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Editorial on the Research Topic
 Cooperation and Coordination in the Family




INTRODUCTION

Across diverse taxa, parents face repeated decisions about how to allocate limited resources among their offspring, and must balance investing in their current brood against their future reproductive success. These decisions are still more challenging with multiple carers, as individual contributions are no longer independent: carers must respond to each other in order to partition the work effectively, maximize the benefit of each discrete care event, and avoid being exploited. We refer to this responsiveness as coordination.

Individual care behavior varies—both within and between species—as the social and ecological contexts change (Royle et al., 2012), and we should likewise expect responsiveness to vary. Theoretical work has provided a framework for understanding parental response rules (McNamara et al., 1999; Johnstone and Hinde, 2006; Lessells and McNamara, 2012), but while broad predictions have been borne out, albeit with numerous exceptions (Harrison et al., 2009), the drivers of variation remain unclear. Most existing work has focused on coordination during offspring provisioning in biparental avian systems, but even within this narrow context questions remain around how—and to what extent—responsiveness occurs. Moreover, behavioral response rules are likely to also be important in complex cooperative care groups, in other dimensions of care such as territory defense, and for offspring competing for carer resources. We should expect behavioral rules leading to coordination to minimize costs (e.g., predation risks) and to maximize benefits (e.g., to ensure consistent delivery of care), but have lacked (i) suitable theoretical models of fine-scale responsiveness, (ii) statistical tools for analyzing observed patterns of coordination, and (iii) empirical studies across a range of populations, species and contexts.

The 25 articles in this Research Topic highlight current empirical, theoretical, and comparative research on reproductive coordination, establish what we currently understand and can study effectively, and outline how the questions that remain might be addressed. In this editorial we briefly discuss each contribution in the context of the full collection.



TURN-TAKING AND SYNCHRONY DURING OFFSPRING PROVISIONING

Avian provisioning behavior has been extensively studied as a model of parental care. However, carer coordination and responsiveness on the scale of individual provisioning events has only recently attracted significant interest, following work (a) linking provisioning synchrony to reproductive success via reduced predation and/or better food partitioning (e.g., Raihani et al., 2010; Shen et al., 2010; Mariette and Griffith, 2012) and (b) new theory suggesting that turn-taking rules might ameliorate conflict between parents over contributions to care, with better outcomes for parents and offspring (Johnstone et al., 2014). This provisioning coordination proved a popular subject within the Research Topic, which includes a new theoretical model (Johnstone and Savage), a comparative investigation into provisioning synchrony (Khwaja et al.), six articles reporting field studies on coordination between provisioning parents (Burdick and Siefferman; Griffioen et al.; Grissot et al.; Ihle et al.; Lejeune et al.; Story et al.), and three articles primarily concerned with the statistical challenges around inferring responsiveness (Baldan et al.; Ihle et al.; Santema et al.).

The model by Johnstone and Savage extends previous theoretical work on turn-taking by showing that alternation can prove stable even in the face of errors in parents' ability to monitor each other's contributions and asymmetries between parents in the costs and benefits of care. Further, the model suggests that turn-taking, which entails a positive (matching) response to partner effort, can coexist with negative (compensatory) responses over longer time scales.

Taking a comparative approach, Khwaja et al. use nestling provisioning data from 25 Tasmanian and New Zealand passerines to test whether higher nest predation risk favors greater synchrony of parental feeding visits. They find no evidence of greater synchrony in species that evolved with mammalian nest predators, but within one species mainland populations exposed to greater predation in the past c.800 years exhibit higher synchrony than island populations where such predators were never introduced.

Six field studies investigate the relationships between apparent coordination, social/environmental variation, and outcomes for parents and offspring. First, Ihle et al. use data from a long-term study on house sparrows (Passer domesticus) to test whether coordination affects divorce rate, offspring condition, or offspring survival. They find no links between these and either turn-taking or feeding synchrony, and suggest that in this species the observed coordination might be induced by unmeasured environmental variation. Secondly, Lejeune et al. study blue tit (Cyanistes caeruleus) pairs across an altitudinal gradient and varying habitats, again measuring both synchrony and alternation. They find that lower-altitude pairs alternate more than those at higher altitudes, and synchrony increases for pairs occupying woodland-pasture edges compared to interiors. Furthermore, while there is no effect of coordination on fledging success, in woodland habitats more synchronous pairs have heavier chicks. Griffioen et al. also studied blue tits, but experimentally manipulated provisioning behavior through clipping the feathers of male parents. They surprisingly find no change in visit rate or turn-taking behavior in handicapped males, but do detect an increase in visit rate and a reduction in turn-taking in the unmanipulated partner, illustrating parents' ability to adjust their contributions to their partner's state. Fourthly, in an observational study Burdick and Siefferman investigate alternation in eastern bluebird (Sialia sialis) pairs across spatial variation in interspecific competition. Increasing density of competing species reduces provisioning rate and reproductive success but does not affect alternation. However, under high competitor density, nestlings grow faster if their parents alternate more.

In contrast to the relatively fast-provisioning passerine examples above, Grissot et al. present a study of parental coordination in the little auk (Alle alle), a planktivorous arctic seabird with a dual foraging strategy of short and longer trips to feed chicks and themselves, respectively. Across five breeding seasons, parents coordinate by avoiding simultaneous long trips, facilitating a less variable distribution of food delivery to chick. Coordination varies substantially between pairs in every season, despite shared environmental conditions, and is more pronounced under beneficial environmental conditions that facilitate the delivery of higher-energy food loads. However, greater coordination does not appear to increase chick body condition. Finally, Storey et al. explore the behavioral rules underpinning provisioning behavior in Common Murres (Uria aalge), in which parents typically return to the nest with food and then take over brooding the chick. Variation in resource availability mediates the likelihood that parents attempted to relieve each other without feeding, with high-provisioning parents more sensitive to this variation. The authors conclude that both parents negotiate parental duties as conditions change, but that high-quality partners are in better condition and hence more able to compensate for their partners when resources are abundant.

Interpreting the observed patterns of turn-taking and synchrony in carer visits can be challenging, in part because natural refractory periods (Johnstone et al., 2014), different numbers of carers (Savage et al., 2017), and environmental variability (Schlicht et al., 2016) can result in suggestive patterns without direct responsiveness occurring. Three Research Topic articles explore this topic using simulations: first, Santema et al. illustrate the limitations of using randomized visit intervals to calculate the expected degree of alternation when parents are not coordinating, through simulating data in which parental visit rates simultaneously change during part of the observed period (correlated temporal heterogeneity). This effect, which could be driven by shared environmental factors such as a nearby predator, is further explored by Ihle et al., who also illustrate how certain metrics of alternation and synchrony are linked to the relative visit rates of the carers. Ihle et al. then evaluate five candidate models for analyzing alternation, and use their preferred model to explore an example dataset on house sparrows (Passer domesticus), finding no brood or pair characteristics that predicted variation in alternation. Finally, Baldan et al. use simulations and empirical data from great tit (Parus major) pairs to identify the degree of observed alternation attributable to correlated temporal heterogeneity. Their novel approach uses “pseudo-pairs” during randomizations to calculate expected levels of alternation, in which individual visit data is matched with contemporaneous data from opposite-sex individuals at other, nearby nests. Baldan et al. infer that around 18% of observed alternation is attributable to temporal heterogeneity affecting different pairs simultaneously. All three studies call for increased care when interpreting patterns of visit data, and for further experimental studies to more conclusively exclude alternative explanations for synchrony and turn-taking. We wholeheartedly agree with both of these positions.



DIVERSITY OF CARE AND COORDINATION BEHAVIOR WITHIN THE FAMILY

Provisioning young is not the only context in which coordination occurs, and seven articles within this Research Topic address other modes of care and familial interactions. First, Savage and Hinde review how care and coordination are quantified, and Pogány et al. investigate the origin of coordination rules by studying the long-term effects on incubation and provisioning behavior of nestlings raised by single parents. The remaining articles focus on different stages of care such as incubation (Bulla et al.) or post-fledging (Franks et al.), and on the importance of vocal behavior in mediating coordination (Ducouret et al.; Mariette).

The mini-review by Savage and Hinde attempts to categorize the range of analyses around parental care into three distinct types: (a) the temporal distribution of care behavior, such as variance, repeatability, and differences across stages, (b) variation among care events, such as load size, false-feeding, and favoritism, and (c) interactions between carers, such as turn-taking, synchrony, and task specialization. They advocate for broader use of these analyses rather than a focus on simple rates of care, and note the need for a diversity of studies, particularly on behavior beyond provisioning.

The complex origins of care and coordination behavior are illustrated by Pogány et al., who use a split-family design to produce fledgling zebra finches (Taeniopygia guttata) raised by either their mother or father alone, and find strong short-term effects of increased begging and preference toward their caring parent. Furthermore, when these fledglings mature, their behavior differs during the incubation period of their first breeding attempt, but not during provisioning or during their second breeding attempt, suggesting that effects of early social experiences can be overwritten by later experiences.

In a direct investigation into response rules during incubation, Bulla et al. present a 12-h partner removal experiment on sandpipers (Calidris pusilla), monitoring nest attendance of the remaining partner. The responses of remaining partners of both sexes range from no compensation to full compensation, potentially because of variation in individual reserves and environmental conditions. Partners do not appear to retaliate after the removed individual returns, and although nest attendance reduces after the experiment this gradually returns to normal.

Focusing instead on the post-fledging period, Franks et al. use Passive Integrated Transponder tags and feeding stations to investigate coordination in hihi (Notiomystis cincta), an endangered New Zealand passerine. Fledglings in poorer condition follow parents to feeders more closely, and broods in poorer condition disperse earlier from the natal territory. However, neither overwinter survival nor number of associates as a juvenile are predicted by this variation as a fledgling.

The final two articles address familial interactions mediated through vocalizations. In a perspective article, Mariette first discusses vocal communication between parents jointly rearing offspring, including its function in signaling individual state, then addresses parent-offspring communication including recent work on acoustic communication between parents and embryos and its potential for developmental programming. Mariette concludes with vocal communication between siblings in the contexts of synchronized hatching and negotiations over food distribution, suggesting that vocal interactions are a key mechanism for negotiation and coordination that will require novel empirical acoustic research to understand. Providing an example of such research, Ducouret et al. present a study of vocal negotiation in nestling barn owls (Tyto alba), using a novel “automatic interactive playback” methodology to interact with individual nestlings in real time. They show that matching an opponent's call duration and mismatching their call rate are the most effective strategies for dominating the interaction, and that these strategies were also costlier, suggesting that signals are honest. These results underline the importance of real-time interactions, and highlight the potential of interactive playbacks to understand coordination.



COOPERATION AND COORDINATION OVER LONGER TIMESCALES

Studies of familial cooperation and coordination have often focused narrowly on the provision of care in a single family or breeding group during a single reproductive attempt. However, it is increasingly clear that cooperative behavior may vary substantially across years or breeding attempts, and within and between groups in any 1 year. Breeding episodes are typically embedded within a longer-term history of cooperative interaction, and awareness of this wider context may inform the costs and benefits of care (or related behaviors) and the nature of the relationship between family members. A number of the contributions to this Research Topic explore these broader and longer-term contexts, through studies of individual species (Koenig et al.; Nomano et al.; Pike et al.), comparative analyses across species (Wagner et al.), and the implications for our general understanding of the evolution of family interaction (Griffith).

The extent to which cooperative behavior may vary across individuals and breeding attempts is demonstrated by Pike et al., who study investment in offspring care by helpers and breeders in the Western Australian magpie (Cracticus tibicen dorsalis). Across multiple groups over two consecutive breeding seasons, they report significant variation in care effort, which is strongly influenced by group size, chick age, and by helper traits such as age, sex, and foraging efficiency. Nomano et al. similarly examine contributions to nestling care in the chestnut-crowned babbler (Pomatostomus ruficeps), and show that in this species the pattern of provisioning is highly sensitive to meteorological conditions; on days with high wind speed, for instance, dominant males contributed less, as did helpers, who also showed reduced visit rates on days with high mean temperature. Moreover, large breeding groups visited the nest more asynchronously on warmer days, showing that weather conditions affect not only individual caring effort, but also the degree of group-level coordination. Lastly, Koenig et al. document variation in cooperative effort in the acorn woodpecker (Melanerpes formicivorus), and further explore the fitness benefits conferred by male and female helpers, and how these vary across multiple groups and years. They show that the effects of male helpers increase with food availability, specifically the size of the prior year's acorn crop. Intriguingly, while the time that helpers spend tending acorn-storing granaries shows a similar pattern, the rate of feeding at the nest does not. The authors argue that the benefits conferred by helpers may therefore reflect behaviors other than feeding. Together, these studies highlight how studying helping across multiple reproductive attempts, and under varying environmental conditions, can yield novel insights into the evolutionary significance of helping and cooperative care.

Turning to cross-species analysis, Wagner et al. report the results of handicapping experiments conducted on five different altricial bird species, using the same experimental treatment to facilitate comparison. The authors report that across all species, handicapped individuals reduce their nest visitation rates, but that their partners generally do not compensate for this reduction, so that costs are passed on to the offspring. This effect, however, is more marked in species with long care periods, though independent of life history pace. The nature of the interaction among carers, and the extent and details of their coordination, thus vary across species in a way that is sensitive to the costs and benefits of caring.

Lastly, Griffith contributes a general discussion of cooperation and coordination in monogamous birds, in which he argues that, given the long-term nature of socially monogamous bonds in many avian species, biologists have over-emphasized the importance of evolutionary conflict between mates. Since males and females clearly gain from establishing and maintaining socially monogamous partnerships, often persisting through many reproductive attempts, greater attention should be focused on the fitness benefits of a successful partnership, the traits and processes that contribute to the formation of such relationships, and the ecological and evolutionary conditions that favor them.



BROADER TAXONOMIC PERSPECTIVES

Research into familial coordination has been dominated by studies of birds. This emphasis is no less apparent in this Research Topic, in which the great majority of empirical papers focus on avian study systems. However, cooperation and coordination can be observed and studied in other taxa, as illustrated by contributions on fishes (Taborsky and Riebli), insects (Smiseth), and arachnids (Junghanns et al.). The latter two cases follow many avian studies by focusing on investment in offspring provisioning, but in different modes: regurgitation feeding and sacrifice of a female's body as food for offspring in suicidal care. The former case illustrates the contrasting behaviors of cooperation through joint shelter excavation and territory defense.

While it is often assumed that complex strategies of negotiation and coordination, such as turn-taking and reciprocity, are limited in their taxonomic distribution, Taborsky and Riebli demonstrate that daffodil cichlids (Neolamprologus pulcher) are capable of both temporal coordination and contingent, sequential cooperation. Indeed, they argue that their study provides the first experimental evidence for the latter behavior in a cooperatively breeding vertebrate. Turning to cooperative care in burying beetles, Smiseth observes that despite little explicit study of the distribution of parental provisioning over time, there is nevertheless clear evidence for negotiation over care in this species, with parents adjusting their own investment in response to that of their partner. Moreover, recent studies have highlighted the complexity of this process, showing that parents can independently adjust their own caring effort based on both their partner's contribution to care and on direct assessment of its state, and that negotiation may extend to coordination of food consumption as well as provisioning of young. Lastly, Junghanns et al. (2019) demonstrate that (like mothers) non-reproductive helpers in the cooperatively breeding spider Stegodyphus dumicola undergo irreversible physiological adaptation to facilitate offspring provisioning, highlighting the need to consider the physiological “preparation” for care in discussions of familial cooperation, as well as overt care behavior itself.

Collectively, these three contributions show the value of a wider taxonomic focus in studies of familial coordination. As well as a broader range of examples across different forms of care and cooperation, such studies can also draw attention to aspects of negotiation that have received little or no attention in avian studies.



CONCLUSIONS

Recent interest in behavioral coordination and responsiveness during parental care, culminating in this Research Topic, has generated a clear theoretical and empirical basis for further research. While observations of parental responsiveness are now widely reported (at least in birds), there remain questions around the interpretation of the patterns of care observed, and more experimental studies manipulating short-term care are desirable. There remains a focus on avian provisioning behavior, presumably because of the prevalence of biparental care in birds and the relative ease of data collection, despite other forms of coordination being both common and carrying substantial fitness consequences. We particularly encourage further work on non-avian species, and on behaviors other than offspring provisioning at a fixed location, to facilitate a more general understanding of coordination behavior.
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INTRODUCTION: CONFLICT OVER CARE AND CONDITIONAL COOPERATION

In species with biparental care, conflict arises because each parent would be better off if it could reduce its share in offspring care and leave the greater share of care to their partner (Trivers, 1972; Lessells, 2012). Understanding how this conflict is resolved has been a major focus in research on social evolution (see Harrison et al., 2009). Traditional theoretical studies on how individuals should optimize their provisioning effort predict that parents should respond to changes in the provisioning effort of their partner by changing their own effort to a lesser extent in the opposite direction (Houston and Davies, 1985; McNamara et al., 1999; Lessells and McNamara, 2012). Parents should thus partially compensate for reduction in care by their partner, which leads to inefficient outcomes, because parents will care less than they would in the absence of conflict. Although some empirical studies provided support for these predictions, others reported results that do not match the predictions of these models (Harrison et al., 2009). Johnstone et al. (2014) therefore proposed an alternative model that suggests that individuals may benefit from adopting a strategy of “conditional cooperation,” reducing their provisioning effort if they were the last to feed the offspring and increasing their provisioning effort if their partner was the last to feed. Using a game theory model, they show that such a strategy is evolutionarily stable and that it leads to more efficient outcomes than the strategies proposed by the previous models. If backed up by empirical evidence, the conditional cooperation model would entail a major shift in our understanding of sexual conflict over care, because it implies that sexual conflict does not necessarily negatively impact offspring care.



TESTING CONDITIONAL COOPERATION: MORE ALTERNATION THAN CHANCE?

The conditional cooperation model predicts that parents take turns in provisioning their offspring, because they reduce their effort after each feeding visit and increase it again after their partner visited. Consequently, empirical studies examined whether parents that are provisioning their brood indeed take turns more often than expected by chance (Bebbington and Hatchwell, 2016; Koenig and Walters, 2016; Iserbyt et al., 2017; Savage et al., 2017; Leniowski and Wegrzyn, 2018). Almost all these studies report that the degree of alternation was higher than expected by chance and conclude that parents adjust their provisioning effort to one another. However, before concluding that parents habitually adjust their provisioning behavior to one another and that conditional cooperation is a widespread phenomenon, we need to take a closer look at the validity of the empirical approach. The conclusion that turn taking is higher than expected by chance critically depends on the way in which “chance” levels of turn taking are determined. How, then, should we determine the amount expected by chance? As we will argue, this is not a simple matter.

Several studies calculated “chance” levels of alternation by simply randomizing the order in which visits took place (Koenig and Walters, 2016; Iserbyt et al., 2017; Leniowski and Wegrzyn, 2018). A similar approach is the runs test which examines whether the order in which nest visits take place differs from randomness (Khwaja et al., 2017; see also Johnstone et al., 2014; Savage et al., 2017). A problem with these approaches, however, is that they ignore the fact that a substantial degree of alternation may arise simply from the manner in which individuals provision. Each individual needs a certain amount of time after every nest visit during which it cannot visit the nest again (“refractory period”): it needs to move away from the nest, find food and return to the nest. Clearly, a nest visit is then more likely to be followed by a visit of the other parent than by another visit of the same parent. If parents engage in little else than feeding and often need a similar amount of time to find food, a pattern of turn taking will inevitably emerge, even when each parent's provisioning behavior is entirely independent of that of the other parent. Even high levels of alternation per se are not sufficient to conclude that individuals engage in conditional cooperation, because this may arise simply when each parent is consistent in the time between visits (inter-visit interval). What is needed is a test of whether parents take turns more often than expected by chance that takes into account the distribution of the inter-visit intervals of each parent.

To do this, some studies have used a more refined approach and calculated chance levels of alternation by randomizing not the order of the nest visits per se, but the inter-visit intervals of the nest visits of each parent (Johnstone et al., 2014; Bebbington and Hatchwell, 2016; Savage et al., 2017). In this way, the distribution of the actual inter-visit intervals is preserved, thereby taking into account that nest visits take a certain amount of time, while any pattern in the visit sequence that results from parents responding to each other's behavior is removed. The three studies that used this approach found that the alternation rate of the actual visit sequence was higher than that of the randomized visit sequences, and hence concluded that parents took turns more often than expected by chance (Johnstone et al., 2014; Bebbington and Hatchwell, 2016; Savage et al., 2017). Is this proof that parents actively respond to the provisioning behavior of their partner? Whilst this approach is more sophisticated than the methods described above and circumvents the problem of the refractory period, the method to calculate chance levels of turn-taking remains problematic. Here is why.



THE PROBLEM WITH RANDOMIZING INTER-VISIT INTERVALS

It is true that the re-ordering of inter-visit intervals removes any pattern in the visit sequence that results from parents responding to each other's behavior. However, it also takes away any correlation between male and female visit behavior that results from both parents responding to the same external stimuli (Schlicht et al., 2016). The “chance” scenario against which the observational data are compared is thus not only stripped of the effect that parents may have on each other (necessary to test for conditional cooperation), but also from any other factors that may have introduced a correlation between the inter-visit intervals of both parents. Below, we use two simple examples to illustrate that this will lead to a higher level of turn-taking in the observed than in the randomized sequence, even in the absence of parents responding to each other.

Imagine a nest in which parents provision independent of each other's behavior under constant conditions. Randomization of the inter-visit intervals will not affect the level of turn taking (Figure 1A). Now imagine the same scenario, but where both parents gradually increase the amount of time between visits, for instance because of worsening weather conditions. In this case, randomization of the inter-visit intervals from the entire observation period will lead to a reduced level of turn taking (Figure 1B). Such a specific situation of a gradual change can be controlled for (Johnstone et al., 2016; Savage et al., 2017), but there is a multitude of factors that can influence the inter-visit intervals of both parents and this may be both suddenly or gradually, for brief or longer periods, and in both directions (increasing or decreasing). For instance, imagine a situation where the presence of a predator during part of the observation period causes both parents to temporarily increase the amount of time between visits. Randomization of the inter-visit intervals from the entire observation period will again lead to a reduced level of turn taking (Figure 1C).


[image: image]

FIGURE 1. Schematic examples of how randomizing the order of inter-visit intervals affects the level of alternation (A). A = F/(t − 1), where F is the number of visits that was followed by a visit of the other parent and t is the total number of visits during the observation period (Bebbington and Hatchwell, 2016). Blue ticks indicate a nest visit by parent 1 and red ticks indicate a nest visit by parent 2. For the purpose of illustration, we assume that both parents make the same number of nest visits during the observation period and that the amount of time needed between visits is the same for every feeding trip (unless affected by external stimuli). In (A) visit rates do not change over time and randomization does not affect the level of alternation. In (B,C) however, inter-visit intervals of both parents change in the same way over time, e.g., due to deteriorating weather conditions or due to the presence of a predator, and randomization of the inter-visit intervals leads to a reduced level of alternation.



In the simple examples illustrated in Figure 1 inter-visit intervals are fixed and pair members share the feeding equally for the sake of simplicity. When inter-visit intervals are more variable or when parents differ in their provisioning effort, more “noise” is introduced, but the same principle applies. To demonstrate this, we simulated visit sequences that differed in the degree of both within- and between-parent variation in inter-visit intervals (Figure 2). We then simulated the presence of an external stimulus (e.g., predator) during the middle part of the sequence that doubled the median length of inter-visit intervals for both parents (as per Figure 1C). We calculated the alternation levels for the simulated sequences, as well as for the randomized simulated sequences. The results of these simulations—in which the presence of active turn taking was explicitly excluded—show that the level of alternation is higher in the original sequence than in the randomized sequence for all values of within- and between-parent variation in inter-visit intervals. The difference is large when both parents are investing equally and individual variation is low, and decreases with increasing differences in parental investment and with increasing individual variation. Nevertheless, even in the extreme scenario where one parent visits three times as much as the other one and within-individual variation is large, the level of alternation in the observed sequence is higher than that in the randomized sequence. Thus, when parents adjust their provisioning effort in the same way in response to external stimuli, the level of alternation of the actual nest visit sequence will be higher than that of the randomized sequence in many cases.


[image: image]

FIGURE 2. Observed and randomized levels of alternation for simulated sequences with different levels of within- and between-parent variation in inter-visit intervals (IVI). We simulated feeding sequences for pairs of provisioning parents where IVIs of each parent were drawn from a log-normal distribution with parameters μ and σ (i.e., the natural logarithm of the variable is normally distributed with mean μ and standard deviation σ). The median IVI (eμ) of one parent could be either the same, twice as much, or three times as much as that of the other parent, and σ of either parent could be 0.5, 0.75, or 1. The top part of each panel shows the resulting distributions with the IVI (in minutes) on x-axis. To simulate the effect of an external stimulus that increased IVI's (e.g., a predator), we created for each combination of within- and between-parent variation another set of IVI's in which the median was increased by a factor of two (distributions not shown). Feeding sequences of 120 min were then constructed, in which the first and last 30 min were randomly drawn (for each parent separately) from the original simulated IVI's, while the middle 60 min were drawn from the simulated IVI's that reflected the presence of a predator [as per scenario (C) in Figure 1]. We then generated 1,000 such sequences for each combination of within- and between-parent variation and calculated the level of alternation (see legend of Figure 1) before and after randomization. The lower part of each panel shows means and standard errors of these “observed” and “randomized” alternation levels. Code for data generation is provided in the Supplementary Materials.



The presence of factors that affect the provisioning behavior of both parents in the same way is not just a hypothetical possibility. There is ample evidence that males and females often respond in a similar manner to external stimuli. Examples include chick begging levels, presence of predators, presence of ephemeral food sources, weather conditions, and the time of day (Kilner and Johnstone, 1997; Budden and Wright, 2001; Geiser et al., 2008; Low et al., 2008; Zanette et al., 2011; García-Navas and Sanz, 2012; LaManna and Martin, 2016), but there may be a multitude of other factors that influence the provisioning behavior of both parents. Some studies have taken into account several of these factors and controlled for them statistically (Johnstone et al., 2014). However, if any such factor(s) remain uncontrolled for, the conclusion that parents alternated their visits more than expected by chance and must therefore have responded to each other's behavior is unsound. When an observed visit sequence has a higher level of alternation than the randomized sequence, it is simply not possible to establish whether this is because parents responded to each other or because they responded to the same external stimuli. Given the extensive evidence that the latter is commonplace, this should probably be regarded as the more parsimonious explanation.



CONCLUSIONS AND FUTURE DIRECTIONS

Unless all factors that affect both male and female feeding effort are known and controlled for, either statistically or experimentally, it will be challenging – indeed, perhaps impossible – to establish whether individuals take turns more often than expected by chance based on observational data alone. We therefore tentatively conclude that the answer to the question in the title probably ought to be “not much.” However, we believe there is ample scope for advances in this field if more rigorous tests are implemented. One possibility is to manipulate the provisioning effort of one parent and monitor whether the other parent adjusts its pattern of provisioning accordingly (e.g., Hinde, 2006). In such experiments, however, care should be taken that the hunger level of the offspring is not affected by the treatment, because this would influence the behavior of the parents and confound the interpretation of the results. This may be achieved by manipulating provisioning effort on the scale of single nest visits, e.g., by playing back extra begging calls to a parent during a single nest visit to reduce its subsequent inter-visit interval (Santema et al., 2017). The prediction would be that a faster return to the nest by the manipulated parent should lead to a faster return to the nest by the other, unmanipulated, parent. Another possibility is to manipulate the information that parents have about the provisioning effort of their partner (e.g., Iserbyt et al., 2015). Clever experimental designs in captivity or in the wild may be able to achieve this. For instance, the extent to which pair members can observe each other's provisoning effort could be manipulated. We believe that experiments of this kind are needed to move this field forward; only more discriminatory tests will tell us whether conditional cooperation really plays a role in the family life of birds and other animals.
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Theoretical models predict that parents feeding offspring should partially compensate for the reduced care of their partner. However, for incubating birds, the level of compensation may depend on how reduced care changes the risk of entire brood failure, for example due to clutch predation, and on individual variation in the timing of depletion of energy stores. Although biparental incubation dominates in non-passerines, short-term manipulations of care during incubation are scarce. Here, we describe the response of 25 semipalmated sandpipers (Calidris pusilla) to an unexpected ~12-h absence (experimental removal) of their partner in the middle of the 21-day incubation period. During the period when the removed partner would have taken over to start its regular ~12-h incubation bout, parents compensated partially for the absence of their partner's care (mean: 59%, 95%CI: 49–70%). However, individuals varied in their response from no to full compensation, independent of parental sex. In contrast to incubation in undisturbed nests or by uniparental species, nest attendance of compensating parents tended to be higher during the warmer part of the day. Whereas compensation was unrelated to before-experimental share of incubation, parents that left the nest from a further distance upon human approach (more aware of or more “responsive” to their environment) compensated more. The quality of incubation in the after-experimental period, i.e., after return of the partner, was lower than usual, but improved quickly over time. In seven nests where the removed parent never returned, the widowed partner attended the nest for 0–10 days (median: 4), which suggests that widowed semipalmated sandpipers can adjust their incubation behavior to that observed in uniparental incubators. To conclude, our results indicate that biparental incubators are willing to tolerate a missed or irregular incubation bout of their partner. We speculate that all individuals would compensate fully, but that some fail because they deplete their energy stores, while others may be less responsive to or initially unaware of the absence of their partner.

Keywords: biparental incubation, compensation, cooperation, mate removal, nest attendance, nest desertion, parental effort, shorebirds


INTRODUCTION

Biparental care can be seen as a complex social behavior where females and males cooperate in the rearing of their offspring. Although both parents gain from parental care provided by either of the parents, each parent only pays the costs of its own care. Consequently, each parent would have higher overall reproductive success if the other parent provided a larger share of the care (Trivers, 1972; Lessells, 2012). How do parents achieve cooperation in the face of this conflict?

Established theoretical models predict that parents should partially compensate for a reduction in their partner's care when an increase in parental care increases breeding success, but with diminishing returns (Houston and Davies, 1985; McNamara et al., 1999, 2003; reviewed by Lessells, 2012). These models have been mainly developed for and experimentally tested in passerine birds feeding their nestlings. In such tests, partial compensation seems the average response, but the response of parents varied substantially between studies (Harrison et al., 2009). Indeed, partial compensation is unlikely when breeding attempts fail due to a small decrease in parental care (Jones et al., 2002), when parents lack information about the brood need (including each other's effort) or lack the capacity to compensate (Johnstone and Hinde, 2006). These circumstances might be typical for biparental incubation of eggs in birds. The first (Jones et al., 2002) especially applies to species nesting in environments where unattended eggs are at high risk of predation (e.g., in colonies; Dearborn, 2001; Jones et al., 2002). The latter two, i.e., insufficient information about the brood need and lacking the capacity to compensate (Johnstone and Hinde, 2006), likely occur in species where the off-duty parent leaves the nest for several hours (e.g., Grant, 1982; Blanken and Nol, 1998; Wiebe, 2008) or even days (e.g., Johnstone and Davis, 1990; Weimerskirch, 1995; Gauthier-Clerc et al., 2001) and stays at distances from the nest that preclude instantaneous communication with the incubating partner, i.e., parents can communicate only when exchanging their incubation duties.

Biparental incubation of eggs prevails in 50% of avian families (and in 80% of non-passerine ones; Deeming, 2002). Within and across species, parents of biparental nests have higher reproductive success than parents incubating alone (Chalfoun and Martin, 2007; Smith et al., 2012; Bulla et al., 2017). Yet, increased incubation demands lead to higher mass loss and reduced immune function of the incubating parent, as well as to long-term fitness costs, e.g., through reduced capacity to provision offspring, reduced success rate of second clutches or reduced fecundity in the subsequent year (Heaney and Monaghan, 1996; Hanssen et al., 2005; de Heij et al., 2006). Note that such fitness costs of incubation hold for both uniparental and biparental parents, as even biparental parents trade off nest attendance with foraging time, especially if a parent is forced to forage when food supply is relatively low (Monaghan and Nager, 1997).

To test the response of incubating parents to absent or reduced care of their partner and to test for the negotiation between incubating parents, experimental manipulation of the parent must be moderate, so that it will not cause this parent to completely abandon its breeding attempt. A temporary, reversible manipulation fulfills this criterion and mimics naturally occurring, short-term deficiencies in the partner's care (e.g., its absence from the nest for a few hours during its incubation bout or its delayed return to the nest to exchange duties; Chaurand and Weimerskirch, 1994; Bulla et al., 2014). Temporary manipulations show an individual's immediate response to a sudden reduction in investment by its mate, and can also be used to investigate how the pair shares (or renegotiates) incubation duties after the manipulation ends (i.e., whether the manipulation and the partner's response influence subsequent care). In such experiments, the focus needs to be on between-individual differences in compensation. Indeed, when some individuals compensate fully while others not at all, evaluations at the population level would suggest partial compensation, where in fact no individuals partially compensate.

Many experimental studies investigated how parents respond to reduced care of their partner during biparental incubation, but the two dominant experimental approaches have long-term and irreversible effects for the focal breeding attempt. The first approach is to completely remove one parent, creating a situation of no care, reflecting permanent nest desertion (Burley, 1980; Erckmann, 1981; Bowman and Bird, 1987; Brunton, 1988; Duckworth, 1992; Pinxten et al., 1995). The second approach is to handicap one parent, creating a situation of reduced care, for example by experimentally increasing plasma testosterone levels in males (De Ridder et al., 2000; Alonso-Alvarez, 2001; McDonald et al., 2001; Schwagmeyer et al., 2005) or by attaching weights to one of the parents (Wiebe, 2010). In contrast, reversible manipulations of female and male incubation effort (e.g., by short-term supplemental feeding or temporary removal of one parent) with evaluation of between-individual differences in response to this manipulation are scarce (Gibbon et al., 1984; Kosztolányi et al., 2003; Kosztolanyi et al., 2009).

Here, we experimentally investigated the response of semipalmated sandpiper (Calidris pusilla) parents to the temporary absence of a partner during incubation. Semipalmated sandpipers are small shorebirds (22–32 g) that breed in the Arctic. Earlier studies suggested that they are obligate biparental incubators, i.e., the participation of both parents is required for successful incubation (Hicklin and Gratto-Trevor, 2010). Although recent work suggested that some parents successfully incubated a clutch on their own (Bulla et al., 2017), these may be exceptions favored by environmental circumstances. Incubating semipalmated sandpipers rarely feed during their incubation bout, within which they attend their nest 95% of the time (Bulla et al., 2014, 2015b). The incubation bouts last on average 11.5 h for females and 10.7 h for males (Bulla et al., 2014) and the off-duty parent is usually out of hearing distance of the incubating partner (Bulla et al., 2015b).

In the middle of the incubation period, we removed a parent at the end of its regular incubation bout and released it 24 h later. In this way, the temporarily widowed bird became responsible not only for its own incubation bout (control period), but also for the following “incubation bout” of its partner (treated period). We investigated the change in nest attendance between control and treated period, assessed how variable this change was between individuals, and whether it was sex-dependent. We anticipated four possible scenarios for how the temporarily widowed parent would respond (no compensation, full compensation, and two scenarios of partial compensation; Figure 1). We then tested whether the following three factors might explain diversity in the compensation response. (a) Time of day or tundra temperature: because it is less energetically demanding to incubate in the middle of the day when it is warm (Norton, 1973; Vleck, 1981; Kersten and Piersma, 1986; Williams, 1996; Nord et al., 2010; see Figure S1 in “Electronic Supplement—Figures” from Bulla et al., 2014 for relationship between temperature and the time of day, and Figure S1 from Bulla, 2019 for the same relationship during experimental bouts), we predict a higher level of compensation during the day compared to the colder night hours. Alternatively, the level of compensation during the day may be lower than during the night, if the amount of incubation is determined by either the need for incubation, which decreases with higher ambient temperatures during the day, or by foraging efficiency, which is also higher during the warmer parts of the day. (b) Incubation share prior to removal: individuals that have invested less in parental care in the current breeding attempt compared to other individuals may be either more reluctant to compensate or they may have more resources left for compensation (Bowman and Bird, 1987; Duckworth, 1992). (c) Individual variation in escape distance from the nest upon approach of a human: incubating individuals face a trade-off between the risk of increased adult mortality and the risk of breeding failure. As individuals that stay on the nest for longer when approached by a human take more “personal risk” to maximize nest protection, we expect them to compensate more than individuals that leave early upon human approach and thus minimize “personal risk” at the cost of reduced nest protection. Indeed, unattended eggs are at higher risk of predation (e.g., Dearborn, 2001; Jones et al., 2002), overheating (e.g., in deserts; AlRashidi et al., 2011) or severe cooling (e.g., in the Arctic or Antarctica; Gauthier-Clerc et al., 2001; Bulla et al., 2014). Alternatively, escape distance may reflect an individual's awareness of and “responsiveness” to the environment—i.e., behavioral syndrome or coping style (Koolhaas et al., 1999; Coppens et al., 2010). Individuals that stay on the nest for longer when approached by a human may be less “responsive” and hence less likely to detect the absence of the partner or less prone to compensate.
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FIGURE 1. Possible compensation strategies for temporal absence of a partner. Zero on the x-axis represents the time when a parent is experimentally removed. The light gray area represents the typical incubation bout of the focal parent, i.e., the control period. The dark gray area represents the removed parent's expected incubation bout, i.e., the treated period. The black line indicates the change in nest attendance over time. (A) No compensation—an individual leaves the nest at the end of its incubation bout and returns when its next bout is expected to start—reflects a decision by the bird not to change its investment in response to the absence of its partner, or a lack of knowledge about the partner's absence (the bird may simply leave to forage at the end of its bout, as it typically does, without noticing the partner's absence). (B) Full compensation—an individual continuously incubating for the entire expected bout of its partner—arises if the incubating bird waits for the partner to return before ending its own bout, assuming that it has not yet reached its energetic limits. (C) Partial compensation—an individual continues incubating, but gives up and leaves at a certain point in time (e.g., when its energy stores are depleted) so that it goes from full to no compensation within its partner's “bout.” (D) Partial compensation—an individual continues incubating, but with lower nest attendance as it leaves the nest for short feeding bouts, that is, it starts behaving like a species that incubates uniparentally (Bulla et al., 2017).



To further investigate how the experiment influenced subsequent parental care (i.e., whether parents tolerate or retaliate the absence of their partner), we explored the incubation pattern after the removed parent returned. Specifically, we investigated how nest attendance, length of incubation bouts and probability and length of exchange gaps differed before and after the experiment.

Thus, the aim of our study was to address the following three questions. (1) How long does an individual persist in its incubation effort, while getting no feedback or interaction from its mate, before it abandons the breeding attempt? (2) When focal birds continue incubation in the absence of their partner, how does the incubation rhythm change over time and what are possible correlates of those patterns? (3) How do parents respond in terms of incubation patterns to the return of the removed parent?



MATERIAL AND METHODS


Study Site

We conducted the experiment in a population of semipalmated sandpipers near Utqiaġvik (Barrow), Alaska (71.32°N, 156.65°W), between 1 June and 4 July 2013. The study area and species are already described in detail elsewhere (Ashkenazie and Safriel, 1979a; Bulla et al., 2014). The area has continuous daylight throughout the breeding season, but environmental conditions such as ambient temperature show consistent and substantial diurnal fluctuations. Ambient temperatures are generally low, below 5°C, but surface tundra temperatures can reach up to 28°C (Supplementary Figure S1 in Bulla et al., 2014).



Recording Incubation and Escape Distance

The general procedure for monitoring incubation is described in detail elsewhere (Bulla et al., 2014, 2015a). In short, nests were found by systematically searching the tundra and by observing the behavior of birds flushed from the nest during laying or incubation. If a nest was found during laying, we estimated the start of incubation by assuming that the female laid one egg per day and started incubation when the clutch was complete (usually four, rarely three eggs). If nests were found with a full clutch, we estimated the start of incubation based on the median height and angle at which the eggs floated in water (as described in Liebezeit et al., 2007).

We captured adults and attached a plastic flag to the tarsus, which contained a glass passive tag (9.0 × 2.1 mm, 0.087 g, http://www.biomark.com/). The presence of parents on the nest was registered every 5 s by a custom made radio frequency identification device (RFID) with a thin antenna loop around the nest cup connected to a reader. Incubation was further determined by comparing nest temperature, measured with a high resolution temperature-probe, and surface tundra temperature, measured by an MSR145 data logger (MSR Electronics GmbH) placed next to the nest. In addition, out of 29 experimental nests 12 nests were video recorded for some days and 15 nests were protected against avian predators using enclosures made of mesh wire (Figure S2a in Bulla, 2019); neither the video cameras nor the enclosures influenced the incubation behavior (our unpublished data).

Unless parents were banded in previous years or caught with a mistnet prior to breeding, experienced scientists or well-trained field assistants caught incubating parents with a spring (bow net) trap triggered from a distance (~10–20 m) by a fishing line. This method allows for precise timing of catching and each individual thus spent only a few seconds in the trap and was banded, measured and sampled within ~10 min. The sex of individuals was known from previous years, or estimated from body measurements and later confirmed by molecular analyses using DNA extracted from a ca. 50 μl blood sample taken from the brachial vein at first capture (Bulla et al., 2014, 2015a).

Whenever we visited a nest, we observed when the incubating individual left and either estimated our distance to the nest or marked our position with a GPS to calculate the exact distance (see Bulla et al., 2016b). Before the initiation of the experiment, we visited nests (including finding the nest) on average 6 times (median; range: 3–11). The focal parent has thus seen us by the nest (after the clutch was complete and the RFID system was placed on the nest) on average twice before the start of the experiment (median; range: 1–7). In this way we obtained on average two observations of escape distance per individual (median; range: 0–4). For 11 individuals we only had a single estimate. For one individual we had no escape distance estimate, so we imputed this value (following the procedure outlined in Nakagawa and Freckleton, 2011) as the median of 1,000 imputations generated by the “Amelia” function in the “Amelia” R package (Honaker et al., 2011) with the range of likely escape distances (0–80 m) as a prior (note that excluding this individual did not change the results of the analyses). Escape distance was moderately repeatable (unpublished data from the same population; R = 0.49, 95%CI: 0.37–0.58, N = 275 observations of 123 individuals) and in the pre-experimental period changed little over time (Figure S3 in Bulla, 2019). Thus, here we used the median escape distance per individual.



Experimental Procedure

At 29 nests we temporarily removed one parent (henceforth, the “removed parent”) around the 11th day of the 19–21 day incubation period, shortly before we expected its partner (henceforth, the “focal parent”) to return to incubate (Figure 2, red line). The median period between capture of the “removed” parent and return of the “focal” parent was 1.7 h (range: 9.5 min−5.3 h). Such exchange gaps, although rare, also occur naturally (range: 0–6.7 h; 4% of exchanges with gaps > 10 min; Bulla et al., 2014), that is, parents occasionally return to an un-incubated nest. We assessed the expected return of the partner (i.e., planned the capture of the “removed parent”) by downloading the RFID data and visualizing the incubation pattern from the previous days. We alternated between removing the male and the female at a nest with a spring trap (for details see “Recording incubation” section above). Except in one case, we did not see the focal parent near the nest during the capture of its partner. The 29 removed individuals were at least 1-year old with body mass at capture between 22 g and 29.7 g (median 25 g).
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FIGURE 2. Schematic illustration of the experimental procedure. Rectangles indicate incubation bouts of a pair (female: yellow, male: blue-gray). We removed an incubating parent (here, the female) in the middle of the incubation period (indicated by the red vertical line), shortly before we expected its partner (the focal parent; here the male) to return. After 24 h we released the removed parent in the vicinity of its nest (the release time is indicated by the green vertical line). Thus, the focal parent incubated its “natural” incubation bout (“control” indicated by gray rectangle), defined as the period starting with the arrival of the focal parent on the nest and lasting for the length of the median incubation bout (estimated from the three previous incubation bouts of the focal parent). The remaining 12–13 h (i.e., the time between the end of the control period and the release of the removed parent) define the “treated period” of the focal parent (indicated by dark blue rectangle).



After 24 h we released the removed parent in the vicinity of its nest (Figure 2, green line). In this way, the focal parent incubated its “natural” incubation bout (henceforth, the “control period”; Figure 2, gray rectangle), which at this stage of incubation typically lasts about 10–11 h (Bulla et al., 2014). The remaining 12–13 h during which the partner was removed were then considered the “treated period” of the focal parent (Figure 2, dark blue rectangle).

Specifically, we defined the control period as the period starting with the arrival of the focal bird on the nest (after removal of its partner) and lasting for the length of the median incubation bout. We estimated the median incubation bout from the three previous (before-experimental) incubation bouts of the focal bird. We then defined the treated period as the time between the end of the control period and the release of the removed parent (Figure 2).

Nest attendance, defined as the proportion of time a bird was sitting on the nest, was derived from temperature data (Bulla, 2014; Bulla et al., 2014), except in one nest where temperature measurements failed. In this case, attendance was derived from RFID readings because temperature-based and RFID-based attendance highly correlate: r Pearson = 0.79, 95%CI: 0.76–0.82, N = 1,584 incubation bouts from 2011 (Bulla et al., 2013, 2014). Excluding this nest did not change the results. Note that temperature-based incubation is more accurate than RFID-based incubation as the RFID system sometimes fails to register an incubating parent (see Supporting Actograms in Bulla et al., 2016a).

Four nests were excluded from analyses of compensation because (a) a focal parent deserted the nest prior to treatment (one nest), (b) depredation (two nests), and (c) the wrong bird (the partner who just started its incubation bout) was removed (one nest). Thus, 25 experimental nests with 12 females and 13 males as focal parents were used in the analyses.



Captive Conditions

The removed parent was kept in a cardboard box (21 × 30 × 25 cm) in a shed which was sheltered from rain and wind (Figure S2b in Bulla, 2019). The size of the box was based on experience with keeping and transporting shorebirds and on a removal study using other shorebird species (Parra et al., 2014). The bottom of the box was lined with tundra (fresh for every bird) and contained fresh water and a feeding tray (Figure S2c in Bulla, 2019). The first eight removed birds were not fed for 12 h, and provided with food for the remaining 12 h; the remaining birds had access to food throughout (see the detailed Ethical statement in the Supporting information in Bulla, 2019).

Initially, the food consisted of 100 mealworms (~7.5 g) per 12 h. The energetic content that birds can metabolize from mealworms is ~24.2 kJ/g (Bell, 1990). Thus, ~7.5 g of worms provided ~181 kJ, which is 3–20 times more energy than the estimated daily energetic requirement of a semipalmated sandpiper during the incubation period (19–59 kJ/day; Ashkenazie and Safriel, 1979b; see also their Table 4 and their Figure 3 with higher estimates for other breeding stages such as egg laying), or nearly 50% more than the estimated energy expenditure during resting (123 kJ/day using Norton's (1973) equation for resting metabolic rate, assuming a 27 g bird, a median temperature of 6.2°C and assuming that an oxygen consumption of 1 L is the equivalent of 20.1 kJ). Note that the resting estimate (123 kJ) is from measurements in a closed system respirometer (Norton, 1973), while the other one (19–59 kJ) is based on energy uptake estimated by (a) using available data on diet composition, the energy content of prey items and their digestibility in combination with (b) observed feeding rates and estimated prey capture rates (Ashkenazie and Safriel, 1979b). Nevertheless, it turned out that this was not enough (the first two captive birds ate nearly all mealworms) and hence we adjusted the food amount and supplemented mealworms with cat food (for six birds, four of which ended up not eating it) or increased the amount of mealworms to 125–200 per 12 h (for all remaining birds). Except for one individual all birds had leftover mealworms in their tray at the end of the captive period (median = 11 mealworms, range: 0–106, N = 27 released parents, not 29 because 2 females died—see Ethical statement in the Supporting information in Bulla, 2019).

We checked and weighed each individual after capture, after 12 h and at the end of the 24-h captive period. The median mass difference between start and end of the captive period was −1.3 g (range: −3.1 to 0.3 g, N = 27 released parents). Note that here and elsewhere we use absolute mass difference because absolute and relative mass difference are strongly correlated (r Pearson = 0.99, 95%CI: 0.93–1.1, N = 27 released parents).



Statistical Analyses

Compensation for Absence of the Partner

We assessed whether and how the focal parent compensated for the absence of its partner by comparing nest attendance between the control and the treated period (Figure 2). In other words, compensation was defined as the ratio of total nest attendance time during the treated and the control period, expressed as percentage. Because parents rarely spend all of the time of an incubation bout attending the nest (Bulla et al., 2014), compensation values >100% are possible and indicate higher nest attendance during the treated than during the control period (“over-compensation”).

To test for the difference in nest attendance between control and treated period we used linear mixed-effect models with nest attendance as the dependent variable and period (control or treated) as a categorical predictor. To account for the paired (within-individual) design of the experiment, we included bird ID as a random intercept.

Nest attendance may differ depending on the length of the control or treated period (referred to as “period length”), but controlling for this period length did not improve the model fit; the model with period length was half as likely as the simple model (Table S1 in Bulla, 2019). Hence here, and in the subsequent analyses, we made inferences from the simpler model without period length.

Next we tested whether the amount of compensation was sex-specific by comparing a model with period (control or treated) in interaction with sex, with the initial model without sex (Table S1 in Bulla, 2019).

Explaining the Diversity in Compensation

To explore potential drivers of the diversity in compensation, we used linear models to test whether nest attendance during the treated period depended on (a) the time of day (defined as mid-point of the treated period, transformed to radians and represented by a sine and cosine), (b) median tundra temperature during the experimental bout (measured near the nest), (c) escape distance from the nest upon approach of a human, estimated as median escape distance of an individual prior to the experiment (see Bulla et al., 2016b), and (d) the proportion of time the focal bird was incubating before we removed its partner (estimated as median share of daily incubation, without exchange gaps, during 3 days prior to treatment).

We also assessed the relative importance of these four variables by comparing the four univariate models and a full model including tundra temperature, escape distance, and share of incubation (Table S2 in Bulla, 2019). We used “tundra temperature” instead of “time of day” in the full model, because both variables are correlated (rPearson = −0.56, 95%CI: −0.92 to −0.21, N = 25 nests; time is represented by sine of radians) and the univariate model with “tundra temperature” had a lower AICc-value than the model with “time of day.” We used nest attendance during the treated period (instead of compensation), because attendance correlated strongly with compensation (rPearson = 1, 95%CI: 0.96–1.02, N = 25 nests), and because the results are then directly comparable to those from the analysis of nest attendance during the control period and under natural conditions (Table S3 in Bulla, 2019). Note that time of day and tundra temperature were confounded by sex (Figure S4 in Bulla, 2019), because the timing of incubation differs between males and females (Bulla et al., 2014).

After-Experimental Effects

We explored how incubation changed after the removed parent returned to the nest (after-experimental period) by comparing—for each parent—nest attendance and the length of the last three before-experimental incubation bouts with nest attendance and the length of the first three after-experimental bouts. For these bouts we also compared the presence and length of exchange gaps. To this end, we constructed mixed-effect models with nest attendance (proportion), bout length (in hours), presence of exchange gap (binomial response; 0 = no gap, 1 = gap present), and length of exchange gap (in minutes) as separate response variables, and period (before or after the experiment) in interaction with day in the incubation period (day) as predictors. Day was mean-centered within each nest, so that negative values represent the before- and positive values the after-experimental period. To control for non-independence of data we entered bird ID as a random intercept and day as a random slope. We assessed the importance of the interaction and of the type of parent (focal vs. removed) by comparing models with and without the interaction, and with and without parent type (Tables S4 and S5 in Bulla, 2019). In addition, we explored (a) whether the after-experimental nest attendance and bout length of the removed parent were related to its absolute mass change while in captivity and (b) whether the after-experimental nest attendance and bout length of the focal parent were related to its level of compensation (proportion) during the treated period. We also investigated whether these relationships were sex specific. Bird ID was entered as a random intercept, and mass change or compensation as random slopes (Table S6 and S7 in Bulla, 2019).

General Procedures

R version 3.3.0 (R-Core-Team, 2016) was used for all statistical analyses and the “lme4” R package (Bates et al., 2015) for fitting the mixed-effect models. The models were fitted with maximum likelihood. We used the “sim” function from the “arm” R package and non-informative prior-distribution (Gelman and Hill, 2007; Gelman and Su, 2015) to create a sample of 2,000 simulated values for each model parameter (i.e., posterior distribution). We report effect sizes and model predictions by the medians, and the uncertainty of the estimates and predictions by the Bayesian 95% credible intervals (CI) represented by 2.5 and 97.5 percentiles from the posterior distribution of the 2,000 simulated or predicted values. We estimated the variance components with the “lmer” or “glmer” function from the “lme4” R package (Bates et al., 2015).

By necessity, the dependent variables varied more for the treated or the after-experimental period than for the control or before-experimental period. We controlled for this heteroscedasticity by scaling the dependent variable within period. However, because these models generated similar results as the simpler models and because the simpler models are on the original scale and hence easier to interpret, we report only the outcomes of the simpler models.

In all model comparisons we assessed the model fit by Akaike's Information Criterion corrected for sample size (AICc; Anderson, 2008) generated by the “AICc” function from the “AICcmodavg” R package (Mazerolle, 2016).




RESULTS


Compensation for Absence of Parental Care

Typically, parents partially compensated for the absence of their partner's care (Figure 3A). The nest attendance (proportion of total time on the nest) in the treated period was on average 0.38 (95%CI: 0.27–0.49) lower than in the control period (Figure 3B; Table S1 in Bulla, 2019). This translates to a 59% (95%CI: 49–70%) compensation for the absence of the partner. The level of compensation was similar for females and males (Figure 3B, Table S1 in Bulla, 2019; the model containing sex in interaction with treatment was less likely than the model without this interaction).
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FIGURE 3. Compensation for the temporary absence of the partner. (A,B) The control period reflects the regular incubation bout of the focal parent, while the treated period is the period during which the focal parent's partner should have incubated, but was held in captivity. Yellow indicates female, blue-gray male. Red dots with bars indicate model predictions with 95%CI (Table S1 in Bulla, 2019). (A) Compensation by each individual (N = 25). The gray dashed line indicates full compensation. Each dot represents nest attendance of one individual; points below the line represent various degrees of partial compensation or no compensation (zero). (B) Nest attendance in the control and treated period for females (N = 12) and males (N = 13) separately. Box plots depict median (horizontal line inside the box), the 25th and 75th percentiles (box), the 25th and 75th percentiles ±1.5 times the interquartile range or the minimum/maximum value, whichever is smaller (bars), and the outliers (dots).



The compensation response of individual parents ranged from no to full compensation (2–101%, median = 57%; Figure 3A). Birds achieved similar levels of partial compensation using various “strategies” (Figure 4). Some individuals gradually decreased their nest attendance over the experimental period; some compensated fully for part of the experimental period, but then either reduced their nest attendance, left the nest completely unattended, or left the nest unattended but came back later. Remarkably, the individuals with nearly no compensation during the treated period simply returned to the nest at the expected time for their next incubation bout, that is, they continued their pre-experimental incubation routine (Figure 4, top row). In contrast, the parents that fully compensated left the nest unattended after continuously incubating for more than 24 h (Figure 4, panels in the two bottom rows).
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FIGURE 4. Diverse compensation responses by individual parents in the absence of their partner. Each panel represents one of 25 focal individuals. Panels are ordered according to nest attendance within the treated period such that the individual with the lowest nest attendance is in the top-left panel. Black lines show hourly nest attendance (proportion of time the parent is on the nest, depicted as a running hourly mean) during the experimental period (i.e., from the return of the focal parent until the release of the removed parent). The red dotted lines (time zero) indicate the end of the control period (i.e., the regular incubation bout of the focal parent; negative values) and the start of the treated period (compensation period, positive values). Gray lines indicate the hourly nest attendance of the focal bird from the moment the removed parent was released until it returned to the nest. In seven nests the removed parent never returned, so we show a maximum of 30 h after the start of the treated period and note whether the incubating parent deserted within this period, or for how many days the individual continued incubating uniparentally.



After releasing 23 parents from captivity, five parents (all females) never returned to their nest. An additional two removed females never returned, but we excluded their nests from the main analyses, because one was partially depredated during the incubation bout prior to removal, while in the other the focal bird (male) had already deserted the nest before the treated period started.

Widowed males continued incubating for another 0–10 days (median = 4 days, N = 7, 5 females that never returned and two that died). The males then deserted the nest (N = 6, in one of these nests only three eggs remained, so one egg might have hatched) or the nest was depredated (N = 1).



Explaining the Diversity in Compensation

During undisturbed situations (the before-experimental period or non-experimental nests), nest attendance slightly decreased during the warmer part of the day (blue-gray and green in Figure 5A). However, parents that compensated for the absence of their partner during the warmer part of the day tended to have higher nest attendance (yellow in Figure 5A). Indeed, nest attendance of compensating parents increased with increasing median tundra temperature during the compensation period (Figure 5B). Compensation seemed unrelated to the focal parent's share of incubation (proportion) during the before-treatment period (Figure 5C), but there was a tendency for parents with long escape distance (i.e., parents that may have been more sensitive to disturbance) to compensate more (Figure 5D). The models with temperature had the greatest support of the four models (see Table S2 in Bulla, 2019).
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FIGURE 5. Correlates of compensation for the absence of the partner. (A–D) Relationships between nest attendance (proportion of the total time the bird is on the nest) during the time the removed partner would have incubated (treated period) and the mid-time of this treated period (A), the median tundra temperature at the nest during the treated period (B), the focal parent's share of incubation during the before-experimental period (C), and its median escape distance from the nest prior to the experiment (D). Yellow dots represent individual observations (N = 25); yellow lines with yellow-shaded areas indicate model predictions with 95%CI for the treated period (Table S2 in Bulla, 2019) from a univariate model (A) and from a model containing temperature, incubation share and escape distance (B–D; the effects of other predictors were kept constant). (A) To emphasize how the relationship of nest attendance with time of day differs between the treated period and the natural, undisturbed situation, we added the observations and predictions from the control period (i.e., the regular incubation bout of the focal parent; blue-gray) and from non-experimental nests from the 2011 breeding season (green, to avoid cluttering data between 0.8-1.0 are shown in a separate, upper panel; Table S3 in Bulla, 2019; the 2011 data come from Bulla et al., 2013, 2014). (D) Note that escape distance estimates were unrelated to the number of times we visited the nest (i.e., how often the focal parent had seen us prior to the experiment; linear model estimate = −0.8 m, 95%CI: −5 to 4 m) and that the number of visits also did not explain variation in the level of compensation (1%, 95%CI: −7 to 9%). Also, the time when we trapped the focal parent was unrelated to compensation (Figure S5 in Bulla, 2019).





After-Experimental Effects

In the 18 nests where the removed parent returned to incubate, parents differed markedly in how long it took them to return after we released them from captivity: median (range) = 7.36 h (0.26–16.85 h). The overall quality of incubation during the after-experimental period was lower than during the before-experimental period (Figure 6; Tables S4 and S5 in Bulla, 2019): nest attendance was lower, incubation bouts were shorter and exchange gaps, although they did not occur more frequently, were longer (Figure 6A). Despite the different treatments, these effects were similar for focal and removed parent, and they did not differ between males and females (Figure 6B, Tables S4 and S5 in Bulla, 2019). However, parents seemed to recover from the effect of the treatment, because nest attendance tended to increase, bouts became longer, and gaps shorter with days after the experimental period (Figure 6C). During the after-experimental period, nest attendance tended to be lower and incubation bouts shorter in males (but not in females) that lost more mass while in captivity (Figure 7A, Table S6 in Bulla, 2019). Although the level of compensation seemed unrelated to nest attendance in after-experimental bouts, females (but not males) that compensated more tended to have shorter bouts (Figure 7B, Table S7 in Bulla, 2019).
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FIGURE 6. Differences in quality of incubation before and after the experimental period. (A) Median nest attendance, median bout length, and median non-zero exchange gap duration for each individual in the period before and after the experiment. Dots represent medians for focal parents (yellow) and for removed parents (blue-gray; Nattendance and Nbout = 36 individuals with before and after-treatment data, Ngap = 33 individuals with before and after-treatment gaps, 3 individuals had no gaps either in before, in after-treatment or in both). Red dots with bars indicate model predictions with 95%CI (Tables S4, S5, “simple model” in Bulla, 2019). (B) Comparison of nest attendance, bout length, and exchange-gap length between the period before (yellow) and after (blue-gray) the experiment for the focal and the removed parent and for each sex separately (Nattendance and Nbout = 214 bouts, Ngap = 164 exchange gaps). Box plots depict median (horizontal line inside the box), the 25th and 75th percentiles (box), the 25th and 75th percentiles ±1.5 times the interquartile range or the minimum/maximum value, whichever is smaller (bars), and the outliers (dots). For nest attendance, the green dot represents four outliers (described in C). (C) Temporal changes in nest attendance, bout or gap length of focal and removed individuals (combined) in the period before (yellow, negative values) and after the experiment (blue-gray, positive values). Dots represent individual observations and lines with shaded areas indicate model predictions with 95%CI (Tables S4, S5, “day model” in Bulla, 2019). See (B) for sample sizes. The red dotted line indicates the day when one of the parents was removed. In the nest attendance graph, four values are outside the range of the y-axis; these are indicated in green with their actual nest attendance value. In case of nest attendance, the model including day was slightly less supported than the simple model. In case of bout length and exchange gap duration, the model including day was much more supported than the simple model. For exchange-gap duration, the model that also contained parent type (focal or removed) was even more likely (Tables S4, S5 in Bulla, 2019).
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FIGURE 7. Predictors of nest attendance and bout length during the after-experimental period. (A) Relationship between mass loss of the removed parent while in captivity and its nest attendance and bout length during the post-experimental period. (B) Relationship between the amount of compensation by the focal parent during the time the removed partner would have incubated (treated period) and the focal parent's nest attendance and bout length during the after-experimental period. (A,B) Yellow indicates females, blue-gray males; dots represent individual observations and lines with shaded areas indicate model predictions with 95%CI. In all four cases the model with sex fitted the data better (Tables S6, S7 in Bulla, 2019).






DISCUSSION


Diverse Compensation

Our results indicate that semipalmated sandpipers on average partially compensated for the temporal absence of care from their partner, which seems in line with the general prediction of partial compensation from established parental care models (Houston and Davies, 1985; McNamara et al., 1999, 2003). However, parents varied greatly in how they responded (Figure 4): some parents did not compensate at all, some compensated partially, and some fully. We discuss three possible explanations for this diversity, which contradicts the full or no compensation prediction of the incubation model (Jones et al., 2002).

First, the variation in compensation may reflect variation in how parents value their nest. Semipalmated sandpipers have one nesting attempt per breeding season and early nests may have higher chances to succeed (Hicklin and Gratto-Trevor, 2010). Also, if the nest fails, parents from early nests have a higher probability of re-nesting than parents from nests initiated later (Hicklin and Gratto-Trevor, 2010). Thus, the level of compensation may reflect nest initiation date. However, nest attendance (level of compensation) was unrelated to nest initiation date (−0.3% per day; 95%CI: from −3 to 3% per day, N = 25; Figure S5c in Bulla, 2019).

Second, in semipalmated sandpipers, and in many other biparentally incubating shorebirds, the contribution of both parents is thought to be essential for successful incubation (Poole, 2005). Thus, according to theory, parents faced with a temporary absence of their partner should either fully compensate or desert the nest (Jones et al., 2002). However, a reduction in incubation effort may not always lead to complete loss of the breeding attempt. For example, an individual may reduce the length of its incubation bouts, and the partner may either incubate longer or the eggs may be left uncovered for longer periods than previously. Even when a parent completely deserts, a single parent might successfully incubate a clutch, e.g., during warmer periods, near the end of the incubation period, or when a parent has larger energy reserves (Bulla et al., 2017). This means that there might be some room for one parent to exploit the investment of the other parent. Indeed, one permanently widowed parent incubated uniparentally for 10 days (see Actograms in Bulla, 2017) and some non-experimental nests hatched after 14 days of uniparental incubation (Bulla et al., 2017). Thus, the varying circumstances among nests (e.g., date, parental condition) could translate into various compensation levels.

Third and alternatively, semipalmated sandpiper parents may always attempt to compensate fully, but sometimes fail to do so, (a) because their energy stores get depleted, (b) because they are less willing to risk their own survival, or (c) because they are less aware of or responsive to the absence of their partner at the nest. We explore these possibilities.

