggs that hatched. Only clutches where more than one egg hatched
were included in this calculation. Controlling for the number of eggs that
hatched means that clutch size, infertile eggs or eggs where the embryo died
during development did not skew the estimate of hatching synchrony. When the
oldest chick was 25 days old, the remaining chicks in each nest-box were
ringed, and final biometrics (tarsus and weight) were taken. While chicks usually
fledge at around 35 days old, they can fledge as early as day 29. As nest
disturbance can cause early fledging, we did not disturb chicks following ringing,

and assumed that they had fledged.

Statistics All statistical analyses were undertaken in R v4.0.2 (R Core Team
2017).

Quantifying pair-bond strength Behaviours recorded from internal nest-box
video were standardised by the length of the video. Video length was calculated
as the second an individual returned to the nest-box following video set-up to

the second the recording was terminated.

We used principal components analysis (PCA) to identify interrelationships

between potential affiliative behaviours (Fraser et al., 2008; Fraser & Bugnyar,
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2010b; Spoon et al., 2004) with the aim of identifying reduced dimensionality
components of bondedness. All behaviours previously hypothesised to be
affiliative between bird partners were selected for inclusion in the PCA. These
were: ‘food-share’ (Boucherie et al., 2018; Oe, 2008; Von Bayern et al., 2007);
‘contact’ (Boucherie et al., 2018; Fraser & Bugnyar, 2010; Kubitza et al., 2015;
Wechsler, 1989) ; ‘allopreen’ (Boucherie et al., 2018; Fraser & Bugnyar, 2010a;
Kubitza et al., 2015; Picard et al., 2020; Spoon et al., 2004; Wechsler, 1989),
‘time together’ (Boucherie et al., 2018; Kubitza et al., 2015; Spoon et al., 2004;
Wechsler, 1989) and ‘copulation’ (Spoon et al., 2004). We also included ‘male
visit rate’ in the incubation stage because females must remain in the nest-box
to incubate, but the rate at which the males visit their partner may vary and may
be correlated with other affiliative behaviours. Finally, we included ‘chatter’
(Hahn et al., 2020), a distinctive call that partners often make when together at
the nest-box (see Supplementary Video 1). Allopreening was split into ‘male-
initiated’ and ‘female-initiated’ for the nest-build stage, but not at the incubation
stage because almost all allopreening (94.55%) was male-initiated. See Table

S1 for a definition of each behaviour.

Prior to the PCA, we tested sampling adequacy using the Kaiser—Meyer— Olkin
(KMO) test (threshold 0.5) and the Bartlett sphericity test (Budaev, 2010). A
PCA was then performed on the selected variables, and loadings and scree
plots were examined to evaluate whether and which PC axes could be used to
reflect pair-bond strength. PCA and associated tests were conducted in
package psych (Revelle, 2018).

Statistical modelling All modelling was undertaken in gimmTMB v1.0.1 (Brooks
et al., 2017) in R v4.0.2 (R Core Team, 2017). For cases where competing
models were built, we compared models using Akaike’s Information Criterion
(AIC). If models differed in AIC by 2 or more, the model with the lowest AIC was
selected (Thomas, 2015). Otherwise, the model with the best diagnostic plots
was retained (assessed using DHARMa: Hartig, 2020). If diagnostics for the full
models were essentially equivalent, model diagnostics were examined for
models once influential points were excluded, and the best fitting model
retained. Influential points were identified as any datapoints more than four
times the mean Cook’s distance (Cook, 1979). Each final model was run both

with and without influential points. Models without influential points are
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presented in the main manuscript (and corresponding tables and figures). If
results from full models and models without influential points differed, we report
the results of both models. All models were tested for zero-inflation and
dispersion (Hartig, 2020). No final models were over-dispersed or zero-inflated

and all showed acceptable model fit.

Note that ‘minimum male age’, a covariate in many models, is used as a proxy
for both male and female age given a high correlation between ages. When
exact ages are known for both partners, they are fully correlated. When testing
the relationship for all pairs with known age or minimum age (but before
inputting the age of individuals with unknown age as that of their partner’s)
Pearson’s r = 0.76, p < 0.001.

Sample sizes per model differ slightly because some pairs were missing data
for minimum male age, male tarsus length and/or female tarsus length, and

number of influential points per model varied.

1: Predictors of pair-bond strength We used GLMMs to test potential predictors
of pair-bond strength. For every model, pair ID and site were included as
random effects. The pool of covariates for possible inclusion were: male tarsus
size, female tarsus size, the size difference between partners, years together,
male age, female age, time the video started and days since the end of the
female’s fertile window. Days since the female’s fertile window was included
because males spend more time with their partner while the female is fertile
(Gill et al., 2020). This is possibly to guard them against attempted extra-pair
copulation, although rates of extra-pair paternity are very low in jackdaws
(Chapter 2; Gill et al., 2020; Henderson et al., 2000; Liebers & Peter, 1998;
Turjeman et al., 2021). Including this covariate therefore controlled for any
changes in behaviour related to female fertility. We compared models with
either absolute male and female tarsus size (an indicator of structural size:
(Rising & Somers, 1989)) and size difference (male tarsus length minus female
tarsus length). We hypothesised that where there is a larger disparity in size
between partners, affiliation may be higher because the smaller (lower quality:
Verhulst et al., 2014) individual may invest more in its partner, to reduce the
probability of that partner searching for a better-quality mate (Culina et al.,
2015), and that this may be more important to control for than absolute tarsus

size. Next, we compared models with size difference as a linear or quadratic
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term, given that plots indicated a potential quadratic relationship with pair-bond
strength. Finally, we compared a model including years together against a
model including minimum male age. Years together and minimum male age are
correlated to a degree considered to be problematic for inclusion (r > 0.7,
Dormann et al., 2013), hence why model comparison techniques were used for
variable selection. All models were run for pair-bond strength calculated in the
nest-build stage and incubation stage. To improve model fit (based on
diagnostics using DHARMa: Hartig, 2020), pair-bond strength was log-

transformed. All models were Gamma-distributed.

2: Consistency of pair-bond strength We tested whether within-pair bond
strength remained consistent over time using repeatability analysis in rptR
(Stoffel et al., 2017). Specifically, we tested whether pair-bond strength was
repeatable within-year and between-years for both the nest-building and
incubation stage. We first ran repeatability models with no covariates to obtain
an unadjusted estimate of repeatability of pair-bond strength. Following this, we
controlled for covariates and obtained an adjusted repeatability estimate.
Covariates for the within-year models were days since the female’s fertile period
and time the video was started. Given within-year repeatability, a mean value of
pair-bond strength per year was calculated, and this was used to estimate
repeatability between years. For between-year models, the age of the male and
year were included as covariates. Days since the female’s fertile window and
video start time were not included as covariates due to the use of mean value of

within-year pair-bond strength as the response variable.

In all models, pair-bond strength was log-transformed for model fit. For each
model, parametric bootstrapping (nboot = 1000) quantified uncertainty while
significance testing was implemented using likelihood ratio tests (LRT) and
through the permutation of residuals (nperm = 1000) (Stoffel et al., 2017).

To validate the robustness of repeatability estimates, we also estimated
repeatability using Markov Chain Monte-Carlo (MCMC) sampling, with
confidence intervals of 0.95, a burn-in of 3000, 100000 iterations and a null prior
(Hadfield, 2010; Stoffel et al., 2017).

3: Partner responsiveness and pair-bond strength Partner responsiveness, the

dependent variable, was log-transformed for improved model fit. Pair-bond
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strength, data type (experimental or natural), whether the male returned before
the female (Chapter 3) and minimum age of the male (which resulted in a better
model fit than minimum number of years together) were included as covariates
for the full model. Due to convergence issues, minimum age of the male was
not included as a predictor in the model without influential points; however, the
relationship between pair-bond strength and partner responsiveness was
qualitatively identical for both models. The model used a Gaussian error

structure with an identity link.

We followed this analysis with two further models to test whether female
behaviour changed as a function of pair-bond strength, and thus whether males
could simply have been responding to the differential magnitude of female
behavioural change, details of which are presented in the Supplementary
Material.

4: Fitness consequences of pair-bond strength We built GLMMs to test whether
pair-bond strength correlated with fitness outcomes. Because pair-bond
strength was not repeatable within or between years for the nest-build stage of
the breeding season (see Results), we tested whether pair-bond strength
measured in the incubation stage influenced reproductive outcomes. We
removed any pairs (i) with more than one female laying eggs in the nest-box (n
=1 pair) (Chapter 2), and (ii) that may have been impacted by researcher
activity in the incubation stage (n = 2 pairs). We also removed one abnormal
pair where field observations suggested repeat brood failure (across five years)
occurred due to the mother over-zealously cleaning chicks, leading to injury and
death.

The fitness outcomes we tested for each pair (per year) were (4.1) number of
fledglings, (4.2) total mass of fledglings, (4.3) proportion of hatched chicks that
fledged and (4.4) hatching synchrony. We also tested (4.5) whether hatching
synchrony related to number and mass of fledglings per pair per year for the
entire population (i.e., not just for those pairs for whom we had pair-bond
strength data). For each response variable, we tested competing models which
included either minimum number of years together or minimum male age. Pair-
bond strength (per video), male tarsus, female tarsus, lay date, year and the
rate of male provisioning during female incubation (uncorrelated with affiliative

behaviours yet potentially important for reproductive success) were always
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included as covariates. Models with minimum male age and minimum number
of years the pair had been together were compared as described above. Pair ID
and site were included as random effects. Error distributions were as follows: for
(4.1-2, 4.4-5) zero-inflated Gamma with a log link and (4.3) Binomial with a
probit link.

Because of low levels of variance in number of fledglings per year (72.87% of
pairs fledged two or three offspring), we also tested (4.6) the cumulative number
of fledglings per pair over five years. This required subsetting the data to pairs
for whom we had five years of reproductive success data (n = 12). For this
model, pair-bond strength was calculated as the mean value of pair-bond
strength per pair across all available data points in the incubation stage. A

Poisson error structure was used.

For all fitness outcomes, we compared models with linear and quadratic pair-
bond strength, to test for directional and stabilising selection on pair-bond
strength (Boogert et al., 2018). We also compared models with and without an
interaction term between pair-bond strength and year. We tested this interaction
because how selection acts on behaviour can vary according to environmental

conditions (e.g. Dingemanse et al., 2004).

To test how reproductive success varied across years for the whole population,
we also examined the relationship between year and population-wide number
(4.7) and mass (4.8) of fledglings (error structure: zero-inflated Gamma with log
link). Year, male and female tarsus length, minimum male age or years
together, and lay date were included as predictor variables. Pair ID was
included as a random effect, but site was not included due to convergence
issues. These models allowed us to gain insight into whether some years

appeared particularly difficult, most likely due to limited resource availability.

5: Fitness consequences of re-pairing Several studies have found that, in long-
term monogamous species, individuals experience lower reproductive success
when they re-pair (Sanchez-Macouzet et al., 2014; Van De Pol et al., 2006).
This suggests that pair familiarity influences reproductive outcomes. To test
whether individuals who re-paired due to the death or divorce of their partner
experienced negative fitness consequences, we modelled whether there was a

significant change in reproductive success in the year before and the year after
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re-pairing. We used data from our entire population, rather than only those pairs
for whom we had pair-bond information. Across our entire nest-box-occupying
population, we observed 16 males and 12 females re-pairing across seven
years, where both the old and new pair initiated their breeding attempt in a nest-
box. One female was removed from the analysis because although she re-
paired, she was not observed for two years between the re-pairing event.
Because some re-pairs were not independent (i.e., one male and one female
split and both re-paired), we modelled male and female re-pairing separately.
We tested whether number of fledglings (5.1), mass of fledglings (5.2), and
proportion of hatchlings that fledged (5.3) decreased the year following re-
pairing. Models 5.1 and 5.4 used a zero-inflated Gamma error structure with a
log link; 5.2 used a zero-inflated Gaussian error structure; 5.3 used a Binomial
error structure with a probit link. We included pair (original or re-pair), minimum
age (male age for male models, female age for female models), lay date and
year as predictor variables. We did not include tarsus length of the male and
female because we did not have this information for all individuals and did not
want to further limit sample size. All models included focal ID and site as a
random effect, except male re-pairing models 5.1, 5.2 and 5.3 and female re-
pairing model 5.2, where site had to be removed due to convergence issues.
Lay date was also excluded as a covariate from male re-pairing model 5.2 due

to convergence issues.

Results

Video data In the nest-building stage, we recorded 142.18 hours of footage

across 54 videos (mean length = 2.63 £ 1.13 hours) for 39 pairs.

In the incubation stage, we recorded 362.24 hours of footage across 132 videos

(mean length = 2.74 £ 1.07 hours) for 65 pairs.

Testing Prediction 1: 1.1 Quantifying pair-bond strength Correlation plots of
all recorded behaviours show that (i) behaviours correlate in differing ways
depending on the breeding stage (nest-building or incubation) at which they are
measured and (ii) while most behaviours that are hypothesised to be affiliative

significantly correlate, some do not. See Figure S1 for further detail.

PCA: nest-building stage KMO tests showed that the variables suitable for

inclusion were: male chatter, male allopreening, female allopreening, contact
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and time together. Bartlett's test of sphericity suggested adequate sampling (y?
=146.31, p < 0.001). PC1 and PC2 (see Figure S2a) collectively explained
66.9% of the data. PC1 (explaining 43.3% of variation) was dominated by the
affiliative behaviours allopreening, contact and time together, which all loaded
positively (see Table S2 for loadings), so we interpreted it as a measure of pair-
bond strength. PC2 (23.6%) was principally dominated by male chatter. Given
that in the nest-building stage chatter significantly correlated with vigilance (see
Figure S1), we interpreted PC2 as a reflection of nest-box defence.

PCA: incubation stage KMO tests showed that the variables suitable for
inclusion were: male chatter, female chatter, allopreening, contact and time
together. Bartlett's test of sphericity suggested adequate sampling (y? = 436.46,
p <0.001). PC1 and PC2 (see Figure S2b) collectively explained 73.8% of the
data. All behaviours loaded positively onto PC1 (see Table S2) which explained
59.5% of variation in the data, and PC2 was dominated by allopreen (positive)
and contact (negative). While affiliative behaviours loaded onto both PC1 and
PC2, a scree plot (Figure S3) showed clear justification for using PC1 only,
because it explained a large proportion of variation in the data relative to other

PCs. We therefore used PC1 as a measure of pair-bond strength.

1.2 Predictors of pair-bond strength Nest-building stage Results for the nest-
build stage differed depending on whether influential points were retained. With
their inclusion, pairs were more affiliative earlier in the day; with their exclusion,
pairs were more affiliative closer to the female’s fertile window. Full results are

presented in the Supplementary Material, but should be interpreted with caution

given their instability.

Incubation stage Pairs with older males (and thus females; see Methods) had
stronger pair-bonds (n = 101 datapoints, n = 49 pairs, B = 0.07, SE = 0.03, y? =
8.17, 95% CI[0.02,0.13], p < 0.01). Year also had a significant effect (32 =
19.68, p <0.01), with pair-bond strength lower in 2019 than in previous years

(see Supplementary Materials for pairwise comparisons).

Testing prediction 2: Repeatability of pair-bond strength Nest-building
stage Figure S4a shows the variation in nest-building stage pair-bond strength
between pairs. Six pairs were recorded more than once within a year, while nine
pairs were recorded in more than one year. Neither within-year pair-bond
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Absolute change in male-initiated affiliation

Figure 1 Incubation-stage pair-bond strength plotted against the (log-transformed) absolute change in male-
initiated affiliation following partner distress. The plotted line shows the predicted values of absolute change in

0.6-

0.4-

0.0-

strength (R = 0.06, 95% CI[0,0.75], Pperm = 0.52, PLrT = 0.5; adjusted R = 0.65,
95% CI[0,0.99], Pperm = 0.07, PLrT = 0.23) nor between-year pair-bond strength
(R =0.02, 95% CI[0,0.63], Pperm = 0.45, PirT = 1; adjusted R = 0.09 , 95%
CI[0,0.74], Pperm = 0.47, PLrT = 0.52) were repeatable. However, this result was
not replicated when repeatability was estimated using MCMC sampling. In this
analysis, both within- and between-year pair-bond strength were repeatable,
albeit with wide confidence intervals (Table S3).

Incubation stage Figure S4b shows the variation in incubation stage pair-bond
strength between pairs. 21 pairs were recorded more than once within a year
(Figure S4c), while 34 pairs were recorded in more than one year (Figure S4d).
We found repeatability for both within-year pair-bond strength (R = 0.52, 95%
Cl[0.13,0.77], Pperm = <0.01, PrrT = <0.01; adjusted R = 0.65 , 95%

-1.00 -0.75 -0.50
Pairbond strength

male-initiated affiliation following partner distress as a function of pair-bond strength.

