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Abstract 

Sexual conflict over parental investment in offspring occurs in species with biparental 

care due to the shared benefits but individual costs of care, such that the optimum level 

of investment for an individual is less than that of its partner. Sexual conflict can result in 

costs for offspring, but a recent theoretical model suggests that parents might reduce 

such costs via conditional cooperation in the form of turn-taking (alternation) during 

provisioning. Various empirical studies have found evidence supporting this model. In 

addition, provisioning synchrony is thought to be related to alternation, perhaps 

facilitating alternation by enabling partner monitoring. Whether these behaviours are 

adaptive is not yet fully understood, with studies calling for more research into the fitness 

consequences of these behaviours. As a result, this thesis explored potential costs and 

benefits for alternation and synchrony in blue tits, Cyanistes caeruleus, using 6 years of 

breeding and provisioning data. This study is the first to find evidence for benefits of 

alternation, finding that alternation predicts indicators of reproductive success. In 

addition, alternation was found to be predicted by brood size. Finally, this study found 

evidence for sex-specific costs of alternation, finding increased mortality in females that 

showed high alternation, while this trend did not occur males. These results provide novel 

insights into the costs and benefits of alternation, an important step in understanding 

whether this behaviour is adaptive.  
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Introduction: Sex Differences, Conflict and Patterns in 

Parental Care 

Introduction 

Parental care refers to parental traits that enhance the fitness of a parent’s offspring 

(Clutton-Brock, 1991; Royle et al., 2012). Patterns of parental care vary widely between 

species - Cockburn (2006) specified 6 distinct modes of care: cooperative breeding, 

biparental care, female-only care, male-only care, brood parasitism and geothermal 

incubation. Parents provide care for offspring in diverse ways – from selecting an ideal 

site to lay eggs (Refsnider and Janzen, 2010), to providing food (Clutton-Brock, 1991; 

Royle et al., 2012), to defending offspring from predators (Lima, 2009) and more. The 

study of parental care is vital to many other fields of research, given that parental care 

influences a wide range of phenomena including sexual selection, life-history evolution, 

sociality, conflict, genetics and phenotypic plasticity (Royle et al., 2012). Much parental 

care research aims to understand how sex differences in providing care arise (Trivers, 

1972; Kokko and Jennions, 2008; Alonzo, 2010; Kokko and Jennions, 2012), how sexual 

conflict arises and is resolved (Trivers, 1972; Houston and Davies, 1985; McNamara et 

al., 1999; Lessells, 2012) and what  patterns of care arise as a result (Clutton-Brock, 

1991; McNamara et al., 1999; Reynolds et al., 2002; Johnstone et al., 2014). 

Over the past 60 years, parental care has become central in evolutionary biology 

research (Royle et al., 2012). This topic has become so well-established in ecology and 

evolution due to a number of key innovations, as explained by Royle et al. (2012): 

Hamilton (1964) incorporated the idea of kin selection to evolutionary ideas, Lack (1968) 

highlighted the relationship between ecology, life-history and parental care patterns of 

organisms, Wilson (1971) recognised that certain ecological condition can favour the 

evolution of parental care, Trivers (1972) connected parental care, parental investment 

and sexual selection, and Maynard Smith (1977) pioneered using evolutionary game 

theory to study the evolution of parental care and family conflicts. Trivers in particular 

generated a wave of research on sexual selection and parental investment (Royle et al., 

2012). Since Clutton-Brock’s widely cited book on parental care (Clutton-Brock, 1991), 

parental care research has become a focal topic in behavioural and evolutionary biology, 

with many key advances and concepts coming into fruition in the past 30 years (Royle 

et al., 2012).  

This literature review will explore the major findings and gaps in research of parental 

care. This will cover the extensive research around the evolution of sex differences in 
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parental care, highlighting some of the diverse factors that lead to sex differences and 

different modes of care. Additionally, the key theories surrounding sexual conflict and its 

resolution will be investigated, plus the mixed empirical evidence for these. This review 

will then explore recent theories and research into coordinated behaviours during 

parental care, which are receiving growing attention as a useful behavioural strategy for 

increasing offspring fitness and decreasing the costs of sexual conflict. Finally, this 

review will highlight the key research gaps in current studies and provide an outline of 

plans for future research, which will be conducted in the subsequent chapters of this 

thesis. 

Sex Differences in Parental Care 

Across taxa, there are sex differences in behaviour where females are more likely to 

provide care for offspring and males are more likely to compete for mates. Much research 

has centred around studying how this asymmetry evolves and what it means for the life 

history of males and females. Early research suggested that there is a direct link between 

gamete investment and care, as females initially invest more in their gametes than 

males, so are more likely to provide care (Trivers, 1972). This suggests that there is a 

direct link between anisogamy and which sex provides care. However, it has since been 

shown that past investment does not directly drive sex differences in future investment 

– i.e. females should not continue to invest highly in offspring just because they have 

already done so (Dawkins and Carlisle, 1976; Kokko and Jennions, 2008). Anisogamy 

alone does not lead to sex role divergence, but increases the likelihood of this occurring 

when other factors come into play (Kokko and Jennions, 2008). Recent theoretical 

research supports the view that anisogamy favours a higher probability of females 

developing parental care and males investing in reproductive competition (Fromhage 

and Jennions, 2016; Lehtonen et al., 2016; Clutton-Brock, 2017). Anisogamy is a driving 

force in sex role divergence, but other factors must be in play for such divergence to 

occur.  

Sex differences in the costs and benefits of care influence sex role divergence. For 

example, the certainty of parentage may differ between the sexes, which influences the 

benefits of caring for each sex and thus which sex is more likely to provide care or desert 

offspring. Extra-pair paternity is common, particularly in birds, so a male may only father 

a portion of the brood. Theoretically, females have a higher certainty of parentage than 

males, so females have higher potential benefits of caring for that brood (Queller, 1997; 

Kokko and Jennions, 2012). However, Alonzo (2010) notes that empirical evidence for a 

positive relationship between certainty of paternity and paternal care is mixed, with some 
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studies having found this relationship (Møller and Birkhead, 1993; Sheldon and Ellegren, 

1998; Møller and Cuervo, 2000; Hunt and Simmons, 2002; DiSciullo et al., 2019) and 

others finding no relationship (Peterson et al., 2001; Dickinson, 2003; Sakaluk and 

Müller, 2008). Additionally, a negative relationship has been found in beetles (Hopwood 

et al., 2015) and wrasses (Alonzo and Heckman, 2010). Poor assumptions may explain 

the mixed evidence for this relationship, such as assuming that males have information 

about certainty of paternity, or that there is a trade-off between paternal investment in 

the current brood vs investment in future broods (Westneat and Sargent, 1996; Alonzo, 

2010; Schrader et al., 2020). The relationship between confidence of paternity and 

paternal care is in fact rather complex (Alonzo and Klug, 2012). 

Assuming that males may decrease care in response to decreased paternity, 

researchers have been surprised that females mate multiple times if it might reduce 

paternal care (Alonzo, 2010). Extra-pair copulations (EPCs) may occur if females gain 

indirect benefits from remating that outweigh the cost of losing paternal care (Birkhead 

and Møller, 1996; Gowaty, 1996). There may be little need for male care – extrapair 

paternity has been found to be more frequent in bird species where males have a minor 

role in care (Møller, 2000). Females may also have EPCs to insure against infertile mates 

(Wetton and Parkin, 1991; Sheldon, 1994) or unattractive partners (Birkhead and Møller, 

1992). Alonzo (2010) also suggests that males may not necessarily decrease their 

parental effort when there is extra-pair paternity, given the mixed evidence for this. 

The proportion of each sex in the population is also an important factor in sex differences 

in parental care. The proportion of each sex is expressed in various ways in the literature: 

the adult sex ratio (ASR) refers to the proportion of adult males in the adult population, 

but the operational sex ratio (OSR) refers to the ratio of sexually available males to 

females (Emlen and Oring, 1977). Much study has gone into understanding the influence 

of sex ratios on reproductive behaviour, mainly focusing on the OSR (McNamara et al., 

2000; Kokko and Jennions, 2008; Székely et al., 2014). Only recently have the 

differences between the ASR and OSR been teased apart - while intrinsically linked, the 

ASR and OSR can have different effects on sex role evolution (Kokko and Jennions, 

2008). The OSR, for example, varies much more than the ASR because males and 

females shift between states of being sexually active and sexually unavailable (time-in 

and time-out) (Clutton-Brock and Parker, 1992; Alonzo, 2010).  

Each sex is more likely to be polygamous when the ASR is biased towards the opposite 

sex – males are more likely to be polygamous when the ASR is female-biased, and vice-

versa (Liker et al., 2013; Liker et al., 2014). Many models have shown that greater male 
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care is favoured when the OSR is male-biased, and the same pattern occurs for females 

(Houston and McNamara, 2002; Kokko and Jennions, 2008). A biased OSR can result 

in frequency-dependent selection for increased parental investment in the sex facing 

stronger competition for mates (i.e., the most common sex), as it becomes more 

beneficial to care for current offspring when the chances of remating are low, due to 

fewer available mates (Queller, 1997; Kokko and Jennions, 2008). However, there is 

mixed evidence for increased care from the more common sex – experimental 

manipulation of sex ratios in cichlid fish, Herotilapia multispinosa, found that males were 

more likely to abandon their mates when the sex ratio was female-biased, but females 

did not abandon mates, regardless of the sex ratio (Keenleyside, 1983). In zebra finches, 

Taeniopygia guttata, males increased parental care under a male-biased sex ratio more 

than under female-biased sex ratio, but female care behaviour did not change in 

response to the sex ratio (Burley and Calkins, 1999). However, the predicted pattern has 

been observed in shorebirds (Liker et al., 2013). 

Sex differences in care can also arise as a result of one sex being subject to stronger 

sexual selection, such that they can re-mate faster, so it is more costly to provide care 

than to remate (Trivers, 1972; Queller, 1997; Kokko and Jennions, 2008). The higher 

variance in male mating success compared to female success increases the costs of 

providing care (Queller, 1997). This, along with potential costs of mixed paternity in the 

brood, favours less male care (Queller, 1997; Klug et al., 2012). However, as previously 

mentioned, the relationship between male care and paternity is complex and evidence 

is mixed (Alonzo, 2010). Additionally, male-only care has been found in various species 

with high extra-pair paternity and high variation in male mating success (Brennan and 

Hyseni, 2008; Farmer and Alonzo, 2008; Brennan, 2010). This could be explained by 

female mate choice – if females bias mating efforts towards caring males, this inter-

sexual selection may favour male care (Alonzo, 2012). 

Sex differences in care arise due to a wide range of factors, some of which are yet to be 

fully understood. Anisogamy was once thought to directly drive sex differences in 

reproductive behaviour, but this has since been disproven (Kokko and Jennions, 2008). 