(a) Parents of biparental species with continuous incubation (i.e., with close to 100% nest attendance) do not feed while incubating (Chaurand and Weimerskirch, 1994; Weimerskirch, 1995; Dearborn, 2001; Bulla et al., 2014, 2015b); thus, a single parent is unable to incubate continuously (with high nest attendance) for many days, because it has to eat. This implies that full compensation is only possible as long as the energetic reserves last. We find some support for this explanation. As we demonstrate, even the parents that compensated fully left the nest unattended after some time (Figure 4), that is, they did not (could not) continue incubating for three “typical” incubation bouts. Thus, the fully compensating parents differed from the not- or partially-compensating parents by “deserting” the nest considerably later. Further evidence comes from the observation that parents that were treated during the warmer part of a day (when incubation is presumably less energetically demanding) tended to compensate more (i.e., had higher nest attendance) than parents treated during the colder part of a day. This contrasts with the typical nest attendance patterns when both parents are present (Figure 5A), as well as with nest attendance patterns of uniparentally incubating species (Cartar and Montgomerie, 1985; Løfaldli, 1985; Reneerkens et al., 2011). In both these cases, nest attendance drops during the warmer part of a day, probably because the eggs cool down slower and because food availability and hence foraging efficiency is higher. Thus, our results are consistent with the idea that the compensating parents might have tried but could not compensate fully when it was cold. Although parents likely decide to stay or leave the nest based on their energy stores and nutritional status, they may also respond to other cues, e.g., related to the past behavior or other qualities of their partner. Specifically, they can respond to whether the partner was present on the nest or not. They can also communicate (“negotiate”) about future investment during the exchange on the nest.

(b) The level of compensation may result from how long a parent waited for its partner to return—i.e., variation in resolving the trade-off between the risk of increased adult mortality and the risk of breeding failure. Contrary to the expectation, we found that individuals with a shorter escape distance—those maximizing egg protection while risking own mortality—tended to compensate less during the experimental period (Figure 5D).

(c) An alternative idea is that the level of compensation depends solely on the perceived absence of the partner's nest attendance. Unlike chick feeding, where parents can feed simultaneously, incubation is a mutually exclusive behavior, because only a single parent can incubate at a time. Hence, a parent cannot increase its share of incubation without communicating with its partner. However, the off-nest parent is often far away from the nest, clearly out of hearing range of its partner (Bulla et al., 2015b). Also, observations show that the incubating parent sometimes leaves the nest before its partner returns to incubate (Ashkenazie and Safriel, 1979b; Bulla et al., 2014, 2015b, 2017); thus, the incubating parent may “assume” that its mate will return and continue incubation. As a result, variation in compensation may be related to variation in two behaviors. First, variation in compensation may reflect how often or how soon the partner checked its nest. Our experimental design controlled for this possibility, but we know that off-duty parents rarely come to the vicinity of the nest, unless they attempt an exchange (Bulla et al., 2015b). Second, variation in compensation may reflect how long it took a parent to realize its partner is absent—“responsiveness.” Indeed, some permanently widowed parents continued their typical incubation schedule for several days, leaving the nest unattended during their partner's supposed bout, before changing to a uniparental incubation pattern with constant nest attendance at “night” (cold part of the day) and lower nest attendance during the “day” when temperatures are higher (Bulla et al., 2017). This suggests that it took some time before the parent realized that its partner had deserted or at least before it responded to the desertion (see Actograms in Bulla, 2017). Accordingly, we found that parents with long escape distance compensated more than those with short escape distance (Figure 5D), suggesting that parents that leave the nest early upon human approach may be more responsive to what is happening in their environment and realize earlier that their partner is absent.

Energetic constraints and responsiveness may well act together. Thus, those parents that are responsive to the absence of their partner, and have the resources to wait for their partner's delayed return, may do so, whereas parents that are less responsive or do not have the resources for full compensation, may compensate partially or not at all. Such an explanation is in line with predictions of parental care models: parents should vary in their compensation response based on the likelihood of brood failure in the absence of care, the parent's current condition and their knowledge about (or—as we suggest—their responsiveness to) their partner's condition or the need of the brood (Jones et al., 2002; Johnstone and Hinde, 2006). In this case, the need of the brood can be translated to the risk of temperature-related embryo death (or developmental problems affecting future fitness) or the risk of clutch predation.



Nest Desertion

After release from captivity, 5 out of 23 released parents never returned to incubate. In all cases, the non-returning parent was the female of the pair, which is similar to what has been shown in northern flickers, Colaptes auratus (Wiebe, 2010). Females might be more sensitive to stress, because they already laid the eggs (typically, a four-egg clutch is laid in 5 days and has a similar total mass as an average female; Hicklin and Gratto-Trevor, 2010). In semipalmated sandpipers, females also tend to desert the brood before or after hatching (Hicklin and Gratto-Trevor, 2010; Bulla et al., 2017). However, we found no marked differences between females and males in the level of compensation during the partner's absence (Figure 3), or in post-experimental quality of incubation—be it for the focal or the returned individuals (Figure 6).



After-Experimental Effects

After we released the removed parent the quality of incubation was lower than before the experiment, but it improved quickly with time (Figure 6); already 3 days after the experiment, parents seemed to incubate as usual. These after-experimental effects were generally similar for the focal and the removed parent (Figure 6B), suggesting that the stress caused by the absence of the partner (including the compensation) might have been similar to the stress of captivity. An alternative explanation for the lower incubation quality in the after-experimental period is that parents needed to “renegotiate” how much they invest, or realign their incubation schedules. In either case, the rapid return to “normal” quality of incubation suggests that parents compensated fully. In other words, the focal bird resumed its typical incubation bouts after the partner returned and did not “retaliate” against its removed partner by reducing the length of its subsequent bouts.

Mass loss of the removed parent during captivity and the amount of compensation of the focal parent during the experiment were poor predictors of the after-treatment incubation behavior (Figure 7). This suggests that the after-experimental effects are not related to energetic constraints, confirming earlier work (Bulla et al., 2015a, 2016b) and that the parents are tolerant of short-term irregularities or reductions in their mate's parental care. In accordance with previous work (Wiebe, 2010), biparental incubators seem willing to “forgive” and fully compensate a missed or irregular incubation bout of their partner. This seems an adaptive strategy to facilitate survival of the clutch.



Conclusions and Suggestions for Further Work

Our finding that biparentally incubating shorebirds on average partially compensate for the temporal absence of their partner corroborates the predictions of established models (Houston and Davies, 1985; McNamara et al., 1999, 2003) and results of a meta-analysis (Harrison et al., 2009). However, individual responses were highly diverse, from no to full compensation, possibly depending on environmental factors such as ambient temperature (Figure 5B) and food availability or on the “responsiveness” of parents to the absence of their partner (Figure 5D). Whether the diversity of compensation responses during incubation represents noise around the mean or biologically relevant diversity—possibly shaped by energetic constraints and parental “responsiveness”—awaits future empirical investigation. We speculate that all individuals attempted full compensation, but that some failed because their energy stores became depleted, or because they were less “responsive” to the absence of their partner.

If (full) compensation is energetically constrained, then supplemental feeding or heating the eggs of the focal parent (see Bulla et al., 2015a) should lead to full compensation in all individuals, or at least to reduced individual variation in the level of compensation. Note, however, that under regular biparental incubation, saving energy for the incubating parent by experimentally heating the eggs or insulating the nest did not change the length of incubation bouts (Bulla et al., 2015a). On the other hand, if parental responsiveness drives the level of compensation, and if this is an individual-specific trait, then the level of compensation should be repeatable.

Our study also reveals that regardless of the immediate response to the absence of the partner, the focal individuals did not “retaliate” after the removed parent returned and continued incubating as usual.
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In cooperatively breeding species, the level of investment in young can vary substantially. Despite receiving considerable research attention, how and why investment in young varies with cooperatively breeding group members remains unclear. To investigate the causes of variation in care of young, we assessed patterns of both helper and parental behavior in the cooperatively breeding Western Australian magpie (Cracticus tibicen dorsalis). Observations of 19 helpers and 31 parents provisioning 33 broods raised in 11 different groups over two consecutive breeding seasons revealed substantial variation in offspring care behavior. Our results suggest that the level of investment in young by helpers is strongly influenced by group size, chick age, and individual helper traits (including foraging efficiency, age and sex). Helping behavior was facultative, and individuals from smaller groups were more likely to invest in helping behavior. Overall, the number of broods receiving help was lowest during the nestling phase and highest during the fledgling phase. Female helpers provided more care than both male and juvenile helpers. We found that mothers invest more time in offspring care than do fathers, however fathers increase their effort in the presence of helpers while mothers do not. Overall, helper care was additive to parental care and therefore helping behavior may be beneficial to the brood. Our research reveals that variation in offspring care in magpies is influenced by both social and individual traits.

Keywords: cooperative breeding, helping behavior, social and individual traits, Western Australian magpie, individual variation, contributions to care


INTRODUCTION

In cooperatively breeding species, groups are typically comprised of breeders and helpers (group members that help to raise young that they do not have direct parentage of, Cockburn, 1998; Cockburn et al., 2008). Helpers can vary in both the amount and type of helping activities to which they contribute to Ridley and Raihani (2008), Bruintjes and Taborsky (2011), Le Vin et al. (2011), and Green et al. (2016). For example, Clutton-Brock et al. (2001) found substantial variation in the provisioning efforts of meerkat helpers (Suricata suricatta); some helpers fed young only 3% of the food they captured, while others gave away up to 49%. Studies that have identified differences in helper contributions can have important implications for understanding the costs and benefits of helping behavior (Innes and Johnston, 1996; Clutton-Brock et al., 2001; Woxvold et al., 2006). For example, variation in helper contributions explained variation in nesting success of White-throated Magpie-jays (Calocitta formosa) better than helper number alone (Innes and Johnston, 1996). Such findings exemplify how measuring variation in helper effort can allow a more accurate assessment of the benefits of cooperative breeding behavior.

Although several studies have investigated variation in helper contributions, many of these have focused on helper variation in relation to kin selection (Krakauer, 2005; Browning et al., 2012; Green et al., 2016). Helping behavior tends to be costly for the helper, e.g., in terms of loss of time for self-maintenance, predator exposure, and investing in their own reproductive attempts (Cockburn, 1998; Heinsohn and Legge, 1999; Canestrari et al., 2007; Gilchrist, 2007). Hence, kin selection has been hypothesized to explain why individuals invest in costly helping behavior, since they could indirectly benefit from perpetuating genes they share with their relative's offspring (Hamilton, 1963; Krakauer, 2005; Hatchwell, 2009; Bourke, 2011). Thus, the level of relatedness between helper and the young they care for has been proposed to explain differences in helper effort (Emlen and Wrege, 1988; Browning et al., 2012; Green et al., 2016). However, molecular techniques have revealed that group members are often not as closely related as researchers once thought, and unrelated helpers are present in many cooperatively breeding species (Wright et al., 2010; Riehl, 2013; Riehl and Strong, 2015). Consequently, while kin selection can explain variation in helper behavior for some species (see Browning et al., 2012; Green et al., 2016), in other species this explanation does not suffice (see Clutton-Brock et al., 2000; Finn and Hughes, 2001; Gilchrist, 2007; Le Vin et al., 2011). For example, in a review of 44 cooperatively breeding species Kingma (2017) demonstrated that for some species, territory inheritance was able to explain more variation in helping behavior than kin selection. If we consider the direct benefits from cooperative breeding that could motivate helping behavior, contributions may vary according to the individual traits of the carer, or the social traits of the group it is in as these are often linked to potential benefits. For example, in other studies, group size, and position in the social hierarchy appears to be an important predictor of helping behavior, where those that are mostly likely to gain breeding opportunities are more likely to help (Reyer, 1986) while those at the bottom end of the social queue are more likely to disperse (Ekman et al., 2001; Nelson-Flower et al., 2018). It is therefore possible that other social and individual factors could influence a helper's ability and motivation to help (Riehl, 2013; Kingma et al., 2014; Kingma, 2017).

Although there is likely to be a myriad of traits influencing helping behavior, a few key factors have emerged from existing research. For example, helpers have been observed to decrease their individual contributions as group size increases (Anava et al., 2001; Clutton-Brock et al., 2001; Russell et al., 2008; Meade et al., 2010); a behavior also shown by parents, known as load-lightening (Crick, 1992). Another prominent pattern among helpers is for one sex to contribute more to offspring care than the other (Cockburn, 1998; Ridley and Huyvaert, 2007; Koenig et al., 2011). The inequality of contributions between male and female helpers is likely due to sex-biased dispersal patterns, where the philopatric sex is likely to receive more benefits (such as territory inheritance) from helping than the dispersing sex (Greenwood, 1980; Cockburn, 1998). The age of the helper may also affect helper effort, with juveniles often contributing less, probably due to their limited experience and their own costs of continued growth and development (Heinsohn and Cockburn, 1994; Boland et al., 1997; Clutton-Brock et al., 2002). The foraging ability of an individual may also influence their investment rate. When helpers are better able to meet their own energy demands, the costs of provisioning young may be reduced, and therefore helpers with high foraging efficiency may provision young more (Brotherton et al., 2001; Clutton-Brock et al., 2001; Russell et al., 2003). Lastly, the cost-to-benefit ratio of helping has often been linked to body mass, where individuals with a relatively larger body mass than others of similar sizes may contribute more because they may have more resources for self-maintenance, making helping less costly (Gilchrist and Russell, 2007; Le Vin et al., 2011). Therefore, the predominant patterns emerging from previous research into helper contributions suggest that in addition to relatedness, social factors (e.g., group size) and individual characteristics of the helper are potential factors that may influence helper effort.

In this study we assess the causes of individual variation in contributions to the care of young in the cooperatively breeding Western Australian magpie (Cracticus tibicen dorsalis, hereafter referred to as magpie). The magpie is a facultative cooperative breeder with plural breeding (Fulton, 2006), and is an ideal model system for the study of non kin-selected factors influencing variation in the care of young for a number of reasons. Firstly, although helping is associated with kinship in many species, previous research in magpies suggests kin selection may not play a central role in helping behavior (Finn and Hughes, 2001). Genetic analysis on the same magpie population as our study is based on, has revealed extremely high extra-group paternity rates (82%), meaning most offspring are sired by males outside of their territory, thus lowering the level of relatedness within groups (Hughes et al., 2003). Secondly, in magpies some broods receive help while others do not (Kaplan, 2004; Fulton, 2006; Pike, 2016) which allows a comparison of the patterns of offspring care both within and between groups that have helper and non-helper group members. Lastly, our study groups are fully habituated and ringed, enabling us to gather fine-scale foraging, provisioning and body mass data during both the nestling and fledgling phase. This affords us a unique opportunity to quantify the influence of social and individual traits on investment in young and directly compare this between parents and helpers. Here we aim to: (a) measure individual variation in contributions to offspring care from both parents and helpers; and (b) investigate social (i.e., group size and helper presence) and individual (i.e., sex, age, mass, foraging efficiency) causes of variation in investment in group young. We predict that contributions to offspring care will vary between group members and that the level of investment in young will be influenced by the social and individual traits associated with each group member.



MATERIALS AND METHODS


Study Species and Site

The Western Australian magpie is a subspecies of the Australian magpie, found in the south–west of Western Australia (Kaplan, 2004). This medium-sized (250–400 g) passerine bird typically inhabits open grassland and suburban parklands (Rollinson and Jones, 2002; Durrant and Hughes, 2005) where it forages primarily for subterranean invertebrates (Floyd and Woodland, 1981; Kaplan, 2004; Edwards et al., 2015; Mirville et al., 2016). Magpies form social groups typically ranging between 2 to 12 individuals that cooperatively defend a territory year round (Ashton et al., 2018). Magpies are facultative cooperative breeders, whereby most adults within a group attempt to breed, and only some broods receive help from group members other than the breeding pair (Finn and Hughes, 2001; Kaplan, 2004; Fulton, 2006; Pike, 2016). For groups where helping occurs, typically only one brood receives help despite multiple broods simultaneously having nutritionally dependent young (Pike, 2016). Most commonly, the brood receiving help usually only has a single helper (Pike, 2016). Any group member may become a helper and some group members switch to helping only after their brood has failed (26% of adults that don't successfully breed; Pike, 2016). Each group has a roughly equal sex ratio with slightly more adult females than males (mean = 55 ± 10.9% females and 45%± 10.9% males per group). The breeding season typically begins in August for a few months duration and spans austral spring to the beginning of summer (Kaplan, 2004; Edwards et al., 2015). During the breeding season, magpie chicks spend ~4 weeks in the nest before fledging (Pike, 2016). Once they leave the nest, fledglings remain in their natal territory and are dependent on group members for food until they begin to forage independently at ~4–5 weeks post-fledging, and will continue to receive some care from adults until six months of age (Baker et al., 2000; Kaplan, 2004). Magpies can live to ~25 years and typically try to reproduce by their fourth year, once they have acquired their adult plumage (Johnstone and Storr, 2004; Kaplan, 2004). Adults are dichromatic and can easily be sexed by differences in plumage, however these differences are not present in juveniles until they reach sexual maturity around three years of age and they develop adult plumage (see Johnstone and Storr, 2004 for details).

The study population was first established in 1997 by Drs. Ian Rowley and Eleanor Russell. The oldest birds in the current study were at least 23 years old as they were adults at the time of ringing in 1997. The study site was expanded to encompass more magpie groups in 2012. The magpies are habituated to an observer within 2–5 m without disturbing their behaviors (sensu Ridley and Raihani (2007)) and hop on a top balance scale voluntarily (Ohaus Valor 7000 ™) for a small food reward, allowing the collection of regular body mass records (Edwards et al., 2015). At the beginning of each brood observation session, the observer would place c. One gram of shredded cheese atop the top-pan scale (and zeroed) to entice an individual to stand on the scale and once the bird consumed the food reward, their body mass was recorded. This was then repeated with other group members. Individuals are ringed with unique combinations of colored rings for individual identification.

The study population comprised 11 magpie groups, with a group size range of 3–12 members (n = 82 adult and juvenile magpies observed in total). Most group territories in the study population were situated near natural or artificial watercourses, and each was characterized by open grassland with sparse woodlands. Since magpies have high site fidelity and cooperatively defend their territory year round (Kaplan, 2004; Ashton, 2017), individuals could easily be found within a small radius of known foraging sites for each group.



Brood Observations

Observations of helping behavior (approved by the Animal Ethics Committee, UWA; Approval number RA 3/100/1272) were carried out over two consecutive breeding seasons (September 2014–March 2016). Data on offspring care behavior was recorded for 33 different broods across 11 magpie groups comprising 82 group members. This resulted in a combined total of 106 brood observation sessions over the nestling to fledgling period (mean = 3.3 ± 1.8, range = 1–6 observations per brood), where a brood observation was defined as an observation session where all visits to the brood by all group members were recorded as they naturally occurred in the field using a pre-defined ethogram (see Supplementary Material S8). All brood observations were performed between 5:30 a.m.−12:30 p.m (when magpies are most active, Edwards et al., 2015) and each brood observation typically lasted 2 h unless it had to be terminated due to unforeseen circumstances such as heavy rain (mean time per observation session = 117 min ± 12 min). Care was taken to ensure an even distribution of brood observations across the 5:30 a.m.−12:30 p.m. sampling time-frame for each brood to avoid a time bias. All observations were collected from wild birds in the field, thus it was not possible to record data blind for this study. Brood observations were conducted over an eight-week period after each brood's estimated hatch date, including the nestling period (4 weeks) and the first four weeks of the post-fledging period, since chicks are still nutritionally dependent during this time. During the fledgling period, generally only one brood survived to fledge in each group; in the one instance where there were two different broods that survived to fledge in the same group, the different broods could be distinguished by age and plumage differences. Newly fledged young aren't very mobile and are easy to observe (Kaplan, 2004): care was taken to record all observations of helping behavior toward all fledglings within a brood observation session. The eggs in a nest were considered to have hatched when group members were first observed feeding chicks, and this was usually detected within 2–3 days of hatching due to intensive fieldwork during the breeding season. In order to ensure that sampling covered contributions over the period of dependency, brood observations were repeated up to six times per brood at 7–9 day intervals. Some broods could not be observed multiple times due to mortality (n = 10).

During each brood observation, the identity of each bird present in the group was noted. For individuals that interacted with the brood, the time and type of helping behavior (i.e., provisioning, guarding, brood defense, or nest sanitation (see Supplementary Material S8 for definitions) and the amount of biomass fed to young was recorded. Food item biomass was determined following the size classification scheme in Edwards et al. (2015) which uses the size of the prey item relative to the birds bill to estimate total wet biomass in grams. All individuals contributing to brood care were categorized as a parent or helper. The female incubating the brood was considered to be the mother, since other group members do not contribute to incubation, and cases of egg-dumping are rare (Durrant and Hughes, 2005). The male who was observed feeding an incubating female and behaving as her social partner was considered the social father. Helpers were all other birds providing any form of care to nestlings or fledglings in the broods observed. Although previous research has identified that social fathers are often not genetic fathers of the offspring (Griffith et al., 2002; Bonderud et al., 2018), there is no evidence to suggest they know they have been cuckolded. We therefore retain their definition as the social father, but investigate sex differences in helping behavior of the parents of each brood to account for the possibility that the high extra-group paternity rate (Hughes et al., 2003) in this species may lead to lower contributions to care by the social father. Helping behaviors were recorded following the ad libitum protocols described in Altmann (1974) and Martin and Bateson (1993), whereby an observer records behaviors in the field as they naturally occur. Using the CyberTracker software (CyberTracker, 2013) the time an individual spent engaged in offspring care behaviors was recorded directly onto an Asus Google Nexus 7 tablet with an error of + 5 s.

A brood was considered “initiated” if a female was observed incubating a nest for at least 30 min (indicating a nest with eggs), and monitored regularly (typically 5 times/week) thereafter to record brood survivorship and hatching date. Upon fledging we also recorded survivorship of individual fledglings until the subsequent March, as fledglings surviving to this date should be no longer dependent on adult care (Carrick, 1972). Magpies typically place their nests high up in trees (>10 m) (Kaplan, 2004), and we therefore could not confidently determine the initial size of the brood. Given that we had limited visibility of nest contents we could not confidently say how many individuals were in a nest. Therefore, nestling survivorship was not comparable between broods, however we were able to compare differences in mortality between helped and unhelped broods, from the time of fledgling until March (see below for details on analysis). To measure body mass change over time, adult and juvenile magpies in each group were weighed at the beginning of each observation session, over the entire chick-rearing period.



Focal Observations

To determine helper contributions relative to foraging ability, time-activity focals (sensu Altmann, 1974) were collected from 62 birds over two breeding seasons. The frequency and duration of all foraging activities performed by the focal individual were typically recorded over a 20-min period (mean = 20.18 min ± 2.15 min, range = 15–30 min). Focals were collected between 5:30 a.m.−12:30 p.m. on the same day as the groups brood observation and only included in the analysis if they contained at least 5 min of foraging activity over the focal session as this was considered the minimum amount of time per 20 min focal to get a reliable indicator of foraging behavior (n = 143 focals, mean = 2.3 ± 1.55 focals per individual). To maximize the number of focals which contained a sufficient amount of time foraging per focal, a focal would be abandoned if the bird didn't start foraging within the first 5–10 min of the focal (on average birds foraged for 52 ± 19% of the 20 min focal). While the large number of wild birds we observed limited our ability to do a repeatability analysis of foraging efficiency within individuals, our priority was to gain greater coverage of variation in foraging ability between individuals, as the strength of our data is the ability to relate foraging activity to helping activity during the same observation period. The time spent on all activities by the focal individual was recorded to the nearest five s. Foraging was considered to have begun when an individual was walking slowly while scanning for prey, and a foraging bout was ended when the individual switched to non-foraging behavior such as flying or vocalizing. For each focal, the number and size of all food items captured by the focal individual was recorded following the food item size classification scheme in Edwards et al. (2015) for this study population. This enabled foraging efficiency per focal to be calculated as the total biomass caught (g) /total time spent foraging (min). The proportion of total biomass captured (g) that was fed to young was also recorded, in addition to the identity and age (days post-hatching) of the fed brood.



Data Analysis

For both observations of the brood and focal observations of adults and juveniles, we used mixed models to analyze factors affecting helping behavior with group, brood, and individual identity as random terms to account for the potential effect of repeated observation with random intercepts for all mixed models. During brood observations, some group members were observed not interacting with the brood. Consequently, our data set was highly skewed at 0 for the amount of time invested in young. To resolve the difficulty of this zero-inflated distribution whilst still accounting for individual variation in helping activity, we modeled subsets of our data depending on what question was being investigated and thus each subset of data has a different number of observations. For example, we first analyzed which factors affect whether or not an individual becomes a helper (this data subset includes observations of helper and non-helper group members), and then what factors influence how much a helper contributes (this data subset contains only observations of helpers; see below). Because the sex of juveniles is unknown, we used a composite variable incorporating available age and sex information i.e. adults as male/ female and juveniles as unknown. We employed linear (LMM) or generalized linear mixed models (GLMM) using the lme4 package (Bates et al., 2014) with R v3.2.2. (R Core Team, 2018). For both GLMM and LMM's we used model selection based on the Akaike's Information Criterion corrected for small sample size (AICc) using the AICcmodavg package (Mazerolle, 2015), where the model with the smallest AICc value explains the greatest amount of variance in the data (Burnham and Anderson, 2002). We established a “top set” of models containing only those models that were within five AICc units of the top model (Richards, 2005). In the top model set, only models that contained confidence intervals which did not intersect zero were considered significant predictors of data patterns (Symonds and Moussalli, 2011). Classic model averaging was then employed to determine which term/s best explained the distribution of the data (sensu Symonds and Moussalli, 2011).



Which Factors Affect Whether an Individual Becomes a Helper or Not?

Brood Data Analysis

To determine the factors affecting whether or not an individual provided help to a brood (i.e., became a helper or not), we analyzed the brood observation data using a generalized linear mixed model (GLMM) with a binomial distribution and logit link function. An individual was defined as having the “potential” to help if it didn't breed at all, or if it bred once but failed before the current brood was independent. Breeders were never observed helping at other broods while they had an active brood. Breeders who failed (and didn't re-breed that season) were considered to be available to help only after their own brood failed. Only birds that were not the putative parents of a brood and invested time (i.e., provisioning, guarding, or escorting young) in any brood in their group were considered a helper during a brood observation. The binomial response variable (helper = 1/non-helper = 0 during a brood observation) was tested against; sex [male, female, unknown(juvenile)], group size (juveniles and adults combined) and body mass as well as interactions between terms (taken during the brood observation, n = 152 brood observations for 38 individuals from 10 groups).

Focal Data Analysis

Since we did not have foraging efficiency data for all individuals, we used a subset of data for those individuals which we could derive foraging efficiency data. We conducted analyses to determine whether foraging efficiency influenced the likelihood of an individual helping or not. The binomial response variable (helper = 1/non-helper = 0 during a brood observation) was tested against sex, group size and foraging efficiency using a GLMM with a logit link function (n = 66 focal observations for 41 individuals in 11 groups). For both brood observations and focal data chick age was not included in analyses because chick age could not be defined for non-helpers.



What Factors Influence How Much a Helper Contributes to Young?

Brood Data Analysis

In order to assess which factors influence the level of helper investment in a brood, a linear mixed model (LMM) was used. Because each of the different types of helping behavior (i.e., guarding, provision, and escorting) followed a similar pattern of increasing as chicks aged and no other strong pattern was apparent (see Supplementary Materials S9–S11), we combined all helping behaviors to analyse total time invested in young (i.e., the sum of guarding, provisioning, and escorting per observation, per helper). To better satisfy model assumptions our response variable was the proportion of time invested in young per helper, per brood observation, which was log transformed as it produced normally distributed residuals. Factors tested included sex, group size, helper body mass and chick age, and whether the helper was a failed breeder. Not all helper records included a body mass measurement, so a subset of records (n = 66 brood observations) containing body mass were analyzed. However, since body mass was not a significant predictor (see Supplementary Material S4), we analyzed the full dataset without body mass as a predictor, to improve sample size and power (n = 108 brood observations).

Focal Data Analysis

Using the focal data set, we investigated the terms influencing how much food individuals fed to young in a LMM. We included observations of both helpers and parents feeding young while foraging (n = 51 focal observations). The amount of biomass (g) fed to young by each adult was the response variable. The factors tested were foraging efficiency, sex, group size, status (parent or helper), and age of the chick fed. A body mass measure was only available for 72% of focals, thus we did not include it for this analysis.



Does Parental Investment in Young Vary According to Helper Presence?

We investigated whether there was a difference in how much time parents invested in young (i.e., total minutes brooding, provisioning, guarding, and shading per observation) between broods with and without helpers (n = 144 brood observations from 33 broods in 11 groups) using a LMM. Because a few brood observations were unequal in duration (i.e., 1, 1.5, or 2 h), a “weights” argument (in the lme4 package; see Bates et al., 2014) was used in the model and “prior statistical weights” were set as the duration of each observation session to account for differences in observation time. This was preferred over using proportion of time as a response variable as it better satisfied normality assumptions. Factors tested were sex, group size, chick age and whether or not the brood had help from other group members during each observation session (coded as 0 for no help, 1 for helped). A subset of brood observations that contained body mass records (n = 82 brood observations) were analyzed, however body mass did not influence adult investment in young (see Supplementary Material S7) and was therefore not included in the final model analyses.



Does Helping Influence Fledgling Survival?

Lastly, we assessed whether the number of fledged chicks surviving to the end of the breeding season was significantly different between broods that received help and those that did not. As helping was relatively rare during the nestling phase, we only assessed the impact of helping on the survival of fledglings. A brood was considered successful if it had at least one fledgling surviving until the end of the breeding season (defined as the beginning of March of the year after hatching). By March, fledglings were on average 20 ± 3 weeks old. Using all observed fledglings (n = 30) over both breeding seasons, a Kaplan-Meier survival analysis using IBM SPSS v22 was used to compare the number of fledglings with and without help that survived to independence.

Although some studies have included territory quality as a potential predictor of helper variation (Koenig et al., 2011; Cusick et al., 2018), we have decided not to include it for this analysis as these magpies live in an urban matrix with many artificial food and water resources easily and equally available (Ishigame et al., 2006). Additionally previous research on these magpie groups found no relationship between group size and territory size (where territory size may be considered a proxy of territory quality, Hidayat, 2018).




RESULTS

Cooperative breeding was observed in nine out of the 11 groups. During the nestling phase, helping behavior was recorded at 12% of all broods observed, and increased to 60% once broods fledged. Helpers consisted of males (42% of helpers and 53% of available males), females (37% of helpers and 50% of available females) and juveniles (21% of helpers and 36% of available juveniles). While slightly more males became helpers than females (42 vs. 37%) the females would help more often (i.e., more helping observations were made by females see Table 1) and their overall contributions were higher than the male helpers (Figure 2). While some individuals that were present during both breeding seasons helped in both years of observation (14% of adults were helpers in both years), many did not. Helpers were observed participating in all offspring care behaviors performed by parents (except incubating) including provisioning, guarding and defending young, escorting and nest sanitation. Overall helpers contributed an average of 10.9 min and 0.25 g of food per individual helper, per observation, compared to 26.93 min, 1.42 g per individual breeder with no help, and parents per individual breeder with help 28.057 min, 1.22 g. The majority of helpers (96%) only helped one brood, even when multiple broods were present. For each brood that received help, usually only one helper contributed, however, 23% of helped broods had more than one helper (mean = 1.4 range 1–3 helpers per brood). A number of helpers only switched to helping after their breeding attempt failed (75% of female helpers and 25% of male helpers).



Table 1. Top model set of the factors associated with whether or not an individual displays helping behavior (for a full list of models see Supplementary Material S2).
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What Factors Affect Whether or Not an Individual Helps?

Overall, 50% of the 38 individuals with the “potential” to help (i.e., those that were not actively breeding), were observed helping. Group size and sex were the strongest predictors affecting whether or not an individual helps (Table 1). In larger groups, a smaller proportion of the individuals “available” to help became helpers and, of those that invested in helping behavior, they were observed helping less often (i.e., helpers in larger groups had more observations sessions where they didn't help at all) compared to helpers in small groups (Figure 1). Helping behavior varied between the sexes, with females helping more often than males or juveniles (Table 1). There was no effect of foraging efficiency on whether an individual invested in helping behavior (Supplementary Material S1).
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FIGURE 1. The relationship between group size and proportion of brood observations where a helper contributed to offspring care.





What Factors Influence the Level of Helper Investment?

The proportion of time that a helper invested in young varied substantially and ranged between 2–68% of brood observation time. On average, helpers invested ~10% of their time helping young. The strongest predictor of the proportion of time helpers spent with young was chick age (Table 2). Helping was more common during the fledgling phase as only 23% of broods which were raised cooperatively had helpers present during the nestling phase. Most helpers invested a higher proportion of time in fledglings than nestlings (Figure 2). Helpers displayed a continual increase in investment as fledglings aged, peaking at 7–8 weeks post-hatching (when our observations ended). It is possible that helper investment increased even further beyond this age. There was no difference in the proportion of time invested in young between male and juvenile helpers, however females contributed a significantly higher proportion of time to young, equating to approximately twice the amount of average investment for males and juveniles (Table 2, Figure 3). Foraging efficiency was the best determinant of how much biomass individuals fed to chicks (Table 3): more efficient foragers fed young more biomass (Figure 4).



Table 2. Top model set of factors influencing variation in the proportion of time helpers invested in young per brood observation (for full set of models tested see Supplementary Material S3).
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FIGURE 2. The relationship between chick age (nestling phase 0-4 weeks, fledgling phase 4–8 weeks) and the proportion of time a helper invested in young. Raw data values are displayed against the line of best fit generated from the top model presented in Table 2.
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FIGURE 3. Differences between the average proportions of observation time helpers invested in young according to helper sex per observation session. Error bars generated with ± S.E of the mean.





Table 3. Top set of models for the factors influencing the amount of biomass fed to young (for full set of candidate models see Supplementary Material S5).
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FIGURE 4. The relationship between the amount of biomass fed to young per 20 min focal by adults and helpers and foraging efficiency. Raw data values are displayed against the line of best fit generated from the top model presented in Table 3.





What Factors Influence How Much Parents Invest in Young?

There was a considerable sex difference in how much time parents invested in parental care. On average mothers invested at least 50% more time in young than did fathers, whether or not the brood had helpers present (Figure 5). When helpers were present, there were sex-specific changes in parental investment (Table 4). Fathers with helpers invested an average of 16% of their time with young, while fathers without help invested 8% of their time. However, for mothers, the opposite trend occurred: on average mothers with helpers spent 27% of their time with young, vs. 39% for mothers with no help (Table 4). On average, parents with helpers investing in their brood spent 44% of observation time with their brood, while parents without help spent 47% of observation time with their brood. Chick age also influenced parental investment (Table 4), with parents spending less time with young as they grew older (Figure 6)—a trend opposite to that found for helpers (Figure 2).
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FIGURE 5. The relationship between how much time parents invested in young and whether they received help (shown in gray) during an observation session. Error bars generated with ± S.E. of the mean.





Table 4. The top set of models investigating the factors influencing how much time parents spent with their offspring (for full set of candidate models tested see Supplementary Material S6).
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FIGURE 6. The relationship between how much time parents invested in young according to chick age (nestling phase 0–4 weeks, fledgling phase 4–8 weeks). Raw data values are displayed against the line of best fit generated from the top model presented in Table 4.





Does Helping Influence Fledgling Survival?

Overall brood survivorship was low, with only 22 % of initiated broods having at least one chick surviving until the end of the breeding season over both years. The biggest decline in survivorship was during the nestling stage, with only 47% of hatched broods having at least one chick that survived to fledge. Once chicks fledged, 73% of broods still had at least one chick remaining by the end of the breeding season. There was no significant difference in survival between fledglings with and without help once they had left the nest (Kaplan-Meier survival analysis, log-rank test X2 = 1.044, df = 1, p = 0.307, N = 30 fledglings).




DISCUSSION

Our main objective was to investigate how individual and social traits influenced contributions to care. Our results reveal that helping behavior in the Western Australian magpie is facultative, and the level of offspring care provided is highly variable. While Finn and Hughes (2001) found no relationship between relatedness and variation in helping behavior for magpies, our study was able to reveal some non-kin selection mechanisms accounting for variation in helping behavior. Our study showed that variation in offspring care is influenced by an individual's age, sex, foraging efficiency, group size, and the presence of helpers.


What Factors Affect Whether or Not an Individual Helps?

Although there were many non-breeding group members “available” to help, only some did help, and this propensity to help was affected by group size. Non-breeding individuals in small groups were proportionally more likely to help than those in large groups. The reason for this is unclear. One possibility is the load-lightening effect, where, as the number of individuals contributing to a task increases, the workload per individual decreases, or there is less need for additional individuals to invest in the cooperative breeders (Kokko et al., 2001; Johnstone, 2011; Zöttl et al., 2013b). Magpies are highly territorial and all group members regularly cooperate in territory defense, brood defense and predator detection and mobbing (Farabaugh et al., 1992; Kaplan and Rogers, 2013; Edwards et al., 2015; Mirville et al., 2016). When there are more group members available, groups can become more effective in cooperative tasks (Farabaugh et al., 1992; Ridley et al., 2013; Kingma et al., 2014; Mirville et al., 2016). For example, Farabaugh et al. (1992) found that as magpie group size increased, time needed for defense and individual vigilance decreased, and larger groups were more successful in intergroup “battles” and territory maintenance. This suggests in smaller groups there may be greater need to invest in cooperative breeding, where helping to produce more recruits to maintain a territory and other resources may confer greater benefits in smaller rather than large groups (Wiley and Rabenold, 1984; Kokko et al., 2001; Kingma et al., 2014).

In addition to group size, sex and age influenced the likelihood of an individual to help. Juveniles were less likely to help than both adult males and females. Many other studies have demonstrated that juveniles are less likely to help across a diversity of cooperatively breeding species (Heinsohn and Cockburn, 1994; Clutton-Brock et al., 2001; Clutton-Brock, 2002; Woxvold et al., 2006). In cooperative breeding apostlebirds (Struthidea cinerea) for example, younger individuals were both less likely to help overall, and contributed less when they did help (Woxvold et al., 2006). This may be due in part to the higher energetic costs of growth and development for juveniles (Clutton-Brock et al., 2001). Additionally, juveniles may also have less experience foraging and feeding young, which could limit how much care they can provide (Heinsohn and Cockburn, 1994).



What Factors Influence How Much Helpers Contribute to Young?

Helping behavior tended to increase after young had fledged, a pattern that was consistent with findings for the south–eastern subspecies of Australian magpie (Cracticus tibicen hypoleuca) (Hughes et al., 1996). While this pattern of investing more in fledglings is not widespread among other cooperative species, this may be in part due to the fact that few studies document helping post-fledgling, as it can be difficult to obtain information on helping behavior once young are out of the nest and highly mobile (Ridley and Raihani, 2007; Tarwater and Brawn, 2010; Covas et al., 2011; Thompson and Ridley, 2013; Van de Loock et al., 2017). The observed increase in helper effort as chicks aged was unlikely to be due to an increase in energy demands per chick because we observed a concurrent reduction in parental effort as chicks aged (Figure 6). Instead, greater helper effort during the fledgling period could possibly be attributed to the fact that fledglings had considerably better survivorship than nestlings. Overall, the number of broods surviving (47%) was lowest during the nestling phase and highest (73% surviving) during the fledgling phase. Differential rates of mortality between early developmental stages have been observed in other avian species (Sankamethawee et al., 2009; Ridley and van den Heuvel, 2012; Van de Loock et al., 2017) and may help explain differential investment by helpers. For example, in long tailed tits, helper investment has no significant effect on nest predation or nestling survival, but in the long-term helper investment does significantly influence fledgling recruitment (Hatchwell et al., 2004). Therefore, for magpies, helping during the nestling phase may have a higher probability of resulting in a cost of care with no benefit (due to high brood mortality).

While both males and females became helpers, we found that female helpers contributed more overall than male helpers. The propensity for one sex to help may be linked to whether or not that sex disperses, since the philopatric sex will receive more of the benefits of helping (Greenwood, 1980; Cockburn, 1998; Clutton-Brock et al., 2002). Veltman and Carrick (1990) found that in eastern Australian magpies, females were philopatric and males were the dispersing sex. However, more recent research has revealed dispersal strategies differ between magpie sub-species (Baker et al., 2000), and full information on dispersal rates for this population is not available. In the six years of close observation on our study population, juveniles have remained with the groups into which they were born and we have not observed a permanent dispersal event between study groups (Ashton et al., 2018). This lack of sex-biased dispersal may help explain our finding that both males and females became helpers but it does not explain why male helpers contributed less. One difference between helping patterns between males and females was that 75% of female helpers switched to helping after their broods failed, something which was less common for male helpers (only 25%). This facultative switch to helping after failed breeding has been observed in a number of species, including long-tailed tits (Aegithalos caudatus), and white-fronted bee-eaters (Merops bullockoides) (Emlen and Wrege, 1988; MacColl and Hatchwell, 2002; McGowan et al., 2003). For females, the costs of egg production and incubation (only females incubate for magpies) are likely to be very high energetically (Visser and Lessells, 2001; Vézina and Williams, 2002; Bowers et al., 2012). Thus, when the success of independent breeding is constrained, it might be more beneficial for females to invest more in helping and abandon any subsequent breeding attempts. Whereas males don't incur this cost and investing more in helping could compete for time and resources to seek out breeding opportunities and may lead to a trade off with time spent helping (Young et al., 2005).

For both parents and helpers, foraging efficiency was the most important parameter influencing the quantity of food provisioned to young. The amount of food that adults provisioned to young was positively correlated with how efficiently they foraged. Similar results have been found for cooperatively breeding meerkats and pied babblers (Turdoides bicolor), where individuals that were better at foraging either fed young more often, or fed young more biomass (Clutton-Brock et al., 2001; Thompson and Ridley, 2013). More efficient foragers will have less difficulty meeting their own energetic demands (Donnelly and Sullivan, 1998), and consequently feeding young may be less costly (Clutton-Brock et al., 2001). This suggests that helping behavior may be dependent on state, whereby helping becomes conditional on the individual's circumstances (such as energy levels, as suggested by Wright et al. (2001b) and others (Wright et al., 2001a; Zöttl et al., 2013a).



What Factors Influence How Much Parents Invest in Young?

When helpers were present, mothers reduced their investment in young, a finding that is in line with previous research demonstrating maternal load-lightening in other cooperatively breeding species (Crick, 1992; Meade et al., 2010; Zöttl et al., 2013b). Studies have demonstrated both theoretically (Johnstone, 2011) and empirically (Blackmore and Heinsohn, 2007; Ridley and Raihani, 2007; Meade et al., 2010) that when helpers reduce parental care load, parents can improve their overall fitness by re-allocating resources to their own survival or future reproduction. However, although helpers elicited a compensatory response in mothers, the same was not found for fathers. Overall, fathers invested considerably less time in young than did mothers. In fact, even when fathers increased their investment in young in the presence of helpers, it was still less than half of the amount contributed by the mothers that had reduced their investment. This relatively lower parental investment by social fathers is likely due to the excessively high extra-group paternity found in this subspecies (Hughes et al., 2003), where 82% of males in a social pair were not the father of the brood they were raising. The net result was that there was little difference in the average parental investment for broods with and without help (47% of time invested by parents without help and 44% by parents with help), indicating that care provided by helpers (on average helpers contributed 10.9 min and 0.25 g to the brood per observation) was additional to parental care. Although we did not detect a significant difference in short-term survival between fledglings with and without help, our analysis may have been limited by the small sample size (N = 30 fledglings) and sampling time frame. When offspring care by helpers is additional to parental care young are often heavier and more likely to fledge than un-helped young, thus the additional offspring care by helpers is potentially beneficial for both mothers and young in some way (including energetic and developmental benefits) (Hatchwell et al., 2004; Ridley and Raihani, 2007; Meade et al., 2010; Cusick et al., 2018).

In summary, our research has revealed social and individual traits that influence the occurrence of, and the level of investment in, the care of young. We demonstrated that for magpies, how much a group member contributes to offspring care is greatly influenced by the individual traits of age, sex, foraging efficiency and the social traits of group size and the presence of others also contributing to the brood. The plasticity of helping behavior and patterns of care seen here highlight the importance of considering the influence of a carer's social and individual traits when evaluating how and why a group member may engage in cooperative breeding.
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Behavioral coordination when provisioning offspring, through alternation and synchrony, has been hypothesized to influence rearing success. However, studying coordination at the pair level presents two analytical difficulties. First, alternating or synchronous (i.e., simultaneous) feeding can occur randomly and be induced by a shared environment. Therefore, a null model must account for this apparent coordination that occurs by chance. Second, alternation and synchrony in provisioning are intrinsically linked to the rate of provisioning itself, and the effects of coordination and provisioning rate, for instance on fitness, need to be distinguished. In this paper, we explore several randomization procedures and simulation scenarios to tease apart true coordination from random alternation and synchrony, and to find an appropriate statistical model for analyzing coordination. First, to establish a baseline of alternated or synchronous visits expected by chance, we took data from a natural population of house sparrows and randomized inter-feeding intervals in various ways. Alternation and synchrony in the observed dataset were higher than expected by chance under any of our randomizations. However, it was impossible to exclude that alternation and synchrony patterns did not arise due to the pair's shared environment. Second, to identify a way of statistically modeling coordination without generating spurious effects due to intrinsic mathematical relationships between coordination and provisioning rates, we simulated data according to different scenarios. Only one out of five candidate models for analyzing alternation was deemed appropriate, and gave similarly appropriate results for analyzing synchrony. This work highlights the importance and difficulty of finding an adequate null model for studying behavioral coordination and other emergent behaviors. In addition, it demonstrates that analyzing simulated data, prior to analyzing empirical data, enables researchers to avoid spurious effects.

Keywords: provisioning, coordination, alternation, synchrony, null model, simulation, house sparrow, emergent property


INTRODUCTION

In many biological systems, emergent patterns arise when different entities (such as molecules, individuals, groups of individuals, etc.) interact. To qualify a behavior as emergent, one needs to establish that the patterns observed are not merely randomly generated by the combination of two (or more) individuals' behaviors. To evolve via natural selection, this emergent behavior needs to have an effect on fitness that is not explained by the sum of the fitness effects of each individual's behavior. Recently, the possibility of an emergent property arising between provisioning parents, namely their behavioral coordination, has aroused interest among researchers of behavior and evolution (e.g., Mariette and Griffith, 2012, 2015; van Rooij and Griffith, 2013; Johnstone et al., 2014; Ihle et al., 2015; Bebbington and Hatchwell, 2016; Koenig and Walters, 2016; Iserbyt et al., 2017; Khwaja et al., 2017; Savage et al., 2017; Takahashi et al., 2017; Tyson et al., 2017; Leniowski and Wegrzync, 2018). Behavioral coordination in provisioning offspring could consist of synchronous (i.e., simultaneous) feeding or of alternated feeding by two or more carers, and both options have been hypothesized to influence the success of a pair in raising offspring. For instance, synchrony could reduce the conspicuousness of a brood to predators (Mariette and Griffith, 2012; Bebbington and Hatchwell, 2016; Leniowski and Wegrzync, 2018), while alternation could result from a simple form of conditional cooperation, turn-taking, or resolving sexual conflict between parents (Johnstone et al., 2014). Here, we define the number of alternated visits for each pair as the number of times a pair member visits the nest after its partner, and the number of synchronized visits as the number of times an individual visits the nest shortly after its partner (Box 1). Several attempts—predominantly observational—have been made to quantify pair coordination. However, analytical difficulties arise when studying emergent behaviors, which we outline below.


BOX 1. Glossary.

Alternation describes the temporal patterns of visits, whereby one parent's visit follows the visit of its partner. Alternation could be due to parental coordination or could be environmentally induced.

Apparent coordination: patterns of alternation or synchrony that resemble true parental coordination but may have arose through other processes, for example due to an environmental effect.

Conditional cooperation: a negotiation strategy initially proposed by Johnstone et al. (2014), in which each parent contributes more when the partner does too. Alternated visits could result from a simple form of conditional cooperation, turn-taking, resembling a tit-for-tat strategy, whereby a parent having provisioned offspring may restraint feeding until its partner has provisioned.

Coordination: alternation and synchrony patterns that result from an emergent behavioral interaction between the parents. In theory, emergent behaviors have been selected for because of their non-additive fitness benefits. Parents could follow rules of conditional cooperation (i.e., turn-taking) and alternate their visits, or could intentionally or adaptively synchronize their visits, to produce patterns of coordination.

Correlation in directional changes: short for correlation in a pair's within-individual directional change in interval length. A simultaneous change in the directional change of partners' provisioning rates can be environmentally induced. For example, both parents in a pair can show a simultaneous decrease followed by a simultaneous increase in provisioning rate, as the result of a shared third stimulus, like a change in weather (see Figure 1). The within-individual directional change can be gradual (temporal autocorrelation), or sudden. The correlation between the partner's directional changes (and between the partners patterns of intervals more generally) will create patterns of alternation.

Randomization: in this article, we use this term exclusively when we shuffle inter-visit intervals (whether they were observed or simulated) to create a null model against which to compare the initial dataset. For this comparison, we refer to the level of alternation measured in the randomization as the expected level of alternation.

Simulation: in this article, we use this term exclusively when we generate data according to specified parameters. This generated data can be random with regard to alternation and synchrony (for instance see dataset (b) in Part 1), or can include specific patterns of alternation (for instance, higher than expected due to correlated patterns of interval lengths (scenario 3 and 4, Part 2), or higher than expected due to an effect of brood size (scenario 5 and 6 in Part 2).

Synchrony describes a temporal pattern of visits whereby parents visit the nest “simultaneously” (within a specific time window, e.g., a 2-min window in this study). Synchrony could be due to parental coordination or be environmentally induced.
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FIGURE 1. Illustrative timeline of provisioning visits, with each bar representing a visit [female and male visits, in pink (dashed bar) and light blue (solid bar), respectively], and as a function of weather conditions. In this example, both parents have similar provisioning rates at any time, and their provisioning rates fluctuate simultaneously as a function of the environmental conditions. In blue is represented a period of gradual slowdown in provisioning visits, and in yellow a gradual but more sudden increase in the parents' provisioning rates. In these periods, we can see a directional temporal autocorrelation of the interval length within each individual. The correlation between the pair members' change in provisioning rate, which may be due to the environment, creates patterns of alternation. Depending on when the observation of the nest was made and the duration of that observation, the observer may capture a single directional change in the provisioning rates of the parents, or multiple directional changes in opposite directions and of different lengths (blue vs. yellow rectangles and slopes).



First, in order to study coordination at the pair level, one needs to disentangle active coordination between partners from patterns of synchrony and alternation that occur by chance. For example, a pair with similar provisioning rates might be expected, by chance, to alternate their visits to the nest around 50% of the time. However, it is not clear which null model best represents these patterns of apparent coordination that arise by chance. To determine more precisely what would be expected, one could simulate a random distribution of visits to the nest for each carer individually, before pairing them up and calculating the “random” (or expected) level of alternation and synchrony. Simulating visits independently for each partner would not include any pattern of intentional coordination between them. Higher synchrony or alternation than expected by chance would, therefore, suggest that pair members purposely coordinate their behavior. Previous studies of coordination have used different random null models (e.g., Johnstone et al., 2014; Bebbington and Hatchwell, 2016) and it is not clear whether these models are equivalent and predict similar baseline levels of coordination. More generally, it is important to know what factors can and/or should be considered when adopting null models to enable emerging patterns to be distinguished from random ones.

Secondly, it has been demonstrated that patterns of alternation could also emerge from a passive process [see also note on refractory periods in section Simulation of a random dataset (dataset b)]. That is, apparent coordination between the parents could occur unintentionally, independently of conditional cooperation (Schlicht et al., 2016). This might notably happen when both parents are simultaneously influenced by shared environmental conditions. In this case, the shared environment could lead both parents to have more similar intervals at any given time than when looking at each parent's intervals from different periods. When two partners have intervals of similar duration, one partner cannot visit the nest several times before its partner returns—which would reduce alternation. Therefore, this non-independence of both partners' intervals creates more alternation than expected by chance (Schlicht et al., 2016). In the field, we can expect that environmental conditions will affect the speed at which parents provision, and both parents may slow down or speed up their return to the nest. For instance, both partners could reduce their visit rate at the same time due to rain, a predator encounter, or local food depletion, and both progressively resume provisioning afterwards. This simultaneous response to environmental conditions could explain all or part of any detected non-random alternation (Schlicht et al., 2016).

To investigate whether this phenomenon could have confounded their results, Johnstone et al. (2016), and more recently Savage et al. (2017), checked that there was no directional change in individuals' inter-visit intervals over the entire duration of the nest watches. In the first case, nest watches lasted on average 80 min, while, in the second, they ran continuously over several days as visits were recorded automatically with PIT tags. However, simultaneous directional changes in visit rate might have occurred multiple times, in opposite directions, and for various durations, over the course of a nest watch. This would leave no apparent directional change overall (see Figure 1). Therefore, it is not surprising that within-individual directional change over the course of a long nest watch (e.g., continuously increasing or decreasing provisioning speed) was not observed in the studies of Johnstone et al. (2016) and Savage et al. (2017). In addition, and most importantly, it is not the directional change of one pair member (temporal autocorrelation) that creates patterns of alternation: it is the correlation between the pair members' patterns of inter-visit intervals (Schlicht et al., 2016; Santema et al., 2019). We will sometimes refer to this as “correlation in directional changes” (Box 1). In other words, an absence of within-individual temporal autocorrelation over a long time-scale provides no information on whether there was a change over a shorter timescale (e.g., a decrease and increase within one nest watch, for instance following a rain shower) and whether this change was simultaneous (or correlated) between partners. Unfortunately, it would be difficult to identify and measure all the potentially relevant environmental parameters, and all the appropriate time windows of various length, in which to measure simultaneous directional change (or, more generally, correlation in pair members' patterns of inter-visit intervals). Other ways of investigating whether true coordination behavior occurs in nature still need to be explored.

Finally, we need an appropriate measure of coordination to correlate the variation in pair behavioral coordination with a pair's reproductive success. Finding this measure is difficult because alternation, synchrony and total provisioning at the nest (as well as derivatives that appear to control for visit rate, see Part 2) are mathematically dependent. A more precise description and visual representation of the confounding mathematical relationships can be found in Box 2. However, current methods either do not allow for measuring coordination at the pair level, or do not adequately account for these inevitable relationships. In the initial test of the conditional cooperation hypothesis, Johnstone et al. (2014) compared, for the overall population, the rates of transition between two states: returning to the nest after one's own visit vs. after one's partner's. However, this population-level measure does not allow us to correlate the pair's coordination with their reproductive success. Rather than looking at population-level return rates, Bebbington and Hatchwell (2016) analyzed counts of alternated visits, a by-product of having different return rates depending on who visited the nest last. However, the way coordination was modeled did not account for its mathematical relationship with provisioning rate (see Part 2). As provisioning rate itself is expected to predict some variation in the pair's reproductive success (Liebl et al., 2016), if we later want to understand the impact of behavioral coordination on offspring fitness, we need a measure of coordination that is independent of the provisioning rate of the pair, and not simply its by-product.


Box 2. Mathematical relationships between synchrony, alternation and total provisioning.

Alternation occurs when a pair member visits the nest after its partner, rather than after itself. This means that the maximum number of alternated visits (Amax) that could be observed for a pair, given the observed male's and female's number of visits (Pm and Pf, respectively), is constrained by the smallest of each of the partner's number of visits, as well as bounded by the total number of visits (PT) observed at the nest. More precisely, if Pm ≠ Pf, Amax = PT - |Pm-Pf|, and if Pm = Pf (i.e., when both provision are at the same rate), Amax = PT - |Pm-Pf| - 1 (Figure 2). Furthermore, a visit is considered synchronous when an individual visits the nest only a short period of time after its partner, that is, when parents alternate their visits to the nest in quick succession (whether they provision at high or low rates). Therefore, the maximum number of synchronized visits that can be observed (Smax) is bounded by the number of alternated visits (A) that were actually observed (Figure 2). In addition, the likelihood of an individual visiting the nest shortly after its partner (i.e., to visit synchronously) necessarily increases when the provisioning rate of the partner increases (since the time between visits is shorter), further linking synchrony to the total number of visits observed. To summarize, within a nest watch, the number of synchronous visits (S) is necessarily correlated with the total number of visits and the number of alternated visits, while the number of alternated visits is itself necessarily correlated with the total number of visits and negatively correlated with the difference in number of visits made by both partners (Figure 2).
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FIGURE 2. (Center) Scheme illustrating the constraints on the range of values that the different mathematically related variables can take. Specifically, it represents the mathematical relationships between the total number of provisioning visits within a nest watch (PT, area within dark orange squares) and the difference between male's and female's number of visits (Pm and Pf, respectively; dividing the area of PT in 2 parts), with the number of alternated visits (A, orange square) and synchronous visits (S, yellow square). Square areas are proportionate to the number of visits (total, alternated, or synchronized). The number of alternated and synchronized visits can vary between 0 and the limit is indicated by broken arrows (broken square for Amax, and observed alternation A for Smax, respectively). (Bottom) Illustrative timeline of provisioning visits, with each bar representing a visit [female and male visits, in pink (dashed bar) and light blue (solid bar), respectively]. Longer bars represent alternated visits. Asterisks highlight synchronous visits. (Left) When Pm = Pf: A is bounded by PT - 1. (Right) When Pm > Pf: A is bounded by PT - |Pm - Pf|. In both cases, S is bounded by A.



In the first part of this study, we investigate whether active coordination can be distinguished from patterns of alternation and synchrony that arise by chance. We demonstrate how incorporating increasing numbers of factors when building up a random null model can lead to very different baselines of apparent coordination that only arise by chance. Additionally, we explore how the shared environment can passively increase apparent pair coordination by simultaneously influencing provisioning rate in both parents. For this, we slightly changed the order of naturally observed inter-feeding intervals, to maintain some of the potentially pre-existing episodes of correlated directional change in the intervals' lengths (see Figure 1). As a case study, we used a large dataset on provisioning behavior, gathered over 12 years on 580 individuals of a wild population of the socially monogamous house sparrow (Passer domesticus). Second, we used simulations to identify a way to statistically model coordination that, in contrast to previous analyses, has an acceptable Type I error rate for the effects of interest (i.e., no more than 5% of false-positive results). We applied this method to our case study dataset to investigate which house sparrow pair characteristics influence the amount of alternation and synchrony achieved when provisioning offspring. Such an approach, consisting of generating and analyzing simulated data prior to analyzing real data, could be used in many studies where statistical modeling is not trivial, for instance where mathematical relationships are expected between response and predictor variables. These methods could equally apply to other sequential behavior shared between two or more individuals, such as incubation or vigilance behavior.



PART 1: OBSERVED VS. EXPECTED COORDINATION

In this section, we create various datasets against which to compare our observed dataset. First, we used simulation and randomisations to create a baseline level of coordination, i.e., random null models. Second, we (indirectly) manipulated, in our observed data, the level of correlation in the pair members' patterns of visits (referred to as “correlation in directional changes” below, see Box 1) to explore how a shared environment could affect apparent coordination. Finally, we contrast the level of coordination observed in our study case dataset, to the level of coordination reached in all the derived datasets, and speculate on the distinction between true coordination between the parents and patterns of alternation that occur passively due to their shared environment (see Box 1).


Observed Dataset (Dataset a)

The dataset used for our case study (dataset a) was collected on a closed, wild house sparrow population breeding on Lundy Island, UK (51°10′N, 4°40′W). We selected 1,599 video recordings ~90 min in length (median 90, range 4–122.6, see Supplementary Text 1 for justification not to exclude videos based on duration) taken between 2004 and 2015 of parents provisioning at nest boxes. On average, 1.8 videos (median 2, range 1–3) were taken per brood, featuring 299 different social mothers and 281 different social fathers. The recorded males and females formed 473 different pairs, and each parent was observed over a mean of 4.7 broods (median 4, range 1–20). Each parent visited their nest ~10.8 times per hour (median 10, range 1–51). The number of alternated and synchronized visits were calculated for each nest watch, with synchrony defined as the occurrence of an alternated visit within a 2-min interval, as in Bebbington and Hatchwell (2016). This time window, although arbitrary, is also both greater than the median duration spent in the nest during a visit (median = 0.3 min, range = 0–47.7 min), allowing the first bird time to feed prior to leaving the nest and be followed by its partner, and below the median duration of individual inter-visit intervals (median = 3.3 min, range: 0–74.1 min). Because the most appropriate time window is unknown, other time windows (1.5 and 2.5) were also explored, leading to qualitatively similar results (see Supplementary Text 1). Pairs performed a mean of 12 alternated visits per hour (median 11.5, range 0.6–38.7) and 7 synchronized visits per hour (median 5.6, range 0–34.5). Further field protocols and data selection procedures can be found in Supplementary Text 1. Data handling, selection, randomization, and simulation were performed in R version i386 3.5.1 (R Core Team, 2017) and all codes are available in a permanent repository (https://doi.org/10.5281/zenodo.2635443).



Simulation of a Random Dataset (Dataset b)

In order to simulate nest visit data, we assumed that the stochastic nature of the timing of an individual's nest visits is well-described by a Poisson process (see Pick et al., 2019). This assumes that, within an observation, an individual visits their nest at a certain rate, but due to the many stochastic factors that affect the exact length of each visit (e.g., interactions with other birds, finding food, etc.), the length of the inter-visit intervals within an observation follows an exponential distribution (i.e., the bird's probability of arrival is constant over time and shorter intervals are more likely than longer ones). This assumes that there is no refractory period. Although this may seem unlikely, a (near) exponential distribution of visits has been found in many species including ours (see Pick et al., 2019 and Supplementary Figure 1) and the same assumption has also been made in related work (Johnstone et al., 2014). Refractory periods (or non-constant return rates) can, in addition to the non-independence of intervals, creates more alternation than expected by chance (Schlicht et al., 2016). Therefore, assuming no refractory period in this random null model may underestimate the level of coordination expected by chance.

To simulate data following a Poisson process, we used the observed mean (μO) and standard deviation (σO) of provisioning rate from our study case dataset. We estimated these parameters on the expected (or latent) scale (i.e., without stochastic Poisson distributed error; μe = μo and [image: image]). Then, we sampled expected provisioning rates from a lognormal distribution with these parameters and added Poisson distributed error to the resulting rates to generate counts of nest visits. To simulate nest visit times within the simulated observation period, we drew the corresponding number of samples from a uniform distribution (i.e., where every arrival time is equally likely) bounded by 0 and 90 (the most frequent duration of our observations). This means that, as intended, the arrivals were stochastically spread through the observation period with exponentially distributed intervals (see Supplementary Figure 2 for a graphical description of all the steps described here). This procedure was conducted independently for two birds in each simulated nest watch, thereby generating a random set of provisioning visits and a random pattern of coordination between partners (Figure 3B). We generated 1,599 such nest watches in total, to match the number of observed nest watches. The distribution of simulated inter-feeding intervals matches the distribution of naturally observed intervals well (e.g., ranges, medians, and shapes of distribution, see Supplementary Figure 1).
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FIGURE 3. Illustrative timeline of inter-feeding intervals for six datasets, with each line (nest watch 1) or arrow (nest watch 2) representing an interval (female and male visits in pink and light blue, respectively). Random datasets (randomized or simulated) are in green boxes, and those can be used as baseline expectation to compare the observed coordination. Datasets used to explore whether and how a shared environment can passively induce alternation are represented in blue boxes. In the first nest watch of the first dataset (A), black arrows represent the transition from one partner to another, i.e., alternated visits. Note that one visit can be involved in zero, one, or two such transitions. Asterisks highlight synchronized visits. Five datasets are derived from the observed dataset (A): (B) intervals (in gray) were simulated according to the observed parameters (population mean and standard deviation of provisioning rate) to create patterns that do not contain any active coordination or environmentally induced alternation, and only contain alternation and synchrony occurring by chance, (C) observed intervals were randomized among individuals of the same sex and same provisioning rate, to break down active coordination and environmentally induced alternation, while maintaining the properties of observed intervals (e.g., potential refractory periods) (D) observed intervals were randomized within individual within nest watch to break down active coordination but maintain the interdependencies of intervals produced in a same overall environment (e.g., properties relative to the regularity of visits of a specific individuals), but probably does not include any finer-scale environmentally induced alternation, (E) consecutive observed intervals were switched in one randomly picked pair member (blue arrows) with the intent to break down some active coordination and maintain some environmentally induced alternation, and (F) observed intervals were sorted by length within each individual within nest watch to visualize the maximum possible alternation that could have been induced by a simultaneous directional change in interval length (given a set of intervals), which could be produced by the influence of a shared environment.





Randomization of Observed Inter-feeding Intervals (Datasets c and d)

Another way of generating random distributions of feeds is to randomize observed inter-feeding intervals in order to break down any potential pattern of active coordination between pair members. Importantly, randomizing observed inter-feeding intervals, as opposed to simulating fictional intervals, maintains the known and unknown biological properties (including refractory periods) of the original intervals as part of the null model. Moreover, the provisioning rate of an individual during a specific time window will constrain the range of inter-feeding intervals that can occur. For this reason, to simulate another random distribution of feeds over time, we randomized all naturally observed inter-feeding intervals from house sparrows with the same provisioning rate (calculated in number of visits per hour) and the same sex (procedure comparable to (Bebbington and Hatchwell, 2016), see Supplementary Text 1). We will call this an “among nest-watches” randomization (Figure 3C).