Cl1[0.32,0.86], Pperm = 0.003, PLrT = <0.01) and between-year pair-bond strength
(R =0.41, 95% CI[0.14,0.64], Pperm = <0.01, PLrT = <0.01; adjusted R = 0.50,
95% CI[0.28,0.72], Pperm = <0.01, PrLrT = <0.01). There was one highly affiliative

pair (Figure S4c,d); results were robust to their removal when controlling for
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covariates (within-year: adjusted R = 0.49 , 95% CI[0.08,0.80], Pperm = 0.02,
PLrt = 0.04; between-year: adjusted R = 0.29 , 95% CI[0.06,0.57], Pperm = 0.02,
PLrt = 0.05). Repeatability estimated from MCMC sampling supported these
results (Table S3).
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Figure 2 (a) the interaction between pair-bond strength and year on hatching asynchrony. Increasing levels of hatching
asynchrony indicate more asynchronous hatching, whereas zero indicates synchronous hatching. (b) shows number of
fledglings per pair across the entire population (not just for those pairs with pair-bond strength information) for whom
model covariate information (lay date, female tarsus length, male tarsus length, minimum number of years together) was
available. Asterisks show predicted mean number of fledglings per year produced by the aforementioned model.
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Testing prediction 3: Partner responsiveness and pair-bond strength
There was a significant relationship between pair-bond strength and the
responsiveness of the male to his partner’s distress, where males in stronger
pair-bonds showed a larger absolute change in behaviour following their partner
experiencing a stressor (n pairs = 29; B = 0.09, SE = 0.03, y? = 11.46, 95% CI
[0.04,0.15], p < 0.01; Figure 1). This was not driven by the female’s magnitude
of behavioural change following the stressor: there was no significant
relationship between the absolute change in female begging or chatter and pair-
bond strength (begging rate:  =-0.06, SE = 0.17, X2 = 0.13, 95% CI [-
0.40,0.28], p = 0.72; chatter duration: p = -0.10, SE = 0.09, X2 = 1.10, 95% CI [-
0.28,0.08], p = 0.29).

Testing prediction 4: Fithess consequences of pair-bond strength

Incubation stage Pair-bond strength did not influence number of fledglings,
mass of fledglings, proportion of hatched chicks that fledged or cumulative
fledging (Table 1). However, the interaction between pair-bond strength and

year was significantly associated with hatching synchrony (Table 1; Figure 2a).

According to population-wide models of number and mass of fledglings per
year, 2018 and 2019 were poor years for jackdaw reproductive success relative

to 2014 and 2015 (Figure 2b; see Supplementary Materials for further details).

Pairs with stronger bonds hatched their clutches more asynchronously in 2018
and 2019 relative to 2015, where pairs with stronger bonds hatched their
clutches more synchronously (n datapoints = 90, n pairs = 46; 2018 relative to
2015: 3 =0.27, SE = 0.09, 95% C1[0.08,0.45], p <0.01; 2019 relative to 2015: B
=0.24, SE =0.12, 95% CI [0.005,0.48], p = 0.046). Pairs with stronger bonds
also hatched their clutches more asynchronously in 2018 relative to 2014,
where pairs with stronger bonds hatched their clutches more synchronously (n
datapoints = 90, n pairs = 46; 2018 relative to 2014: B = 0.22, SE = 0.11, 95%
Cl1[0.02,0.43], p = 0.03). Given that 2018 and 2019 were poor years relative to
2014 and 2015, this suggests that pairs with stronger bond strength were better
able to adjust their hatching synchronicity to environmental conditions.
However, we detected no signal that hatching synchrony interacted with year to
influence reproductive success across the four years analysed (Table S4).
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Testing Prediction 4: Fitness consequences of re-pairing There was no

influence of re-pairing on any measure of reproductive success (Table S5).

Table 1 Results of models testing whether pairbond strength correlated with reproductive success per
pair per year, or reproductive success per pair across five years for the response variable ‘cumulative
fledgling number’. Pair ID and site were included as random effects for all models except the cumulative
fledgling model, where only site was included as a random effect. The best models (lowest AIC) with
influential points removed are presented here, after testing whether (i) pairbond strength should be
included as a linear or quadratic term, (ii) an interaction between pairbond strength and year should be
included and (iii) whether male minimum age or minimum years together should be included. Bold
indicates significant results.

n

Response (datapoints, 97.5% P-

variable pairs) Predictor variables B SE X2 2.5% ClI Cl value
Pair-bond strength 0.003 0.019 0.032 -0.040 0.033 0.858

r Male minimum age 0.016 0.036 0.213 -0.054 0.087 0.645
Qo Year:2015 -0.133 0.116 -0.360 0.095
§ Year:2018 -0.296 0.167 3.976 -0.625 0.032 0.264
; 93.47 Year:2019 -0.384 0.194 -0.764 -0.000
c ' Food-sharing rate -0.036 0.017 4.65 -0.069 0.003 0.031
=) Male tarsus length -0.018 0.042 0.180 -0.101 0.065 0.671
ks Female tarsus
L length 0.066 0.033 4.051 0.002 0.130 0.044
Lay date -0.016 0.016 1.059 -0.048 0.015 0.303
Pair-bond strength 0.015 0.018 0.639 -0.021 0.050 0.424
Male minimum age -0.014 0.031 0.212 -0.074 0.046 0.645
@ Year:2015 -0.075 0.108 -0.286 0.136
c Year:2018 -0.188 0.141 5.812 -0.465 0.090 0.121
o 98.49 Year:2019 -0.350 0.160 -0.663 -0.036
= ’ Food-sharing rate -0.023 0.017 1.891 -0.056 0.010 0.169
S Male tarsus length 0.032 0.031 1.079 -0.028 0.092 0.299
T Female tarsus
length 0.035 0.028 1.546 -0.020 0.090 0.214
Lay date -0.019 0.014 2.015 -0.046 0.007 0.156
IS Pair-bond strength -0.006 0.035 0.035 -0.075 0.062 0.853
= Male minimum age -0.085 0.075 1.297 -0.232 0.061 0.255
5 Year:2015 -0.017 0.252 -0.512 0.478
S o Year:2018 -0.120 0.289 1.844 -0.687 0.447 0.605
§ S 94.47 Year:2019 -0.362 0.342 -1.032 0.308
c 9 ' Food-sharing rate -0.047 0.045 1.078 -0.135 0.042 0.299
2% Male tarsus length -0.027 0.072  0.143 -0.168 0.113 0.705
o Female tarsus
s length 0.087 0.054 2.609 -0.018 0.192 0.106
a Lay date -0.035 0.031 1.284  -0.095 0.025 0.257
. Pair-bond strength -0.158 0.099 0.468 -0.352 0.037 0.494
c Years together 0.035 0.034 1.080 -0.031 0.101 0.299
g Year:2015 -0.133 0.144 -0.414 0.149
Q Year:2018 -0.452 0.152 14.072 -0.749 -0.154 0.003
> 90.46 Year:2019 -0.271 0.193 -0.650 0.107
o ' Food-sharing rate -0.024 0.023 1.109 -0.068 0.021 0.292
E Male tarsus length -0.051 0.035 2.095 -0.120 0.018 0.148
O Female tarsus
£ length -0.046 0.028 2.737 -0.101 0.009 0.098
Lay date 0.037 0.015 5.868 0.007 0.066 0.015
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Pair-bond

strength:Year15 -0.041 0.122 -0.280 0.198

Pair-bond

strength:Year18 0.225 0.106 A0S 0.017 0.432

Pair-bond

strength:Year19 0.202 0.136 -0.065 0.468

> Mean pair-bond

5 c strength 0.113 0.140 0.650 -0.161  0.387
g 2 12,12 Male tarsus length 0.122 0.107 1.290 -0.088 0.332
oL Female tarsus

length 0.089 0.072 1.549 -0.051 0.229

Discussion

Our combination of behavioural and life history data allowed us to test four key
predictions of the Social Intelligence Hypothesis (SIH) within one study system
for the first time. We found strong support for the predictions that (1) pair-bond
strength varies between pairs, (2) is consistent within pairs, and (3) positively
correlates with partner responsiveness. While we found that pairs with stronger
bonds are better able to adjust hatching synchrony to environmental conditions,
we found no evidence to support prediction (4) that having a stronger pair-bond

directly translates into fitness benefits.

We found that pair-bond strength varies between and is consistent within
jackdaw pairs. During the incubation stage of the breeding season, adjusted
pair-bond strength repeatability was 0.65 (within-year) and 0.50 (between-year).
This is higher than the average repeatability of behaviour in general (0.37) as
reported in a meta-analysis of behavioural consistency (Bell et al., 2009), and
similar to the repeatability of association strength with conspecifics (0.41 — 0.62)
in wild great tits (Parus major; Aplin et al., 2015). This adds support to the
finding that social phenotypes are highly repeatable in wild birds, while
furthering our understanding of the consistency of pair-bond strength in
particular. Previous work has found that the personality of wild great tits is
related to pair-bond strength, as measured through relative association
propensity (i.e., association with the partner relative to the sum of all other
assocations; Firth et al., 2018). If this is true in jackdaws, then personality may
be an important driver of inter-individual variation and intra-individual
consistency of pair-bond strength. While bond strength was highly repeatable
during the incubation stage, in the nest-building stage of the breeding season it
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was not significantly repeatable when analysed using a frequentist approach.
An alternative analysis using a Bayesian approach, conducted to test
robustness of results, showed that pair-bond strength is likely to be repeatable
in this stage (Table S3). Given the inconsistency in this result, we suggest a
larger sample size is required before conclusions about bond consistency
during nest-building should be drawn. Nonetheless, our results provide clear
support for two fundamental predictions of the SIH: that bond strength varies

between and is consistent within pairs.

We also found strong support for a prediction of the SIH that had not yet been
tested in non-humans, namely that bond strength correlates with cognitive
performance. First, we found that jackdaw pairs with stronger bonds hatched
their clutches significantly more synchronously in years with high population-
level reproductive success (implying resource rich years) relative to pairs with
weaker bonds. Conversely, pairs with stronger bonds hatched their clutches
significantly more asynchronously in years with low population-level
reproductive success (implying resource poor years) relative to pairs with
weaker bonds. The precise mechanisms through which more strongly bonded
pairs are better able to adjust hatching synchrony to environmental conditions is
unclear, and further work must be done to understand exactly how this occurs.
Hatching synchrony is, however, related to incubation initiation (Wang &
Beissinger, 2011), which is itself likely to be successful only if males recognise
incubation has begun and thus start food-sharing with their partner. Therefore,
one explanation as to why more strongly bonded pairs are better able to adjust
hatching synchrony to environmental conditions is that partners are more
responsive to one another’s behaviour, and thus can better coordinate the
beginning of incubation. Second, our experimental results provided further,
direct support that pair-bond strength is related to a measure of cognitive
performance. While males responded in substantially variable ways to their
partner following the partner’s exposure to a stressor, males in stronger pair-
bonds showed a larger absolute change in partner-directed behaviour,
indicating that males in stronger bonds are more responsive to subtle changes
in their partner’s behaviour. This is similar to results found in humans, where
individuals who show better socio-cognitive performance (e.g., better

recognition of and response to the emotional state of other individuals) form
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stronger friendships (Cutting & Dunn, 2006; Smith, 2015). Taken together, our
results suggest that socio-cognitive performance and relationship strength are
positively correlated in jackdaws; the first evidence of such a link in non-

humans.

Despite evidence linking pair-bond strength to partner responsiveness, we
found no evidence that this translates to reproductive success. Furthermore, we
did not find evidence to suggest that re-pairing, and the assumed lack of
familiarity with a new partner, influenced reproductive outcomes (see
Supplementary Materials for further discussion). While we did find that pairs
with stronger bonds were better able to adjust hatching synchrony to
environmental conditions, hatching synchrony did not interact with year to
influence fitness outcomes at the population level. Although this may be
because hatching synchrony is unrelated to fithess outcomes in jackdaws, it is
possible that the effect of hatching synchrony on reproductive success may only
be detectable with more drastic environmental variation than captured in our
study. It is also important to emphasise that we only measured pair-bond
strength during the breeding season, and that our data covers a relatively short
proportion of jackdaws’ long lifespan. Further longitudinal studies of pair-bond
strength and fitness outcomes would be necessary to fully interrogate the
relationship between pair-bond strength and fitness. Nevertheless, the absence
of a relationship between pair-bond strength and fitness found in this study is at
odds with previous work showing that pair-bond strength correlates positively
with fledging success in captive cockatiels (Spoon et al., 2006), and with many
studies showing relationship strength to be key to reproductive outcomes in
mammals (Cameron et al., 2009; McFarland et al., 2017; Schulke et al., 2010;
Silk et al., 2010b; Silk & Hodgson, 2021). Moreover, this result potentially
undermines a central tenet of the SIH, lending support to the idea that forming
and maintaining strong relationships may not be a key driver of cognitive
evolution in birds. However, before drawing this conclusion, alternative

hypotheses must be addressed.

While the pair-bond is the most valuable relationship in corvid society, pairs do
not exist in a social vacuum (Emery et al., 2007). Indeed, partners work
together to interrupt relationship formation between potential competitors in

ravens (Corvus corax; Massen et al., 2014), while in jackdaws and rooks

134



(Corvus frugilegus) partners aid each other in fights against third parties
(Clayton & Emery, 2007), and associate with flock-members independently of
one another (Boucherie et al., 2016; Kubitza et al., 2015). Moreover, jackdaws
with more central social network positions have better reproductive outcomes
(Kings, 2018). Given that time spent together is an important component of pair-
bond strength, and that it takes time to maintain relationships beyond the pair
and to monitor the wider social landscape, there is an implied trade-off between
the management and maintenance of pair and non-pair relationships. Future
work should interrogate the interaction between pair-bond strength,
relationships beyond the pair and reproductive success. Indeed, such studies
may reveal a more complex relationship between pair-bond strength and
reproductive outcomes than we were able to test in this study. For example,
there may be a trade-off between cultivating a strong pair-bond and maintaining
an integrated position in a social network. Being strongly bonded to a partner
may also limit access to valuable social and cultural information. Such trade-offs
could obscure the detection of a direct relationship between pair-bond strength
and reproductive success. Such trade-offs have been investigated in some
species. In wild great tits, males who formed their pair-bonds early sampled
fewer potential mates than males who formed pair-bonds later (Firth et al.,
2018), while in humans, couples have fewer friends and invest less in friendship
than single individuals (Johnson & Leslie, 1982; Kalmijn, 2003). However, there
appears to be no trade-off between relationship quality and quantity in at least
one species of non-human primate, the chacma baboon (Papio ursinus,
McFarland et al., 2017). Understanding how jackdaws navigate their pair-bond
within and as well as the wider social landscape will not only reveal potential
trade-offs, but may also give insight into the cognitive demands of avian
relationships. In particular, investigating multi-layered jackdaw sociality in detail
would be foundational to testing whether maintaining the pair-bond itself is
cognitively demanding, or whether cognitive challenges are posed by the
navigation of the pair-bond within a wider social network. This is a key unknown
in the study of avian cognitive evolution. In addition, it must be considered that
while we find that socio-cognitive performance correlates with relationship
strength, it is not clear that socio-cognitive ability does. Indeed, it is possible
that an individual’s investment in their partner (relative to non-partners) is

correlated with both their socio-cognitive performance within the pair-bond and
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pair-bond strength, but not correlated with socio-cognitive ability. The SIH
predicts cognitive ability is under selection given that an individual’s ability to
form strong bonds is related to socio-cognitive ability and to reproductive
success. Thus, untangling relationship investment, socio-cognitive performance
and socio-cognitive ability is a challenging yet vital direction for future

investigations of the SIH.

Here, we tested four key predictions of the SIH within a single study system, the
jackdaw, and found support for three predictions: that pair-bond strength is
variable between pairs, repeatable within pairs and related to socio-cognitive
performance. We did not find any direct evidence that pair-bond strength
influences reproductive success, although we did find that pairs with stronger
bonds were better able to adjust hatching synchrony to environmental
conditions. We suggest that although pair-bond strength may not be related to
fithess outcomes, it is too soon to draw a robust conclusion. Future work should
investigate whether there is an adaptive benefit to adjusting hatching synchrony
according to resource availability in jackdaws. Furthermore, pairs do not exist in
a social vacuum (Emery et al., 2007). Individuals may therefore trade
investment in the pair-bond for investment in relationships beyond the pair.
Future research should interrogate the link between pair-bond strength,
relationships beyond the pair and reproductive success, and test for potential
trade-offs. How relationship investment, socio-cognitive performance and socio-
cognitive ability interact is also a crucial consideration for future work. We
suggest that intra-specific testing of the key predictions of the SIH is an
important direction for a field currently dominated by broad-scale comparative
studies, and that such an approach may help to clarify the debate as to whether

social relationships are a key driver of cognitive evolution.
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Supplementary Material

Ethogram

Table S1 The behavioural ethogram used in BORIS v7.4.6 to code video data.

Behaviour Type
ALLOPREEN Duration
CONTACT Duration
CHATTER Duration
IN Duration
FS Point
PEEK (AKA Duration
vigilance)

LAY (AKA Duration
incubation)

COPULATION Duration

Description
One individual preens another

An individual is stood or sat close enough to their partner
that they would not have to move their bodies in order to
make physical contact (i.e., they are within a beak'’s
distance of one another). They are not actively engaged in
any other behaviour.

A specific call often made between partners.

An individual is in the box (time together and male visit
rate are extracted from this variable).

Food-sharing between adults. In the incubation stage this
is always from the male to the female. Coded only once
per male visit to the box.

Individual looks out of nest-box.