While anisogamy is a driving force, other factors must be involved for sex roles to 

diverge. These factors include the costs and benefits of caring vs remating, certainty of 

parentage, adult and operational sex ratios, sexual competition and mate choice. There 

are complex interactions between these factors that influence the evolution of sex roles 

and different care patterns. There is mixed evidence for some of these factors, such that 

the extent of their influence on sex roles is yet to be understood and will require further 

research. Factors influencing sex differences can also interact with sexual conflict, as a 
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result of divergent interests between males and females. Understanding the causes and 

consequences of sexual conflict is also vital for understand patterns of parental care.  

Sexual Conflict 

Sexual conflict is broadly defined as “a conflict between the evolutionary interests of 

individuals of the two sexes” (Parker, 1979). Sexual conflict can occur in two main ways: 

(i) when the optimal value of a trait differs between the sexes (Chapman et al., 2003) 

and (ii) when there is conflict over the outcome of a male-female interaction (Rice and 

Holland, 1997). It can occur over any aspect of reproduction, such as whether to mate, 

to provide care to offspring, or how much to invest in offspring (Lessells, 2012). Parental 

investment is defined as “any investment by the parent in an individual offspring that 

increases the offspring's chance of surviving (and hence of reproductive success) at the 

cost of the parent's ability to invest in other offspring” (Trivers, 1972). Sexual conflict over 

parental investment arises because the benefits of investment are shared, but each 

parent pays the cost of their own contribution, so a parent’s optimum level of investment 

is less than that of its partner, which results in sexual conflict (Trivers, 1972; Lessells, 

2012). The extent of sexual conflict can be measured as the difference between the two 

optimum values of the trait under conflict, referred to as the “battleground” (Godfray, 

1995), or by how far each sex’s fitness is below the trait’s optimum value, referred to as 

the “conflict load” (Lessells, 2006).  

Research on sexual conflict primarily focuses on what the evolutionary outcome of 

sexual conflict is, i.e., how conflict is “resolved”. This may occur by (i) evolving traits that 

allow manipulation of traits under conflict, or, more commonly, (ii) by coevolving parental 

investment by each sex to a point where changing behaviour does not increase the 

fitness of either sex (Lessells, 2012). Parents may manipulate their partner’s investment 

by exploiting signalling systems (Haig, 2004; Müller et al., 2007), by sabotaging their 

partner’s attempts to remate (Hansson et al., 1997) or by deceiving their partner into 

providing more parental care than themself (Balshine-Earn and Earn, 1997). While 

manipulation can occur, most cases of sexual conflict resolution do not involve 

manipulation (Lessells, 2012). Instead, it is more common for parental investment in 

each sex to coevolve, so each parent controls its own parental investment and not their 

partner’s (Lessells, 2012). Game theoretical modelling has been heavily relied on to 

understand this process, as these models explore how the fitness outcome of a parent’s 

reproductive attempt depends on their partner.  

The first key model to address conflict resolution in biparental care was from Houston 

and Davies (1985), who presented a ‘sealed bid’ model of care. This model assumed a 
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fixed level of investment from each parent which is not altered in response to their 

partner’s investment in behavioural time. They suggested that biparental care is a stable 

strategy when changes in the effort of one parent select for incomplete compensation of 

effort by its partner over evolutionary time (Houston and Davies, 1985). McNamara et al. 

(1999) expanded upon this idea, developing a model where parents negotiate levels of 

care in behavioural time. This model predicted that parents are responsive to changes 

in their partner’s effort, but will only partially compensate for such changes (McNamara 

et al., 1999). This partial compensation would force parents to reduce investment below 

optimum levels for offspring fitness (Houston and Davies, 1985; McNamara et al., 1999; 

Lessells and McNamara, 2012), resulting in fitness costs for offspring, which has been 

supported by empirical study (Royle et al., 2002; Royle et al., 2010).  

The majority of empirical studies support this theory of partial compensation, which was 

found to be the mean response to reduced partner effort in a meta-analysis of empirical 

studies, focusing on birds (Harrison et al., 2009). However, other studies have found this 

response to be highly variable (Johnstone and Hinde, 2006; Harrison et al., 2009), 

varying from full compensation (Paredes et al., 2005), to matching compensation 

(Slagsvold and Lifjeld, 1988; Schwagmeyer et al., 2002), to none at all (Hinde, 2006; 

Meade et al., 2011). Models of conflict resolution are criticised for failing to consider the 

multidimensionality of parental care, thus ignoring many key components (Houston et 

al., 2005; Iserbyt et al., 2017). Given the variation in the results of empirical studies, it is 

evident that sexual conflict and its resolution occur in more varied ways than are currently 

explained by widely accepted models in the literature.  

Coordinated Behaviours for Parental Care – Alternation and 

Synchrony 

Models to date suggest that the evolutionarily stable outcome of sexual conflict is for 

parents to only partially compensate for reduced partner investment, leading to a 

reduction in parental investment below optimum levels for offspring fitness, causing a 

loss of offspring fitness (McNamara et al., 1999; Royle et al., 2002; Royle et al., 2010; 

Lessells and McNamara, 2012). Recently, Johnstone et al. (2014) proposed a game-

theoretical model where parents reduce such costs of sexual conflict via conditional 

cooperation in the form of turn-taking (alternation). By alternating provisioning visits to 

the nest, perhaps refusing to provision until their partner has done so, this system may 

ensure equal investment from each partner, reducing fitness costs for offspring. Previous 

models presented parental care as a continuous variable, but this model suggests that 

parental care may be delivered as repeated discrete “visits” (Johnstone et al., 2014). The 
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model shows that if parents can monitor each other’s visits, selection may favour a 

strategy where parents refuse to visit the nest until their partner has done so. This would 

result in strict turn-taking in nest visits. 

Many empirical studies have found evidence supporting this model by Johnstone et al. 

(2014), including studies of both biparental (Iserbyt et al., 2017; Leniowski and Węgrzyn, 

2018; Iserbyt et al., 2019) and cooperatively breeding species (Bebbington and 

Hatchwell, 2016; Savage et al., 2017). All of these studies found that alternation occurs 

significantly more than is expected by chance. Leniowski and Węgrzyn (2018) found that 

alternation significantly increased with parental synchronisation in blackcaps, showing 

that these processes are linked. Bebbington and Hatchwell (2016) found that parental 

alternation increased the provisioning rate and reduced the predation rate in long-tailed 

tits. Savage et al. (2017) found significant alternation in care groups of chestnut-crowned 

babblers, with evidence that turn-taking was due to both passive and active alternation. 

However, some of the predictions of the model by Johnstone et al. (2014) were not 

supported by these studies. For example, while these studies found a significant 

tendency for alternation, strict turn-taking was not found in any of the studies. This 

prediction of strict turn-taking was made based on the unrealistic assumption that 

partners can accurately monitor each other’s visit rate (Johnstone and Savage, 2019). 

Johnstone and Savage (2019) later improved the model to be more realistic and flexible 

on patterns of turn-taking, taking into account variation in both the accuracy of partner 

monitoring and the costs and benefits of care.  

Behavioural compatibility and coordination between mates has recently been shown to 

be important for reproductive fitness (Spoon et al., 2006; Schuett et al., 2011; Mariette 

and Griffith, 2012; Mainwaring and Griffith, 2013). High nest visit synchrony, which is 

thought to function to reduce nest predation by reducing the frequency of nest visits 

(Fontaine and Martin, 2006; Raihani et al., 2010), has been observed in various bird 

species, including zebra finches (Mariette and Griffith, 2012), long-tailed finches (Van 

Rooij and Griffith, 2013) and blackcaps (Leniowski and Węgrzyn, 2018). Bebbington and 

Hatchwell (2016) highlighted that recent research has identified 3 key functions of 

synchronous nest visits: (i) to signal provisioning information (Doutrelant and Covas, 

2007), (ii) to reduce the risk of predation by reducing the amount of activity at the nest 

(Martin et al., 2000; Raihani et al., 2010), and (iii) to enhance provisioning and hence 

reproductive success (Mariette and Griffith, 2012). Synchronising nest visits may also 

reduce sexual conflict and associated fitness costs for offspring by allowing partners to 

monitor each other’s investment and respond accordingly (Johnstone and Hinde, 2006; 

Mariette and Griffith, 2012; Bebbington and Hatchwell, 2016). Leniowski and Węgrzyn 
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(2018) found that alternation of provisioning visits was positively related to parental 

synchrony, suggesting that synchrony may function to enable partners to monitor each 

other’s visit rate to allow effective turn-taking (Bebbington and Hatchwell, 2016).  

As parental coordination is being increasingly considered in parental care literature, 

some studies are investigating what factors may influence such behaviours. For 

example, Iserbyt et al. (2017) found that sex-specific task specialisation during the early 

stages of reproduction constrains the degree of parental alternation. Alternation 

increases as task specialisation decreases as the nestlings develop better endothermic 

capacity (Iserbyt et al., 2017). A recent study by Lejeune et al. (2019) found that nest 

visits were more synchronous in edge habitats than interior woodland, and more 

synchronous at high elevation on cold and wet days (Lejeune et al., 2019). Pairs 

alternated more and fed more frequently at lower altitudes, with a 23% reduction in 

alternation for every 100m increase in altitude. They also found a positive relationship 

between nest visit synchrony and nestling mass in woodland habitats, suggesting that 

coordination can mitigate the costs of sexual conflict for offspring (Lejeune et al., 2019). 

Another study by Iserbyt et al. (2019) created disturbance by catching and releasing a 

parent, creating a 2-hour absence by one parent, and investigated how coordinated 

behaviour changed in response. They found that parents quickly resumed nest visits and 

continued alternating at the same rate as before the disturbance, suggesting that such 

coordinated behaviour is resilient against environmental disturbance (Iserbyt et al., 

2019). These studies demonstrate that coordinated parental behaviour is variable 

depending on a range of factors, but can be resilient in the face of disturbances.  

While the theory of conditional cooperation seems promising as a conflict resolution 

strategy, some studies have pointed out that patterns of alternation may be due to 

processes other than active turn-taking (Baldan et al., 2019; Ihle et al., 2019a; Santema 

et al., 2019). Temporal environmental variation can cause the provisioning rates of both 

parents to change at the same time so that their inter-visit interval (IVI) is matched 

(Schlicht et al., 2016; Baldan et al., 2019). A study by Baldan et al. (2019) suggests that 

temporal environmental variation accounts for around a fifth of observed alternation in 

great tits. These studies conclude that conditional cooperation has not yet been fully 

supported by existing studies, given that observed alternation may be due to other 

interacting effects (Baldan et al., 2019; Ihle et al., 2019a), but admit that it may be nearly 

impossible to account for all factors (Santema et al., 2019). So far, there is little evidence 

for any fitness benefits of coordination (Ihle et al., 2019a) – the only evidence so far is a 

reduced predation risk with synchronous nest visits (Raihani et al., 2010). It has therefore 

been suggested that future study explores the fitness consequences of coordination (Ihle 
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et al., 2019a). It has also been suggested that more manipulation experiments should be 

carried out (Griffioen et al., 2019a; Santema et al., 2019) and studies should explore 

relationships between pair or brood characteristics and coordinated behaviours (Ihle et 

al., 2019a). 