Additionally, one could consider the non-independence of different naturally observed nest watches because they feature, for example, a similar male, female, pair, or nest location. Moreover, at equal provisioning rate, an individual could be consistently very regular or very irregular (intrinsically, or due to its environment), which could influence the ease with which its partner can coordinate visits, as well as influencing the level of coordination occurring by chance. To take these dependencies into account, we randomized inter-feeding intervals from each observed bird, within each observed nest watch, as was done on a study on great tits (Johnstone et al., 2014). We will refer to this procedure as the randomization “within individual within nest watch” (Figure 3D).

Each randomization procedure was iterated 100 times for each of the 1,599 nest watches and coordination medians were calculated across the 100 iterations for each specific nest watch. We used medians rather than means of coordination values because Poisson models need integers as the dependent variable (medians and means were highly correlated, N = 1,599, r > 0.99, p < 0.001).



Exploration on the Non-independence of Consecutive Inter-visit Intervals (Datasets e and f)

Finally, within the time-frame of a single nest watch, consecutive inter-feeding intervals can share additional dependencies, and be more similar to each other than inter-visit intervals further apart—a phenomenon known as temporal autocorrelation. As mentioned in the Introduction, the non-independence of both parents' inter-visit intervals in any given period, such as a simultaneous directional change in the duration of the inter-feeding intervals of both partners (which could be induced by environmental conditions and change direction for variable duration several times within a nest watch, see Figure 1) will create patterns of alternation (Schlicht et al., 2016). To demonstrate this principle, Schlicht et al. (2016) included an extra parameter in a within-individual randomization procedure, such that intervals would get more or less strongly sorted by duration, for each partner separately, and over the entire duration of a nest watch. They found that the frequency of alternated visits in such “sorted” randomization can reach levels of alternation similar to those observed in great tits, even with a relatively weak sorting parameter (Schlicht et al., 2016, based on Johnstone et al., 2014 Data). Choosing the entire duration of the nest watch for a directional change, while probably not realistic, is a useful proof of principle. It is important to remind ourselves that correlated directional changes in visit rates between partners are difficult to measure, since they would not occur in a fixed time-scale. Instead, individuals are likely to co-vary in their behavior due to stochastic events that vary in the duration and direction of their effects (see Figure 1). Using our case study dataset, we manipulated the level of temporal autocorrelation within individuals to explore how changing the level of correlation between each partner's directional change affects the expected number of alternated visits.

First, we switched consecutive intervals in one randomly picked partner (while keeping visits of the other pair member unchanged, Figure 3E). This should maintain some of the temporal autocorrelation (and correlation between partners' directional changes thereof) potentially present in the observed data, and therefore maintain some of the alternation due to this process. At the same time, this should break down some of the pattern of alternation actively expressed by the individuals (true coordination). These predictions are made under the assumption that the time-frames of the environmental influence (bouts of directional changes, see Figure 1) are wider than the time-frame at which pair members react to their partners following conditional cooperation rules (presumably almost after each visit).

Second, we fully sorted the intervals of both partners over the entire course of the nest watch and recalculated the maximum alternation that could have been reached with this process (Figure 3F).



Case Study: Observed vs. Expected Coordination

The mean of coordination (counts of alternated and synchronous visits separately) across each dataset (observed, simulated, randomized among, randomized within, switched and sorted) were compared using a generalized linear mixed effects model with a Poisson error distribution and log link function. The types of dataset were modeled as fixed effects, the nest watch identity as a random effect, and the observed number of coordinated visits was the reference (intercept). A post-hoc Tukey contrasts test was used to compare the coordination means of all types of dataset, using the function ghlt from the package multicomp (Hothorn et al., 2008). All analyses were performed in R version i386 3.5.1 (R Core Team, 2017).

Results

Pairs of wild house sparrows alternated and synchronized their visits to the nest more than expected by chance, as estimated from both types of randomization and from a randomly simulated dataset (all p < 0.0001, Figure 4 and Supplementary Figure 3, respectively, black vs. green). The number of alternated visits obtained when switching consecutive intervals was significantly greater than when intervals were fully randomized within the individual within nest watch (Figure 4 dataset e vs. Figure 4 dataset d). This difference is likely to represent environmentally induced alternation. Indeed, randomizing intervals across the whole nest watch (Figure 3D), as opposed to switching consecutive intervals (Figure 4 dataset e), would have led to a greater disruption of any simultaneous directional change. In other words, a more complete randomization should maintain less environmentally induced alternation, assuming the time-scale of environmental influence is larger than the time-scale for conditional cooperation (see above). Sorting the intervals from each individual within each nest watch according to their lengths created high levels of alternation, confirming the demonstration of Schlicht et al. (2016) (Figure 4 dataset f). The dataset where observed intervals were sorted (Figure 4 dataset f) and the dataset where the observed intervals were randomized within nest watches (Figure 4 dataset d) are datasets that contain, respectively, the highest and the lowest amounts of alternation due to a correlation in directional changes, given a set of intervals. Alternation observed (Figure 4 dataset a) falls between those two extremes. In addition, alternation in the dataset with switched intervals (Figure 4 dataset e) was significantly lower than the alternation observed (Figure 4 dataset a), which, if we assume the time-scale of the environmental influence to be wider than the time-frame at which cooperation takes place, would mean that there was more active coordination between the observed pair members than expected by chance.
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FIGURE 4. Mean percentage of alternated visits (±95% CI) out of the theoretical maximum (calculated according to both partners' provisioning rates—see Box 2). Random data (randomized or simulated) are in green, and those can be used as a baseline expectation to compare with the observed alternation [(a), black]. The exploration of the process under which shared environmental influences affect partners' patterns of visits, and increases in the levels of alternation is represented in blue. All plotted pairs of means are significantly different (Tukey contrast post-hoc test, all p < 0.0001) except for between the simulated dataset and the randomization among nest watches (p = 0.34).



Conclusions

More complete randomisations (i.e., a greater disruption of the shared environmental influence and of any simultaneous directional change), led to stronger reductions in the level of alternation. If we assume that the time-scale of environmental influence is larger than the time-scale where parental coordination takes place, this suggests that environmentally induced correlation in directional change may play a role in this observed dataset. Nevertheless, the observed number of alternated visits in this dataset is significantly higher than in the most conservative randomization (i.e., within individual randomization, Figure 4 dataset a vs. Figure 4 dataset d). Although we cannot assert that this difference is due to parental coordination, demonstrating that observed alternation is higher than random alternation is a prerequisite for any study analyzing the effects of alternation and synchrony on fitness. To summarize, the processes leading to environmentally induced patterns of alternation could explain part (or all) of the observed alternation.




PART 2: ANALYZING COORDINATION

In this section, the aim is to model coordination to test whether alternation and synchrony are predicted by the pair or the brood characteristics (such as pair bond duration, pair provisioning effort, brood size, nestling age, etc).

Problematically, coordination in provisioning and total provisioning at the nest are mathematically dependent (see Box 2). In a first attempt at addressing this issue, Bebbington and Hatchwell (2016) modeled coordination scores equal to the number of alternated visits (or synchronous visits, respectively) divided by the total number of visits minus one. However, modeling coordination with this ratio poses problems. (1) If any explanatory variable is correlated with the total provisioning rate (such as brood size), then it would appear to be negatively correlated with this score (or a positive effect could be masked). This is because, if provisioning rate is the denominator, as provisioning rate and brood size increase then the coordination score will decrease, leading to a negative correlation between brood size and coordination. (2) Since alternation and synchrony are counts of visits, it would be best to keep them untransformed and model their Poisson distributed error in order not to underestimate effect sizes (Pick et al., 2019).

Here, we use simulations to identify a way to statistically model coordination that, in contrast to previous analyses (see e.g., model ii below), has an acceptable Type I error rate (i.e., no more than 5% of false-positive results) for effects of interest. More precisely, we first consider a set of candidate statistical models with which to model coordination. Then, we simulate scenarios where total provisioning rate is simulated to be correlated to brood size (as observed in our dataset) and where coordination observed is either similar to or higher than what would be expected by chance, for either one of two reasons: (1) due to a simulated impact of the influence of the environment on both pair members, or (2) a simulated effect of brood size on coordination. Next, we analyze the simulated data with each of the candidate models in each of the simulated scenarios and analyse the type I error rate for each of their factors. We reject models which led to a significant effect of brood size on alternation when this effect was not simulated. Finally, we analyze our observed dataset with the model that was found to be most appropriate according to the simulations of analyses.


Candidate Models

We considered five models to analyze alternation and then used the best performing model to analyze synchrony. These models represented a combination of models that had already been used to analyze coordination, and new models to address the fact that a certain degree of coordination occurs by chance in any given dataset (Figure 4) and that there are mathematical links between coordination, total provisioning and difference in provisioning between partners (Figure 2). To this end, the latter models (model iii, iv, and v) focus on modeling the deviation from randomness by using the within-nest randomization procedure outlined above (see section “Randomization of observed inter-feeding intervals”). This was the most conservative randomization as it included most of the intervals' interdependencies.

In the first model (i), we analyze alternation as an absolute count (assuming a Poisson error distribution—exact models described in more detail below). This represents a completely uncorrected model. In model ii, we model alternation as the ratio of number of alternated visits to total number of visits (as in Bebbington and Hatchwell, 2016). In model iii, we analyze coordination directly as a deviation from random, calculated as the difference in number of alternated visits between observed and randomized data within each nest watch (a value used to model fitness in Bebbington and Hatchwell, 2016). In model iv, the deviation from random in coordination was modeled indirectly by including both observed and randomized data as counts (with a Poisson error distribution), and an interaction between the type of data (observed vs. randomized) and all the predictors. In this model, the intercept and main effects represent the model estimates for the randomized data, and the interaction terms (e.g., between Type and Brood Size, latter referred to as Type:BS) represent the contrast between the estimates for randomized and observed, in other words the deviation from random. The interaction terms are therefore equivalent to the respective main effects in models ii and iii. Finally, in model v, we sought to account for the total possible alternation given the visit rates of the two birds. More precisely, we calculated Amax following the equation given in Box 2, and modeled alternation as a proportion of the maximum number of alternated visits that pairs could have achieved in a binomial model (number of alternated visits A, vs. the number of missed alternated visits, Amax-A). As in model iv, we included both observed and randomized data, and the interaction between predictors and the type of data (observed vs. randomized).



Simulation Procedures for Determining How to Statistically Model Coordination

To explore which of these models would be most appropriate for analyzing variation in coordination, we simulated data and analyzed them with the models outlined above. We implemented six different scenarios to demonstrate the mathematical relationships that arise between coordination in provisioning and provisioning rate itself (Box 2), and between coordination and a variable correlated with provisioning rate. Here, we used brood size, which is typically correlated with provisioning rate in observed datasets, and which has been shown to affect coordination in wild zebra finches (Mariette and Griffith, 2015). All simulations were repeated 1,000 times and the rates of false-positive results reported as the criteria for assessment of the appropriateness of the models.

Simulated Scenarios

To simulate data, we built upon the procedure presented above [“Simulation of a random dataset (dataset b)”]. For all six scenarios, provisioning rates were randomly generated according to the population parameters and following a Poisson process, and in half of the scenarios (scenarios 2, 4, 6, Table 1), we simulated provisioning rates to be correlated with brood size. Nest visits were then generated randomly within observations of 90 min, and subsequently sorted according to scenario (see below).



Table 1. Summary of the effects simulated in each of the six scenarios that were built to define which statistical models would be most appropriate for analyzing variation in coordination.
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In scenarios 1 and 2, the randomly generated inter-visit intervals were left unsorted (Table 1, first row Figure 5). In scenarios 3 and 4, we simulated a higher alternation than expected by chance by fully sorting the intervals for both partners, mimicking the phenomenon leading to environmentally induced alternation described in Schlicht et al. (2016) (Table 1, second row Figure 5). Fully sorting the intervals of both individuals may represent a fairly extreme scenario, but it does not induce the maximum possible alternation (Figure 4 dataset f). This was done to create a statistical difference between observed and random levels of alternation. In scenarios 5 and 6, we simulated an additional effect of brood size on alternation. In the field, both parents could pick up cues on the brood size and adjust their provisioning patterns to their brood's needs, potentially increasing cooperation with higher offspring demand (Mariette and Griffith, 2015). Here, we created an effect of brood size on alternation by having the intervals of one randomly picked pair member fully sorted, and partially sorting the inter-feeding intervals from the other partner more or less strongly according to brood size (Table 1, third row Figure 5). To do this, we simulated an auxiliary variable that was correlated to the order of intervals with a correlation coefficient equal to the sorting parameter. The sorting parameter varied with brood size so that it was 0 for nests with 1 nestling, 0.5 for nests with 4 nestlings, and 1 for nests with 7 nestlings (the maximum number of nestlings we ever observed). Then we reordered the intervals according to the auxiliary variable. These simulation steps are not meant to represent a biological mechanism but are designed to induce alternation that is correlated with brood size, i.e., a statistical effect of brood size on alternation.
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FIGURE 5. Mean number of alternated visits in simulated nest watches (±95% CI) as a function of the total number of visits (left panels) and brood size (right panels). For each scenario (half rows, with number referring to the scenarios described in Table 1), we plotted the alternation of one representative simulated dataset of 1,599 nest watches (chosen randomly among 10 simulations which all appeared to be qualitatively similar; in black), as well as the alternation obtained after randomizing that simulated dataset (according to the within-individual randomization procedure; in green), which can be used as a baseline expectation. For all three scenarios on the left hand-side, the provisioning rate was not simulated to be correlated with brood size. For all three scenarios on the right-hand side, the provisioning rate was simulated to be correlated with brood size. For scenario 1 and 2 (top row) alternation was simulated to be random, for scenario 3 and 4 (middle row), alternation was simulated to be higher than expected by chance due to correlation in directional changes, for scenario 5 and 6 (bottom row), alternation was simulated to be higher than expected by chance due to an effect of brood size. An appropriate analysis should only detect an effect of brood size on alternation in scenario 6, where it was specifically simulated. The total numbers of visits were categorized in increments of 20; simulated nest watches with more than 100 visits (between 6 and 20 cases) were pulled into the last category (“81–136”). Nest watches with more than 5 nestlings (n = 4) were pulled into the category “5+” nestlings.



Figure 5 illustrates these scenarios and some of the spurious effects that could emerge when modeling alternation. In scenarios 2, 4, and 6, where brood size is correlated with the total provisioning rate, itself correlated with alternation (Box 2), alternation seems to increase with brood size (Figure 5, right hand-side panel). Such an effect should only be detected in scenarios 5 and 6, where it is specifically simulated (Table 1, Figure 5, bottom row). In scenarios 3–6, where observed alternation is simulated to be higher than random, an effect of total provisioning on the level of alternation seems to appear, even though it was not specifically simulated (Figure 5, bottom two rows).

Model Parameterization

We modeled alternation in these simulated scenarios with the five models presented above. Model i was run as a generalized linear mixed model (GLMM) with a Poisson error distribution and an observation level random effect to account for over-dispersion. Models ii and iii were run as linear models (LM) with a Gaussian error distribution. Models iv and v were run as GLMMs with Poisson and Binomial error distributions, respectively, and with nest watch ID as a random effect. Predictors for all models were the total number of visits, the difference in number of visits between the partners (which was used in the model of Bebbington and Hatchwell (2016) and that we included for exploration purposes), and brood size (all as continuous variables). All model structures are summarized in Table 2. Similarly, we modeled synchrony following the structure of model iv, the best performing model for alternation. All simulations were coded in R version 3.5.1 (R Core Team, 2017). GLMMs were performed with the lme4 package (Bates et al., 2015) using the bobyqa optimizer and, in all models, all non-categorical predictors were z-transformed so that their mean would be centered on zero and their standard deviation equal to 1.



Table 2. Model structure for the 5 candidate models to analyze alternation.
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Rates of False Positive Results

To assess whether a model is appropriate, one can verify that it does not produce more than 5% of significant results for a variable that was not simulated to have an effect. Therefore, for each parameter in each model, we calculated the percentage of significant results out of all the simulation iterations where all statistical models converged (range: 797–992 out of 1,000 simulations per scenario). For all non-simulated (false) positive effects that were close to the accepted threshold of false positive (i.e., from 5 to 10% for a threshold of 5%), we tested whether the number of significant results was higher than random using a binomial exact test (given a significance threshold of 0.05). On average, given the number of iterations and this threshold, false positive rates of 5.8% (range: 5.2%−6.3%) in our models were not different compared to random. Table 3 shows the percentage of significant results for factors of all models and scenarios.



Table 3. Percentage of significant results out of 1,000 simulations, for all factors of each of the 5 candidate models (models i to v) for analyzing alternation and model iv for analyzing synchrony, provided for each of the six simulated scenarios (numbers in brackets, see Table 1).
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Brood size

In scenarios 3–6, observed coordination was simulated to be higher than expected by chance; this effect can be seen for models iv and v when the percentage of significant effects for the type of data (Type, shown in the intercept, see Table 3 legend) is 100% (Table 3). In scenarios 2, 4, and 6, provisioning rates were generated such that they would correlate with brood size, but only in scenarios 6 was coordination simulated to be higher than expected by chance due to an effect of brood size. In scenario 2 and 4, spurious effects of brood size on coordination deviation occurred in models i, ii, iii, and v. For these models, outputs indicated a significant effect of brood size on alternation in more than the accepted rate of false positive results for these simulations (scenarios 2 and 4, highlighted in bold in Table 3). These models had higher Type I errors (significant result when no real effect exists), than our threshold. Therefore, these models were rejected. Model iv (Poisson model using the aforementioned interaction) detected the simulated effect of brood size on alternation or synchrony (scenarios 5 and 6), but did not lead to spurious effects, even when total provisioning was simulated to be correlated with brood size [scenarios 2 and 4 Table 3, Figure 5 (4)].

Total provisioning and difference in partners' provisioning rates

In all models, the total number of visits (PT) and the difference in visits between the partners (P|m−f|) always led to false positive results (Table 3). For models i to iii, PT and P|m−f| were always significant, while for models iv and v, Type:P|m−f| and Type:PT were significant as soon as there was more alternation than expected by chance (scenario 3 to 6, Table 3). We conclude that none of the models were helpful in testing whether there was an additional effect of provisioning rate on alternation, as their inevitable relationship would systematically appear (see also Figure 5 left panels, scenarios 3 to 6 to visualize those artifacts inherent to the data).

Conclusion

Overall, model iv was deemed the most appropriate model with which to analyse our case study data when investigating the relationship between coordinated pattern of visits and the pair and brood characteristics (such as pair bond duration, nestling age, brood size, etc), as it did not lead to a spurious effect of brood size. We believe that this model would be the most appropriate for other analyses of alternation, synchrony, and other such emergent behaviors. However, we still advise using similar simulations to test this with different data structures to confirm that the model does not lead to spurious effects.



Case Study: Predictors of Coordination

We modeled house sparrow pair coordination (alternation and synchrony separately) with the structure of model iv. More precisely, we modeled the coordination in naturally observed or randomized nest watches with the type of data [observed or randomized within individual within nest watch, having the expected level of coordination as the reference (intercept)], and all the predictors in interaction with the type of data, in a model with Poisson distributed error. Predictors were, in addition to those included in the simulation, the average of both parents' ages as a measure of their experience (in this population, pairs assortatively mate by age; the correlation between male and female age across N = 1,599 nest watches (with pairs being represented multiple times) is r = 0.34, p < 0.0001); the number of broods a pair has already reared together (successfully or unsuccessfully) as a measure of their familiarity to each other (which is correlated with the mean age of the pair across N = 1,599 nest watches, r = 0.65, p = 0.0001, but our mixed effect models separated both effects adequately); the number of days after the first of April of that year and the time, relative to sunrise, at which the video recording was taken, to control for major variation in the environment; whether or not a male had nested in this nest box prior to the recorded breeding attempt, as a measure of its (and usually the pair's) familiarity with its environment; nestling age as a categorical variable (nestlings are routinely recorded at 6 and 10 days old; recordings deviating from that were pooled according to whether they were inferior, superior or equal to 9, see Supplementary Figure 4), along with the number of nestlings on the day of recording (brood size), as a measure of parental workload. Random effects were the brood ID, the social mother, social father and social pair IDs, the breeding year, the combination of the pair ID and the breeding year, the nest watch ID, and an observation-level ID to account for over-dispersion.

Results

Predictors of interest

None of the predictors had a significant effect on the deviation in coordination [by looking at the factors in interaction with the type of data (observed or randomized)]. This included the parents' experience and familiarity with each other, the familiarity with their environment, and all the predictors relative to the parental workload or the environment itself. The models confirmed that the type of data itself (factor Type) was significant (p < 10−10 and p < 10−5 in the models of alternation and synchrony, respectively) with the observed alternation and synchrony being more frequent than expected (as shown in Figure 4 and in Supplementary Figure 3).

Total provisioning and difference in partners' provisioning rates

In our simulations, as soon as we generated more alternation than expected by chance, we obtained a positive effect of provisioning rate (PT) and negative effect of the difference in provisioning rate between the partners (P|m−f|) on alternation (see Table 3, Figure 5, and Supplementary Table 1). When modeling alternation in the observed dataset, those effects were 6 times smaller and non-significant, although in the same direction. However, the simulated alternation deviation (e.g., in scenarios 3 and 4, where we sorted intervals in both partners) was higher than the deviation that was observed in the study case dataset, and, therefore, the size of observed and simulated estimates cannot be directly compared. To know how the effect of PT and P|m−f| are expected to change with the degree of alternation, one would need to simulate variation in the extent to which alternation is greater than random. Simulating variation in alternation deviation was beyond the scope of this study, and therefore, we currently cannot interpret the effects of PT and P|m−f| in our model.

Full model outputs are presented in (Supplementary Text 2).




DISCUSSION

In the first part of this study, we investigated whether parental coordination can be distinguished from patterns of alternation and synchrony that arise by chance. We built several null models, either based on a simulation or on randomizations (Figure 3), and explored how the shared environment between partners could passively increase apparent pair coordination by simultaneously influencing provisioning patterns in both parents (Figures 1, 3, Box 1). Using our study case dataset, we found that the observed level of parental coordination was higher than expected under our most conservative randomization, however we concluded that we could not assign this difference to either parental coordination or the influence of the parents' shared environment (Figure 4, Supplementary Figure 3). Indeed, both members of a pair could, for instance, show a correlated gradual temporal change in the lengths of their inter-feeding intervals, matching a gradual change in environmental conditions, and leading to a pattern of apparent coordination of their visits to the nest, all of this being completely independent of any conditional cooperation (Figure 1). We confirmed with our simulations that this phenomenon could take place as described by Schlicht et al. (2016). We explored whether trying to increase or maintain parts of the correlation in the provisioning patterns of the partners had an impact on the level of alternation (Figures 3E,F), and our results are consistent with the idea that this phenomenon could be responsible for all or part of the coordination patterns we observed (see Figure 4, and below).

In the second part of this study, we aimed to model coordination and test whether alternation and synchrony were predicted by the pair or the brood characteristics (such as pair bond duration, pair provisioning effort, brood size, nestling age, etc). Given that coordination in provisioning and provisioning itself are mathematically related (Box 2) and that provisioning rate is also often correlated with other variables, such as brood size (like in our study case dataset), we researched how to analyse coordination without inducing spurious effects between, in this case, coordination and brood size (Figure 5). We considered a set of candidate models (Table 2) and simulated several scenarios (Table 1) to identify which statistical model would give an acceptable Type I error rate (i.e., no more than 5% of false-positive results) for our effect of interest. Model iv was deemed the most appropriate model with which to analyse our case study data when investigating the relationship between coordinated pattern of visits and the pair and brood characteristics, as it did not lead to a spurious effect of brood size in any of the 6 scenarios (Table 3). We believe that this model would be the most appropriate for other analyses of alternation, synchrony, and other such emergent behaviors. However, we still advise using similar simulations to test this with different data structures to confirm that the model does not lead to spurious effects. In our study case dataset, we did not find that any of the brood characteristics or pair characteristics were predicting variation in parental coordination (Supplementary Text 2).

Different authors have used different approaches to test whether behavioral coordination between the two parents provisioning their offspring happened more frequently than expected by chance (e.g., Johnstone et al., 2014; Bebbington and Hatchwell, 2016; Khwaja et al., 2017). Our work (Part 1) highlights the importance of carefully considering what the most appropriate null model is when studying behavioral coordination or any other complex behavior. Specifically, we clarified the mechanisms that give rise to apparent coordination, and different steps for taking them in to account when building a null model.

In addition, we presented an approach for statistical modeling (Part 2) that will prove evermore useful for addressing many questions in behavioral ecology (e.g., Class et al., 2017). While already well-established in other fields, this approach is still emerging in the field of evolutionary ecology (e.g., Allegue et al., 2017). First, we simulated data. Here, we did so according to parameters taken from an observed dataset, but a whole parameter range could be explored when no such a priori information exist. We then analyzed the simulated data with several candidate models. Finally, we analyzed real data with the model found to be most appropriate according to the simulation outcomes and rates of false-positive results. Given the complexity of the final model, conceiving this prior to the simulations would have been unlikely. In fact, not only does the simulation approach allow us to exclude analysis plans that would lead to spurious effects, it also allows us to design appropriate analysis plans prior to seeing the results from observed data. Simulations are therefore an ideal tool to plan statistical analyses, as encouraged by advocates of reliable science (Parker et al., 2016; Forstmeier et al., 2017; Ihle et al., 2017; Open Science Collaboration, 2017).

In this study, we assumed that the time window during which a possible simultaneous influence of the environment on the pair provisioning rate should realistically be relatively larger than the time-scale at which conditional cooperation would occur. Based on this assumption, we draw some speculative conclusions in Part 1. We found that maintaining some of this temporal pattern (by switching consecutive intervals) would lead to more alternated visits than a complete randomization among intervals within individuals and within nest watch (Figure 4 dataset e vs. Figure 4 dataset d); a difference which we attributed to apparent coordination, based on our assumption on the difference in time-frame for the two phenomena. However, this may not be the case, which would entirely prevent from teasing those two phenomena apart. First, gradual simultaneous directional changes in inter-feeding intervals, which were assumed in this study to mostly come from a gradual environmental influence, are also compatible with the conditional cooperation hypothesis (individuals gradually increasing or decreasing their provisioning rate along with their partners). For instance, one could imagine cycles where turn-taking pair members stimulate each other to increase their provisioning rates, until one exhaust itself resulting in both reducing their visit rates. The patterns of visits generated by such a pair in a stable and profitable environment would be virtually indistinguishable from the patterns induced by a more variable and stochastic environment. On the opposite side of the spectrum, perhaps more perplexingly, “instantaneous” conditional cooperation and environmental influences could also both exist and create patterns of alternation. As mentioned in introduction, it is the non-independence between the provisioning patterns of both partners that creates more alternation than expected by chance. This non-independence could take the form of a correlated gradual directional change as described previously, but alternatively, partners could both have constant regular intervals, or, to the contrary, partners could both frequently change their length of intervals in the same direction and do so simultaneously. For instance, on the one hand, individuals could react to their erratic partners after each visit, leading to a correlation in inter-visit interval length between partners at each point in time without creating patterns of temporal autocorrelation (that is, one interval would not resemble the next, but only resemble the interval of the partner at that time). This would be the most extreme case of conditional cooperation, which would require a very precise monitoring of the partner. On the other hand, environmental change at a very fine scale could lead to a similar correlation between partners within a very short time-frame (Santema et al., 2019). For instance, rapidly changing environmental conditions (such as the presence of a predator) could influence both partners to have a long interval, and then both partners again to have a short interval. This would leave no temporal autocorrelation within individuals, but maintain a strong correlation between both partners' patterns of visits. To conclude, without making any assumptions, we cannot associate gradual temporal change, erratic changes, or even regular visits, to either conditional cooperation or environmental influence.

Overall, even by taking into account all considerations presented in this study, it is currently impossible to exclude the possibility that the emergent patterns are due to a passive process that does not involve parental coordination. Teasing apart one phenomenon from another will be extremely challenging. Using correlational studies, it would require measuring all relevant environmental parameters, or having exceptional datasets where multiple nests from the same environment are observed simultaneously (for instance with the use of PIT tags) to help detect the signature of an environmental impact. Such dataset could provide an idea of whether general patterns of environmentally induced patterns of alternation occur. Such between nest effect would, of course, be weakened the more environmental variables are shared within pairs but not between pairs, for instance because they occur on a small geographic scale (e.g., presence of a predator). Alternatively, logistically challenging experiments would be needed, where one individual is manipulated to return faster to the nest (e.g., by selectively playing back begging calls or providing food) and the return rate of its partner examined (Santema et al., 2017) or where one parent's provisioning rate is kept hidden from its partner whose subsequent behavior is then analyzed (Iserbyt et al., 2015). More experimental work with ingenious designs are require to test the conditional cooperation hypothesis and whether pair coordination is an adaptive emergent behavior.

Finally, it is crucial that further studies explore the fitness consequences of pair coordination, in addition to showing that any alternation or synchrony is higher than expected by chance and/or that variation in coordination is predicted by pair or brood characteristics. This would provide a stronger basis for considering the adaptive significance of behavioral coordination. Thus far, the fitness consequences of behavioral coordination have been assessed in only a few instances (Raihani et al., 2010; Mariette and Griffith, 2012, 2015; van Rooij and Griffith, 2013; Bebbington and Hatchwell, 2016; Iserbyt et al., 2017). If we disregard cases where alternation has not been adequately disentangled from its intrinsic link with provisioning rate, little evidence remains in the literature that suggest fitness benefits of parental coordination. The evidence that does remain consist almost exclusively of a reduction of predation risk with increased synchrony (Raihani et al., 2010; Bebbington and Hatchwell, 2016; Leniowski and Wegrzync, 2018), which may be the sole realistic effect of parental coordination.



CONCLUSION

This work illustrates the need to identify the best null model to interpret counts of behaviors, especially in the case an emergent behavior arising from the collaboration of several individuals. In addition, it highlights the benefits of simulating data and simulating statistical modeling prior to the analyses of real data. Simulations can be used to avoid being misled by spurious effects generated by mathematical relationships. Such approaches could be incorporated into the planning of complex analyses, and could be included in a preregistration proposal, thereby improving the reliability of science (Open Science Collaboration, 2017).
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Cooperative breeding groups often involve “helpers-at-the-nest”; indeed, such behavior typically defines this intriguing breeding system. In few cases, however, has it been demonstrated that feeding nestlings by helpers, rather than some other behavior associated with helpers' presence, leads to greater reproductive success. One prediction of the hypothesis that feeding behavior per se is responsible for the fitness benefits conferred by helpers is that there should be close congruence between the patterns of helping-at-the-nest and the fitness effects of helpers. Here we look for such a relationship in the cooperatively breeding acorn woodpecker (Melanerpes formicivorus) in order to begin to identify the behaviors of helpers that drive the increased fitness benefits they confer. In terms of young fledged, a helper male confers approximately the same fitness benefits to a group as does a helper female; more dramatically, the effects of helper males increases with increasing food supply, most importantly the prior year's acorn crop on which this species depends, whereas that of helper females does not. These patterns do not match the nest-feeding patterns of helpers, which are greater for females than males and do not increase with a larger acorn crop the prior autumn. In contrast, the proportion of time helpers spend tending acorn-storage facilities (granaries) and are present in or near their home territory is greater for males than females and, at least for males, positively related to the size of the acorn crop. These results fail to support the hypothesis that the primary benefit conferred by helpers is feeding young in the nest; rather, they suggest that behaviors such as territorial defense and predator detection are more important. Understanding exactly what those behaviors are in this, and most other cooperatively breeding systems, remain to be determined.

Keywords: acorn woodpecker, automated telemetry, cooperative breeding, helpers-at-the-nest, helping behavior, Melanerpes formicivorus


INTRODUCTION

A central problem in the field of evolutionary biology is to understand why helpers help (Pennisi, 2005). Like other evolutionary questions, this problem can be approached at different levels of analysis (Tinbergen, 1963; Sherman, 1988). At the functional level, a classic answer for many cooperative breeding species is that the dispersal of helpers is ecologically constrained because of habitat saturation (Koenig and Pitelka, 1981; Emlen, 1982) and helpers are gaining what inclusive fitness benefits they can—that is, “making the best of a bad job”—by helping to feed and thus raise offspring to which they are genetically related (Emlen, 1991; Koenig, 2017). Among the issues that remain unresolved, however, is the question of what is driving the observed variability in helping behavior. Despite decades of work on dozens of species quantifying helping-at-the-nest, there are few studies demonstrating conclusively that helping behavior—in many cases the trait that defines cooperative breeding—is responsible for the increase in reproductive success observed in such taxa when helpers are present.

Because helpers are typically offspring of the breeders (Emlen, 1991), and since cooperative breeding is generally defined by the presence of more than a pair of individuals feeding at a nest, the assumption is typically that such helping behavior increases the reproductive success of the group, and that the additional offspring that helpers help raise, above and beyond what would be produced in the absence of helpers, confers inclusive fitness benefits. There are, however, several factors that complicate this assumption. One is that there are a sizeable number of cooperative breeding species that are not kin-based (Riehl, 2013), and thus, despite evidence supporting the importance of kin selection in many cooperative breeding systems (Russell and Hatchwell, 2001; Griffin and West, 2003; Browning et al., 2012), helpers are in some cases presumably gaining direct, rather than indirect, fitness benefits. A second problem is that helpers do not always appear to enhance the reproductive success of their group; in other words, increased offspring production is not always the best measure of fitness benefits for helpers. In many such cases, this appears to be due to compensatory care or “load-lightening.” This is the phenomenon whereby the help provided by helpers allows other group members to reduce their own investment and thereby presumably enhance their survival (and thus the helper's future indirect benefits; Mumme et al., 1989) at the cost of the helper's current reproductive success (Crick, 1992; Heinsohn, 2004; Russell et al., 2007; Hammers et al., 2019). There remain, however, cases in which no discernable fitness effects of helping have been identified (Leonard et al., 1989; Magrath and Yezerinac, 1997). A third issue is that offspring in some species delay dispersal but do not provision at nests, demonstrating that feeding at the nest is not an automatic consequence of delayed dispersal, but rather a phenomenon that demands its own explanation (Ekman and Griesser, 2016).

Even when fitness benefits of helpers appear unambiguous—that is, groups produce more young when they have helpers—it is often not obvious what helpers are doing that drives this effect. A classic example is the Florida scrub-jay (Aphelocoma coerulescens), where experimental removals revealed that despite helpers providing considerable food to nestlings (Stallcup and Woolfenden, 1978), a primary fitness benefit of helpers is not increased fledging success, but rather increased survival of young, including fledglings, largely as a result antipredator behavior around nests (Mumme, 1992). Thus, although there appears to be some benefit of feeding nestlings in terms of enhancing nestling condition, much of the benefit conferred by helpers is apparently not due to helping-at-the-nest per se, but rather to other beneficial, antipredator behaviors.

Yet another potential confound is that the presence of helpers may covary with factors associated with higher quality territories, and thus greater resource abundance, rather than any behavior or even the presence of helpers, may be driving the observed increased productivity. Thus, “why do helpers help?” remains an open question in many cooperatively breeding systems.

If feeding behavior per se is driving the fitness benefits conferred by helpers, one prediction is that the observed fitness benefits should mirror the patterns observed in the feeding behavior of helpers. If this is not the case, other behaviors are likely to be more important, especially to the extent that the patterns of variability observed in those behaviors match the observed fitness benefits of helpers. Alternatively, helpers may exhibit “alternative helping tactics.” For example, some individuals may provision offspring while others defend the territory. Analyses lumping helpers into a single category of helping behavior may cloud the interpretation of individual helper effects.

Here we address this issue in the cooperatively breeding acorn woodpecker (Melanerpes formicivorus). Our goal is to answer the question of whether helping-at-the-nest is driving the increased reproductive success of groups containing helpers, and if not, identifying other behaviors that may be contributing to those benefits.



BACKGROUND AND QUESTIONS

Acorn woodpeckers are cooperative breeders, common in western North America and highlands of Mexico and Central America, that live in polygynandrous family groups containing a variable number of breeders (1–8 breeder males and 1–4 breeder females) and an equally variable number (0–10) of non-breeding helpers, who may be of either sex (Koenig and Mumme, 1987; Koenig et al., 1995). Helpers are offspring of the breeders in the group and do not participate in reproduction either in their own or in other groups (Dickinson et al., 1995; Haydock et al., 2001). Thus, the system is not complicated by extra-group parentage and helpers are always closely related to the nestlings they help feed. Territories are typically focused around “granaries” containing hundreds to thousands of small holes, drilled by the birds over generations, in which acorns harvested directly off oak trees are stored each autumn and subsequently used as food for themselves during the winter and fed to nestlings, along with insects, the following spring (Koenig et al., 2008, 2016). The provisioning rate of helpers is also quite variable but substantial, particularly among older helpers (Koenig and Walters, 2011). Experimental studies have demonstrated that, despite considerable load-lightening (Koenig and Walters, 2012a), the feeding rate of both helpers and breeders is primarily determined by brood size rather than the converse (Koenig and Walters, 2012b).

Prior work has also indicated that there is a clear, positive effect of helper presence on fledgling success in this species. This effect, however, differs importantly between the sexes and, in the case of males, on food availability—with the positive effects of a male helper (but not a female helper) being significantly correlated with the size of the prior autumn's acorn crop (Koenig et al., 2011).

What are helpers doing that drives these results, particularly the dramatic difference in the dependence of the helper effect on the size of the acorn crop? Here we examine three hypotheses as to behavioral differences between male and female helpers that may be contributing to these patterns: (1) differences in nest-feeding rates, (2) differences in the amount of time birds spend storing acorns—important for subsequent nesting success—and tending storage facilities in the autumn, and (3) differences in “group-augmentation effects” (Kingma et al., 2014)—the proportion of time birds are present on or near their home territories and therefore able to contribute to other, non-nest-feeding-related cooperative behaviors benefiting the group such as defending the granary and scanning for predators.



MATERIALS AND METHODS

Acorn woodpeckers were studied at Hastings Natural History Reservation, a field station run by the University of California, Berkeley located in central coastal California, USA (36.379°N, 121.567°W). Birds have been color-banded and studied continuously at this site since 1972 (MacRoberts and MacRoberts, 1976; Koenig and Mumme, 1987). A recent summary of work in this population is provided by Koenig et al. (2016).

Analyses here include data from 1,427 group-years of reproductive success between 1972 and 2018; 3,645 nest watches for a total of 10,807 h of observation conducted between 1979 and 2018; 63 granary watches for a total of 170 h of observation done during the autumn and winters of 2013, 2014, 2017, and 2018; and 4,042 days of radio-tracking of 55 different individuals between 1 July 2017 and 31 October 2018. The tracking data included 481 days of monitoring 10 different helpers (4 males and 6 females).

Nest watches were conducted from blinds using spotting scopes to identify all individuals feeding at nests. Granary watches were similar, with the number of visits and length of time individuals spent at granaries being recorded. Radio-tracking was performed using an automated telemetry system. Birds were fitted with solar-powered nanotags (Pegan et al., 2018) weighing <1% of body mass with leg loop harnesses adjusted for body size (Rappole and Tipton, 1991). Tagged birds were detected by a permanently installed array of 43 autonomous, solar-powered base stations placed at the center of territories or within the centroid of a cluster of territories when they were <100 m apart.

Tags emitted an encoded 64-bit radio ping every 1.5 s when exposed to sunlight that were detected by nearby base stations. Detections were stored in files created every 15 min and stored on removable memory drives collected once per week. Instances of birds being detected at two base stations simultaneously were resolved by assigning the bird's location based on the greatest signal strength. The data used here were primarily estimates of the proportion of time helpers spent on or in the vicinity of their home territory, calculated for all days when an individual was detected at home during at least one 15-min time period. Additional details regarding this system are provided in Barve et al. (submitted).

In addition to the bird data, analyses involved estimates of the acorn crop at the study site based on annual visual surveys of 250 oaks (Quercus spp.) divided among the five species common in the study area. Surveys were conducted starting in 1980 and involved averaging the ln-transformed number of acorns detected on trees by two observers each counting as many acorns as they could in a 15 s period using binoculars when necessary (Koenig et al., 1994a,b). Because the acorn crop influences the reproductive success of acorn woodpeckers the following year (Koenig et al., 2016), analyses involving the acorn crop were restricted to woodpecker breeding seasons from 1981 to 2018.

Analyses were performed in R 3.5.1 (R Core Team, 2018). Analysis of the statistical effect size of a single helper was estimated by linear regressions of the number of young fledged during the spring breeding season on group composition (number of breeder males, breeder females, helper males, and helper females), territory quality (based on the size of the group's granary; 1: <1,000 storage holes, 2: 1,000–2,500, 3: >2,500), prior breeding experience (whether there had been a change in the breeder composition of either or both males and females since the prior breeding season), and the overall size of the prior autumn's acorn crop. Adding the interactions between the number of helper males and the acorn crop and the number of helper females and the acorn crop to this analysis tested whether the effect of the prior autumn's acorn crop differed significantly between helper males and helper females. Interactions were visualized using the R package interplot (Solt and Hu, 2018). Linear regressions testing the effects of individual helpers on the number of young fledged, controlling for group composition and prior breeder experience, were also conducted for each year to correlate the effect size of helpers in a particular year vs. the prior autumn's acorn crop. This latter analysis updates one presented in Koenig et al. (2011).

Whether helper males feed more than helper females was tested in two ways. First, using only helpers, we performed a general mixed-effects linear model [lme in package nlme (Pinheiro et al., 2019)] with feeds hr−1 as the dependent variable; sex, age of the helper (1: first year; 2: second year; 3: third year and older), group size, number of nestlings, age of nestlings, and the prior autumn's acorn crop as fixed factors; and bird within nest within group as a random factor. The variable of interest in this analysis was the effect size of sex on feeding rates.

Second, we selected nest watches for which there were only one helper male and one helper female and performed a matched-pairs Wilcoxon test comparing feeding rates of the two helpers. This analysis had the advantage of controlling for not only the factors considered in the prior analysis but any other factors that may have affected feeding rates at individual nests. Tests were conducted including all watches in which at least one of the helpers (either the male or the female) fed, and including only watches at which both helpers fed.

To test whether the feeding rate of male helpers varied with the size of the prior autumn's acorn crop, we performed the same general mixed-effects linear model of feeding rates described above, but included the interaction term between the size of the acorn crop and sex of the helper. The main variable of interest in this analysis was the interaction term.

Feeding rates are only a partial measure of the amount of effort being expended on feeding nestlings. We also recorded data on the number of feeding visits in which birds fed insects and acorns, and the size of the bolus being fed (1 = small bolus—no obvious food seen; 2 = medium-size bolus—food seen but causing the bill to expand only 1–2 mm; 3 = large bolus—food expanding the bill >2 mm). We tested whether the proportion of feeds consisting of insects and acorns differed between male and female helpers using the glmer procedure of package lme4 (Bates et al., 2015). The mean size of boluses being fed to nestlings by male vs. female helpers was tested using procedure lme. Mean size of boluses was estimated as (1 × boluses of size 1 + 2 × boluses of size 2 + 3 × boluses of size 3) divided by the total number of feeds for which bolus size was recorded. In both analyses, age category of helpers, the size of the prior autumn's acorn crop, and the acorn crop × sex of helper interaction term were included as factors, and group was included as a random variable.

To test whether helper males spent more time tending granaries than helper females, we performed a generalized model with a binomial error distribution using the proportion of time during the watch the bird was observed in the granary as the dependent variable and sex, age of the helper, group size, and the size of the current acorn crop as main factors. To test whether helpers spent more time tending the granary when the acorn crop was greater, we performed a parallel analysis including the interaction between size of the acorn crop and helper sex.

To test whether male and female helpers spent a greater proportion of their time off their home territory, where they are presumably engaging in forays in search of reproductive vacancies (Hannon et al., 1985; Barve et al., submitted), we performed a generalized linear mixed-effects model with a binomial error distribution using the proportion of time during each day that birds were present on their home territory as the dependent variable; sex of helper, age of helper, group size, territory quality, and the acorn crop as the main factors; and bird within year as a random factor. The proportion of time during the day birds were present was estimated by dividing each day (between 05:00 and 20:00 h PST) into 15-min intervals and determining how many intervals the bird was detected at either their home base station or a base station <250 m away.

The telemetry data encompassed 1.5 years; during the first year (July 2017–June 2018) the acorn crop was relatively small (mean number of acorns counted per 30 s = 7.53), whereas during the second year (July 2018–October 2018) the acorn crop was relatively large (mean number of acorns counted per 30 s = 19.59). Thus, to test for an effect of the acorn crop on the proportion of time helpers spent on their home territory, the acorn crop was coded “1” for samples between July 2017 and June 2018, inclusive, and “2” starting in July 2018 as the current year's acorn crop matured. As in the prior analyses, two models were run, the first including “sex of helper” and “acorn crop” as main factors and the second including both factors and their interaction.

In all analyses, males were coded as “1” and females as “2”; thus, positive effect size of “sex of helper” indicate that female values were greater than male values, while negative effect sizes indicate the reverse. Unless otherwise indicated, values presented are means ± 1 standard error.



RESULTS


Effects of the Acorn Crop on Helpers

Overall, both male and female helpers enhanced reproductive success by about 0.2 additional offspring per helper, although the overall benefit of a male helper was somewhat greater than that of a female helper (Table 1A). The more striking difference between the two was the dependence of the effect of a helper male, but not a helper female, on the size of the acorn crop (Table 1B). These differences are illustrated by the interaction terms between the number of helpers and the size of the prior autumn's acorn crop (Figure 1). On average, the effect of a helper on the reproductive success of a group is more or less the same regardless of the sex of the helper. However, the positive effect of a male helper, but not a female helper, increases with the size of the prior autumn's acorn crop.



Table 1. Linear regressions of factors influencing reproductive success of groups (A) without interactions between number of helpers and the acorn crop and (B) including these interactions.
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FIGURE 1. Graphical representation of the interaction between (Top) the prior autumn's acorn crop and the effect size of helper males on reproductive success of the group and (Bottom) the prior autumn's acorn crop and the effect size of helper females on reproductive success of the group. Both are based on linear regressions including group composition, territory quality, prior group history as main factors. Curved lines depict 95% confidence intervals. N = 38 years.



What drives these differences between the effects of male and female helpers on reproductive success? We addressed three hypotheses, testing for sex differences overall and for differences vis-à-vis the acorn crop.



Feeding of Nestlings

In a mixed-effects model of helper feeding rates, sex of the helper is highly significant, with female helpers feeding more frequently than male helpers (Table 2A). As a more tightly controlled comparison, we identified 213 feeding watches involving groups with one helper of each sex. Excluding cases where neither helper fed during the watch, mean feeding rate per hour per nestling (feeds hr−1 nestling−1) was 0.59 ± 0.06 for male helpers and 0.79 ± 0.06 for female helpers (matched-pairs Wilcoxon test, p = 0.03). Including only the 120 cases in which both helpers fed, the difference was even more pronounced (male helpers: 0.77 ± 0.08 feeds hr−1 nestling−1; female helpers: 1.16 ± 0.09 feeds hr−1 nestling−1; matched-pairs Wilcoxon test, p < 0.001).



Table 2. Linear regressions of factors influencing feeding rate of helpers (A) without the interaction between number of helpers and the acorn crop and (B) including this interaction.
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In the mixed-effects model without the interaction between sex of helper and the acorn crop, there was no significant relationship between the size of the acorn crop and feeding rates of helpers (Table 2A). In the parallel model including the interaction between the acorn crop and sex of helper the interaction was not significant (Table 2B).

The proportion of feeding visits in which helpers fed acorns increased significantly when the prior autumn's acorn crop was larger (Table 3A), and the mean bolus sizes fed to nestlings increased both with the size of the prior autumn's acorn crop and the age of helpers (Table 3B). In neither case, however, was there a significant difference between male and female helpers, nor was there a significant interaction between size of the prior autumn's acorn crop and sex of the helper (Table 3).



Table 3. General linear models of (A) the proportion of feeding visits in which helpers fed acorns vs. insects and (B) the mean bolus size of food fed to nestlings by helpers.
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Time Spent Tending Granaries

Male helpers spent a significantly greater proportion of time tending granaries in the autumn than helper females (Table 4A). Mean proportion of time spent in the granary during watches was 16.8 ± 14.2% for male helpers and 5.9 ± 9.7% for female helpers.



Table 4. General linear model of the proportion of time helpers spend tending the granary (A) without the interaction between the size of the acorn crop and sex of the helper and (B) including this interaction.
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Helpers of both sexes spent more time tending granaries when the acorn crop was larger (Table 4A). Based on the interaction between the size of the acorn crop and sex of helper there was no significant sex difference in this relationship (Table 4B).



Time Spent on and Near the Home Territory

Tagged male helpers spent twice the proportion of time on or near their home territory as did helper females (males: 46.8 ± 2.1% of the day; helper females: 23.3 ± 1.3% of the day). This difference was statistically significant (Table 5).



Table 5. Generalized linear mixed-effects model of the proportion of time helpers spend in the vicinity of their home territory (A) without the interaction between the size of the acorn crop and sex of the helper and (B) including this interaction.
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Overall, helpers spent a significantly higher proportion of time on or near their home territory the year the acorn crop was greater (Table 5). There was, however, a highly significant sex difference, with the effect of the acorn crop on the proportion of time helpers spent on their home territory. Specifically, this effect was strongly positive for helper males (conditional coefficient from program interplot = 0.524 [95% confidence interval = 0.454 – 0.594]) but strongly negative for helper females (conditional coefficient = −0.439 [95% confidence interval = −0.568 to −0.308]).




DISCUSSION

A key question in cooperative breeding has historically been, “Do helpers help?” (Emlen, 1991; Dickinson and Hatchwell, 2004; Cockburn et al., 2008). Although not resolved in all cases, and despite the fitness benefits of helping in some cases being hard to detect (Russell et al., 2007), decades of empirical and experimental studies have generally supported the conclusion that the answer is “yes.” Here we focus on the behavioral mechanism by which helpers help. Careful studies of a few species, including long-tailed tits (Aegithalos caudatus, Hatchwell et al., 2004) and chestnut-crowned babblers (Pomatostomus ruficeps, Liebl et al., 2016), provide good evidence that the behavior of feeding nestlings yields fitness benefits to helpers, but in many other taxa, including the acorn woodpeckers studied here, it is unclear whether the fitness benefits of helpers is derived from alloparental care or some other behavior associated with group augmentation (Koenig and Mumme, 1990).

As a result, we know little about the mechanisms by which the presence of helpers lead to increased success of the groups to which they belong. We know that helpers feed nestlings—indeed, this is how cooperative breeding is typically defined—but whether the fitness benefits of helpers is due to feeding at the nest, behavior of helpers subsequent to when nests fledge (as found in Florida scrub-jays; Mumme, 1992), or behaviors unrelated to breeding per se, such as predator defense, facilitating social foraging, or helping to stave off competitors, is often unknown.

Here we used the cooperative breeding acorn woodpecker system to test whether the increased reproductive success of groups containing helpers was correlated with the extent to which helpers fed nestlings, or whether the fitness benefits were likely a consequence of non-nesting-related behaviors. Helpers in this system are offspring of the breeders in the group and do not participate in reproduction either in their own or in other groups (Dickinson et al., 1995; Haydock et al., 2001); thus, patterns of helping behavior are not confounded by differences in either genetic relatedness of helpers to the offspring or alternative reproductive tactics. This allows for a test of the concordance between different activities of helpers and the observed fitness benefits they confer on the groups to which they belong.

In terms of their fitness effects: (1) helpers of both sexes conferred a modest reproductive benefit of ~0.2 additional offspring per helper, with the overall effect not differing between helper males and females; and (2) the effects of helper males, but not helper females, was strongly and positively correlated with the size of the prior autumn's acorn crop.

We tested three different behaviors for their concordance with these patterns, the goal being to identify which behaviors were likely contributing to the pattern of increased number of young fledged as a result of helpers being present. Results are summarized in Table 6.



Table 6. Summary of concordance between helper effects on reproductive success and helper behavior.
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First was the feeding rate of helpers at nests, for which the relationship with the observed patterns of reproductive success were poor. In contrast to the equal or slightly greater overall fitness effect of a helper male, feeding rates of helper females were greater than that of helper males. Moreover, there was no relationship between the size of the prior autumn's acorn crop and feeding rates, possibly in part because acorns constitute an relatively small, albeit important, proportion of the diet of nestlings (Koenig et al., 2008). We also found no differences between helper males and females in the proportion of feeding visits in which they fed acorns vs. insects, the mean bolus size of food fed to nestlings, or in patterns of compensatory care (load-lightening; Koenig and Walters, 2012a).

Concordance between granary tending and the reproductive benefits provided by helpers was better, as males spent more time tending granaries than females and males, but also females, spent somewhat more time tending granaries when the acorn crop was larger. The best of the three factors tested, however, was that between reproduction and the proportion of time helpers spent on their home territory, based on the automated telemetry data. Not only did helper males spend a considerably greater proportion of time on or near their home territory than helper females, but they did so significantly more during the year when the acorn crop was larger, in contrast to helper females, who spent a significantly smaller proportion of their time on their home territory during the better acorn year.

We conclude that the primary fitness benefit of helpers in this species is unlikely to be a consequence of their behavior of feeding at nests. Rather, the increased number of young fledged by groups containing helpers is apparently the result of other activities of helpers related to their presence on or near their home territory. In the case of acorn woodpeckers, such activities may include protecting and feeding young after fledging, helping store acorns and defending the granary, helping to look for and warn other group members when predators or larder thieves are spotted, and other coordinated and/or cooperative behaviors, many of which have been described in other family-living and cooperatively breeding species. The failure of “helping at the nest” to provide the primary fitness benefit of helpers in this population is consistent with the hypothesis that family living plays an essential role as a stepping stone to the more advanced altruistic behaviors exhibited by cooperative breeders (Griesser et al., 2017).

Quantifying the effects of these other beneficial behaviors is a challenge for the future. In the case of acorn woodpeckers, the positive relationship between the effects of male helpers and the acorn crop is likely due to behaviors they engage in during the higher proportion of time they spend on their natal territory when the acorn crop is good. The lack of such a relationship for helper females is possibly due to a tradeoff between the higher proportion of time they spend tending the granary and the smaller proportion of time they are present on or near their natal territory when the acorn crop is good (Table 6).

Besides focusing attention on the need for detailed behavioral data to understand what behaviors helpers are engaging in outside of nesting, that enhances the success of the group, our results highlight our failure to convincingly answer the question of why helpers feed nestlings when this behavior does not necessarily appear to be conferring increased reproductive success to the group. One possibility is that helping-at-the-nest is part of a strategy designed not to maximize young fledged but to decrease the probability of nest failure (Rubenstein, 2011), but prior work has not supported such a “bet-hedging” strategy in acorn woodpeckers (Koenig and Walters, 2015). Alternatively, patterns of helping-at-the-nest may be condition dependent (Russell et al., 2003) or complicated by feeding only when circumstances require additional help (Baglione et al., 2010), both of which would potentially obscure the relationship between feeding rates and fitness effects of helpers. These possibilities remain to be tested critically in acorn woodpeckers.

Our results are preliminary in that the data focusing on behaviors other than feeding at the nest are based on relatively small numbers of individuals. Nonetheless, they focus attention on the importance of gathering behavioral data on activities other than feeding at the nest to understand the fitness consequences of helping behavior and cooperative breeding in general. Developments in tracking technology such as used here will help to quantify where individuals spend their time, but will require integration of such data with detailed behavioral observations to understand exactly what individuals are doing that yields fitness benefits for themselves and the group as a whole. Only with such data will it eventually be possible to determine why helpers help, and what activities helpers engage in that drive the fitness effects they confer.
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Parental care is among the most widespread and variable behavioral traits between and within species, associated often both with large fitness costs and benefits. Despite its fitness consequences and evolutionary significance, we know very little about the ontogeny of this behavior, specifically, whether and how social experiences from parents contribute to the development of parental care. Here we used a split-family experimental design to produce uniparentally raised zebra finch nestlings that were provisioned either only by their mother or their father from shortly after hatching until independence. We investigated whether zebra finch nestlings pay attention to who takes care of them (short-term social effects) and whether parental sex roles, i.e., how much each parent provides to offspring, are socially learned and how these early social experiences influence negotiation rules of parental effort as adults (long-term social effects). We found pronounced short-term effects: uniparentally raised young socialized more with their “caring” than with their “non-caring” parent in a two-way choice test and begged more for food from them. When paired as adults based on their caring parent, some combinations of these uniparentally raised finches did not coordinate normally during incubation as first-time parents. By nestling provisioning (and their second breeding) even these pairs assumed normal distribution of parental effort and we therefore conclude that early social experiences influence parental sex roles and coordination, but these can be overridden by own social experiences with the mate when starting to breed.

Keywords: parental coordination, negotiation, social learning, sex roles, parental care, zebra finch, Taeniopygia guttata


INTRODUCTION

Parental care is among the most beneficial, and, at the same time, among the costliest traits that influence fitness. The large impact on survival and future reproduction on each family member selects for coordination between parental and offspring behaviors, to balance the benefits of offspring needs being satisfied and the costs of parental effort. In species with biparental care (the prevalent type in birds, with ca. 90% of species), both parents contribute to provisioning the offspring (Cockburn, 2006; Royle et al., 2012). Although parents cooperate, sexual conflict (the antagonistic evolutionary interests of the sexes) manifest also in this type of care because each parent gains more if its partner invests to a greater extent into their joint reproduction while decreasing its own share (Arnqvist and Rowe, 2005; Harrison et al., 2009; Royle et al., 2012).

Theoretical models distinguish two possible ways to resolve sexual conflict over care in biparental species. If parental effort has evolved to a fixed best effort in relation to the parental effort of the other sex, and pair members cannot change their effort dynamically based on the effort of their partner, the resolution is reached on an evolutionary time scale (“sealed bid” model; Houston and Davies, 1985). In contrast, if parents dynamically adjust their parental effort as a response to that of their mate, the resolution is reached behaviourally on a real-time scale (“negotiation” models; McNamara et al., 1999, 2003; Johnstone and Hinde, 2006; Lessells and McNamara, 2012). Accumulating empirical evidence supports the second scenario, so that parents use negotiation rules when determining their own level of parental effort and this depends on that of their mate (Harrison et al., 2009; Iserbyt et al., 2017; Savage et al., 2017; Lendvai et al., 2018). Negotiation models imply that parents, by paying close attention to each other, indicate their condition, workload and how they perceive the need of the offspring or the food sources to each other, hence this social information can help pairs to adjust their parental effort in a coordinated manner (Johnstone and Hinde, 2006).

Although theoretical models along with empirical studies have provided a more in-depth view at the selection pressures shaping parental care, we are far from a comprehensive understanding of how parental care patterns evolve and develop. Specifically, we know very little about how parental sex roles and negotiation rules are passed on from one generation to the next. The behavioral flexibility implied in the negotiation models suggests that learning may play an important role for parental care. This is likely to affect also offspring experience, potentially resulting in social inheritance of parental care patterns. Social inheritance can have numerous advantages over genetic inheritance, including faster response and more flexibility to environmental changes (including the social environment; Boyd and Richerson, 1995; Laland, 2004). Furthermore, family life provides ample opportunities for social interactions and observing parents during negotiation. Based on these premises, we investigate here to what extent parental sex roles and negotiation rules are socially learned rather than genetically inherited. We used the monogamous, biparental zebra finch (Taeniopygia guttata) in which parental sex roles differ according to the stage of the breeding cycle. Nest-building is mostly carried out by males, whereas females allocate more of their time to incubation. Post-hatching care (including offspring provisioning and brooding), is shared approximately equally between the parents (Morvai et al., 2016; Krause et al., 2017).

Choosing the zebra finch allowed us to build our study on a growing body of research that uses this species as model to understand how sex roles and sexual conflict are shaped by social experience. First, research into various aspects of sexual imprinting (i.e., the process by which young socially learn about the characteristics of its species and later sexual partners) provided insights into the significance of social learning with regards to sex roles using this small passerine (Immelmann, 1972; Bischof and Clayton, 1991; Vos, 1995; Burley, 2006; Schielzeth et al., 2008). Social learning is well-documented in this species also in other contexts including mate choice copying (i.e., observing and copying the mate preferences of others in the population (Swaddle et al., 2005; Drullion and Dubois, 2008), foraging (Benskin et al., 2002; Katz and Lachlan, 2003; Farine et al., 2015; Templeton et al., 2017), nest building (Guillette et al., 2016), and song learning (Jones et al., 1996; Roper and Zann, 2006; Kniel et al., 2015; Yanagihara and Yazaki-Sugiyama, 2016). Second, the effect of sexual conflict over parental care on offspring fitness have been demonstrated by Royle et al. (2002b). In their experiment, female zebra finch parents were allowed to raise nestlings with and without their partner in two consecutive breedings. They found that females, when they took care for their young uniparentally, provided more per capita care than when they cared together with their mate. Thus, females caring together with their mate allocated less effort into offspring provisioning than they were able to when alone, resulting in lower fitness in biparentally cared as opposed to uniparentally cared nestlings. A recent study revealed that vocal communication may contribute to parental negotiation because zebra finch pairs perform call duets when a foraging partner relieves its incubating partner, and the structure of the duet changes depending on the focal partner's returning time to the nest (Boucaud et al., 2016). The third line of relevant research focused on behavioral synchronization in zebra finch parents. Zebra finch pairs synchronize their provisioning and foraging visits with each other throughout the post-hatching period, and the extent of synchronization correlates with the number of nestlings (Mariette and Griffith, 2012, 2015). Moreover, matching behavior of the partners seems to be important in this species generally, as, for instance, Schuett et al. (2011) found that within-pair similarity of exploratory behavior can affect the fitness of their offspring.

We used a split-family experimental design to investigate how social experiences with parents influence from which parent offspring prefer to solicit care, which parental sex roles they assume as adults and how they coordinate parental care. Zebra finch families were divided to male-only and female-only cared half-broods shortly after hatching. Families were split so that the social structure of the family, as well as acoustic, olfactory and visual contact between parents and all offspring were maintained, although each offspring could receive care from only one of their parents (“caring parent” henceforth). We then tested whether recently fledged (i.e., still dependent), zebra finch nestlings pay attention to who takes care of them (short-term effects of uniparental care). Specifically, the experiment allowed us to answer the following questions: (1.1) do uniparentally raised offspring express preference toward their caring over their non-caring parent? We expected young to socialize more with (i.e., spend more time close to) the parent that provisioned them, and also, to expect (beg for) food from this parent. (1.2) If offspring prefer their caring parent, is this preference generalized to parental sex? We expected offspring to socialize more with and beg food from non-kin parents that are of similar sex to their social parent. (1.3) Are there sex differences in how parental sex roles are socially transferred? Parental sex roles are different and fine-tuning them to environmental changes may be more relevant to one sex than to the other. This would be reflected in offspring sex influencing preference in our experiment.

Once these experimental young fully matured, they were allowed to breed two times with other uniparentally raised birds to test how their own and their partners' social experience affected parental effort and coordination i.e., their share during incubation and offspring provisioning (long-term effects of uniparental care). The long-term experiment addressed the following specific research questions: (2.1) do early social experiences (or the lack of them) influence parental sex roles in uniparentally cared birds? If so, we expected parental effort to change based on the interaction of own sex and uniparental care type received (e.g., increased effort of a male-cared male as opposed to a female-cared male). (2.2) Does the lack of negotiation experiences from parents influence the same behavior (i.e., coordination) as adults? (2.3) If we detect differences in parental coordination, do own breeding experiences shape negotiation rules? If social experiences with the mate when breeding as adults also shape negotiation rules, we expected diminishing differences between our experimental groups from the first to the second breeding. (2.4) If we detect differences in parental coordination, do these influence reproductive success?