Individual sitting on eggs (start behaviour when the
individual ‘'wiggles' onto the eggs).
One individual attempts to or does copulate with another.

Interrater reliability (IRR; Cohen’s Kappa with a three second sliding time

window) was calculated using 36 hours of repeated footage across twelve
raters. IRRs were high for male ‘IN’ (0.99), female ‘IN’ (0.99), male ‘PEEK’
(0.76), female ‘PEEK’ (0.82) and moderate for ‘LAY’ (0.53) (Landis & Koch,
1977). Because affiliative behaviour definitions were re-defined in 2018

(becoming more conservative), the lead author re-coded all instances where the

pair were together in a video.
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Correlation between behaviours recorded within the nest-box
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Figure S1 Correlation plots of behaviours in (a) the nest-building stage of the breeding season and (b) the

incubation stage of the breeding season. Crosses indicate a non-significant (a > 0.05) pairwise correlation. Red
indicates a positive correlation; blue indicates a negative correlation.

Loadings and scree plot

Table S2 PCA loadings for the nest-building and incubation stage.

Stage
Nest-build

Incubation
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Behaviours
Male allopreen

Female
allopreen
Contact

Male chatter
Time together
Time together
Male chatter
Female chatter
Allopreen
Contact

PC1
0.480
0.537

0.418
0.209
0.512
0.413
0.505
0.507
0.377
0.418

PC2
-0.349
-0.063

-0.358
0.783
0.365

-0.323
0.148
0.089
0.707

-0.605

PC3
0.375
0.486

-0.754
-0.031
-0.233
0.593
-0.442
-0.462
0.484
0.072

PC4
-0.584
0.400

-0.154
-0.513
0.461
0.610
0.186
0.133
-0.352
-0.672

PC5
-0.409
0.558

0.324
0.282
-0.581
-0.018
0.702
-0.710
-0.023
0.050



Nest-building stage PCA

75-

= £
g k3
z 5
@ 2.5- i
k= g
= &
a
3 -
=
@ T
o
o
[}
0.0- i
8 "emale aliopresy,
]
~ 3
-6%
L] e
25+
L]
[ : :
0 2 ;

PC1 (43.3% explained var.)

PC2 (14.3% explained var.)

7.

5]

Incubation stage PCA

PC1 (59.5% explained var.)

Figure S2 PCA biplots of (a) nest-building and (b) incubation stage behaviours.

Scree plot: PCA on scaled data
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Figure S3 A scree plot showing variation explained by each Principal Component in the
incubation-stage PCA. Although affiliative behaviours loaded onto both PC1 and PC2, the scree
plot shows clear justification for keeping only PC1 for further analyses given the relative amount

of variation explained.
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Repeatability of pair-bond strength

Table S3 Repeatability estimates using MCMC simulations in rptR

Model Repeatability estimate  2.5%  97.5% CI
Cl

Nest-build: within-year 0.529 0.208 0.895

Nest-build: between-year 0.564 0.287 0.849

Incubation: within-year 0.486 0.296 0.735

Incubation: between-year 0.49 0.297 0.683

Hatching synchrony and fitness

Pairs with stronger bonds were better able to adjust hatching synchrony so that
their broods were more synchronous in better years and more asynchronous in
resource-poor years (as assumed based on population-wide reproductive
success; see Results). To test whether hatching synchrony interacted with year
to influence reproductive success, we ran GLMMs with (1) fledgling number, (2)
fledgling mass and (3) proportion of hatchlings that fledged across the entire
population (i.e., not just for those pairs for whom we had pair-bond strength
data; n = 191 datapoints and 112 pairs). We included male and female tarsus
length, minimum male age/years together (see Methods), hatching synchrony
and year as covariates. Site and pair ID were included as random effects.
However, models (1) and (2) would not converge with the inclusion of site, so it

was removed.

For each response variable, we compared model performance with and without
an interaction term between year and hatching synchrony. All models without
the interaction term were better than models with its inclusion (where a ‘better’
model has an AIC more than or equal to two less than the competing model,
Table S4). This suggests that hatching synchrony did not interact with year to
influence reproductive outcome, at least across the four years of our study.
Table S4 AIC values for models including the interaction between year and hatching synchrony

(Year*hatching synchrony incl.) and excluding it. Models excluding the interaction term always
performed better.

Response variable Year*hatching Year*hatching
synchrony incl. synchrony excl.

N. fledglings 480.386 475.25

Mass fledglings 2430.691 2425.709

Proportion hatchlings that 512.65 507.648

fledge
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Re-pairing

Table S5 Results of models testing whether individuals who re-pair (due to partner death or
divorce) experience a fitness cost of changing partners in the year of re-pairing relative to their
final breeding attempt with their original partner. Focal ID was included as a random effect in
each model. Site was included in all models with a female focal, but resulted in convergence
issues for male models and thus was excluded.

Re-
paired
focal

Response
variable

Fledgling

number

Fledgling
mass

Male

Proportion
hatched
that
fledged

Fledgling

number

Female

Fledgling

mass
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n(datapoints,
individuals)

32,16

34,17

34,17

22,11

24,12

Predictor
variables ¢]
Re-pair  0.188
Male

min

age 0.097
Lay

date 0.006
Year -0.074
Re-pair 42.280
Male

min

age 39.460
Year 33.230
Re-pair  0.123
Male

min

age 0.067
Lay

date -0.008
Year -0.076
Re-pair -0.203
Female

min

age 0.045
Lay

date -0.040
Year 0.133
Re-pair -0.155
Female

min

age 0.037
Lay

date -0.034

SE

0.101

0.067

0.015
0.045

49.410

26.190

20.110

0.245

0.098

0.032

0.076

0.204

0.079

0.023

0.114

0.174

0.067

0.020

X2

3.454

2.101

0.193
2.702

0.732

2.270

2.731

0.254

0.463

0.056

0.988

0.991

0.333

2.966

1.354

0.792

0.302

2.967

2.5% ClI

-0.010

-0.034

-0.022
-0.163

54.560

11.874

72.638
-0.356
-0.126

-0.071
-0.225
-0.602

-0.109

-0.085
-0.091
-0.495

-0.095

-0.073

97.5%
Cl

0.387

0.229

0.035
0.014

139.112

90.791

6.181

0.603

0.260

0.055

0.074

0.197

0.199

0.005

0.356

0.186

0.168

0.005

P-
value

0.063

0.147

0.661
0.100

0.392

0.132

0.098

0.614

0.496

0.813

0.320

0.319

0.564

0.085

0.245

0.373

0.583

0.085



Proportion
hatched
that
fledged

24,12

Supplementary Methods

Year
Re-pair

Female
min
age

Lay
date

Year

0.080

-0.504

0.138

-0.107

0.290

0.099

0.420

0.142

0.048
0.223

0.661

1.444

0.947

5.025
1.689

-0.113

-1.327

-0.140

-0.200
-0.147

0.273

0.318

0.417

-0.013
0.727

Partner responsiveness: female behaviour After the analysis of the change in

male behaviour following partner distress, we ran two further models to test

whether female behaviour changed as a function of pair-bond strength, and

thus whether males could simply have been responding to the differential

magnitude of female behavioural change. Post-stressor, females did not change

their incubation, vigilance or self-preening behaviour in the male’s first visit to

the nest-box, relative to his last visit pre-stressor (Chapter 3). However, females

did show a slight change in chatter and begging. We therefore tested whether

the absolute change in female chatter and begging was significantly correlated

with pair-bond strength. Both begging and chatter were log-transformed to

improve model fit.

Supplementary Results

Predictors of pair-bond strength: Nest-build stage Significant predictors of pair-

bond strength differed depending on whether influential points were included or

not. With their inclusion, the only predictor of pair-bond strength at the nest-

build stage was time the video was started, where pairs were more affiliative
earlier in the day (n = 45 datapoints, n = 33 pairs, B = -0.09, SE = 0.04, X? =
5.30, 95% CI [-0.16,-0.01], p = 0.02). With influential points excluded, only the

number of days until the female’s fertile window was significant, where the

closer the female was to being fertile, the more affiliative the pair (n = 42

datapoints, n = 32 pairs, B = 0.01, SE = 0.01, X? =5.22, 95% CI [0.001,0.02], p
= 0.02). Given the instability of these results, they should be interpreted with

caution.
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Predictors of pair-bond strength: Incubation stage In the incubation stage, pairs
in 2019 has significantly lower pair-bond strength than in 2014, 2015 and 2019
(2019 relative to 2014: B = -0.30, SE = 0.15, 95% CI [-0.58,-0.01], p = 0.04;
2019 relative to 2015: B = -0.39, SE = 0.12, 95% CI [-0.62,-0.16], p < 0.01; 2019
relative to 2018: B = -0.39, SE = 0.09, 95% CI [-0.55,-0.2], p < 0.01). Results

were robust to the inclusion/exclusion of influential points.

Pairwise comparisons of reproductive success across years: Pairs in 2018 and
2019 fledged significantly fewer chicks than 2015 (n datapoints = 180; n pairs =
106; 2018 relative to 2015: B = -0.14, SE = 0.07, 95% CI [-0.27,-0.01], p = 0.04;
2019 relative to 2015: B = -0.28, SE = 0.07, 95% CI [-0.41,-0.14], p < 0.01), and
in 2019 pairs also fledged significantly fewer chicks than in 2014 and 2018 (n
datapoints = 180, n pairs = 106; 2019 relative to 2014: 3 = -0.32, SE = 0.10,
95% CI [-0.53,-0.12], p <0.01; 2019 relative to 2018: = -0.14, SE = 0.06, 95%
Cl1[-0.25,-0.02], p = 0.02). Similarly, in 2019 the cumulative mass of fledglings
per pair was significantly lower than in 2014, 2015 and 2018 (n datapoints =
180, n pairs = 105; 2019 relative to 2014: 3 = -0.35, SE = 0.10, 95% CI [-0.55,-
0.16], p <0.01; 2019 relative to 2015: B = -0.29, SE = 0.07, 95% CI [-0.43,-0.15],
p <0.01; 2019 relative to 2018: B = -0.17, SE = 0.06, 95% CI [-0.29,-0.06], p
<0.01). In 2018, cumulative mass of chicks per pair was also lower than in
2014 (n datapoints = 180, n pairs = 105: B = -0.19, SE = 0.10, 95% CI [-0.39,-
0.003], p = 0.046). Together these results show that 2019 was the hardest year
for jackdaws in terms of reproductive success, followed by 2018. 2014 and

2015 were comparatively good years.
Supplementary Discussion

Re-pairing Previous work has found that the more familiar a pair are with one
another (i.e., the longer they have known each other), the greater their
reproductive success (Culina et al., 2020; Sanchez-Macouzet et al., 2014; Van
De Pol et al., 2006). To understand whether pair familiarity influenced fithess
outcomes in jackdaws, we tested whether re-pairing led to decreased
reproductive success in the first year of a new partnership, relative to the final
year of the former partnership. However, at odds with previous literature, we did
not find an effect of pair familiarity on reproductive success (Table S5). Previous

work on re-pairing rooks found that newly formed pairs were immediately as
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strong as the old pair-bond (Boucherie et al., 2018). This suggests that in
corvids, pair-bond strength may not be a function of familiarity. Indeed, our
analyses show that years together is not a predictor of pair-bond strength in
jackdaws, again indicating that partner familiarity may not be related to pair-
bond strength. However, although familiarity may be unimportant for
reproductive success in jackdaw pair-bonds, it is also possible that this analysis
did not fully capture pair familiarity. Because jackdaw pairs spend a large
proportion of time with one another throughout the year (Kubitza et al., 2015;
Roell, 1978; Wechsler, 1989), familiarity with new partners can be built up over
the course of a year, thus meaning that ‘newly’ paired birds in our analysis were
actually already familiar with one another by the time we recorded them in the
breeding season. We must also consider that some individuals in our analysis
may have divorced their first partner, rather than re-pairing due to partner death.
Birds who re-pair following divorce often ‘trade-up’, and have improved fithess
consequences with their new partner (Culina et al., 2015). Such a pattern could
conceivably have created noise in our analysis, and divorce or re-pairing due to

partner death would be important variables to control for in future analyses.
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CHAPTER 5: Further methodological caveats of comparative studies of
brain size

Abstract

There are multiple hypotheses for the evolution of cognition. The most
prominent hypotheses are the Social Intelligence Hypothesis (SIH) and the
Ecological Intelligence Hypothesis (EIH), which are often pitted against one
another. These hypotheses tend to be tested using broad-scale comparative
studies of brain size, where brain size is used as a proxy of cognitive ability, and
various social and/or ecological variables are included as predictors. Here, we
test how methodologically robust such analyses are. First, we quantify how
much variation there is in brain and body size measurements across >900
species of bird, to understand how much variation in estimates there is between
datasets. Following this, we subset our data to the Corvides infraorder and ask
whether variable classification, source and inclusion influences model results.
We demonstrate that there is substantial variation in brain and body size
estimates across datasets, indicating that conclusions drawn from comparative
brain size models are likely to differ depending on data source. We also show
that model results change substantially depending on variable classification,
source and inclusion. Indeed, we could have found support for either the SIH or
EIH as a result of how we analysed our data. These results chime with recent
concerns that comparative brain size studies do not give robust results. We add
our voices to a growing community of researchers to suggest that we move on
from such studies, and focus instead on understanding cognitive evolution at

the intra-specific, behavioural scale.
Introduction

The principal drivers of cognitive evolution have been debated for decades
(Barton, 1996; Dunbar, 1992; Dunbar & Shultz, 2017; Holekamp, 2007;
Humphrey, 1976; Jolly, 1966; Rosati, 2017). Researchers often fall into two
broad camps, focusing primarily on either social or ecological factors. Briefly,
the Social Intelligence Hypothesis (SIH) posits that cognitive evolution is
principally driven by the informational challenges of navigating a dynamic social
environment, such as the need to track, anticipate and respond to the behaviour

of social partners and monitor the relationships of others (Dunbar, 1998;
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Humphrey, 1976; Jolly, 1966). In contrast, the Ecological Intelligence
Hypothesis (EIH) emphasises informational challenges posed by ecological
variables, such as variable food sources and climatic conditions (Barton, 1996;
Clutton-Brock & Harvey, 1980; Harvey & Krebs, 1990). A large body of research
has investigated social and ecological correlates of cognitive performance and
neuroanatomy (e.g., Ashton et al., 2018; DeCasien et al., 2017; Dunbar, 1992;
MacLean et al., 2009; Pérez-Barberia et al., 2007; Sayol et al., 2016; Shultz &
Dunbar, 2007; Street et al., 2017; van Woerden et al., 2010; West, 2014), but
results are often inconsistent and contradictory (Healy & Rowe, 2007; Logan et
al., 2018; Powell et al., 2017; Wartel et al., 2019). For instance, Dunbar (1992),
found that primate social group size positively correlated with a measure of
brain size, which is commonly used as a proxy for cognitive ability. In contrast,
DeCasien et al. (2017), found that diet is an important driver of primate brain
size but social group size is not. Wartel et al. (2019), on the other hand, found
that either diet or social group size could predict primate brain size, depending
on specific methodological choices. While most research interrogating the SIH
and EIH has focused on primates, birds have emerged as a major model
system in cognitive evolution over the last 20 years (Gunturkin & Bugnyar,
2016; lwaniuk & Arnold, 2004; Overington et al., 2009; Sayol et al., 2016; Seed
et al., 2009). Some species of bird show convergent cognitive performance to
primates (Gunturkin & Bugnyar, 2016; Seed et al., 2009), yet have divergent
neuroanatomy (Guntirkin & Bugnyar, 2016) and differing constraints on brain
size, such as those imposed by long-range migration (Vincze, 2016). Here we
interrogate the potential pitfalls that arise in the comparative study of cognitive
evolution in birds. Moreover, we highlight potential pitfalls of current

methodologies that have not previously been investigated in any taxa, to date.

The relationship between brain size and cognitive ability is largely unknown and
highly contentious (Chittka & Niven, 2009; Healy & Rowe, 2007; Logan et al.,
2018); nevertheless, most studies investigating comparative cognitive evolution
use some measure of brain size as a proxy of cognitive ability (Wartel et al.,
2019). Most comparative studies of brain size use a single measurement of
brain size per species, taken either from one “type specimen” individual or
averaged across a number of individuals. The degree of intra-specific variation

in brain size and its influences on the results of comparative analyses are
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therefore poorly understood. There is, however, evidence that the dataset used
can result in substantially different conclusions for primate brain size studies
(Wartel et al., 2019), suggesting that intraspecific variation and/or measurement
technique may change results. For example, while social variables were not
significantly correlated with primate brain size using one brain size dataset
(DeCasien et al., 2017), an identical model using a different dataset did find a
significant positive correlation (Wartel et al., 2019). Among birds, one
comparative study of brain size evolution found that results did not differ when
subsetting a combined dataset of brain mass (converted to volume) and
endocranial volume to a single dataset on endocranial volume only (Overington
et al., 2009). However, an explicit test of whether bird brain size dataset
influences results has yet to be undertaken. Moreover, to control for the
allometric relationship between brain and body size, most studies of brain size
control for body size (‘relative brain size’) (Logan et al., 2018) but the impacts of
variation in body size estimates from different datasets have not been
investigated. Here, we quantify intraspecific variation in brain and body size
measurements across bird species, to understand whether the magnitude of
variation may influence the results of comparative brain size analyses. We then
explicitly test whether results are robust when using different bird brain size

datasets.