Conclusions 

Differences in sex roles during reproduction were once thought to be directly driven by 

anisogamy, however recent advancements have shown that sex differences are 

influenced by complex interactions between a wide range of factors including the cost-

benefit trade-offs of caring and remating, certainty of parentage, the ASR and OSR, 

sexual competition and mate choice. Anisogamy does have an important role in sex role 

divergence, however its role is indirect. Empirical evidence is mixed for some of the key 

factors involved in sex differences, thus more research is required to fully understand 

their importance. Differences in the evolutionary interests of males and females can 

result in sexual conflict, particularly over parental investment. It is most beneficial for a 

parent to invest less than their partner due to the shared benefits but individual costs of 

parental care, which results in conflict over investment. Theoretical research has relied 

heavily on game-theoretical modelling to understand how such sexual conflict is 

resolved. Models to date predict that parents will incompletely compensate for a 

reduction in their mate’s effort, such that total parental investment is below optimum 

levels for offspring fitness and offspring may suffer a fitness cost. However, there is 

mixed empirical evidence for incomplete compensation. 

A recent model proposed that parents might mitigate this cost by conditional cooperation 

in the form of turn-taking. This model suggests that parental care is delivered in discrete 

“visits” and parents will alternate nest visits so that their investment is equal. Empirical 

studies have found supporting evidence for this theory, but questions remain about 

whether observed alternation is due to active turn-taking or other passive processes. The 

importance of coordinated behaviour such as alternation and synchronisation has 

recently become a focal topic of research, with studies finding that these behaviours 

occur more than expected by chance. Studies are beginning to investigate how these 

behaviours are affected by environmental factors and disturbance. This new avenue of 

research presents exciting new opportunities to investigate fine-scale behavioural 

mechanisms involved in resolving sexual conflict. 
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Future Research 

While many studies support that parental alternation occurs more than expected by 

chance, the phenomenon of conditional cooperation is yet to be fully supported (Baldan 

et al., 2019; Ihle et al., 2019a; Santema et al., 2019). Ihle et al. (2019a) call for studies 

to explore the potential fitness consequences of coordination for both parents and 

offspring (Iserbyt et al., 2017; Ihle et al., 2019a) as it may be that parents, not offspring, 

bear the costs of sexual conflict (Barta et al., 2014; Iserbyt et al., 2017). Ihle et al. (2019a) 

also call for investigation into the potential relationships between pair or brood 

characteristics and coordinated parental behaviour. They suggest that this further 

research will help us to better understand the adaptive significance of coordinated 

behaviour (Ihle et al., 2019a). This thesis will therefore investigate these suggested 

research avenues to fill the gaps in this field.  

Taking this into account, the key questions that this study aims to investigate are: (i) what 

are the fitness consequences of coordination behaviours for parents and offspring? And 

(ii) what relationships are there between pair/brood characteristics and coordinated 

parental behaviour? The specific coordination behaviours investigated in this study are 

alternation and synchrony. The next chapter of this thesis will investigate the 

relationships between alternation and synchrony and indicators of reproductive success 

such as nestling mass, brood size on day 14 and number of fledglings (Chapter 1). This 

chapter will focus on finding potential benefits for alternation and synchrony, investigating 

relationships with brood characteristics. This chapter will also investigate whether 

alternation and synchrony occur more than expected by chance. The following chapter 

(Chapter 2) will investigate potential costs and benefits of alternation and synchrony, 

specifically looking at relationships with pair divorce and likelihood of mortality. There is 

evidence that increased parental effort results in decreased survival in male parents, but 

not female parents (Santos and Nakagawa, 2012). If better coordination occurs due to 

increased parental effort, it may be interesting to identify whether this pattern occurs.  

Given the demand for more research into the fitness consequences of coordination 

behaviours such as alternation and synchrony (Ihle et al., 2019a), this research hopes 

to provide novel insights into the costs and benefits of these behaviours. Only a handful 

of studies have been published in this area to date, thus this study will add to the growing 

body of evidence for coordinated behaviours with an aim to bolster the understanding of 

such behaviours. In addition, only one previous study has investigated the relationships 

of alternation and synchrony with divorce (Ihle et al., 2019b), thus this study may add to 

current understanding of such relationships. This study will use 6 years of breeding and 
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provisioning data from a population of blue tits, Cyanistes caeruleus, living in woodland 

surrounding Lancaster University. One average, 75 nest boxes are occupied per year. 

As a result, the dataset used for this study is larger than many previous studies on 

alternation and synchrony, which will be beneficial to produce reliable and accurate 

results.  
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Chapter 1 – Alternating Parental Provisioning Visits 

Increases Reproductive Success in Blue Tits (Cyanistes 

caeruleus) 

Abstract 

Species with biparental care face sexual conflict over parental investment in offspring 

due to the shared benefits but individual costs of care, such that the optimum level of 

investment for an individual is less than that of its partner. This conflict can result in costs 

for offspring, but a recent theoretical model suggests that parents may reduce the costs 

of sexual conflict via conditional cooperation in the form of turn-taking (alternation) during 

provisioning, and various empirical studies have found evidence supporting this model. 

In addition, provisioning synchrony is thought to be related to alternation, perhaps playing 

a role in partner monitoring. This study investigated alternation and synchrony of nest 

provisioning visits in blue tits, Cyanistes caeruleus, using 6 years of breeding data. 

Alternation and synchrony were found to occur more than expected by chance. This 

study explored whether alternation and synchrony predict indicators of reproductive 

success, finding that that brood size on day 14 was predicted by alternation, providing 

evidence for fitness benefits of alternation. Neither alternation nor synchrony were 

significantly related to mean chick mass and number of fledglings. This study also found 

that brood size on day 14 predicted alternation, suggesting that parents may respond to 

the number of nestlings to make decisions about investment in alternation. This study 

finds previously undiscovered relationships between brood size and alternation, 

presenting the first evidence for fitness benefits of alternation, an important step in 

understanding whether this behaviour is adaptive. 

Introduction 

When caring for offspring, parents face a trade-off between investment in the current 

reproductive attempt and the costs of such investment for future reproduction (Williams, 

1966; Stearns, 1989). In addition to this, species with biparental care face sexual conflict 

over parental investment in offspring. This occurs due to the benefits of investment being 

shared, while each individual pays the cost of their own contribution, such that the 

optimum level of investment for an individual is less than that of their partner (Trivers, 

1972; Lessells, 2012). Much research over the past 50 years has centred on trying to 

understand the resolution of sexual conflict, mainly through game-theoretical models. 

Early models proposed that each parent has a fixed level of investment which does not 
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change in response to their partner’s investment in behavioural time (Houston and 

Davies, 1985). This model suggested that biparental care is only a stable strategy when 

changes in a parent’s investment select for incomplete compensation by its partner over 

evolutionary time (Houston and Davies, 1985). Further models have since built upon this, 

suggesting that parents partially compensate for their partner’s effort in behavioural time 

(McNamara et al., 1999). Partial compensation is expected to result in parental 

investment that is below the optimum level for offspring fitness (Houston and Davies, 

1985; McNamara et al., 1999; Lessells and McNamara, 2012), which results in fitness 

costs for offspring, as supported by empirical studies (Royle et al., 2002; Royle et al., 

2010). 

Partial compensation is generally supported by empirical studies (Harrison et al., 2009), 

but is not found in all species. Some studies have found partial compensation to be highly 

variable (Johnstone and Hinde, 2006; Harrison et al., 2009), varying from full 

compensation (Paredes et al., 2005), to matching compensation (Slagsvold and Lifjeld, 

1988; Schwagmeyer et al., 2002), to no compensation at all (Hinde, 2006; Meade et al., 

2011). Given that partial compensation is not fully supported, there may be more to 

sexual conflict resolution than is considered by these models. A recent theoretical model 

by Johnstone et al. (2014) suggested that parents may reduce the costs of sexual conflict 

via conditional cooperation, in the form of turn-taking. By alternating provisioning visits 

to the nest, perhaps refusing to provision young until their partner has done so, carers 

could ensure equal investment from their partner (Johnstone et al., 2014). Various 

empirical studies have since tested and found evidence supporting this theory, both in 

cooperative (Bebbington and Hatchwell, 2016; Savage et al., 2017) and biparental 

breeding systems (Iserbyt et al., 2017; Leniowski and Węgrzyn, 2018; Iserbyt et al., 

2019). This model and associated studies show that, with some level of partner 

monitoring involved, selection may favour a strategy where parents refuse to provision 

young at the nest until their partner has done so, resulting in alternation of provisioning 

visits. 

In addition to studies on alternation, some have also investigated the importance of 

synchrony on reproductive fitness. High nest visit synchrony has been observed in 

various bird species (Mariette and Griffith, 2012; Van Rooij and Griffith, 2013; Leniowski 

and Węgrzyn, 2018) and is thought to function to reduce nest predation by reducing the 

number of visits to the nest (Fontaine and Martin, 2006; Raihani et al., 2010). In addition 

to reducing nest predation, synchrony is thought to facilitate signalling of provisioning 

information between carers (Doutrelant and Covas, 2007) and optimise provisioning and 

reproductive success (Mariette and Griffith, 2012). Studies which investigate both 
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alternation and synchrony have found the two to be positively associated with one 

another (Bebbington and Hatchwell, 2016; Leniowski and Węgrzyn, 2018), suggesting 

that synchrony may enable carers to monitor each other to facilitate effective alternation.  

While conditional cooperation seems to be a promising conflict resolution strategy, some 

studies have suggested that observed patterns of alternation may be due to factors other 

than active turn-taking (Baldan et al., 2019; Ihle et al., 2019a; Santema et al., 2019). For 

example, temporal environmental variation can cause the provisioning rates of carers to 

change at the same time, so that their inter-visit intervals (IVI) are matched (Schlicht et 

al., 2016; Baldan et al., 2019). This can be caused by such a wide range of factors that 

it may be near-impossible to account for all of them (Ihle et al., 2019a; Santema et al., 

2019). As a result of such interacting effects, these studies suggest that conditional 

cooperation is yet to be fully supported by existing studies, but that it may be difficult to 

account for all interacting effects (Baldan et al., 2019; Ihle et al., 2019a). A key gap in 

coordination studies to date is the lack of evidence for fitness benefits of coordination, 

with reduced predation risk with synchronous nest visits being the only evidence so far 

(Raihani et al., 2010; Ihle et al., 2019a). Further exploration of the fitness consequences 

of coordination has been recommended, in addition to more studies on the relationships 

between pair or brood characteristics and coordinated behaviours such as alternation 

and synchrony (Ihle et al., 2019a). 