MATERIALS AND METHODS


Study Population and Housing Conditions

Our study was carried out between February 2013 and April 2015 at two locations; first, a study population of 47 breeding pairs (“parental generation” henceforth) was established from the domesticated stock of zebra finches at Bielefeld University, Germany (Forstmeier et al., 2007; Hoffman et al., 2014). Males and females were randomly assigned as pairs to cages (83 x 30 x 40 cm) with a wooden nest box (15 × 15 × 15 cm). Following the experimental manipulation and testing for the short-term social effects (see below), after day 35 post-hatching, offspring were kept in an indoor aviary together with two adult tutors from each sex. Following sexual maturation (zebra finches fully mature by around day 100 post-hatching; Zann, 1996), all offspring (“second generation” henceforth) were transferred to Eötvös Loránd University, Budapest, Hungary, where they were allowed to breed and long-term effects were tested. Zebra finch nestlings in our study population started to hatch on day 13–14 of incubation, and started fledging on day 18–20 post-hatching (both locations; Rehling et al., 2012). Parents continue offspring provisioning for ca. ten days after fledging, when fledged offspring follow their parents and beg food from them, while gradually starting to feed on their own. On day 35 post-hatching we separated the nutritionally independent offspring from their parents and kept them together in indoor aviaries. At both locations, birds were cared for following the same protocol. A 14:10 h light:dark cycle (lights on at 6:00, local time) was maintained. Temperature was kept constant at 20–21°C using air conditioning. Birds were provided with ad libitum access to food and water: the seed mixture consisted of three different types of millet, canary grass and a small portion of Niger seed. Egg-food (Egg food tropical finches, Orlux, Versele-Laga, Belgium) and germinated seeds (home-made from the above seed mixture) were provided daily for additional protein and vitamin (for more details on the diet, see Morvai et al., 2016).



Experimental Design

We used a split-family design to investigate short- and long-term effects of whether nestlings experienced parental care from their mother or their father on their parental preferences as juveniles and on parental sex roles and negotiation as adults. When splitting the family at an early stage of post-hatching development, our aim was to maintain the social structure of the family as close to intact as possible. Broods, nests and cages were split in half, but separated by wire mesh so that nestlings in the adjacent nest boxes could also observe their siblings cared for by their other parent (Figure 1). This manipulation allowed visual, acoustic, and olfactory interactions among all family members, while restricting the care to be received from only one of the parents (i.e., from the caring parent) for any given young. Besides being the most conservative manipulation in our view, we also chose this experimental design because theory as well as empirical research suggest that parental behavior of the remaining parent is different when its mate disappears or when it is present but do not contribute to parental care (cf., McNamara et al., 2003; Lendvai et al., 2009).


[image: image]

FIGURE 1. Split-family experimental manipulation to investigate the social effects of uniparental care in zebra finches. Following pair formation and biparental incubation, on day 8 post-hatching, a wire mesh separator was inserted that halved the cage. A parent and half of the brood were placed into each half-cage, and the nest material shared equally between two cardboard nest boxes. The back wall of the nest boxes was removed so that all family members remained in visual, acoustic, and olfactory contact with each other through the wire mesh, while offspring received provisioning from only one of their parents henceforth.



Experimental Protocol—Short-Term Effects of Uniparental Care

Following the establishment of random pairs in unseparated cages, zebra finches received coconut fibers as nest material and nest-building and egg-laying was monitored daily. We considered the reproductive stage as post-hatching from the date when the first egg hatched in a given clutch. On day 8 post-hatching, nestlings were individually marked by cutting their downy feathers on their wings, legs, head and back in a unique combination (Adam et al., 2014). Following body mass measurement by a digital scale (Sartorius PT120, d = 0.01 g), most of the families (n = 39 of 47) were allocated to the manipulated experimental group, so that these families were split into female-only and male-only cared half-broods. The rest of the families (n = 8 of 47) continued as biparental control; in control families, we applied the same protocol as described for the manipulated group but used a wire mesh separator with a hole that did not restrict access of either parents to the nestlings i.e., parents could move freely between the two compartments of the cage. Manipulation of broods (splitting families) were carried out when daily energy demands of young peak on day 8, post-hatching (Lemon, 1993).

When splitting the family, the wooden nest box was replaced by two cardboard nest boxes (each 12 × 12 × 12 cm), attached to the two sides of the wire mesh separator with their entrance facing toward the inside of the cage (Figure 1). The back of these cardboard nest boxes was removed, so that the two nest boxes were separated only by the wire mesh. Following distribution of nest material from the wooden nest box into the two cardboard nest boxes, an equal number of offspring, selected randomly, were placed in each new nest. In case of odd number of nestlings, either the male or the female parent was randomly allocated one extra young. Approximately 75% of the parents from the split families raised successfully their broods (in 19 families both individual parents were successful and 11 male-only caring and 9 female-only caring individuals were successful), so that reproductive success in our experiment was similar to those described previously for captive zebra finches (Griffith et al., 2017). Our study, therefore, included 30 male-only cared half broods (with 44 offspring) and 28 female-only cared half broods (with 45 offspring), in addition to the 8 biparentally cared control broods (with 24 offspring). The number of offspring per nest remained similar between the half-broods cared for by males and females by the start of the preference tests on day 25 post-hatching (mean ± SE no. of fledglings, male-only vs. female-only cared nests: 1.47 ± 0.11 vs. 1.61 ± 0.09; t56 = −0.94; p = 0.352), and these had approximately half of the brood size of the biparentally cared, control nests (3.00 ± 0.46 nestlings).

On day 12 post-hatching, uniparental offspring provisioning was recorded for 3 h (start of recording at 9:00) from outside the cage using digital camcorders fitted with SD cards. The camera view covered the whole cage, so that male-only and female-only care could be quantified. Nestling body mass was measured and nestlings were ringed by a numbered plastic ring for individual identification. On day 16 and 35 post-hatching body mass of nestlings were measured again.

Between day 25 and 27 post-hatching (i.e., when the offspring have already fledged but still depended on parental provisioning), we tested parental preference in a two-way choice apparatus set up in a separate room. The apparatus consisted of three compartments: one stimulus chamber (30 × 40 × 40 cm) on each side of a middle choice chamber (60 × 40 × 40 cm). Stimulus chambers contained one perch each, whereas the choice chamber contained three perches, dividing the choice chamber to three equal zones (left, neutral and right zones, with a perch indicating the center of each zone). To ensure young were hungry and parents were habituated to the choice apparatus, parents were moved to the two side chambers of the apparatus 2 h before the first preference test of the family started and food was removed from the home cages. Offspring were tested individually in a random order; the focal bird was first moved to a small start cage attached to the door of the choice chamber. After ca. 30 s acclimatization, the offspring was released into the choice chamber by remotely operating the door and was then allowed to move freely in the choice chamber for 10 min. After every offspring from a cage were tested in random order, the stimulus birds were swapped to the opposite stimulus chamber and the young were re-tested in the same order as previously to control for possible side effects.

All families (n = 47) involved in the experiment were tested as described above, resulting in parental preference test of 44 male-only, 45 female-only, and 24 biparentally cared offspring. Preference tests were video recorded using digital camcorders for later behavioral coding. The three perches in the choice chamber were also equipped with light barriers, allowing us to monitor parental preference in real-time (time spent close to each parent and number of times they were visited). Since preliminary analysis of the responses of the first 19 families revealed trends in preference toward the caring parent, we carried out further preference tests on two consecutive days, with the subset of the remaining families (n = 28), including 29 male-only, 26 female-only, and 18 biparentally cared offspring. On the day following the parental preference test, offspring were tested again, but this time with two unfamiliar adults (using other parents with recently fledged young i.e., non-kin adults at a similar reproductive stage to that of the genetic parents of the offspring). To account for potential order effects (parental preference test always preceded non-parental preference test), these offspring were tested with their own parents again on the following day (second parental preference test).

Experimental Protocol—Long-Term Effects of Uniparental Care

The sexually mature birds of the second generation were allowed to breed two times. For the first breeding, pairs were formed following a randomized fractional factorial design (i.e., representing all four combinations based on own sex and sex of the caring parent, with control (biparentally cared) birds always paired with other biparentally cared birds). This resulted in the following successful breedings (own sex is given as small letters and the sex of the caring parent as capitals in parentheses, e.g., m(F)/f(M) is a pair in which the male was raised by his mother and the female by her father): n = 5 m(M)/f(M), 5 m(M)/f(F), 6 m(F)/f(M), 3 m(F)/f(F), and 9 m(B)/f(B) (biparental/biparental, control) pairs.

To increase statistical power, after the first successful breeding the focal male or female parent received his/her other potential partner. Pairs were formed by balancing care type to that of their first pair (e.g., a male that received a male-only cared female previously, now was allowed to pair with a female-only cared female). Similarly to their first breeding, biparentally cared control birds were allowed to pair with another biparentally cared bird. The second breeding attempt resulted in n = 5 m(M)/f(M), 2 m(M)/f(F), 2 m(F)/f(M), 5 m(F)/f(F), and 8 m(B)/f(B) families.

Parental behavior of the breeding pairs was monitored using small digital cameras (Mobius Action Cam, JooVuu Store, UK) with wide-angle lenses (116° field of view) that were mounted to the nest boxes. The camera lenses could reach inside the nest through holes cut to the top of the nest boxes, providing a top view of the nest (Morvai et al., 2016, Figure 1). The camera was placed onto the nest box a day before the automated video recording started, so that birds could get used to it. To ensure further that undisturbed parental behavior was recorded, when there was no recording, we replaced the cameras with a same-size dummy camera made of wood. Three hour long video recordings were taken between 10:00 and 13:00 on day 8 of incubation and on day 10, post-hatching. Clutch mass was measured after recording incubation and offspring body mass was measured on day 10, 16, and 35 post-hatching.



Behavioral Coding and Statistical Analyses
 
Short-Term Effects of Uniparental Care

To assess the preference for socializing with each parent, we coded the time and frequency of visits to all three choice zones (i.e., to the male's zone, to the neutral zone and to the female's zone) from the video recordings of the preference tests using Solomon coder (Péter, 2015). To assess begging preferences of the young, we also coded for how long and how many times they begged for food from the stimulus parent. Data of corresponding zones of swapped trials of a given offspring were summed prior to analysis (Supplementary Table 4).

For each response variable, we calculated the relative response toward the male parent, e.g., for socializing, assessed by the relative time spent with each parent, we calculated the proportion of total time of the two (swapped) trials as:

Time spent in male parent's zone/(time spent in male parent's zone + time spent in female parent's zone)

Statistical analyses were carried out using the R statistical environment (v. 3.5.2; R Core Team, 2015). Short-term effects of uniparental care on parental preference was analyzed in two approaches. First, we used linear mixed models (LMMs, R package “nlme”; Pinheiro et al., 2019) including the parental preference test of all (n = 47) families to investigate the effect of care type (factor with three levels: male-only, female-only or biparental) and offspring sex (male or female) on relative time spent with the father (logit-transformed) and relative time spent begging food from the father (logit-transformed). Second, we analyzed the three repeated preference trials of the subset of the families (n = 28) that were re-tested. These models, in addition to care type and offspring sex, included test repeat (factor with three levels: first parental, non-parental, second parental) as fixed factor. In both of the above analyses, the mixed models included caring parent ID nested in cage ID as random factors. In addition, offspring ID was also included as a nested random term in the analyses of the repeated tests.

Since relative time and relative frequency of visits to the parents (rP = 0.758, n = 111, p < 0.001) and begging from them (rP = 0.944, n = 76, p < 0.001) were highly positively correlated, we show results for relative time only.

In initial models, we tested for the two-way interactions between care type (male-only, female-only, or biparental) and offspring sex, and care type and repeat (only in the models of repeated tests). Furthermore, the possible confounding effects of season (number of days from 25 March i.e., from the start of the experiment), time of day and the exact duration of separation from the parents before the start of the test were analyzed, but since none of these had significant effects, they were excluded from the final models. Stepwise model selection was based on AIC values, and we considered a model to provide a better fit whenever its AIC was lower, and the difference was ≥2. The effects of explanatory variables were analyzed by likelihood ratio tests (LRT); we provide χ2 and the corresponding p-values of LRTs of models with and without the given explanatory variable. In addition, parameter estimates (for LMs and LMMs) and odds ratios [exp(β), for logit-transformed responses in LMMs and for OLRs, see below] with 95% confidence intervals are provided between levels of a given significant fixed effect.

We also investigated whether the strength of preference is predicted by the actual amount of care received from the parents using Pearson's correlation between the relative time offspring spent with the caring parent during the first preference test and nest attendance of the caring parent (proportion of time spent inside the nest) on day 12 post-hatching.

Long-Term Effects of Uniparental Care

Probability to start breeding was analyzed in Cox Proportional Hazards Models (R package “survival,” Therneau, 2015). The models included latencies (in days) until laying eggs that produced young, and occurrence of laying as terminal events, respectively, and care type of the pair received as young (fixed factor with five levels [care type received by the male parent/female parent]: M/M, M/F, F/M, F/F, B/B). Families that did not start laying eggs that produced hatchlings were treated as censored observations (Supplementary Table 5).

From the within-nest box recordings taken on day 8 of incubation and day 10 post-hatching, we coded the following behaviors for each sex separately using Solomon coder: incubation, brooding, being inside the nest and feeding the nestlings (Supplementary Tables 1, 2). Incubation and brooding were defined as when a parent was sitting on the eggs/nestlings or it was in body contact with them (if a parent sat next to its mate on the nest, we considered it as incubating/brooding too, because its body heat likely contributed to warming the eggs/nestlings). Being inside the nest was coded whenever any body part of the bird was visible on the recording, and the bird was doing anything else but incubating the eggs or brooding the nestlings. We defined nest attendance as the sum of incubation (or brooding) and being inside the nest (i.e., whenever the parent is inside or at the nest so that it is visible on the recording). Since nest attendance and incubation (or brooding) were highly correlated (nest attendance vs. incubation: rP = 0.839, n = 28, p < 0.001; nest attendance vs. brooding: rP = 0.858, n = 28, p < 0.001, see also Morvai et al., 2016), we report results for nest attendance only.

From the behavioral codings, we calculated relative male attendance time as the proportion of observation time the male spent inside the nest divided by the sum of the time the male and female parents spent inside the nest during incubation and offspring provisioning, respectively. Relative male feeding visits and feeding time were calculated similarly. Besides individual behaviors, we also calculated joint behaviors (nest attendance and feeding); these represent events when both parents showed a given behavior at the same time.

Social learning of parental sex roles and coordination were analyzed in separate general linear models (LMs) with the above response variables (logit-transformed male parental effort relative to the sum of male and female effort). In each model, we tested for the effect of care type of the pair received as young (fixed factor with five levels [care type received by the male parent/female parent]: M/M, M/F, F/M, F/F, B/B). In addition, initial models of relative male parental effort during offspring provisioning included number of offspring.

The potential consequences of care type on reproductive success were analyzed at multiple levels; clutch size on day 8 of incubation and brood size on day 10 post-hatching were analyzed in separate ordinal logistic regressions (OLRs, R package “ordinal”; Christensen, 2019). With the exception of two nests in which 1 and 3 offspring died, respectively, between day 16 and 35, brood size did not change between day 10 and 35 post-hatching (Supplementary Table 3). Therefore, we report effects on the number of nestlings on day 10 post-hatching only. Average offspring body mass was analyzed in LMMs over the different reproductive stages (day 8 of incubation and day 10, 16, and 35 post-hatching) with cage ID as a random term. The above models also included care type of the pair as an explanatory variable (fixed factor with five levels, see above).




RESULTS


Short-Term Effects of Uniparental Care

Parental preference of the young was influenced by the care type they received. Offspring spent more time socializing with the parent they had received care from (LMM of relative time spent in male's zone, LRT of models with and without care type: [image: image] = 8.33, p = 0.016). This difference was mainly driven by female-cared offspring spending less time with the male and more time with the female parent than biparentally and male-only cared offspring (B→F: exp(β) = 0.41 [0.18; 0.92]; B→M: exp(β) = 1.04 [0.46; 2.38]; Figure 2A).
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FIGURE 2. Parental preference of zebra finch offspring based on their social experiences with each of their parents. Offspring spent more time socializing with (A) and begging food from (B) their caring parent in a two-way choice test with their parents used as stimuli. Relative times were calculated as time spent on the male's side in relation to the total time spent on the two parents' sides (male + female).



The actual amount of care that offspring received on day 12 post-hatching did not predict the strength of preference toward the caring parent in the first parental preference test (rP = 0.153, n = 88, p = 0.155).

Begging from each parent was also influenced by early social experiences with the parents. Offspring spent more time with begging food from the parent they received previous provisioning from (LMM of relative time spent begging in male's zone, LRT of care type: [image: image] = 30.21, p < 0.001). Similarly to socialization, the difference was mainly driven by female-cared offspring spending less time begging from the male and more time begging from the female, than male-only cared and biparentally cared offspring (B→F: exp(β) = 0.07 [0.02; 0.25]; B→M: exp(β) = 2.49 [0.69; 8.94]; Figure 2B).

Offspring sex did not influence socialization with or begging from parents (effect of care type × offspring sex interaction, in both above LMMs: p > 0.51).

Repeated preference tests with non-familiar adults as stimuli in a subset of offspring revealed that the preference is not specific toward the parents, although it is more pronounced toward them (reflected in a two-way interaction between care type and repeat; LMM of relative time in male's zone, LRT of care type x repeat: [image: image] = 10.36, p = 0.035; LMM of relative begging time from male: [image: image] = 9.34, p = 0.053; Figure 3). Offspring did not socialize more with their caring parent or with the same-sex non-familiar parent (repeated tests analyzed in separate models, LMMs of relative time in male's zone, LRT of care type, parents used as stimuli: p = 0.111, non-familiar adults used as stimuli: p = 0.984; Figure 3A). However, in both test conditions offspring begged more from their caring parent or from the non-familiar parent of the same sex (LMM of relative begging time from male, parents used as stimuli: [image: image] = 20.10, p < 0.001; B→F: exp(β) = 0.08 [0.01; 0.49]; B → M: exp(β) = 3.72 [0.70; 19.66]; non-familiar adults used as stimuli: [image: image] = 7.17, p = 0.028; B→F: exp(β) = 0.56 [0.10; 3.15]; B → M: exp(β) = 5.62 [0.82; 38.38]; Figure 3B). Furthermore, approximately two times more offspring begged from their parents as opposed to the non-familiar adults (78% vs. 40% of the 72 repeatedly tested offspring; [image: image] = 19.41, p < 0.001).
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FIGURE 3. Parental preference of zebra finch offspring when offering them their own parents or non-familiar adults to choose from. Box groups of three represent relative time spent (A) and relative time begging (B) on the male parent's side for each care type received. Within each group, repeated tests of the same offspring are presented i.e., when offering them their own parents (leftmost, empty boxes), non-familiar parents (middle, gray boxes) and again their own parents (rightmost, empty boxes).





Long-Term Effects of Uniparental Care
 
First Breeding

Probability to start breeding was not different between pairs based on care type received as young (Cox model of latency to start breeding, LRT of care type: [image: image] = 5.630, P = 0.229).

Relative male parental effort during incubation was different between pairs of parents based on care type received as young (LMs of relative male nest attendance time, LRT of care type: [image: image] = 10.34, p = 0.035). The differences were due to higher levels of relative male effort when pair members received different uniparental care than when they were cared similarly (B/B→F/F: b = −0.00 [−0.09; 0.09]; B/B→F/M: b = 0.08 [0.01; 0.15]; B/B → M/F: b = 0.08 [0.01; 0.16]; B/B → M/M: b = −0.00 [−0.08; 0.08]; Figure 4).
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FIGURE 4. Division of parental effort and coordination in pairs of zebra finch parents during incubation based on their caring parents. The figure shows the proportion of time (mean ± SE) that parents spent inside their nest (i.e., total nest attendance with and without incubation) on day 8 of incubation. Male (filled square), female (filled circle), joint (empty diamond), and total effort (i.e., by at least one of the parents; empty triangle) are presented. Care categories are given in the order of male care/female care (e.g., B/B, biparentally cared male/biparentally cared female; F/M, female-only cared male/male-only cared female).



Relative male parental effort during offspring provisioning was not influenced by care type received as young (LMs of relative male nest attendance time, LRT of care type: [image: image] = 2.04, p = 0.728; LMs of relative male frequency of feeding, LRT of care type: [image: image] = 0.21, p = 0.645; LMs of relative male provisioning time, LRT of care type: [image: image] = 7.80, p = 0.099).

Number of offspring was not different between pairs of parents that received different types of care as young (OLRs of clutch size on day 8 of incubation, and brood size on day 10, post-hatching, effect of care type in both models: p > 0.403). The analyses of offspring body mass, however, revealed differences due to care type (LMMs of offspring body mass, LRT of care type x reproductive stage interaction: [image: image] = 31.75, p = 0.002; Figure 5). The differences were mainly due to higher body mass of 16 day old nestlings in families with female-cared male and male-cared female parents than in other families. By day 35, however, this difference had disappeared (LMMs of body mass of 35 day old offspring, LRT of care type: p = 0.815).
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FIGURE 5. Body mass of zebra finch offspring raised by parents that had received different type of care. Filled squares indicate average egg mass on day 8 of incubation, whereas empty symbols represent average body masses at different reproductive stages post-hatching (circle: day 10; square: day 16; triangle: day 35). Care categories are given in the order of male care/female care (e.g., B/B, biparentally cared male/biparentally cared female; F/M, female-only cared male/male-only cared female).



Second Breeding

Probability to start the second breeding was not different between pairs based on care type received as young (Cox model of latency to start breeding, LRT of care type: [image: image] = 3.914, P = 0.418).

Unlike in the first breeding attempt, relative male parental effort during incubation was not different between pairs of parents based on care type received as young (LMs of relative male nest attendance time, LRT of care type: [image: image] = 0.01, p = 0.999).

Relative male parental effort during offspring provisioning was not different between experimental groups either (LMs of relative male nest attendance time, LRT of care type: [image: image] = 6.41, p = 0.171; LMs of relative male frequency of provisioning, LRT of care type: [image: image] = 1.45 p = 0.836).

Number and body mass of offspring in the second families of experimental birds were not influenced by care type received as young (OLRs of offspring number in separate models for day 8 of incubation and day 10 post-hatching, LRT of care type: both p > 0.221; LMMs of body mass, LRT of care type × reproductive stage interaction: p = 0.583).




DISCUSSION

Using a split-family experimental design, we investigated in the biparental zebra finch whether early social experiences with each parent would influence offspring behavior toward each parent and, later in life, their own adult parental sex role and negotiation with their pairs. Parental preference tests of uniparentally and biparentally raised control zebra finch young revealed that they pay attention to who takes care of them. Young zebra finches discriminated between their two parents based on their social experiences with each of them, and they might have generalized their expectation to same-sex, non-familiar adults to some extent. When these manipulated birds sexually matured and bred with other manipulated birds for the first time, the typical parental sex roles and coordination of incubation effort was modified in certain experimental groups. In pairs where partners had received care from opposite-sex parents, males spent more time in the nest (both alone and together with the female) compared to pairs in which both partners had received care from the same sex (male or female) or from both parents. At the time of offspring provisioning, however, differences were no longer apparent. Also, when breeding for a second time, parental sex roles and coordination of care seemed normal even already during incubation. Although offspring body mass fluctuated over reproductive stages according to the type of care their parents had received, we found no evidence that our manipulation caused significant changes in terms of number or quality of offspring produced.

Parental preference tests revealed that splitting biparental families, and thereby changing the normal offspring experience of parental sex roles from biparental to uniparental care affects offspring parental preferences. Male-only and female-only cared zebra finch young socialized more with the parent that provisioned them. Change in their parental expectations were clearly demonstrated by their begging behavior during the preference test; beggings were directed mostly toward their caring parent. Since our experimental manipulation allowed visual, olfactory and acoustic interaction among family members, uniparentally raised young could observe their other parent while providing care for their split siblings. Changing parental expectations in our experiment, therefore, suggests that the actual provisioning experiences with individual parents (rather than merely observing their parental effort) are important cues that are taken into account by offspring in future interactions. Paying attention and adjust begging behavior to parental effort can be adaptive because of the high costs and benefits associated with begging (Kilner, 2001; Nettle et al., 2017). Our results are in support of this notion about reconcilable behavior by suggesting that young zebra finches monitor the actual amount of parental effort (including provisioning and brooding) received from each of their parents, individually.

The subsequent preference tests with non-familiar adults provided us with inconclusive results. From the one hand, they suggest that zebra finch young generalize their parental expectations to a certain extent on the basis of parental sex (Jacot et al., 2010; Caspers et al., 2017). A more pronounced preference expressed with parents used as stimuli and more frequent begging from them indicates, on the other hand, that they can discriminate between their parents and other adult conspecifics. Furthermore, based on our experimental design, we cannot exclude two alternative explanations: errors and carry over effects. Firstly, beggings directed toward non-familiar adults might have reflected errors if discrimination of stimulus birds were hindered in our experiment (e.g., because of light conditions or changed acoustic cues in the test situation from parents/non-familiar adults). Secondly, we cannot exclude that we found a carry over effect from the previous parental preference test so that young expected, based on their experiences on the previous day, to encounter with their parents and paid less attention to characteristics of the stimulus birds in the beginning of the test trials. Considering the ecological aspects of the species, zebra finches are colonial breeders and neighbors tend to synchronize their breedings, leading to several families at similar reproductive stages (Zann, 1996; Brandl et al., 2019). Nevertheless, alloparental provisioning has not been reported in this species. Fledglings are about 18–20 days old when they first leave the nest, and they still depend on parental provisioning for at least a week more. The above suggests that parental recognition can be crucial for survival during the first few days in the colony (Zann, 1996), and makes the two alternative explanations (error or carry over effects) more likely than the explanation of generalization.

When uniparentally raised birds bred with each other, long-term effects of early social experiences with parents revealed. Instead of the only effect of the care type received, however, the mechanism seems to be more complex, suggesting a combined effect of early social experiences (when receiving care) and current social experiences (when providing care with the mate). We expected young to modify their own sex roles permanently based on the care type received, so that their parental effort would reflect the combined effect of the sex of their caring parent and that of their own (e.g., we expected male effort to be higher in male-only cared males as opposed to female-only cared males and vice versa). In contrast, we found differences in incubation patterns of first-breeding pairs that are not consistent with this view. When the male and female parent had contrasting social experiences with their parents, relative male effort was higher than in the rest of the experimental groups, including the control. This suggests that similar social experiences of breeding parents are needed for normal coordination of incubation effort to develop. Differences between experimental groups appear to be driven by change in male effort. Indeed, a possible explanation is that our experimental manipulation had a more pronounced effect on one sex (males) than on the other (females). Zebra finch females contribute more to incubation likely because of their brood patch and the more effective heat transfer associated with it (Hill et al., 2014; Morvai et al., 2016). While female effort seems to be more responsive to changes in environmental conditions (such as temperature; Hill et al., 2014), male effort may still be more flexible in terms of negotiation between pair members. Results of the short-term effects (parental preference test), however, are not in line with this explanation by indicating no effect of offspring sex on parental preferences. Furthermore, we note that male and female behaviors are not independent in our experiment, so changes of male incubation effort might have reflected partly (or fully) changes in coordination by females. Further experiments may reveal the exact mechanisms, for instance, by monitoring parental coordination of pairs with only one of the parents raised uniparentally. A recent study suggests that zebra finch pairs use vocal cues to negotiate their incubation efforts, therefore, focusing on within-pair communication may provide insights to coordination between pair members in similar experiments (Boucaud et al., 2016). Manipulating environmental conditions (e.g., by decreasing temperature during breeding) may also facilitate focusing on negotiation, because the significance of parental coordination may increase with deviation from optimal environmental conditions (Vincze et al., 2017).

Another intriguing mechanistic question raised by our results concerns the exact mechanism by which early social experiences resulted in change in adult behavior. Early experiences of the young may be transmitted to adulthood through changes in morphology (including condition) so that pair members that received the same care type might be consequently in a more similar state, allowing also a more efficient coordination between them. Another plausible explanation is that changed parental behavior as a consequence of our manipulation led to divergent, albeit transient, parental behavior of the offspring.

At the time of nestling provisioning (the second reproductive stage that needs extensive coordination in biparental families), uniparentally raised birds showed no direct effect of the experimental treatment. We have two alternative explanations for no apparent change in parenting; first, this reproductive stage involves interaction with the young, and begging of the nestlings is a very strong stimulus for the parents (Godfray, 1991; Royle et al., 2002a). In this reproductive stage, therefore, parental coordination may become less important and give place to each parent coordinating parental care with the offspring instead. In addition, male and female zebra finch parents allocate similar time and effort into brooding and offspring provisioning, suggesting decreased sex-specific task specialization by the post-hatching period (Morvai et al., 2016). Previous negotiation rules over care may therefore change and be replaced by conditional cooperation with alternated nest visits (Iserbyt et al., 2017).

The second alternative explanation for the lack of treatment effect during provisioning is that normal parental coordination has been established by the time of offspring provisioning. Social experiences with the mate (when providing care) may be different to that experienced with the parents (when receiving care as young) with regards to sex roles, and experience with the mate may shape establishing normal parental sex roles and coordination. This explanation assumes a similar, two-stage mechanism to those described for social learning of other traits (e.g., song learning or sexual imprinting; Price, 1979; Bischof, 1994). Early social experiences, then, can either be strengthened as adults (if they were similar to those experienced by most of the other individuals in the population i.e., also by the mate), or in contrast, “corrected” if early experiences were shifted away from the normal behavior. The finding that incubation patterns in the second breeding attempt of the uniparentally raised birds did no longer differ support the latter scenario; social experience with the mate during the first breeding attempt might have helped to establish normal parental sex roles and coordination.

The relatively strong short-term effects compared to the transient long-term effects in our experiment raises the question whether applying the split-family design so that young could observe the other, non-caring parent while provisioning their siblings had different effects when they were young and when they became adults. It is possible that while the effects of such observations have been overridden by own social experiences as young, they manifested and contributed to shaping parental behavior as adults.

Furthermore, we note that a possible reason for the lack of a remarkable effect of our treatment might be the relatively weak sexual conflict in this species, coupled with an expressed synchronization between pair members during parenting. Although a laboratory study (Royle et al., 2002b) found experimental evidence for sexual conflict over parental care (and its consequences) in zebra finches, a number of recent field studies suggest that cooperative synchronization between parents play an important role when dividing labor (Mariette and Griffith, 2012, 2015). We suggest that future studies should involve species with more pronounced sexual conflict and distinguished parental sex roles to account for such possible effects on the extent of social learning of parental sex roles.

In line with the lack of treatment effect on post-hatching parental behavior, we found no persistent consequences on reproductive success either. Although body mass of 16 day old nestlings was different based on care type (and points toward possible unrevealed differences caused by the treatment on parenting), this effect was transient. Number and body mass of offspring were similar over experimental groups by day 35 post-hatching (i.e., by the time offspring became independent). We, however, point out that consequences on reproductive success can take various forms of which we focused only on two aspects, so that differences among experimental groups might have remained unexplored in our study. For instance, finding a suitable mate, pair formation and starting to breed may already involve coordination between parents to various extents. Thus, even a temporarily effect of the early social environment can have lasting consequences in species that forms long-term pair bonds, because of, for instance, missed opportunities to find the best match to mate with. Such an effect of the early rearing environment has been demonstrated with regards to sexual preferences in zebra finches; young that were raised without adult males showed increased preference toward same-sex partners as adults (Adkins-Regan and Krakauer, 2000). Previous experiments suggest a direct link between sexual preferences and the intensity of social experiences with parents during development in the family. When zebra finch young were raised by foster parents (either by non-familiar other zebra finches or birds from a different species), as adults, they showed a stronger sexual preference toward stimulus birds from the species of their foster parent, based on how much they were fed (Bischof and Clayton, 1991; Oetting et al., 1995). We also note, that although our manipulations have been done at early stages of ontogeny (between day 8 and 35 post-hatching), interactions with both sexes might be relevant even at later stages in life (cf. Ten Cate et al., 1984 in which species recognition has been altered in already independent, 30–60 day old zebra finch young).

To facilitate the detection of social learning, we manipulated parental sex roles to the extremes by changing the role models' behavior from biparental to uniparental care. Our results, however, do not point to social learning of parental sex roles per se, rather, social learning of negotiation rules or the cues needed for negotiation such as acoustic cues, for instance (Boucaud et al., 2016). It is usually more adaptive to learn from parents than from other conspecifics, because more reliable information can be assumed based on the fitness incentive in passing on parental knowledge to own offspring. The profound effects of early social experiences from the parents on adult behavior are documented in various species (Lupfer et al., 2003; Griesser et al., 2006). Slagsvold and Wiebe (2007), for instance, cross-fostered clutches between great tits (Parus major) and blue tits (Cyanistes caeruleus) to investigate whether differences in provisioning would influence foraging behavior in adult diet. The manipulation of social experiences resulted in a shifted feeding niche of adults in the direction of the foster species. Moreover, these cross-fostered young, when starting to breed themselves, delivered prey of similar size to that of their social parents (Slagsvold and Wiebe, 2011).

We acknowledge that our sample size in the analysis of the long-term effects were moderate, especially for the second breeding. This then inevitably results in lower statistical power so that only large effects can be detected. We think the lower sample sizes in this analysis was partly due to the effects of no free mate choice in our experiment (pairings were based on uniparental care received as young), and partly due to the lack of breeding experience in our subjects. We argue, however, that our experiment excludes that parental sex roles would develop by strong, deterministic early social experiences from parents, and strongly suggests that although such experiences are important when care is received as young, these translates only to transient effects as adults.

Taken together, our results suggest that parental sex roles and coordination are perceived by zebra finch young and such early social experiences influence their own parental behavior as adults. These effects, however, are not permanent and can be overridden by own social experiences with the mate when starting to breed. A conclusive answer to the question of whether or not young generalize their parental expectations to parental sex, takes further experimenting. Further studies focusing on the exact mechanism of the described parental coordination patterns and an extended survey of the potential fitness consequences are also needed for a comprehensive understanding of the long-term effects of early social experiences with parents.
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Many young birds die soon after fledging, as they lack the skills to find food and avoid predation. Post-fledging parental care is assumed to assist acquisition of these vital skills. However, we still lack empirical examples examining the length of time fledglings spend with parents, how they associate during this critical time, or whether such variation in the fledgling dependency period has consequences for the survival and behaviour of young as they navigate their first year of independent life. Here, we make use of observations and radio frequency identity (RFID) logs of visits to supplementary feeding stations to investigate how condition of fledgling hihi (stitchbird, Notiomystis cincta), a New Zealand passerine, predicts dispersal behaviour and tendency to follow parents during their 2 week post-fledging dependence period. We find that thinner fledglings followed their parents more closely in time when visiting feeding stations, compared to fatter siblings (all following ranged from 3 s to 10 min). However, broods in poorer condition tended to disperse from the natal territory up to 6.5 days earlier than broods of fatter fledglings (all dispersed within 14 days). Our results did not find that sociality or survival during the first year of life differed depending on variation in fledgling behaviour; neither following parents closely nor dispersing later predicted each bird's number of associates (degree), or survival over winter. These results suggest that fledglings may be able to compensate for early differences in condition with behaviour, either during the post-fledging dependence period or when independent.

Keywords: post-fledging parental care, social network, dispersal, nestling condition, passerine, Notiomystis cincta


INTRODUCTION

Once altricial birds fledge the nest, life becomes challenging. Fledglings lack foraging and anti-predator skills, and so mortality is often high. In short-lived passerines, for example, a quarter of fledglings on average do not survive their first month outside the nest (Anders et al., 1997; Ringsby et al., 1998; Naef-Daenzer et al., 2001; Low and Pärt, 2009). Remaining with parents is thought to enhance survival (Clutton-Brock, 1991), although the length of this period of post-fledging dependency is highly variable across species [between 5 and 200 days in passerines, see Russell (2000)]. During this time, parents may provide their offspring with food (Davies, 1976), may defend them from predators (Balda and Balda, 1978; Le Bohec et al., 2005) and can limit competition by preventing other animals from accessing the natal territory (Ekman et al., 2000; Ekman and Griesser, 2002). Parents can also provide opportunities for independent learning (Heinsohn, 1991), or social learning (Griesser and Suzuki, 2016) through direct teaching (Thornton, 2006; Thornton and Raihani, 2008) and observing parents whilst in spatiotemporal proximity (Griesser and Suzuki, 2017). However, it remains unclear how early-life condition mediates fledgling behaviour or the length of time spent with parents (e.g., Kouba et al., 2013), despite this being a key factor explaining fledgling survival (Tinbergen and Boerlijst, 1990; Naef-Daenzer et al., 2001; Monrós et al., 2002; Naef-Daenzer and Grüebler, 2016). In part, this may be because studying the post-fledge stage is challenging: it requires detailed observation of individuals and, unlike previous stages of family life, is not localised at a nest. As a result, and despite extensive work on parental care and offspring behaviour before fledging (Royle et al., 2012), we still know relatively little about how conditions in the nest affect the period of post-fledging dependency, or how this sets up fledglings for later life.

Within the nest, it is well-known that parents influence their nestlings' condition (Price, 1998) because of genetic effects, maternal effects, or environmental conditions such as timing reproduction and/or placing nests in an optimal territory (Kirkpatrick and Lande, 1989; Monaghan, 2008). Nestling condition can affect siblings' effectiveness at competing for parental attention; nestlings in good condition jostle and position themselves to extract more care than parents may wish to provide (Kacelnik et al., 1995). Once young fledge, nestling condition continues to provide benefits, because fatter fledglings have more of a buffer to avoid starvation (Tinbergen and Boerlijst, 1990; Naef-Daenzer et al., 2001; Monrós et al., 2002; Naef-Daenzer and Grüebler, 2016). However, we rarely consider if condition might also affect how fledglings extract care from their parents, such as the extent to which they associate. In the few species where fledgling behaviour has been studied in detail, fledglings in poor condition may attempt to compensate for their worse start by begging more intensely (including vocalisation, wing-fluttering, and actively following parents) to obtain more food (Middleton et al., 2007). Alternatively, better-condition individuals may outcompete poorer-condition siblings, meaning the more dominant young then remain with parents for longer and monopolise parental attention (e.g., Siberian jays, Perisoreus infaustus, Ekman et al., 2002). Thus, good-condition fledglings may attain even better condition and self-feeding efficiency through receiving care for longer (Ridley and Raihani, 2007).

How fledgling condition affects time with parents could also have consequences for later life, but this is not yet well-understood. The social environment experienced during parental care can affect the extent to which juveniles associate with or rely on other individuals once independent (Riebel et al., 2012; Boogert et al., 2013; Farine et al., 2015). Thus, if individual sociality is consistent (Aplin et al., 2015), young that associate with parents might also associate closely with others later in life and build more social connections based on such propensity for spatiotemporal proximity (Psorakis et al., 2015). As there is evidence sociality correlates with how readily individuals find food (Ward and Zahavi, 2008; Aplin et al., 2012) and the types of food they select (Slagsvold and Wiebe, 2011), how they avoid predation (Croft et al., 2006), or how readily they contract disease (VanderWaal et al., 2014), early-life sociality may have lifelong consequences for survival and behaviour.

Here we took advantage of existing data from an experiment focused on juvenile flocking (Franks et al., 2018b) to explore how condition of young passerines relates to their post-fledge dispersal timing, attentiveness to parents, and survival and sociality during the first year of life. Our study species was the hihi (stitchbird, Notiomystis cincta), a forest-dwelling New Zealand passerine that feeds on nectar, fruits, and insects (Craig, 1985; Rasch and Craig, 1988). Hihi are easy to observe compared to many passerine species, as their evolutionary history means they do not fear mammals (including humans), and their breeding biology has been studied intensively (Thorogood et al., 2013). We know that parent hihi feed nestlings more if they only have one annual clutch vs. two, suggesting parental investment in offspring care varies depending on its current and future payoffs (Thorogood et al., 2011). Variation in chick provisioning may be associated with long-term consequences for offspring fitness, for example the extent of expression of secondary sexual traits (Walker et al., 2013), indicating an importance of early-life condition. We also know that juveniles aggregate together in groups after dispersing from their natal territory (Franks et al., 2018c) and that they have lower survival if they suddenly lose these associates (Franks et al., 2018a), indicating social relationships may be important. However, we still know little about the post-fledging period, or how this shapes survival later in life. Therefore, here we explored: (1) if fledglings in better condition follow their parents more closely while in the natal territory, and disperse later; and (2) if more attentive fledglings go on to gain more associates and/or show higher survival once independent.



METHODS

We investigated patterns in fledgling condition, time between fledging and dispersing, and how closely fledglings followed their parents while in the natal territory during one breeding season (October 2015–April 2016) in a population of hihi on Tiritiri Matangi Island, New Zealand (36°36′01″S, 174°53′22″E), which is a 2.5 km2 open scientific reserve characterised by patches of remnant and regenerating native flora. Hihi were reintroduced to the site in 1995 and at the time of our study the population numbered approximately 88 adults and 132 fledglings (raw minimum counts) (McCready and Ewen, 2016). As part of conservation management, hihi are habituated to six feeding stations across the island where they are provided with supplementary sugar water ad-libitum; this means we can introduce new temporary feeders which hihi will readily use.


Data Collection
 
Chick Condition Data

Hihi on Tiritiri Matangi are monitored intensively during the breeding season following an established protocol (see Ewen et al., 2018). Nest-boxes allow accurate records of all nesting attempts, and daily checks of nests allowed us to estimate fledging age as the day the last chick left each nest (mean fledging age during this study = 30 ± 0.27 days post-hatch). All nestlings are ringed 21 days after hatching (hatch day = day 0) with a unique combination of coloured leg rings. In our study year, parent hihi and their offspring also carried Passive Integrated Transponder (PIT) tags in one colour ring (IB Technology), approved by the Auckland Zoo Ethics Committee (New Zealand). During ringing, asymptotic morphometrics [mass (g) and full tarsus length (mm)] were also taken.

Feeder Use

As part of a separate experiment investigating the effects of social experiences on juvenile behaviour (see Franks et al., 2018b), 12 nests (40 fledglings; out of a total of 36 successful first-clutches) were provided with temporary supplementary feeders. Feeders were placed approximately 10 m from the nestbox 14 days after chicks hatched to ensure parental use, and remained in place until fledglings dispersed from the natal territory. Entryways were fitted with PIT tag data-loggers (IB Technology model EM4102) to record time-stamped visits of individual hihi; these data allowed us to ascertain which fledglings used feeders, and how closely they followed their parents when accessing this food source. The study design received ethical approval from the Zoological Society of London Ethics Committee (UK).

Dispersal Times

After chicks fledged, we observed nest territories for 45 min every 2 days and recorded if fledglings were present by listening for their distinctive, repeated, begging calls. If we heard calls in the territory, this indicated at least one fledgling was present from that brood; if no calls were heard then we recorded fledglings as absent. As nests were separated in space and time, calls were unlikely to be confused between adjacent nests. We used this binary measure as it was not always possible to assess the number of fledglings (for example, if they were secluded high up in trees). We determined dispersal as occurring when no fledglings were heard for two consecutive observation bouts, but used the first day no fledglings were heard as the dispersal time. For 11/12 broods, at least one fledgling was observed alive in the following months (the remaining brood dispersed 8 days after fledging); thus, an absence of calls most likely reflected dispersal rather than mortality.

Post-dispersal Sociality and Survival

Following dispersal from their natal territory, juvenile hihi formed groups at three consistent sites (Franks et al., 2018c), each located at the bottom of separate gullies containing mature flora and a permanent water source (distances between group sites ranged from 200 to 1,000 m). To measure sociality of juveniles, we placed temporary supplementary feeders with PIT tag data-loggers (IB Technology) at each of the three sites for 6 weeks and collected 11,928 records of time-stamped visits from 64 individuals, including the 19 juveniles used to answer question (2). No new individuals were recorded after 6 weeks, suggesting that the majority of hihi that used group sites were included in our dataset. See Franks et al. (2018c) for more details on group behaviour and feeder use.

To determine juveniles' survival during their first winter we used presence/absence of individuals from a 40-h constant-effort population survey conducted at the start of the next breeding season (September 2016) as part of standard monitoring of our study population. For any birds not observed in the September survey, we cross-checked whether they were observed in the following routine survey (February 2017), to limit false-positive records of mortality. Thus, each juvenile was assigned either a “yes” or “no” for whether it survived over winter.



Data Analysis
 
Dispersal Timing and Following With Parents

Analyses were conducted in R (version 3.5.0) (R Core Team, 2018). We considered whether time to disperse from the natal territory was predicted by two measures of nestling condition. Using mass and tarsus length we calculated each individuals' (N = 40) residual mass (“condition”; how much leaner or fatter it was than expected, given its size) using a linear model (Supplementary Figure 1). Then, as we had measured days to disperse at the level of the brood, we calculated the average residual per brood (11/12 broods contained 2–5 fledglings). Second, we calculated the range of condition scores within a nest, assuming that a smaller range reflected more equal allocation of parental care among offspring.

To analyse the relationship between condition and dispersal, we used Poisson-distributed Generalised Linear Models (GLMs) where days to dispersal was the response, and average chick condition and range in condition were predictors. We also included if juveniles had used their nest feeder, in case this delayed dispersal (yes/no; fledglings from 5/12 nests used feeders), and days between collecting nestling data (day 21) and fledging to explore whether chicks that were slower to fledge also took longer to disperse. We used a model selection and averaging approach with the R package AICcmodavg (Mazerolle, 2019) to explore effects of different potential explanatory variables (Burnham and Anderson, 2002; Symonds and Moussalli, 2011; Harrison et al., 2018). Candidate models including each predictor were ranked by their corrected Akaike Information Criterion (AICc); for all models within 2 AICc units of the top-ranked model, we calculated averaged effect sizes (±95% confidence intervals) of predictors (Burnham and Anderson, 2002; Nakagawa and Cuthill, 2007). Any effects where confidence intervals did not span 0.00 were considered significant. We assessed overdispersion using the value of ĉ (R package AICcmodavg), but no correction was needed. Finally, we ensured fledgling behaviour was not due to the mother beginning another reproductive attempt, by comparing dispersal days with how quickly (in days) the mother re-laid; however, as only 10/12 females re-nested we ran a separate Spearman's rank correlation for this analysis.

Using PIT-tag recorded visits of the subset of fledglings that used their nest feeder, we investigated how closely they followed their parents (9 juveniles from 4 broods; at a 5th nest site, failed PIT tags meant we could not reliably infer parental visits). The number of visits each fledgling made varied (range = 1–34, all but one <8 visits) so we only included the first 10 visits (N = 25 visits in total). We calculated the length of time (s) between each fledgling's visit and the preceding visit of a parent (“following time”; seconds were log-10-transformed to account for a large range in following times: 1–1941s). We then used Linear Mixed Effects Models (LMMs) implemented using the lme4 package (Bates et al., 2015), with following time as the response. Our predictors included chick condition before fledging, plus age at visit and visit number (to assess if feeder use changed depending on personal experience). We included individual identity as a random effect to account for repeated visits by individuals. Again, we used model selection and averaging to explore the relationships between our predictors and following.

Post-dispersal Sociality and Survival

Using data of all visits to the temporary feeders set up at juvenile group sites, we built a weighted social network using the R package asnipe (Farine, 2013). This estimated likely associations among individuals based on spatiotemporal proximity of visits (Psorakis et al., 2015). For each juvenile that was later recorded visiting these group site feeders (N = 19) we calculated its number and strength of associates from the entire recorded population (weighted degree), then ranked juveniles from least to most social. We used Cumulative Link Models (CLMs) implemented from the ordinal package (Christensen, 2019) to analyse change in degree rank depending on each bird's condition at fledging and their dispersal timing (days). Finally, for the subset of juveniles that also used their nest feeders (N = 9), we used Cumulative Link Mixed Models (CLMMs) to investigate the relationship between following parents and sociality in groups by testing how degree ranks depended on following time using all juvenile visits to nest feeders (N = 25); we included a random effect of individual identity as some individuals made multiple visits. As analyses using network measures violate assumptions of many statistical tests (Farine and Whitehead, 2015), to calculate significance for both analyses including degree, we permuted the data-stream of the entire network 1,000 times to shuffle associations then re-calculated randomised degree scores for each individual. We then compared our observed model coefficients to coefficients from models using randomised degree ranks as covariates to generate p-values (Prand) (Farine and Whitehead, 2015; Farine, 2017).

We analysed whether fledglings from nests that dispersed later had higher overwinter survival using a binomial GLMM (package lme4) with overwinter survival as the response (1 = yes, 0 = no) and days to dispersal for each fledgling's nest as the predictor. As most broods (11/12) had multiple fledglings, we included nest as a random effect to control for pseudoreplication. Models were not over-dispersed according to the value of ĉ so no correction was needed. Again, we used model selection to compare against a null model. We did not analyse effects of following at nest feeders on later survival, because all but one juvenile in this dataset was recorded in the population the following breeding season.




RESULTS


Dispersal Timing and Following With Parents

Broods of fatter chicks showed a tendency to disperse later (Figure 1; effect of increasing residual average mass per nest on days to disperse = 0.12 ± 0.05, 95% CI = 0.01–0.22; Supplementary Table 1). However, this effect was statistically weak (our confidence intervals approached 0.00), and disappeared if we excluded one brood that was never heard in the natal territory but were seen when independent (effect estimate = 0.03 ± 0.06, 95% CI = −0.09–0.14). We did not find evidence that dispersal time changed between nests depending on the difference between the fattest and thinnest chicks within each brood (model including within-brood range of condition ranked with ΔAICc > 2; Supplementary Table 1). There was limited support that using a feeder at the nest delayed fledgling dispersal; while this predictor was included in the top model set, its confidence interval overlapped 0.00 (effect size = 0.35 ± 0.19, 95% CI = −0.01–0.72; Supplementary Table 1). Finally, there was no support for an effect of dispersal timing on how long it took chicks to fledge (model containing time to fledging ranked with ΔAICc > 2; Supplementary Table 1). Dispersal was unlikely to be linked to future reproductive behaviour of the mother: in 10/12 broods where the mother later re-nested, there was no significant correlation between the number of days from fledging to dispersal, and until the mother laid the first egg of her next clutch (Spearman's rank correlation: r = −0.18; S = 195.14; P = 0.61).
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FIGURE 1. Variation in the time it took for fledglings of N = 12 nests to disperse from their nest territories, depending on the average condition of nestmates (average of residual mass against tarsus length when 21 days old). Line of best fit and 95% confidence interval are predicted from a GLM exploring effects on dispersal timing (see Supplementary Table 1).



There was some evidence that condition was linked to following behaviour: fledglings in better condition as nestlings visited supplementary feeders with longer intervals between their visits and their parents (Figure 2; effect of condition on following time = 0.27 ± 0.10, 95% CI = 0.08–0.46; Supplementary Table 2). However, the null model exploring following times also ranked with ΔAICc < 2 (Supplementary Table 2), suggesting the significance of the effect of condition was weak. Time between visits by fledglings and their parents did not change with increasing personal experience as fledglings aged or made more visits (Supplementary Table 2).


[image: image]

FIGURE 2. How closely N = 9 fledglings followed their parents to supplementary feeders on N = 25 visits, depending on their condition as nestlings. Line of best fit and 95% confidence intervals are predicted from an LMM exploring effects of condition on follow timings, which included a random effect to account for repeated visits by some individuals (see Supplementary Table 2).





Post-dispersal Sociality and Survival

There was no evidence for a link between early and later life sociality: we did not find that juveniles with higher degree scores in groups had been in better condition as nestlings (N = 19 juveniles; effect size for condition on degree = −0.01 ± 0.23; z = −0.01; Prand = 0.14) or were from broods with later dispersal (effect size from dispersal time on degree = −0.04 ± 0.20; z = −0.20; Prand = 0.11). Fledglings that followed parents more closely when using nest feeders also did not have higher-ranked degree scores than expected at random (N = 9; effect of following time on later degree = 0.03 ± 1.58; z = 0.02; Prand = 0.68). Thus, early-life condition or social experiences did not appear to correlate with how connected an individual was later in life.

Half of the 40 fledglings from our 12 experimental nests survived their first winter. However, overwintering likelihood did not differ depending on when fledglings dispersed from their natal territories (Figure 3): the model containing days to dispersal as a predictor was ranked lower than the null model, with an ΔAICc value > 2 (Supplementary Table 3).


[image: image]

FIGURE 3. Likelihood of surviving to the following breeding season for fledglings of N = 12 experiment nests, depending on how quickly they dispersed from the natal territory. Points are jittered (by 0.8 on x-axis, 0.5 on y-axis) to improve visibility. Line of best fit (dotted line) and 95% confidence intervals (grey polygon) are calculated from a binomial GLMM exploring variation in survival depending on dispersal timing (Supplementary Table 3).






DISCUSSION

Despite intense effort to understand avian parental care within the nest, how parents and young interact after fledging remains poorly understood. Here we attempted to address this knowledge gap by exploring the relationship between condition and behaviour in fledglings, and whether this predicts their sociality and survival once independent. In the small number of hihi broods we studied, we found some evidence that fledgling condition correlated with both the length of time spent with parents, and attentiveness to parents, albeit in opposite directions. Fledglings from thinner broods tended to disperse earlier than broods in better condition, although further data is needed to strengthen this finding. Within broods, however, fledglings in poorer condition tended to follow their parents more closely during their time in the natal territory. From our dataset, we were unable to detect any effects of fledgling condition or how they spent time with parents on later sociality, or juvenile survival to recruitment, which indicated that young hihi (at least in our study population) may compensate for differences in condition once they leave the nest.

Becoming independent can be considered a manifestation of parent-offspring conflict (Trivers, 1974) where young would like to extend their stay while parents prefer to defend their resources for future reproduction (Davies, 1976, 1978). Fledglings should therefore disperse once feeding themselves becomes more profitable than relying on parental provisioning, either because parents become “mean” and withhold provisioning (Davies, 1978; Ekman and Rosander, 1992) or they no longer prevent competition (Ekman and Griesser, 2002), or because the young themselves are in suboptimal natal habitats where fewer resources are available (Edwards, 1985; some studies suggest parental effects on dispersal override habitat quality effects, see Ekman et al., 2000). Our finding that fledglings from broods in poorer condition tended to shorten their period of post-fledging dependency fits this model and suggests that either the parents, fledglings, or both had an incentive for them to leave the breeding territory. Unfortunately, we did not have any measures of habitat quality or parental provisioning, so we are unable to tease apart whether parents intentionally withheld food to encourage fledglings to disperse vs. fledglings learning to self-feed more quickly in response to poor environmental conditions. Our sample size was restricted by concurrent experiments and limited deployment of PIT tags. Nevertheless, the statistically weak difference that we detected in dispersal time between the fattest and thinnest broods suggests that further exploration of how condition impacts dispersal timing is warranted at both the level of the individual and the brood.

While broods of poorer-condition chicks dispersed earlier, at the individual level chicks that fledged in poorer condition showed a tendency to be more attentive to parents and follow them more closely. It is possible that remaining in closer spatiotemporal proximity to parents was an attempt to use location to maximise the chance of being fed (Thompson et al., 2013). In American dippers (Cinclus mexicanus), begging intensity has been shown to increase when food abundance is low and fledglings are in poorer condition (Middleton et al., 2007), and similar to many passerines, hihi fledglings beg while following parents (Franks, pers. obs.). If following corresponded to begging in our study, this might suggest individuals within-broods adjusted their attentiveness to parents depending on their condition. Additionally, skill acquisition can depend on attention from parents: for example, juvenile Eurasian dippers (Cinclus cinclus) with higher rates of intake during parental care then became capable of independent feeding more quickly (Yoerg, 1998). Perhaps, by paying close attention to parents and accruing benefits quickly, fledglings in poorer condition were better able to cope with dispersing earlier due to poor quality habitat (Przybylo et al., 2001), parents being unwilling to provide more care (Davies, 1978), or from being driven out by more dominant siblings (Ekman et al., 2002). However, as our data on following behaviour were based on temporal visits to feeders recorded using PIT tags, further observational data would need to be collected to investigate the links between following, begging, and learning, and explore this hypothesis in detail.

Why did we find no correlation between sociality during post-fledging dependence and sociality or survival in later life? Slower-dispersing pied babblers (Turdoides bicolor) and Siberian jays have been shown to be more likely to survive (Ekman et al., 2000; Griesser et al., 2006; Ridley and Raihani, 2007), and experiments with captive zebra finches (Taeniopygia guttata) suggest that stressful rearing conditions can alter who juveniles associate with, as well as what they learn (Boogert et al., 2014; Farine et al., 2015). However, here we found no link between condition, or close association with parents, and sociality or survival once young became independent. This could reflect alternative strategies by fledglings depending on their condition (Yoerg, 1998), with fatter fledglings spending longer being fed by parents vs. poorer-condition fledglings that favoured independent feeding, and then both mixing in juvenile groups where any social learning was not influenced by natal condition. Alternatively, our study species is short-lived (average lifespan is approximately 4 years), and thus there may be fewer long-term effects from early life than in longer-lived species. Finally, it is also possible that survival is elevated in our population of hihi due to the presence of a reliable, non-depleting food source (permanent supplementary feeders), and this could have masked any effects from fledging on survival (Jansson et al., 1981). However, overall our study provides some insight into how the behaviour of young passerines varies during their first few weeks of life outside the nest, and that there appeared to be few consequences of these differences during their first year of life. This suggests that juveniles may be able to adjust their behaviour to either maximise, or limit, the long-term consequences of time they spend with parents.
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Some semelparous species show terminal investment by suicidal offspring provisioning. This requires internal cellular disintegration for the production of regurgitated food and in preparation for the sacrifice of the female body to the offspring, however, we have limited insights into the extent and costs of such physiological modifications. Extreme provisioning is hypothesized to be limited to reproducing individuals because it requires physiological alterations triggered by reproduction. However, non-reproducing helpers-at-the-nest have been shown to engage in suicidal provisioning, prompting us to ask whether helpers undergo similar physiological alterations to brood provisioning as mothers, which would represent an adaptation to cooperative breeding. Using an experimental approach, we investigated the physiological consequences of extended maternal care in the solitary spider Stegodyphus lineatus and the cooperative breeder S. dumicola, and whether non-reproducing helpers (virgin allomothers) in S. dumicola show physiological adaptations to brood provisioning. To identify costs of offspring provisioning, we determined the energy expenditure (standard metabolic rate; SMR) and tissue disintegration over the course of brood care. In both species, brood care is associated with elevated SMR, which was highest in allomothers. Brood care results in progressive disintegration of midgut tissue, which also occurred in allomothers. On experimental offspring removal, these responses are reversible but only until the onset of regurgitation feeding, marking a physiological “point-of-no-return.” The mechanism underlying the onset of physiological responses is unknown, but based on our finding of mature eggs in mothers and allomothers, as opposed to the undeveloped eggs in virgins of the solitary species, we propose that oocyte maturation is a central adaptation in non-reproducing helpers to provide terminal allomaternal care.

Keywords: brood-provisioning, allomaternal care, histology, physiology, semelparity, metabolic-rate, midgut


INTRODUCTION

Parental care involves a wide range of behavioral and physiological adaptations that increase the fitness of a parent's offspring (Trivers, 1972; Clutton-Brock, 1991; Royle et al., 2012). Parental care is most commonly performed by females, and in the most extreme cases it involves regurgitation feeding of the offspring for a prolonged period and matriphagy, in which the female sacrifices her body through cellular disintegration as a terminal investment in her brood (Smiseth et al., 2012). The investment in parental care relative to somatic maintenance or growth is strongly influenced by life history and ecology (Stearns, 1992). In iteroparous species, which reproduce more than once in their lifetime, trade-offs between current and future reproduction are expected to lead to progressive increase in reproductive effort with age as residual reproductive value declines (Pianka, 1976; Clutton-Brock, 1991). Semelparous species that reproduce only once are under selection to allocate all available energy into their single brood (Stearns, 1992; Roff, 2002; Alonso-Alvarez and Velando, 2012), and this terminal investment may favor major and potentially irreversible physiological adaptions to increase the efficiency of maternal care. Our knowledge of the physiology and plasticity of responses associated with extreme brood provisioning is, however, limited. This applies both to solitarily reproducing species, and perhaps even more so for cooperative breeders, where non-reproducing helpers also engage in extreme offspring care.

Cooperative breeders show reproductive division of labor, where a few individuals produce the offspring and closely related helpers take over some or all aspects of parental care. The provision of extended brood care by non-reproducing helpers is known from cooperatively breeding insects, spiders, birds, and mammals (Wilson, 1971; Choe and Crespi, 1997; Lubin and Bilde, 2007; Cant, 2012). The inclusive fitness benefits obtained by helpers through their investment in brood care may favor traits that increase the effectiveness of alloparental care (Wilson, 1971; Creel et al., 1991; Adkins-Regan, 2005; Montgomery et al., 2018). Such traits could be physiological adaptations as for example thermoregulation or regurgitation of nectar to produce honey by the worker bee (Wilson, 1971; Choe and Crespi, 1997; Cant, 2012). A particularly interesting question in the context of parental care is whether direct offspring provisioning requires physiological adaptations in non-reproducing helpers. For example, the ability to lactate is expected to be triggered by hormones or development of organs associated with reproduction (Patton and Neville, 1997), and may therefore be limited to reproducing individuals within the group. Interestingly, the ability to perform spontaneous lactation in mongoose helpers is coupled with pseudopregnancy, which indicates an adaptation to cooperative breeding (Creel et al., 1991). Regurgitation feeding of the offspring with previously digested food is also expected to require special adaptations, and may depend on cellular degradation of the gut tissue (Nawabi, 1974; Salomon et al., 2015). The exhibition of physiological traits in non-reproducing helpers that enable offspring provisioning by regurgitation feeding therefore represents an adaptation to cooperative breeding, a hypothesis that has not yet been investigated.

Spiders exhibit maternal care by wrapping their eggs in silk cases and guarding the offspring (Foelix, 2011), or provisioning the offspring with captured prey (Avilés, 1997; Lubin and Bilde, 2007). Some species show extended care by performing regurgitation feeding, i.e., females provide a nourishing fluid for the offspring by regurgitation. This process is thought to be an energetically demanding task that is accompanied by physiological changes involving degradation of the midgut (Nawabi, 1974; Salomon et al., 2015), which functions as a storage organ for fat and glycogen (Alberti and Storch, 1983). Several genera also show matriphagy, as females are consumed by their offspring following the provisioning period (Kullmann, 1968; Toyama, 1999; Kim et al., 2000; Viera et al., 2007; Foelix, 2011). Here, we investigated the metabolic cost and physiological consequences of reproduction and offspring provisioning in two species of semelparous spiders of the genus Stegodyphus, specifically in one solitary and one cooperatively breeding species. In both species, mothers provide extended maternal care including regurgitation feeding and matriphagy, and in the social species also the helpers (allomothers) engage in regurgitation feeding and are consumed by the offspring (Kraus and Kraus, 1988; Lubin and Bilde, 2007). We hypothesized that in both species, reproduction and regurgitation provisioning are associated with an up-regulation of cost intensive processes in relation to egg production and organ restructuring for offspring care until matriphagy (Speakman and McQueenie, 1996; Vanfleteren and DeVreese, 1996; Ruhland et al., 2016; Fowler and Williams, 2017), which can result in elevated standard metabolic rate (SMR) (Barnes and Partridge, 2003; Metcalfe and Alonso-Alvarez, 2010). We tested this prediction experimentally by determining changes in SMR in response to oviposition and regurgitation provisioning. In parallel, we investigated the dynamics of internal morphological changes in response to brood care, with focus on the midgut tissue as the primary storage organ in spiders. We determined when structural changes of the midgut occur during the reproductive cycle of both species. Experimentally, we also examined whether physiological changes to the midgut are permanent once the process has been initiated, or reversible upon experimental removal of the eggs or offspring. A female can produce a replacement clutch if she loses her brood (Schneider and Lubin, 1997a; Futami and Akimoto, 2005; Viera et al., 2007), but depending on when the brood is lost, there might be a point of no return in the physiological dynamics of offspring provisioning.

The cooperatively breeding Stegodyphus species show reproductive skew in which up to 80 percent of females in a nest are unmated (Salomon et al., 2008). Mothers as well as female helpers provide extended maternal and allomaternal care (Lubin and Bilde, 2007; Salomon and Lubin, 2007; Junghanns et al., 2017). Since allomaternal care is provided by mated, reproducing females as well as by unmated, non-reproducing females (Junghanns et al., 2017), this warrants the question of whether the evolution of allomaternal care by non-reproducing helpers is associated with physiological adaptations that trigger the ability to provide regurgitation feeding. Using the cooperative S. dumicola, in which both mothers and allomothers perform similar tasks and share the workload (Junghanns et al., 2017), we examined if non-reproducing helpers exhibit adaptations to offspring provisioning, and whether potential changes in energy allocation patterns (SMR) and dynamics of changes in the midgut tissue (histological examinations) in response to offspring provisioning are permanent or reversible.