Beyond the influence of brain and body size estimates on model results,
variable classification, source and combination are important considerations in
models of brain size evolution. It is common practice in models to include
covariates associated with the hypothesis of interest (broadly, the SIH or EIH),
and either omit (e.g., Emery et al., 2007) or include less detailed (e.g. Sayol et
al., 2016) variables associated with the competing hypothesis. However, the
source and combination of variables are known to have a substantial influence
on results in primate brain size models (Powell et al., 2017; Wartel et al., 2019).
Moreover, the classification of variables can be a somewhat subjective decision
made by authors. For example, in birds, if some populations of a species are
migratory, but most are resident (e.g., as in jackdaws, Corvus monedula:
Madge & de Juana, 2020), should they be classified as migrants, residents, or a

more detailed covariate, in which case over-parameterisation may become a
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concern? How classification decisions influence model results is as yet

unquantified, but such decisions have the potential to influence results.

Here, we use multiple datasets of brain and body size to quantify variation in
estimates for >900 species of bird. Following this, we interrogate whether
conclusions drawn from models testing alternative hypotheses for brain size
evolution differ dependent on (1) the dataset of whole brain size and body size
used and (2) the classification, source and combination of variables included.
To do this, we collated detailed social and ecological variables for species in the
Corvides infraorder; a relatively well-studied group of birds with well-resolved
taxonomy (Jgnsson et al., 2016) and large variation in brain size (lwaniuk &
Arnold, 2004; Sayol et al., 2016). Together, these investigations allow us to (i)
identify novel pitfalls in the study of comparative cognition, and (ii) highlight
parallel pitfalls to those previously identified in the field of primate comparative
cognition (Powell et al., 2017; Wartel et al., 2019).

Methods

Quantifying intraspecific variation in brain and body size Whole brain
volumes across bird species were collated from five published datasets (Garcia-
Pefa et al., 2013; Iwaniuk et al., 2004; Iwaniuk & Arnold, 2004; Iwaniuk &
Nelson, 2003; Sayol et al., 2016), all of which measured brain volume using
either the endocranial volume technique (see Iwaniuk & Nelson, 2002 for
details), brain mass converted to volume (Iwaniuk & Nelson, 2002) , or both.
Garcia-Pefa et al., 2013, measured and analysed male and female brain sizes
separately, and used one estimate of brain size per sex. All other studies used
sex-averaged brain size and had one datapoint per species. We therefore also
averaged male and female brain sizes from Garcia-Pefia et al., 2013. Datasets
are non-independent, with some measurements shared between them; thus,

guantification of variability between datasets is likely to be an underestimate.

Body sizes were collated from ten published datasets (Corfield et al., 2013;
Fristoe et al., 2017; Garamszegi et al., 2002; Iwaniuk et al., 2004, 2005; Iwaniuk
& Arnold, 2004; Lendvai et al., 2013; Minias & Podlaszczuk, 2017; Sayol et al.,
2016; Sol et al., 2010). All body sizes were measured in grams. Again, datasets
are not independent, with some using overlapping sources, and each dataset

had one datapoint per species.
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Altogether we collated information on 2399 bird species. Of these, 954 species
had brain measurements in more than one dataset. 1546 species had body

mass in more than one dataset.

Corvides: Analysis 1 — dataset dependency To test whether model results
remained consistent across datasets, we collated whole brain and body size
data from Ilwaniuk & Arnold, 2004 (dataset 1) and Sayol et al., 2016 (dataset 2).
For dataset 1, two methods were used to obtain brain size estimates: whole
brain mass (converted into volume) and endocranial volume (measured using
lead shot; see Iwaniuk & Nelson, 2002, for details). Where possible, the authors
collected body mass data from the same specimens whose brain
measurements were used. Where this was not possible, body mass
measurements were collected from published literature. For dataset 2,
endocranial volume was measured using the same method as used in dataset
1, but brain size and body mass were always measured from the same
specimen. Altogether, we collated information for 40 species with brain size and
body mass measurements from both datasets. We analysed the data as
described in the section Methods: Statistical Modelling, using variables

collected as described in Methods: Variables.

Corvides: Analysis 2 —variable inclusion, classification and source We
tested whether including detailed ecological and social covariates, relative to
including ecological or social covariates, qualitatively changed conclusions of
models. To do this, we extracted/collated detailed ecological and social
variables that have previously been shown to have a significant relationship with
brain size (see Methods: Variables). In addition to constructing models with
differing sets of predictor variables, we examined how sensitive model results
were to choices regarding the categorisation of variables (see Methods:
Variables: Re-classification). We also tested whether collecting variables from
differing sources changed model results (see Methods: Variables:

Environmental variation).

Variables We extracted/collated the following detailed ecological and social
variables that have previously been shown to have a significant relationship with

brain size.

150



1. Ecological variables We included species movement, environmental
variability and diet. Species that migrate are thought to have smaller brains than
resident species (Pravosudov et al., 2007; Shultz & Dunbar, 2010; Sol et al.,
2010; Vincze, 2016). This is hypothesised to be because the energetic cost of
the brain constrains selection on increased brain size in migrating species, who
have large energetic demands during migration (Pravosudov et al., 2007; Sol et
al., 2010; Vincze, 2016). Meanwhile, species that live in fluctuating
environments (Fristoe et al., 2017; Sayol et al., 2016; Schuck-paim et al., 2008)
and species with broader diets (Sayol et al., 2016) are thought to have bigger
brains than those in more stable environments or with specialist diets. This is
potentially because species that encounter more uncertainty must process more
information in order to respond appropriately (Dall et al., 2005; Sayol et al.,
2016; Schmidt et al., 2010), and therefore require more ‘processing power’ (i.e.,

bigger brains).

1.1 Movement We coded species movement using four categories: resident,
partial migrant, migrant or nomadic. Previous studies including migration as a
covariate tend to include migration as a binary variable (resident or migratory:
Fristoe et al., 2017; Shultz & Dunbar, 2010). However, some species (e.g., the
jackdaw, Corvus monedula) are only migratory in certain regions. Such species
were therefore coded as partial migrants. Meanwhile, other species move often
but do not undertake migrations; these were classified as nomadic. For the first
analysis (comparing datasets), some categories had small sample sizes
(nomadic = 3 species; migratory = 2 species). We therefore simplified this
variable into resident and non-resident for Corvides: analysis 1, while we used
variables of full complexity for Corvides: analysis 2 (although see Methods:

Variables: Re-classification).

1.2 Environmental variability We collected environmental variability from two
sources. The first measure of environmental variability was ‘temperature
variation’, as reported in Fristoe et al., 2017, where higher values indicate more
variability. The second was a measure of environmental variability calculated by
Sayol et al., 2016. Briefly, Sayol et al. included multiple environmental variables
in a phylogenetic principal component analysis. The resultant phylogenetic
principal component 1 (PPC1) captured seasonal variation, duration of snow

cover and among-year variation, with higher values indicating higher variation,
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longer snow-cover and larger among-year variation. PPC1 can therefore be
interpreted as an axis describing general environmental variation, with higher
values at higher latitudes. Meanwhile, phylogenetic principal component 2
(PPC2) captured variation in vegetation at lower latitudes (e.g., drought events).
Although Fristoe et al.’s ‘temperature variation’ is not as comprehensive as
Sayol et al.’s ‘PPCs’, this data was available for more species in our sample.
Temperature variation and PPCs were never used in the same models; instead,
they were interpreted as two independent sources of ‘environmental variation’,
which we used to quantify whether differing variable source may influence

results.

1.3 Diet breadth We used diet breadth as reported in Sayol et al., 2016, who
used Rao’s quadratic entropy (de Caceres et al., 2011) with diet frequency for

seven diet types. Higher values indicate a broader diet.

2. Social variables We used two social variables in our models, both of which
have been suggested to be involved in brain size evolution: group structure and
cooperative breeding. While long-term monogamy has been shown to positively
correlate with brain size (Emery et al., 2007; Shultz & Dunbar, 2010), almost all
species in our sample form long-term monogamous pair bonds (see
Supplementary Data), so there was not enough variation for this variable to be
included.

2.1 Foraging group structure Foraging group structure has previously been
shown to correlate with relative brain size (Emery et al., 2007; Shultz & Dunbarr,
2010). Specifically, species that forage in pairs or bonded groups have been
shown to have larger brains than those that forage in large aggregations (Shultz
& Dunbar, 2010), and species that live in small groups have bigger brains than
those that live in large aggregations (Emery et al., 2007). This is argued to be
because the quality rather than quantity of social bonds is a key driver of
cognitive evolution in birds (Emery et al., 2007; Shultz & Dunbar, 2010).
However, in other studies foraging group structure appears to be unimportant
(Sayol et al., 2016). A common problem with the inclusion of social variables in
comparative studies is that they may not capture the underlying informational
demands which, according to the SIH, drive cognitive evolution (Boucherie et
al., 2019; Dunbar, 1998; Lukas & Clutton-Brock, 2018). We therefore expanded

on previous categorisations of foraging group structure by trying to capture
152



variables thought to be associated with information-processing. Specifically,
species were coded as foraging solitarily, in pairs, in small groups (<30
individuals), in aggregations (>30 individuals), or as nested versions of these
variables (e.g., forages in pairs nested within larger groups). If a species is
known to forage in different social contexts but not necessarily in a nested
fashion, we categorised these species using the largest group size commonly
recorded (e.g., if the species forages in pairs and in small groups, but not
necessarily in a nested manner, we recorded this as small group foraging).
Following predictions of the SIH, we expected that solitary foragers would have
the smallest brains, given the relatively limited demands for processing social
information. Moreover, we expected that species foraging in nested groups
would generally have larger brains, given the informational demands of
managing relationships within a multi-layered context (e.g., managing the pair-

bond relationship within a wider social group).

2.2 Cooperative breeding The role of cooperative breeding in cognitive
evolution is contentious. Some authors argue that cooperative breeding entails
substantial cognitive demands because individuals need to cooperate and
coordinate with multiple others to raise offspring (Burkart et al., 2009; Burkart &
van Schaik, 2009; Hrdy, 2009). Conversely, others suggest that the typically
high levels of relatedness and shared interests within cooperatively breeding
groups may in fact reduce cognitive demands relative to independent breeding
(Lukas & Clutton-Brock, 2018; Thornton et al., 2016; Thornton & McAuliffe,
2015). Relevant empirical evidence remains limited and controversial. For
instance, Burkart & van Schaik, 2009, suggest that cooperatively breeding
monkeys show elevated socio-cognitive performance, but these species also
have particularly small brains (Thornton & McAuliffe, 2015), and rank poorly in
meta-analyses of cognitive performance across primates (Deaner et al., 2006).
Among birds, the only comparative study to date found no relationship between
cooperative breeding and brain size (Iwaniuk & Arnold, 2004), but this study did
not include variables since shown to be significantly related to brain size, such
as diet and environmental variation (Sayol et al., 2016). We therefore included
cooperative breeding as a binary variable in our analyses. We note that species
such as American crows (Corvus brachyrhynchos) and carrion crows (Corvus

corone) are facultative cooperative breeders, but as there were few species in
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our sample that could be defined as such, we classified all facultative
cooperative breeders as cooperative (but see Methods: Variables: Re-

classification).

Re-classification Some classifications are ambiguous and multiple different
classifications can be justified. We therefore tested whether re-classifying
variables changed model results. We re-classified one ecological and one social
variable. “Partial migrants”, where at least one population of a species migrates
but often most populations are resident, were re-classified as residents.
Facultative or suspected cooperative breeders were re-classified as non-

cooperative, rather than cooperative breeders.

Statistical modelling All statistical analyses were undertaken in R v4.0.2 (R
Core Team 2017). We used a phylogenetic generalized least squares (PGLS)
modelling framework (Freckleton et al., 2002) in the package caper (Orme,
2018), which controls for non-independence of datapoints due to relatedness
and is the most commonly used technique in the comparative brain size
literature (Fristoe et al., 2017; Fristoe & Botero, 2019; Sayol et al., 2016; Shultz
& Dunbar, 2010; Sol et al., 2010; Vincze, 2016). We constructed a consensus
tree by downloading 1000 equally plausible phylogenetic trees for the species in
our sample from www.BirdTree.org (Sayol et al., 2016). We used the Hackett
rather than Ericson backbone because it is the most recently constructed,;
however, differences between backbones are small and they tend to produce
consistent results (Rubolini et al., 2015). Using TreeAnnotator in BEAST
v1.10.4, a maximum clade credibility consensus tree was built from these
equally plausible trees. This tree was then used to control for phylogenetic non-
independence in the following PGLS models. Lambda was estimated using
Maximum Likelihood. Model diagnostics and variance inflation factor (VIF) were
checked to ensure assumptions were met and variables were not unacceptably

collinear, respectively.

Corvides - analysis 1 To understand whether dataset had an influence on
results, we subsetted our data to the 40 species with brain and body size data
from both Iwaniuk & Arnold, 2004 (Dataset 1), and Sayol et al., 2016 (Dataset
2). We built four models using this data. First, we built model (1) using lwaniuk
& Arnold’s brain size data and their corresponding body size data (collected

from both the specimens used for brain size measurement and from the
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literature). Second, we built model (2) using Sayol et al.’s brain and
corresponding body size data (collected only from the same specimens that
brain size was measured from). Next, we built models (3) using Iwaniuk &
Arnold’s brain size data and (4) using Sayol’s brain size data, with averaged
body mass estimates from across the two datasets. In all models, all ecological
(movement, diet breadth, environmental variation) and social variables (social
foraging, cooperative breeding) were used, with Fristoe et al.’s measure of
environmental variability (rather than Sayol et al.’s) to maximise sample size. To
test whether different datasets resulted in differing conclusions, we compared
the output of models (1) and (2). We then compared the output of models (3)
and (4), with averaged body size data, to test whether differences in brain size
data alone, as opposed to the combination of different brain and body size

estimates, qualitatively altered results.

Corvides - analysis 2 Here, we tested how variable classification (partial
migrant/resident; cooperative breeder/non-cooperative breeder), source
(environmental variability: temperature variation or PPC), and combination
changed conclusions. See Table 1 for a summary of model formulations. We
used Sayol et al.’s (2016) brain size data only, which consisted of 59 Corvides
species. We chose to use this dataset because only one method was used to
measure brain size, and all body mass data came from the same specimens
that brain volume was taken from. It is therefore likely to be the most precise
data currently available. Using this data, we built three models: an SIH model
(brain size in response to body size, cooperative breeding and group structure),
an EIH model (brain size in response to body size, migration, environmental
variability and diet breadth), and a ‘combined’ model with all covariates
included. For every model including environmental variation, we built two
models: one with Sayol et al.’s measure of variability, and one with Fristoe et
al.’s measure (a larger sample size; see Table 1). Furthermore, we tested each
model with the initial and reclassified variables. All brain and body size

measurements were log-transformed.

Results

Quantifying intraspecific variation in brain and body size Figure 1a
visualises variation in (log-transformed) brain size estimates across datasets.

There was considerable variation in brain size estimate within species. Of 954
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Table 1 Different models testing a specific hypothesis (SIH/EIH) to test how variable inclusion changes
conclusions drawn from results.

Hypothesis Species Model predictors Conclusions
number
body size + diet Species movement
Ecological 59 breadth + correlates with brain size
Intelligence environmental (residents have bigger

Hypothesis (EIH)

Social Intelligence 59
Hypothesis (SIH)

Combined (EIH + 59
SIH)

EIH (PPC subset) 46
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variation
(temperature
variation) +
movement

body size +
cooperative
breeding + social

foraging

body size + diet
breadth +
environmental
variation
(temperature
variation) +
movement +
cooperative
breeding + social

foraging

body size + diet
breadth +
environmental
variation (PPC1 +

PPC2) + movement

body size + diet
breadth +

brains than nomads)
Environmental variation is
not a driver of brain size
evolution

Group structure during
foraging is a driver of brain
size evolution (non-nested
small groups = bigger
brains than foraging in
pairs)

Species movement
correlates with brain size
(residents have bigger
brains than nomads)
Group structure during
foraging is a driver of brain
size evolution (non-nested
small groups and solitary
foraging = bigger brains
than foraging in pairs)
Species movement is not
correlated with brain size
Environmental variation is a
driver of brain size
evolution: more variation in
show cover and vegetative
cover drives bigger brains
Species movement is not
correlated with brain size
Environmental variation is a
driver of brain size

evolution: more variation in



Combined (EIH + 46 environmental snow cover drives bigger

SIH; PPC subset) variation (PPC1 + brains but not vegetative
PPC2) + movement cover
+ cooperative 3. Group structure during
breeding + social foraging is a driver of brain
foraging size evolution (nested small

groups and solitary foraging
= bigger brains than

foraging in pairs)

species in more than one dataset, 20% had variation equating to at least a 5%
difference in brain mass and 7% of species showed a difference in brain mass
of at least 10% between estimates. The maximum difference in mass was
40.52%, while the mean was 1.92+3.93%.