With these recommendations in mind, this study will investigate potential fitness 

consequences of alternation and synchrony during nest provisioning in blue tits, 

Cyanistes caeruleus, using 6 years of breeding and provisioning data. This study will 

investigate whether alternation and synchrony occur more than expected by chance and 

assess the relationship between alternation and synchrony. The potential reproductive 

benefits of alternation and synchrony will also be explored by investigating relationships 

between these behaviours and brood size, number of fledglings and nestling mass. 

Finally, this study will explore potential predictors of alternation and synchrony.  

Methods 

This study used breeding and provisioning data from blue tits breeding in nest boxes in 

deciduous woodland around Lancaster University, Lancashire, U.K., from 2016 to 2021. 

On average, 75 nest boxes were occupied by blue tits each year. Nest boxes were visited 

every 5 days during April to record first egg date and clutch size, then every day during 

May to record hatch date and hatch success (the number of eggs hatched). When 

nestlings were 10-12 days old, the nest box was video recorded for one hour. The entry 

and exit times of adults visiting the nest box were recorded, as well as the adults’ sex 
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and whether a faecal sac was removed. Observations where a nest was being 

provisioned by only a single male or female were removed from the dataset so that the 

analyses were only inclusive of provisioning pairs. Nestlings were weighed (± 0.1g 

electronic balance) and counted at 14 days old after hatching. The number of fledglings 

at each nest was also counted. 

Quantifying Alternation 

Pair alternation was quantified as the proportion of alternated visits, using the equation 

A = F/(t-1), where F is the number of times one parent visited after the other and t is the 

total number of nest visits. To assess whether alternation occurred more than expected 

by chance, observed alternation was compared with “expected” alternation values 

generated from simulated observations based on the observed data. 

The following process was used to generate expected alternation values. The inter-visit 

intervals (IVIs) of the male and female provisioning visits at each nest were extracted 

from the provisioning data. For each nest, the associated IVIs were randomly sampled 

without replacement until all male and female IVIs associated with the nest had been 

sampled. This was repeated 1000 times per nest. For each random sample, the 

cumulative totals of the sampled male and female IVIs were made separately, then 

combined to create a simulated observation as a series of visit times plus the sex 

associated with each visit (similar to Bebbington and Hatchwell, 2016). Alternation was 

calculated for each simulated observation, resulting in 1000 expected alternation values 

per nest. This method sampled the IVIs in the observed ratio of male and female visits 

at each nest, resulting in expected alternation values that take this ratio into account. To 

calculate whether observed alternation differed from expected, a t-test was used to 

determine whether observed alternation was different than expected by chance, 

comparing all observed with all expected values. In addition, the percentage of nests 

with observed alternation above the upper 95% confidence interval of expected 

alternation values associated with that nest was also calculated.  

Quantifying Synchrony 

Kernel density estimation is a data smoothing technique typically used to visualise the 

distribution of data and estimate the probability density function of a variable. This works 

by placing a ‘kernel’, a non-negative function, at each datapoint along the x axis (the red 

dashed curves, figure 1). In this study, a normal (gaussian) kernel is used. These kernels 

are summed to produce the kernel density estimate (blue line, figure 1). The 

“smoothness” of this line is determined by the bandwidth of the kernels. Bandwidth is a 
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"free parameter”, thus the optimal bandwidth for a kernel density estimate (KDE) must 

be estimated. If the bandwidth is too small, the KDE may be undersmoothed, but if too 

high the KDE may be oversmoothed. 

 

Figure 1. Graphical representation of how kernel density estimates are calculated. Sourced 

from en.wikipedia.org/wiki/Kernel_density_estimation. 

To quantify the synchronicity of provisioning blue tit pairs, this study cross-correlated the 

kernel density estimates of the time series of provisioning visits by male and female blue 

tits, following methods used by Lejeune et al. (2019). This produced a correlation 

coefficient between -1 and 1 representing the synchronicity of visits to the nest by the 

provisioning male and female, a “synchrony score”. To assess whether synchrony 

occurred more often than expected by chance, simulated observations were generated 

by randomising the inter-visit intervals of each parent 1000 times. For each 

randomisation, cumulative totals of the IVIs were made separately for males and 

females, then combined and sorted in ascending order to create a simulated watch, 

similar to Bebbington and Hatchwell’s method (Bebbington and Hatchwell, 2016). For 

each randomisation, a synchrony score was calculated, resulting in 1000 synchrony 

scores expected by chance based on the pair’s provisioning rate and inter-visit interval. 

The mean and standard deviation of these expected synchrony scores were used to 

create a z-score for each nest showing whether actual synchrony was more or less than 

expected by chance, using the following equation: Z = (x - µ)/σ, where x is the actual 

synchrony score, µ is the mean expected synchrony score and σ is the standard 

deviation of expected synchrony scores. The resulting distribution of z-scores was 
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normally distributed (Shapiro-Wilks test, W = 0.996, P = 0.679; Kolmogorov-Smirnoff 

test, D = 0.0439, P = 0.638; Figure 2). 

 

Figure 2. Histogram of z-scores calculated using the equation Z = (x - µ)/σ, where x is the 

observed synchrony score, µ is mean expected synchrony score and σ is the standard 

deviation of expected synchrony scores. The black vertical line represents the mean 

synchrony z-score of all nests (0.182). Synchrony scores were calculated using cross-

correlation of kernel density estimates of the time series of visits by the provisioning male 

and female the nest. Kernel density estimates were calculated at a bandwidth of 20. 

The bandwidth used to calculate kernel density estimates was 20. Too low a bandwidth 

may not detect synchronicity between carers, but a high bandwidth may detect more 

synchronicity than actually occurs. The change in mean observed synchrony score with 

different bandwidths can be seen in figure 3. However, using z-score as an indicator of 

synchronicity reduces the influence of bandwidth on the results. There was a strong 

positive correlation between the z-scores calculated using a bandwidth of 20 and those 

calculated with bandwidths 10-60 (Table 1), showing that, in this study, changing the 

bandwidth has little influence on the results. 
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Figure 3. Mean observed synchrony score at bandwidths 10-60. Synchrony scores were 

calculated using cross-correlation of kernel density estimates of the time series of visits by 

the provisioning male and female the nest. Kernel density estimates were calculated at a 

bandwidth of 20. 

 

Table 1. Pearson’s correlation coefficient between synchrony z-scores calculated using 

kernel density estimation with a bandwidth of 20 and those calculated using bandwidths 

10-60. 

Bandwidth Correlation coefficient P-value 

10 0.853 <0.001 

20 1.000 <0.001 

30 0.952 <0.001 

40 0.876 <0.001 

50 0.816 <0.001 

60 0.765 <0.001 
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Statistical Analysis 

Fitness consequences of alternation and synchrony 

The effect of alternation and synchrony on reproductive fitness was investigated using a 

series of generalised linear mixed models (GLMMs). Models were run twice, each with 

either male or female identity as the random effect. The first GLMM investigated whether 

alternation predicts brood size on day 14, with brood size on day 14 as a Poisson 

response variable. Alternation and first egg date were included as fixed effects, with the 

latter being included to account for variation caused by this variable. Total feeds per hour 

was originally to be included in the model but was excluded due to its correlation with 

alternation. A similar model was run with synchrony z-score as a fixed effect in place of 

alternation. Also using these same fixed effects, the next GLMMs investigated the effect 

of alternation and synchrony on the number of fledglings, modelling number of fledglings 

as a Poisson response variable. Clutch size was included as an additional fixed effect in 

this model. 

A linear model was used to investigate the effect of alternation and synchrony on mean 

nestling mass (mass on day 14). Potential fixed effects included alternation/synchrony, 

first egg date and total feeds per hour, though total feeds was excluded due to its 

correlation with alternation and synchrony. This was again run separately for alternation 

and synchrony.  

Which brood characteristics predict alternation and synchrony? 

A linear mixed model (LMM) was used to investigate potential predictors of alternation 

and synchrony, again run twice, once with male identity as a random effect and again 

with female identity as a random effect. In the model investigating predictors of 

alternation, alternation was modelled as a gaussian response. The same was done for 

the model investigating predictors of synchrony. Potential predictors included first egg 

date, clutch size, hatch success, brood size on day 14 and total feeds per hour. Due to 

their correlation with brood size on day 14, clutch size (Pearson’s r = 0.664, df = 275, P 

< 0.001) and hatch success (Pearson’s r = 0.806, df = 274, P < 0.001) were excluded 

from the model. Total feeds per hour was highly correlated with alternation and 

synchrony but was excluded as it masked the effects of other predictors in the model. 

While first egg date was not a significant predictor, it was included to account for variation 

caused by this variable. 

All statistical analyses were carried out in R Studio, version 4.1.0. All models were 

reduced using the likelihood ratios test to identify and remove non-significant fixed effects 
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until only significant (P < 0.05) or relevant effects remained. Linear mixed models and 

generalised linear mixed models were performed using the “lme4” package (Bates et al., 

2015) and associated results tables were produced using the “broom.mixed” output. 

Figures were produced using the “ggplot2” package (Wickham, 2009). 

Results 

Alternation and synchrony 

Alternation in blue tits was significantly higher than would be expected by chance (t = 

5.44, df = 289, P < 0.0001). Observed alternation was higher than the upper 95% 

expected alternation for that pair in 77.6% of blue tit pairs. 

58.4% of pairs had a positive synchrony z-score (mean = 0.182) (Figure 2), indicating 

that they synchronised more than expected by chance.  

A linear regression of alternation predicted by synchrony shows a weak positive 

association (P < 0.001, R2 = 0.097) between alternation and synchrony z-score of 

provisioning blue tit pairs (Figure 4).  

 

Figure 4. Alternation (proportion of alternated visits) against synchrony z-score of 

provisioning blue tit pairs, with associated regression line. 
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Fitness consequences of alternation and synchrony 

Brood size on day 14 (mean 7.77 ± 0.12 standard error, SE) was significantly predicted 

by alternation but not synchrony z-score (Table 2, Table 3). Neither alternation nor 

synchrony predicted number of fledglings (mean 7.14 ± 0.18 SE) (Table 2, Table 3) nor 

mean chick mass (Table 4).  

Table 2. Poisson mixed models to identify whether alternation (proportion of alternated 

visits) or synchrony z-score predict brood size on day 14 or number of fledglings, with 

female identity as random effect. Significant (P<0.05) effects are highlighted in bold. 

Effect Estimate 
Standard 

Error 
Statistic P 

a) Does alternation predict brood size on day 14? 

Alternation 0.392 0.180 2.184 0.029 

First egg date -0.013 0.004 -3.421 0.001 

b) Does synchrony predict brood size on day 14? 

Sync Z-score 0.028 0.022 1.272 0.204 

First egg date -0.015 0.004 -3.940 <0.001 

c) Does alternation predict number of fledglings? 

Alternation 0.245 0.228 1.071 0.284 

First egg date -0.017 0.006 -2.944 0.003 

Clutch size 0.078 0.018 4.404 <0.001 

d) Does synchrony predict number of fledglings? 