The mechanisms that trigger the onset of physiological preparations for regurgitation provisioning are not well understood. If reproduction activates the ability to provide for the offspring, this would support the hypothesis that mating or oviposition initiates an internal maturation process that physiologically enables mothers to provide regurgitation feeding (Krafft and Horel, 1980; Feneron et al., 1996; Schal et al., 1997; Schneider, 2002; Mas and Kolliker, 2008; Pinilla et al., 2012). We investigated whether oocyte maturation is a proxy for reproductive maturation and a prerequisite for the ability to provide regurgitation feeding. In the solitarily breeding S. lineatus, experimental cross-fostering previously revealed that non-reproducing (virgin) females do not adopt and care for cross-fostered brood (Schneider, 2002). In contrast to the solitary species, however, non-reproducing helpers in the cooperatively breeding Stegodyphus engage in all aspects of allomaternal care (Junghanns et al., 2017), suggesting the evolution of adaptations to offspring provisioning in non-reproducing helpers. This ability may be triggered by oocyte development, as unmated S. dumicola can produce unfertilized egg sacs (A. Junghanns and C. Holm, pers. obs.), in contrast to unmated solitary S. lineatus (Y. Lubin, J Schneider, and T. Bilde, pers. obs.). We propose that reproductive maturation is a prerequisite for triggering extended brood care in prospective allomothers, and predict that unmated females undergo development of their reproductive organs in preparation for brood provisioning as helpers. We investigated this prediction by comparing oocyte maturation as a proxy for brood provision ability between mothers and non-reproducers of the solitary S. lineatus and mothers, non-reproducing helpers and non-helpers of the cooperative S. dumicola.



MATERIALS AND METHODS


Study Species

The spider genus Stegodyphus (Eresidae) contains 20+ species (Kraus and Kraus, 1988; World Spider Catalog, 2018), most of which are solitarily breeding, subsocial species that show extended offspring care. Cooperative breeding has evolved independently three times, suggesting that subsocial behavior is the ancestral state (Johannesen et al., 2007; Settepani et al., 2016). Females are semelparous, and mothers and helpers of the social species provide extensive maternal care, in which offspring are provisioned by regurgitation feeding and female self-sacrifice (Lubin and Bilde, 2007). The solitary S. lineatus oviposits March-June, and tends the egg sac for 30 days (Millot and Bourgin, 1942). Females provision the offspring with regurgitated fluids and are consumed by their offspring about 2 weeks after hatching (Schneider, 1995). The social spider S. dumicola lives in communal nests, which arise from a single mated female and her offspring (Lubin and Bilde, 2007; Settepani et al., 2017). Females oviposit December-February, and mothers and allomothers care cooperatively for the offspring for several months until they are consumed by the offspring (Seibt and Wickler, 1987; Salomon and Lubin, 2007).



Collection Sites and Animal Maintenance

Stegodyphus lineatus was collected in Israel in April 2012, from dry water courses at two sites, Mt. Amasa (31.31N, 35.12E) and Lehavim (31.36N, 34.83E), with a total number of 215 individuals. Females were collected before they matured to adulthood and therefore prior to oviposition, to follow them through their entire reproductive and maternal care period (mothers), and to assure that we had virgin females available (virgin controls). Mothers and virgin controls were kept within their natural nest in individual plastic containers (90 × 70 mm), at a constant temperature of 25°C and a 12:12 h light:dark period. Until oviposition, mothers were provided with a diet of houseflies or crickets two-three times/week, after which feeding was stopped as they do not forage during brood care (Schneider et al., 2003). Virgin controls followed the same feeding scheme and were not fed after mothers had oviposited.

The cooperative S. dumicola was collected in South Africa during two consecutive summers before females matured. The first collection took place in November 2013 at three sites, Shingwedzi (−22.98S, 31.30E), Middelfontein (−24.68S, 28.55E), and Mokopane (−24.40S, 28.78E), where a total number of 24 nests was collected. The second collection took place in November 2014 from two sites, Shingwedzi (−22.98S, 31.30E) and Skukuza (−24.9S3, 31.69E), with four nests used for histological analysis. To ensure virginity, subadult females were separated from males and raised to adulthood. Some of the mature females were paired overnight with a male from the same nest. If traces of secretion were found on the females' genital openings the next day, she was considered mated (Junghanns pers. obs.) and was then used as a mother in small experimental colonies created for studying brood care. Unmated, adult females were used as allomothers (helpers) and were grouped with a mother from the same nest. In both seasons, virgin females from laboratory colonies that contained unmated, non-helping females (kept without males and reproducing females) were used to assess potential internal changes in the absence of brood care (virgin control).

In the first season, the experimental colonies of S. dumicola contained 1-2 mated females and three allomothers with a total number of 334 groups. All spiders were kept in a climate chamber at 25°C with a 13:11 h light:dark period. In the second season, 21 colonies consisting of one mated female and three allomothers were used for histological examinations. Experimental and control colonies experienced a 12:12 light:dark period and temperatures of 19°C at night and 27°C during the day with a peak temperature of 30°C for 2 h at noon. Experimental colonies were kept in transparent plastic containers (122 × 82 × 52 mm) with a plastic ring (diameter 53 mm) for silk attachment. Control virgins were kept in hexagonal plastic boxes (180 × 180 × 60 mm). All colonies were fed two to three times per week during the entire experiment with a diet of houseflies and crickets.



Experimental Design

The experimental design is outlined in Figure 1. First, we assessed changes in SMR and morphology (midgut and ovaries) in females at different stages during the natural brood care period in both S. lineatus and S. dumicola (natural group). Second, we determined the reversibility of physiological changes by experimentally removing eggs or offspring from mothers at different stages during the brood care period (removal groups). Since in S. dumicola, all colonies contained mothers and allomothers (non-reproducing helpers), we were at the same time able to investigate the effect of egg sacs and offspring removal on allomothers at different stages. To assess physiological changes that are not due to brood care, we established virgin controls, i.e., virgin females that we followed over time. The natural and removal groups in combination with virgin controls enabled us to address the following questions: (1) Does extreme brood care involve physiological changes in mothers? (2) Are physiological changes during brood care reversible, and if so, until which stage(s) during the brood care period? (3) Do allomothers experience similar physiological changes as mothers? (4) Is the ability to provide extreme brood care associated with oocyte maturation?
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FIGURE 1. Experimental design for examining physiological effects of brood care in females of the subsocial S. lineatus and cooperative S. dumicola. Upper box (white): representative time frames in days (d) for the reproductive cycle in the solitary breeding S. lineatus (S. li) and the cooperative breeding S. dumicola (S. du). Middle box (light/medium gray): treatment of the experimental females (S. li: mothers; S. du: mothers and non-reproducing helpers/allomothers). Natural groups (light gray): SMR measurements or chemical fixation for histological analyses (H) took place after mating (Nm), oviposition (No), hatching of offspring (Nh), early in the regurgitation period (Ner; S. li = 5 days after hatch; S. du = 6 days after hatch) and late in the regurgitation period (Nlr; S. li = 10 days after hatch; S. du = 24 days after hatch). Removal groups (medium gray): egg sacs or offspring were removed at different stages (Ro/oviposition, Rh/hatching, Rer/early and Rlr/late regurgitation), and females were kept alive until the time of expected matriphagy (S. li = 15 days after hatching; S. du = 31 days after hatching) and then chemically fixed for histological analyses. SMR was measured at all following stages after experimental removal. Lower box (dark gray): virgin controls. In S. lineatus SMR of virgin controls was measured whenever a mother from the natural group was measured and at expected matripaghy. Virgin controls of both species (virgin S. li and virgin, non-helping S. du) were examined histologically in the beginning and the end of the experimental period.



All S. lineatus mothers and the experimental colonies of S. dumicola were checked every day for oviposition. After oviposition, individuals/colonies were randomly assigned either to the natural group or to a removal group (Figure 1). The natural group followed an undisturbed course of brood care and standard metabolic rate (SMR) was measured at the following stages of the females' reproductive cycle: “Nm” mating, “No” oviposition, “Nh” the day when offspring hatched (hatching), “Ner” midway in the phase of regurgitation feeding (early), and “Nlr” end of regurgitation feeding (late) (Figure 1, natural group). For histology, some spiders from all groups (except for Nm and at the time of matriphagy) were chemically fixed (Figure 1). SMR measurements and chemical fixation was done 1 day after the respective stage was reached.

The colonies in the four removal groups (Figure 1) were manipulated by removing either the eggs or offspring at different stages corresponding to those of the natural groups as explained above (termed Ro, Rh, Rer, Rlr), to examine the effect of removal on SMR (measured the day after removal), midgut morphology, and oocyte stage. In all removal groups, females were maintained until their expected death by matriphagy, at day 15 after hatching of the spiderlings for S. lineatus (Schneider, 1995) and at day 31 for S. dumicola (Henschel et al., 1995; Reut Berger-Tal pers. comm.). If a replacement clutch was laid, it was removed. At the time of expected matriphagy the females were chemically fixed to investigate midgut integrity and oocyte stage histologically.

Whenever SMR was measured in a S. lineatus mother of the natural group, a virgin control was measured in parallel. Mother and virgin control were matched as to the amount of time that had passed from the beginning of the experiment (Figure 1). In SMR measurements of S. dumicola, mothers and allomothers from the same experimental colony were measured simultaneously. For histology, virgin non-caring controls of both species were sampled and chemically fixed to assess the state of their midgut and ovaries in the beginning and at the end of the experimental period. In S. lineatus, these virgin controls were approximately between 60 and 70 days old (since maturation to adulthood) when used for histology. This corresponds to the age of senescence of reproducing females, destined to be consumed by their offspring. Based on their age and on multiple experiments raising females both under laboratory and semi-natural conditions, we are quite confident that virgin S. lineatus do not produce egg sacs. As virgin controls in S. dumicola matured within colonies it was impossible to determine the exact age of a female. However, S. dumicola virgins were on average younger than S. lineatus virgins. This suggests that the pattern of egg maturation (mature eggs in virgin S. dumicola, immature eggs in virgin S. lineatus) is likely to be robust: despite the older age of virgin S. lineatus they still had less developed ovaries.



Measuring Standard Metabolic Rate

Standard metabolic rate (SMR) was estimated from the rate of CO2 production (VCO2) by repeated measurements using stop-flow respirometry (Lighton and Halsey, 2011) in a setup as described by Jensen et al. (2014). Individual spiders were randomly assigned to a measuring chamber (glass cylinder L: 9 × D: 2 cm), which was held at a constant temperature of 25°C with a 12:12 h light:dark period (S. lineatus) or 13:11 h light:dark period (S. dumicola). To avoid desiccation, a piece of filter paper (15 × 15 mm) with 0.25 ml solution of 2% agar was added to each chamber. The system used two parallel 8 channel multiplexers (RM Gas Flow Multiplexer, Sable Systems, Las Vegas, Nevada, USA) allowing for measurements of 16 parallel respirometry chambers that were measured sequentially by opening and closing the chambers. These measurements were repeated over a period between 18 and 24 h. Measurements were obtained by flushing the chambers with CO2 free air (washed in a soda lime column, MERCK Millipore, Darmstadt, Germany) at a fixed rate of 250 mL min−1. The flow was controlled by a flow meter (Side-Trak®, Sierra Instruments, Monterey, California, USA) and a flow controller (MFC 2-channel v. 1.0, Sable Systems, Las Vegas, Nevada, USA). Each chamber was flushed every 30 min (S. lineatus) or 40 min (S. dumicola) resulting in ~30–48 or 35 independent measurements of metabolic rate during the entire measurement period. The first three measurements were excluded to eliminate effects of stress from handling, and as these spiders are very sedentary, we estimated SMR from the average of the three lowest values obtained during the day of measurement. This was done to gain the intrinsic metabolic rate and not the total energy budget that would include phases of activity and handling stress.

The rate of CO2 production was calculated from the raw data, with a script in Mathematica (version 7.0, Wolfram Research, Champaign, Illinois, USA) by assessing a baseline for each CO2 peak and integrating the area below the curve. Any abnormalities in the plot were discarded by manual checks. See further details in Jensen et al. (2014). Data are reported as mass specific metabolic rate (μL/min/g).



Statistical Analysis of SMR

SMR measurements were analyzed using general linear mixed models (glmm) with Gaussian errors in the R package “lme4” v. 1.1–15 (Bates et al., 2015). As the different removal groups were initiated at different stages of the reproductive cycle, each differed in the number of stages that followed removal (Figure 1). For example, females that had their eggs removed at oviposition (Ro) were measured four times from the stage of hatching to matriphagy, while females that had their offspring removed at the time of hatching (Rh) were measured three times from time of early regurgitation to the time of expected matriphagy. For this reason, we constructed separate models for each removal group. In each model, the measurement from the removal group was compared to the measurements from the respective stage of the natural group (e.g., Ro compared to No). Due to limited data, the late regurgitation stages were not statistically analyzed (Rlr vs. Nlr, see Tables S2–S4 for details).

For S. lineatus, SMR comparisons were performed between (1) the sequence of stages of the natural group and the virgin controls, and (2) in separate comparisons of each removal group stage with the corresponding natural group (oviposition: No vs. Ro; hatching: Nh vs. Rh; early regurgitation: Ner vs. Rer; Table S2 for sample sizes). Each full model consisted of the fixed effect natural group, removal group, or virgin control, stage across the reproductive period (continuous variable, with the first stage present in a model being 0 and subsequent stages 1, 2, 3…), and the interaction between group and stage. Hence, in case of a significant interaction, model coefficients for the main fixed effect of group refer to the difference between groups in the first stage of the model. As spiders were measured multiple times across and within stages, spider ID was included as a random effect. If we identified a significant difference in SMR between a natural and a removal groups, we subsequently compared this removal group to the virgin controls. Accounting for multiple measures by the inclusion of spider ID as a random effect caused some structure in the residual plots. We identified this structure as an overfitting of the individuals only measured once. To ensure that this did not produce spurious significance, we validated all significant p-values using subsets of the data. We did not find any deviation between the original results and the results in the validation (Table S1).

In S. dumicola, mothers and allomothers of the natural groups (Tables S3, S4 for sample sizes) were compared by constructing a glmm including stage of reproductive cycle (continuous as for S. lineatus) and reproductive role (mother, allomothers) as fixed effects as well as their interaction. The colonies were included as random effects in all models of S. dumicola (see Text S1 for details). To investigate whether mothers and allomothers were affected differently across the different removal groups, we compared each removal group with the corresponding stage of the natural group as was done for S. lineatus, however, with the inclusion of an additional fixed effect differentiating mothers from allomothers. The group comparisons performed were No vs. Ro, Nh vs. Rh, and Ner vs. Rer. The full models for each pairwise group comparison contained the fixed effects stage (continuous as for S. lineatus), group and female role, and all possible interactions.

For all models, significance of the highest order interaction term was evaluated by comparing the full model with a reduced model in which the highest order interaction term had been omitted. If the interaction term was non-significant it was omitted from the full model, which was then further reduced to evaluate the significance of each of the lower order terms and so forth. In case of a significant interaction, further model reductions and significance testing of involved main effects were halted. Models fulfilled assumptions of parametric analysis unless noted and all model comparisons were performed with likelihood ratio tests. All statistical analyses were performed in R (R Development Core Team, 2018).



Histology

Natural groups: To assess morphological changes in the midgut tissue during the natural course of brood care, brood caring females were chemically fixed at four stages as in the SMR analyses: No) at oviposition by the mothers, Nh) after hatching of the offspring, Ner) in an early regurgitation phase and Nlr) in a late regurgitation phase (Figure 1). To this aim, the opisthosomata of 9 S. lineatus mothers, 14 S. dumicola mothers and 35 S. dumicola allomothers (from 10 nests) were fixed on the day or 1 day after the respective stages were reached.

Removal group: To investigate whether potential changes are reversible, we investigated 11 S. lineatus mothers, 19 S. dumicola mothers and 49 S. dumicola allomothers (from 10 nests) from which eggs or offspring had been removed at the same life stages as given above (Ro, Rh, Rer, Rlr). The females were maintained until the expected date of matriphagy (see Figure 1 “removal groups”) and then chemically fixed.

We additionally examined five virgin females of S. lineatus and 14 unmated non-helping females (virgin control) from seven nests of S. dumicola, the latter having been kept in colonies consisting of unmated females only. All females were anesthetized with CO2 before their opisthosomata were separated from the prosoma and the region around the spinnerets was cut off to enable sufficient penetration of the tissue by the fixative. The opisthosomata were chemically fixed in Duboscq-Brasil after (Bouin, 1887) for at least 1 week. The samples were dehydrated in an alcohol series, transferred to Tetrahydrofuran (THF) and embedded in paraffin (Rotiplast). Five micrometers sections were produced with a rotation microtome HM 360 and then stained with AZAN (Geidies, 1954). AZAN stains basophilic structures in red while acidophilic structures are stained blue. As a result, the nuclei are stained red, connective tissue light blue, secretion blue, and granules of the cells blue, red, or yellow (Burck, 1988). Staining does not stain regurgitate only, but also other material of similar biochemical properties. Thus, we focus on liquefied (blue) material in the gut region. More coarse material was not considered regurgitate but food remnants. The samples were analyzed and photographed using an Olympus BX60 System Microscope and Zeiss Axio Vision 4.8. To avoid interpretation bias, the histological sections were analyzed blind with regard to the identity of the samples. We categorized morphological traits of the midgut tissue as correlates for changes during brood care: the abundance of secretion granules (blue stained granules) and the abundance of extracellular fluids, both of which are considered to accumulate for regurgitation purposes (Nawabi, 1974; Salomon et al., 2015). Sample sizes are reported in Table S5.




RESULTS


Variation in SMR Over the Maternal Care Period in S. lineatus

We found a significant and increasing difference in SMR between mothers in the natural group and virgin controls over time, with mothers showing higher SMR than virgins, illustrated by a significant interaction term between stage and group (Table 1; Figure 2A). This effect was mainly driven by a decrease in SMR over time in virgin controls, while mothers in the natural group had a stable SMR across reproductive stages (Table 1; Figure 2A). We compared mothers of the four removal groups with the mothers of the corresponding natural groups. In response to egg removal, Ro mothers had a significantly and consistently lower SMR than No mothers (Table 1, Figure 3). SMR of mothers in the removal groups at the time of hatching (Rh) and of early regurgitation (Rer) did not differ significantly from that of Nh and Ner mothers (Table 1; Figure 3). These results suggest that (1) mothers in the period where they provide offspring care maintain a higher SMR than virgin females; and (2) the elevated SMR during brood care is reversible: the SMR of mothers that have their egg sac removed before hatching of the eggs steadily returns to a state similar to that of a virgin female, while removal of offspring after hatching does not cause a reduction in SMR (compare Figure 2A and Figure 3).



Table 1. Statistical analyses of SMR in mothers of the natural and removal groups and virgin control females in the subsocial S. lineatus.
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FIGURE 2. Data on Standard Metabolic Rate measured as VCO2 (μL CO2/minute/gram) during the natural brood care period (natural group) in mothers and virgin control females of the solitary spider S. lineatus (A), and in mothers and allomothers (non-reproducing helpers) of the cooperative spider S. dumicola (B). For each measurement of mothers, simultaneous measurements were performed on virgin controls (S. lineatus) or allomother females (S. dumicola). The mothers succumbed to matriphagy and were thus not measured at this stage. The VCO2 measure provided is the average of the 3 lowest measurements out of 40. Error bars show the standard error of the mean.
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FIGURE 3. Data on Standard Metabolic Rate (SMR) measured as VCO2 (μL CO2/minute/gram) during the maternal care period in mothers of the solitary spider S. lineatus. SMR of natural mothers (reproducing females that followed a natural brood care cycle) was measured at mating, oviposition, hatching of offspring, early regurgitation and late regurgitation. Natural mothers succumbed to matriphagy and were thus not measured at this stage. In the removal groups, mothers were measured after removal of the egg sac or offspring at the same stages as well as at expected time of matriphagy. The VCO2 measure provided is the average of the 3 lowest measurements out of 40. Error bars show the standard error of the mean. The natural group data presented here is the same data as presented in Figure 2A.





Changes in SMR Over the Maternal Care Period in S. dumicola

Comparing SMR between allomothers and mothers in the natural groups revealed consistently higher SMR in allomothers from the time of oviposition and onwards (Figure 2B). A significant interaction term between stage and reproductive role (allomother/mother) indicates that the disparity in SMR of allomothers and mothers increased over time (Table 2; Figure 2B). SMR in S. dumicola mothers showed a decreasing trend over the brood care period while allomothers did not (Table 1, Figure 2B). As in S. lineatus mothers, both mothers and allomothers in S. dumicola showed a sharp decrease in SMR after egg sac removal (compare Figure 3 and Figures 4A,B), suggesting that experimental removal of the egg sac resulted in a significant reduction in SMR in both mothers and allomothers compared to females in the natural groups (Table 2). After hatchlings were removed, S. dumicola allomothers showed higher SMR than mothers (Table 2, compare Figure 4A and Figure 4B). There was no reduction in SMR compared to the females from the natural group (Nh) (Table 2; Figures 4A,B). When regurgitation feeding had begun, removal of offspring likewise did not cause a significant reduction in SMR in mothers and allomothers compared to females from the natural groups, but SMR of allomothers was again higher compared to mothers (Table 2; Figures 4A,B). Overall, this suggests for the social S. dumicola that (1) allomothers exhibit a higher SMR than mothers over the entire period of offspring care; and (2) the elevated SMR during brood care is reversible both for mothers and allomothers if the egg sac is removed.



Table 2. Statistical analyses of SMR in mothers and allomothers of the natural and removal groups in the social S. dumicola.
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FIGURE 4. Standard Metabolic Rate given as VCO2 (μL CO2/minute/gram) in cooperative S. dumicola mothers (A) and allomothers (non-reproducing, virgin females) (B). Natural groups followed a natural brood care cycle. SMR of mothers and allomothers was measured at mating, oviposition, hatching of offspring, early regurgitation and late regurgitation (same data as in Figure 2B). Females in the natural group succumbed to matriphagy and were thus not measured at this stage. In the removal groups, SMR was measured after removal of the eggs (oviposition) or offspring at the same stages as given above and at expected time of matriphagy. The VCO2 measure provided is the average of the 3 lowest measurements out of 40. Error bars show the standard error of the mean.





Histology: General Results for Both Species (see Also Tables S6–S9)

In the midgut, extracellular fluids that accumulate in lumina and other extracellular spaces in preparation of regurgitation feeding can be distinguished from food remnants by their structure: while food remnants have a coarse and flaky structure and are stained pinkish or gray (see for example Figure 8B), regurgitate appears finely structured and stains appear blue after AZAN staining (see for example Figure 8D).

We examined the ovaries of all females to determine the developmental stages of the oocytes. The undeveloped ovaries contain homogeneously structured pre-vitellogenic oocytes (Trabalon et al., 1992), which appear pink in AZAN staining and do not show larger granules (e.g., Figure 5A). Pre-vitellogenic oocytes were smaller than 150 μm in S. lineatus and smaller than 100 μm in S. dumicola. Maturing early (S. lineatus: up to 300 μm, S. dumicola: up to 170; e.g., Figures 8D,E) and late vitellogenic oocytes (S. lineatus: up to 370 μm, S. dumicola: up to 270; e.g., Figure 5B) are considerably larger and exhibit a grained structure. As females with early or late vitellogenic oocytes usually also contained less matured oocyte stages, we classified them by the most mature oocyte stage found in the ovaries (see also Tables S6–S9).
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FIGURE 5. Midgut sections of virgin control females of Stegodyphus lineatus (A) and S. dumicola (B) sampled at the beginning of the experimental period. The midgut tissue (MG) consists of diverticula embedded in storage tissue and surrounds the heart (H), reproductive organs (Ov) and the silk glands (SG). No blue stained secretion granules or extracellular materials are visible. The ovary of S. lineatus contains exclusively pre-vitellogenic oocytes while the ovary from S. dumicola shows far matured oocytes. Virgin Controls sampled at the end of the experimental period did not differ. Scale bars are 2,000 μm.





Morphological Changes in S. lineatus Natural Groups

Virgin controls from the beginning of the experimental period and the end of the experimental period did not differ in the traits investigated. In virgin controls and natural mothers at the stage of oviposition (No), blue stained secretion granules were either absent, or only present in clusters and in low amounts (Figures 5A, 6A), with the exception of one female that was chemically fixed one day after oviposition and showed massive amounts of secretion granules. In contrast, in Nh mothers (hatching; Figure 6C) and Ner mothers (early regurgitation; Figure 6E) secretion granules were common or abundant. In mothers at the late regurgitation stage (Nlr), the secretion granules were less frequent (Figure 6G) or absent. In many females at Nh and onwards, large lacunae were present, but mainly the middle parts of the midgut region. These lacunae were filled with large amounts of dense and finely structured extracellular fluids that often stained blue (Figures 6C,E). The abundance of these fluids and their tendency to stain blue was decreased at Nlr (compare Figures 6E,G). At this time the size of the female's opisthosomata was smaller compared to earlier stages (compare scale bars Figures 6C,E to Figure 6G). Interestingly, even in the late brood care stages part of the midgut tissue stayed intact (Figure 6G). Lacunae were never observed in virgin controls. These histological investigations show that brood care is associated with progressive tissue disintegration.
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FIGURE 6. Histological sections of opisthosomata of Stegodyphus lineatus mothers of the natural group (left column) and mothers of the removal group (right column). Females were either chemically fixed (natural group) or the eggs sac or offspring was removed (removal group) at (A,B) oviposition (No, Ro); (C,D) hatching of spiderlings (Nh, Rh); (E,F) early regurgitation phase (Ner, Re; 5 days after hatching); (G,H) late regurgitation phase (Nlr, Rlr; 10 days after hatching). Females in the removal groups were chemically fixed 15 days after hatching of the offspring when matriphagy would occur under natural conditions. In the natural group by the time offspring hatches (C), massive changes have occurred compared to virgin females or females at oviposition (A). Blue stained secretion granules are abundant, and parts of the midgut tissue are dissolved with stained extracellular material (Re) accumulating especially in the mid-region of the midgut tissue while anterior parts stay intact for the longest time. At the late hatching phase almost no extracellular material (interpreted as regurgitant fluid) is left and the opisthosoma has shriveled, but parts of the midgut tissue are still intact. When mothers were separated from offspring directly after hatching (D) they were able to terminate and reverse processes, almost no extracellular material is visible. During regurgitation the ability to reverse the cellular disintegration diminishes as extracellular material remains. Oocytes might mature in the removal group even until the late regurgitation phase. H, heart; MG, midgut; Mu, muscle; Ov, ovary; Re, extracellular material (regurgitant); SG, silk gland. All scale bars are 2,000 μm.





Morphological Changes in S. lineatus Removal Groups

Stegodyphus lineatus mothers from which the egg sac had been removed at oviposition (Ro) did not show secretion granules in the midgut tissue (Figure 6B). When the offspring had been removed at hatching (Rh) or early or late regurgitation (Rer, Rlr), the abundance of secretion granules varied strongly. In these stages, extracellular fluids were visible (Figures 6D,F,H), similar to mothers from the corresponding natural groups. However, in contrast to natural mothers, fluids often appeared less dense and often did not stain blue. At Rh, the amount of extracellular fluid found in the midgut of the mother was low or very low (Figure 6D). The lacunae were small and often diverticula did not show marked natural lumina. In Rer mothers, the amount of extracellular fluids varied from high amounts of extracellular fluids (Figure 6F) to none. Rlr mothers showed comparable amounts of extracellular fluids as natural mothers at Nlr (compare Figure 6G and Figure 6H). The comparison of mothers from the natural groups and removal groups suggests that disintegration of the midgut tissue is reversible until the hatching stage and that the ability of mothers to reverse these processes diminishes once regurgitation feeding has begun.



Morphological Changes in S. dumicola Natural Groups

In the natural groups, we found similar progressive tissue disintegration of the midgut along the brood care period in both mothers and allomothers. Control virgins exanimated at the beginning and the end of the experimental period did not differ in the investigated traits (Figure 5B), as mothers and allomothers at No (Figures 7A,B) never showed blue stained secretion granules or accumulation of extracellular fluids (Figure 5B). In contrast, the blue stained granules were abundant in mothers and allomothers at Nh (Figures 7C,D). During the regurgitation phase (Ner, Nlr), less secretion granules were found in mothers and allomothers (Figures 7E–H). Mothers of the natural group showed small to middle sized lacunae with extracellular fluids in the anterior parts of the midgut starting at Nh (Figures 7C,E,G), and in allomothers from Ner onwards (Re in Figures 7F,H). The lacunae never occurred in the posterior parts of the midgut (Figure 7F), but sometimes lumina filled with extracellular fluids were found in the mid-regions of the midgut (Figure 7H). In Nlr females, only small amounts of extracellular fluids were observed (Figure 7G and Re in Figure 7H).
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FIGURE 7. Histological sections of opisthosomata of Stegodyphus dumicola mothers (left column) and allomothers (right column) of the natural group that followed a natural brood care cycle. Females were chemically fixed at (A,B) oviposition (No); (C,D) hatching of spiderlings (Nh); (E,F) early regurgitation phase (Ner; 6 days after hatching); (G,H) late regurgitation phase (Nlr; 24 days after hatching). Mothers as well as allomothers show similar changes with blue stained granules accumulating in the cells at the time of hatching (C,D). Extracellular material is only visible in small amounts often in anterior parts of the midgut tissue (e.g., E,F). Oocytes may undergo maturation in mothers (C) and allomothers (F,H). H, heart; MG, midgut; Ov, ovary; Re, extracellular material (regurgitant); SG, silk gland. All scale bars are 2,000 μm.



The morphological changes in natural mothers and allomothers of S. dumicola were similar to those in natural S. lineatus mothers. However, as the size of the lacunae in S. dumicola midgut tissue never reached the same extent as in S. lineatus (compare Figures 6C,E with Figures 7C–F), changes in S. dumicola appeared less pronounced. At Ner, the amount of secretion granules was lower in S. dumicola than in S. lineatus (compare Figure 6E with Figures 7E,F). However, at Nlr the midgut of S. dumicola mothers and allomothers contained more secretion granules compared to S. lineatus mothers at the same stage (compare Figure 6G with Figures 7G,H).

Our histological investigations of S. dumicola showed that the provisioning of extreme maternal care is associated with progressive changes of the midgut tissue in both mothers and allomothers, but changes in the midgut were less pronounced than those of S. lineatus.



Morphological Changes in S. dumicola Removal Groups

Rh mothers showed low amounts of secretion granules and almost no extracellular fluids (Figure 8C). In contrast, allomothers at the same stage showed middle-sized lacunae and had accumulated extracellular fluids when they were scrutinized (Figure 8D). At Rer and Rlr, both mothers and allomothers showed high levels of secretion granules and medium to large amounts of extracellular fluids which were present in natural lumina of the diverticula, and middle-sized lacunae in the anterior to the middle parts of the midgut (Figures 8E–H). The comparison of natural S. dumicola females to the females of the removal group shows that the amount of secretion granules was lower in Rh compared to Nh (compare Figures 7C,D to Figures 8C,D). However, compared to the natural groups Ner and Nlr, the amount of extracellular fluids was higher in Rer and Rlr mothers (compare Figures 8G,E to Figures 7G,E) and in allomothers from the hatching stage (Rh) onwards (compare Figures 8D,F,H to Figures 7D,F,H). These data suggest that in mothers of S. dumicola, disintegration of the midgut tissue is reversible until the hatching stage as in S. lineatus mothers. In contrast, allomothers of S. dumicola were seemingly not able to terminate and reverse processes when offspring were removed at hatching.
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FIGURE 8. Histological sections of opisthosomata of Stegodyphus dumicola mothers (left column) and allomothers (right column) of the removal group of which egg sacs or offspring had been removed. Offspring was removed at (A,B) oviposition (Ro); (C,D) hatching of spiderlings (Rh); (E,F) early regurgitation phase (Rer; 6 days after hatching); (G,H) late regurgitation phase (Rlr; 24 days after hatching). Females were chemically fixed 31 days after hatching at the time matriphagy would occur under natural conditions. Mothers and allomothers show almost no blue stained secretion granules when offspring were removed at time of hatching (C,D) compared to females of the same stage in the natural group. Extracellular material (regurgitant) is accumulating more in mothers from early regurgitation and in allomothers from hatching onwards than in control groups, suggesting the inability to terminate and reverse production of material for regurgitation feeding when offspring were removed at hatching. Ovaries of mothers and allomothers frequently show late-vitellogenic oocytes (A–C,G,H). H, heart; MG, midgut; Ov, ovary; Re, extracellular material (regurgitant); SG, silk gland. All scale bars are 2,000 μm.





Ovaries of S. lineatus and S. dumicola

The ovaries of virgin S. lineatus females did not differ between individuals examined at the beginning and the end of the experimental period and showed exclusively pre-vitellogenic oocytes (Ov in Figure 5A and Table S6). Similarly, the ovaries of natural mothers from all stages of brood care often contained pre-vitellogenic oocytes (Ov in Figures 6A,C,G). In the removal groups, most mothers exhibited late vitellogenic oocytes in their ovaries at least in one stage (e.g., Ov in Figure 6B,H, see detailed results in Table S6). These results suggest that mothers keep the ability to mature oocytes if they lose their brood, even if this happens late in the brood care period.

In S. dumicola, our data shows that allomothers as well as virgin non-helping females are able to mature oocytes in their ovaries. Virgin controls exhibited pre-vitellogenic, early vitellogenic, or late vitellogenic oocytes (Figure 5B and Table S7) in their ovaries. There was no significant difference between virgin controls sampled at the beginning and those sampled at the end of the experimental period. The ovaries of natural mothers contained pre-vitellogenic (Figure 7A) or early vitellogenic oocytes (Figure 7C), and some exhibited late vitellogenic oocytes in their ovaries. In contrast, natural allomothers of all stages had early vitellogenic (Figure 7B) or late vitellogenic oocytes (Figure 7F) in their ovaries. In the removal groups, late vitellogenic (Figures 8A,G) and early vitellogenic oocytes (Figure 8E) was present in most mothers. Allomothers from removal groups showed early or late vitellogenic oocytes in most cases (Figure 8D).




DISCUSSION


Does Extreme Brood Care Lead to Physiological Changes in Females?

We investigated the physiological response to maternal care in spiders with a semelparous life history. We found an energetic cost of brood care in the solitary S. lineatus, with the highest SMR exhibited by mothers during the regurgitation-feeding period. This is consistent with an up-regulation of energy demanding processes associated with offspring care resulting in elevated SMR (Barnes and Partridge, 2003; Metcalfe and Alonso-Alvarez, 2010). Interestingly, in the cooperative S. dumicola we found a consistently higher SMR of unmated helpers than that of mothers. This can be interpreted as allomothers investing relatively more in parental care than mothers do. A possible explanation for this difference in investment is that allomothers do not allocate resources to reproduction, but instead invest all of their resources into the care of the brood, which represents their entire reproductive fitness. Furthermore, S. dumicola mothers are sometimes observed to produce an additional brood (Junghanns, unpublished), for which resources may be preserved (discussed further below).

The removal experiment strongly suggests that brood care is correlated with an elevated SMR, as mothers of S. lineatus as well as mothers and allomothers of S. dumicola experienced a significant reduction in SMR after removal of the eggs. Although regurgitation feeding has not yet begun at this stage, histological data suggests that the transformation of midgut tissue in preparation for provisioning of young is already initiated when an egg sac is present. The ability to reduce SMR in the removal experiment could indicate metabolic and morphological plasticity as a strategy to save energy for a second reproductive event in case the first brood is lost (Ricklefs and Wikelski, 2002). We hypothesized that an increase in SMR reflects investment in maternal care, but a decrease in SMR could instead reflect energy allocated to egg production and a down regulation of energy allocation to self-maintenance (Naya et al., 2007). However, oviposition and brood provisioning in S. lineatus mothers coincided with elevated SMR relative to virgin females, consistent with our primary hypothesis.

We note that SMR of virgin S. lineatus females declined over time. We do not have an explicit explanations for this pattern, but to provide the most realistic comparison between virgin females and mothers, who do not feed after oviposition, the virgin females were also not fed after this point. This could explain the decline in SMR compared to mothers. This is also consistent with the observation that virgins do not mature eggs and never produce an egg sac unless they are mated, and therefore do not need to allocate energy to these processes. This result emphasizes that reproducing females upregulate SMR in response to brood care.

In the solitary S. lineatus, the histological data support the observed differences in metabolic rate between reproducing and virgin females, with disintegration of the midgut tissue and accumulation of extracellular fluids occurring only in mothers. This suggests that reproducing females undergo morphological changes to meet the demands of regurgitation feeding with liquefied body tissue (Kullmann, 1968; Nawabi, 1974; Salomon et al., 2015). Accumulation of material for secretion, perhaps of alkaline content (Burck, 1988), in preparation for regurgitation feeding started at oviposition. By offspring hatching, the midgut tissue of mothers formed large extracellular lacunae that indicate ongoing disintegration of midgut tissue, and lacunae filled with fine-grained fluids post-hatching most likely contain the fluids that females will regurgitate to the young. During regurgitation, females lose weight (Salomon et al., 2005), which is reflected by reduced amounts of fluids in the late regurgitation stage of S. lineatus and a smaller opisthosoma compared to earlier stages. Morphological changes similar to those in S. lineatus but not as comprehensive, were observed in mothers and allomothers of the social S. dumicola. In S. dumicola, extracellular blue stained fluids did not accumulate in high amounts in lacunae but were often limited to natural lumina of the diverticula in the anterior part of the midgut. The less dramatic changes of the midgut tissue in the social S. dumicola are likely to reflect adjustment of resource allocation to a longer maternal provisioning period, as reproduction is not entirely synchronized within a nest, and the provisioning period in social Stegodyphus is longer than that of solitary congeners (Seibt and Wickler, 1988). The ability to perform continuous allomaternal provisioning may also provide an insurance against high female mortality (Jones and Riechert, 2008). Collectively, the data show that mothers and allomothers undergo physiological changes in preparation for regurgitation provisioning, which is initiated at oviposition.



Are Physiological Adaptations to Brood Provisioning Reversible?

We examined whether physiological alterations are irreversible once reproduction is initiated as an adaptation to a semelparous life history, or whether some modulation is possible in case of brood mortality. Our data indicate that physiological adaptations to maternal care are reversible if the offspring are removed early in the maternal care period. SMR decreased significantly in mothers following egg removal, whereas removal of the offspring at different times during the regurgitation period did not result in a marked decrease in SMR. Histological examination showed that mothers of both species, after removal of hatched offspring, showed a reduced amount of secretion granules, and in S. lineatus mothers extracellular fluids also diminished. This suggests that mothers were able to terminate the production of secretion for regurgitation and to reabsorb existing extracellular material using the remaining intact diverticula. The implication could be that mothers retain sufficient resources to produce a second clutch if the first brood is lost early in the provisioning period (Schneider and Lubin, 1997a), this is a common scenario as the risk of brood loss to infanticidal males, predation, or parasitism in nature is high (Schneider and Lubin, 1997a,b; Bilde et al., 2007). The ability to produce a replacement clutch was confirmed by the presence of late vitellogenic oocytes in the ovaries of some females in late stages of regurgitation feeding. Indications of reversal processes were less pronounced when removal of offspring occurred in the regurgitation feeding period, at which point S. lineatus mothers appeared unable to reabsorb regurgitation fluids. Similarly, in S. dumicola, extracellular fluids accumulated when the offspring had been removed during regurgitation, indicating that these females were incapable of reabsorbing extracellular fluids, and unable to stop the process of producing additional fluids. This suggests that physiological plasticity in mothers of both species diminishes from the onset of regurgitation, marking the time of regurgitation feeding a physiological ‘point of no return'. The life history of Stegodyphus, in which high mortality may have favored semelparity, appears to be aligned with physiological adaptations to extreme maternal care that are irreversible once regurgitation feeding has begun. At this point, females may have invested an amount of energy that reduces the likelihood that their energy budget would meet the threshold for yet another successful reproductive bout (Drent and Daan, 1980; Stearns, 1992). Intriguingly, as mentioned above, we have observed that S. dumicola females can produce a second brood, but we need a better understanding of the circumstances under which this happens. The solitary S.lineatus, only produces a replacement brood if they lose their first egg sac (Schneider and Lubin, 1997a), and it is possible that the ability of S. dumicola females to produce a second brood depends on the timing and relative investment in the first brood.



Do Allomothers Experience Similar Physiological Changes as Mothers?

In the solitary S. lineatus, maternal care behavior occurs exclusively in reproducing females (Schneider, 2002), while unmated helpers of the cooperative species engage in maternal care (Salomon and Lubin, 2007; Junghanns et al., 2017), suggesting that the physiological ability of unmated helpers to provision the offspring is an adaptation to cooperative breeding. Allomothers consistently experienced higher maintenance cost measured as SMR compared to mothers, indicating that helpers may even experience a higher cost of brood care than mothers. This elevated cost could be explained by allomothers engaging more frequently in prey capture, web building and other tasks of colony maintenance in addition to food provisioning (Junghanns et al., 2017). The histological examination confirmed that allomothers undergo similar changes in the midgut as mothers. Already at the stage of hatching, allomothers appeared unable to terminate and reverse these internal processes, instead, they continuously accumulated extracellular fluids. This may reflect that allomothers care for all offspring produced by several mothers in the family group, i.e. in the event of loss of one brood, there is still demand for allomaternal provisioning. Since the unmated allomothers cannot invest their resources in their own offspring, their reproductive fitness is determined by inclusive fitness benefits from raising their sisters' brood (Hamilton, 1964a,b; Smith and Wynneedwards, 1964). The ability of unmated females to engage in suicidal brood provisioning is therefore key for acquiring indirect benefits of helping by kin selection, and likely represents an adaptation to cooperative breeding.



Are Morphological Adaptations to Extreme Brood Care Associated With Egg Maturation?

The physiological capacity to engage in regurgitation feeding may rely on an internal maturation process triggered by mating or oviposition (Feneron et al., 1996; Mas and Kolliker, 2008; Pinilla et al., 2012). Interestingly, allomothers and virgin non-helping females of the cooperative S. dumicola showed early and late vitellogenic oocytes in their ovaries—a mating event does therefore not seem required for egg maturation. The presence of late stage oocytes in their ovaries likely indicates the physiological maturation process that precedes and triggers regurgitation feeding. In ants, ovarian maturation of workers is linked with the performance of certain tasks in the nest, with nursing workers showing the most developed ovaries (Feneron et al., 1996). The link between ovarian maturation and brood care may have played a role in the evolution of cooperative breeding within the genus Stegodyphus, since in the solitary species S. lineatus, virgin females only contained pre-vitellogenic oocytes, and did not oviposit or provide care when in contact with spiderlings. We therefore suggest that maturation of ovaries in allomothers of cooperative Stegodyphus is associated with the onset of physiological preparations for brood provisioning and represents an adaptation to engage in cooperative breeding.

In conclusion, the onset of reproduction triggers an increase in standard metabolic rate (SMR) and causes structural changes in the abdominal midgut tissue, indicating physiological responses to regurgitation feeding with liquefied body tissue. Females are able to terminate and partly reverse these internal morphological changes until the start of regurgitation feeding, which marks a physiological “point of no return.” Remarkably, allomothers show similar or even stronger physiological response to brood care than mothers. This could be an adaptation to continued allomaternal care over prolonged periods in social nests, or it could facilitate the production of a second brood by mothers, who retain the ability to mature oocytes upon the loss of offspring. In contrast to virgin females of the subsocial S. lineatus, unmated S. dumicola allomothers often contained early and late vitellogenic oocytes in their ovaries. This suggests that oocyte maturation is a prerequisite for the onset of extreme brood care in unmated helpers, and that oocyte maturation has shifted to an earlier stage in ontogeny as an adaptation to cooperative breeding.
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An increasing number of studies report coordinated chick provisioning by avian parents. Although the pattern of parental coordination varies across species, broad occurrence of this coordination suggests that it has an adaptive value: it may increase individual fitness via higher offspring survival, faster offspring growth rate and/or higher body reserves of the parents. However, to what extent the pattern of coordinated provisioning in a species represents a flexible response to current foraging conditions remains an open question. Here, we examined coordination of chick provisioning in the Little Auk (Alle alle), a planktivorous seabird species that breeds in the Arctic. Harsh environmental conditions impose bi-parental care on this species, and high variability within and across breeding seasons promotes flexibility in parental involvement to secure breeding success. During the chick rearing period, parents exhibit a dual-foraging strategy (i.e., alternating long foraging trips, serving to maintain the adults' body reserves, with several short trips aimed to provision the chick). We examined coordination of parental provisioning across five breeding seasons varying in terms of environmental conditions and found that the parents indeed coordinate their provisioning, avoiding performing long trips simultaneously and thus enabling a more even distribution of feeding through time. We also examined chick body condition in relation to the level of parental coordination to test the potential adaptive value of coordination, but we found no significant relationship between these two parameters. We found high variability in the level of the coordination between pairs, and this variability was similar across all study seasons, which represented a wide range of experienced environmental conditions. Nevertheless, we found that the energy density of food loads delivered to chicks was associated with the level of parental coordination: when conditions were characterized by the delivery of higher-energy food loads, the level of coordination exhibited by the studied population was higher. These findings suggest that environmental conditions somehow affect parental coordination, but the range of the environmental variation could be still below a critical threshold of extreme conditions that would trigger more pronounced modifications of parental foraging patterns and coordination.

Keywords: coordinated provisioning, environmental effect, little auk (Dovekie), seabird, parental care


INTRODUCTION

Ecological conditions associated with food availability and predatory pressure are among the most important determinants of benefits and costs of parental care in birds and are therefore thought to play an important role in the evolution of avian breeding systems (Silver et al., 1985; Martin, 1987; Arnold and Duvall, 2002; Fontaine and Martin, 2006; but see Olson et al., 2008; Remeš et al., 2015). At the evolutionary scale, environments characterized by mild and/or predictable conditions are associated with the system of uniparental care (8% of avian species) while environments with harsher or unpredictable conditions seem to require the involvement of both parents, and sometimes even help from other individuals, in order to raise the offspring successfully (81 and 9% of species, respectively representing bi-parental and cooperative breeding systems; see Cockburn, 2006). Ecological constraints or hazards faced by parents may also operate at a narrower scale, for instance shaping the extent of each parent's engagement and the manner in which they perform their care.

A growing number of studies highlight the importance of subtle partner inter-play in the form of coordinated parental performance (Hinde, 2006; Johnstone and Hinde, 2006; Elliott et al., 2010; Raihani et al., 2010; Massoni et al., 2012; van Rooij and Griffith, 2013; Johnstone et al., 2014; Mariette and Griffith, 2015; Bebbington and Hatchwell, 2016; Tyson et al., 2017; Wojczulanis-Jakubas et al., 2018). Patterns of parental coordination may vary across groups, species and even breeding stages (e.g., alternated vs. intermittent incubation, alternated vs. overlapped feeding patterns, etc.), but overall, coordination of efforts by both breeding partners may substantially increase their reproductive success (e.g., Davis, 1988; Raihani et al., 2010; Mariette and Griffith, 2015). This seems to be particularly important in extreme ecological conditions. A good example is the Kentish Plover, Charadrius alexandrines, which breeds in a hot desert where coordinated incubation between parents is essential for egg survival and also helps the parents to cope with their own heat stress (AlRashidi et al., 2010). However, coordination per se is relatively rarely examined, and studies examining the issue in the context of environmental constraints are even more scarce.

Life-history traits of pelagic polar seabirds make them a particularly interesting ecological group in terms of parental care on the background of environmental conditions. Their harsh and highly variable environment poses a great challenge during the breeding period when, in addition to self-maintenance, the parents need to satiate the needs of their offspring. Many species are known to exhibit flexible strategies to buffer environmental variability until conditions reach a critical threshold beyond which they are unable to buffer suboptimal conditions without visible changes in their survival and/or breeding success. As such, seabirds are often used as binary bio-indicators of environmental conditions (Piatt et al., 2007). In addition, foraging on distant marine resources, which are often patchily distributed (Schreiber and Burger, 2002), forces seabird parents to spend prolonged periods of time away from the nest (for hours or even days, e.g., Congdon et al., 2005; Welcker et al., 2009). Low ambient temperature imposes additional constraints for the parents, as embryos or young can be exposed to risks of death from hypothermia if left unattended for too long. All of these factors promote parental cooperation in seabirds and indeed, all the pelagic seabirds exhibit an obligatory bi-parental care system (Schreiber and Burger, 2002). Importantly, seabirds have been found to coordinate their food provisioning in a way that may potentially increase their breeding success (Congdon et al., 2005; Tyson et al., 2017; Wojczulanis-Jakubas et al., 2018). Nevertheless, substantial variation in the level of coordinated provisioning has been observed in these seabirds, and it raises the interesting question of the extent to which this coordination is a plastic response of parents to foraging conditions. If the coordination is a flexible trait, it should vary with regard to the current foraging context, with two possible scenarios. First, unfavorable foraging conditions could hamper the coordination as each parent faces the challenge of self-maintenance in a way that causes coordination to fail. Alternatively, unfavorable conditions could enhance the coordination if the coordination only has an adaptive value under such challenging circumstances (e.g., regularly provisioning the offspring may compensate for low food quality; Jones, 2002). The question about the relationship between the coordination and environmental conditions is particularly valid in the context of ongoing global warming, when dramatic changes in distribution of ocean currents impose additional constraints on entire marine ecosystems, including seabirds (e.g., Wassmann et al., 2011; Frederiksen et al., 2013).

Here, we examine foraging patterns and food provisioning schemes of breeding partners in the Little Auk (or Dovekie, Alle alle) in two breeding colonies across five breeding seasons. The Little Auk is a small pelagic seabird, breeding exclusively in the High Arctic zone. It is long-lived, with long-term pair bonds and long and extensive bi-parental care of a single egg/chick annually (Stempniewicz, 2001). Parents equally share their incubation duty for 4 weeks (Wojczulanis-Jakubas et al., 2009) and both brood and feed the chick at a similar rate for 3–4 weeks (Harding et al., 2004). Importantly, the Little Auk exhibits a dual-foraging strategy during the chick rearing period, regularly alternating a few short trips in a row (up to 8 h each, serving solely to provision the offspring) with a long foraging trip (> 8 h up to 28 h, primarily serving adult self-maintenance, even though some food is also brought to the chick; see Welcker et al., 2009, 2012; Wojczulanis-Jakubas et al., 2010; Jakubas et al., 2012). This pattern seems to be universal as no evidence of birds performing only one type of trip was found in five colonies located across the whole breeding range (Welcker et al., 2009). Thus, with both parents performing this bimodal foraging strategy, a mismatch between partners can have consequences for breeding success, as long trips by adults represent extended periods of waiting for food by the chick. In the worst-case scenario, when both parents make their long trips simultaneously, the chick may face a periodic risk of starvation. Even if an extended wait for food is not lethal, it may lead to energy allocation switching from growth to thermoregulation, resulting in prolonged growth (Ricklefs, 1990; Schreiber and Burger, 2002). Combined with life-history traits demonstrating the importance of both parents' role in successful breeding, the dual-foraging strategy makes the Little Auk a good model species for investigating coordinated efforts of breeding partners.

A recent study revealed that Little Auks indeed coordinate chick provisioning, avoiding simultaneous performance of long trips (Wojczulanis-Jakubas et al., 2018). A potential benefit of the coordination has also been demonstrated, as parents provisioning the chicks in a coordinated manner reduced the variation in the duration of periods when the chick is waiting for food (i.e., an even distribution of feedings through time). This study, however, was performed in a single breeding colony located at a relatively long distance from optimal foraging grounds, and thus the role of specific environmental conditions in shaping the coordinated provisioning remains unknown. It is known that the foraging patterns of the Little Auk depend on oceanographic conditions, with unfavorable conditions being associated with extension of the overall duration of foraging trips (Welcker et al., 2009; Jakubas et al., 2013; Hovinen et al., 2014; Kidawa et al., 2015). Therefore, it is possible that coordination performance may be different in another ecological context. Wojczulanis-Jakubas et al. (2018) also examined the effect of coordination on chick body condition but found no significant relationship. Why the coordination was not related to chick body condition, despite apparently favorable pattern of food delivery (i.e., reduced variation in duration of inter-feeding intervals), and whether coordination is associated with given environmental conditions, remains unclear.

The aim of the present study was two-fold. Firstly, we verified the results from the previous study (Wojczulanis-Jakubas et al., 2018) by extending the earlier dataset by adding new records from another large breeding colony and subsequent seasons. Furthermore, using a different approach to measure chick body condition, we also re-examined the relationship between parental coordination and chick growth rate. We expected to find a positive correlation, which would show another benefit of coordination and give insights into the adaptive value of coordinated provisioning. Secondly, we analyzed the parental coordination in regard to relevant environmental conditions. If coordination is a flexible trait varying in relation to foraging conditions, we expected to find variation in coordination level somehow associated with differences in environmental conditions.



METHODS


Study Area

We carried out the study in two breeding colonies: Hornsund (SW Spitsbergen, 77°00′ N, 15°33′ E) and Magdalenefjorden (NW Spitsbergen, 79°35′ N, 11°05′ E; Figure 1). These two colonies constitute the core of the Little Auk breeding population on Svalbard (ca 590 000 breeding pairs in Hornsund and 18 000 in Magdalenefjorden; Keslinka et al., 2019). Given high gene flow between these two colonies, they could be treated as a single panmictic population (Wojczulanis-Jakubas et al., 2014). However, owing to their different location on the Svalbard archipelago, birds from these two colonies are exposed to different oceanographic conditions. Thus, examining the provisioning schemes in these two locations expands the range of environmental conditions. The sea shelf in the vicinity of Hornsund constitutes the main foraging area of the Little Auks from this colony (Jakubas et al., 2013, 2014; and see Figure 1). This area is typically under the influence of two currents: the coastal Sørkapp Current, which carries cold, less saline Arctic water, and the West Spitsbergen Current (an extension of the Norwegian Atlantic Current), which transports warmer, more saline Atlantic water (Piechura et al., 2001; Cottier et al., 2005). The contribution of the two currents varies among years with greater or smaller contribution from Arctic waters, which in turn creates more or less favorable foraging conditions for the local population of the Little Auk. The nearby sea shelf area in Magdalenefjorden (one of the foraging areas of Little Auks from Magdalenefjorden; Jakubas et al., 2013) is primarily supplied with warm Atlantic waters from the West Spitsbergen Current. The aforementioned area is also under the partial influence of Arctic waters from the Sørkapp Current (Cottier et al., 2005; Piechura and Walczowski, 2009) but the influx of cold waters varies greatly between years, creating in comparison with Hornsund generally less favorable foraging conditions and a greater challenge for the local population of the Little Auk (Jakubas et al., 2013; Kidawa et al., 2015). For these reasons, birds from Magdalenefjorden may also forage in the marginal ice zone despite its distance from the breeding grounds, as it seems to be more profitable foraging grounds than the waters in the close vicinity of the colony (Figure 1).
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FIGURE 1. Study area. Mean sea surface temperature (SST) values for July 2002–2017; the 242-m isobath represents the shelf break and boundary of the Arctic zooplankton community (Kwaśniewski et al., 2012), and the 60-km buffers around the studied colonies represent close foraging grounds of Little Auks (Jakubas et al., 2017). Two example sea ice extents are shown for the dates when Little Auks were food sampled in both colonies. Data sources: SST: MODIS Aqua SST data (NASA Goddard Space Flight Center Ocean Biology Laboratory Ocean Biology processimg Group, 2014); sea ice extent: Multisensor Analyzed Sea Ice Extent - Northern Hemisphere (MASIE-NH), Version 1 with 4 215 km grid cell size (National Ice Center (NIC) NSIDC, 2010); bathymetry: a 500 m global relief model of Earth's surface IBCAO ver. 3 (Jakobsson et al., 2012).





Behavioral Observations

We collected data during three breeding seasons in the Little Auk colony at Hornsund (2016 to 2018) and two seasons in the colony at Magdalenefjorden (2009 and 2010). Data from Magdalenefjorden have been already used in Wojczulanis-Jakubas et al. (2018). Here, however, they are restricted to specific chick age, and analyzed along with data from Hornsund. The data from Hornsund are considered in this context for the first time.

To establish bird presence/absence in the colony (and later to obtain duration and time distribution of foraging trips needed to determine the coordination level) we used one of the two following bird monitoring systems: direct observation or video recording, carried out in three and two seasons, respectively (Table 1). The system of monitoring depended on field logistics and had slightly different accuracy. Nevertheless, obtained data were standardized in a way that ensured the two systems were comparable (see details below). To identify individuals, two weeks before the onset of the monitoring we marked both breeding partners from focal nests with a unique code using color combinations of leg-rings and color signs dyed on breast feathers (waterproof markers, Sharpie USA). The breast-signs usually faded away slightly throughout the monitoring period but were still clearly visible at the critical time, allowing quick and reliable individual identification in combination with the permanent colored leg-rings. In both systems we monitored nests of focal birds continuously for 48 h, and we could establish presence and absence of focal parents in the nest and its vicinity during this period with sufficient precision, owing to the nest site “fidelity” of Little Auks when at the colony (personal observations). The 48-h sessions (both observations and video recordings) were divided into 10-min bouts (assigned with presence or absence of focal birds) due to respective methodological constraints of both observation methods and to allow comparison of data originated from the two systems. In both systems, arrival of the parent at the colony with a food load for the chick was evident (indicated by fullness of the gular pouch). Consequently, we considered a sequence of the 10-min periods of absence of a focal bird in the colony, followed by its appearance with a full gular pouch, as a foraging trip.



Table 1. Detailed sample sizes across the five seasons.
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During the direct observations, pairs of observers (changing every 6–8 h) watched the colony plot with the group of focal nests. The observations were carried out from a blind situated ca 20 m from the colony edge (ensuring minimal disturbance and securing identification of individually marked birds). The observers used binoculars (10 × 35) to confirm the birds' identity, if necessary. It was possible to follow all marked birds because all the focal nests were located relatively close to each other, and marked individuals were never all simultaneously on the plot. The nest areas were observed continuously and presence/absence of parents at a given nest and fullness of their gular pouch were noted every 10 min (owing to uncertainty of exact departure time and securing acceptable accuracy).

For automatic video recording, we set a video camera (in total four types, commercial HD models, with 1-s time lapse mode) at each focal nest separately. The cameras recorded the situation in a 3 m radius of the focal nest entrance. Thus, as for the direct observations, we were able to register presence/absence of parents at a given nest and fullness of their gular pouch. Despite the greater time-precision (1 s) of arrival at the nest, this system was less precise concerning arrival at the colony, due to spatial limitations of the camera frame. Presence/absence in the colony was assigned to every 10-min time-window because the birds returning from foraging trips usually enter the nest within the first 10 min after arrival at the colony (average latency = 7 min; unpublished data). Video material was processed using VLC software (VideoLAN, France) and QuickTime player (Apple Inc. USA).

To establish hatching date, nests under monitoring were checked every 2 days for the last week of the incubation, so we were able to adjust the timing of observation and video recording to the chick's age. Although dates of the observations/video recordings varied between the colonies and seasons, focal birds were phenologically all in the same stage of the chick rearing period, i.e., “mid” chick rearing period (7–18 days old chicks; Table 1). Parental coordination may possibly change with age, and homogeneity in chick age among study nests minimizes the variation within this confounding variable.



Determination of Coordination Levels

To establish coordination level within a pair, every 10-min time-window for each individual was assigned to one of four categories: ST – short trip, LT – long trip, CO – presence in the colony, X - unknown. We classified foraging trips as short trip (ST) or long trip (LT) following the method previously used by Welcker et al. (2009), where the best cut-off value to separate the trips is the one that minimizes the sum of variances of both trip types, given their log-normal distribution. We calculated the cut-off value separately for every season and obtained a mean cut-off value of 6.75 h (range: 5.85–7.1 h). At least one 10-min time-window classified as presence at the colony (CO) was always between two foraging trips. As some trips started or ended beyond the fixed 48 h observation/recording period, their duration could not be calculated, and we assigned such trips to the fourth category, unknown whereabouts (X), to avoid losing information when the partner's status was known at the same time.

In total, we obtained data for 81 pair-sessions, balanced between the 5 seasons and with a few repeated pairs across two seasons, and no pair repeated for more than two seasons (Table 1). To establish and test the coordination of provisioning, we followed the procedure applied in Wojczulanis-Jakubas et al. (2018). Thus, for each pair-session we first calculated the frequency of 10-min time-windows in which one pair member was on ST while the other was on LT. Then we tested significance of this frequency using a Monte Carlo randomization approach (i.e., randomization that does not necessarily generate all possible combinations; see Wojczulanis-Jakubas et al., 2018 for detailed information). This way we obtained a single p-value for every pair-observation. To obtain an overall p-value for the given data set, we used the Z-method using the R package metap (Dewey, 2019). Finally, we calculated the coordination index for every pair-observation as the proportional difference between the observed (obs) and expected (exp) proportion of 10-min time-windows in which one pair member was on ST while the other was on LT according to the respective randomization procedure ([obs-exp] x exp−1). The obtained index varied between −1.00 and 1.42, with positive values associated with apparent coordination in the sense we consider in the present study (i.e., avoiding overlap of LTs by the two partners), and values equal to 0 or negative corresponding to an absence of this type of coordination.



Coordination and Inter-feeding Intervals

To verify the relationship found by Wojczulanis-Jakubas et al. (2018) between coordination and the variation in duration of time-intervals between the feedings, we first calculated the coefficient of variation in the duration of inter-feeding intervals (CV = σ duration - μ duration). Then we fitted a linear mixed model with maximum likelihood using the R package lme4 (Bates et al., 2015), in which coordination index (calculated as described above) was the explanatory variable and CV was the response variable. Identity of the pair was also included in the model as a random effect (random intercept). The significance of the explanatory variable was tested with the Anova function using type III Wald Chi-square tests from the R package car (Fox and Weisberg, 2011).



Influence of Environmental Factors on Coordination Levels

To characterize environmental conditions for each season, we considered both biotic and abiotic parameters that are known to be important for foraging Little Auks: (1) total energy density of average food load brought to the chick [in kJ.g−1 dry weight (hereafter dw)]; a proxy of overall efficiency in chick provisioning, being a combination of food availability and parental foraging effort (see Kwaśniewski et al., 2010); (2) the ratio of abundance of the two food items which are considered crucial for the chick diet, i.e., Calanus glacialis being associated with cold Arctic waters (considered as the preferred food item), and its warm-water Atlantic counterpart Calanus finmarchicus; a proxy of efficiency in foraging on preferred food item (Kwaśniewski et al., 2010; Jakubas et al., 2011); (3) the Simpson Diversity Index of the food provided; another proxy of efficiency in foraging on preferred food items (Kwaśniewski et al., 2010); (4) sea surface temperature in the foraging areas (hereafter SST); a proxy of contribution of warm and cold waters, and thus availability of preferred zooplankton items associated with cold waters (Kwaśniewski et al., 2010, 2012).

We established diet parameters based on food samples (on average 41 samples per season; range: 20–65 samples) collected from gular pouches of adults arriving at the colony from a foraging trip during mid chick rearing period (see Wojczulanis et al., 2006; Kwaśniewski et al., 2010 for all the methods related to sample preservation and analysis). We calculated zooplankton dry weight and energy density according to Wojczulanis et al. (2006), Kwaśniewski et al. (2010) and literature therein. To avoid disturbing provisioning schemes of birds under observation/recording, the food samples were collected from different individuals, meaning that diet composition cannot be linked directly to coordination but may serve as a proxy of overall foraging efficiency in a given season. Therefore, we calculated average diet parameters per season, which were used for further analysis. Dates of diet samples collection are provided in Table S1.

We collected SST data for 60 km marine buffers around the studied colonies (after Jakubas et al., 2017) for the period when diet samples were collected from parental birds. We extracted data from the Moderate-resolution Imaging Spectroradiometer (MODIS) Aqua satellite data. We used Level 3 daytime SST data derived from 11 μm thermal IR infrared (IR) bands with a 4 km spatial resolution (see NASA Goddard Space Flight Center Ocean Biology Laboratory Ocean Biology processimg Group, 2014). We mainly used 8-day products from periods corresponding to the dates when we collected diet samples from Little Auks. However, in some cases, due to cloudy conditions, we used monthly composites for July or August (see details in Table S1). Therefore, an average value per season was then calculated and used for further analysis. We extracted all abiotic data from GIS data using ArcGIS software 10.3.1 (Redlands, CA, USA: Environmental Systems Research Institute).

Due to inherent limitations in obtaining biotic and abiotic environmental factors, parameters were averaged per season and were at a very different scale from coordination data (i.e., we had up to five different values for environmental parameters and 81 pair-level calculated coordination indices, thus all pairs from the same season had the same value of each predictor). Thus, we were not able to use those parameters directly in a linear model to explain variation in coordination index as such an approach would lead to artificial data multiplication for predictors. Instead, we chose to use the season as a proxy for environmental conditions. To do so, we needed to first verify whether the five seasons were truly different considering the chosen environmental parameters. For this purpose, we tested each of the environmental parameters separately, using raw values collected for each season, and applied Kruskal-Wallis non-parametric test with season as a grouping variable. As a post-hoc test, we used Mann–Whitney U-tests for all the pairwise comparisons. Then we modeled the previously calculated coordination index against the five seasons investigated, using a linear mixed model fitted with maximum likelihood including the identity of the pair as a random effect. Significance of the explanatory variable was tested using the Anova function. Following this analysis, multiple comparison post-hoc Tukey tests were performed to assess specific differences within the five studied seasons, using the glht function from the R package multcomp (Bretz and Westfall, 2008).