Figure 1b visualises variation in (log-transformed) body size estimates across
datasets. Of 1546 species in more than one dataset, over one in five had

variation between estimates equating to at least a 20% change in body mass.
Meanwhile, 10% of species had variation equating to at least a 30% change in

body mass. The average difference in estimate was 15.68+33.86%.

Corvides - analysis 1 (Table 2; Figure 2a) Datasets 1 and 2 consisted of the
same 40 species with known social and ecological variables, and identical
model formulations were used for both datasets. Results varied depending on
whether we used brain and body size from dataset 1 or dataset 2, although
effect sizes and confidence intervals were similar between models (Figure 2a).
Model (1) (dataset 1) showed that species that forage in non-nested small
groups tend to have larger brains than those that forage in pairs, but no other
social or ecological variables were significant. Model (2) (dataset 2) also
showed that species that forage in non-nested small groups tend to have larger
brains than species that forage in pairs, but also found that solitary foragers
have bigger brains than those that forage in pairs and that resident species

have larger brains than migrants.

For models (3) (dataset 1) and (4) (dataset 2), we averaged body size across
the datasets 1 and 2, but kept dataset-specific brain size as a response
variable. Results for model (4) remained the same. For model (3), results

differed: while species that forage in non-nested small groups still have bigger
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species

brains than species that forage in pairs, resident species also have significantly

bigger brains than migrants.
See Table 2 for a summary of model results.

Corvides - analysis 2 (Table 3; Figure 2b) The full dataset used for this
analysis included 59 species, where all species had known social and
ecological variables (excluding PPCs). The PPC subset contained 46 species.
Conclusions on the principal drivers of brain size evolution in Corvides differed
dependent on modelling

-2 -1 0 1 2 0.0 5.0 75 10.0
log brain volume log body mass

[

r
in

Figure 1 Log brain volume and log body mass, respectively, plotted for each species with more than one datapoint across
datasets (N = 954 species for a; 1546 species for b). Points are ordered by minimum estimate, and lines connect points for
the same species. Colour corresponds to dataset (for a, n = 5; for b, n = 10).
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Table 2 Phylogenetic Generalised Least Squares model results, comparing species-matched models using
two different brain size datasets. All significant pairwise contrasts for categorical variables are shown.

Predictors A Estimate Standard T- P-
error value value
Body size 0.654 0.041 16.041 <0.001
Diet breadth 0.312 0.530 0.590 0.560
Temperature variation 0.077 0.052 1.480 0.149
Movement (resident) 0.120 0.061 1.954 0.060
Model 1 Cooperative breeding (binary) -0.052 0.064 -0.805  0.427
(Dataset 1) | Social foraging (nested pairs) % 0.160 0.094 1.706 0.098
Social foraging (solitary) ® 0.189 0.100 1.892 0.068
Social foraging (non-nested 0.212 0.100 2.126 0.042
small groups)
Social foraging (nested small 0.098 0.138 0.710 0.483
groups)
Body size 0.629 0.041 15.437 <0.001
Diet breadth 0.391 0.522 0.749 0.46
Temperature variation 0.042 0.05 0.828 0.414
Movement (resident) 0.132 0.058 2.269 0.031
Model 2 Cooperative breeding (binary) -0.057 0.062 -0.91 0.37
(Dataset 2) | Social foraging (nested pairs) CS 0.185 0.094 1.965 0.059
Social foraging (solitary) S 0.22 0.096 2.305 0.028
Social foraging (non-nested
small groups) 0.224 0.099 2.253 0.032
Social foraging (nested small
groups) 0.152 0.134 1.136 0.265
Body size 0.642 0.042 15.291 <0.001
Diet breadth 0.247 0.538 0.460 0.649
Model 3 Temperature variation 0.079 0.052 1.500 0.144
(Dataset 1, Movement (resident) 0.127 0.061 2.084 0.046
mean body | Cooperative breeding (binary) -0.064 0.065 -0.988 0.331
size) Social foraging (nested pairs) g 0.172 0.096 1.784 0.085
Social foraging (solitary) © 0.188 0.100 1.882 0.070
Social foraging (non-nested 0.228 0.102 2.231 0.033
small groups)
Social foraging (nested small 0.134 0.139 0.962 0.344
groups)
Body size 0.64 0.04 16.24 <0.001
Diet breadth % 0.44 0.51 0.863 0.395
Temperature variation © 0.039 0.05 0.775 0.444
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Model 4
(Dataset 2,
mean body

size)

Movement (resident)
Cooperative breeding (binary)
Social foraging (nested pairs)
Social foraging (solitary)
Social foraging (non-nested
small groups)

Social foraging (nested small

groups)

0.124
-0.045
0.175
0.223
0.208

0.118

0.058
0.061
0.091
0.095
0.097

0.132

2.138 0.041
-0.732 047
1.918 0.065
2.355 0.025
2.15 0.04
0.893 0.379

approach (see Table 1 for a general summary, and Table 3 and Figure 2b for

model results). For example, the EIH model with temperature variation as a

proxy of environmental variation, rather than PPCs, suggests that

environmental variation is not correlated with brain size, but that species

movement is. When PPCs are used instead, environmental variation (both

PPC1 and PPC2) but not species movement is significant. In the combined

model with temperature variation included, species movement was again

correlated with brain size, while PPC2 was no longer significant in the combined
model with PPCs.

Table 3 Phylogenetic Generalised Least Squares model results, comparing different model formulations.
All significant pairwise contrasts for categorical variables are shown.

Model type Predictors A Estimate Standard T- P-
error value value

Body size 0.663 0.03 22.434 <0.001
Diet breadth 0.184 0.377 0.487 0.629

= Temperature variation 10 -0.019 0.039 -0.479 0.634
Movement (partial) g 0.133 0.086 1.542 0.129
Movement (resident) 0.186 0.083 2.227  0.030
Movement (migrant) 0.185 0.115 1.611 0.113
Body size 0.668 0.029 22.685 <0.001
Cooperative breeding (binary) -0.072 0.053 -1.358 0.180

SIH Social foraging (nested pairs) 0.079 0.061 1.292 0.202
Social foraging (solitary) ® 0.111 0.075 1.473 0.147
Social foraging (non-nested g 0.153 0.068 2.238 0.030
small groups)
Social foraging (nested small 0.062 0.111 0.560 0.578

groups)
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Body size 0.658 0.031 21.565 <0.001
Diet breadth 0.161 0.389 0.414  0.680
Temperature variation 0.000 0.038 -0.001 0.999
Movement (partial) 0.070 0.863 0.812 0.421
Combined Movement (resident) 0.173 0.082 2.0967 0.041
(EIH + SIH) Movement (migrant) -0.018 0.135 -0.132  0.896
Cooperative breeding (binary) % -0.079 0.055 -1.430 0.159
Social foraging (nested pairs) o 0.120 0.061 1.966 0.055
Social foraging (solitary) 0.226 0.099 2.291 0.027
Social foraging (non-nested 0.165 0.070 2.363 0.022
small groups)
Social foraging (nested small 0.112 0.114 0.981 0.332
groups)
Body size 0.605 0.034 17.952 <0.001
Diet breadth 0.392 0.398 0.984 0.331
EIH (PPC PPC1 ® 0.013 0.006 2.207 0.033
subset) PPC2 g 0.031 0.015 2.072 0.045
Movement (partial) 0.054 0.061 0.887 0.381
Movement (resident) -0.006 0.085 -0.075 0.940
Body size 0.600 0.033 18.269 <0.001
Diet breadth 0.451 0.396 1.139 0.263
PPC1 0.012 0.006 2.075 0.046
PPC2 0.028 0.015 1.903 0.066
Movement (partial) 0.013 0.064 0.209 0.836
Combined Movement (resident) 0.089 0.092 0.964  0.342
(EIH + SIH; Cooperative breeding (binary) g -0.079 0.056 -1.409 0.168
PPC subset) Social foraging (nested pairs) S 0.107 0.068 1.567 0.126
Social foraging (solitary) 0.357 0.156 2.283 0.029
Social foraging (non-nested 0.124 0.070 1.770 0.086
small groups)
Social foraging (nested small 0.267 0.121 2.202 0.035

In the SIH model and combined models, cooperative breeding was consistently

non-significant. Social foraging was consistently significant when included as a

groups)

predictor, but the significant pairwise contrasts changed across models, leading

to inconsistent conclusions about which type of social foraging is correlated with

bigger brains. For example, the SIH model suggests that non-nested small

group foragers have bigger brains than species that forage in pairs, the

combined full model suggests that solitary and non-nested small group foragers
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have bigger brains than species that forage in pairs, and the combined PPC
model suggests that solitary and nested small group foragers have bigger

brains than species that forage in pairs.

Reclassification of ambiguous variables Changing facultative or suspected
cooperative breeders from their initial categorisation of cooperative breeders to
non-cooperative breeders did not qualitatively change SIH model results.
However, changing partial migrants to residents did change EIH model results.
For the EIH model with PPCs (see Table 1), PPC1 and PPC2 went from
significantly influencing brain size (PPC1: 3 = 0.01, SE = 0.01; p = 0.03; PPC2:
B =0.03, SE =0.02; p = 0.04) to having no significant effect (PPC1: 8 = 0.01,
SE =0.01; p = 0.055; PPC2: B = 0.03, SE =0.01; p = 0.07).

In combined models, where both changed variables were included, the
combined model without PPCs showed solitary foraging (relative to foraging in
pairs) changing from a significant (B = 0.23, SE = 0.10; p = 0.03) to no
significant effect on brain size (8 = 0.16, SE = 0.10; p = 0.11). In the combined
model with PPCs, PPC2 changed from no significant (3 = 0.03, SE =0.01; p =
0.07) to a significant effect on brain size (B = 0.03, SE = 0.01; p = 0.047).

Discussion

In agreement with a growing body of literature (Healy & Rowe, 2007; Logan et
al., 2018; Powell et al., 2017; Wartel et al., 2019), our analyses raise concerns
that comparative brain size studies are not methodologically robust. We show
that there is considerable variation in bird brain and body size estimates across
datasets (Figure 1), most likely due to intraspecific variation in brain and body
size. This has the potential to substantially influence results. Models using brain
size estimates from different datasets give differing results (Figure 2a) and
results change again when dataset-specific body size is used (Figure 2a). The
classification, source and combination of social and ecological variables used
also substantially changes results (Figure 2b). Indeed, we could have found
support for either the social or ecological intelligence hypothesis, depending on
how we classified and sourced variables, and which we chose to include. Our
results chime with and add to concerns raised in the primate brain size literature
(Powell et al., 2017; Wartel et al., 2019) that current methods in the comparative

study of brain size evolution are not methodologically sound.
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Comparative brain size studies typically use brain size averaged from multiple
specimens of a single species to obtain one brain size estimate per species.
Often, important yet key information such as the number, sex and source
population of the specimens is not reported despite their potential influence on
the final estimate. Despite all brain sizes being estimated either from
endocranial volume, or brain mass converted to volume (which results in a
strong positive correlation with volume measurements (lwaniuk & Nelson,
2002)), we found substantial variation in brain size estimates. One in five of 954
species showed at least a 5% change in brain volume estimate between
datasets, equating to, on average, an overlap with two other species in our
sample. Body size estimates rarely have any associated information reported,
such as source or number of specimens the estimate is derived from, yet have
the potential to influence results to the same magnitude as brain size estimates
when included as a control variable. We also found substantial variation in body
size across datasets: one in ten of 1546 species showed at least a 30% change
in body size between species, again corresponding to an average overlap with
two other species. Variation in brain and body size was not driven by any
dataset in particular (Figure 1), suggesting that this was not the result of a
specific methodological approach, but rather the result of natural intraspecific
variation in brain and body size, and the use of different specimens by different
studies. This result clearly highlights the caveats of using one estimate of brain
and body size per species when specimen sample sizes are limited and
associated information is not accounted for. Conclusions are likely to be
dependent on the specific specimen individual(s) from which brain and body

size measures are taken.

Following the quantification of variation in brain and body size estimates across
bird species, we tested whether using different datasets changed results for a
subset of species (those in the infraorder, Corvides). Many studies combine
brain size measurements by converting between mass and volume. Here, we
show that despite a high correlation between measurements, a dataset
combining brain volume and (converted) mass (lwaniuk & Arnold, 2004) gives
significantly different results to a dataset containing brain volume only (Sayol et
al., 2016), even when body mass estimates are identical between models.

Given high correlations between measurement techniques (lwaniuk & Nelson,
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2002) and no pattern of particular datasets driving variation in results (Figure 1),
it is unlikely that such discrepancies are due to differences between
measurement types. A more likely explanation is that variation is driven by the
use of different specimens between datasets. Using dataset-specific body mass
further changed results, indicating that variation in both brain and body size
estimates can have a substantial influence on results. However, it is also
important to note that effect sizes and confidence intervals were very similar
across differing datasets (Figure 2a). Relying on p-values when effect and
sample sizes are small is likely to result in inconsistent results even when
datasets are similar. However, our findings are consistent with analyses of
dataset sensitivity in the primate brain size literature (Wartel et al., 2019).
Furthermore, notwithstanding the reduction in sample size, there are important
advantages to modelling only closely related species. Specifically, modelling
brain size for closely related species reduces interference introduced by
studying evolutionarily divergent species (Logan et al., 2018). As a specific
example, the intercept and slope of the allometric relationship between brain
and body size varies substantially among taxa (Ksepka et al., 2020; Smaers et
al., 2021). Studying a smaller group of closely related species means that this
source of variation is somewhat mitigated. Nonetheless, even when we limit the
variation by focusing on a particular group, discrepancies across datasets can

generate different conclusions.

As well as important effects of the dataset used, we also found that variable
classification, source and inclusion substantially influenced results. Some
classifications of variables are ambiguous; for instance, species with both
cooperatively and non-cooperatively breeding populations could be classified as
either. We therefore changed categorical variables that could justifiably be re-
classified, and tested how this influenced results. Re-classifying
suspected/facultative cooperative breeders as non-cooperative breeders did not
change SIH model results; however, re-classifying partial migrants (i.e., where
at least one population of a species migrate) as residents substantially changed
EIH model results. While two measures of environmental variation (PPC1 and
PPC2) were significantly associated with bigger brains before re-classification,
there was no significant effect following re-classification. In the combined

models, where both re-classified variables were included, results changed yet
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again. Thus, how variables are classified has the potential to substantially
changes results. Similarly, variable source significantly influenced model
results. Using temperature variation from Fristoe et al. (2017) as a proxy of
environmental variation resulted in no support for environmental uncertainty
driving the evolution of bigger brains. Meanwhile, using more detailed measures
of environmental variation from Sayol et al. (2016) resulted in strong support
(although this support was absent when “partial migrants” were re-classified).
Note, however, that models with temperature variation rather than PPC had a
larger sample size, so this result may be somewhat driven by sample size.
Nevertheless, these results parallel those reported in the primate brain size
literature (Powell et al., 2017), where using differing variable sources resulted in
differing results even when sample sizes were matched. Similar to Wartel et
al.’s (2019) analyses of primate brain size data, we found that variable
combination also substantially changed results. For example, depending on
which covariates were included in models, we could have concluded that
species that forage in non-nested small groups tend to have larger brains than
those that forage in pairs (SIH model only), that species that forage in non-
nested small groups and forage solitarily tend to have larger brains than those
than forage in pairs (SIH + EIH model), or that species that forage in nested
small groups and solitarily tend to have bigger brains than those that forage in
pairs (SIH + EIH with a different and more detailed measure of environmental
variability). Taken together, our investigation into variable classification, source
and combination shows that the SIH or EIH could be supported or refuted
depending on somewhat arbitrary decisions made by researchers. This throws
previous claims of support for the SIH (e.g., Dunbar, 1992; Shultz & Dunbar,
2010) or the EIH (e.g., DeCasien et al., 2017) into question. In addition to
issues with methodological approach, we argue that framing the SIH and EIH as
dichotomous hypotheses is not logically sound, given that (i) the hypothesised
underlying driver of cognitive evolution, informational uncertainty, is shared for
both, and (ii) social and ecological variables are not independent, i.e., social
species solve ecological problems in a social context, and sociality itself may
evolve in response to ecological variables (Ashton, Thornton, et al., 2018; Jetz
& Rubenstein, 2011). We therefore suggest not only that our methodological
approach to studying comparative brain size evolution needs to change, but

also the conceptual framework itself. This is discussed further in Chapter 6.
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In this study, we show that there is substantial variation in both bird brain and
body size estimates across datasets, and suggest that this variation has the
potential to alter the results of comparative analyses substantially. Furthermore,
we show that the classification, source and combination of variables included in
models can change results so that either the SIH or EIH could be supported or
refuted, which parallels and adds to concerns of model instability in the primate
literature (Powell et al., 2017; Wartel et al., 2019). When considering the
accumulating literature on issues associated with comparative studies of brain
size evolution (here; Healy & Rowe, 2007; Logan et al., 2018; Powell et al.,
2017; Wartel et al., 2019), we add our voices to a growing number in the field
suggesting that we move away from such methods, and towards a more robust
approach that researchers may wish to consider instead of large-scale
comparative brain size models. For instance, intra-specific tests of how specific
variables relate to cognitive performance. In addition, we recommend a shift
away from treating the SIH and EIH as dichotomous hypotheses, and working
instead to understand the sources of informational uncertainty and how these

relate to cognitive ability.
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CHAPTER 6: General Discussion

Why there is so much variation in cognitive ability has been a major source of
scientific debate for decades. One hypothesis for why cognition evolves is the
Relationship Intelligence Hypothesis (RIH). The RIH was formulated in
response to an apparent relationship between long-term pair-bonds and big
brains in birds. The RIH proposes that the management and maintenance of
such pair-bonds is cognitively demanding, and better socio-cognitive ability
results in higher quality (“stronger”) pair-bonds (Emery et al. 2007). The RIH
also posits that stronger pair-bonds result in higher fitness, and thus that the
management and maintenance of pair-bonds is a driver of (socio-)cognitive

evolution (Emery et al., 2007).