Sync Z-score 0.015 0.029 0.504 0.614 

First egg date -0.018 0.006 -3.040 0.002 

Clutch size 0.078 0.018 4.269 <0.001 
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Table 3. Poisson mixed models to identify whether alternation (proportion of alternated 

visits) or synchrony z-score predict brood size on day 14 or number of fledglings, with male 

identity as random effect. Significant (P<0.05) effects are highlighted in bold. 

Effect Estimate 
Standard 

Error 
Statistic P 

a) Does alternation predict brood size on day 14? 

Alternation 0.376 0.183 2.052 0.040 

First egg date -0.012 0.004 -3.170 0.002 

b) Does synchrony predict brood size on day 14? 

Synchrony Z-score 0.034 0.023 1.502 0.133 

First egg date -0.014 0.004 -3.663 <0.001 

c) Does alternation predict number of fledglings? 

Alternation 0.238 0.231 1.032 0.302 

First egg date -0.017 0.006 -2.856 0.004 

Clutch size 0.077 0.018 4.336 <0.001 

d) Does synchrony predict number of fledglings? 

Synchrony Z-score 0.020 0.029 0.670 0.503 

First egg date -0.017 0.006 -2.940 0.003 

Clutch size 0.078 0.019 4.195 <0.001 

 

Table 4. Linear models investigating whether alternation (proportion of alternated visits) or 

synchrony z-score predict mean nestling mass at day 14.  

Effect Estimate 
Standard 

Error 
Statistic P 

a) Does alternation predict mean nestling mass? 

Alternation -0.308 0.418 -0.736 0.463 

First egg date -0.028 0.009 -2.942 0.004 

Coefficient of variance -11.440 1.425 -8.026 <0.001 

b) Does synchrony predict mean nestling mass? 

Synchrony Z-score -0.012 0.052 -0.224 0.823 

First egg date -0.025 0.009 -2.670 0.008 

Coefficient of variance -11.602 1.411 -8.222 <0.001 
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Which brood characteristics predict alternation and synchrony? 

Alternation was significantly predicted by brood size on day 14, with more alternation 

occurring at larger broods (Figure 5). Brood size on day 14 only predicted synchrony 

when male identity was used as the random effect, but not when female identity was 

used (Table 5, Table 6).  

 

Figure 5. Relationship between brood size on day 14 and alternation (proportion of 

alternated visits). The line shows model estimates for brood size on day 14 (model a, table 

5) with 95% confidence intervals.  
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Table 5. Linear mixed models to identify predictors of alternation (proportion of alternated 

visits) and synchrony z-score, with female identity as a random effect. Significant (P<0.05) 

effects are highlighted in bold.  

Effect Estimate 
Standard 

Error 
Statistic P 

a) Does brood size predict alternation?  

Brood size day 14 0.013 0.004 3.292 0.001 

First egg date -0.002 0.001 -1.315 0.187 

b) Does brood size predict synchrony?  

Brood size day 14 0.059 0.032 1.881 0.060 

First egg date 0.012 0.011 1.098 0.270 

 

Table 6. Linear mixed models to identify predictors of alternation and synchrony, with male 

identity as a random effect. Significant (P<0.05) effects are highlighted in bold. 

Effect Estimate 
Standard 

Error 
Statistic P 

a) Does brood size predict alternation? 

Brood size day 14 0.012 0.004 3.094 0.002 

First egg date -0.002 0.001 -1.506 0.131 

b) Does brood size predict synchrony? 

Brood size day 14 0.073 0.031 2.305 0.022 

First egg date 0.011 0.011 1.035 0.299 
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Discussion 

This study investigated alternation and synchrony of provisioning in blue tits, finding a 

significant positive association between alternation and synchrony (Figure 4). Alternation 

significantly predicted brood size on day 14 (Table 2, Table 3), with pairs that alternated 

more often producing larger broods (Figure 5). Neither the number of fledglings nor mean 

chick mass were predicted by alternation or synchrony (Table 2, Table 3, Table 4). This 

study also found that alternation was significantly predicted by brood size on day 14 

(Table 5, Table 6). After having thoroughly searched the literature, this study appears to 

be the first to find a relationship between alternation and brood size on day 14, a key 

finding that suggests a potential fitness benefit of alternation in blue tits.   

Observed alternation was higher than the upper 95% expected alternation for that pair 

in 77.6% of blue tit pairs. This is notably higher than found in other studies which 

investigated the frequency of pairs that alternate more than expected by chance: in a 

study by Lejeune et al. (2019), 41% of blue tit pairs were found to alternate more than 

expected by chance. However, this may be due to differences in methodology. 58.4% of 

pairs in the present study had a positive synchrony z-score, indicating that they 

synchronised more than expected by chance (Figure 2). This is lower than found by 

Lejeune et al. (2019), where 66% of pairs had a positive z-score for synchrony. Lejeune 

et al. (2019) used the same methods to quantify synchrony and the same study species 

as used in the present study. These differences could be due to a variety of factors that 

might influence whether pairs invest in alternation and/or synchrony, such as predation 

risk (Raihani et al., 2010), habitat and climate (Lejeune et al., 2019). The availability of 

prey may constrain synchrony - at lower temperatures and high precipitation, caterpillar 

growth and survival are reduced, resulting in lower availability of food (Ayres, 1993; 

Tamburini et al., 2013; Schöll et al., 2016). Comparative studies investigating alternation 

and synchrony in regionally separated sites may therefore be useful to assess the impact 

of regional differences in climate and habitat on these behaviours.  

There was a significant, but weak, positive relationship between alternation and 

synchrony z-score in provisioning blue tit pairs (Figure 4), as has been found in other 

studies (Bebbington and Hatchwell, 2016; Leniowski and Węgrzyn, 2018). To 

successfully alternate with one another, pairs may need to monitor one another’s visits, 

thus some synchronisation in the pair’s nest visits is to be expected (Bebbington and 

Hatchwell, 2016; Johnstone and Savage, 2019). Parents cannot spend all their time 

monitoring one another so perfect monitoring is unlikely (Johnstone and Savage, 2019), 

which may explain the weakness of the association between alternation and synchrony 
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(Figure 4). Synchrony may also function to allow pairs to signal information to one 

another (Doutrelant and Covas, 2007), which may also facilitate alternation if signalling 

that they have provisioned at the nest. 

This study finds evidence for reproductive benefits of alternation during provisioning. 

Alternation significantly predicted brood size on day 14, with pairs that alternated more 

often rearing larger broods (Table 2, Table 3). Given that nestlings tend to fledge at 18-

21 days old, brood size on day 14 is a good indicator of reproductive success. Johnstone 

et al.’s (2014) model of alternation predicts that alternation should increase parental 

investment and thus maximise parental fitness and optimise provisioning rates. The 

results found in the present study suggest that alternation may indeed increase parental 

fitness, supporting Johnstone et al.’s (2014) theory. Previous studies have investigated 

the relationship between alternation and brood size but did not find such a relationship 

(Bebbington and Hatchwell, 2016; Griffioen et al., 2019a; Lejeune et al., 2019), which 

may be due to these studies having a much smaller sample size than the present study. 

As a result, studies on larger sample sizes may be needed to find further evidence for 

reproductive benefits of this behaviour. This relationship is to be expected, given that 

brood size and provisioning rate are usually positively related (Magrath et al., 2007; 

Bowers et al., 2014). This finding is the first evidence of potential fitness benefits for 

alternation - an important step in understanding whether this behaviour is adaptive.  

This study also found that brood size on day 14 significantly predicted alternation (Table 

5, Table 6), suggesting that blue tit parents respond to brood size to make decisions 

about investment in alternation. This may also suggest a limitation for the study, if there 

is a correlation between brood size and alternation, such that it may be difficult to 

disentangle which variable truly predicts the other. On the one hand, both relationships 

may exist, such that parents respond to brood size to make decisions about alternating 

with one another, and parents that are more successful in doing so rear larger broods. 

On the other hand, alternation may not truly result in larger brood sizes on day 14 if, 

instead, parents respond to brood size to make decisions about investment in alternation. 

One way for future studies to better understand this relationship is to identify whether 

alternation changes when brood size is manipulated. One previous study has done so 

(Griffioen et al., 2019b) which found that alternation did not change with brood size 

manipulation, suggesting a fixed agreement about parental investment. If this is so, this 

supports that the relationship found in the present study may indeed be due to brood 

size on day 14 being predicted by alternation. Due to the small number of studies 

investigating these relationships, more study is required to better understand the 

prevalence of the benefits of this behaviour such as those found in the present study. 
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Surprisingly, this study found no increase in nestling mass or number of fledglings with 

alternation (Table 2, Table 3, Table 4). Previous studies also found little improvement of 

nestling condition with greater alternation and provisioning rate (Bebbington and 

Hatchwell, 2016; Ihle et al., 2019b). Bebbington and Hatchwell (2016) suggested that 

the effect of increased provisioning resulting from high alternation may be diluted by high 

offspring demand for food, resulting in little to no increase in nestling mass from 

increased provisioning. This has been known to occur in other studies on biparental 

passerines, particularly in species that produce large broods (Bonneaud et al., 2003; 

Titulaer et al., 2012). The benefits of alternation may instead present as larger broods 

rather than increased nestling mass. Additionally, no relationship was found between 

alternation and number of fledglings, despite a relationship with brood size on day 14 

(Table 2, Table 3). Due to much less available data on the number of fledglings (n = 170) 

than for brood size on day 14 (n = 274), a relationship between pair alternation and 

number of fledglings may not have been detected.  

Given the correlation between alternation and synchrony (Figure 4), it was expected that 

variables that were significantly related to alternation would also be related to synchrony. 

However, synchrony did not predict any of the fitness variables investigated. Given that 

synchrony is known to reduce nest predation (Raihani et al., 2010), it is possible that this 

behaviour only occurs when perceived predation risk is high. If the predation risk in this 

study population was low, a relationship between synchrony and the fitness variables 

investigated in this study is unlikely. While alternation may function to optimise 

provisioning, synchrony may not. Synchrony is also thought to facilitate partner 

monitoring to enable alternation (Bebbington and Hatchwell, 2016; Johnstone and 

Savage, 2019), however, this effect of synchrony on alternation via partner monitoring 

may be too indirect for a significant relationship with indicators of offspring fitness to 

occur. 