We also investigated the influence of environmental conditions on parental coordination by constructing a regression tree based on recursive partitioning using the R package rpart (Therneau and Atkinson, 2019). Recursive partitioning is a statistical method that examines the relationship between multiple explanatory variables and a single response variable using a recursive binary-partitioning process. It is particularly useful for identifying particular thresholds affecting the degree of response to variation of parameters when this response is expected to be more binary than linear. In this analysis, we used the pair-level coordination index as a response variable, and the seasonal average values of the four environmental parameters presented above were used as explanatory variables. These environmental parameters are thus used as general proxies for foraging conditions in each season. Rpart creates a decision tree classifying members of a given statistical population by splitting it into sub-populations based on the explanatory variables. The process is recursive because each sub-population may in turn be split an indefinite number of times until the subgroups either reach a minimum size or until no improvement can be made. The aim of splitting the data at each step is to establish groups that have a between-variation as large, and a within-variation as small, as possible. The second stage of the procedure consists of using cross-validation to trim back the full tree, based on a number of statistics calculated during the first step. Model outputs produce an “inverted tree,” in which the root at the top contains all observations, which is divided into two branches at the node. These branches can further be split into two subsequent nodes and so on. The nodes provide information about the explanatory variable name used for the split, and the value used for the split is represented on the branches. Each terminal node shows the size of the formed group (n) and the mean of the response variable for this group. Then we tested the significance of the differences between the groups created by each split using Mann–Whitney U-tests. To evaluate to what extent the tree splits along colony lines, we calculated the proportion of cases from the two colonies in each final group.



Effect of Coordination on Chick Body Condition

The previous paper on parental coordination in the Little Auk also examined the effect of coordination on chick body condition (Wojczulanis-Jakubas et al., 2018); however, the parameters describing body condition that were used in that study had some limitations, i.e., body mass was measured at several time-points during the second half of the chick rearing period, whereas coordination level was calculated for a restricted period of time. Thus, difference in time scales could blur the effect (see Wojczulanis-Jakubas et al., 2018 for more details). We used a different approach to examine the effect of parental coordination on chick body condition. We evaluated the relative change in chick body mass between the onset (mstart) and end of the observation/recording session (mend). For that purpose, we weighed the focal chicks in these two time-points (dstart, and dend) using an electronic balance (0.1 g accuracy; OHAUS, China) and calculated the daily relative change in chick body mass as [(mend – mstart) x [image: image] x 100] / [dend - dstart]. The chosen age stage (7–18 days) corresponds to a phase of linear growth of the Little Auk chick (Konarzewski and Taylor, 1989), which should allow detection of changes during 48 h. In this analysis, we considered only data from Hornsund, the only location in which chicks were weighed in a systematic manner before and after observations. We used the daily relative change in chick body mass as a response variable in a linear mixed model fitted with maximum likelihood, with coordination index as an explanatory variable and the identity of the pair as a random effect. The statistical significance of the model was assessed using a type III Wald Chi-square test, as described above.

All analyses were carried out with R version 3.5.1 (R Core Team, 2018) and statistical significance was taken to be P < 0.05.




RESULTS


Coordination Level and Inter-feeding Intervals

We found that the frequency of 10-min time-windows in which one pair member was on ST while the other was on LT was significantly greater than expected by chance according to the combined p-value from our Monte Carlo randomization tests (Z = 2.47, P = 0.007), indicating coordinated provisioning. The mean proportion of 10-min time-windows in which one pair member was on ST while the other was on LT was 22.7% (Interquartile range: 11.5–32.3%). Nevertheless, high variability could be observed between the pairs (Figure 2). We found a significant relationship between the coordination index and the variation of inter-feeding intervals (LMM, χ2 = 14.44, P = 0.0001), with a higher coordination being linked to a more even distribution of feedings through time (Figure 3).
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FIGURE 2. Coordinated index for all five seasons. Violin plots represent the distribution. P-values from inter-season comparisons made with Tukey tests are presented above the lines. Overall differences were statistically tested with linear mixed modeling. Positive values are associated with apparent coordination in the sense we consider in the present study (i.e., avoiding overlap of LTs by the two partners), and values equal to 0 or negative correspond to an absence of this type of coordination.
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FIGURE 3. Relationship between coordination index and variation in duration of inter-feeding intervals. Scatterplot with linear regression line (in blue) and 95% Confidence Interval (in shaded gray).





Environmental Conditions and Coordination Level

As assumed, all the five seasons were different in regard to the considered environmental parameters (Kruskal-Wallis tests, Total energy density: P = 0.0008; Ratio between abundance of Calanus glacialis and Calanus finmarchicus: P < 2.2e−16; Simpson's Diversity Index: P = 9.6e−12; SST: P < 2.2e−16; see Figure 4 for detailed U-test post-hoc comparisons concerning Total energy density [highlighted as most important in further recursive partitioning analysis]; and Figure S1 for other parameters). However, no significant effect of the season was found on the coordination index (LMM, χ2 = 7.44, P = 0.11; Tukey test, P > 0.05 for every possible combination), and only trends could be observed on the distribution of coordination index between the seasons (Figure 2).
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FIGURE 4. Total energy density of food loads delivered to the chicks during the studied breeding seasons. The boxes depict interquartile range, with median as a bold line inside the box. Whiskers indicate variability outside the upper and lower quartiles. Dots represents the raw data points. Inter-season comparisons were made with a Mann–Whitney U-test, and overall difference was statistically tested with a non-parametric Kruskal–Wallis test. Only Total energy density is presented here as it was highlighted as most important in recursive partitioning analysis (see Figure S1 for other parameters).



Recursive partitioning analysis revealed that, of all the environmental parameters investigated, the mean total energy density of food load in a given season had the highest relative importance in shaping the coordination index. This analysis created a regression tree with two splits based on the total energy density of the food load (Figure 5), resulting in three groups with different foraging conditions regarding this parameter. The first split divided our data set into two significantly different groups (U-test, P = 0.026, and balanced between the two colonies, Figure 5) and identified that when the foraging conditions are characterized by a total energy density of food load ≥ 35 kJ g−1 dw, the coordination index is the highest (mean = 0.22, n = 35), compared to the group characterized by foraging conditions of total energy density of food load <35 kJ g−1 dw (mean coordination index = −0.033, n = 46). A second split was then applied to the latter group and divided it into two sub-groups that were not significantly different (U-test, P = 0.071, Figure 5). When the total energy density of food load is between 34 and 35 kJ g−1 dw, the coordination index is the lowest (mean = −0.22, n = 14), indicating that parents are not coordinated and even have a high chance of performing a LT at the same time. When the total energy density of food load is <34 kJ g−1 dw, the coordination level is close to what is expected by chance (mean = 0.048, n = 32), meaning that parents are not coordinating their provisioning.
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FIGURE 5. Regression tree obtained with recursive partitioning analysis. The “inverted tree” presents the nodes and branches found by the analysis. The root at the top contains all observations, and is divided into two branches at the node. The group on the left is further split into two subsequent groups. The nodes provide information about the explanatory variable name (in a box) used for the split, and the value used for the split is represented on the branches. Each terminal node (in an oval) is showing the mean of the coordination index and the sample size (n) for the formed group. Proportion of cases from the two colonies in each final group is indicated (H, Hornsund; M, Magdalenefjorden). Boxplots for particular nodes depict the interquartile range of coordination indices of each group, with the median as a bold line and whiskers indicating variability outside the upper and lower quartiles. Inter-group comparisons were made with Mann–Whitney U-tests. Energy_density: Mean total energy density of food load in a given season (in kJ.g−1 dw).





Effect of Coordination on Chick Body Condition

The 48-h period between the onset and end of the observation was characterized by an overall gain in chick body mass. On average, a chick gained 10% of its initial body mass per day during the 48-h period (interquartile range: 6.4–14.2%). However, we found no significant effect of the coordination index on body mass gain (LMM, χ2 = 0.31, P = 0.58).




DISCUSSION

Our results showed that Little Auk parents coordinate chick provisioning, adjusting the timing of ST and LT to those of the partner, thereby reducing the variation in the duration of inter-feeding intervals. Our findings are consistent with the previous study on coordinated provisioning by the Little Auk parents (Wojczulanis-Jakubas et al., 2018). Since the previous study, was performed in a colony located at a relatively long distance from the optimal foraging grounds, it imposed the question of how colony-specific the observed pattern is. Present findings, obtained using a broader spatial and environmental context, showed coordinated provisioning with a similar variability regardless of environmental conditions, suggesting that current foraging conditions have no notable effect on coordination. Nevertheless, we also found that the energy density of food loads delivered to chicks was associated with parental coordination: when conditions were characterized by the delivery of higher-energy food loads, the level of coordination exhibited by the studied population was higher. Thus, the coordination is not entirely independent from environmental conditions. We also examined whether chick body condition is related to the level of parental coordination to test potential adaptive value of the coordination. However, we did not find any significant effect, at least within the observed range of environmental conditions.

Although Little Auks are known to change foraging flight duration in response to environmental conditions (Welcker et al., 2009; Kwaśniewski et al., 2010; Jakubas et al., 2011, 2013; Grémillet et al., 2012; Hovinen et al., 2014; Kidawa et al., 2015), the pattern of dual-foraging strategy (alternated ST and LT) seems to be fixed regardless of the environmental circumstances (Steen et al., 2007; Welcker et al., 2009; Wojczulanis-Jakubas et al., 2010; Jakubas et al., 2016). It has also been suggested that the dual-foraging strategy could be a fixed trait due to its adaptive value. Foraging parents gained weight when returning from LT and lost an equivalent amount of mass during subsequent ST. Thus, the bimodal foraging allows adults to regularly restore their body mass after intensive chick provisioning (Welcker et al., 2012). Therefore, if dual-foraging is a fixed and adaptive trait in the Little Auk, the coordination of foraging trips between partners could be relatively easy to achieve, regardless of the foraging conditions.

As argued in the Introduction, the coordinated provisioning is expected to have an adaptive value. If so, why Little Auk parents coordinate the chick provisioning if it does not influence chick growth rate remains an intriguing question. However, although a positive relationship between coordination and chick body condition has been demonstrated in some species (Mariette and Griffith, 2015), some other studies have also failed to demonstrate a direct effect of parental coordination on nestling growth rate (van Rooij and Griffith, 2013; Bebbington and Hatchwell, 2016). One explanation of this apparent paradox in the Little Auk could be that coordination also aims to improve the parents' condition and thus increases the fitness of the whole family. As body mass of adult Little Auks increases after the long trip and decreases after subsequent short trips (Welcker et al., 2012), coordination between partners could be used to minimize this body mass decrease while assuring regular chick provisioning. This could be a mechanism to secure both present and future breeding success of the two partners. If the participation of both parents is necessary to raise the offspring successfully, and partners are paired for multiple seasons, as is the case in the Little Auk (Stempniewicz, 2001; Kidawa et al., 2012), not only body condition of the current offspring but current and future condition of both partners are expected to be under strong evolutionary selection (Jones, 2002). The lack of association between parental coordination and chick condition could also be a result of methodological constraints, which could operate at two levels. First, we performed the study during the mid-chick rearing period, when Little Auk chicks are already thermally independent and may be quite resistant to a prolonged fasting period (Taylor and Konarzewski, 1989; Konarzewski et al., 1993). Taylor and Konarzewski (1989) found that the estimated fat reserves of 99.7% of chicks are sufficient to support them for longer than the maximum recorded interval between feedings. Another study on parental coordination in seabirds (Tyson et al., 2017) suggests that the propensity for pairs to coordinate declines across the chick rearing period. Thus, at the beginning of the chick rearing period, when chicks' parental care requirements (food and brooding) are higher, the level of coordinated provisioning would probably be higher and could also have a more visible effect on chick body condition. The second methodological issue is that our measure of chick body condition in the form of body mass change may not be an ideal predictor. Although more accurate than that applied in Wojczulanis-Jakubas et al. (2018), it still presents some limitations: some events potentially happening before the measurement (e.g., feeding, defecation, wings training) could have considerably affected chick body mass but were not accounted for in our study. In addition, some studies suggest that increased parental provisioning does not necessarily result in greater chick body mass (Titulaer et al., 2012). A future study could consider examining the effect of parental coordination on other parameters of chick body conditions, e.g., immunological or hematological parameters.

Another intriguing question raised by our study and worth examining in future is the mechanism behind the parental coordination. We have assumed an active foraging coordination of the partners as a response to the feeding needs of growing offspring. However, we cannot exclude the possibility that the observed coordination is a result of selection for different behaviors, diet and/or foraging specializations of the breeding adults. For example, sex-specific provisioning behavior has been observed in another alcid species, the Common Guillemot (Uria lomvia), where males fed on “risk-averse” and females on “risk-prone” prey items. Importantly, availability of the prey types may vary across the day, creating the pattern of males foraging during the night and females foraging during the day (Elliott et al., 2010). Such a sex-specific niche partitioning may lead to a coordinated pattern of provisioning resulting from constraints other than those investigated in our study. However, no sex difference in the diel distribution of feedings has been observed in the Little Auk (unpublished data), suggesting that sex-specific foraging specializations might not play a role in the observed coordination. Nevertheless, other scenarios related to foraging, individual specialization, and assortative/disassortative mating are possible in the Little Auk and could potentially create a misleading coordinated manner of chick provisioning.

Although environmental conditions are considered important in the evolution of avian breeding systems, with numerous examples of direct effects of environment on reproductive success (harsh environment hypothesis; Silver et al., 1985; Martin, 1987; Arnold and Duvall, 2002; Fontaine and Martin, 2006; AlRashidi et al., 2010), the two existing meta-analyses on this topic have not found a significant link between environmental conditions and parental cooperation (Olson et al., 2008; Remeš et al., 2015). Both meta-analyses support the view that the major correlates of parental cooperation are lack of mating opportunities for both sexes and mode of offspring development, rather than the breeding environment. Our results demonstrate a similar level of coordinated provisioning regardless of ecological conditions and also question the importance of environmental parameters in parental cooperative behavior. Nevertheless, we cannot entirely reject the harsh environment hypothesis. First, our findings could suffer from methodological constraints, as we tested for differences in coordination between years and assumed that these differences were driven by differences in the measured environmental parameters. Other environmental parameters not accounted for in our study, or variability in followed pairs could drive the difference, thus we cannot make a causative link between environmental variability and coordination. This approach was chosen due to the unavailability of finer-scale parameters, and measured parameters were carefully chosen from relevant literature, but we cannot exclude the role played by unexpected parameters. Second, it is possible that despite considerable variation in environmental conditions across the studied seasons, the conditions were still within a tolerable range of variation and consequently did not affect parents' provisioning behavior. Third, we found that the level of coordination seemed to be related to the energy value of food, as revealed by our recursive partitioning analysis: seasons characterized by a higher energy density of food were associated with a higher level of coordination. This finding suggests that environmental conditions do affect the coordination of parents but that the relationship may not be straightforward to explain due to the complex nature of the examined parameter, i.e., energy value of the food load. This is because the composition of food load was not obtained from focal pairs but from other birds from the same colony; therefore it is a proxy for energetic value of the food delivered to chicks at the colony scale and is also a combination of environmental conditions and parental effort. Moreover, high energetic value of food may indicate either good foraging conditions on foraging grounds, or high parental efficiency in foraging regardless of conditions on the foraging areas, or a combination of both. Hence, our results could mean that partners better coordinate their foraging trips in good conditions, i.e., high availability of energetic food in close vicinity of the colony. Only in this situation would pair members be able to adjust foraging flights in regard to each other and optimize use of good foraging conditions as much as possible in order to increase the fitness of both parents and chick. Alternatively, however, it could also mean that parents coordinate better in poor conditions i.e., low availability of energy-rich food in close vicinity of the colony. These circumstances would force them to increase energy expenditure allocated to chick provisioning. In consequence, they would need to coordinate their provisioning with each other, as only then could they feed their chick and secure an acceptable body condition for current and future breeding success.

The present study brings insight into the role of one environmental parameter (energy value of the food load) in shaping variability of parental coordination, suggesting that environmental conditions might affect the coordination of Little Auk parents. However, further studies investigating the full extent of the relationship are needed, to fully comprehend the mechanisms behind the parental coordination. They could take advantage of the recent improvements in tracking devices to establish very precise foraging areas and extract finer-scale environmental parameters.
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Parents in biparental bird species have a conflict about how much each of them should invest in the current brood to optimize their reproductive success while not being exploited. Recently, it has been hypothesized that parents might attempt to resolve this conflict via taking turns in their provisioning visits. This implies that an individual will increase its working rate when their partner does, and that they will react with a delay in feeding if the partner starts delaying its visit. Experimental studies testing whether turn taking represents a behavioral strategy are surprisingly scarce and focus on the outcome of turn taking which are alternated visits. However, the adaptive significance of turn taking strongly relies on the response to a partner that increases or reduces care. Therefore, we investigate whether parents use the turn taking rules by performing an experimental manipulation on only one of the parents. To this end, we handicapped male blue tits (Cyanistes caeruleus) by feather clipping and recorded parental feeding behavior. Surprisingly, handicapped males did not have lower visit rates or altered turn taking levels, whilst their female partners had higher visit rates and lower turn taking levels when compared to the control. Females responded to the handicap of their partners, which likely reduced the males' parental capacity, but the females' response was independent of the males' rate of provisioning. Our study highlights that behavioral strategies are flexible within pairs and that these can change at the individual level in response to sudden changes in individual state.

Keywords: conditional cooperation, turn taking, handicapping, sexual conflict, parental investment


INTRODUCTION

During biparental care, two unrelated individuals join to raise their offspring, which secures a joint fitness benefit via enhanced offspring growth and survival. However, each parent individually pays the costs of providing care (Trivers, 1972). Thus, it is in both parents' interest that their partner invests more, so that they themselves can retain energy for future reproduction (Stearns, 1989). How parents resolve this sexual conflict over parental care has been studied in several bird species (see e.g., Royle et al., 2012). Various theoretical models have been developed to provide a theoretical framework for this sexual conflict (i.e., Houston and Davies, 1985; McNamara et al., 1999). Most models predict that parents should invest below the most optimal level of care in order to avoid exploitation by their partner, which was interpreted as costs of negotiation (McNamara et al., 1999, 2003; Lessells and McNamara, 2012). However, more recently it was argued that exploitation could be avoided when parents match each other's investment (Hinde, 2006; Johnstone and Hinde, 2006) which they may achieve by coordinating the sequence of their visits (Johnstone et al., 2014).

Such coordination of feeding visits on a temporal scale may originate from conditional cooperation, a behavioral strategy which implies that when one individual invests in a common good, the other individual is also more willing to do so (Gächter, 2007; Johnstone et al., 2014; Johnstone and Savage, 2019). In terms of offspring provisioning, this means that each parent is triggered to feed when their partner fed last. On the contrary, when one parent delays its next nest visit, the partner is supposed to respond by also delaying its next contribution to care (Johnstone et al., 2014; Bebbington and Hatchwell, 2016; Johnstone and Savage, 2019). Thus, parents take turns by adjusting their visit rates in response to each other, which may ultimately be reflected in a high proportion of alternated feeding visits within pairs. Such coordinated feeding visits have been found in a number of observational studies (Johnstone et al., 2014; Bebbington and Hatchwell, 2016; Koenig and Walters, 2016; Iserbyt et al., 2017, 2018; Savage et al., 2017; Leniowski and Wegrzyn, 2018; Wojczulanis-Jakubas et al., 2018), but the number of studies testing the significance of conditional cooperation for conflict resolution remains limited (but see Griffioen et al., 2019; Iserbyt et al., 2019). Experiments are vital for our understanding of conditional cooperation given the analytical difficulties faced in observational studies that may prevent to prove whether parents actively take turns (Schlicht et al., 2016; Ihle et al., 2019; Santema et al., 2019). That is, turn taking could also arise from variation in the refractory period (Johnstone et al., 2014; Savage et al., 2017) or from correlated male and female inter-visit intervals (Schlicht et al., 2016; but see Johnstone et al., 2016; Savage et al., 2017). The only two manipulation studies so far have targeted both parents via brood size manipulations (Griffioen et al., 2019) or via temporal removal of one parent (Iserbyt et al., 2019) and investigated the effect on pair alternation. However, the proportion of alternated feeding visits is supposed to be driven by an active process of turn taking, which is individually adjusting the order and frequency of nest visits to that of the partner. This requires an experimental manipulation of only one of the two pair members.

To investigate this turn taking strategy, individual visit rates could be manipulated experimentally. This could be achieved either by stimulating one parent via begging playbacks to increase its visit rate or by handicapping one parent to lower its visit rate. A playback study by Hinde (2006) was performed such that the begging manipulation was only heard by one of the parents, and showed that individuals stimulated their partner to feed more when they themselves fed the offspring more (Hinde, 2006; see also Lendvai et al., 2018, but see Santema et al., 2007). Handicapping one of the parents, which could be achieved by for example feather clipping or weighting, could also test whether a parent delays its visit rate in response to a reduced visit rate of its partner. Handicapping via feather clipping increases the costs of provisioning for this parent due to higher energetic costs of flying (Pennycuick, 1982), and therefore affects the ability of a parent to maintain a rate of provisioning that corresponds to their partner's rate. Previous studies that handicapped one of the parents (including feather clipping) mainly found that the partners show partial compensation to the reduced care of their manipulated partner (Harrison et al., 2009), which is in line with predictions of the negotiation models but not with the concept of turn taking (Johnstone et al., 2014). Yet, these studies mainly focused on the response of the partners in terms of changes in their feeding rates without considering the chronological order or temporal spacing of feeding visits, and therewith the behavioral mechanism underlying the observed feeding pattern. Furthermore, there are several studies in which parents showed different reactions, such as no response (Slagsvold and Lifjeld, 1990; Whittingham et al., 1994; Schwagmeyer et al., 2002), full compensation (Sanz et al., 2000) and even slight decreases in provisioning as a response to the handicapped partner (Lozano and Lemon, 1996; Sanz et al., 2000). In these cases, parents might well adopt another behavioral strategy such as conditional cooperation. This variation in parental responses may hence relate to among species differences in the role of turn taking for parental care, which requires further study.

In this study, we investigate parental response rules via handicapping male blue tits (Cyanistes caeruleus) by clipping their wing and tail feathers to increase their physical effort of providing care via a reduced flying capacity. Handicapped males are expected to have lower visit rates compared to unmanipulated males. While it remains to be shown how a reduction in flying capacity will impinge on turn-taking, handicapped males are expected to space their nest visits as such that they maximize the number of alternated nest visits when it acts as a strategy to increase their partners' investment. As turn taking implies that neither party can change its strategy unilaterally, the female partners are expected to match their partner's feeding strategy. Finally, if parents evaluate each other's contribution to care based only on the matched feeding visits, parents can still change the value of the feeding itself, i.e., the prey profitability (Whittingham et al., 1994; Sanz et al., 2000; Johnstone et al., 2014). Therefore, our alternative prediction is that in order to keep up with the partner's visit rate, the handicapped male could cheat in its investment by providing the nestlings with smaller prey volumes. This will also allow males to maintain their turn taking level.



MATERIALS AND METHODS


Study Species and Measurements

The experiment was conducted in a nest-box population of wild blue tits near Antwerp, Belgium (Peerdsbos 51° 16′N, 4° 29′E; Lucass et al., 2016) during the breeding season of 2017 (April-May). Nest boxes were checked weekly to monitor nest building, egg laying and start of incubation. From the expected hatch date, nests were monitored daily to determine the day of hatching (i.e., day 0). On nestling day 14 the individual nestlings were weighted and counted.



Handicapping Experiment

When nestlings were 6 days old, both parents were caught to acquire standard individual measurements (mass, tarsus), a blood sample was taken, and they were banded with a unique metal ring. Nests were randomly assigned to either the control or experimental (handicap) treatment. Males in the experimental treatment were handicapped by clipping their primary wing feathers (5, 7, and 9 counted from the outside) (Slagsvold and Lifjeld, 1990; Sanz et al., 2000). Additionally, their central tail feathers were removed until only the two outermost were left. Removing the feathers only took a few seconds so that handling times were very similar between control and experimental birds. Nests were left undisturbed for two full days and on the morning of day 9, parental behavior was recorded by placing an infrared nest-box camera (420TVL; Pakatak PAK-MIR5, Essex, UK) under the lid (start of experiment (mean [range]) for control nests: 08:10 a.m. [07:47–08:51 a.m.]; handicap nests: 08:01 a.m. [07:38–08:31 a.m.]). Additionally, brood size was noted whilst placing the camera. This study was carried out with approval of the Ethical Committee for animals (ECD) of the University of Antwerp (license number: 2015-85).



Behavioral Measurements

The first half hour of the video recordings was discarded to exclude potential effects of human disturbance. From the video recordings, the visits of the parents were scored until both individuals had a minimum of 10 visits or the scoring was stopped after 2 h [this was found to give reliable estimates on parental care traits—for further details see (Griffioen et al., 2019); observations were 37:44 min (sd ± 26.02) in control pairs (range 00:11:19–01:54:18) and 21:02 min (sd 05:47) in handicapped pairs (range 00:13:32–00:40:54)]. For each of these visits the volume of the prey (1 = small load, 2 = medium load, 3 = large load sensu Kölliker et al., 1998) was estimated (using ObserverXT program version 10.5.572, 2011, Noldus Information Technology, the Netherlands). The proportions of prey volumes (small, medium, and large) were calculated separately per treatment for each parent. Visit rates were calculated as visits per hour for both parents separately. Male and female turn taking rates were calculated from the visit sequences with an approach that is comparable to a Markov analysis. This calculation implements both the nature of the visit (alternated or not) and the duration of the inter-visit intervals, which are divided to acquire a λ (rate of following the partner) and μ (rate of following itself) (as in Johnstone et al., 2014). Dividing λ by μ provides an estimate for a turn taking level (λ / μ; turn taking > 1 indicates that the individual follows its partner more than itself).



Statistical Analyses

A linear mixed effect model (Gaussian distribution) was used to investigate whether variation in visit rates could be explained by treatment (control/handicapped), sex (male/female), or the interaction between treatment and sex. Brood size and Julian date (= date of the experiment) were included as covariates to take the potential influence of the brood value and brood demand, as well as seasonal changes in food availability into account. Nest ID was included as a random factor. The next linear mixed model (Gaussian distribution) investigated whether the turn taking rates varied with treatment, sex and the interaction between treatment and sex. Again, Julian date and brood size were included as covariates and nest ID as the random factor. The next two generalized linear mixed models (binomial distribution) were to investigate if the proportion of small and medium prey volumes varied with treatment, sex and their interaction. These analyses are adjusted for the variation in visit rate via the weights function, while brood size, and Julian date were included as covariates and nest ID as random factor. The effect of handicapping on the average brood mass of the nestlings on day 14 was analyzed using a linear model with treatment as fixed effect and Julian date and brood size as covariates. There were five nests that deceased before day 14 measures could be taken (4 control nests, 1 handicapped nest).

The dataset used for this manuscript can be found in the Supplementary Table 1. The analyses were performed in the statistical program R studio (version 1.1.423 and R version 3.4.3, R core Team, 2018), using the package ‘lme4 (Bates et al., 2015). The significance of the fixed factors was investigated using backward elimination with the step function (and drop1 function for the linear model on average brood mass) and with a critical α level of 0.05. The residuals of all models were normally distributed: Shapiro normality test all W > 0.90.




RESULTS


Visit Rates

The effect of treatment on visit rates was different for both sexes [F(1, 41) = 7.76, P = 0.008; see Figure 1]. No difference was observed in visit rates of males between treatments (differences of LSmeans: df = 61.3, t = 0.179, P = 0.859; mean ± sd: handicap 32.9 ± 7.12, control 32.9 ± 15.5). However, females of handicapped partners had higher visit rates compared to females paired with non-manipulated males (differences of LSmeans: df = 61.3, t = −2.53, P = 0.014; mean ± sd: handicap 39.1 ± 12.6, control 27.9 ± 17.3). Within the treatments, there were no significant sex-differences in visit rates in the control group (differences of LSmeans: df = 41.0, t = −1.74, P = 0.089), whilst females in the handicap group had higher visit rates compared with males (differences of LSmeans: df = 41.0, t = 2.20, P = 0.034). Parental visit rates were positively related with brood size [F(1, 40) = 4.92, P = 0.032], but did not vary with Julian date [F(1, 39) = 0.49, P = 0.490].
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FIGURE 1. The effect of treatment on visit rates (visits/hour) for both male and female parents when nestlings are 9 days old. Boxplot distribution with mean (diamond) and data points are represented. Sample sizes: females handicap n = 22, control n = 21; males handicap n = 22, control n = 21.





Turn Taking of Provisioning Visits

There was a significant overall effect of treatment [treatment: F(1, 36) = 5.59, P = 0.024; interaction treatment x sex: F(1, 36) = 2.14, P = 0.152; see Figure 2]. However, post-hoc tests revealed that the turn taking level of control females was higher than that of females with a handicapped partner (differences of LSmeans df = 69, t = 2.45, P = 0.016; mean ± sd: handicap 2.16 ± 1.34, control 4.0 ± 3.42). The males of the control and handicap treatment did not differ in their turn taking (difference of LSmeans df = 69, t = 0.48, P = 0.63; mean ± sd: handicap 2.19 ± 1.62, control 2.69 ± 1.42). Furthermore, the turn taking of both parents in the control treatment did not differ (differences of LSmeans df = 36, t = 2.02, P = 0.051). Males and females did not differ in their turn taking level in pairs in which the males were handicapped (differences of LSmeans df = 36, t = −0.05, P = 0.961). Brood size and Julian date had no significant effects [brood size: F(1, 35) = 2.92, P = 0.097; Julian date: F(1, 34) = 1.03, P = 0.316].
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FIGURE 2. Turn taking levels separated for treatment and for both male and female parents. Boxplot distribution with mean (diamond) and data points are represented. Sample sizes: females handicap n = 19, control n = 19; males handicap n = 19, control n = 19.





Proportions of the Prey Volumes

The proportion of small and medium prey volumes did not differ between treatments (small: χ2 = 0.22, df = 1, P = 0.640; medium: χ2 = 0.009, df = 1, P = 0.924; see Figure 3), a pattern that was consistent for both sexes (interaction treatment * sex small prey volumes: χ2 = 0.34, df = 1, P = 0.559; medium: χ2 = 0.26, df = 1, P = 0.600; sex effect small: χ2 = 2.05, df = 1, P = 0.152; medium: χ2 = 0.19, df = 1, P = 0.659). The proportion of small and medium prey volumes did not vary with brood size (small: χ2 = 2.14, df = 1, P = 0.144; medium: χ2 = 5.27, df = 1, P = 0.217). However, Julian date had a significant positive effect on the small prey volumes (χ2 = 5.78, df = 1, P = 0.016) but not on the proportion of medium prey volumes (χ2 = 0.74, df = 1, P = 0.390).
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FIGURE 3. The proportion of prey volumes (calculated for minimal 10 visits/individual) of (A) males and (B) females separated according to treatment (handicap n = 22, control n = 21). Light green bars (top bars) indicate the proportions of small prey items, medium green (middle bars) the medium prey proportions and the dark green (lowest bars) the proportions of the large prey items. Boxplot distribution with mean (diamond) and data points are represented.





Nestling Brood Mass

Average brood mass of day 14 nestlings did not differ between treatments (F = 0.014, df = 1, P = 0.91; see Figure 4). However, both Julian date and brood size had a significant positive effect on the average brood mass of the nestlings (Julian date: F = 17.7, df = 1, P = 0.0002; brood size: F = 13.6, df = 1, P = 0.0008).
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FIGURE 4. The average brood mass of the nests separated for handicap and control treatment. Boxplot distribution with mean (diamond) and data points are represented. Samples sizes: control n = 17 and handicap n = 21.






DISCUSSION

We used an experimental handicapping approach in male blue tits to investigate how the manipulation of feeding effort by one parent affects the coordination of feeding visits of both parents. We hypothesized that handicapped males would be unable to maintain their levels of feeding (compared to control males) which could affect their turn taking strategy as such that males would strategically space their reduced number of visits so that they are alternated. However, males did not react to the handicapping as expected: neither visit rates nor turn taking differed between handicapped and unmanipulated males. Furthermore, contrary to our expectations that neither party can change its provisioning strategy unilaterally, we found that females had different provisioning rules when their partner was handicapped. We discuss below in detail how these findings fit within the current theory of conditional cooperation.

We hypothesized that the visit rate of handicapped males would be lower than that of unmanipulated males due to the increased flight costs (Pennycuick, 1982). Our results, however, indicate otherwise. There was no difference in the visit rates between unmanipulated and handicapped males. In contrast to other studies that found that individuals lowered their visit rates in response to feather clipping (e.g., blue tits Cyanistes caeruleus, Slagsvold and Lifjeld, 1990; tree swallows Tachycineta bicolor, Whittingham et al., 1994; great tits Parus major, Sanz et al., 2000). There are, however, some handicapping studies that also found no response of the focal individual (e.g., feather clipping: female great tits Parus major, Sanz et al., 2000; male black-legged kittiwakes Rissa tridactyla, Leclaire et al., 2011; female and male great tits Wegmann et al., 2015; weighting: female and male rock sparrows Petronia petronia, Griggio et al., 2005, 2008). Unfortunately, we cannot show whether males actually suffered from increased costs of flying, but considering the number of feathers that were taken it should have an effect on the males. However, another possible explanation why the male blue tits in our study did not lower their feeding rate is that blue tits are a short lived species, with a low probability of future reproduction (Dhondt, 1987; Linden and Møller, 1989; Lendvai et al., 2018). So that it might be more costly for the males in terms of their fitness to lower their visit rates, as this would negatively affect the quality or survival of the offspring, than to keep their feeding rate constant, although at a higher intrinsic cost. For these reasons, reducing or withdrawing care during this period would most likely compromise their lifetime reproductive output. Additionally, the nestlings also did not suffer from the treatment in their body mass when compared to control nests. Furthermore, our results show that females of handicapped partners had higher visit rates than the females of unmanipulated partners. A response of the female partner was also found in other studies in which males were handicapped by feather clipping (Sanz et al., 2000; reviewed in Harrison et al., 2009). Yet, in these studies the change in female behavior was interpreted as partial compensation for the reduction in care by the handicapped male (Harrison et al., 2009). Given the unaltered visit rates of handicapped males in our study, it seems unnecessary for females to compensate. One reason why females of handicapped partners had higher visit rates than females of unmanipulated partners, could be that the females visually noticed a decrease in the state of the handicapped males or that males vocally informed the females about their state (Kavelaars et al., 2019), but that they responded positively to the fact males maintained their feeding levels and were thus likely making a greater investment. Unfortunately, no data on adult mass changes or survival are available to prove whether males increased their investment relative to their capacity. Alternatively, the females in our study could have invested more into the brood to give a positive signal to their partner in order to reduce the propensity of the male to desert (Griggio et al., 2005), or because they are anticipating that the male will desert. Male desertion is in fact common in the polygynous blue tits, and females of handicapped males seem to invest as much as permanent uniparental females in our study population (unpublished data).

We then investigated how the manipulation of feeding effort by the male affects the coordination of feeding visits. To represent an adaptive parental strategy, turn taking should allow parents to adjust the timing and frequency of nest visits to their partners' visiting behavior, which may ultimately result in similar visit rates and thereby ameliorate sexual conflict (Johnstone et al., 2014; Johnstone and Savage, 2019). However, in our study the females with handicapped partners did not seem to follow the rules of turn taking, because they had higher visit rates than their male partner, irrespective of the level of turn taking. The response of the female could not have been triggered by changes in the visit rate or turn taking behavior of the handicapped male considering they were similar to that of control males. However, the same argumentation as explained above may apply, that females notice the lower state of the males, but also the extra effort of the males to maintain their feeding behavior (in terms of visit rate, turn taking and prey volume) which gives the females incentive to raise their visit rate while neglecting the rules of turn taking. This interpretation also could fit a different conditional cooperation concept, because it shows that when one partner (here the male) invests relatively more (given the increased effort by the handicapping for the maintaining its feeding rate), the other (here the female) is also more willing to invest (female increases visit rate). Thus, the reaction of the females can be seen as conditional cooperation—but not via turn-taking, the mechanism as suggested in Johnstone et al. (2014). Finally, understanding conditional cooperation may furthermore require to incorporate the costs and effort of each parental behavior (i.e., provisioning rate and quality, predator defense), rather than focusing on one common parental care trait.

Finally, we argued that the rate of visits is not the only aspect of nestling provisioning and that, for example, load size could vary, if only the number of feeding visits, but no other aspects are monitored. Here, the potential extra effort that the handicapped males had to make to maintain their visit rates, might negatively alter other aspects of the prey. Nevertheless, the males did not change the proportion of prey volumes they brought to the nest, which is in line with a previous study in this species (Griffioen et al., 2019). This suggests that parents cannot cheat by reducing the prey volumes, because they either visually monitor the prey their partner brings or in addition to visual monitoring they also use indirect information on partner care via the hunger levels of the nestling (Johnstone and Hinde, 2006; Johnstone et al., 2014). Thus, this aspect of the feeding visit remains an important part of determining the investment of parents and therefore could play an important role in the resolution of sexual conflict. An alternative possibility that could explain why both parents maintained the proportions of prey volumes is that the environmental conditions were excellent in our study year, perhaps resulting in abundant prey. Indeed, the higher visit rates of the females of handicapped partners did not negatively affect the proportion of prey volumes neither, while elevated visit rates are often associated with smaller prey (see Grieco, 2002; García-Navas and Sanz, 2010; Bowers et al., 2014).



CONCLUSIONS

We aimed to investigate whether turn taking is a behavioral strategy by manipulating individual visit rates. Surprisingly, handicapping males by feather clipping did not lead to lower visit rates, so we could not investigate whether individuals respond to reduced visit rates of their partner by delaying their own visits. Intriguingly, females increased the feeding effort in a way which resembled partial compensation, even though male feeding behavior was not reduced. Thus, it may be interesting to study how partial compensation relates to an evaluation of partner state or partner feeding behavior, which could also help to explain why females increased their visit rate and decreased their turn taking. We further speculate that the extra effort of the males might have been an incentive for the females to invest more as well, which is in line with the theory of conditional cooperation. Thus, it seems that the coordination of parental care within pairs is not exclusively related to visit rates, but that partners may use different information streams to co-adjust their behavior.
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To resolve conflicts over limited resources, animals often communicate about their motivation to compete. When signals are transient, the resolution of conflicts may be achieved after an interactive process, with each contestant adjusting its signaling level according to the rival's behavior. Unfortunately, the importance of the real-time signal adjustment in conflict resolution remains understudied, especially using experimental approaches. Here we developed a novel “automatic interactive playback” that interacts real-time with a live individual. It allowed us to experimentally test the efficacy of different behavioral strategies to dominate conflicts in nestling barn owls (Tyto alba). In this species, nestlings vocally negotiate for priority access to the impending food item in the absence of parents. Two opposite vocal strategies were tested for their prospects of success: under the “matching” vs. “mismatching” strategy, the playback behaves in the same vs. opposed way as the nestling, respectively. We evaluated how these two strategies affected the two main negotiation parameters: call duration and call rate. We found that the best strategies to reduce the nestling's vocalizations and hence dominate the negotiation are to match the call duration of the opponent and to mismatch its call rate. However, the latter strategy is the only one that allowed the playback to dominate the vocal interaction by inducing the opponent to become totally silent. Therefore, to prevail in a negotiation session, barn owl nestlings should delay the transmission of signals rather than simultaneously escalate vocalizations as commonly observed in animal competitive interactions. In addition, we showed that matching call duration and mismatching call rate require a larger investment by the playback, in terms of number and duration of calls, than the less effective strategies. Assuming that vocalizations are costly, this suggests that such behavioral strategies are honest. Our results highlight the importance of real-time signaling adjustment in communication processes over resource competition and emphasize the power of using interactive playback settings to investigate conflict resolution in animals.

Keywords: communication, interactive playback, sibling competition, sibling negotiation, temporal dynamics, Tyto alba


INTRODUCTION

In nature, conspecifics compete over limited resources, such as territories, mates, or food (McGregor, 2005) by either fighting or communicating (Parker, 1974; Maynard Smith, 1982). Such communication processes may involve “negotiation” which is defined as two or more individuals trying to reach an agreement about how to share contended resources or how to invest in collaborative activities (Johnstone and Roulin, 2003; Johnstone and Hinde, 2006; Hinde and Kilner, 2007; Sirot, 2012). The central goal of negotiation is thus to limit aggressive behaviors, which may lead to serious or lethal injuries. Although such a term has been mostly used in the context of humans that bargain for resources (Binmore, 2010), this concept has been applied to animals especially in a context of long-term relationship between opponents (McNamara et al., 1999; Johnstone and Roulin, 2003; Johnstone and Hinde, 2006; Patricelli et al., 2011; Sirot, 2012). While humans use various negotiation tactics by modulating gestures, words, and voice, it is not fully clear whether this process is common in animals and how it exactly occurs (Pika and Frohlich, 2019). However, it is well-known that animals use different signals, often in a specific sequence (Searcy and Beecher, 2009; Akcay et al., 2013), to inform rivals about their resource holding potential (i.e., fighting ability) and motivation to compete. Such information is crucial for an individual to adjust its effort in competitive interactions, and thus to decide whether to engage in, keep competing or retreat from a contest according to its chance of success (Parker, 1974; Maynard Smith, 1982; Enquist et al., 1990; Briffa et al., 1998). When interests among the competitors are incompatible, like non-familiar adults competing for limiting resources such as mates or territories, an escalation in competitive behaviors is expected until the weakest or the less motivated individual withdraws from the contest (e.g., Keil and Watson, 2010; Reddon et al., 2011). However, competition also occurs among individuals that partly share interest in each other's fitness (Roberts, 2005). Indeed, when contestants are genetically related, losing a contest in favor of a kin still rewards the looser with indirect fitness benefits (Hamilton, 1964). Moreover, when living in stable social groups, individuals repeatedly interact and benefit from groupmates' survival. In such cases, for the same given amount of resources, a de-escalation in competitive interactions could be instead expected (Johnstone and Roulin, 2003).

A key element of negotiation is the use of transient signals for which several parameters (e.g., number, duration) can quickly vary irrespectively of a change in individual condition (Greenfield et al., 1997; Briffa et al., 1998), and can be fine-tuned according to signals previously emitted by the opponent(s) (Enquist and Leimar, 1983; Enquist et al., 1990; Payne and Pagel, 1996; Briffa et al., 1998). The resolution of conflicts through negotiation is thus an interactive process achieved after repeated interactions which leads to a progressive variation in the signaling level. Under such a scenario, a real-time adjustment in signaling level may be as important as the average/maximum signal strength to outcompete a rival (Payne and Pagel, 1997; Briffa et al., 1998; McNamara et al., 1999; Patricelli et al., 2002; Van Dyk et al., 2007; Dreiss et al., 2015). Unfortunately to date, no experimental study has investigated the importance of real-time adjustment strategies for conflict resolution through vocal signaling.

In this study, we aimed at identifying which vocal adjustment strategies best dominate an opponent during a negotiation session, and therefore prevail in competition for food, in nestling barn owls (Tyto alba). Although possessing well-designed weapons, sharp claws, and bills, young barn owls behave surprisingly peacefully. Siblings frequently preen and feed each other (Roulin et al., 2016) and they socially huddle to keep warm (Dreiss et al., 2016). Most remarkably, while waiting for an indivisible prey brought by parents to the nest, siblings vocally negotiate to decide which individual will obtain the impending food item without engaging in physical fights (Roulin et al., 2000; Johnstone and Roulin, 2003). By emitting many long calls, nestlings demonstrate that they are hungry, which deters their less needy siblings from negotiating and begging once parents return to the nest with food (Roulin et al., 2009; Dreiss et al., 2010b; Ruppli et al., 2013a). Importantly, in barn owl broods, negotiation invariably occurs before the arrival of each prey, and it is intimately linked with parental food allocation, with the vocal dominant nestling having the largest probability to receive the impending prey, as repeatedly shown by previous studies (Roulin, 2002; Roulin et al., 2009; Dreiss et al., 2010b). The less needy individuals withdraw from the competition and invest in negotiation only once the likelihood to monopolize a prey increases.

The negotiation in barn owl nestlings is an interactive process through progressive step-like series of variations in call parameters ending when an individual becomes vocally dominant by emitting more and longer calls or even silencing the opponents. Barn owl nestlings are in fact able to assess opponents' acoustic changes at a fine temporal scale and use this information both to decide when it will resume calling in a negotiation session and how it fine-tunes its signal level according to sibling's signal level (Dreiss et al., 2014, 2015). Whenever the temporary vocally dominant nestling progressively emits shorter calls at a lower rate, silent siblings attempt to take the floor (Dreiss et al., 2015). In addition, when siblings are exchanging calls, their call duration and call rate are, respectively, positively and negatively adjusted (Dreiss et al., 2014, 2015). Thus, during a negotiation session nestlings tend to match siblings' change in call duration and mismatch siblings' change in call rate. We hence predicted that these strategies are most effective to dominate the negotiation by inducing a sibling to progressively emit shorter calls at a lower rate. These strategies could be considered as signals by themselves and should hence entail costs in order to prevent dishonesty and be evolutionary stable (Zahavi, 1974; Grafen, 1990; Maynard Smith and Harper, 2003; Searcy and Nowicki, 2005). If matching duration and mismatching call rate are more effective to deter a sibling from competing, these strategies should be costly by inducing individuals to produce more and longer calls than by using a less successful strategy.

In order to experimentally test these two predictions, we developed a novel “automated interactive playback” that interacts with a live nestling. A computer records the calls emitted by the nestling and instantly measures call rate and call duration. Then it immediately starts to broadcast vocalizations depending on the animal's fine-tuning signal level (i.e., call rate and call duration), simulating a barn owl nestling that follows one of two negotiation vocal strategies: under the “matching” strategy, the playback behaves in the same way as the nestling, and under the “mismatching” strategy, the playback responses in the reverse way as the nestling. For example, if the nestling increases call rate or call duration, the playback emits respectively more or longer calls under the matching strategy vs. fewer or shorter calls under the mismatching strategy. The effects of real time vocal adjustment were tested in two distinct experiments: one testing the adjustment of the call rate while the call duration was kept constant and the other one the call duration while the call rate was kept constant. Finally, this setting allowed us to determine whether the most effective strategies to prevail in negotiation are also the costliest in the sense that the playback emits more and/or longer calls.



METHODS


General Procedures

The study was performed on a barn owl population breeding in western Switzerland (46°4′N, 6°5′E). Between April and September 2015, 114 nestlings (52 males, 57 females, and 5 of unknown sex) from 41 broods were brought to the laboratory for 3 days and 2 nights (mean ± SE age: 34 ± 0.5 days, range: 22–41 days). We already showed on several occasions that nestlings vocalize in captivity as in the lab and in natural conditions. In particular, they are not physiologically stressed (Dreiss et al., 2010a), and similarly vocalize in captivity conditions as in the wild (Roulin et al., 2009; Dreiss et al., 2010b). The first night was an acclimation night during which siblings stayed together in a wooden nest-box identical to the one where they were raised. They were fed ad libitum (67 g of mice per nestling, Durant and Handrich, 1998). At 08:00 the next morning, the remaining food was removed. Then, at 12:00 all nestlings were isolated in separated experimental nest-boxes in order to allow nestlings to get used to the new environment before 22:00, when the experiment started. The “call duration” and the “call rate” interactive playback experiments were performed respectively between 22:00 and 01:00, and between 1:30 and 4:30. On the following morning, nestlings were fed and brought back to their original nest.

The experimental nest-box was divided into two equal parts by a wooden wall pierced with five holes. A loudspeaker was placed in one of the partitions, while the nestling occupied the other. Two microphones per nest-box were fixed on the roof and were oriented toward the nestling. One microphone was connected to a pre-amplifier PreSonusDigimax FS and a computer with the interactive playback algorithm developed in Matlab R2012b 8.0.0.783 (MathWorks. Natick, MA, U.S.A.). To increase the computing capacity, the recorded calls were deleted as soon as analyzed. This is why we used a second microphone to record all calls produced during the experiments. This microphone was connected to a pre-amplifier Steinberg UR44 and to a second computer.



Playback Experiment Design

The program detected in real time the calls emitted by the nestling and determined their duration (for detail on acoustic criteria used see Supplementary Material S1 and Ducouret et al., 2016). Two adjustment strategies were programmed and the playback followed a unique strategy randomly selected during 15-min period (hereafter “period”), before changing to the other one. Each strategy was repeated four times per experiment.

Playback Call Rate Experiment

In order to assess the variation of the call rate of focal nestlings, at the end of each 10 s lapse, the computer program compared the number of calls emitted by the nestling with the number of calls emitted during the previous 10 s lapse. The 10 s duration of the time lapse was chosen because the mean call rate observed in two-nestling broods when food-deprived is 6 calls/min, hence on average 1 call every 10 s, although around 50% of the 1-min interval of free vocal interactions contains more than 6 calls (Ruppli et al., 2013a). The call rate measured by the algorithm was hence in number of calls per 10 s. During the first 10 s lapse of each 15-min period, the playback emitted the same number of calls as the nestling during the first 10 s lapse. Next, according to the two successive 10 s lapses comparison of number of calls, the playback modified its number of broadcasted calls following two different playback strategies (Figure 1, for an example see Supplementary Material S2). In the matching strategy (hereafter “Match-Call Rate”), if the nestling emitted a number equal to “X” more (or respectively fewer) calls than during the previous 10 s lapse, the playback broadcasted X more (or respectively fewer) calls than during the previous 10 s lapse. In the mismatching strategy (hereafter “Mismatch-Call Rate”), if the nestling emitted X more (or respectively fewer) calls than during the previous 10 s lapse, the playback broadcasted X less (or respectively more) calls than during the previous 10 s lapse. In both cases, playback calls were equally distributed along the next 10 s lapse (e.g., if the playback had to emit one call, it was broadcasted 5 s later; in case of 2 calls, the playback broadcasted them 3.3 and 6.6 s later). In case the number of calls comparison between the two consecutive 10 s lapses would have led the playback to broadcast a negative number of calls, the algorithm reset the playback number of calls to 0 calls. We fixed the broadcast call duration at 800 ms on average (SE = 50 ms), which was the average value obtained from interacting pairs of nestlings (Ruppli et al., 2013a).
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FIGURE 1. An example of two periods of interactive playback experiment on call duration (A) and on call rate (B). The computer program automatically detects the calls produced by a nestling and measures its duration. Then, the program compares this duration (or respectively rate) to that recorded in the previous 10 s period. According to this change, it chooses to broadcast a call of a duration (or respectively rate) based on one of two pre-programmed calling strategies: under the matching strategy (left panels), the playback changes its call duration (or respectively rate) similarly to the nestling, while under the mismatching strategy (right panels), changes its call duration (or respectively rate) reversely to the nestling. The strategies were repeated four times each for 15 min and were randomly ordered across the experiment.



Playback Call Duration Experiment

The second experiment was developed with the same approach as the one described above but focusing on the mean nestling call duration (Figure 1, for an example of calculation see Supplementary Material S3). At the end of the first 10 s lapse of each 15-min period, the playback emitted a call with the same duration as the nestling's mean call duration. Afterward, in the matching strategy (hereafter “Match-Call Duration”), the playback modified its call duration in the same way as the sibling. In the mismatching strategy (hereafter “Mismatch-Call Duration”), the playback modified its call duration in the opposite way as the sibling. The playback always broadcasted one call every 10 s so the playback call rate was 6 calls/min corresponding to the mean call rate observed in two-nestling broods when food deprived (Ruppli et al., 2013a). In case the nestling did not emit any call during the 10 s lapse, no comparison of call duration could be made with the call duration measured during the previous 10 s lapse. However, the playback had to emit a call to keep its call rate constant. Therefore, the playback's call duration remained constant which is the most parsimonious solution.



Construction of Playback Soundtracks

Calls broadcasted by the playback were isolated from four different individuals (age mean ± SE: 32.5 ± 2.25 days, two males and two females) recorded in three-nestling brood experiments conducted in 2011 (for experimental setup details see Dreiss et al., 2017). At the beginning of the experiment, a single individual was selected randomly by the computer to be broadcasted to one focal nestling. Therefore, a focal nestling faced a unique playback individual. In total, 120 calls were isolated, 15 in each eight call-duration groups: 300–400, 400–500, 500–600, 600–700, 700–800, 750–850, 800–900, 900–1,000, and 1,000–1,100 ms. The computer randomly picked up one call within the relevant group. For the call rate experiment, only calls from the 750–850 ms group were picked up by the playback. Each call was first normalized to have the same loudness using Matlab R2012b.



Acoustic Analyses

In order to detect a call emitted by the nestling in the pseudo real-time, the audio record was analyzed each 46 ms time windows. The choice of this time frame was motivated by a trade-off between reactivity (we wanted to know as fast as possible if an acoustic event occurred) and reliability (the longer the signal is, the better the frequency resolution is and in turn the more reliable the detection is). Here, 46 ms was empirically found to be a good candidate for combining both reliability and reactivity. The algorithm determined first if there was an acoustic event or not by calculating the sound level (dB) and compared it to a threshold empirically determined. Then, to determine if this call was a negotiation call, we used two frequency descriptors and a temporal descriptor. For further technical details see Ducouret et al. (2016) and Supplementary Material S1. We tested the accuracy of this detection in the real time by comparing 180 h of a recording including 55,247 negotiation calls of interacting pairs of nestlings recorded in similar condition with the same acoustic tools. We achieved an accuracy of 97% of true detection (i.e., in only 3% of cases the software wrongly identified another type of call or a noise as a negotiation call).



Statistical Analyses

In the Call Rate experiment, we removed from the analyses one individual which did not call during the experiment. For the Call Duration experiment, we removed from the analyses 55 nestlings which did not emit any call or called only during one 15-min period. This was done because, if the nestling remained silent, it was not possible to analyse any vocal interaction between nestling and playback. The absence of calls for many individuals in the call duration experiment may be explained by a playback call rate representing a more competitive individual than the tested nestling. Indeed, the playback call rate corresponded to a highly motivated nestling that was experimentally food-deprived (Ruppli et al., 2013a). Overall nestlings emitted on average 2.9 calls/min (range 0 to 31 calls/min) during the call rate experiment and emitted on average 4 calls/min (range 0 to 34 calls/min) during the call duration experiment. Nestlings emitted hence slightly fewer calls than during free vocal exchange in laboratory and nature (i.e., 6 calls/min) but with a similar range (Roulin, 2001a; Ruppli et al., 2013a). This might be explained by a playback representing a highly motivated individual.

Statistical analyses were performed using linear mixed models implemented with the “lme4” package (Bates et al., 2014) in the R software (R Core Team, 2013). Residuals were checked for homoscedasticity. In each model presented below, the order in which playback strategies appeared, the nestling's age and sex were included as covariates and cofactor. Nestling identity, nested in brood identity, was included as a random factor to control for data pseudoreplication and possible family effect. The identity of the nestling broadcasted by the playback was also included as a random factor to control for potential difference in the stimulatory capacity.

The effect on nestling's call parameters of the playback strategies (Match coded 0 and Mismatch coded 1) was tested by considering the mean call rate (i.e., the mean number of calls per min) and the mean call duration emitted by the nestling in each 15-min period for both experiments. We investigated the effect of the two strategies on both the call parameter which was adjusted by the playback (i.e., the nestling's call rate for the Call Rate experiment and the nestling's call duration for the Call Duration experiment) and the cross effect on the other call parameter (i.e., the call rate for the Call Duration experiment and reversely). We hence ran two independent but similar linear mixed models for the focal parameter and two other ones for the cross parameter for both experiments. Since call rate and call duration can be traded-off, we also investigated whether the playback strategies have different effects on the overall nestling call effort by calculating the duty cycle (product of call duration and call rate). The duty cycle measures the total amount of time spent calling by an individual and thus it is a reliable proxy of the overall call effort (e.g., Reichert and Gerhardt, 2012). The mean call rate and the duty cycle were Box-Cox transformed in order to approximate them as a Gaussian variables.

In addition, we assessed the efficacy of different playback strategies to induce the focal nestling to stop calling by analyzing the time needed to silence a nestling. Because of the high number of individuals that did not stop vocalizing, the distribution of the time needed to silence a nestling was neither Gaussian nor Poisson and no transformation was suitable. We hence performed the analysis in two steps. First, we investigated if the probability that a nestling retreated was different depending on the playback strategy using a generalized mixed model assuming a binomial distribution. We considered that a nestling had withdrawn (coded as 1) when it stopped emitting calls at least 1 min before the end of each 15-min period (similar results were obtained using thresholds of 30 s and 2 min; details not shown for brevity). Second, we analyzed whether the time needed to momentarily silence a nestling differed between playback strategies using a linear mixed model. This latter analysis only included periods when nestlings stopped calling.

We finally investigated the impact of following a particular strategy on the call parameters emitted by the playback. To this end, we considered the mean call rate (i.e., the mean number of calls per min) during the Call Rate experiment and the mean call duration during the Call Duration experiment emitted by the playback in each 15-min period. The playback's call rate was Box-Cox transformed in order to analyse it as Gaussian variable. We ran two independent but similar linear mixed models for the call rate and the call duration. Because one of the two playback call parameters was maintained constant, analyzing the duty cycle of the playback corresponds to the analysis of the focal call parameter multiplied by a constant. Hence, an increase of the playback call rate in the call rate experiment, and an increase of the playback call duration in the call duration experiment, leads inevitably to an increase of the duty cycle in both cases. Therefore, the analysis of the duty cycle of the playback is redundant.

Since analyzing the global mean value of call rate and call duration might not reflect the effect of the playback strategy on different stages of a period, we replicated the same analyses presented above by using the mean value of call parameters calculated on different time windows (each 1.5, 3, 5, and 7.5 min) rather than the global mean. Different windows were chosen because in natural conditions, a single negotiation session is of variable duration, and we could not isolate different negotiation cycles independently for each nestling. Models were exactly the same as described above with the exception that we added the window number as a random factor to account for data collected in the same part of each period. Results were always qualitatively similar. Thus, in the main text we only present the results with the global mean value of call parameters for brevity. Tables reporting the results of these collateral analyses can be found in Supplementary Material S4.



Ethical Notes

Experiments were done in the second part of the rearing period (mean nestling age: 34 ± 0.5 days; fledging age: ca. 55 days) when it did not disturb parental care as parents stay outside the nest and only enter briefly to bring food. At least two nestlings were left in their nest to still stimulate parental care and prevent brood abandonment, which was not observed during the experiment. It was already shown that this type of experiment neither stresses nestlings nor reduces nestling body condition at fledgling (Dreiss et al., 2010b). Experiments were carried out within University of Lausanne's facilities, under all required permits from the veterinary services (authorization 2109.2).




RESULTS


Impact of Playback Strategies on Nestling's Call Parameters
 
Playback Call Rate Experiment

The most effective playback strategy for inducing the nestling to emit fewer calls was the Mismatch-Call Rate strategy, i.e., staying almost silent when the nestling is calling but increasing call rate when the opponent decreases the number of calls (Table 1A, Figure 2A, Figure S4). The Mismatch-Call Rate strategy also more often induced a nestling to become totally silent before the end of the 15-min period than the Matching-Call Rate strategy (Table 2A, mean probability of becoming silent was 0.68 ± 0.23 SE and 0.15 ± 0.23 SE for the Mismatch- and Match-Call Rate strategy, respectively). In addition, the Mismatch-Call Rate strategy took less time to induce the nestling to stop calling than the Match-Call Rate strategy (Table 2B, Figure 3). Nestlings that listened to a playback that mismatched call rate also emitted shorter calls than when they listened to a playback that matched call rate (Table 3). Finally, the Mismatch-Call Rate strategy induced a nestling to have a lower duty cycle (i.e., call effort) than the Match-Call Rate strategy (Table 4).



Table 1. Effect of the playback strategies on the vocal behavior of nestling barn owls (A) and of the playback (B).
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FIGURE 2. Mean call duration (A) and mean call rate (B) of nestlings and playback adopting the matching and mismatching strategies. The error bars represent the standard errors. Asterisks indicate significant differences between groups (*P < 0.05; ***P < 0.001), calculated from the models reported in Table 1. Each playback strategy was repeated for four 15-min periods, randomly ordered across the experiment.





Table 2. Effect of playback strategies on the probability that nestlings became silent (A) and on the time needed to silence nestlings (B).
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FIGURE 3. Mean time taken by the playback to silence nestlings depending on the call rate playback strategy (Match vs. Mismatch nestling Call Rate). Only 15-min periods when nestlings stopped calling is included (i.e., N = 63 for Matching and N = 150 for Mismatching strategy). The error bars represent the standard errors. Asterisks indicate significant differences between groups (***P < 0.001), calculated from the models reported in Table in Supplementary Material S5.





Table 3. Cross-effects of the playback strategies on the vocal behavior of nestling barn owls.
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Table 4. Effect of the playback strategies on the vocal duty cycle of nestling barn owls.
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Playback Call Duration Experiment

The most effective negotiation strategy to induce the nestling to reduce call duration was exactly the opposite as the one for call rate. Playbacks had to emit calls that matched rather than mismatched the duration of the nestling calls (Table 1A, Figure 2B, Figure S4). Match- and Mismatch-Call Duration strategies did not have different effects on nestling call rate and duty cycle (Tables 3, 4) and did not differ in the efficacy to momentarily silence nestlings (mean probability of becoming silent was 0.14 ± 0.34 SE and 0.17 ± 0.33 SE for the Match- and Mismatch-Call Duration strategy, respectively; Table 2A), and similar time needed (Table 2B). Therefore, a modulation in call duration only affects nestling call duration. The significant effect of playback strategy order indicates that nestlings produce longer calls with time, which reflects the increase of hunger level and was repeatedly found in previous studies (e.g., Ruppli et al., 2013a,b; Dreiss et al., 2017).



Impact of Playback Strategies on Playback's Call Parameters

Mismatch-Call Rate strategy led the playback to broadcast more calls than Match-Call Rate strategy (Table 1B, Figure 2A, Figure S4). Similarly, Match-Call Duration strategy led the playback to broadcast longer calls than Mismatch-Call Duration strategy (Table 1B, Figure 2B). By following the strategies that are the most effective to restrain a nestling from vocalizing (i.e., Match-Call Duration and Mismatch-Call Rate), the playback vocalized more intensely, emitting more calls during the Call Rate experiment and longer calls during the Call Duration experiment which resulted in an increase of the playback duty cycle.

We decided to keep the playback's call parameters constant when the nestling did not emit any call in the previous 10 s lapse. This choice does not fully reflect natural vocal exchanges, because nestlings usually decrease call duration and rate after having deterred a sibling from negotiating (Dreiss et al., 2015). The decision not to decrease playback's calls after the nestling was silenced could explain why the playback emitted so many calls under the Mismatch-Call Rate strategy. However, we note that if we restrict the analyses to the data recorded until the moment when the live nestling stopped calling (i.e., removing the calls emitted by the playback afterwards) the results were qualitatively similar (Supplementary Material S5).




DISCUSSION

In the present experimental study, we first identified the most effective real-time vocal strategies to dominate social interactions in barn owl broods, and then we showed that the successful strategies impose more vocal investment to the sender (i.e., the playback). This was feasible by using a procedure similar to artificial intelligence, with a computer being programmed to “behave” depending on the behavior of a live animal that in turn listens to what the computer broadcasts. Using such an innovative approach, which was seldom used previously (see Goutte et al., 2010; King, 2015), we demonstrated that mismatching the opponent's call rate and matching its call duration lead to a de-escalation in the opponent's vocalization (shorter and fewer calls respectively), as already shown in natural conditions using a correlative approach (Dreiss et al., 2014, 2015). This de-escalation in vocalization is particularly strong in the Mismatch-Call Rate experiment, which leads also to an overall decrease in call effort (i.e., duty cycle). Therefore, by following these strategies during the sibling negotiation process, nestlings reach the dominant position, and consequently have higher chances to be fed at the next parental visit (Roulin, 2002; Roulin et al., 2009; Dreiss et al., 2010b), without provoking a vocal escalation (Roulin et al., 2009; Dreiss et al., 2010b; Ruppli et al., 2013a).