The RIH was formulated more than a decade ago, and has gained some
traction in the field of cognitive evolution. For instance, the original paper has
been cited >350 times. Despite this, key predictions of the RIH have never been
tested, and multiple predictions have never been tested in a single study
system. In the previous chapters, | used the jackdaw as a wild study system to
test key predictions of the RIH at the intra-specific scale (Chapters 2 — 4).
Subsequently, | examined whether the current methodology employed in broad-
scale comparative brain size studies, the results of which are the basis for the
formulation of the RIH, are robust (Chapter 5). In this final chapter, | discuss my
findings within the context of the RIH, while critically evaluating the RIH in light
of contemporary empirical evidence and theoretical work. Specifically, | ask:

1. Is the RIH built on strong empirical foundations?

2. Is there evidence to support the predictions that pair-bond strength is
variable between pairs, consistent within pairs and heritable?

3. Is pair-bond strength positively related to fitness outcomes?

4. s pair-bond management and maintenance socio-cognitively demanding
4.1. within the pair-bond?
4.2. within the wider social landscape?

5. Is the RIH empirically and theoretically supported, and what are future

directions in the field?
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Finally, | address the issue of anthropomorphism and anthropocentrism in the
field of cognitive evolution, and suggest ways we can attempt overcome our

inherent biases.
The RIH: a critical evaluation
1. Shaky foundations?

In their 2007 paper introducing the RIH, Emery et al. argued that relative brain
size in birds tends to be largest for both long-term monogamous species and
cooperative breeders (Emery et al., 2007). It was this finding that led to the
proposal that cooperation between long-term partners, including in
cooperatively breeding societies, may generate selection on cognitive ability.
Despite using more than 400 species of birds, with widely variable phylogenetic
relatedness, Emery et al. did not conduct a phylogenetically controlled analysis.
However, a previous study had conducted a phylogenetically controlled
comparative study interrogating the relationship between brain size and
cooperative breeding in the parvorder Corvida (Iwaniuk & Arnold, 2004), and no
relationship was found. Moreover, subsequent to Emery et al.’s initial analysis,
several studies implemented phylogenetically controlled analyses to examine
the relationship between bird brain size and various social and ecological
covariates, with contradictory results. For instance, one study found no
relationship between mating system and brain size in birds (Sayol et al., 2016),
while another found mating system to be an important predictor (Shultz &
Dunbar, 2010). In Chapter 5, | show that results of comparative brain size
studies are not robust, and it is therefore not surprising that the field is
dominated by inconsistent results. Indeed, results from Chapter 5 chime with
and extend concerns raised in other studies (Logan et al., 2018; Powell et al.,
2017; Wartel et al., 2019) that the current approach to comparative brain size
studies is methodologically flawed. Beyond methodology, a conceptual issue
with such studies is that we do not actually know whether brain size
approximates cognitive ability (Healy & Rowe, 2007); thus, even if results were
consistent, whether we could infer anything about cognitive evolution is unclear.
Taken together, this body of work demonstrates not only why we should move
away from comparative studies of brain size to examine cognitive evolution, but
also that we should interpret results of previous such studies with extreme

caution. Indeed, an intraspecific approach to studying cognitive evolution,
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focussed on animal behaviour rather than broad-scale proxies of cognitive

ability, is likely to be a more fruitful way forward.

In addition to the comparison of relative brain size across hundreds of bird
species, Emery et al. (2007) also examined the relationship between brain and
body size for a select few species. They selected 18 species with long-term
monogamous pair-bonds to demonstrate that even within these species, there
is considerable variation in relative brain size. The taxa selected were species
of geese, albatrosses, corvids and parrots. By plotting brain size against body
size for these species, Emery et al. showed that corvids and parrots tend to
have bigger brains for their body size than the other species. They went on to
suggest that this difference in relationship is because pair-bonds in corvids and
parrots are more complex than those observed in albatrosses and geese.
Specifically, they argue that pair-bonds in corvids and parrots are complex
because they are characterised by high levels of affiliation, maintaining the
bond year-round, and the need to cooperate and coordinate to raise altricial
offspring. They argue that these factors generate selection for cognitive ability,
and that such selection pressure is not present in species with more “simplistic”
pair-bonds. Here, simplistic refers to pair-bonds that are characterised by little
affiliation (e.g., only mutual proximity), and no need for high levels of
cooperation to successfully raise offspring. There are three key points to

consider in response to these assertions.

First, this is an arguably weak analytical approach to the question. The sample
size is small, “the choice of these species is rather arbitrary” (Emery et al. 2007,
p. 494), and no phylogenetic control is undertaken despite a mixture of closely
and distantly related species being included. Second, alternative explanations
for the observed relationships are not adequately addressed. Although Emery et
al. (2007) acknowledge that differential foraging ecology is a potential
alternative explanation for the variation in brain size, the idea is not discussed in
detail. They merely suggest that the large range size of geese (who migrate)
and albatrosses (who undergo vast journeys to find food) would be more likely
to result in the opposite of the observed relationship. Another alternative
explanation, which is not discussed, is that long journeys may impose energetic
constraints on the evolution of brain size. Indeed, there is some evidence that

migratory species have smaller brains (Vincze, 2016). It is therefore possible
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that the relationship observed by Emery et al. (2007) could in fact be explained
by differences in ecological constraint, rather than in pair-bonding behaviour.
Third, Emery et al. make a rather sweeping generalisation regarding the
“simplistic” pair-bonding behaviour of geese and albatrosses. As addressed in
detail by Scheiber et al. (2008), geese can show what Emery et al. regard as
more complex behaviours. For instance, greylag geese (Anser anser) partners
coordinate with one another by synchronising behaviours (Nedelcu &
Hirschenhauser, 2010), and actively support one another in agonistic
interactions (Scheiber et al., 2005). In albatrosses, little research has been done
to understand the characteristics of the pair-bond. However, a recent study
suggests that in black-browed albatross (Thalassarche melanophris), pair-
bonds are characterised by affiliative behaviour over and above mutual
proximity (Gillies et al., 2021). Specifically, partners allopreen one another, and
preliminary data suggest that allopreening rate may be associated with
coordination of biparental care (Gillies et al., 2021). Together, these arguments
somewhat undermine the point that corvid and parrot relationships are
qualitatively different to, and more cognitively demanding than, relationships

observed in smaller-brained species.

Returning then to the case of the RIH, the relationships that underpin the
hypothesis — the correlation between long-term monogamous pair-bonds and
brain size, and the different grades of brain to body size allometry between a
subset of taxa - are questionable, as are the conclusions drawn from them. It is
therefore clear that the original formulation of the RIH rests on rather shaky
empirical ground. Nevertheless, the hypothesis has not in any sense been
disproved, merely shown to be built on flimsy foundations. It is thus important to
interrogate contemporary empirical and theoretical support at the intra-specific
scale, especially because since the RIH was originally proposed, a large body

of relevant research has been undertaken.

2. Is pair-bond strength variable between pairs, consistent within pairs, and

heritable?

The RIH posits that better socio-cognitive ability is under selection because it
allows individuals to better manage and maintain their pair-bonds, which in turn
increases fithess consequences. For this to occur, an individual’s ability to form

strong bonds must (i) vary between individuals, (ii) be consistent and (iii) be
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heritable. If these predictions are not met, then selection cannot act on socio-
cognitive ability through its influence on pair-bond strength, and thus this cannot
be the mechanism through which cognition evolves. However, measuring an
individual’s ability to form strong bonds directly is not possible. An
approximation of this is to measure the strength of the pair-bond that the
individual forms. However, it must be noted that added complexities are
introduced here because the trait becomes a measure of dyadic behaviour,
dependent on the phenotypes of two individuals. Nonetheless, we would expect
that an individual’s ability to form strong pair-bonds, and the strength of the pair-
bonds they form, to correlate. Thus, testing whether pair-bond strength (i) varies
between pairs, (ii) is consistent and (iii) is heritable should allow for a better
understanding of whether an individual’s ability to form strong bonds meets any

of these predictions.

In Chapter 4, | tested whether pair-bond strength varies between pairs and is
consistent within pairs in wild jackdaws. Variation in pair-bond strength has
been quantified using an array of behavioural measures only in captive
cockatiels (Nymphicus hollandicus: Spoon et al., 2004, 2006, 2007), captive
rooks (Corvus frugilegus: Boucherie et al., 2018), captive zebra finches
(Taeniopygia guttata; Elie et al., 2011) and wild red avadavats (Amandava
amandava,; Sparks, 1964). Although captive studies are of course valuable,
rates of affiliative behaviours have been shown to vary between wild and
captive settings (Brummer et al., 2010; Inoue & Shimada, 2020; Pacheco &
Madden, 2021). This is most likely to be because of differing time budgets (e.g.,
captive animals need not invest much time in food-searching and so have more
time for socialising) (Inoue & Shimada, 2020), as well as living within spatially
and socially restricted environments when captive (Brummer et al., 2010). Thus,
studying pair-bond dynamics in the wild is vital to understand natural levels of
variation. It is therefore important to note that studies on both captive
(Boucherie et al., 2018; Elie et al., 2011; Spoon et al., 2004, 2006, 2007) and
wild (Chapter 4; Sparks, 1964) birds show substantial variation in pair-bond
strength. Thus, there is strong support for the RIH’s prediction that pair-bond

strength varies between pairs.

We also tested the prediction that pair-bond strength is consistent within pairs. |

found that it is indeed significantly repeatable in wild jackdaws. The repeatability
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of jackdaw pair-bond strength was slightly higher than that reported for wild
greylag geese (Kralj-FiSer et al., 2007), where bond strength was measured
using a single dimension - proximity of partners; similar to the repeatability of
social group size and social association strength in wild great tits (Parus major)
(Aplin et al., 2015); and higher than the average repeatability of behaviour in
general (Bell et al., 2009). This was true for both within- and between-year
measures, but only during a specific stage of the breeding season (the
incubation stage). More data is necessary to interrogate the consistency of pair-
bond strength at other stages. Although consistency of pair-bond strength in
particular has only been examined in jackdaws and greylag geese, both of
which have long-term pair-bonds, there is some evidence that pair-bond
strength may also be consistent in species with shorter-term bonds, such as
great tits. Great tits pair with one partner throughout the breeding season, and
may sometimes pair with the same partner again in the following season if both
individuals survive (Gosler et al., 2020). However, great tits are short-lived
birds, with only around half of adults surviving the winter season each year
(Gosler et al., 2020). They therefore tend not to maintain long-term pair-bonds.
In wild great tits, personality is repeatable and associated with relative
association strength (based on co-occurrence at feeders) between partners
(Firth et al., 2018), where bolder individuals associate relatively more with their
partner compared to non-partners. This suggests that pair-bond strength (or at
least one facet of pair-bond strength) is likely to be repeatable in species with
short-term pair-bonds, too. Thus, current data suggests that pair-bond strength
is repeatable in at least some species with long-term pair-bonds, but that
repeatable pair-bond strength may not be exclusive to species with long-term

partnerships.

For pair-bond strength to be a substrate of selection, it must be heritable.
Whether an individual’s ability to form strong bonds is heritable has not been
investigated in birds. In mammals, humans (Homo sapiens) (Fowler et al.,
2009), marmots (Marmota flaviventris) (Lea et al., 2010) and rhesus macaques
(Macaca mulatta) (Brent et al., 2013) have been shown to have heritable social
network metrics, indicating that there is a genetic basis to an individual’s ability
to form bonds. However, there are criticisms of the techniques used in these

studies. Specifically, indirect genetic effects, which are the influence of other
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individuals’ genotypes on the phenotype of the focal individual, were not
quantified, yet they are likely to influence heritability estimates to some degree
because social behaviour inevitably involves the interaction of two or more
genotypes (Wilson et al., 2009). A recent study, however, quantified heritability
of social network position in drosophila (Drosophila melanogaster) controlling
for the genotypes of social partners, and found that social network position is
heritable (Wice & Saltz, 2021). Whether an individual’s ability to form a strong
bond (as opposed to social network position) is heritable has only been
investigated in prairie voles (Microtus ochrogaster), a species of rodent. In this
species, males often form monogamous pair-bonds with females (Vogel et al.,
2018). However, while pair-bonding is known to have a genetic basis in these
voles (Sadino & Donaldson, 2018), a male’s preference for spending time with
his partner rather than another female showed very low heritability (Vogel et al.,
2018). While this suggests that pair-bonding behaviour may not heritable, it
could also be the case that the one specific measure of pair-bonding used did
not fully capture pair-bonding behaviour. Indeed, prosocial behaviours, which
are a key component of bond strength, seem to be highly heritable in humans
(Knafo et al., 2011), which would suggest that bonding behaviour is heritable.
Taken together, it is clear that more work is necessary to understand whether
an individual’s ability to form strong social bonds is heritable, but current

evidence tentatively supports that it may be.

If an individual’s ability to form bonds is heritable, this could potentially arise
from non-cognitive factors; for example, endocrine profiles (Burkett et al., 2016).
If the RIH holds, the ability to form strong bonds should (at least in part) be
mediated by cognitive processes, and these cognitive processes should also be
heritable. There are few estimates of heritability for socio-cognitive abilities. In
humans, empathetic concern (Melchers et al., 2016; Warrier et al., 2018) and
facial recognition (Wilmer et al., 2010; Zhu et al., 2010) have both been shown
to be moderately heritable, while studies in non-human species have
demonstrated that some cognitive abilities, such as reversal learning (Sorato et
al., 2018) and inhibitory control (Gnanadesikan et al., 2020; Langley et al.,
2020) are heritable. However, little is known about socio-cognitive heritability in

non-humans. This is a key area of future research.

3. Do stronger pair-bonds lead to better fitness outcomes?
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For the RIH to hold, stronger pair-bonds must result in better fithess outcomes.
Although a previous study has found pair-bond strength to positively correlate
with reproductive success (Spoon et al., 2006), this study was undertaken on a
captive population. Testing fitness consequences in the wild is crucial, given
that without examining a behaviour in its ecological context, it is difficult to know
in which contexts it would naturally evolve (Boesch, 2020; Cauchoix et al.,
2020; Pritchard et al., 2016; Thornton & Lukas, 2012). In Chapter 4 |
investigated whether pair-bond strength influences fitness in the wild. I did not
find a linear or quadratic relationship between pair-bond strength and
reproductive success in wild jackdaws, suggesting that pair-bond strength was
not under either directional or stabilising selection at the time | conducted our
study. It is important to note, though, that jackdaws are long-lived, and have
relatively little variation in reproductive success within a year (Chapter 4). It is
thus not completely clear whether there could be an influence of pair-bond
strength on lifetime reproductive success, which is ultimately what matters in
terms of fitness. | did, however, find that pairs with stronger bonds were better
able to adjust hatching synchrony to environmental conditions. While this did
not have any detectable effect on reproductive success, it is possible that within
the scope of our study, environmental conditions did not vary enough for any
such effect to be evident. On the other hand, pair-bond strength may not be
important for fithess outcomes in jackdaws, which would undermine a central
tenet of the RIH.

At a broader scale than fine-scale pair-bond strength, several studies find an
effect of partner choice, partner familiarity and pair-bond duration on fithess
outcomes, which are all likely to be important facets of pair-bond strength. For
example, zebra finches (Taeniopygia guttata) and convict cichlids (Amatitlania
siquia) have higher reproductive success when they are able to choose their
partner (lhle et al., 2015; Laubu et al., 2019); great tits who meet earlier in the
pre-breeding season, and thus are more familiar before breeding, produce more
fledglings (Culina et al., 2020), and blue-footed boobies (Sula nebouxii) fledge
more offspring when they have been together for longer (Sanchez-Macouzet et
al., 2014). In Chapter 4, |1 did not find an effect of re-pairing on jackdaw fithess
outcomes, indicating that the length of the pair-bond is not an important
predictor of fitness in this species. A potential explanation for this is that
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jackdaws stay with their partner year-round, so may become familiar with their
partner extremely quickly, relative to species that spend time with their partner
only during the breeding season. Taken together, current evidence suggests
that pair-bond dynamics may have fithess consequences in multiple species,
which means that a core prediction of the RIH is plausible. However, of the two
studies explicitly testing how pair-bond strength influences fitness
consequences (Spoon et al., 2006; Chapter 4), only one study, on captive
cockatiels, finds an effect (Spoon et al., 2006). | suggest that further work is
necessary to understand the link between pair-bond strength and fitness
outcomes. Moreover, focussing on wild species in particular is vital for our
understanding of if and when strong pair-bonds offer an adaptive advantage
(Pritchard et al., 2016; Thornton & Lukas, 2012). Longitudinal studies would be
of particular value, given that long-term monogamous species tend to be long-
lived, and understanding lifetime rather than annual reproductive success would

be key to quantifying actual fithess outcomes.