Methods to quantify synchrony are limited in that they often do not account for variability 

in the synchronicity of nest visits. Particularly in fast-provisioning species such as blue 

tits, it is difficult to accurately decide what timeframe between one parent’s nest visit and 

the next parent’s visit is appropriate to accurately define a synchronous event. While the 

methods used for the present study attempt to account for this issue, the need to define 

a bandwidth for the kernel density estimation may result in a similar issue of being unable 

to accurately define the correct “timeframe” to define synchronous visits. This may result 

in the lack of relationships with synchrony found in the present study. As such, further 

investigations into possible methods that may improve the way studies define synchrony 

would be an asset to the field.  
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This study finds the first known evidence for fitness benefits of alternation, finding that 

alternation predicts brood size on day 14, suggesting that alternation increases the 

efficiency of provisioning and increases reproductive fitness. Alternation was also found 

to be predicted by brood size on day 14, suggesting that parents may respond to brood 

size to make decisions about alternating. Previous studies have investigated the 

relationship between alternation and brood size but did not find such a relationship 

(Bebbington and Hatchwell, 2016; Griffioen et al., 2019a; Lejeune et al., 2019), which 

may be due to the smaller sample sizes in these studies. Due to this being the first study 

to find such a result, further study is required to better understand the prevalence of this 

relationship, particularly in studies with larger sample sizes. In addition, more studies 

manipulating brood size may provide further insights into the relationship between brood 

size and alternation. This first evidence of benefits for alternation is an important step in 

understanding whether alternation is an adaptive behaviour. 
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Chapter 2: Sex-Specific Costs of Alternation During 

Provisioning in Blue Tits, Cyanistes caeruleus 

Abstract 

Around 90% of bird species form socially monogamous partnerships and provide 

biparental care to offspring. Within such partnerships, sexual conflict over parental care 

occurs. A recent theory suggests that the costs of sexual conflict may be reduced via 

conditional cooperation, where partners may alternate provisioning visits to the nest. 

Partners may also coordinate provisioning by synchronising provisioning visits, a 

behaviour thought to reduce nest predation. While studies have found evidence for these 

coordinated patterns of provisioning, questions remain about whether such behaviours 

are adaptive due to little evidence for their fitness consequences. This study explores 

the fitness costs and benefits of these behaviours by investigating the effects of 

alternation and synchrony on divorce and mortality in blue tits, Cyanistes caeruleus, 

using 6 years of breeding data. High alternation was associated with higher probability 

of mortality in females, but not males, suggesting sex differences in the costs of this 

behaviour. No effect of alternation or synchrony on divorce was found, but this remains 

a useful avenue for research. This study is the first to find costs of alternation in the form 

of mortality, finding evidence that alternation may be an adaptive strategy, given the 

costs of this behaviour.  

Introduction 

In around 90% of bird species, individuals form socially monogamous partnerships and 

provide biparental care to offspring (Cockburn, 2006). The length of time that these 

partnerships are maintained varies widely between species, with some species finding a 

new social partner every year (e.g., great blue heron, Ardea herodias; Simpson et al., 

1987), while others stay with their social partner for life (e.g., waved albatross, 

Phoebastria irrorata; Harris, 1973). There is likely a selective pressure to form new 

partnerships when breeding success is low, but to maintain partnerships that lead to high 

reproductive success (Culina et al., 2015b). Studies have found that reproductive 

success increases with length of the pair bond (Van de Pol et al., 2006; Sánchez-

Macouzet et al., 2014) while pairs that divorce tend to have lower reproductive success 

(Dubois and Cézilly, 2002; Culina et al., 2015b). Mate retention is thought to be a 

favourable strategy due to the costs of changing mates and the reproductive benefits of 

staying with a familiar partner (Ens et al., 1996; Pampus et al., 2005). While evidence 

suggests that mate retention leads to increased reproductive success in long-lived 
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species (Fowler, 1995), the advantage of long-term pair bonds in short lived species, 

such as blue tits, is less clear (Pampus et al., 2005), although this may be due to 

differences in methodological approaches for studying long-lived and short-lived species 

(Culina et al., 2015b). 

Despite reduced reproductive success when compared to mate retention, divorce tends 

to lead to increased reproductive success when compared to the previous partnership, 

with females tending to benefit from divorce more than males (Culina et al., 2015b). 

Divorce has been observed in 92% of socially monogamous species (Jeschke and 

Kokko, 2008) and is believed to be an adaptive strategy, being triggered by low breeding 

success and leading to a positive change in breeding success (Culina et al., 2015b). Two 

main hypotheses attempt to explain why divorce may be adaptive in birds: (i) the 

“incompatibility” hypothesis, where the two individuals do not breed together successfully 

as a pair, and (ii) the “better option” hypothesis, where an individual may increase their 

reproductive success by leaving their partner for a better partner and/or territory (Ens et 

al., 1993; Dhondt and Adriaensen, 1994).  

Individuals may also seek a new partnership due to the death of their previous partner. 

Parental care is costly, sometimes resulting in survival costs for carers (Alonso-Alvarez 

and Velando, 2012). Various manipulation experiments have yielded evidence that 

parental effort can influence individual mortality. For example, female great tits that were 

subjected to experimentally enlarged broods showed increased parasitaemia and lower 

overwinter survival rates (Stjernman et al., 2004). The feathers of collared flycatchers 

with experimentally enlarged broods showed greater wear than control birds, and the 

severity of this damage was positively correlated with post-breeding mortality (Merilä and 

Hemborg, 2000). Additionally, blue tit parents with experimentally enlarged broods 

showed increased levels of heat shock proteins in their blood, a key indicator of 

physiological stress (Merino et al., 2006). These studies support the expected trend that 

individuals investing less parental effort should show greater survival, though definitive 

evidence for this relationship has generally been inconsistent (Graves, 1991; Roff and 

Fairbairn, 2007; Santos and Nakagawa, 2012). 

Survival costs of parental care may also differ between the sexes. A meta-analysis by 

Santos and Nakagawa (2012) found that males whose parental effort was experimentally 

increased were less likely to survive than control males, but this trend did not occur in 

females. This sex difference in the cost of experimentally increased parental effort may 

be due to sex differences in perceived brood value (Santos and Nakagawa, 2012). 

Studies suggest that females are less responsive to changes in brood value than males 
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(Mock et al., 2005; Nakagawa et al., 2007), which may be explained by females 

provisioning at a rate that is closer to their maximum possible effort during normal levels 

of parental demand (Low et al., 2011; Santos and Nakagawa, 2012). As a result, females 

may not have the capacity to increase their parental effort when demand increases, while 

males, which often provision at lower rates than females, may have more room to 

increase parental effort, leading to greater survival costs (Santos and Nakagawa, 2012). 

Differences in the base level of parental effort provided by each sex could be due to 

differences in certainty of parentage of the brood (Westneat and Sargent, 1996; Queller, 

1997; Kokko and Jennions, 2012). 

The outcome of partnerships, whether pairs stay together or divorce, seems to be linked 

with survival in birds. A study on great tits and blue tits found that pairs that stay together 

show increased survival compared to those that divorced and found new mates (Culina 

et al., 2015a). In addition, a study on 158 species found that species with high mortality 

rates also had high divorce rates (Jeschke and Kokko, 2008). This is to be expected, 

given the likelihood that a partner does not survive to the next breeding season reduces 

the likelihood of an individual finding and re-pairing with the same partner (Jeschke and 

Kokko, 2008). As a result, it may be more beneficial to seek a better mate due to the 

high availability of un-partnered individuals – supporting the “better option” hypothesis of 

divorce (Jeschke and Kokko, 2008). 

Recent theoretical models of sexual conflict and parental care have investigated the 

possibility that carers may reduce the costs of sexual conflict via conditional cooperation, 

in the form of turn-taking (alternation) when delivering resources (Johnstone et al., 2014). 

Evidence supporting this theory has been found in various empirical studies, in both 

cooperative (Bebbington and Hatchwell, 2016; Savage et al., 2017) and biparental 

breeding systems (Iserbyt et al., 2017; Leniowski and Węgrzyn, 2018; Iserbyt et al., 

2019). While this may be a promising conflict resolution strategy, some studies point out 

that observed alternation may not be due to active alternation (Baldan et al., 2019; Ihle 

et al., 2019a; Santema et al., 2019), but may be a result of temporal environmental 

variation (Schlicht et al., 2016; Baldan et al., 2019). In addition to alternation, studies 

have investigated the importance of synchrony during provisioning for reproductive 

fitness. High nest visit synchrony has been observed in various bird species (Mariette 

and Griffith, 2012; Van Rooij and Griffith, 2013; Leniowski and Węgrzyn, 2018) and is 

thought to function to reduce nest predation by reducing the number of visits to the nest 

(Fontaine and Martin, 2006; Raihani et al., 2010). Provisioning synchrony may also 

facilitate signalling of information between carers (Doutrelant and Covas, 2007) and 

optimise provisioning and reproductive success (Mariette and Griffith, 2012).  
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Recent studies have suggested that further exploration of the fitness consequences of 

coordination is required to fill key gaps in the research of these behaviours (Ihle et al., 

2019a). In particular, the only solid evidence of fitness benefits for these behaviours is a 

reduced predation risk in pairs that synchronise provisioning visits (Raihani et al., 2010).  

As a result of demand for such research, this study will investigate the fitness 

consequences of alternation and synchrony during provisioning, specifically looking at 

divorce and perceived mortality in blue tits, Cyanistes caeruleus. If alternation and 

synchrony are adaptive provisioning strategies, they should result in higher reproductive 

success. Evidence for such a trend was found in Chapter 1 of this thesis. Divorce tends 

to occur following low breeding success, thus it is predicted that pairs which alternate or 

synchronise more often will stay together while those that alternate or synchronise less 

often will divorce. Investigating the potential for relationships between mortality and 

alternation and synchrony will be useful to identify the costs and benefits of these 

behaviours, an important step in better understanding their adaptive significance. 

Methods 

This study used breeding and provisioning data from blue tits breeding in nest boxes in 

deciduous woodland around Lancaster University, Lancashire, U.K. from 2016 to 2021. 

On average, 75 nest boxes were occupied by blue tits each year. When nestlings were 

10-12 days old, parental nest visits were assessed during a 1 hour video recording taken 

from the outside of the nest box using a camera on a tripod. The entry and exit times of 

adults visiting the nest box were recorded, as well as the adult’s sex and whether a faecal 

sac was removed. Nests where a brood was being provisioned by only a single male or 

female were removed from the dataset so that the analyses were only inclusive of 

provisioning pairs.  

Alternation and synchrony z-score were quantified following the same methods detailed 

in Chapter 1. 

Statistical Analysis 

Two sets of analyses were conducted. The first used a binomial generalised linear mixed 

model (GLMM) to investigate whether alternation or synchrony predicted whether pairs 

re-paired with one another the following year or divorced, with divorce treated as a binary 

response variable (yes or no). This was done separately for male and female parents, to 

test whether alternation or synchrony in one year influenced repairing with the same or 

a different partner in the following year. To distinguish true divorce from widowing, pair 

separation was only labelled as divorce if both individuals had been re-captured the year 
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following their initial breeding attempt but were not partnered with one another. This 

shows that both individuals were alive and present in the population but changed their 

breeding partners. Individual identity was included as a random effect in both models. 

Potential fixed effects included alternation and synchrony (model ran separately for 

alternation and synchrony), proportion of feeds by the opposite sex, total feeds per hour 

and age of the opposite sex. Age was a factor grouping birds into two categories: 1-year-

old birds, and birds aged 2 or more years old.  