Interestingly, the best strategy to reduce opponent's call duration is exactly the opposite as the most effective strategy to reduce opponent's call rate. Call rate and call duration may thus have different functions in a negotiation process. On the one hand, call duration seems to be used as a challenging signal, as the most effective strategy is to match the opponent's behavior, possibly to test its willingness to engage in a vocal duel. On the other hand, call rate is used as a deterring signal, as the most effective strategy is to escalate but only when the opponent relaxes which is also the ultimate way to induce opponents to retreat from the contest. Indeed, the Mismatch-Call Rate is the most successful strategy in momentarily silencing siblings. Our findings therefore suggest that vocal negotiation in nestling barn owls might be a hierarchical signaling system, where different signals are used in sequence from the weakest to the strongest, as for example consistently observed in conflict resolution over territory in other bird species (Searcy and Beecher, 2009; Akcay et al., 2013). Although the Match-Call Duration strategy was more effective to induce a nestling to decrease its call duration than Mismatch-Call Duration strategy, this call duration decrease was not sufficient to induce a significant decrease of the overall call effort (i.e., duty cycle). Moreover, the effect of the playback call duration was weaker than the effect of the playback call rate on vocal parameters of the nestling, as already found in a previous study (Ruppli et al., 2013a). As in other biological systems where a matching strategy is typically used as a conventional signal of intent to compete (e.g., Akcay et al., 2013), nestling barn owls could initially challenge siblings by keeping a low call rate but by matching the duration of sibling calls, the weakest and potentially the least expensive signal. Only if this strategy is not sufficient to vocally dominate, individuals increase call rate and try to prevail in the negotiation. By gradually emitting different signals, individuals give the opponents the possibility to give up the contest at an early stage without having invested too much in a negotiation session (Akcay et al., 2013).

Another interesting finding of our study was the evidence that by following the most effective strategies, and mainly for Mismatch-Call Rate strategy, the playback gradually intensified its signal level. Such strategies therefore require a higher overall call effort (i.e., duty cycle) by the sender—number of calls and call duration—than the less effective ones. This result is coherent with the theory of honest signaling, postulating that signals conveying reliable information about the sender should impose a cost to prevent cheating and thus to be evolutionary stable (Zahavi, 1974; Grafen, 1990; Maynard Smith and Harper, 2003; Searcy and Nowicki, 2005). Admittedly, we have no information about the energetic costs of producing many long calls in our model system, and our results should be therefore considered with this caveat in mind. However, although the cost of begging is still a controversial issue (Leech and Leonard, 1996; Moreno-Rueda, 2007), several studies showed that begging vocalizations impose a variety of metabolic, immunological, and growth costs to nestling birds (e.g., McCarty, 1996; Kilner, 2001; Moreno-Rueda, 2010; Noguera et al., 2010). In addition, we note that demonstrating high motivation by following the most effective strategies requires not only a high investment in terms of vocalization production, and therefore a reduction in time devoted to other activities (Roulin, 2001b), but also a particular attention to opponents' fine-tune behavior. The signal processing and vigilance to an opponent's signal change is likely to entail additional costs (Benton et al., 1994; Moss et al., 1998).

By waiting until its opponents relax to increase their call rate, nestlings give the opportunity to a sibling to vocalize, thus favoring the exchange of information. This finding corroborates those of previous research showing that barn owl nestlings seek to improve the exchange of information by first avoiding sibling's call overlaps to limit signal interference (Dreiss et al., 2013; Ducouret et al., 2018) and second, by favoring alternation of monologs (Dreiss et al., 2015). Indeed, during free vocal interactions between two siblings, 67% of calls are transmitted in monologs (i.e., 10 calls produced by one nestling without being interrupted by a sibling; Dreiss et al., 2015). An intrinsic risk of this behavior is that a parent could arrive at the nest with food which should be consequently given to the most vocal sibling. However, we note that in the barn owl parental absence is unpredictable (on average 30 min, range: 30 s to 3 h 40; Roulin and Bersier, 2007) which differs from many bird species where parental feeding visits are regular and quick (see e.g., Wright and Leonard, 2002). Negotiation can therefore be prolonged, and nestlings may not be able to maintain a dominant position during the entire period of parental absence. In addition, barn owl nestlings negotiate with full siblings only (Roulin et al., 2004) and hence the food is consumed by a genetically related individual and provides inclusive fitness benefits to individuals that give up (Hamilton, 1964). Moreover, negotiation occurs every night before the arrival of each prey and involves the same participants during the entire rearing period. In a social group composed of relatives where time is not a restricted parameter, the lack of escalation could thus be beneficial because it limits the costs of the interactions and increases the trust between negotiators for future sessions, which could counterbalance the risk of missing a food item. Therefore, the best strategy is to listen and take the floor once the opponent becomes less vocal. This fits with the quote of François de Callieres “one of the most necessary qualities in good negotiator is to be an apt listener” (De Callieres, 1738).

In summary, we have pinpointed the importance of real-time signaling adjustment during the resolution of conflicts over indivisible food in barn owl broods by showing that the adjustment strategies to opponent's vocalizations are signals by themselves as they trigger different behavioral responses. More interestingly, although the most effective strategies to dominate the negotiation are different for call rate and duration, these opposite strategies impose a large investment in vocalizations by the sender, thus suggesting the honesty of the negotiation process. Finally, our study emphasizes the power of using interactive playback to uncover the importance of social strategies evolved to resolve conflicts of interest in animals.
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In bi-parental care systems each parent shares benefits with its unrelated partner from the common investment in offspring, but pays an individual cost of providing that care, leading to sexual conflict. However, several recent empirical studies have shown that coordinating behaviours like synchronisation (e.g., arriving at similar times) and alternation (taking turns in providing care) at the nest lead to increased investment overall, presumably to reduce conflict through policing or synergistic benefits. Ecological conditions should impact the costs and benefits of bi-parental care, yet there exists a gap in research on the relationship between ecological conditions and patterns of parental care behaviour beyond visitation rate. Here we provide an examination of how bi-parental provisioning behaviours, i.e., pair feeding rate and feeding consistency, and the degree to which parents synchronise or take turns, differ under contrasting ecological conditions in populations of blue tits (Cyanistes caeruleus) spanning a 1,000 m altitudinal gradient. We found that blue tit pairs synchronised and alternated more than expected by chance, and that care patterns were modified by ecology. Pairs synchronised more in woodland-pasture edges than in woodland interiors, and alternated more and fed more frequently at lower altitude compared to higher altitude nests. Variation in bi-parental coordination behaviours did not have a significant impact on fledging success but more synchronous nests had heavier chicks in woodland habitats. Taken as a whole, our results show that patterns of care are influenced by ecological conditions and that their interplay may change the outcome of sexual conflict.

Keywords: alternation, bi-parental system, Cyanistes caeruleus, environmental variation, feeding behaviour, parental care, sexual conflict, synchrony


1. INTRODUCTION

In 1972, Trivers' landmark paper (Trivers, 1972) suggested that the current-future reproduction trade-off should lead to sexual conflict between parents, as each parent benefits when the other provides a greater share of the resources needed by offspring. Using this framework, many experimental and theoretical studies have since examined the outcome of sexual conflict over feeding decisions in bi-parental systems, at both evolutionary and behavioural time scales (Lessells, 2013). Theory generally suggests that the best strategy for parents is to incompletely compensate for changes in their partner's feeding rate (sealed bid models: Houston and Davies, 1985; negotiation models: McNamara et al., 1999, 2003; Houston et al., 2005; Ewald et al., 2007; Lessells and McNamara, 2011; but see Jones et al., 2002), at least when parents have similar information about the brood need (Johnstone and Hinde, 2006). This prediction has been generally supported by empirical results, although considerable variation in parental strategies remains to be explained (review: Harrison et al., 2009; Meade et al., 2011). The role of ecology in shaping parental care decisions is one potential source of this variation, but relatively little attention has focused on the impact of ecology on conflict over bi-parental care.

Existing theoretical work on parental care has focused on the amount of care that each parent provides as a continuous variable, ignoring variation in the environment in order to maximise simplicity and generality. The realities of care are usually more complex: in the case of feeding behaviour parents often provide care to offspring in discrete units (e.g., food items), and offspring may benefit from both the consistency of care as well as the total amount of prey delivered. Consistent care (i.e., low variance in provisioning) is more efficient for rearing offspring, but high-variance, risk-prone provisioning could be adaptive when offspring are in poor condition or in poor quality habitats (Ydenberg, 2008; Westneat et al., 2012; Mathot et al., 2017). With discrete events, costs of sexual conflict are predicted to be reduced by alternating care from the parents (Johnstone et al., 2014). Likewise, synchronisation of parental visits at the nest could decrease costs of sexual conflict. As with overall care levels, such behaviours could also be influenced by ecology. For example, the distribution of food resources could influence the consistency of care (Ydenberg, 2008; Westneat et al., 2012; Mathot et al., 2017) and the degree of alternation between parents. Likewise, elevated predation risk could favour synchronisation of nest visits. If these patterns of care are important for the overall costs and benefits of care, then the outcome of sexual conflict should depend on ecological conditions such as spatial and temporal availability of food or the risk of predation.

The view that patterns of offspring care influence sexual conflict and the success of parental care has gained support through detailed studies of feeding behaviour in bi-parental and cooperative breeding species. Bebbington and Hatchwell (2015) found a positive relationship between turn-taking and total feeding rate in bi-parental (pairs without helpers) long-tailed tits (Aegithalos caudatus), as predicted by Johnstone et al.'s (2014) model, showing that alternation might reduce the costs of sexual conflict for offspring and parents through a sort of policing mechanism (Trivers, 1971; Axelrod and Hamilton, 1981). Alternation also occurs more often than expected by chance in the cooperative breeding species chestnut-crowned babbler (Pomatostomus ruficeps) (Savage et al., 2017), and nest visit synchrony has also been documented in several species with bi-parental and cooperative care (Krebs et al., 1999; Masello et al., 2006; Lee et al., 2010; van Rooij and Griffith, 2013; but see Gray and Hamer, 2001). Synchronously visiting the nest can be adaptive by reducing predation risk for offspring (Raihani et al., 2010), by facilitating equal partitioning of food among nestlings as fed simultaneously (Shen et al., 2010), or by improving assessment of chick need (McDonald et al., 2008). Synchrony at the nest has been associated with more regular feed visits, without involving a higher overall visitation rate or greater equity between partners' visit rates, but is associated with increased offspring mass and number in bi-parental species (Mariette and Griffith, 2012, 2015). These results suggest that in addition to feeding rate, studying consistency of care, and synchrony and alternation of parental visits might be crucial for understanding the outcome of sexual conflict. It remains unclear how these parameters relate to each other or are modified by ecological conditions.

While models of bi-parental care have generally ignored ecological variation, substantial empirical work has explored the impact of ecology on individual foraging behaviour and total amounts of care delivered. Studies have shown clear habitat-related differences in foraging distances and feeding rates of breeding passerines, related to the abundance of food available around the nest (blue tits: Blondel et al., 1991; Tremblay et al., 2005; great tits: Naef-Daenzer et al., 2000), and individuals in rich habitats feed more frequently and are better able to match their feeding rate to the size of the brood than individuals in poor habitats (Tremblay et al., 2003, 2005; Stauss et al., 2005). Food availability can be difficult to measure, but habitat feature such as at the edge versus interior of forests and species diversity can provide good proxies. Variation in food abundance and other ecological patterns such as forest-edge effects impact fitness among woodland passerines (Murcia, 1995; Wilkin et al., 2007). While reproductive output is often reduced at forest edges (but see Lahti, 2001 and Wilkin et al., 2007), it is unclear if such effects result from increased competition with conspecifics (Huhta et al., 1999), higher predation exposure (Batàry and Bàldi, 2004), or reduced food availability (Huhta et al., 1999). Likewise, tree diversity is often related to insect availability and therefore can impact parental care and fitness (Gering and Crist, 2000; Sobek et al., 2009). Whether parents also respond to these different conditions by altering their patterns of care provisioning, and whether these tactics impact fitness outcomes for parents or offspring is still unknown. In this context altitudinal gradients provide good model systems, as they cause a sharp change in ecology as increasing elevations have colder temperatures, greater seasonality, shorter breeding seasons, and greater fluctuations in food availability (Abdusalyamov, 1964), which can have downstream effects on parental care strategies and fitness (see Badyaev and Ghalambor, 2001 for an inter-species review; Boyle et al., 2016 for a population review). Studies focusing on feeding behaviour along altitudinal gradients have found increases in feeding rates within species at higher elevation, either for both parents (Johnson et al., 2007; Lee et al., 2011) or just males (Badyaev, 1997). Sex-limited effects of ecology on care should impact sexual conflict, yet it is unclear whether patterns of care are modified under such environmental variation.

We examined how variation in ecology and altitude impacted patterns of parental care in blue tits, Cyanistes caeruleus, in a nest box population in the French Pyrenees. The blue tit is a short-lived passerine, socially monogamous, in which females and males contribute to offspring provisioning. Blue tits are almost wholly insectivorous in the breeding season and may bring arthropods to the nest at the rate of almost one a minute during much of a 16-h day (Perrins, 1991). First, we fully describe the feeding behaviour patterns of blue tits in the Pyrenees by examining the rate of food delivered, its consistency, the synchrony and alternation of feeding in breeding pairs, and how these parameters are related to each other. Secondly, we explore the influence of climatic conditions, habitat characteristics (tree diversity, forest edges vs. interiors), and altitude on these patterns, to build a more complete picture of feeding behaviour and how it relates to local ecology. Finally, we examine the fitness consequences of variation in care patterns seen across these contrasting environments.



2. MATERIALS AND METHODS


2.1. Data Collection
 
2.1.1. Study Sites

This study was conducted during three breeding seasons from 2015 to 2017, near the research Station for Theoretical and Experimental Ecology of Moulis (SETE, UMR 5321; 42°5729N, 1°0512E), in the French Pyrenees. Our study area comprised 14 woodlots divided into 5 sites situated along an altitudinal gradient ranging from 430 to 1,530 m. Our sites each span altitudinal ranges: 430–593, 555–774, 818–1,108, 1,230–1,530, and 945–1,193 m. All sites are composed of mixed deciduous woodland interspersed to varying degrees with open areas of rough pasture or bog. More than 20 tree species have been recorded in our sites, but primarily oak (Quercus robur), ash (Fraxinus excelsior), hazel (Corylus avellana), and beech (Fagus sylvatica) have been observed, with beech more common at higher elevations and oak at lower elevations. In total the study area contained on average 600 Woodcrete nestboxes (2M entrance hole 32mm; Schwegler, Schorndorf, Germany) spaced at ca. 50 m intervals within each woodlot. The occupancy of blue tits varies from 18% of nest boxes at low altitude, and declines to 4% at high altitude (unpublished data), leading to lower densities at higher altitudes, similar to general patterns of occupancy across most tit species in our study sites.

2.1.2. Habitat Characteristics

We characterised the habitat within a 25 m radius of each nestbox in order to estimate the fine-scale habitat structure. We focused on two measures of habitat characteristics that have been shown to impact food resources and predation risk: forest edge versus interior (Huhta et al., 1999; Batàry and Bàldi, 2004) and tree diversity (Gering and Crist, 2000; Sobek et al., 2009). First, we determined whether a nest was on the edge of the woodland, based on whether or not it was within 5 m of pasture or bog. Most of the other nests were in woodland interiors. Very few nestboxes were on a solitary tree within a pasture or bog, therefore to achieve similar sample sizes between categories we removed the 7 nestboxes in these habitats from the dataset and leading to two categories: woodland edge and interior. Second, we attempted to provide a qualitative estimate of tree diversity around each nest using a qualitative approach. Tree diversity was denoted as being low if one or two species of tree made up at least 80% of the species within a 20 m radius of a nest box, while it was denoted as high if no species dominated. Finally, temperature and humidity were also measured every half hour during the breeding season using eight remote loggers (TinytagTM types TGP-4500 and TGP-4505) positioned at altitudes of 430, 565, 604, 847, 1,110, 1,002, 1,334, and 1,522 m, allowing the climatic conditions during the collection of provisioning behaviour to be estimated for each nest.

2.1.3. Breeding Monitoring

Nestboxes were checked at least twice a week for breeding activity throughout the breeding season (Mid-March to July). Nests were checked daily when fully built and lined (with feather, hair and/or wool), toward clutch completion (from the 6th egg) and from 11 days after the start of incubation, to collect data on lay date and hatch date with a 1-day precision, and on clutch size and the number of hatchlings. Nestling mass and number of nestlings were determined when broods were 15 days old and the number of fledgings was determined as the number of nestlings minus any chicks found dead in the nest after fledging. In total 471 chicks were weighed at 84 nests.

We recorded parental feeding behaviour for 3 h at least once for each nest, between 08:45 a.m. and 04:10 p.m. (mean hour = 10:50 a.m.), during peak offspring demand (brood age 11–16 d). Feeding behaviour was recorded using digital video cameras (Sony HDR-CX220E Handycam R Camcorders) positioned 5–10 m from each nest at a 45° angle to the entrance to enable identification of the provisioning adult from its unique colour-ring combination. Adult birds were individually marked with a metal ring bearing a unique number, and with a unique combination of coloured rings at least 24 h prior to the videos to enable identification. We then transcribed the arrival and departure times of each parent during 2 h of each video, with the first hour excluded to ensure that all pairs had time to habituate to the presence of the camera. The nest box opening is small enough such that only one parent can enter at a time, thereby excluding perfectly simultaneous visits, and different parents visiting within a few seconds was rare (46 intervals of less than or equal to 2 s on 15,663 visits in total). We extracted data from 131 videos of 84 nests as two videos, taken 2 days apart, were recorded on most nests. Non-feeding visits are rare at this stage in the nestling period (Nur, 1984); as such, we assumed that nest visits were feeding visits, except for when we could visibly see parents leaving the nestbox with the food item or entering without any food in its beak (considering that we estimated that non-feeding visits represented on average 1.1% of the visits for each pair in our dataset).

Bird capture was carried out under permits to ASC from the French bird ringing office (CRBPO; program 576) and breeding monitoring under permits from the state of Ariége (Préfecture de l'Ariége, Protection des Populations, no A09-4) and the Région Midi-Pyrenées (DIREN, no 2013-02).



2.2. Feeding Behaviour Parameters Analysis

To describe the pair's feeding behaviour we assessed how often parents visited the nest, how consistently they visited, to what degree they took turns, and whether they visited the nest together. To do so we estimated the following four parameters using the data extracted from the videos: pair mean inter-visit time interval (IVI), standard deviation of the pair IVI, and indices of nest visit synchrony and alternation by the pair, using the methods described in Savage et al. (2017) and Savage and Ouyang (2019).

Pair inter-visit time interval (IVI) is the time between two consecutive entries into the nestbox regardless of which parent entered, which is a measure inversely related to the brood feeding rate. An advantage of using brood IVI over feeding rate is that we can calculate an index of variation in IVI (standard deviation here), which provides added information on the consistency with in which food is delivered to the brood.

The synchrony index of pairs was a measure of how likely the two parents were seen together at the nest, relative to that expected by chance. We estimated the actual synchrony of breeding pairs using cross-correlations of kernel-density estimates calculated for the visits of each parent. We then randomised the inter-visit-intervals of each parent 1,000 times to generate disassociated provisioning data, and calculated the synchrony score for each randomisation to generate a distribution of synchrony scores expected by chance. Using the mean and standard deviation of this distribution we calculated the z-score of the natural data as a measure of whether pairs were more or less synchronous than expected given their particular provisioning rates and inter-visit time intervals. Using this method, positive z-scores indicate that pairs are more synchronous than expected by chance given the observed mean pair inter-visits interval, and vice versa for negative z-scores. To be clear, a high synchrony score does not necessarily correspond to a very short time interval, but rather a shorter time interval than expected from the distribution of observed visits if parents arrive at random.

The alternation (or turn-taking) index of pairs was a measure of how often parents visited following their partner versus sequential visits by the same parent. To quantify whether the observed alternation differed from that expected from parents visiting independently, we used the Wald-Wolfowitz runs test (Wald and Wolfowitz, 1940), a non-parametric test for independence of elements in a two-valued data sequence [in this case, visits by either the male (M) or the female (F)]. This test is based on the null hypothesis that elements of the sequence are independent and identically distributed (although not necessarily equally common), and generates a z-score for the observed data, which is significantly positive when there are more alternated visits than expected by chance (e.g., MFMFMFMFMF) and significantly negative when there are fewer (e.g., FFFFFMMMMM). The calculation is based on the observed number of visits from each parent such that differences in visit rate between the sexes are taken into account.



2.3. Statistical Analyses

Statistical analyses were performed in R 3.4.1 (R Core Team, 2017) using the lme4 package (Bates et al., 2015). In all models explanatory variables were mean-centered to facilitate comparisons between the effect of each variable. We used AIC corrected for the sample size (AICc) to select the most parsimonious model, using the dredge function in the package MuMIn (Bartoń, 2016). This function uses the all-subset approach in which all possible combinations of fixed variables are run, the random structure is kept constant. Models that are better supported by the data while retaining fewer explanatory variables achieve lower AICc values. All rejected terms were added singly to the most parsimonious models to confirm non-significance, and reported effect sizes are derived from final models. Multi-collinearity was tested using the variance inflation factor (Fox and Monette, 1992). Residuals of our models were normally distributed (after transformation of the response variable where necessary) and independent.

2.3.1. Statistical Analyses of the Ecological Correlates of Pair Feeding Behaviour

The complete dataset included 91 observations from 73 pairs across the entire altitudinal gradient. High diversity habitats were in higher proportion at low altitudes (differences between both diversities = −93.70 ± SD = 30.58, p < 0.01). Therefore, to avoid confounding habitat effects with altitudinal effects, we performed the analyses testing the effect of tree diversity and habitat type on feeding behaviour on a restricted dataset, including 57 observations from 48 pairs nesting at low altitude. The analysis examining the effect of altitude and weather were performed on the whole dataset. Missing values led to smaller samples in some cases.

We investigated which environmental variables significantly explained each of the pair's feeding behaviour parameters by using four sets of general linear mixed models, one for each model. All parameters were fitted with a Gaussian error distribution, identity-link function, and maximum likelihood (ML) estimation. Our fixed effects of interest were altitude, habitat type, tree diversity and weather conditions (see below). We ran models on each pair feeding behaviour separately and did not include other parental feeding behaviours as covariates. This is because parental behaviours were correlated (see section Results) with each other as well as with environmental parameters which would lead to collinearity between predictors that could mask effects of interest in the exploratory analyses presented here. Altitude was included as a continuous variable in our models. As feeding rate can be influenced by food availability at short time scales (Arlettaz et al., 2010), we included mean temperature and mean humidity during the video as fixed effects. No correlation between climate variables and altitude were found, so we used the whole dataset to test the effect of climatic conditions. However, as mean temperature and mean humidity during the feeding video were correlated, we used a principal component analysis to create a combined “weather” variable. The first principal component, our measure of “weather,” accounted for 80.41% of the total variance in these variables. High values of this meteorological variable correspond to high humidity (loading: 0.71) and low temperature (loading: −0.71) and vice versa. This meteorological variable was split into extreme values and mid values (between percentile 15 and 85%) and the analyses were conducted for mid values, to avoid bias due to extreme values.

Additional variables were included in the models to account for their separate confounding effect on feeding behaviour traits, or to investigate whether they modified the effect of ecological variables on parental behaviour by including interaction terms. As we recorded two videos for some pairs, within a few days, with a brood swap experiment in-between, we included the order of the videos in the model to account for an effect of a possible experimental stimulation of feeding behaviour. We included brood size as a covariate to control for potential variation in visitation pattern with the number of chicks. As brood size variations can lead to variations in food demand we also tested the interactions between brood size and tree diversity, habitat type and altitude. Brood age varied from day 11 to 16 (mean = 13.6 ± SD = 1.5 days) across the videos; we therefore included age in the models as a continuous fixed effect. As laying date may indicate whether parents are synchronous with the food supply, and hence whether food is available during the rearing period, we included it in the covariates. Birds at high elevation breed later (Bründl, 2018) and as laying date can vary between years we standardised the laying date within site and year to not confound effects from late versus early breeding with altitude or year effects.

As some nestboxes had two different videos of parental care, we included nestbox identity as a random intercept, to account for non-independence of these data. Year and julian date of the video were also fitted as random intercepts to account for date-specific random variations in parental care.

2.3.2. Statistical Analyses of the Ecological and Coordination Correlates of Fitness Proxies

To explore the ecological and parental coordination correlates of reproductive success, we conducted analyses asking whether parental feeding coordination and ecological parameters were related to fitness proxies. Mean brood mass (brood age = 15.1 days ± SD = 0.4 days) and number of fledglings were modelled using a LMM with Gaussian errors. As alternation and synchronisation may allow a better distribution of food within a brood, we also explored the relationship between these coordination behaviours and the variance of brood mass, measured by the standard deviation in chick mass near fledging. The primary terms of interest in each analysis were habitat type, altitude, and metrics of nest visit synchrony and alternation, as well as the interaction between synchrony and habitat type. Nests from the whole altitudinal gradient were included in the analysis. Tree diversity was not considered as previous analyses had shown no effect of this environmental parameter on coordination behaviours, avoiding the model to be biased by a correlation between tree diversity and altitude. IVI, lay date and the number of hatchlings were fitted as covariates in the three analyses, while the average mass analysis additionally controlled for the average tarsus length of the brood, in order to control for variation in brood age and body size, and the standard deviation mass analysis controlled for the mean brood mass. Finally, year and site were fitted as random terms for both models.




3. RESULTS


3.1. Correlations Between Feeding Behaviour Parameters

Parents visited the nest every 84.1 s on average during the brood ages considered (SD = 26.1 s), leading to a brood-level nest visitation rate of 46 times (± 11 SD) per hour. Mean synchrony z-score was 0.5 ± SD = 1.1 (range = − 2 to +3), mean alternation z-score was 1.1 ± SD = 1.3, and standard deviation in IVI was 81.7 s ± SD = 29.6 s. In our data 41% of pairs alternated significantly more than expected by chance and only 3% alternated less. Overall 66% of the breeding pairs had a positive z-score for synchrony, indicating that many pairs were more synchronous than expected by chance based on visit intervals. More synchronous pairs also alternated more, although the correlation was relatively weak (r = 0.17, p = 0.04; Figure 1).
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FIGURE 1. Correlations between pairs feeding behaviour parameters. alt.z, alternation z-score; synch.z, synchrony z-score; ivi, mean inter-visits time interval; sd.ivi, ivi standard deviation. Correlation coefficients and p-values are from Spearman correlation tests. No. of obs = 87, No. of pairs = 71.



Mean pair IVI and standard deviation in IVI were significantly positively correlated (r = 0.86, p < 2.10−15; Figure 1), suggesting that pairs with more heterogenous feeding rate also fed offspring less. Pairs that fed more also alternated more (r = −0.25, p < 0.01; Figure 1). Less synchronous pairs did not work less overall, because pair visit rate did not vary with visit synchrony (p = 0.94; Figure 1). However, less synchronous pairs had a less regular visit pattern (r = 0.19, p = 0.02; Figure 1).



3.2. Ecological Correlates of Synchrony and Alternation

The variation in the degree of nest visit synchrony varied with some, but not all ecological variables examined (Table 1). We found no association between either altitude or weather on visit synchrony (Figure 2A), although we found a significant interaction between the two variables (Table 1). Specifically pairs synchronised significantly more when the weather was cold and humid at high altitude (estimate = 0.88, SE = 0.33, p < 0.01) but not at low altitude (p = 0.32). In addition, pairs were 24% less synchronous in forest habitats than in edge habitats (Table 1, Figure 2A). By contrast, we found no evidence to suggest that the degree of nest visit synchrony was influenced by tree diversity (Table 1).



Table 1. Results of a LMM examining synchrony.
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FIGURE 2. Pair synchrony (A) and pair alternation (B) in relation to altitude, habitat type, and weather. Lines show the predictions of the models (plain when significant effect, dotted if non-significant) and circles are observed data. Black points are predicted means and error bars are standard errors. Weather and altitude effects are from the analysis with the whole dataset (No. of obs/No. of pairs = 87/71 for synchrony, 91/73 for alternation), habitat type effect is from the analysis with the low altitude nests only (No. of obs/No. of pairs = 52/45 for synchrony and 55/46 for alternation).



The primary ecological predictor of nest visit alternation was altitude, with a 23% reduction in the degree of alternation for every 100 m increase in altitude. The magnitude of the relationship between weather and alternation tended to be modified by altitude but was non-significant at both low (estimate = −0.31, t = −1.48) and high altitude (estimate = 0.53, t = 1.76, Figure 2B). However, unlike with synchrony, alternation showed a non-significant tendency to be higher within woodland habitats than on woodland edges (Table 2, Figure 2B).



Table 2. Results of a LMM examining alternation.
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3.3. Ecological Correlates of Pair Inter-Visit Intervals

The only significant ecological predictor of inter-visit interval was altitude which had a negative effect (Table 3). Pairs at high altitude fed significantly less frequently than pairs at low altitude, with a decrease of 5% for each 100 m (Table 3, Figure 3A). Parents fed slightly more frequently in habitats with high tree diversity but this effect was not significant (Table 3, Figure 3A).



Table 3. Results of a LMM examining IVI, after reciprocal transformation.

[image: image]





[image: image]

FIGURE 3. Pair mean inter-visists interval (A) and standard deviation in inter-visits interval (B) in relation to altitude. Lines show the predictions of the models (plain when significant effect, dotted if non-significant) and circles are observed data. Analysis were performed on 87 observations, from 71 pairs.



No ecological effects were correlated with the standard deviation in IVI. Only brood size was significantly correlated with it, with parents that had bigger brood sizes having less variation in IVI (Table 4, Figure 3B).



Table 4. Results of a LMM examining standard deviation in IVI, after reciprocal transformation.
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3.4. Coordination Behaviour and Offspring Success

The number of fledglings varied from 0 to 9 (mean = 6 ± SD = 1.7), with an average fledging success of 85% of chicks hatching (range = 5–9, mean = 7 ± SD = 1.5). Variation in the number of fledglings was not predicted by any of the feeding behaviour and ecological variables tested (Table 5, Figure 4A).



Table 5. Results of a LMM examining the number of fledglings.
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FIGURE 4. No. of fledglings (A), mean nestling mass (B) and standard deviation in nestling mass (C) in relation to pairs alternation and synchrony. Lines show the predictions of the models (plain when significant effect, dashed if non-significant) and points are observed data. Analyses were performed on 69 pairs.



The average mass of nestlings in broods on days 14–16 varied from 8.7 to 11.8 g (mean = 10.6 g ± SD = 0.77 g). After controlling for the significant effects of tarsus, we found a significant interaction between nest synchrony and habitat, with chick mass increased in more synchronous nests in woodland (estimate = 0.28, t = 2.7) but not edge habitats (estimate = −0.04, t = −0.42, Figure 4B). However, we found no effect of alternation on brood mass (Table 6, Figure 4B).



Table 6. Results of a LMM examining mean fledging mass in a brood.
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The standard deviation of within brood nestling mass near fledging ranged from 0.2 to 1.9 g. After controlling for the significant effects of the average mass and the IVI, we found a significant relationship between alternation and the standard deviation in chick mass, with greater homogeneity of brood mass in pairs where parents alternated more (Table 7, Figure 4C). Broods were more heterogeneous in mass in forest edges but there was no relationship between synchrony and the standard deviation in chick mass, regardless of habitat (Table 7, Figure 4C).



Table 7. Results of a LMM examining standard deviation in fledging mass in a brood.
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4. DISCUSSION

Habitat characteristics can have an important impact on avian life histories including parental care (Martin, 1995) and breeding performance (Suorsa et al., 2004; Arriero et al., 2006) through its effect on predation and food availability (e.g., Zanette et al., 2000; Suorsa et al., 2004), yet studies of bi-parental care have rarely explored how such ecological variation influences parental visitation patterns. We found that Pyrenean blue tit pairs synchronised and alternated their nest visits much more often than expected by chance given their visit intervals and these patterns were influenced by ecology. In particular, nest visits were more synchronous in edge habitats, and parents synchronised more at high elevations on cold and wet days. The fact that ecology has contrasting effects on the patterns of nest visit synchrony and turn-taking suggests that the two coordination behaviours are largely influenced by different factors and may serve different functions in bi-parental care. Similarly, while inter-visit intervals decreased with altitude, variance in inter-visit interval was not influenced by any ecological factors we measured. Finally, variation in patterns of parental care had only limited effects on fitness as patterns of care were unrelated to fledgling success despite more synchronous parents within woodlands producing heavier young and pairs that alternated more had a lower variance in within brood mass. Overall, our results suggest that ecology can indeed influence the amount of parental care provided and also patterns of care visits, and that the interplay between environment and coordination behaviours may impact chick growth, but not the number of fledglings.

Increases in elevation coincide with changes in many critical ecological variables and, as a result, elevational gradients have been used to better understand the effects of ecology on parental care. Cooler temperatures, shorter breeding seasons and lower food availability at high altitude are often associated with lower annual fecundity (Badyaev, 1997; Sandercock et al., 2005; Bears et al., 2008; Boyle et al., 2016) and longer post-hatching care (Badyaev, 1997; Badyaev and Ghalambor, 2001), perhaps to compensate for a lower quantity or quality of food (Schöll et al., 2016). Indeed, dwarf hamsters have maternal-only care at low altitude, but bi-parental care at high altitude (Wynne-Edwards, 1998). Such increased costs of reproduction related to ecology could influence sexual conflict. Johnstone et al. (2014) argued that the costs of sexual conflict can be reduced through conditional cooperation (Keser and Van Winden, 2000; Gächter, 2006), where individuals refuse to come and feed the brood until their partner has fed the young. In this case theory predicts that alternation of feeding trips (i.e., conditional cooperation) would result in a higher total parental investment, which is closer to the optimal feeding rate that maximises the fitness of both parents (Johnstone et al., 2014; Johnstone and Savage, 2019). Therefore, under harsher care conditions expected at high altitude and assuming costs of waiting are not excessively high, we would expect to see increased parental coordination. However, we found the opposite result in our population: pairs that breed at low altitudes feed and alternate significantly more than couples that breed at high altitudes. Our results could be explained by environmental constraints at high elevations; with low food availability in these habitats (Abdusalyamov, 1964; Kovshar, 1981; Schöll et al., 2016) parents may have difficulty finding food and therefore can not afford to adopt a coordination strategy. The increased variance of the IVI at high altitude confirms the idea that there may be less regularity in the success of foraging, as can be expected with increasing difficulty finding food. Further, pairs are not likely to compensate for prey scarcity by prioritising high quality prey items at high altitude, as high quality caterpillar prey are rarely provided in our population (around 10% of feeding visits; Bründl et al., 2019).

Many different ecological factors change along altitudinal gradients and examining each factor separately may help us better understand which ecological parameters are most likely to affect the different components of parental coordination. Low temperatures can reduce food activity and caterpillar growth, resulting in low food abundance (Topp and Kirsten, 1991; Ayres, 1993; Schöll et al., 2016). Likewise, persistent rainfall negatively affects caterpillar abundance during cold period due to increased risk of caterpillar infections and diseases (Dennis and Sparks, 2007; Tamburini et al., 2013) and reduced arthropod movement (Tamburini et al., 2013), resulting in fewer caterpillar hatching or surviving (see study by Bale et al., 2002; Schöll et al., 2016). We found no effect of weather on the mean IVI and standard deviation in IVI, but weather did have a complex influence on coordination behaviour. Synchrony between parents increased on colder and wetter days, but only at higher elevation, and alternation had the same tendency, suggesting that parental coordination behaviour does increase under more extreme weather conditions. Birds living at higher elevations may in general be more sensitive to meteorological conditions and their impact on food availability. Under harsh conditions it could be advantageous to monitor partner's investment, as this ensures that offspring are fed sufficiently. Synchrony at the nest may also be due to synchrony of foraging, possibly improving the probability of finding food in patchy environments expected in harsh environments (Mariette and Griffith, 2012, 2015). Short-term changes in weather might also cause correlated changes in the visit rates of both parents, which are not accounted for by randomisations, and hence are included in coordination scores (Ihle et al., 2019; Santema et al., 2019).

In addition to weather, habitat tree diversity may also influence the quantity and quality of food available which in turn could impact patterns of parental feeding. Birds in high quality habitats travel shorter distances between nest visits, which may increase feeding rates (European starlings Sturnus vulgaris: Wright et al., 1998; blue tits C. caeruleus: Tremblay et al., 2005) and increase fledging mass (Santema et al., 2019). Tree species richness is positively related to the abundance and diversity of certain insect groups in temperate forests (Gering and Crist, 2000; Sobek et al., 2009). Also, the presence of tree species differing in growth rates and foliage structure may result in less horizontal canopy space used and, thus, a more open canopy, making prey more visible (Lang et al., 2012; Muiruri et al., 2016) and then reduce search time (Arvidsson and Klaesson, 1986; Mason, 1997). However, we found no effect of tree diversity on patterns of feeding behaviour. The lack of an effect on the feeding rate suggests that parents feed their offspring at the same rate in habitats of low trees diversity, where food is assumed to be less abundant so that adults would have to compensate for the decline in local food abundance by increasing their foraging distances. It is possible that an effect of habitat diversity on feeding rate is masked by an effect on prey quality if parents in poorer quality habitats are less selective in the type of prey they choose (Bańbura et al., 1994) in order to feed at similar rates. Interestingly, some studies have shown that the effect of plant species richness on herbivore predators abundance and richness was not strong, especially when phylogenetic diversity of plant species was low (Dinnage et al., 2012). Direct measurements of food abundance and analysis of the type of prey brought to the nest would allow us to better disentangle the effects of forest diversity and insect abundance on patterns of parental care.

Edges are defined as the interface between the relatively stable environment of the forest interior and the highly variable external environment (Saunders et al., 1991; Wilkin et al., 2007). They can provide a great diversity of resources much like mixed forests although their impact on within-species reproductive output is mixed (Murcia, 1995; Lahti, 2001; Wilkin et al., 2007, 2009). Reduced reproductive success could result from increased exposure to predation in edge communities (Wilcove et al., 1986; Andrén and Anglestam, 1988; Hartley and Hunter, 1998; Batàry and Bàldi, 2004). It has been shown that feeding rate was plastic in response to predation and that some birds reduce their feeding rate when exposed to predation at the nest (Eggers et al., 2008; Peluc et al., 2008; Ghalambor et al., 2013). We expect that increased predation risk in open habitats at forest edges could favour increased synchronisation of parents when visiting the nest to reduce the exposure to predators and potentially the risk of predation to parents (Raihani et al., 2010). Indeed, pairs nesting on the edge were significantly more synchronous than pairs nesting in the forest interior as expected if predation risk is higher in ecotones. However, edge habitats also provide a broader diversity of food if individuals forage in both habitats (woodland and pastures) (Huhta et al., 1999) or decreased food if they only forage in one habitat which each could alter patterns of care. Increased synchronisation of nest visits could allow parents to better distribute food among chicks (Shen et al., 2010) or may result from adults feeding together to increase foraging efficiency (Ward and Zahavi, 1973; Beauchamp, 1998; Mariette and Griffith, 2012, 2015). Since tits rarely forage in open habitats (Perrins, 1991), we expected that such edge habitats would have less food available relative to the forest interior which, as for higher predation risk, should increase synchrony. Direct measures of both predation risk and food abundance in edges relative to forest interiors would help to distinguish between these two alternative explanations for changes in synchrony of parental care. It should be noted, however, that we considered the nests to be on the edge when they were located in the forest, up to 5 meters away from open habitats. Most researchers have found that the edge effects on species presence and success persists up to 150m into forest fragments (Laurance and Cochrane, 2001). It is therefore possible that our definition has biased the results by softening the contrasts between what is considered to be interiors and edges. Defining the edge by environmental factors such as light, height, density, and vegetation diversity could provide a better understanding of the edge effect on parental care (Paton, 1994; Batàry and Bàldi, 2004).

While we found considerable variation in the degree of alternation and synchrony both between pairs and across environments, these parental strategies were less clearly tied to increases in offspring fitness. Indeed, there was no link between fledging success and parental coordination behaviours in our population. These results contrast with other studies that have found a relationship between alternation or synchrony and fledging success (Raihani et al., 2010; Bebbington and Hatchwell, 2015). Patterns of parental care did, however, have more subtle effects on chick mass which could influence post-fledging success. Both a higher feeding rate and increased synchrony at nests in woodland interiors was associated with larger chicks on average, but had no effect on the within-brood variance in chick mass. In contrast, alternation was unrelated to average chick mass, but was positively related to the variance in chick mass, suggesting that this behaviour may be involved in a better distribution of food within brood. Other studies show mixed results for the impact of parental coordination behaviours on chick mass. Synchrony seems to influence both chick mass and the distribution of food to nestlings in zebra finches (Mariette and Griffith, 2015) but how synchrony influences average chick mass but not variance in chick mass in our population remains unclear. Likewise, why alternation of parents per seinfluences variance in chick mass above and beyond feeding rate remains unclear but could result from differences in feeding rules between parents (Lessells, 2002; Shizuka and Lyon, 2013). Weather a relationship between coordination behaviours and other measures of offspring fitness such as post-fledging survival and recruitment remains to be determined. If patterns of parental care have a greater influence on chick condition than fledging success, evaluating the fitness impacts of parental coordination behaviours would require following broods through recruitment.



5. CONCLUSION

Overall, our results suggest that blue tits have “active” alternation and synchrony when provisioning nestlings. Ecological conditions are related to the different feeding behaviour parameters we studied, but different ecological conditions affect each one, suggesting that alternation and synchrony may serve different functions in bi-parental care. The finding of a positive relationship between synchrony at the nest and the nestling mass in woodland habitats supports the contention that coordination can mitigate the costs of sexual conflict for offspring. Taken together, these results suggest that other studies of parental care patterns should likewise examine the interaction between the environment and coordinative behaviour for feeding offspring. Experimental studies will be needed to study how this interaction affects the outcome of sexual conflict and these will require short-term manipulations of offspring demand or parental costs to tease apart the potential drivers of parental behaviour.



DATA AVAILABILITY STATEMENT

The datasets analysed for this study can be found in the figshare repository here: https://figshare.com/articles/pcare_csv/8153762.



ETHICS STATEMENT

The animal study was reviewed and approved by Birds capture was carried out under permits to AC from the French bird ringing office (CRBPO; program 576) and breeding monitoring under permits from the state of Ariége (Préfecture de l'Ariége, Protection des Populations, no A09-4) and the Région Midi-Pyrenées (DIREN, no 2013-02).



AUTHOR CONTRIBUTIONS

LL, AC, JS, and AR conceived research. AT, AB, AC, and LL coordinated and performed the fieldwork. LL and AB coordinated the video analyses. JS created the method to estimate the feeding behaviour parameters. LL compiled the data and performed the statistical analyses. LL wrote the manuscript with important contributions from AC, AR, and JS. All coauthors contributed to revisions, gave final approval for publication and agree to be held accountable for the work performed therein.



FUNDING

This work was supported by The Region Midi-Pyrenees grants to AC and AR, a MESR (Ministére de l'Enseignement supérieur et de la Recherche) Ph.D. scholarship to LL, fellowship grants from the Région Midi-Pyrénées and the Centre national de la Recherche scientifique and a Natural Environment Research Council to the University of Exeter to AB, an IRC Government of Ireland Postdoctoral Fellowship and Ulysses grant to JS, and ANR-JCJC Net- Select and HFSP RGP0006/2015 grants to AC. This work was supported by the Laboratoire d'Excellence (LABEX) TULIP (ANR-10-LABX-41) and IAST through ANR grant ANR-17-EURE-0010 (Investissements d'Avenir program).



ACKNOWLEDGMENTS

We are very grateful to the following interns for helping with data collection field and from video recordings: Amandine Sieper, Kilian David, Laurie Abou-Cajal, Aourell Lanfrey, Kiara L'herpinière, Meidhi Khelifi, Baptiste Averly, Louis Bliard, Maeliss Hoarau, Virginie Mercier, Shirley Laurent, Aurélie Nouri, Sebastian Bekker, Purabi Deshpande, Christel Blot, Pauline Clin, Quentin Carbonnier, Clément Rul, Robin Bhattacharyya-Dickson, Madeleine Barr, Manon Broadribb, Amy Gresham, Ben Murphy, Sophie Porta, Solenn Auquiére, Nils Serventis, Camille Paillard, Lauréne Michel, Émeline Garnier, Jessica Mulvey, Murielle Vergniol, Benjamin Begou, Thomas Vulvin, and Noé Rehspringer. We would like to thank the two reviewers Kat Bebbington and Amelie Fargevieille for their comments and suggestions that greatly improved the quality of this manuscript.



REFERENCES

 Abdusalyamov, I. (1964). Birds of mountainous zeravshan. Academiya Nauk TSSR, Dushanbe, USSR.

 Andrén, H., and Anglestam, P. (1988). Elevated predation rates as an edge effect in habitat islands: experimental evidence. Ecology 69, 544–547. doi: 10.2307/1940455

 Arlettaz, R., Schaad, M., Reichlin, T. S., and Schaub, M. (2010). Impact of weather and climate variation on hoopoe reproductive ecology and population growth. J. Ornithol. 151, 889–899. doi: 10.1007/s10336-010-0527-7

 Arriero, E., Sanz, J. J., and Romero-Pujante, M. (2006). Habitat structure in mediterranean deciduous oak forests in relation to reproductive success in the blue tit parus caeruleus. Bird Study 53, 12–19. doi: 10.1080/00063650609461411

 Arvidsson, B., and Klaesson, P. (1986). Territory size in a willow warbler phylloscopus trochilus population in mountain birch forest in Swedish lapland. Ornis Scand. 17, 24–30. doi: 10.2307/3676749

 Axelrod, R., and Hamilton, W. D. (1981). The evolution of cooperation. Science 211, 1390–1396. doi: 10.1126/science.7466396

 Ayres, M. P. (1993). “Plant defense, herbivory, and climate change,” in Biotic Interactions and Global Change, eds P. M. Kareiva, J. G. Kingsolver, and R. B. Huey (Sunderland, MA: Sinauer Associates Inc.), 75–94.

 Badyaev, A. V. (1997). Avian life history variation along altitudinal gradients: an example with cardueline finches. Oecologia 111, 365–374. doi: 10.1007/s004420050247

 Badyaev, A. V., and Ghalambor, C. K. (2001). Evolution of life histories along elevational gradients: trade-off between parental care and fecundity. Ecology 82, 2948–2960. doi: 10.1890/0012-9658(2001)082[2948:EOLHAE]2.0.CO;2

 Bale, J. S., Masters, G. J., Hodkinson, I. D., Awmack, C., Bezemer, T. M., Brown, V. K., et al. (2002). Herbivory in global climate change research: direct effects of rising temperature on insect herbivores. Global Change Biol. 8, 1–16. doi: 10.1046/j.1365-2486.2002.00451.x

 Bańbura, J., Blondel, J., de Wilde-Lambrechts, H., Galan, M.-J., and Maistre, M. (1994). Nestling diet variation in an insular mediterranean population of blue tits parus caeruleus: effects of years, territories and individuals. Oecologia 100, 413–420. doi: 10.1007/BF00317863

 Bartoń, K. (2016). MuMIn: Multi-Model Inference. R Package Version 1.15.6.

 Batàry, P., and Bàldi, A. (2004). Evidence of an edge effect on avian nest success. Conserv. Biol. 18, 389–400. doi: 10.1111/j.1523-1739.2004.00184.x

 Bates, D., Mächler, M., Bolker, B., and Walker, S. (2015). Fitting linear mixed-effects models using lme4. J. Stat. Softw. 67, 1–48. doi: 10.18637/jss.v067.i01

 Bears, H., C. Drever, M., and Martin, K. (2008). Comparative morphology of dark-eyed juncos junco hyemalis breeding at two elevations: a common aviary experiment. J. Avian Biol. 39, 152–162. doi: 10.1111/j.2008.0908-8857.04191.x

 Beauchamp, G. (1998). The effect of group size on mean food intake rate in birds. Biol. Rev. 73, 449–472. doi: 10.1017/S0006323198005246

 Bebbington, K., and Hatchwell, B. J. (2015). Coordinated parental provisioning is related to feeding rate and reproductive success in a songbird. Behav. Ecol. 27, 652–659. doi: 10.1093/beheco/arv198

 Blondel, J., Dervieux, A., Maistre, M., and Perret, P. (1991). Feeding ecology and life history variation of the blue tit in mediterranean deciduous and sclerophyllous habitats. Oecologia 88, 9–14. doi: 10.1007/BF00328397

 Boyle, A. W., Sandercock, B. K., and Martin, K. (2016). Patterns and drivers of intraspecific variation in avian life history along elevational gradients: a meta-analysis. Biol. Rev. 91, 469–482. doi: 10.1111/brv.12180

 Bründl, A. C. (2018). Parental investment across an altitudinal gradient in blue tits (Cyanistes caeruleus) (Ph.D. thesis). Universities of Exeter and Toulouse Paul Sabatier III, Falmouth, Cornwall, United Kingdom.

 Bründl, A. C., Sorato, E., Sallé, L., Thiney, A. C., Kaulbarsch, S., Chaine, A. S., et al. (2019). Experimentally induced increases in fecundity lead to greater nestling care in blue tits. Proc. R. Soc. B. 286:20191013. doi: 10.1098/rspb.2019.1013

 Dennis, R. L., and Sparks, T. H. (2007). Climate signals are reflected in an 89 year series of british lepidoptera records. Eur. J. Entomol. 104:763. doi: 10.14411/eje.2007.097

 Dinnage, R., Cadotte, M. W., Haddad, N. M., Crutsinger, G. M., and Tilman, D. (2012). Diversity of plant evolutionary lineages promotes arthropod diversity. Ecol. Lett. 15, 1308–1317. doi: 10.1111/j.1461-0248.2012.01854.x

 Eggers, S., Griesser, M., and Ekman, J. (2008). Predator-induced reductions in nest visitation rates are modified by forest cover and food availability. Behav. Ecol. 19, 1056–1062. doi: 10.1093/beheco/arn063

 Ewald, C.-O., McNamara, J., and Houston, A. (2007). Parental care as a differential game: A dynamic extension of the houston–davies game. Appl. Math. Comput. 190, 1450–1465. doi: 10.1016/j.amc.2007.02.060

 Fox, J., and Monette, G. (1992). Generalized collinearity diagnostics. J. Am. Statist. Assoc. 87, 178–183. doi: 10.1080/01621459.1992.10475190

 Gächter, S. (2006). Conditional Cooperation: Behavioral Regularities from the Lab and the Field and Their Policy Implications. Technical report, CeDEx Discussion Paper Series.

 Gering, J. C., and Crist, T. O. (2000). Patterns of beetle (coleoptera) diversity in crowns of representative tree species in an old-growth temperate deciduous forest. Selbyana 21, 38–47.

 Ghalambor, C. K., Peluc, S. I., and Martin, T. E. (2013). Plasticity of parental care under the risk of predation: how much should parents reduce care? Biol. Lett. 9:20130154. doi: 10.1098/rsbl.2013.0154

 Gray, C. M., and Hamer, K. C. (2001). Food-provisioning behaviour of male and female manx shearwaters, puffinus puffinus. Ani. Behav. 62, 117–121. doi: 10.1006/anbe.2001.1717

 Harrison, F., Barta, Z., Cuthill, I., and Szekely, T. (2009). How is sexual conflict over parental care resolved? a meta-analysis. J. Evol. Biol. 22, 1800–1812. doi: 10.1111/j.1420-9101.2009.01792.x

 Hartley, M. J., and Hunter, M. L. (1998). A meta-analysis of forest cover, edge effects, and artificial nest predation rates. Conserv. Biol. 12, 465–469. doi: 10.1046/j.1523-1739.1998.96373.x

 Houston, A. I., and Davies, N. B. (1985). “The evolution of cooperation and life history in the dunnock, Prunella modularis,” in Behavioural Ecology: The Ecological Consequences of Adaptive Behaviour, eds R. M. Sibly and R. H. Smith (Oxford: Blackwell Scientific), 471–487.

 Houston, A. I., Székely, T., and McNamara, J. M. (2005). Conflict between parents over care. Trends Ecol. Evol. 20, 33–38. doi: 10.1016/j.tree.2004.10.008

 Huhta, E., Jokimäki, J., and Rahko, P. (1999). Breeding success of pied flycatchers in artificial forest edges: the effect of a suboptimally shaped foraging area. Auk 116, 528–535. doi: 10.2307/4089385

 Ihle, M., Pick, J. L., Winney, I. S., Nakagawa, S., and Burke, T. (2019). Measuring up to reality: null models and analysis simulations to study parental coordination over provisioning offspring. Front. Ecol. Evol. 7:142. doi: 10.3389/fevo.2019.00142

 Johnson, L. S., Brubaker, J. L., Ostlind, E., and Balenger, S. L. (2007). Effect of altitude on male parental expenditure in mountain bluebirds (sialia currucoides): Are higher-altitude males more attentive fathers? J. Ornithol. 148, 9–16. doi: 10.1007/s10336-006-0092-2

 Johnstone, R. A., and Hinde, C. A. (2006). Negotiation over offspring care—how should parents respond to each other's efforts? Behav. Ecol. 17, 818–827. doi: 10.1093/beheco/arl009

 Johnstone, R. A., Manica, A., Fayet, A. L., Stoddard, M. C., Rodriguez-Gironés, M. A., and Hinde, C. A. (2014). Reciprocity and conditional cooperation between great tit parents. Behav. Ecol. 25, 216–222. doi: 10.1093/beheco/art109

 Johnstone, R. A., and Savage, J. L. (2019). Conditional cooperation and turn-taking in parental care. Front. Ecol. Evol. 7:335. doi: 10.3389/fevo.2019.00335

 Jones, K. M., Ruxton, G. D., and Monaghan, P. (2002). Model parents: is full compensation for reduced partner nest attendance compatible with stable biparental care? Behav. Ecol. 13, 838–843. doi: 10.1093/beheco/13.6.838

 Keser, C., and Van Winden, F. (2000). Conditional cooperation and voluntary contributions to public goods. Scand. J. Econ. 102, 23–39. doi: 10.1111/1467-9442.00182

 Kovshar, A. (1981). Peculiarities of the bird reproduction in subalpine: on the material of passeriformes in the tien shan. Acad. Sci. Kazakh SSR Alma-Ata.

 Krebs, E. A., Cunningham, R. B., and Donnelly, C. F. (1999). Complex patterns of food allocation in asynchronously hatching broods of crimson rosellas. Anim. Behav. 57, 753–763. doi: 10.1006/anbe.1998.1029

 Lahti, D. (2001). The “edge effect on nest predation” hypothesis after twenty years. Biol. Conserv. 99, 365–374. doi: 10.1016/S0006-3207(00)00222-6

 Lang, A. C., Härdtle, W., Bruelheide, H., Kröber, W., Schröter, M., von Wehrden, H., et al. (2012). Horizontal, but not vertical canopy structure is related to stand functional diversity in a subtropical slope forest. Ecol. Res. 27, 181–189. doi: 10.1007/s11284-011-0887-3

 Laurance, W. F., and Cochrane, M. A. (2001). Synergistic effects in fragmented landscapes. Conserv. Biol.

 Lee, J.-W., Kim, H.-Y., and Hatchwell, B. J. (2010). Parental provisioning behaviour in a flock-living passerine, the vinous-throated parrotbill paradoxornis webbianus. J. Ornithol. 151, 483–490. doi: 10.1007/s10336-009-0484-1

 Lee, J. K., Chung, O.-S., and Lee, W.-S. (2011). Altitudinal variation in parental provisioning of nestling varied tits (poecile varius). Wilson J. Ornithol. 123, 283–288. doi: 10.1676/10-106.1

 Lessells, C. (2002). Parentally biased favouritism: why should parents specialize in caring for different offspring? Philos. Trans. R. Soc. Lond. B Biol. Sci. 357, 381–403. doi: 10.1098/rstb.2001.0928

 Lessells, C., and McNamara, J. M. (2011). Sexual conflict over parental investment in repeated bouts: negotiation reduces overall care. Proc. R. Soc. B Biol. Sci. 279, 1506–1514. doi: 10.1098/rspb.2011.1690

 Lessells, C. M. (2013). “Sexual conflict,” in The Evolution of Parental Care, eds N. J. Royle, P. T. Smiseth, and M. Kölliker (Oxford, UK: Oxford University Press).

 Mariette, M. M., and Griffith, S. C. (2012). Nest visit synchrony is high and correlates with reproductive success in the wild zebra finch taeniopygia guttata. J. Avian Biol. 43, 131–140. doi: 10.2307/41477965

 Mariette, M. M., and Griffith, S. C. (2015). The adaptive significance of provisioning and foraging coordination between breeding partners. Am. Nat. 185, 270–280. doi: 10.1111/j.1600-048X.2012.05555.x

 Martin, T. E. (1995). Avian life history evolution in relation to nest sites, nest predation, and food. Ecol. Monogr. 65, 101–127. doi: 10.2307/2937160

 Masello, J. F., Pagnossin, M. L., Sommer, C., and Quillfeldt, P. (2006). Population size, provisioning frequency, flock size and foraging range at the largest known colony of psittaciformes: the burrowing parrots of the north-eastern patagonian coastal cliffs. Emu-Austral Ornithol. 106, 69–79. doi: 10.1071/MU04047

 Mason, C. (1997). Association between willow warbler phylloscopus trochilus territories and birch in woodlands in southeastern england. Ibis 139, 411–412. doi: 10.1111/j.1474-919X.1997.tb04648.x

 Mathot, K. J., Olsen, A.-L., Mutzel, A., Araya-Ajoy, Y. G., Nicolaus, M., Westneat, D. F., et al. (2017). Provisioning tactics of great tits (parus major) in response to long-term brood size manipulations differ across years. Behav. Ecol. 28, 1402–1413. doi: 10.1093/beheco/arx083

 McDonald, P. G., Te Marvelde, L., Kazem, A. J., and Wright, J. (2008). Helping as a signal and the effect of a potential audience during provisioning visits in a cooperative bird. Anim. Behav. 75, 1319–1330. doi: 10.1016/j.anbehav.2007.09.005

 McNamara, J. M., Gasson, C. E., and Houston, A. I. (1999). Incorporating rules for responding into evolutionary games. Nature 401:368. doi: 10.1038/43869

 McNamara, J. M., Houston, A. I., Barta, Z., and Osorno, J.-L. (2003). Should young ever be better off with one parent than with two? Behav. Ecol. 14, 301–310. doi: 10.1093/beheco/14.3.301

 Meade, J., Nam, K.-B., Lee, J.-W., and Hatchwell, B. J. (2011). An experimental test of the information model for negotiation of biparental care. PLoS ONE 6:e19684. doi: 10.1371/journal.pone.0019684

 Muiruri, E. W., Rainio, K., and Koricheva, J. (2016). Do birds see the forest for the trees? scale-dependent effects of tree diversity on avian predation of artificial larvae. Oecologia 180, 619–630. doi: 10.1007/s00442-015-3391-6

 Murcia, C. (1995). Edge effects in fragmented forests: implications for conservation. Trends Ecol. Evol. 10, 58–62. doi: 10.1016/S0169-5347(00)88977-6

 Naef-Daenzer, L., Naef-Daenzer, B., and Nager, R. G. (2000). Prey selection and foraging performance of breeding great tits parus major in relation to food availability. J. Avian Biol. 31, 206–214. doi: 10.1034/j.1600-048X.2000.310212.x

 Nur, N. (1984). The consequences of brood size for breeding blue tits ii. nestling weight, offspring survival and optimal brood size. J. Anim. Ecol. 53, 497–517. doi: 10.2307/4530

 Paton, P. W. (1994). The effect of edge on avian nest success: how strong is the evidence? Conserv. Biol. 8, 17–26. doi: 10.1046/j.1523-1739.1994.08010017.x

 Peluc, S. I., Sillett, T. S., Rotenberry, J. T., and Ghalambor, C. K. (2008). Adaptive phenotypic plasticity in an island songbird exposed to a novel predation risk. Behav. Ecol. 19, 830–835.

 Perrins, C. (1991). Tits and their caterpillar food supply. Ibis 133, 49–54. doi: 10.1111/j.1474-919X.1991.tb07668.x

 R Core Team (2017). R: A Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing. 

 Raihani, N. J., Nelson-Flower, M. J., Moyes, K., Browning, L. E., and Ridley, A. R. (2010). Synchronous provisioning increases brood survival in cooperatively breeding pied babblers. J. Anim. Ecol. 79, 44–52. doi: 10.1111/j.1365-2656.2009.01606.x

 Sandercock, B. K., Martin, K., and Hannon, S. J. (2005). Life history strategies in extreme environments: comparative demography of arctic and alpine ptarmigan. Ecology 86, 2176–2186. doi: 10.1890/04-0563

 Santema, P., Schlicht, E., and Kempenaers, B. (2019). Testing the conditional cooperation model: What can we learn from parents taking turns when feeding offspring? Front. Ecol. Evol. 7:94. doi: 10.3389/fevo.2019.00094

 Saunders, D. A., Hobbs, R. J., and Margules, C. R. (1991). Biological consequences of ecosystem fragmentation: a review. Conserv. Biol. 5, 18–32. doi: 10.1111/j.1523-1739.1991.tb00384.x

 Savage, J. L., Browning, L. E., Manica, A., Russell, A. F., and Johnstone, R. A. (2017). Turn-taking in cooperative offspring care: by-product of individual provisioning behavior or active response rule? Behav. Ecol. Sociobiol. 71:162. doi: 10.1007/s00265-017-2391-4

 Savage, J. L., and Ouyang, J. Q. (2019). Short communication: Coordinated great tit (parus major) parents have more similar hormone levels. NA.

 Schöll, E. M., Ohm, J., Hoffmann, K. F., and Hille, S. M. (2016). Caterpillar biomass depends on temperature and precipitation, but does not affect bird reproduction. Acta Oecol. 74, 28–36. doi: 10.1016/j.actao.2016.06.004

 Shen, S.-F., Chen, H.-C., Vehrencamp, S. L., and Yuan, H.-W. (2010). Group provisioning limits sharing conflict among nestlings in joint-nesting taiwan yuhinas. Biol. Lett. 6, 318–321. doi: 10.1098/rsbl.2009.0909

 Shizuka, D., and Lyon, B. E. (2013). Family dynamics through time: brood reduction followed by parental compensation with aggression and favouritism. Ecol. Lett. 16, 315–322. doi: 10.1111/ele.12040

 Sobek, S., Tscharntke, T., Scherber, C., Schiele, S., and Steffan-Dewenter, I. (2009). Canopy vs. understory: Does tree diversity affect bee and wasp communities and their natural enemies across forest strata? Forest Ecol. Manage. 258, 609–615. doi: 10.1016/j.foreco.2009.04.026

 Stauss, M. J., Burkhardt, J. F., and Tomiuk, J. (2005). Foraging flight distances as a measure of parental effort in blue tits parus caeruleus differ with environmental conditions. J. Avian Biol. 36, 47–56. doi: 10.1111/j.0908-8857.2005.02855.x

 Suorsa, P., Helle, H., Koivunen, V., Huhta, E., Nikula, A., and Hakkarainen, H. (2004). Effects of forest patch size on physiological stress and immunocompetence in an area-sensitive passerine, the eurasian treecreeper (certhia familiaris): an experiment. Proc. R. Soc. Lond. B Biol. Sci. 271, 435–440. doi: 10.1098/rspb.2003.2620

 Tamburini, G., Marini, L., Hellrigl, K., Salvadori, C., and Battisti, A. (2013). Effects of climate and density-dependent factors on population dynamics of the pine processionary moth in the southern alps. Clim. Change 121, 701–712. doi: 10.1007/s10584-013-0966-2

 Topp, W., and Kirsten, K. (1991). Synchronisation of pre-imaginal development and reproductive success in the winter moth, operophtera brumata l. J. Appl. Entomol. 111, 137–146. doi: 10.1111/j.1439-0418.1991.tb00304.x

 Tremblay, I., Thomas, D., Blondel, J., Perret, P., and Lambrechts, M. M. (2005). The effect of habitat quality on foraging patterns, provisioning rate and nestling growth in corsican blue tits parus caeruleus. Ibis 147, 17–24. doi: 10.1111/j.1474-919x.2004.00312.x

 Tremblay, I., Thomas, D. W., Lambrechts, M. M., Blondel, J., and Perret, P. (2003). Variation in blue tit breeding performance across gradients in habitat richness. Ecology 84, 3033–3043. doi: 10.1890/02-0663

 Trivers, R. L. (1971). The evolution of reciprocal altruism. Q. Rev. Biol. 46, 35–57. doi: 10.1086/406755

 Trivers, R. L. (1972). “Parental investment and sexual selection,” in Sexual Selection & the Descent of Man, 1871–1971, Vol. 136, ed B. Campbell (Chicago, IL: Aldine).

 van Rooij, E. P., and Griffithc, S. C. (2013). Synchronised provisioning at the nest: parental coordination over care in a socially monogamous species. PeerJ. 1:e232. doi: 10.7717/peerj.232

 Wald, A., and Wolfowitz, J. (1940). On a test whether two samples are from the same population. Ann. Math. Statist. 11, 147–162. doi: 10.1214/aoms/1177731909

 Ward, P., and Zahavi, A. (1973). The importance of certain assemblages of birds as “information-centres” for food-finding. Ibis 115, 517–534. doi: 10.1111/j.1474-919X.1973.tb01990.x

 Westneat, D. F., Schofield, M., and Wright, J. (2012). Parental behavior exhibits among-individual variance, plasticity, and heterogeneous residual variance. Behav. Ecol. 24, 598–604. doi: 10.1093/beheco/ars207

 Wilcove, D. S., McLellan, C. H., and Dobson, A. P. (1986). Habitat fragmentation in the temperate zone. Conserv. Biol. 6, 237–256.