4. |s pair-bond management and maintenance socio-cognitively

demanding?

Perhaps the most central tenet of the RIH is that the management and
maintenance of a pair-bond is cognitively demanding. In particular, the
management and maintenance of long-term, year-round pair-bonds is posited to
be more demanding than managing and maintaining shorter-term relationships,
or relationships where individuals do not stay with one another year-round.

Here, | evaluate current empirical and theoretical support for this prediction.
4.1 Socio-cognitive demands of managing the pair-bond

In their formulation of the RIH, Emery et al (2007) suggest that for individuals in
a pair-bond, “keeping track of the accumulating, subtle behavioural
characteristics of a bonded partner over the course of a relationship requires a
... form of relationship intelligence, which enables them to accurately read the
social signals of their partner [and] respond appropriately to them”. Such
responsiveness requires socio-cognitive ability because it necessitates that an
individual attends to the actions of another, and uses this information to inform

their own behaviour (Wascher et al., 2018).
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An example of partner responsiveness, as proposed by Emery et al. (2007), is
post-conflict third-party affiliation. This is where, following a conflict, an observer
of the conflict (or “bystander”) offers affiliation to another in distress (Pérez-
Manrique & Gomila, 2018). Third-party affiliation is common between individuals
in valuable relationships, and has been identified in a range of taxa including
great apes (Cordoni et al., 2006; de Waal & van Roosmalen, 1979; Palagi &
Norscia, 2013), monkeys (Call et al., 2002; Palagi et al., 2014), canids (Quervel-
Chaumette et al., 2016) and corvids (Fraser & Bugnyar, 2010a; Logan, Emery,
et al., 2013; Logan, Ostoji¢, et al., 2013; Sima et al., 2018). Whether and how
post-conflict third-party affiliation is relevant to pair-bonds in particular has been
interrogated in three species of corvid: jackdaws, rooks and jays (Logan,

Emery, et al., 2013). Jackdaws and rooks form long-term pair-bonds and stay
with each other year-round, while jays (Garrulus glandarius) tend to stay with
their partner only during the breeding season. Following conflict, captive
jackdaws and rooks engage in third-party affiliation with their partners more
than with other individuals (Logan, Emery, et al., 2013), indicating that third-
party post-conflict affiliation may be relevant to pair-bond management and
maintenance. This is supported by the fact that jays, who do not need to
manage and maintain the pair-bond outside of the breeding season, engage in
post-conflict third-party affiliation with partners and non-partners indiscriminately
(Logan, Emery, et al., 2013). The socio-cognitive demands of post-conflict third-
party affiliation are unclear, given that the proximate and ultimate underpinnings
of the behaviour can differ substantially depending on context and species. For
instance, affiliation may be solicited or unsolicited by the receiver of affiliation
(e.g.(Fraser & Bugnyar, 2010a)). Arguably, the socio-cognitive demands of
solicited third-party affiliation are relatively low, given that an individual merely
has to respond to a salient signal, parallel to, for example, a parent’s response
to begging offspring. Unsolicited third-party affiliation, however, has the

potential to be more socio-cognitively challenging.

Unsolicited third-party affiliation is often interpreted by researchers as an
example of consolation (de Waal, 2010; Pérez-Manrigque & Gomila, 2018).
Consolation is said to occur when an individual directs unsolicited affiliation
towards a distressed individual in order to alleviate their negative emotional

state (Burkett et al., 2016), and is thought to be motivated by empathetic or
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sympathetic concern (Pérez-Manrique & Gomila, 2018). Empathy is regarded
as an “advanced” cognitive ability, given that it is thought to require theory of
mind (de Waal, 2010), i.e. the ability to predict another individual's behaviour by
inferring their unobservable mental state (sensu Premack and Woodruff 1978).
The neuronal basis of empathy has been well-studied in rodents, non-human
primates and humans (Paradiso et al., 2021). It is specifically associated with
the amygdala and the anterior cingulate cortex, which is also implicated in other
supposedly “complex” cognitive abilities, such as inhibitory control (Paradiso et
al., 2021). The oxytocin-pathway, which is thought to mediate pair-bonding in
mammals (Young & Wang, 2004), is also thought to be heavily involved in
empathy (Burkett, et al., 2016; Li et al., 2019). Thus, empathy and its
associated behaviours, such as consolation, are strong candidates for socio-
cognitive behaviour that may be involved in the maintenance and management

of social bonding.

While consolation has been reported in a wide range of species, in Chapter 3 |
discuss how almost all studies of consolation suffer from one or more potential
caveats that preclude the conclusion that the behaviour is definitely consolation.
| designed an experiment that controlled for common confounds, and tested for
consolation between wild jackdaw partners. | found that while male jackdaws
did respond to their partner’s distress, they did not console them. Instead, they
generally decreased affiliation and visit rate to the female, indicating that they
avoided the area where the stressor occurred. Adaptively, this makes intuitive
sense: if your partner has experienced danger, it is sensible to attempt to avoid
that danger yourself. Given that this study controlled for key and common
confounds in the field, these results raise an important question as to whether
previous studies that report consolation actually do find the behaviour, rather
than a proximately similar but ultimately different behaviour. | also suggest in
Chapter 3 that to expect consolation between non-human partners is a
somewhat anthropocentric prediction based on human expectations of

relationship norms.

Arguably, a more neutral prediction than “partners with a stronger bond should
offer more consolation to one another” is that partners with a stronger bond
should show a stronger response (i.e., a larger change in behaviour) to a

partner’s behavioural changes. This is because pairs that are more strongly
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bonded should be more attentive to subtle changes in partner behaviour, which
should generate a larger change in behaviour. In Chapter 4, | show that this is
true. Male jackdaws in stronger pair-bonds are more responsive to subtle
changes in their partner’s behaviour following partner distress. The cognitive
basis of this responsiveness is unclear, but is consistent with the idea that, as
Emery et al. suggest, individuals in a long-term pair-bond do track the subtleties
of their partner’s behaviour and use this to inform their own behaviour (Emery et
al., 2007). Although likely to be less cognitively “sophisticated” than empathy,
this still implies a socio-cognitive basis to pair-bond management and
maintenance. What is not clear, and must be tested in the future, is whether
pair-bond strength and partner responsiveness are correlated only for species
in long-term pair-bonds where partners stay with one another throughout the
year. If it is unique to these species, this would support the RIH’s prediction that
long-term pair-bonds generate selection for cognitive abilities to a degree that
other bond types do not. However, it is possible that such a pattern is common
to animals that form close social bonds, regardless of the bond type, and this

cannot be ruled out until we have more data.

Other forms of partner responsiveness have also been investigated.
Behavioural coordination is a specific form of partner responsiveness that
requires individuals to attend to another’s behaviour so that they can coordinate
their response. Behavioural synchronisation, a form of coordination where
individuals match their behaviour to that of another, has been researched
extensively across taxa (Duranton & Gaunet, 2016). In particular, it has been
interrogated in-depth in humans, where it facilitates economic cooperation
(Lang et al., 2017) and endorphin release (Cohen et al., 2010), and is correlated
with how much individuals “like” one other (Paxton & Dale, 2013). Behavioural
synchronisation has also been found to be important in the relationships of non-
humans. For instance, bottlenose dolphins (Tursiops aduncus) who are more
affiliative also show more synchronised surfacing (Sakai et al., 2010), and allied
males synchronise their vocalisations when coercing females (Moore et al.,
2020). In orangutans (Pongo pygmaeus), facial expressions become
synchronised during play (Davila Ross et al., 2008). Behavioural
synchronisation may also be an important facet of pair-bonding in birds. For

instance, for cockatiel pairs, behavioural synchronisation correlates with some
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affiliative behaviours, including partner proximity and responsiveness to a
partner’s solicitation of allopreening (Spoon et al., 2006). During behavioural
synchronisation, individuals must attend to the behaviour of others in order to
synchronise with them, and this is likely to have some sort of socio-cognitive
underpinning (Wascher et al., 2018). Indeed, during behavioural
synchronisation in humans, “inter-brain” synchronisation occurs, where
electrical frequencies implicated in socio-cognition (alpha-mu bands) act
symmetrically between individuals (Dumas et al., 2010). Again, however, the
sophistication of cognition required here is unclear. Evidence from flocking and
shoaling species would suggest that behavioural synchrony can be achieved
through simple rules (Ballerini et al., 2008; Herbert-Read et al., 2011; Kotrschal
et al., 2018). Moreover, a study in guppies (Poecilia reticulata) showed that
behavioural synchronisation during shoaling was not related to brain size or
cognitive abilities such as learning and memory (Kotrschal et al., 2018). Current
evidence therefore suggests that behavioural synchrony may involve cognitive
architecture implicated in socio-cognitive processing, but does not necessarily
require sophisticated cognitive ability; indeed, static rules that require little

information-processing may underpin the behaviour.

In birds, perhaps one of the most salient examples of behavioural coordination
is bi-parental care. ~90% of bird species, with both short and long-term pair-
bonds, biparentally care for their offspring (Kendeigh, 1952). Recently, much
work has been done to understand the dynamics of bi-parental coordination
(Savage et al., 2020). Mathematical modelling shows that, when the fithess
interests of parents are not completely aligned (for instance because of extra-
pair copulation), individuals should monitor their partner’s investment in rearing
offspring, e.g. by monitoring their provisioning behaviour (Johnstone & Savage,
2019). This is so that individuals can decide whether it is advantageous for
them to continue provisioning the brood (Johnstone & Savage, 2019). This
results in apparent coordination between partners, where they take turns to
provision young (Johnstone & Savage, 2019). Indeed, there is empirical support
for such a pattern in some species (lhle et al., 2019; Johnstone et al., 2014,
Savage et al., 2017). Whether responding to partner provisioning behaviour is
particularly cognitively demanding is, however, unclear. Indeed, previous work

has shown that more complex coordination rules between partners, where each
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individual has a different role, does not require cooperative cognition (Jelbert et
al., 2015). How provisioning coordination relates to pair-bond management and
maintenance is also unknown. However, importantly for understanding partner
coordination in the context of the RIH, mathematical models predict that pairs
may not need to coordinate (Johnstone & Savage, 2019). Specifically, when
parents “cost-share”, such that the cost of raising offspring incurred by one
parent decreases the fitness of the other (i.e., where the reproductive success
of one parents relies on the other staying alive), individuals need not monitor
and respond to their partner’s contribution because there is no risk of their
partner exploiting them (Johnstone & Savage, 2019). In other words, the
partner’s behaviour is predictable, and it is thus unnecessary for them to be
monitored. Therefore, partners may not coordinate provisioning when fitness
interests are fully aligned (Johnstone & Savage, 2019). Counterintuitively to the
predictions of the RIH, this implies that partners with completely aligned
interests may coordinate less than species where pairs have conflicting

interests.

The RIH predicts that the management and maintenance of long-term, year-
round pair-bonds generates more socio-cognitive challenges than other bond
types. In this section, | show that there are threads of empirical support for this
prediction. For instance, jackdaws and rooks offer third-party affiliation to their
partners, and cockatiel pairs engage in behavioural synchrony. While it is
unclear whether non-humans engage in empathetic behaviours such as
consolation (Chapter 3), | do show in Chapter 4 that jackdaws with stronger
bonds are more able to track the fine-scale behaviours of their partners and use
subtle behavioural changes to inform their own actions. This is consistent with
the key prediction of the RIH that socio-cognitive ability and pair-bond strength
are positively correlated. However, how cognitively demanding these
behaviours are is not at all clear. Furthermore, whether long-term, year-round
pair-bonds require better socio-cognitive ability to be maintained and managed
relative to other bond types is not known, yet is crucial for testing the RIH.
Moreover, given that long-term, year-round pair-bonds are often characterised
by highly aligned fitness interests between partners (e.g. (Gill et al., 2020;
Henderson et al., 2000)) and that theory predicts that in at least one scenario,
partners with aligned fitness interests need not coordinate (Johnstone &
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Savage, 2019), long-term year-round pair-bonds may actually have relaxed

selection on socio-cognitive ability, at least in some contexts.

4.2 Socio-cognitive demands of managing the pair-bond within a wider social

context

The RIH focusses on the cognitive challenges of navigating the pair-bond;
however, as Emery et al. acknowledge, pairs do not exist in a social vacuum
(Emery et al., 2007). In this section, | evaluate whether theoretical and empirical
work support the prediction that (i) the aligned interests of long-term, year-round
pair-bonds are cognitively demanding and (ii) long-term, year-round pair-bonds
are likely to be cognitively demanding when embedded in a wider social

landscape.

Theory suggests that the less predictable an environment (so long as it is not
totally unpredictable), the more information-processing required by an individual
in order to reduce the uncertainty of that environment (McNamara & Dall, 2010).
Reducing uncertainty allows individuals to make better decisions about how to
act (Dall & Cuthill, 2016). Thus, in unpredictable environments, better
information-processing ability (i.e., better cognitive ability) should generally lead
to better decision-making, and thus better fithess. Conversely, successfully
navigating an entirely predictable environment should not be cognitively
demanding. This concept is perhaps best explained using a “brain-less”
example. For instance, microbes that pass through the mammalian gastro-
intestinal tract appear to “predict”’ the journey from mouth to stomach by
preparing, at the molecular level, for their new environment before they reach it.
Of course, they are not planning for the future. Instead, they have evolved a rule
where, if a particular environment is detected, a biomolecular chain reaction is
instigated to prepare the cell for what, over evolutionary time, has proved
extremely likely to be the following environment (Freddolino & Tavazoie, 2012).
Thus, if an environment is extremely predictable, cognition is not required.
Indeed, the previously discussed theoretical prediction that partners with
aligned interests need not monitor one another’s provisioning is another
example of this (Johnstone & Savage, 2019). This highlights the relative
simplicity of predictability.
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Empirically, the theory that less predictable environments generate more
selection on cognitive ability receives some support. For example, in birds, the
invasion of novel environments correlates with innovation rate (Sol et al., 2005),
and inhabiting a variable and/or harsh habitat correlates with problem-solving
and speed of reversal learning (Kozlovsky et al., 2015; T. C. Roth et al., 2010;
Tebbich & Teschke, 2014). Meanwhile, pheasants (Phasianus colchicus) raised
in a spatially unpredictable environment show increased inhibitory control (van
Horik et al., 2019). In a species of primate, the mouse lemur (Microcebus
murinus), increased problem-solving ability positively correlates with the
magnitude of increase in body condition after the harsh dry season, suggesting
that the individuals who are most efficient at problem-solving are also most
efficient at foraging in a harsh environment (Huebner et al., 2018). Primates that
live in fission-fusion societies, reflecting a constantly shifting and thus less
predictable social landscape, show increased inhibitory control relative to
primates that live in more stable social groups (Amici et al., 2008). At the
intraspecific scale, Australian magpies (Cracticus tibicen dorsalis) show
increased cognitive performance when raised in larger groups (Ashton, Ridley,
et al., 2018). Larger groups do not necessarily imply a more cognitively
demanding landscape, but when relatedness is low the environment is more
likely to be less predictable because of more conflicts of interest (Lukas &
Clutton-Brock, 2018). Indeed, Lukas and Clutton-Brock found that in groups
with lower levels of relatedness more complex societies emerged, with, for
example, increased coalition formation (Lukas & Clutton-Brock, 2018).
Meanwhile, in humans, navigating social interactions characterised by
conflicting interests increases neuronal activity relative to scenarios where there
is little conflicting interest (Emonds et al., 2012). Thus, navigating social
landscapes where individuals have conflicting interests (and thus, where there
is less predictability) requires more information-processing and is more

cognitively demanding.

The RIH focusses on the cognitive demands of managing and maintaining a
long-term pair-bond. Arguably, a long-term pair-bond introduces predictability
into an individual’s social environment, where the behaviour of the partner is
likely to be predictable given (i) aligned interests and (ii) familiarity. Given strong

theoretical and empirical support that less predictable environments require
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more cognitive ability, the RIH thus seems to be at odds with current ideas

about why cognitive ability evolves.

While the RIH focusses mainly on the interactions between partners (Emery et
al., 2007), in species with long-term pair-bonds, pairs are often embedded
within a wider social landscape of non-kin individuals. For instance, rook and
jackdaw pairs tend to breed colonially, forage in small flocks, and roost in large
flocks comprising of hundreds or even thousands of individuals (Clayton &
Emery, 2007; Roell, 1978). In jackdaws and rooks, pair-bonded individuals form
non-pair relationships independently of their partner (Boucherie et al., 2016;
Kubitza et al., 2015). Given that maintaining and managing such bonds takes
time, and that, at least in jackdaws, time together is a key facet of pair-bond
strength (Chapter 4), there is an implied trade-off between investment in the
pair-bond and investment in other relationships. There is also likely to be a
trade-off in terms of social and cultural information available to individuals:
strongly bonded pairs may be less likely to learn important information from the
wider social group, and this may potentially decrease fithess outcomes.
Moreover, relationships beyond the pair have been shown to be crucial to
fitness. In jackdaws, individuals that are more central in their social network
have higher reproductive success (Kings, 2018). However, a strong pair-bond
may also be important for fithess outcomes (Spoon et al., 2006). Thus, how the
trade-off in investment between pair and non-pair relationships is navigated (for
instance, spending time with a partner rather than forming other bonds that may
give access to valuable social learning opportunities) is likely to impact fitness
outcomes. Navigating this trade-off may potentially introduce cognitive
challenges that would not be generated if pairs existed in a social vacuum,
given that the introduction of non-partner individuals (who do not have fully
aligned fitness interests) presumably makes for a much less predictable social

landscape.