The second analysis investigated the effects of alternation and synchrony on mortality. 

To isolate individuals that apparently died versus those that were known to have 

survived, individuals that bred at the study site for one year only but were not seen in 

following years were presumed dead. Those that bred at the site for two or more years 

were categorised as survivors for comparison. Mortality was modelled as a binary 

response variable (died/survived) and the model was run separately for males and 

females. Fixed effects were alternation or synchrony, clutch size, age of the individual, 

age of their partner and calendar year. Age and year were factors. This was again run 

separately for alternation and synchrony. The interactions of alternation*age, 

synchrony*age, and male age * female age were explored but were excluded from the 

model due to having no significant effect. 

 

Results 

The proportion of alternated visits in blue tit pairs ranged from 0.03 to 0.76. Synchrony 

z-score ranged from -2.51 to 2.87. 

Divorce 

A series of binomial GLMMs showed that pair divorce was not predicted by alternation 

or synchrony for males or females (Table 7, Table 8). The model presented in table 7 

was conducted on 54 male blue tits, 38 of which re-paired with their partner the following 

year and 16 divorced. The model presented in table 8 was conducted on 48 females, 38 

of which re-paired with their partner the following year and 10 divorced.  
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Table 7. Binomial mixed models to identify whether alternation or synchrony predict pair 

divorce in males, with year as a random effect. Proportion of female feeds, total feeds per 

hour and female age were included in the model to account for variation caused by these 

effects. Significant (P<0.05) effects are highlighted in bold. 

Effect Estimate 
Standard 

Error 
Statistic P 

a) Does alternation predict divorce? 

Proportion alternated visits -5.012 3.363 -1.490 0.136 

Proportion of feeds by female 2.986 2.358 1.266 0.205 

Total feeds per hour 0.009 0.027 0.314 0.754 

Female age -1.373 0.794 -1.730 0.084 

b) Does synchrony predict divorce? 

Sync Z-score 0.287 0.388 0.738 0.460 

Proportion of feeds by female 2.142 2.288 0.936 0.349 

Total feeds per hour -0.004 0.027 -0.156 0.876 

Female age -0.997 0.774 -1.288 0.198 

 

Table 8. Binomial mixed models to identify whether alternation or synchrony predict pair 

divorce in females, with year as a random effect. Proportion of male feeds, total feeds per 

hour and male age were included in the model to account for variation caused by these 

effects. Significant (P<0.05) effects are highlighted in bold. 

Effect Estimate 
Standard 

Error 
Statistic P 

a) Does alternation predict divorce? 

Proportion alternated visits -5.100 3.743 -1.363 0.173 

Proportion of feeds by male -0.672 2.371 -0.283 0.777 

Total feeds per hour 0.007 0.028 0.233 0.816 

Male age -0.836 0.783 -1.068 0.286 

b) Does synchrony predict divorce? 

Sync Z-score -0.359 0.353 -1.017 0.309 

Proportion of feeds by male -0.647 2.522 -0.257 0.797 

Total feeds per hour -0.001 0.025 -0.039 0.969 

Male age -0.632 0.736 -0.859 0.391 
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Mortality 

The second set of binomial GLMMs found an association between alternation and 

mortality in female blue tits (Table 10, Figure 7), but not in males (Table 9). Females in 

pairs with higher alternation were more likely to apparently die between breeding 

seasons than those in pairs with lower alternation (Figure 6, Figure 7). Pair synchrony 

did not predict mortality for males or females (Table 9, Table 10). Age and year were 

significant predictors of mortality in all models (Table 9, Table 10, Figure 8, Figure 9). 

The models presented in table 9 were conducted on 273 males, 91 of which died and 

182 survived for two breeding seasons or more. The models presented in table 10 were 

conducted on 277 females, 98 of which died and 179 survived for two breeding seasons 

or more. 

 

Figure 6. Mean ± standard error of pair alternation of female blue tits that died vs those 

that survived. Pair alternation was measured as the proportion of feeding visits where one 

parent fed after the other (proportion of alternated visits). 
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Figure 7. Relationship between alternation (proportion of alternated visits) and mortality. 

The line shows model estimates for alternation (model a, table 10) with 95% confidence 

intervals. 
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Table 9. Binomial mixed models to identify whether alternation or synchrony predict 

mortality of male blue tits, with male identity as a random effect. Alternation or synchrony, 

clutch size, male age, female age and year were included in the model to account for 

variation caused by these effects. Significant (P<0.05) effects are highlighted in bold. 

Effect Estimate 
Standard 

Error 
Statistic P 

a) Does alternation predict mortality? 

Proportion alternated visits 0.828 1.782 0.465 0.642 

Clutch size -0.020 0.119 -0.166 0.869 

Male age 2.612 0.461 5.671 <0.001 

Female age 0.630 0.374 1.684 0.092 

Year (2017) 2.074 0.627 3.305 0.001 

Year (2018) 1.599 0.591 2.707 0.007 

Year (2019) 2.210 0.624 3.544 <0.001 

Year (2020) 2.267 0.627 3.617 <0.001 

b) Does synchrony predict mortality? 

Synchrony 0.019 0.181 0.106 0.916 

Clutch size -0.004 0.115 -0.039 0.969 

Male age 2.581 0.454 5.684 <0.001 

Female age 0.640 0.374 1.711 0.087 

Year (2017) 2.092 0.626 3.342 0.001 

Year (2018) 1.602 0.591 2.711 0.007 

Year (2019) 2.188 0.622 3.515 <0.001 

Year (2020) 2.304 0.623 3.700 <0.001 
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Table 10. Binomial mixed models to identify whether alternation or synchrony predict 

mortality of female blue tits, with female identity as a random effect. Alternation or 

synchrony, clutch size, male age, female age and year were included in the model to 

account for variation caused by these effects. Significant (P<0.05) effects are highlighted 

in bold. 

Effect Estimate 
Standard 

Error 
Statistic P 

a) Does alternation predict mortality? 

Proportion alternated visits -3.148 1.756 -1.792 0.073 

Clutch size 0.010 0.111 0.092 0.926 

Male age 0.524 0.369 1.421 0.155 

Female age 1.938 0.391 4.956 <0.001 

Year (2017) 2.021 0.593 3.409 0.001 

Year (2018) 0.911 0.515 1.771 0.076 

Year (2019) 2.107 0.579 3.641 <0.001 

Year (2020) 1.761 0.563 3.129 0.002 

b) Does synchrony predict mortality? 

Synchrony -0.162 0.171 -0.944 0.345 

Clutch size -0.041 0.108 -0.383 0.701 

Male age 0.624 0.363 1.718 0.086 

Female age 1.857 0.382 4.868 <0.001 

Year (2017) 1.917 0.581 3.301 0.001 

Year (2018) 0.894 0.514 1.737 0.082 

Year (2019) 2.155 0.581 3.711 <0.001 

Year (2020) 1.570 0.544 2.887 0.004 
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Figure 8. The proportion of blue tits of each age group and sex that were presumed dead. 

Birds that bred at the study site for one year only but were not seen in following years were 

presumed dead, while those seen at the site for two years or more were categorised as 

survivors. 
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Figure 9. The proportion of blue tits from each year and sex that were presumed dead. Birds that 

bred at the study site for one year only but were not seen in following years were presumed dead, 

while those seen at the site for two years or more were categorised as survivors. 
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Discussion 

No significant effect of alternation or synchrony on pair divorce was found (Table 7, Table 

8). However, increased mortality in those that alternated more often was found in females 

(Table 10). While not statistically significant (P = 0.07), the effect size and strength of 

this relationship suggests that it is worth investigation (Figure 7). This trend did not occur 

in males, suggesting sex differences in the costs of alternation (Table 9). This study is 

the first to find potential evidence for sex-specific costs of alternation. 

This study presents evidence that alternation may impact on the costs of provisioning. 

Female blue tits that alternated less frequently were more likely to survive than those 

that alternated more often. Various studies manipulating demand for parental effort have 

found evidence of survival costs (Alonso-Alvarez and Velando, 2012), such as 

susceptibility to parasites resulting in reduced over-winter survival rates (Stjernman et 

al., 2004), feather damage leading to post-breeding mortality (Merilä and Hemborg, 

2000) and evidence of physiological stress in the form of elevated blood heat shock 

proteins (Merino et al., 2006). Alternation during provisioning may lead to at least one of 

the pair increasing their provisioning rate in order to match with their partner, therefore 

increasing their parental effort. This may be more energetically demanding, resulting in 

costs leading to mortality such as those shown by manipulation studies. Given that 

alternation is expected to increase the efficiency of provisioning and decrease the costs 

of sexual conflict (Johnstone et al., 2014), it is surprising that costs in the form of 

increased mortality were found in this study. It could be that alternation reduces the costs 

of sexual conflict for offspring by increasing the frequency and/or regularity of 

provisioning, but results in costs for the parents instead. With a trade-off between 

investment in the current reproductive attempt vs. future reproduction, this suggests that 

the benefits of alternation (i.e., increased brood size at day 14, Chapter 1) may outweigh 

the costs (i.e., reduced opportunity for future reproduction due to increased likelihood of 

mortality), suggesting that alternation may be an adaptive provisioning strategy. Further 

investigation into the mechanisms leading to mortality as a result of alternation would be 

beneficial to better understand this trend. 

The difference between the sexes for the effect of alternation on mortality suggests key 

sex differences in the costs and benefits of alternation as a provisioning strategy. 

Previous research has suggested that males tend to suffer survival costs due to 

increased parental effort, while females do not (Santos and Nakagawa, 2012). 

Surprisingly, the opposite trend has been found in the present study, where females 

seemed to suffer a survival cost while males did not (Table 9, Table 10). Evidence of 
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energetic costs of provisioning for females, but not for males, was also found in a 

previous study on blue tits by García-Navas and Sanz (2012). This study found that the 

more frequently females provisioned, the lower their body mass was, but this trend did 

not occur for males. Alternation is positively related to provisioning rate (Bebbington and 

Hatchwell, 2016), thus higher alternation can be expected to result in energetic costs. 

The sex-specific costs found in the present study and by García-Navas and Sanz (2012) 

suggest that more frequent provisioning is more costly for females than for males. If 

increased mortality is related to alternation, there may be sex differences in the function 

or mechanisms of alternation that cause this effect. Alternation might not be caused by 

both individuals - one of the pair could be actively alternating in response to their partner 

while the other provisions at their normal rate. If females actively alternate with their 

partner and males provision at their normal rate, the female may be investing more effort 

to maintain this pattern, potentially suffering more costs as a result. The causes of this 

sex difference should be investigated in further study. 