Living in a group also introduces the opportunity for extra-pair copulation. While
Emery et al. do mention extra-pair copulation in their formulation of the RIH, it is
mostly to say that species with long-term partnerships, where pairs remain
together throughout the year, tend to be genetically monogamous (Emery et al.,
2007). As discussed in Chapter 2, only a very few species have been shown to

be genetically monogamous, and even then, this is likely to be population-
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specific (Birkhead & Moller, 1998; Gray, 1996; Hatchwell, 1988; Westneat,
1992). Indeed, in jackdaws, which have previously been reported to be socially
and genetically monogamous, there is evidence of low levels of extra-pair
fertilisation in some populations (Gill et al. 2020; Liebers and Peter 1998;
Turjeman, Chen, and Nathan 2021; Chapter 2). In our population, some of
these extra-pair offspring were the result of males mating with more than one
female, who then laid her eggs in the male’s nest-box. This clearly indicates a
conflict of interest between partners, given that the resident female is then
forced to incubate and provision offspring that are not hers. Following from
Johnstone and Savage’s (2019) mathematical model, such a conflict of interest
may result in selection for the monitoring of partner contributions (Johnstone &
Savage, 2019). Therefore, this conflict of interest could potentially increase the

information-processing required by partners.

In addition to “follower” relationships where extra-pair females laid eggs
fertilised by a paired male in his nest-box, | found that pair-bonded male
jackdaws engage in FEPCs, which may (rarely) result in extra-pair fertilisation.
Why males engage in FEPC is unclear, and potential hypotheses are discussed
in detail in Chapter 2. There is currently not enough evidence to either support
or refute the “reproductive suppression hypothesis”, which suggests that males
may benefit from engaging in FEPC because it reduces the fitness of the target
female, thus reducing competition for the male and his partner’s offspring. In
this case, despite the costs of FEPC to the male and to his partner, FEPC may
be beneficial to both members of the pair and therefore represent no conflict of
interest. However, a more likely explanation is that FEPC persists because it
once commonly resulted in siring success for the male. If this is the case, then
this behaviour does represent a conflict of interest between the pair, because of
the minimal benefit and multiple potential costs incurred by the male’s partner.
Costs to her are likely to be non-negligible. For instance, | found that males with
laying or incubating partners would monitor neighbouring nest-boxes until the
resident male was absent, and then force copulations with the resident female.
Given that incubating females must be provisioned by their partner during
incubation (Réell, 1978), males who use their time to monitor neighbours and
engage in FEPCs, rather than forage, are not acting in the interest of their

partner. Moreover, FEPC introduces significant risk of injury to the males
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engaging in the behaviour. Since a pair must work together to raise offspring
(Henderson & Hart, 1993), and an injured partner is likely to provide poorer care
(G. F. Wagner et al., 2019), this again introduces a potential negative impact of
FEPC on the female whose partner engages in FEPC. While FEPC has not
been explored in detail in many species, it has been anecdotally reported from a
wide range of species, most of which form socially monogamous pair-bonds.
Again, such a conflict of interest between partners is likely to introduce
uncertainty into an individual’s environment, which in turn is likely to generate

selection for information-processing (cognitive) ability.

The conflicts of interest that are introduced when examining the pair relationship
within the context of wider society are little discussed in the original formulation
of the RIH. However, they are discussed in detail by some researchers
interrogating the evolution of cognition in birds. In particular, there is much work
examining the wider social bonds of ravens (Corvus corax), who form long-term
pair-bonds that stay with each other year-round, but also form fission-fusion
flocks throughout the non-breeding season (Boucherie et al., 2019). It has been
argued that the informational demands, and thus cognitive challenges, which
arise from navigating such a multi-level society drive cognitive evolution
(Boucherie et al., 2019). For instance, remembering many individuals within the
flock, monitoring partner interactions with others and tracking third party
relationships are all considered to be cognitively demanding behaviours
associated with the navigation of multi-level society (Boucherie et al., 2019).
Indeed, as discussed throughout this section, the multi-level society that long-
term pair-bonded bird species usually inhabit is a key facet of life as a pair;
thus, pair-bonds should not be discussed as if they exist in isolation. The
informational demands, and thus cognitive challenges, faced by pairs are

inherently tied to both their bond and their wider social landscape.
5. The RIH: conclusions and future directions

Here, | have interrogated support for the RIH in light of contemporary empirical
and theoretical work. | find that the RIH was built on weak foundations (Chapter
5), and empirical support is mixed. For instance, | investigated key predictions
of the RIH within one wild study system, the jackdaw, and found that some
predictions were met and some were not. | found strong support that pair-bond

strength is variable between pairs, repeatable within pairs and related to a
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measure of socio-cognitive performance; however, | did not find convincing
evidence that pair-bond strength influenced fithess (Chapter 4). | also did not
find any evidence that empathetic concern is used as a strategy through which
individuals manage and maintain their pair-bond (Chapter 3). | also found that,
at odds with general assumptions of the RIH, partners are likely to have to
navigate conflicts of interest (Chapter 2) as a result of interactions with non-pair

individuals.

Beyond our intraspecific study there is piecemeal support for the RIH, scattered
across behavioural and neurobiological studies from a wide variety of taxa. For
instance, one other species of bird, the greylag goose, shows repeatability of an
aspect of pair-bond strength (Kralj-FiSer et al., 2007); a link between pair-bond
strength and reproductive success has been identified in one species, the
cockatiel (Spoon et al., 2006); and a link between different but related aspects
of the pair-bond (e.qg., length or partner familiarity) has been found in a range of
species (e.g.(Culina et al., 2020; Sanchez-Macouzet et al., 2014)). Various
socio-cognitive behaviours relevant to social bonding have been quantified at
the behavioural and neural level, but pair-bond strength has only been directly
linked to a measure of socio-cognitive ability in jackdaws. Moreover, many of
the studies discussed in this chapter have been conducted on captive species.
While still valuable, it must be considered that bonding behaviour between
individuals can differ substantially between captive and wild settings (Inoue &
Shimada, 2020; Pacheco & Madden, 2021), and captive individuals are subject
to a much less challenging and dangerous environment. Therefore, to what
degree these studies can tell us about the evolutionary basis and ecological
relevance of pair-bonding behaviour and its associated cognitive challenges is
limited (Pritchard et al., 2016; Thornton et al., 2014).

While there are threads of empirical support for the RIH, which suggest that
pair-bond strength may be a substrate of selection and may be socio-cognitively
demanding, | propose that there are two key flaws with this hypothesis. The first
is a flaw that could potentially be rectified with more data. It is that we currently
have absolutely no evidence to suggest that species with long-term, year-round
partnerships actually do have better socio-cognitive performance relative to
species with other bond types, yet this is fundamental to understanding if long-

term pair-bonds do drive cognitive evolution. | therefore propose that an
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important area of future work is to expand our investigations of the cognitive
basis of pair-bonding beyond species with long-term pair-bonds. Specifically,
explicit comparisons of cognitive performance between (ideally closely related)
species with long- versus short-term pair-bonds would be extremely valuable.
Currently, most investigations are restricted to species that we already know to
(i) show sophisticated cognitive performance and (ii) have long-term pair-bonds.
Without establishing a full picture of pair-bonding dynamics across species, we
risk drawing false inferences about the cognitive demands of pair-bonding due
to our own anthropomorphic biases of which species should be capable of
behaviours that we think are cognitively complex (Shettleworth, 2010a).
Importantly, | also recommend an intraspecific approach to testing predictions of
the RIH, in-line with other researchers in the field of cognitive evolution (Ashton,
Thornton, et al., 2018; Logan et al., 2018) and the analyses presented in
Chapters 2 - 4. By testing predictions of the RIH within species, we will gain a
finer-grained understanding of the cognitive demands and fitness
consequences of pair-bonds, thus elucidating fine-scale patterns that may not
be evident at a broader scale. Following intra-specific studies of the cognitive
demands of pair-bonding across a range of species, comparative work can be
done to understand whether and how patterns vary between species with

different bond types.

The second major flaw with the RIH is a theoretical one. Current theory
suggests that cognition should evolve when information-processing can create
a more predictable environment for an individual, thus meaning an individual
can make better decisions (Dall & Cuthill, 2016; McNamara & Dall, 2010). This
means that the less predictable an environment, the more selection there
should be on cognitive ability. Long-term, year-round pair-bonds, when viewed
in isolation (as they primarily are in the original formulation of the RIH) are likely
to create a more predictable social environment for partners. | suggest in
section 4.2. that perhaps year-round long-term pair-bonds generate
informational challenges because individuals must navigate both the pair-bond
and the wider social landscape. Indeed, even in jackdaws, where pairs have
almost completely interdependent fitness, partners appear to have some
conflicting interests when the pair-bond is examined in the context of wider

society. While this extension of the RIH may prove fruitful, | wish to stress that it
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is “patching a hole” in a hypothesis that otherwise does not align well with

theoretical expectations.

We would like to posit that a useful way to move forward as a field may be to
contextualise cognitive evolution within information theory and use a formal
theory-driven approach to generate predictions. Currently, there are multiple
hypotheses for the evolution of cognition (e.g., the Social Intelligence
Hypothesis, the Relationship Intelligence Hypothesis, the Ecological Intelligence
Hypothesis), and they are often presented as separate and competing
hypotheses (e.g.(DeCasien et al., 2017; Rosati, 2017)). However, underpinning
them all is the uniting theory that cognition is an adaptation to allow for more
information-processing. Framing our investigations of cognitive evolution in
terms of the information-processing demands faced by individuals, and using
this to generate predictions, will allow for a more cohesive and tractable study of
cognitive evolution than verbal arguments alone (McNamara & Leimar, 2020;
Smaldino, 2020), and will avoid unnecessary competition between falsely
dichotomous explanations. It will also allow for the generation of predictions that
are grounded in evolutionary theory. This will help to mitigate the influence of
our inherent anthropocentric biases in formulating predictions in the field, an

issue addressed in detail in the next section.
Anthropocentrism in cognitive research: how to move forward?

During the development of this thesis, two very different approaches to research
became apparent: the anthropocentric versus the theory-driven approach. In
Chapter 3, | reviewed research into empathetic concern in non-humans. Initially,
empathy was investigated in a rather anthropocentric manner, whereby close
relatives of humans were tested for traits that we recognise in ourselves
(e.g.(de Waal & van Roosmalen, 1979; Povinelli et al., 1992)). Following this,
the Valuable Relationship Hypothesis was used as a framework to explain why
one might expect empathy in non-humans (de Waal & Aureli, 1997). Thus, the
theory followed the research, rather than informing it, and the research itself
was originally conducted based on rather anthropocentric perspectives. On the
flip side of this approach is the study of Alternative Reproductive Tactics
(ARTS), as briefly reviewed in the introduction to Chapter 2. Although forced
copulations are relevant to human behaviour, the study of ARTs has, from its

beginning, been grounded in evolutionary theory (e.g.(Dominey, 1984; Thornhill,
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1984)), even when used to explore the evolutionary roots of forced copulation in
humans (Thornhill & Palmer, 2000; Thornhill & Wilmsen Thornhill, 1983).
Indeed, Thornhill and Palmer (very controversially - see response to criticisms
here (Palmer & Thornhill, 2003)) tested specific predictions generated from
research in the field of sexual conflict in order to understand whether and how
human rape fits into our knowledge of the evolution of forced copulations in
other animals (Thornhill & Palmer, 2000). The approach to studying empathy
and the approach to studying ARTSs, both of which are relevant to human
behaviour, therefore differs substantially: while one is historically rooted in an
anthropocentric exploration of non-human behaviour, the other has always been
rooted in an evolutionary view of behaviour (human and non-human). While this
is perhaps a drastic example, such a differential approach to the study of

behaviour (anthropocentric versus non-anthropocentric) is pervasive.

Why does it matter that researchers take different approaches to the study of
behaviour? The answer is that there are considerable differences in inference
depending on approach. For example, as discussed by Vasconselos et al.
(2012), two studies investigating a similar behaviour came to vastly different
conclusions as to what the behaviour showed (Vasconcelos et al., 2012). Both
studies investigated rescue behaviour: one in rats (Ben-Ami Bartal et al., 2011)
and one in ants (Cataglyphis cursor (Nowbahari et al., 2009)). In these studies,
an individual was restrained, and experimenters tested whether conspecifics
worked to release them. In both species, conspecifics released trapped
individuals in very similar ways. For rats, this was interpreted as a prosocial
behaviour rooted in empathetic concern. For ants, it was interpreted as a
programmed response of colony members to a specific scenario, selected for
due to indirect fitness benefits. Critically, empathy (or indeed any psychological

mechanism) was not invoked.

Another example of the danger of differing approaches comes from the study of
consolation. Burkett et al. tested for consolation in prairie voles (Burkett et al.,
2016). They found evidence in-line with the conclusion that prairie voles console
distressed partners. However, they did not control for the possibility that the
distressed partner solicited affiliation through ultra-sonic calls, and thus it cannot
be concluded that the behaviour was consolation, as opposed to solicited

affiliation. This is highlighted in a published comment on the article (Pérez-
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Manrique & Gomila, 2016), and it is a fair and important criticism. However,
claims of consolation in primates seem not to be held to such a high standard.
For instance, in a review of empathy, Pérez-Manrique and Gomila (2018)
discuss a study of bonobos (Pan paniscus) as finding “unsolicited” affiliation
(Palagi et al., 2004). However, this study does not describe how solicitation was
measured, merely that affiliation was considered unsolicited if it was not
“‘invited”. Given that no description is given as to what “invited” involves, this
raises questions as to whether a careful analysis of potentially subtle soliciting
behaviour (e.g., quiet calls or subtle gestures) was conducted. This is not to
criticise Palagi et al.’s study; merely to highlight that Palagi et al.’s study and
Burkett et al.’s studies seem to have been subjected to differing levels of

criticism.

From the above examples, it could be perceived that we are more willing to
ascribe empathetic behaviours to species more similar to ourselves (i.e.,
bonobos more readily than rodents, but rodents more readily than ants).
However, experiments should always be held to the same standard, regardless
of species, and while shared ancestry should not be discounted, neither should
the possibility of deep evolutionary roots of behaviour, convergent evolution
across disparate species, nor the possibility that something really might be a

uniquely human trait.

It seems that a large influence on the approach to testing cognitive ability may
be the value system of the researcher. Frans de Waal’s popular science article
“What | learned from tickling apes”, an endorsement of anthropomorphism of
closely related species, suggests that “anthrodenialism” (where researchers
have a baseline assumption that non-human animals, even our close relatives,
do not possess human traits) is related to the human need to distance
ourselves from animals following our switch from hunting to farming (de Waal,
2016). He suggests that “to justify how [we] treated other species, [we] had to
play down their intelligence and deny them a soul”. Thus, it appears that de
Waal’s argument in favour of anthropomorphism is partly motivated by a moral
stance that this helps humans treat animals ethically, and that this is something
we should strive to do. With this latter point, most researchers in animal
behaviour would probably passionately agree. However, whether animals

should need to have human-like qualities in order to deserve our respect is
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most likely a point of contention: depending on philosophical outlook, some
researchers probably strongly agree and others strongly oppose this stance.
Perhaps such differences in value systems partially underlies the disparities we

observe in approaches to testing animal cognition.

What, then, is the way forward? | propose that formal theoretical approaches,
such as the approach proposed at the end of Section 5, will allow us not only to
unite falsely dichotomous hypotheses regarding the evolution of cognition, but
also to mitigate the influence of our inherent anthropocentric biases. In
conjunction with this approach, we should work to design experimental and
observational studies that mitigate our anthropocentric and anthropomorphic
biases by ruling out alternative explanations for behaviours (Barrett et al., 2007;
Shettleworth, 2010a). We must also ensure that the same rigour in study design
is applied across species, independently of their relation to us, and, importantly,
that the conclusions we reach are not taxa dependent. If empathy is invoked to
explain a behaviour in a rodent, we must ask: would we also consider this to be
empathy in an insect? If not, we must address why, and ask whether our biases
are influencing our conclusions. To adopt such an approach is not to be
“anthrodenialist” (de Waal, 2016), or “killjoy” (Shettleworth, 2010a) and is
certainly not to undermine advances in animal welfare. It is to support rigorous
and robust science to comprehend the minds of animals, in order to understand
what an animal mind is, not what we think it should be, or want it to be,

according to anthropocentric ideals.
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APPENDIX

Chapter 3: Wild jackdaws respond to their partner’s distress, but not with

consolation

After publication this article was shared widely on Twitter, with some interesting

responses. Our favourite was:

| had a husband like that. He's now an ex-husband. ©

Q ) Q

Luckily, female jackdaws do not seem to mind quite so much.
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