Age of the individual and year were both significant predictors of mortality (Table 9, Table 

10). Year is an expected predictor of mortality, given annual variation in factors such as 

weather and prey abundance that may influence survival. Mortality appears highest in 

2016, where around 10% of breeding adults did not return to the breeding site in future 

years, presumed dead. As can be seen in Figure 8, individuals in their first breeding year 

(age 1) were more likely to be presumed dead than those aged 2 or older. One might 

expect mortality to be higher in older birds, however the trend seen in Figure 8 is likely 

due to the way this study categorised mortality, with individuals that bred at the study 

site for one season only and were not seen in following years being presumed dead. As 

a result, Figure 8 may reflect the methods used to isolate potential cases of mortality 

rather than actual mortality trends.  

Contrary to expectation, neither alternation nor synchrony were significant predictors of 

divorce. Staying with a partner is generally beneficial due to the costs of changing mates 

and the benefits of staying with a familiar partner (Ens et al., 1996; Culina et al., 2015b). 

Perhaps alternation and synchrony do not influence divorce because the costs of finding 

a new partner may be higher than the costs of remaining in an uncoordinated 

partnership. Alternatively, pairs may divorce for reasons other than incompatibility or 

finding a better mate. Due to the higher mortality and short lifespan of blue tits, the 

likelihood of a partner returning to the breeding site is lower than in longer-lived species 

(Jeschke and Kokko, 2008). As a result, the benefits of spending time searching for a 

previous partner to pair with are reduced. Individuals may prioritise pairing up quickly 

with any partner over finding a previous one, so the performance of the previous partner 
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might not play any role in divorce for blue tits. Evidence for this theory has been found 

by Gilsenan et al. (2017), who found that divorce in blue tits did not depend on breeding 

success in the previous year but was predicted by the difference in arrival date of the 

former pair members. Future studies on the effects on alternation and synchrony on 

divorce should be conducted on longer-lived species, where the certainty of divorce 

occurring due to a partner’s reproductive performance is higher. 

To my knowledge, this study is the first to find an effect of alternation on mortality. The 

findings of this study, that alternation may influence mortality in females, but not males, 

suggest potential sex differences in the mechanisms of alternation. As a result, further 

study is required to understand the potential causes of this effect. More evidence for the 

energetic costs of alternation would be beneficial. The small sample size for the divorce 

analyses in this study may have resulted in a small effect size - only 16 males and 10 

females divorced their partners, with 38 pairs remaining together. Thus, any effect of 

alternation and synchrony on divorce may have been missed. Further studies on the 

effect of alternation and synchrony on divorce are required to better identify if these 

behaviours are related. Longer-lived species would be ideal for such studies, given that 

the benefits of mate retention are clearer in these species than short-lived ones (Pampus 

et al., 2005). 

This study found a trend in sex differences in the costs of alternation as a provisioning 

strategy, with female blue tits being more likely to die when alternation was high, but no 

effect of alternation on male mortality was found. As the reasons for this sex difference 

are unclear, further study is required to better understand the causes of such costs. 

Mortality costs due to alternation suggest a trade-off between optimising provisioning for 

the current brood via alternation vs. investment in future reproduction. Further 

investigation into the mechanisms of alternation is required to better understand this 

behaviour. No effect of alternation or synchrony on divorce was found. This is likely due 

to the short life span of blue tits reducing the likelihood that a partner will return to the 

breeding site, reducing the benefits of spending time finding a past partner instead of 

finding a new one (Jeschke and Kokko, 2008). As a result, future studies should further 

investigate the influence of alternation and/or synchrony on divorce in longer-lived 

species. This study highlights key areas that require further study in order to better 

understand the fitness costs and benefits of pair coordination. Whether coordination 

behaviours such as alternation and synchrony are adaptive behaviours has been 

disputed (Ihle et al., 2019a; Santema et al., 2019), however this study provides potential 

evidence for fitness consequences of alternation, suggesting that it may be an adaptive 

strategy. 
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Overall Conclusions 

Johnstone et al.’s (2014) model of alternation for conditional cooperation recently 

garnered attention due to its potential to explain how parents might reduce the costs of 

sexual conflict. Previous models of parental care suggested that the evolutionarily stable 

outcome of sexual conflict is for parents to only partially compensate for reductions in 

partner investment (McNamara et al., 1999; Lessells and McNamara, 2012). This results 

in a reduction in parental investment to below optimal levels for offspring fitness, resulting 

in costs for offspring (Royle et al., 2002; Royle et al., 2010). Johnstone et al.’s (2014) 

model proposes that parents may reduce such costs of sexual conflict via conditional 

cooperation, by alternating provisioning visits. Various studies found evidence 

supporting that alternation of provisioning does indeed occur (Bebbington and Hatchwell, 

2016; Iserbyt et al., 2017; Savage et al., 2017; Leniowski and Węgrzyn, 2018). In 

addition, synchrony of provisioning visits was found to be correlated with alternation 

(Bebbington and Hatchwell, 2016; Leniowski and Węgrzyn, 2018). High nest visit 

synchrony is thought to reduce the risk of predation by reducing the frequency of nest 

visits, thus reducing disturbance at the nest (Raihani et al., 2010). Synchrony may also 

enable signalling of provisioning information (Doutrelant and Covas, 2007) and enhance 

provisioning and reproductive success (Mariette and Griffith, 2012). Given the correlation 

between alternation and synchrony, some have suggested that synchrony may enable 

partners to monitor one another’s visit rate to allow effective alternation (Bebbington and 

Hatchwell, 2016). 

While the theory of conditional cooperation seems promising as a conflict resolution 

strategy, some studies have pointed out that patterns of alternation may not be an active 

process, perhaps occurring passively due to temporal environmental variation (Baldan 

et al., 2019; Ihle et al., 2019a; Santema et al., 2019).  As a result, such studies argue 

that conditional cooperation has not yet been fully supported by existing research. To 

date, there is little evidence for any fitness benefits of coordination behaviours such as 

alternation and synchrony, with the only evidence so far being reduced predation risk 

with synchronous nest visits (Raihani et al., 2010; Ihle et al., 2019a). Exploration of the 

fitness consequences of coordination has therefore been suggested for future studies, 

as well as investigations into relationships between pair or brood characteristics and 

coordinated behaviours (Ihle et al., 2019a). As a result, this thesis aimed to (i) explore 

the costs and benefits of alternation and synchrony, and (ii) identify relationships 

between pair/brood characteristics and alternation/synchrony. Chapter 1 investigated the 

prevalence of alternation and synchrony, the relationship between alternation and 



50 
 

synchrony, and relationships between these behaviours and indicators of reproductive 

success. Following this, Chapter 2 investigated potential costs and benefits of alternation 

and synchrony, specifically looking at relationships with divorce and likelihood of 

mortality. 

This study found evidence that breeding blue tits providing food for nestlings showed 

patterns of parental care that were consistent with coordinated provisioning behaviours 

(alternation and synchrony). Alternation and synchrony of provisioning visits by parents 

occurred more than expected by chance. Alternation and synchrony were also 

significantly correlated, as has been found in studies on other species (Bebbington and 

Hatchwell, 2016; Leniowski and Węgrzyn, 2018). This study also found that alternation 

appears to lead to increased reproductive success, supporting Johnstone et al.’s (2014) 

theory. Until this finding, the only known benefit of coordination was reduced predation 

rate with increased synchrony (Raihani et al., 2010; Bebbington and Hatchwell, 2016). 

The finding of benefits of alternation is an important step in understanding whether this 

behaviour is adaptive. High alternation was associated with a higher chance of mortality 

in females, but not males, suggesting that alternation has sex-specific costs. These 

increased mortality costs suggest that alternating might transfer the costs of sexual 

conflict from the offspring to the parents. Further analysis of the costs and benefits of 

coordination are required to support the findings of this study and understand the 

adaptive significance of coordination. Studies investigating the effects of alternation 

and/or synchrony on parent mortality, and the mechanisms leading to mortality, would 

enhance understanding of the costs of these behaviours. In addition, the sex-specific 

costs suggested by this study require further investigation. 

Surprisingly, synchrony was not related to many variables investigated in this study. It 

was expected that variables that were significantly related to pair alternation would also 

be related to synchrony, given the correlation between alternation and synchrony 

(Bebbington and Hatchwell, 2016; Chapter 1). This lack of relationships may be due to 

synchrony perhaps primarily functioning to reduce predation risk (Raihani et al., 2010), 

such that it does not occur frequently if predation risk is low. Given that synchrony is 

thought to reduce predation risk, studies manipulating perceived predation risk may 

generate further insights into this behaviour. Predator presence could be simulated using 

model predators and audio playbacks of predator calls. Alternatively, if synchrony does 

function for partner monitoring to facilitate alternation (Doutrelant and Covas, 2007; 

Bebbington and Hatchwell, 2016), the effect of synchrony on reproductive success may 

be too indirect to show a relationship with variables indicating reproductive success. In 

addition, the methods used to quantify synchrony may be limited in that they required 
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the arbitrary specification of a bandwidth to define synchronous nest visits. As a result, 

synchrony may not have been accurately defined in this study. Further development of 

methods to improve ways of defining synchrony would be advantageous.  

Studies tend to consider alternation and synchrony together in order to develop a 

thorough picture of coordination during provisioning. However, the functions of these two 

behaviours seem to differ, with alternation theorised to increase the efficiency of 

provisioning (supported by Chapter 1 of this thesis) and reduce the costs of sexual 

conflict, while synchrony is thought to reduce nest predation (Raihani et al., 2010). As a 

result, these two behaviours are likely influenced by different factors. Future studies 

should take these differences into account when developing and testing hypotheses 

about coordination, considering the separate factors that may impact alternation and 

synchrony when constructing models. For example, as mentioned above, synchrony is 

likely influenced by predation risk, so this should be considered in models exploring 

synchrony. 

The relationships of alternation and synchrony with mate choice would be an interesting 

avenue for further study of coordination. If coordinated provisioning is adaptive, it would 

be expected that individuals will attempt to pair with mates that will show high 

coordination. If so, what characteristics might individuals use during mate choice to 

select a partner with whom they will be well coordinated? The present study investigated 

the effect of alternation and synchrony on divorce, aiming to explore whether pair 

coordination is important for mate retention. While this study found no significant effects 

of coordination on divorce, future studies are encouraged to investigate these 

relationships, particularly in longer-lived species where the certainty of divorce occurring 

due to a partner’s reproductive performance is higher. Understanding whether 

individuals choose to stay paired to mates with whom they have experienced high 

coordination would provide insights into the importance of coordination in mate choice. 

This study appears to have used one of the largest datasets of any coordination study. 

Using 6 years of blue tit breeding and provisioning data from a site with an average nest 

box occupancy of 75 boxes per year, this large dataset may be the reason that previously 

undetected effects were found in this study. For example, the relationship between brood 

size and alternation had been investigated in previous studies, but no relationship was 

found (Bebbington and Hatchwell, 2016; Griffioen et al., 2019a; Lejeune et al., 2019). 

This may mean that the effect of brood size on alternation is small. Larger datasets than 

are currently used in coordination studies may be required to detect relationships 
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between coordination behaviours and brood characteristics, thus researchers in 

possession of such datasets are encouraged to contribute where possible. 
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