 Wilkin, T. A., Garant, D., Gosler, A. G., and Sheldon, B. C. (2007). Edge effects in the great tit: analyses of long-term data with gis techniques. Conserv. Biol. 21, 1207–1217. doi: 10.1111/j.1523-1739.2007.00767.x

 Wilkin, T. A., King, L. E., and Sheldon, B. C. (2009). Habitat quality, nestling diet, and provisioning behaviour in great tits Parus major. J. Avian Biol. 40, 135–145. doi: 10.1111/j.1600-048X.2009.04362.x

 Wright, J., Both, C., Cotton, P., and Bryant, D. (1998). Quality vs. quantity: energetic and nutritional trade-offs in parental provisioning strategies. J. Anim. Ecol. 620–634.

 Wynne-Edwards, K. E. (1998). Evolution of parental care in phodopus: conflict between adaptations for survival and adaptations for rapid reproduction. Am. Zool. 38, 238–250. doi: 10.1093/icb/38.1.238

 Ydenberg, R. C. (2008). “Provisioning,” in Foraging: Behavior and Ecology, eds D. W. Stephens, J. L. Brown, and R. C. Ydenberg (Chicago, IL: University of Chicago Press), 273–303.

 Zanette, L., Doyle, P., and Trémont, S. M. (2000). Food shortage in small fragments: evidence from an area-sensitive passerine. Ecology 81, 1654–1666. doi: 10.2307/177314

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Lejeune, Savage, Bründl, Thiney, Russell and Chaine. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	HYPOTHESIS AND THEORY
published: 04 October 2019
doi: 10.3389/fevo.2019.00335






[image: image2]

Conditional Cooperation and Turn-Taking in Parental Care


Rufus A. Johnstone1* and James L. Savage1,2


1Department of Zoology, University of Cambridge, Cambridge, United Kingdom

2Department of Animal and Plant Sciences, University of Sheffield, Sheffield, United Kingdom

Edited by:
Sasha Raoul Xola Dall, University of Exeter, United Kingdom

Reviewed by:
Wiebke Schuett, University of Sussex, United Kingdom
 Pete C. Trimmer, University of Bristol, United Kingdom

*Correspondence: Rufus A. Johnstone, raj1003@cam.ac.uk

Specialty section: This article was submitted to Behavioral and Evolutionary Ecology, a section of the journal Frontiers in Ecology and Evolution

Received: 29 May 2019
 Accepted: 23 August 2019
 Published: 04 October 2019

Citation: Johnstone RA and Savage JL (2019) Conditional Cooperation and Turn-Taking in Parental Care. Front. Ecol. Evol. 7:335. doi: 10.3389/fevo.2019.00335



Sexual conflict is inescapable when two parents care for offspring, because providing care is personally costly, while the benefits of successful reproduction are shared. Previous models that treat parental investment as a continuous trait, with stable levels of effort negotiated between parents over evolutionary or behavioral time, generally predict that sexual conflict will lead to under-investment in the young, as each parent stands to gain by leaving its partner to bear a greater share of the costs of care. More recently, a model of parental investment as repeated discrete contributions suggested that a more efficient outcome can be reached through parents adopting a simple strategy of conditional cooperation by “turn-taking”: only investing after each contribution by their partner. However, while empirical work suggests that parental visits are significantly alternated in a number of natural systems, all examples thus far exhibit imperfect turn-taking rather than the strict rule predicted by theory. To help bridge this gap, we here present a more realistic mathematical model of parental turn-taking, incorporating (i) errors in parents' ability to monitor the contributions of their partner, (ii) time-dependent costs and benefits of delivering care, (iii) differences between partners in payoffs (and consequently in behavior), (iv) differences between partners in the accuracy with which they can monitor one another's behavior, and (v) shared costs of care. We illustrate how the degree of conditional cooperation is influenced by each of these factors, and discuss ways in which our model could be tested empirically.

Keywords: cooperation, family conflict, negotiation, parental care, reciprocity


INTRODUCTION

Parents that raise dependent young together face a much-studied conflict of interest, because both stand to gain from successful reproduction, but (as with any common good) each does better if the other bears a greater share of the costs this entails (Hardin, 1968; Trivers, 1972). This conflict is typically thought to result in under-investment by parents, with negative consequences for their offspring (Houston and Davies, 1985; Royle et al., 2002; McNamara et al., 2003; Lessells and McNamara, 2012). More recently, Johnstone et al. (2014) suggested that if parental care is delivered over a series of discrete “visits,” the conflict between parents provisioning young might be more efficiently resolved through a simple form of conditional cooperation: turn-taking. Using a game-theoretical model, they showed that if parents can monitor one another's visits to the nest, then selection might favor a strategy in which a parent who has once visited the young refrains from doing so again until its partner has visited in turn. Such a strategy, which gives rise to strict turn-taking when adopted by both parents, leads to an efficient resolution of the conflict between them (i.e., both invest at a level that maximizes their total fitness payoff).

Johnstone et al. (2014) also presented data on timing of nest visits by great tit (Parus major) parents raising chicks together that suggested a tendency toward turn taking, with parents apparently reducing their own rate of visiting the nest while waiting for their partner to visit. While the statistical methods used to infer a process of active turn-taking have attracted some discussion and controversy (Johnstone et al., 2016; Schlicht et al., 2016; Santema et al., 2019), a number of other studies have since found similar evidence of alternation in avian bi-parental (Iserbyt et al., 2017, 2019; Leniowski and Wegrzyn, 2018) and cooperatively breeding systems (Bebbington and Hatchwell, 2016; Koenig and Walters, 2016; Savage et al., 2017), though it is also clear that such tendencies are not universal (see for example Khwaja et al., 2017).

The model of Johnstone et al. (2014), however, relies on the unrealistic assumption that parents can monitor one another's visits to the nest with perfect accuracy, which leads to the equally unrealistic prediction that parents should exhibit “strict” or “perfect” turn-taking, with each individual “refusing” to visit twice in a row. By contrast, even those empirical studies which have found strong tendencies toward alternation of visits do not report strict turn-taking (Bebbington and Hatchwell, 2016; Koenig and Walters, 2016; Iserbyt et al., 2017; Savage et al., 2017; Wojczulanis-Jakubas et al., 2018). Indeed, Johnstone et al. (2014) themselves found that great tit parents reduced their own visit rate only by about 25% while waiting for their partner to feed the young, leading to a frequency of alternation of 72%. Thus, even if one accepts that parental coordination may indeed help to resolve conflict over care, there is a clear discrepancy between observed behavior and that predicted by the model.

At least two other potential influences on turn-taking are also overlooked by the Johnstone et al. model. Firstly, when turn-taking is strict, parental visit rates are constrained to be identical for the members of a pair, yet there is abundant evidence of differences in investment between mates, driven by variation in extra-pair paternity and adult sex ratio (Kokko and Jennions, 2012; Liker et al., 2015), sex-biased dispersal (Kuijper and Johnstone, 2017), or task specialization (Iserbyt et al., 2017). Does the notion of turn-taking still make sense when investment is asymmetric, and can models help to predict how patterns of parental coordination vary when the sexes differ in their division of care roles or in the costs and benefits of care? Secondly, the assumption that parents incur only personal costs during care is violated whenever individuals stand to gain if their partner survives to the next breeding attempt (Mariette and Griffith, 2015). If finding a new partner is costly (Johnstone and Bshary, 2008; Song and Feldman, 2013), or if familiar partners are more effective or efficient at rearing offspring (Black, 2001; Sánchez-Macouzet et al., 2014; Wiley and Ridley, 2018), individuals are also impacted by costs incurred by their partner, and hence might be expected to adopt a more forgiving turn-taking strategy. Under the extreme case of “true” monogamy, in which the death of either individual ends reproduction for the survivor, costs of care are entirely shared and there is no sexual conflict.

Here, we explore whether turn-taking strategies are robust when parents monitor one another's behavior with less than perfect accuracy, and whether a more realistic model can account for the kind of “imperfect” alternation observed in empirical studies. We extend the simple model of Johnstone et al. (2014) to incorporate, successively, (i) imperfect monitoring of partner visits, (ii) time-dependent costs and benefits of care, (iii) differences between partners in payoffs (and consequently in behavior), (iv) differences between partners in the accuracy with which they can monitor one another's behavior, and (v) shared costs of care.



MODELING PARENTAL TURN-TAKING

In the model of Johnstone et al. (2014), two parents stay together for the time required to raise their offspring, during which they make repeated visits to provision their brood of young. Each parent can monitor the other's behavior with perfect accuracy, and visits randomly at rate λf or λm (for the female or male parent, respectively) when its partner was the last to visit the young, and at rate μf or μm when it was itself the last to visit the young. The system thus switches back and forth between two states, defined by the identity of the last parent to visit (see Figure 1, upper panel), with the visit rates of each parent changing accordingly. Each parent's payoff is equal to the sum of (i) fitness gained from the current brood, which is given by a smoothly increasing, concave function of the total mean visit rate of both parents together, f(xf + xm), where xf and xm denote mean visit rate of the female and male parent, respectively, and (ii) fitness gained from future broods, which is given by a smoothly decreasing, concave function of the focal parent's own individual mean visit rate, g(xf) or g(xm). The benefits and costs of care are assumed to be identical for both parents. Assuming that the benefits of care are not too small compared to the costs, this model yields a convergently unstable equilibrium, at which λf = λm = μf = μm > 0, and two convergently stable equilibria (see Figure 1, lower panel, and Supplementary Information for further details). At one of these two equilbria, λf = λm = 0 and μf = μm > 0, implying that biparental care breaks down (i.e., one parent gives up on care entirely; Beissinger and Snyder, 1987); at the other equilibrium, μf = μm = 0 and λf = λm > 0, implying that after feeding the young once, a parent will not feed again until its partner has visited in turn, which leads to strictly alternating visits. The latter, “turn taking” equilibrium, features an “efficient” level of investment at which the parents both visit at a rate that maximizes their total joint payoff.
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FIGURE 1. Structure of the model of Johnstone et al. (2014) (upper panel), and the direction of selection for an illustrative case (lower panel) in which λf = λm = λ and μf = μm = μ, the fitness gained from the current brood is given by f(xf + xm) = 1− Exp(−xf − xm), where xf and xm denote mean female and male visit rates, respectively, and the expected fitness a parents gains from future broods is given by g(xf) = K xf2 or g(xf) = K – xm2. Blue arrows show the direction of selection for a population characterized by particular values of λ and μ, thick curves represent the null-clines for λ (solid curve) and μ (dashed curves), along which the selection gradient for the trait in question is zero, while empty and filled circles denote convergently unstable and stable equilibria, respectively.




Imperfect Monitoring

Here, we extend the above model to allow for imperfect monitoring of partner behavior (and, subsequently, for time-dependent costs and benefits, asymmetries between parents in the benefits and costs of care, and cost-sharing). We suppose a focal parent detects each visit by its partner with probability df or dm (for the female or male parent, respectively); with probability (1 − df) or (1 − dm) the visit goes undetected. As a result, the pair at any given moment may be in one of three informational states (see Figure 2, upper panel): (i) both parents may be aware that the female was last to visit the young, (ii) both parents may be aware that the male was last to visit the young, or (iii) each parent may believe it was itself the last to visit the young (a situation we refer to as one of “conflicting information”). The last of these states can only arise when a parent visits unobserved. In the Supplementary Information we derive the expected proportions of time that a pair spends in each of these three states, and from these the mean visit rates and fitness payoffs to each parent.
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FIGURE 2. Structure of the “imperfect monitoring” model described in the main text, which incorporates the possibility that either parent may fail to detect visits by the other (upper panel), and adaptive dynamics for an illustrative case (lower panel) in which λf = λm = λ, μf = μm = μ, df = dm = 0.8 (with payoffs as specified in the legend to Figure 1). Blue arrows show the direction of the selection gradient for a population characterized by particular values of λ and μ, thick curves represent the null-clines for λ (solid curve) and μ (dashed curves), while empty and filled circles denote convergently unstable and stable equilibria, respectively.



To explore the implications of imperfect monitoring for the evolution of visit rates, we begin by treating the model as a symmetric game, in which parents of both sexes experience precisely equivalent costs and benefits of feeding, and are assumed to adopt the same strategy (λf = λm = λ, μf = μm = μ); below, we also explore asymmetries in costs, benefits and behavior. As illustrated in Figure 2, lower panel, imperfect monitoring results in dramatic consequences for the outcome of the symmetric game. As in the original perfect assessment model, the new model incorporating missed detections features a convergently unstable equilibrium at which λ = μ > 0, and a convergently stable equilibrium at which λ = 0 and μ > 0, implying that biparental care breaks down. However, there is no longer a stable equilibrium featuring alternating visits (as can be seen in the figure, there is no intersection between the λ and μ null-clines within the region for which λ > μ). Rather, when there is a tendency for parents to alternate, selection favors indefinitely increasing values of λ, and decreasing values of μ, leading to increasingly rapid “flurries” of alternating visits separated by ever longer gaps during which neither parent feeds. This outcome arises because a parent's mean visit rate depends upon both λ and μ. It is thus always possible for an individual to maintain the same overall mean visit rate while simultaneously increasing its own value of λ and decreasing its own value of μ (such that the two effects cancel out). This leaves the focal individual's own investment unchanged, but (assuming λ > μ) encourages the focal's partner to feed the young more frequently, by reducing the proportion of time during which the partner is waiting for the focal to visit.



Time-Dependent Costs and Benefits

The above analysis suggests that imperfect monitoring of partner behavior leads to the breakdown of alternation. However, this outcome relies on the simplistic assumption of the original model that payoffs depend only on mean parental visit rates, and are unaffected by the temporal distribution of visits. In reality, an outcome such as the one described (in which visits become increasingly clumped in time) will entail fitness costs, since offspring are likely to become satiated during bursts of frequent feeding, and risk starving during periods in which neither parent visits. In addition, phases of frequent feeding are likely to increase costs to parents who may be unable to feed themselves while repeatedly feeding the young at a high rate.

To better capture the fitness costs of clumped feeding visits, we can therefore introduce time-dependent costs and benefits of feeding. We suppose that the cost to a parent of feeding the young decreases exponentially with time since its last feeding visit, with the rate of exponential decay denoted rf or rm for the female or male parent. Conversely, the benefit to the young increases with time since they were last fed, approaching an asymptotic value exponentially, with rate coefficient h (see Figure 3).
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FIGURE 3. Time dependent costs and benefits of feeding. Blue curves show the benefit to the young of receiving a feed (relative to the maximum possible benefit), as a function of the time since they were last fed, for three different values of h (solid blue curve, h = 2; dashed blue curve, h = 1; dotted blue curve, h = 0.5). Red curves show the cost to a parent of delivering a feed (relative to the maximum possible cost) as a function of the time since it last fed, assuming that rf = rm = r, for three different values of r (solid red curve, r = 0.5; dashed red curve, r = 1; dotted red curve, r = 2).



To implement these time-dependent costs and benefits, we introduce two new state variables. We will suppose that immediately after feeding, a parent enters a “refractory” state in which further feeding visits incur a cost. The parent, however, spontaneously reverts at rate rf or rm to a “ready” state in which feeding visits are cost-free. The probability of incurring a cost when feeding thus declines exponentially with time since the parent's last visit (giving an expected cost function similar to that illustrated in Figure 3) and overall, the loss of fitness from future broods that a parent suffers is proportional to its long-term average rate of visiting while in a refractory state. Similarly, we will suppose that after being fed, the young enter a “satiated” state in which further feeding provides no benefit. The offspring, however, spontaneously revert at rate h to a “hungry” state in which feeding is once again beneficial. The probability of gaining from a feeding visit thus increases with time since the last feed, approaching an asymptote of 1 exponentially (giving an expected benefit function similar to that illustrated in Figure 3), and overall, fitness gained through the current brood is proportional to the long-term average rate of visits made (by either parent) while the young are in a “hungry” state.

Note that in this version of the model, a parent's fitness payoff is simply equal to a weighted sum of benefits (B), given by the mean rate of visits (by either parent) while the young are hungry and costs (Cf or Cm), given by the rate of visits by the focal parent while it is in a refractory state. We do not need to invoke concave payoff functions f(xf + xm) and g(xf) or g(xm) because the time-dependent costs and benefits of individual visits themselves ensure that increases in feeding rate yield diminishing returns – as parents feed more often, visits follow more rapidly one after another, thus occurring more often when the young are satiated or the parents in a refractory state. In addition, payoffs are also sensitive to the temporal distribution of visits as well as simple mean visit rates. A more evenly spaced visit pattern yields a higher payoff than one in which visits are temporally clumped, again because the latter increases the chance that parents visit when in a refractory state or when the young are satiated.

In the Supplementary Information we derive the expected costs and benefits of feeding given the above assumptions, which allow one to determine equilibrium visit rates and resulting levels of alternation, which we illustrate and discuss below. As before, we first treat the model as a symmetrical game in which both sexes experience precisely equivalent costs and benefits of feeding (so that rf = rm = r), and are assumed to adopt the same strategy (λf = λm = λ, μf = μm = μ), before going on to explore asymmetries in costs, benefits and behavior.

Figure 4 shows the adaptive dynamics of the symmetrical game. The graph reveals that incorporating time-dependent costs and benefits of feeding restores the “turn-taking” equilibrium that was eliminated by the introduction of imperfect monitoring. As in the original model of Johnstone et al. (2014), we see a convergently unstable equilibrium lying between two convergently stable equilibria, at one of which λ = 0 and μ > 0, implying that biparental care breaks down, while at the other, λ > μ > 0, implying that after feeding the young, a parent slows down its rate of return until it perceives its partner to have visited in turn. Unlike in the original model, however, this latter equilibrium does not feature perfect turn-taking. Since μ > 0, while a parent speeds up after it perceives its partner to have visited the young, and slows down after visiting itself, it does not “refuse” entirely to make repeated visits (a resolution that makes adaptive sense, as such a refusal would lead to cessation of all care whenever one parent failed to observe the other's visit).
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FIGURE 4. Adaptive dynamics of the extended model described in the main text, when the costs and benefits of feeding are time-dependent, for an illustrative symmetrical case in which λf = λm = λ, μf = μm = μ, with df = dm = 0.8, h = 1 and rf = rm = 0.2. The fitness payoff to a parent is equal to bB − cCf or bB − cCm, where B denotes the mean rate at which offspring receive feeds while hungry and Cf or Cm the mean rate at which the female or male parent visits the young while in a refractory state, with b = 1 and c = 0.2. Blue arrows show the direction of the selection gradient for a population characterized by particular values of λ and μ, thick curves represent the null-clines for λ (solid curve) and μ (dashed curves), while empty and filled circles denote convergently unstable and stable equilibria, respectively. The gray-filled red circle represents the equilibrium outcome of the model when parents cannot respond to one another's visits (i.e., under the constraint that λ = μ).



Also shown in Figure 4 (as a red, shaded circle) is the equilibrium of the model when parents are constrained to ignore one another's visits (i.e. when λ and μ are constrained to be equal). In the original analysis of Johnstone et al. (shown in Figure 1), and in the extension featuring imperfect monitoring described above (shown in Figure 2), this constrained equilibrium coincided precisely with the unstable equilibrium of the unconstrained model (which is why it was not visible in Figures 1 or 2). The implication is that in those models, the initial evolution of responsiveness in a population of unresponsive parents could equally well lead toward turn-taking or toward a breakdown of parental care (because the constrained equilibrium fell on the boundary between two basins of attraction). However, as Figure 4 reveals, the introduction of time-dependent costs and benefits shifts the position of the unstable equilibrium such that the constrained equilibrium now falls into the basin of attraction of the turn-taking equilibrium. When the benefits of feeding the young increase with the time since they were last visited, while the costs of feeding decrease with the time since a parent last fed, selection favors an initial tendency to slow down after visiting the young and speed up after the partner visits in turn, even if the partner does not itself respond in the same way, because this serves to ensure a more even distribution of visits by the focal parent. It is thus easier to explain the initial evolution of turn-taking in a model with time-dependent costs and benefits.

Figure 5 shows how the equilibrium values of λ and μ at the turn-taking equilibrium change with the probability of detecting a partner's visit, and the consequences for overall mean visit rate (which is identical for both parents in this symmetrical case) and for the proportion of alternated vs. repeat visits. The graph reveals that as the probability of detection drops, the sensitivity of feeding rates to partner behavior, and the consequent proportion of alternated visits, also decline rapidly. However, the equilibrium remains stable even in the face of frequent missed detections, with parents slowing down and speeding up to some degree in response to own and partner visits, yielding a frequency of alternation that is less than 100% but nevertheless greater than would otherwise be expected by chance. The greater the accuracy of detection, and the more precisely the parents are able to alternate visits, the greater the overall mean visit rate at equilibrium, highlighting the benefits of turn-taking in resolving the conflict between parents over investment in care.
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FIGURE 5. Changes in the equilibrium alternating strategy, for the illustrative symmetrical case considered in Figure 4, as one varies the probability d of detecting a partner's visits (assuming that this is the same for both parents, i.e., that df = dm = d); other parameter values and payoffs are as specified in the legend to Figure 4. The upper panel shows the equilibrium values of λ (a focal individual's visit rate immediately after it detects a visit by its partner), plotted in blue, and μ (a focal individual's visit rate immediately after visiting the young itself), plotted in red, as a function of the probability of detecting a partner's visits (d); also shown is λobs, a focal individual's visit rate immediately after a fully-informed human observer records a visit by its partner (allowing for the possibility that the focal individual itself may fail to detect the partner's visit). The lower panel shows the resulting overall mean visit rate by a parent, plotted in blue, and the proportion of alternated visits, plotted in green, again as a function of the probability of detecting a partner's visits (d).



One complication to bear in mind for testing these predictions empirically is that λ denotes feeding rate when the partner is perceived to have visited last. A well-informed, human observer attempting to measure these visit rates, however, is more likely to calculate them based on the identity of the last parent actually to visit, as it may prove difficult to infer whether or not a focal parent perceived its partner's last feed. As shown in Figure 5, the mean feeding rate after a partner visits (whether the focal parent detected this visit or not), denoted λobs, is lower than the rate after a partner is perceived to visit, precisely because the visit may have been overlooked, so that the focal parent continues to feed at the lower rate μ. However, the difference is slight and the qualitative pattern of results unchanged, regardless of whether one focuses on λ or λobs.



Asymmetries in Costs and Benefits

Next, we explore the consequences of introducing asymmetries between males and females in the fitness consequences of care, and allowing for differences in feeding behavior between parents. Because it is difficult to illustrate adaptive dynamics in the asymmetric case (with four evolving visit rates, λf, λm, μf and μm), we simply focus on how the strategies at the “turn-taking” equilibrium vary with the relevant model parameters.

Figure 6 illustrates how changes in the recovery rate parameter of a focal parent, r1 (which determines how rapidly the cost of feeding decays after a visit) affect the strategy of the focal parent and that of its partner, while holding the latter's recovery rate r2 constant (note that asymmetries in the relative weighting of benefits and costs when calculating the overall payoff to either parent have qualitatively similar effects to asymmetries in recovery rate, and so are not illustrated in the main text; see Supplementary Information for additional results). The figure shows that as the focal parent's recovery rate increases, it visits at a higher rate, while the partner compensates for this change by reducing its own visit rate. Both individuals, however, continue to respond to one another's behavior, speeding up after the partner visits and slowing down after they visit themselves, thus maintaining alternation.
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FIGURE 6. Changes in the stable alternating strategy, as one varies a focal parent's recovery rate independently of its partner's recovery rate (i.e., allowing for asymmetries between the parents). Solid curves show the visit rates of the focal parent, λ1 (immediately after it detects a visit by its partner) in blue and μ1 (immediately after visiting the young itself) in red, while dashed curves show the corresponding visit rates of the partner, λ2 in blue and μ2 in red, all as a function of the focal parent's recovery rate r1 (while holding the partner's recovery rate r2 constant at a value of 0.4). As in Figures 4, 5, the fitness payoff to a parent is equal to bB − cCf or bB − cCm, where B denotes the mean rate at which offspring receive feeds while hungry and Cf or Cm the mean rate at which the female or male parent visits the young while in a refractory state, with b = 1 and c = 0.2. Other parameter values are df = dm = 0.9 and h = 1.



Figure 7 shows the consequences of these strategic changes for mean visit rates (upper panel), and for the proportion of alternated visits (lower panel). As the upper panel makes clear, compensation for changes in a partner's visit rate is incomplete. An increase in the focal parent's recovery rate, for instance, is associated with a decrease in the partner's visit rate, but the latter effect is smaller in magnitude than the former, so that overall mean visit rate (by both parents combined) increases with either parent's recovery rate. When parents differ in visit rate (due to differences in their recovery rate) the parent that visits more frequently makes more repeat visits, while the parent that visits less frequently makes more alternated visits. The overall proportion of alternated visits, however, is much less sensitive to differences between parents. Alternation is most pronounced when parents work equally hard, but decreases only slowly as asymmetries are introduced.


[image: image]

FIGURE 7. Changes in the overall mean visit rates and proportion of alternated visits by both parents, as one varies a focal parent's recovery rate independently of its partner's recovery rate (i.e., allowing for asymmetries between the parents). The upper panel shows the overall mean visit rate of the focal parent (solid blue curve) and of its partner (dashed blue curve), as well as the total mean visit rate (green curve), as a function of the focal parent's recovery rate r1 (while holding the partner's recovery rate r2 constant at a value of 0.4). The lower panel shows the proportion of alternated visits by the focal parent (solid blue curve) and by its partner (dashed blue curve), as well as the total proportion of alternated visits by both parents (green curve), again as a function of the focal parent's recovery rate r1. Other parameter values and payoffs are as specified in the legend to Figure 6.





Asymmetries in Accuracy of Monitoring

As well as asymmetries in the costs and benefits of care, we can also allow for asymmetries in the accuracy with which partners can monitor one another's behavior. Figure 8 (upper panel) shows how changes in the accuracy of monitoring by a focal parent, d1, affects the strategy of the focal parent and that of its partner, while holding the latter's accuracy d2 constant at a value of 0.5; the lower panel of the figure shows the impact on overall mean visit rates by the focal parent, its partner, and by both parents together. The figure reveals that as the focal parent's accuracy improves, its visit rates decrease relative to those of its partner. As result, the parent who can monitor its partner more accurately works less hard (while total visit rates increase, albeit slightly, with the accuracy of either parent).
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FIGURE 8. Changes in the stable alternating strategy (upper panel), and in overall mean visit rates (lower panel), as one varies a focal parent's probability of detecting its partner's visits (d1), while holding the latter's probability of detection d2 constant at a value of 0.5. In the upper panel, solid curves show the visit rates of the focal parent, λ1 (immediately after it detects a visit by its partner) in blue and μ1 (immediately after visiting the young itself) in red, while dashed curves show the corresponding visit rates of the partner, λ2 in blue and μ2 in red. In the lower panel, the solid blue curve shows the mean visit rate of the focal parent and the dashed blue curve the mean visit rate of its partner, while the green curve shows the total mean visit rate by the pair. Payoffs are as specified in the legend to Figure 6, with other parameter values r1 = r2 = 0.4 and h = 1.





Cost-Sharing Between Parents

Finally, we briefly investigate how turn-taking strategies change when individual costs of care incurred by either parent also reduce the fitness of the other. This kind of “cost-sharing” will apply whenever individuals benefit from their partner surviving to the following breeding season. We introduce a parameter z that specifies the degree of cost-sharing, such that the female parent incurs fitness costs of care equal to zCf + (1 − z)Cm, and the male zCm + (1 − z)Cf. A value of z = 0 recovers the results above, with costs borne by a parent reflecting only its own efforts, while the opposite extreme of z = 0.5 implies that costs are shared equally by both parents, as in a system with “true” monogamy in which there is no sexual conflict because the death of either individual ends reproduction for the survivor (Lessells, 2006).

Figure 9 shows how parental visit rates and the proportion of alternated visits vary with cost-sharing under symmetric parental care (upper panel), and also how the inequality in parental contributions changes with cost-sharing when parents differ in their recovery rate (lower panel). The figure reveals that turn-taking becomes less strict as cost-sharing becomes more pronounced, with individuals becoming less responsive to their partner and the proportion of alternated visits decreasing. The overall visit rate increases as costs are shared to a greater extent, reflecting the decrease in conflict between carers, and the inequality in parental contributions becomes more pronounced when parents differ in their ability to provide care, with the parent that accrues lower costs taking on an increasing fraction of the effort of care, and investing more overall.
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FIGURE 9. Impact of cost sharing on turn-taking. The upper panel shows, for an illustrative symmetrical case in which parents do not differ from one another, the mean visit rate per parent (in blue) and proportion of alternated visits (in green) as a function of the extent of cost sharing (z), for three different values of d, the probability of detecting a partner's visists (d = 0.95, solid curves; d = 0.85, dashed curves; d = 0.7, dotted curves). Other parameter values are b = 1, c = 0.2, h = 1, and r = 0.2. The lower panel shows, for an illustrative asymmetrical case in which parent 1 enjoys a recovery rate r1 = 0.4 that is higher than that of the second parent r2 = 0.2, the ratio of mean parental visit rates (x1/x2), again as a function of the extent of cost sharing (z), for the same three values of d. Other parameter values are as specified for the upper panel.






DISCUSSION

Our model suggests that turn-taking is a robust form of conditional cooperation that can help to resolve conflicts over parental care, even in cases where parents cannot monitor one another's contributions with perfect accuracy, and/or where parents differ in their individual ability to provide care. However, this finding is contingent on the assumption that the costs and benefits of care events are time-dependent, with a given care event being more valuable to offspring and less costly to parents when further separated in time from the previous event. We also find that turn-taking strategies become less strict when the costs of care are shared between parents, suggesting—perhaps counter-intuitively—that when sexual conflict is weaker care may appear less coordinated.

Under imperfect monitoring, the strict turn-taking rule predicted by Johnstone et al. (2014) is replaced by a more forgiving rule in which a parent decreases its visit rate after visiting the young itself (but does not cease to visit entirely), and increases its visit rate after the partner is observed to visit again. This prediction aligns with results from empirical studies showing elevated but imperfect alternation of carer visits (Bebbington and Hatchwell, 2016; Koenig and Walters, 2016; Savage et al., 2017), assuming such patterns are driven by responsiveness rather than environmental effects that affect both parents (Ihle et al., 2019; Santema et al., 2019). In natural systems the difficulty of accurately monitoring one's partner varies with aspects of ecology and behavior, and is (for example) likely to be lower in more open habitats, when food items are less variable, and when individuals cannot false-feed (Boland et al., 1997). Consequently, we should anticipate more strict turn-taking rules under these conditions, and weaker rules when monitoring is difficult. In extreme cases, individuals might have little or no ability to monitor their partner's contributions, except indirectly via offspring condition, and under these circumstances individuals should contribute care at a rate that does not change with partner visits. Conversely, we should expect stricter turn-taking when environmental factors incentivise partners to associate with each other in space, allowing them to monitor each other more easily at no cost; for example if pairs forage more efficiently due to increased vigilance, or if visiting offspring together lowers predation risk on the young (Raihani et al., 2010).

Our results also help to reconcile turn-taking models with classical models of parental care. There appears to be a tension between the two, because turn-taking involves positive (matching) responses to partner effort: a parent reduces its own visit rate after it has visited the nest, but speeds up again once the partner has visited in turn, so that greater visit rates by the latter encourage greater visit rates by the former. In contrast, classical models generally predict negative (compensatory) responses to changes in partner effort (Houston and Davies, 1985; McNamara et al., 1999; Johnstone, 2011; Lessells and McNamara, 2012) at least when parents are similarly informed about offspring need (Johnstone and Hinde, 2006). In our turn-taking model, while individuals respond to each visit by their partner with a matching response, when costs are asymmetric an individual's total visit rate is lower when its partner visits more, and higher when its partner visits less (see Figures 6, 7), recovering the classical prediction of incomplete compensation to changes in partner effort that is broadly supported by the empirical literature on biparental care (Harrison et al., 2009). Our analysis thus suggests that one might expect to observe different patterns of response at different time-scales, with “visit-by-visit” matching shifting to compensation over longer periods of time.

As well as asymmetries in the cost of care, our model allows us to explore the impact of asymmetries between parents in their ability to monitor partner behavior. As shown in Figure 8, we find that the parent that can monitor its partner's behavior with greater accuracy provides the smaller share of total care, while its partner ends up shouldering a greater burden. There is thus a benefit to be gained from better information about partner behavior, which might favor monitoring even where this entails costs. The more reliably a focal parent can detect visits by its partner, and adjust its own visit rate in response, the more effective is this strategy of conditional cooperation in eliciting greater effort by the partner (and the more the focal parent can afford to reduce its own efforts in compensation).

Our finding that time-dependency of the costs and benefits of care is required for stability of turn-taking under imperfect monitoring implies that parental investment rules are likely to be sensitive to the details of offspring demand and resource allocation. It is reasonable to assume that parental visits will often increase in value with time since a previous visit, as repeated visits might satiate offspring, and long periods without feeding could lead to starvation or affect development. However, this assumption is most plausible for parents rearing a single offspring; by contrast, when parents rear multiple offspring, sibling rivalry and dominance hierarchies will influence the optimal patterns of care by parents (Mock and Parker, 1997), and our assumptions may no longer hold. In particular, the form of time-dependency implemented in our model is less well suited to cases in which (a) there are many offspring with a strong dominance hierarchy, (b) parents visit at a low rate, (c) parents deliver single food items that can be monopolized by offspring, and (d) offspring control food allocation (Mock and Parker, 1997; Krebs, 2002). In such circumstances, rapid bouts of investment by parents are likely to result in a greater payoff through a reduction in sibling competition (Shen et al., 2010), and we would expect less strict turn-taking. Similarly, our assumption that visiting in rapid succession is more costly to a parent is most plausible in species where parents must regularly feed themselves, and in environments where food items are indivisible and distributed homogeneously.

Our prediction that alternation should decrease when parents' costs are shared makes sense when one views turn-taking as a way of policing a partner with conflicting interests. As parents increasingly benefit from the survival of their partner (and the bond between them) beyond the present breeding attempt, they should increasingly optimize costs and benefits for the pair rather than the individual (Mariette and Griffith, 2015). When parental interests are fully aligned, there is no risk of exploitation and hence parents can “trust” that their partner is investing appropriately based on their individual costs. In other words, a strategy of conditional cooperation is pointless when partners unconditionally cooperate. Under asymmetric costs, any degree of cost-sharing results in the partner that can provide care at lower cost taking on a greater share of investment, and although we do not explicitly model multiple dimensions of care this would logically lead to greater task specialization if the asymmetry is reversed for other care modes. Although we have framed this discussion in terms of a bi-parental pair bond, this cost-sharing argument applies equally to cooperative systems in which carers are influenced by costs incurred by other carers. For example, when individuals do better in larger groups (Kokko et al., 2001), philopatric group members will benefit from every other group member surviving, unless they stand to inherit that member's breeding position.

The stability of the “turn-taking” equilibrium, even under imperfect detection and asymmetries between carers, can be viewed as another example of the effectiveness of retaliatory strategies in reaching an efficient outcome between individuals that repeatedly interact under a conflict of interest. Similarly to the successful tit-for-tat (TFT) strategy in the iterated Prisoners' dilemma (Axelrod, 1984), adopting a turn-taking strategy during care allows individuals to punish a defecting partner and effectively work with a cooperative partner. As with TFT, the strict turn-taking strategy of Johnstone et al. (2014) is not stable when individuals cannot perfectly monitor their partner, as a mistake or misperception leads to a failure to revisit, analogous in result to the joint retaliatory defection in TFT. However, our model illustrates that just as under noisy conditions forgiving strategies such as generous TFT, or one-step memory strategies such as tit-for-two-tats and contrite TFT can outperform strict TFT (Boerlijst et al., 1997), when parents imperfectly detect each other's contributions to care, an imperfect turn-taking strategy is likewise the best response.

While our model is more flexible than previous theory on turn-taking, it is still limited to circumstances under which both parents are free to modify their visit rates, and care is delivered in discrete units. In some cases, care is delivered over a period of time and parents are constrained to strictly alternate contributions to care, for example when one parent must remain at a nest to incubate or defend offspring. In these cases, rather than altering visit rates, individuals may mediate the duration of bouts by signaling to one another (Boucaud et al., 2017; Takahashi et al., 2017). In addition, our model only considers a single dimension of parental investment delivered during a single stage, while previous work has suggested that sex-based asymmetries across modes of care (Barta et al., 2014) or across care stages (Savage et al., 2013; Iserbyt et al., 2017) can strongly influence the resulting behavioral rules and outcomes for offspring. We also ignore the possibility of death or desertion of one partner part-way through the period of care, as well as changes in parental behavior with chick age.

Our model makes a number of predictions about conditions under which one might expect stricter or less strict turn-taking during parental care, and we encourage comparative and experimental tests of these predictions. Even the existence of active turn-taking during parental care remains contentious, as the analysis methods and null models used by prior empirical studies leave open the possibility that the observed turn-taking is a result of environmental influences that drive correlated changes in parental visit rate on the scale of individual care events (Ihle et al., 2019; Santema et al., 2019). Future studies should carefully manipulate short-term parental investment (Santema et al., 2017), the ability to monitor partner investment (Iserbyt et al., 2015), or cost asymmetries within pairs (Firth et al., 2015) to create a more complete picture of the degree to which parents respond to each other, under what contexts, and at what temporal scale.
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Birds with altricial offspring need to feed them regularly, but each feeding visit risks drawing attention to the nest and revealing its location to potential predators. Synchronisation of visits by both parents has been suggested as a behavioural adaptation to reduce the risk of nest predation. Under this hypothesis, higher risk of nest predation favours greater synchrony of parental feeding visits. We investigated this prediction over three timescales using nestling provisioning data from 25 passerine species in Tasmania and New Zealand. We estimated the extent to which parents actively synchronised their visits to the nest by comparing observed patterns of synchrony with those expected to occur at random. We found that in general, species did not synchronise visits more often than expected by chance. Species varied in the tendency to synchronise visits, but this variation was not explained by likely predation pressure in the distant evolutionary past: New Zealand endemic species, which evolved in the absence of mammalian nest predators, synchronised their visits as often as species which evolved with more diverse predatory guilds. Nest predation risk has increased over time in New Zealand due to introduced predators, but synchrony in visits also was not explained by manipulated predation risk: visit synchrony was equivalent between a predator-removal site and a site where predators remained. However, within one New Zealand species, visit synchrony was higher for mainland populations, which have been exposed to predatory mammals for c.800 years, than for a population on an offshore island to which predatory mammals were never introduced. We conclude that breeding birds may have some capacity to adapt the synchrony with which they provision over short evolutionary timescales. However, the lack of synchrony in most species suggests that either asynchrony provides benefits that outweigh the greater risk of predation, or synchrony incurs costs not compensated by reduced predation.

Keywords: Anthornis melanura, bellbird, comparative analysis, coordination, invasive species, synchronisation, synchronise, synchronised


INTRODUCTION

Avoiding nest predation is a vital component of reproductive success for bird species with altricial offspring. As the risk of nest predation increases, so should the strength of selection favouring adaptations that mitigate or reduce this risk. Evidence suggests predation risk has had a notable role in the evolution of behavioural and life history traits in both breeding and nestling birds (Martin and Briskie, 2009). For example, increased nest predation pressure across species is correlated with shorter breeding periods, reduced rates of parental activity at the nest, and the production of more broods in a year (Martin, 1995, 2014), and nestlings of species suffering higher levels of nest predation have quieter begging displays (Briskie et al., 1999). At extremely high levels, nest predation may even produce population genetic structure that favours cooperative breeding for kin-selected benefits (Beckerman et al., 2011).

As well as these coarse life-history adaptations, nest predation may also favour fine-scale behavioural adjustments by parents that minimise risk to their offspring. One adjustment that has long been hypothesised is that parents may wait for their partner and synchronise their feeding visits to minimise detection by predators (Sargent, 1993; Raihani et al., 2010). Provisioning visits are events that can betray a nest's location (Skutch, 1949), and combining them by synchronisation effectively halves the risk to offspring that arises from two independent food deliveries. This hypothesis has been supported by empirical results: in three studies, nests that received a greater proportion of synchronised visits were less likely to be depredated (Raihani et al., 2010; Bebbington and Hatchwell, 2016; Leniowski and Wegrzyn, 2018). In this study, we use comparative and experimental data to investigate whether different nest predation regimes explain variation in feeding synchronisation among and within species of passerines in Australasia.

Islands such as New Zealand have suffered disproportionately high numbers of avian extinctions since their colonisation by humans and associated introductions of other predatory mammals (Steadman, 1995; Szabo et al., 2012). A common explanation for these extinctions is that, in an evolutionary sense, bird species on such islands are naive to the threat of these predators and lack adaptations to defend themselves or their offspring. For most of their evolutionary history, the only predators faced by New Zealand birds were other birds such as falcons and owls. In contrast, most other avifaunas are typically subject to predation by a diverse range of avian, mammalian and reptilian predators. Although a variety of adaptations have evolved as a response to avian predators, New Zealand's birds remain poorly adapted to the threat of mammalian predation generally (Duncan and Blackburn, 2005). This situation has been called an “evolutionary trap” (Schlaepfer et al., 2005). For example, many New Zealand birds evolved flightlessness in the absence of mammalian predators and these species were especially susceptible to extinction once these predators arrived (Duncan and Blackburn, 2005). Despite the continuing presence of native predatory birds such as the swamp harrier (Circus approximans) and morepork (Ninox novaeseelandiae), invasive mammals are the dominant nest predators of native New Zealand passerines in the present day (Innes et al., 2010; Starling-Windhof et al., 2011; Remeš et al., 2012). This suggests their introduction would have substantially increased nest predation pressure on native passerines. If synchronisation of nest visits is an evolutionary adaptation against high rates of nest predation, we might predict that New Zealand birds synchronise their visits less than species that coevolved with more diverse predator guilds.

An alternative perspective is that “naïve” island species are not necessarily trapped, and those that survive the appearance of novel threats are capable of adapting to them over short evolutionary timescales (Schlaepfer et al., 2005; Massaro et al., 2008; Urlich, 2015) or even modifying their behaviour immediately (see Fontaine and Martin, 2006). In New Zealand, novel predatory threats to native birds began with the introduction of kiore (Rattus exulans) by Māori in the 1200s, and intensified when Europeans arrived in the late 1700s, bringing brown and black rats (R. norvegicus and R. rattus), house mice (Mus musculus), and domestic cats (Felis catus), and later introducing brushtail possums (Trichosurus vulpecula) and three species of mustelid. These arrivals appear to have driven antipredator adaptations in species like bellbirds (Anthornis melanura) and South Island robins (Petroica australis), because some antipredator behaviours have been recorded in populations of these species exposed to introduced predators, but less so in populations in predator-free sanctuaries (Massaro et al., 2008; White, 2014; Muralidhar, 2017). Thus, some island birds are capable of adaptive evolution, or are sufficiently plastic in their behaviour, to respond to new threats over timescales of (at most) hundreds of years. From this perspective, exposure to introduced mammalian predators may have driven recent evolution of nest visit synchrony in New Zealand bird species.

To evaluate these contrasting predictions, we filmed the nests of 25 species of passerine birds to investigate the extent to which feeding visits to the nest were synchronised and whether the length of coexistence with mammalian predators (short or long evolutionary exposure, or recent exposure to mammalian predators) influences patterns of synchrony. We addressed these aims using three analyses. First, we compared New Zealand's native species with close relatives in Tasmania, and species that were introduced to New Zealand from Europe and share their current environment. The latter two assemblages both coevolved with diverse predators and we predicted they would show an elevated tendency to synchronise visits. In the second analysis, we tested plastic behavioural responses by comparing visit synchrony of species in New Zealand between two neighbouring sites, one where introduced predators were removed and one where they were not. Finally, we compared visit synchrony of bellbirds at both of these mainland New Zealand sites to synchrony on an offshore island where mammalian predators have never been introduced (note that this contrasts to a number of other predator-free islands in New Zealand, which have only been made so by conservation interventions in recent decades). Bellbirds were previously found to demonstrate adaptive changes in incubation behaviour in response to introduced predators (Massaro et al., 2008), suggesting this species might similarly be able to adjust levels of synchrony in relation to recent changes in predation risk. Based on these analyses, we assessed whether visit synchrony was influenced by predation pressure, and consider the relative roles of phenotypic plasticity vs. evolutionary adaptation.



METHODS


Study Outline and Field Sites

This study had three parts: (1) a comparative analysis of nest visit synchrony across native species in New Zealand vs. Tasmanian and introduced European birds, (2) a comparative analysis of nest visit synchrony across species at two sites in New Zealand, one of which had introduced predators experimentally removed, and (3) a comparison of nest visit synchrony between three populations of bellbirds in New Zealand that differ in predation risk.

For the first comparative analysis, we found and filmed nests of 15 passerine bird species in Kowhai Bush, near Kaikoura, New Zealand, during breeding seasons (September–January) between 2001 and 2006. Kowhai Bush is a 240 ha regenerating lowland forest block, in which the suite of introduced predators common on the New Zealand mainland are all present. The bird species filmed here included six endemic New Zealand species, eight introduced European species and a self-introduced Australian species. The European species were introduced to New Zealand in the nineteenth century but evolved with a range of mammalian predators in their native range. We filmed nests of 10 Tasmanian species in 100 ha of native forest at the Scamander Forest Reserve near St Helens, between September and November in 2004 and 2005. Unlike New Zealand, the native birds in Tasmania evolved with a range of mammalian and reptilian predators, as well as avian predators, and unlike the European species this group contains close phylogenetic relatives of the endemic New Zealand species.

For the second analysis, we used data from nests filmed at Kowhai Bush as above, and filmed additional nests of seven of these species at Waimangarara Bush during breeding seasons between 2004 and 2006. Waimangarara Bush is a 65 ha forest near Kowhai Bush where introduced mammalian predators were historically common, but present in reduced numbers because of trapping and removal during the study period (Massaro et al., 2008; Starling-Windhof et al., 2011). All introduced mammalian predators were targeted for control using 38 tunnel traps (for rats, mustelids and hedgehogs, Erinaceus europaeus) and eight Timms traps (for possums and feral cats). Trapping was supplemented with 52 poison bait stations to further control rodents and possums. A total of 90 stoats (Mustela erminea), 24 ferrets (M. furo), 24 weasels (M. nivalis), 23 possums, 137 rats, 218 hedgehogs, and 32 cats were trapped in this period, and an additional unknown number were killed by poison. Trapping and poisoning did not completely remove the introduced predators, but significantly increased rates of nest success by an average of 59.1% (±28.2% SE) across eight species (range −6–230%; Starling-Windhof et al., 2011).

For the bellbird analysis, we used data from bellbird nests filmed at Kowhai and Waimangarara as part of the previous analyses, and compared this to data from additional nests filmed on Aorangi Island in the 2004 and 2005 breeding seasons. Aorangi is a 66 ha island off the east coast of Northland, New Zealand, to which exotic predators have never been introduced. Native swamp harriers, moreporks and cuckoos are present, but rarely depredate nests (M.M. unpublished data). As a result, nesting success of bellbirds on Aorangi (65%) was much higher than that at Waimangara Bush (39%; predators controlled) and Kowhai Bush (29%; no predator control). Data on feeding rates from all nest watches in the bellbird dataset were analysed and presented in Massaro et al. (2008), which demonstrated a reduced feeding rate on mainland sites that may be an adaptation to reduce nest visibility to predators. The synchronisation of nest visits in these watches was not previously investigated.

All species in our study are passerines with biparental care and feeding of nestlings (helpers may also have contributed to some feeding trips in some rifleman and Sericornis scrubwren nests). All species also feed their young a diet composed primarily of insects and other invertebrates, although this is supplemented with nectar in the Phylidonyris honeyeaters and with seeds in the Carduelis finches (Higgins et al., 2001, 2006; Higgins and Peter, 2002). It was not possible to determine the number of food items delivered on each parental visit.



Filming Procedure

All nests were filmed once during the nestling phase, within a day of nestlings breaking their primary pin feathers to control for the stage of offspring development (following Martin et al., 2000; Martin, 2015). Filming began within half an hour of sunrise, except for bellbird nests filmed on Aorangi in 2004, which were filmed later in the morning (see Massaro et al., 2008; the results reported below are qualitatively unaffected by removing these nests from the dataset). Filming continued for approximately 6 h (mean observation length = 362 min, SE = 1 min, range = 317–394 min, n = 199), during which tapes were changed when they ran out of recording space. This usually meant the 6 h were separated into two 3 h recording bouts, but occasionally they were covered by one bout or separated into three or four bouts.

All visits by provisioning adults to the nest were transcribed along with the time they occurred. Each of these visits to the nest were considered to be single events for the purposes of the analysis, with the exception of brooding visits, for which arrival and departure (usually separated by a period of many minutes) were considered two separate events. This reflects that arrivals and departures for brooding events are distinct brief periods of activity separated by the brooding parent sitting inconspicuously on the nest. When nests were visible, brooding visits were assigned by direct observation of adults sitting on the nest; in other nests they were inferred from adults spending an extended period of time in the nest.

Unlike previous studies on colour-ringed populations of single species (Bebbington and Hatchwell, 2016; Leniowski and Wegrzyn, 2018), we were generally unable to determine whether visits close in time (see below) were quickly repeated visits by the same individual, or coordinated visits by different individuals. Each should be functionally equivalent in reducing the number of temporally separate events at the nest that might be visible to predators. In the absence of more detailed information, we expect any patterns of synchrony in our data to arise from a combination of both quick repeat visits and parental coordination.



Quantifying Synchrony of Visits

For all events except the first in each recording bout, we calculated the interval between it and the previous event. We considered synchronised events to be those that occurred within 120 s of the previous event (Mariette and Griffith, 2015; Ihle et al., 2019); as this window is somewhat arbitrary we also ran analyses using 90 and 150 s windows, which gave qualitatively similar results (see Ihle et al., 2019). The observed proportion of synchronised events (PSEobs) for a nest watch can be calculated as the observed number of synchronised events (NSEobs), divided by the total number of events (NTE) minus one for each recording bout (NR, usually 2 as we changed tapes once for most nests as described above), as we did not record the interval to the first event of the bout (Equation 1).

[image: image]

An equivalent proportion has been used in previous studies as an index of visit synchrony (Bebbington and Hatchwell, 2016; Leniowski and Wegrzyn, 2018). However, all else being equal, the proportion will increase automatically as visit rate increases: if more events are occurring within a set time period, there is more chance of each happening within 2 min of the previous. Therefore, PSEobs will vary as a function of provisioning rate independently of any active feeding synchronisation on the part of the parents. We might call this “passive synchrony,” after Savage et al.'s (2017) distinction between passive and active turn-taking in offspring care. It was particularly important to separate passive vs. active synchronisation, as our analyses compared multiple species and populations, which we knew or expected to differ in their provisioning rates (Massaro et al., 2008). Active and passive synchrony can be separated by comparing observed nest watches to simulated nest watches with similar properties, from which we can calculate how much synchrony we would expect to observe by chance (Ihle et al., 2019).

We used simulations to estimate how much passive synchrony was expected to occur simply due to the provisioning rate for each nest watch, as follows: (1) we summed all intervals calculated for a nest watch, giving the total amount of time in seconds that occurred between events in recording bouts within the nest watch; (2) for each nest watch, we simulated a random sequence of the same number of events occurring over the same amount of time using the exponential distribution in R's basic stats package (R Core Team, 2018), giving a sequence of “expected” intervals between events; (3) we counted how many of the resulting intervals were <120 s, and (4) we repeated this process 100 times for each nest watch and took the median, to give an expected number of synchronised visits. This method assumes that the distribution of intervals is well-modelled by a Poisson process; this is a process that generally describes provisioning data well (Pick et al., 2019), particularly in the absence of enforced delays (refractory periods). These may occur when considering a single individual's behaviour because it needs to find food between visits, but are unlikely to be an issue when considering both parents' visits together as we do here.

The difference between the number of synchronised visits that were observed in a nest watch and the number that were expected to occur “passively” as estimated through the simulations above, provided an estimate of the number that occurred due to active synchronisation by the provisioning adults. If synchronisation is favoured by predation, this should be reflected in such active synchrony. To model this, for each dataset we analysed the number of synchronised visits that occurred in both observed nest watches and expected data (median number from simulations) for each nest in a single model, with the type of data (observed or expected) as a categorical explanatory variable. This term estimated whether synchrony in general occurred more often than expected by chance. The interaction between this term and the effect of interest (e.g., whether species are native to New Zealand) then estimated whether the difference between observed and expected, i.e., the amount of active synchrony, was influenced by that effect. We used this model structure because it has an acceptable type-I error rate for this kind of data (Ihle et al., 2019). Details of each of our individual models are provided below. As the length of observation bouts is taken into account when calculating expected numbers of synchronised visits, our method is robust to the slight variation in the length of observation bouts that occurred due to our sampling design.



Comparative Analyses

We used a comparative approach to ask whether Tasmanian and introduced European species differed from New Zealand natives in their tendency to synchronise visits. All species from Tasmania in our sample were native, while all introduced European species were filmed in New Zealand. Both Tasmanian and European avifaunas evolved with a diverse predator guild including birds, mammals and reptiles. We classified the silvereye (Zosterops lateralis) in New Zealand, which colonised from Australia in the mid- nineteenth century (Gill et al., 2010), in the same group as the Tasmanian and European species since they shared an evolutionary history with predatory mammals. In contrast, the six species considered New Zealand natives for this analysis are all endemic to New Zealand and evolved in the absence of predatory mammals. We used the same approach to ask whether species in New Zealand differed in their synchrony scores between Kowhai Bush (all introduced predators present) and Waimangarara Bush (introduced predators experimentally removed).

We used Bayesian phylogenetic mixed models implemented in the MCMCglmm R package (Hadfield, 2010) to account for the non-independence of multiple data from the same species, as well as that arising from shared evolutionary history. We modelled number of synchronised visits as a Poisson-distributed response variable. For the first analysis, the exposure of a species to diverse predator guilds over evolutionary time (Tasmanian and European species) or affinity to New Zealand fauna was the two-level categorical fixed effect of interest. For the second analysis, this was site (Kowhai or Waimangarara). Each model also included data type (observed or expected, see above) as a categorical fixed effect; number of visits (scaled and centred) as a numeric fixed effect, because number of visits increases the number that can occur within 2 min; the interaction between data type and the effect of interest (which was the key estimate to determine whether it affected active synchrony, see above), and nest watch identity as a random effect, because each nest watch had both an observed and an expected result associated with it. We did not include the effect of visit rate on active synchrony (i.e., the interaction between data type and number of visits), because this term yielded unavoidable false positive results in both related research (Ihle et al., 2019) and exploration of our models using random data.

To estimate and account for the influence of evolutionary relationships, we included a covariance matrix from a phylogenetic tree in the random effect structure of the model. Trees can be readily obtained for subsets of species from the BirdTree.org website (Jetz et al., 2012), but they are not known with certainty. To account for this, we first obtained a distribution of 1,300 phylogenetic trees for our species sets from BirdTree, using the Hackett et al. (2008) backbone. We modified these trees for the first analysis because two of the species included, the New Zealand fantail (Rhipidura fuliginosa) and Australian grey fantail (R. albiscapa), are considered conspecific (as R. fuliginosa) in the BirdTree taxonomy. Following Kenny et al. (2017) we added a tip for R. albiscapa to the trees with an artificially short branch length to R. fuliginosa, using functions in the phytools R package (Revell, 2012).

Then, we used methods from Ross et al. (2014) and Downing et al. (2018) to include in our models the uncertainty that is associated with the distribution of trees. We used 1,300 iterations of the Markov chain to build our model in MCMCglmm. Each iteration used the phylogenetic covariance matrix from a different tree and passed its parameter estimates as starting values to the next iteration. We discarded the first 300 iterations of the model as a burn-in and we report the posterior mode (β) and 95% credible intervals (CIs) of parameter estimates from the remaining 1,000 iterations. We assessed model performance by inspecting autocorrelation values and diagnostic plots: for both models, all correlation coefficients were smaller than 0.1 for successive time steps, and plots indicated that all parameters had mixed well.

Phylogeny was allowed to explain variation in both the intercept (number of synchronised visits) and the slope of observed minus expected synchronised visits (active synchrony), in a random regression framework. Priors were modified from Araya-Ajoy and Dingemanse (2017); full details are provided in Supplementary R Script. We calculated phylogenetic heritability (H2), equivalent to Pagel's (1999) λ, for active synchrony as the random variance in the slope that was explained by the phylogenetic covariance matrix, divided by the total random variance in the slope (Hadfield and Nakagawa, 2010; Araya-Ajoy and Dingemanse, 2017). We report β and CI for this estimate.



Bellbird Synchrony in Relation to Predation Risk

In the final part of our study, we asked whether New Zealand bellbirds showed a greater tendency to synchronise visits at sites where they were more exposed to introduced predators. Here, we used a generalised linear mixed model with Poisson error structure implemented in the lme4 R package (Bates et al., 2015). Study site (Kowhai Bush, Waimangarara Bush or Aorangi Island, see descriptions above) was the explanatory variable of interest. As above, the model also included data type (observed or expected) as a categorical fixed effect, number of visits (scaled and centred) as a numeric fixed effect, the interaction between data type and study site, and nest watch identity as a random effect. We did not include the interaction between data type and number of visits for the same reasons as above (see Comparative Analyses). We assessed statistical significance of fixed effects using type-II Wald χ2-tests in the car R package (Fox and Weisberg, 2011). Within significant categorical effects, we tested differences between categories using pairwise contrasts in the emmeans package (Lenth, 2018), and report the contrast estimate (β, on the log scale) ± standard error, z ratio and Tukey-adjusted P-value of these.




RESULTS


Are New Zealand Species Less Synchronised?

We filmed a total of 103 nests of 15 different species at Kowhai Bush: six New Zealand endemics and nine species considered to have evolved with more diverse predator guilds (eight introduced from Europe and the silvereye, which recently colonised from Australia). We filmed 26 nests of 11 Tasmanian native species at the Scamander Forest Reserve. The complete dataset included 129 nest watches of 25 different species (silvereyes occurred at both sites; see Table 1). Phylogenetic relationships between the species are shown in Figure 1.


Table 1. List of species included in our analysis, along with the sample size of nests filmed for each at the sites they were studied.
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FIGURE 1. Phylogeny showing relationships between the 25 species used in our comparative analysis, with branch lengths from 1 of 1,300 sample trees downloaded from BirdTree.org (Jetz et al., 2012). Points show an active synchrony score for each nest watch; this is the observed proportion of visits that occurred within 120 s of the previous, minus the median (“expected”) proportion from 100 simulated nest watches with the same visit rate. Points are grey for New Zealand species and black for Tasmanian and introduced European species.


The difference between observed and expected synchrony for each nest watch, as a proportion of visit rate, varied both among and within species (Figure 1). For example, riflemen (Acanthisitta chloris) and olive whistlers (Pachycephala olivacea) consistently synchronised visits more often than expected by chance; chaffinches (Fringilla coelebs) and Phylidonyris honeyeaters synchronised visits less often than expected by chance, and species such as silvereyes and common starlings (Sturnus vulgaris) showed a wide range of synchrony scores. Our comparative model of active synchrony yielded three key results. First, there was a moderately strong phylogenetic signal to active synchrony, albeit within a broad confidence range (H2: β = 0.503, CI = 0.000–0.700). Secondly, there was no general tendency across all species for nest watches to contain more synchronised visits than we would expect from their provisioning rate; in fact, there were fewer synchronised visits than expected, though this effect was non-significant (effect of observed data: β = −0.073, CI = −0.278–0.187, P = 0.566). Thirdly, Tasmanian and introduced European species did not actively synchronise visits more than native New Zealand species: there was no significant interaction between data type and species type, and New Zealand native species in fact showed slightly greater, rather than the predicted reduced, active synchrony (observed data × New Zealand interaction: β = 0.149, CI = −0.090–0.294, P = 0.604).

There was also, as expected, a strong relationship between overall visit rate and number of synchronised visits (effect of visit rate: β = 0.845, CI = 0.698–0.938, P < 0.001).



Does Experimental Predator Control Influence Visit Synchrony Among Species in New Zealand?

We filmed 103 nests at Kowhai Bush (all introduced predators present) as above, and 46 nests of seven species at Waimangarara Bush (introduced predators experimentally removed), each of which were present at Kowhai. Thus, the dataset included 149 nest watches of 15 different species (Table 1).

Figure 2 compares differences between the number of observed and expected synchronised visits, as a proportion of visit rate, at Kowhai Bush and Waimangarara Bush for species that were present at both. Similar to the above analysis (which used much of the same data), there was a moderate phylogenetic signal to active synchrony, within broad credible intervals (H2: β = 0.287, CI = 0.059–0.638). As expected, overall visit rate had a clear effect on the number of synchronised visits (effect of visit rate: β = 0.860, CI = 0.746–0.946, P < 0.001). Once this effect was taken into account, across all nests there were no more synchronised visits than expected from provisioning rate (effect of observed data: β = −0.013, CI = −0.186–0.177, P = 0.918). Active synchronisation did not differ significantly between the two sites (observed data × Waimangarara Bush interaction: β = −0.008, CI = −0.133–0.096, P = 0.722), although Eurasian blackbirds (Turdus merula) and dunnocks (Prunella modularis) showed greater active synchrony at Kowhai Bush, where predators were not removed (Figure 2).
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FIGURE 2. A comparison of active synchrony scores between nest watches at Waimangarara Bush, from which predatory mammals were removed during the study period, and Kowhai Bush, from which they were not, for species recorded at both. Scores are observed proportions of visits that occurred within 120 s of the previous, minus the median (“expected”) proportion from 100 simulated nest watches with the same visit rate. Full species scientific names are provided in Table 1 and Figure 1.




Do Bellbirds Synchronise Visits More at Sites With Introduced Predators?

We filmed a total of 43 bellbird nests: 24 on Aorangi Island (no introduced predators present), 11 at Kowhai Bush (all introduced predators present) and eight at Waimangarara Bush (introduced predators experimentally removed).

Differences between observed and expected synchronised visits, as a proportion of visit rate, are plotted for bellbirds by site in Figure 3. There was a significant effect of site on active synchrony (data type × site interaction: χ2 = 6.653, df = 2, P = 0.036). Nests at Waimangarara Bush (predators removed) showed more active synchrony (i.e., a greater difference between observed and expected number of synchronised visits), compared to nests on always-predator-free Aorangi Island, though the pairwise difference was marginally non-significant (contrast: β = 0.209 ± 0.091, z = 2.304, P = 0.055). Nests at Kowhai Bush (introduced predators present) also showed a non-significant tendency for more active synchrony than those on always-predator-free Aorangi Island (contrast: β = 0.131 ± 0.082, z = 1.597, P = 0.247). Nests at Kowhai Bush (introduced predators present) and Waimangarara Bush (predators removed) differed little in active synchrony (contrast: β = 0.078 ± 0.110, z = 0.709, P = 0.758). A simpler model in which both mainland sites were pooled (such that bellbirds that had been exposed to introduced predators on the mainland were compared with those on Aorangi that had never been exposed to introduced predators) supported the conclusion that there was greater active synchrony on the mainland (data type × site type interaction: χ2 = 5.403, df = 1, P = 0.020).


[image: Figure 3]
FIGURE 3. The distribution of synchrony scores from bellbird (Anthornis melanura) nest watches at three sites in New Zealand; these are observed proportions of visits that occurred within 120 s of the previous, minus the median (“expected”) proportion from 100 simulated nest watches with the same visit rate. Aorangi is an island to which predatory mammals have never been introduced. Numbers of predatory mammals at Waimangarara Bush were reduced by trapping during the study period. Predatory mammals were present and not trapped at Kowhai Bush.


There was no significant difference between observed and expected numbers of synchronised visits for bellbirds overall (effect of data type: χ2 = 0.670, df = 1, P = 0.413). As expected and as for both models above, visit rate had a clear positive effect on the number of synchronised visits (effect of visit rate: χ2 = 422.290, df = 1, P < 0.001).




DISCUSSION

We investigated the hypothesis that provisioning parents synchronise their nest visits as an adaptation to reduce the risk of nest predation, using data from nest watches of 25 species in New Zealand and Tasmania, including species and populations exposed to different predation regimes either during the study or in the evolutionary past. In general, nest visit synchrony varied substantially, but nest visits were not more synchronised than we would expect by chance across species. We predicted that variation in nest visit synchrony would vary with predation risk, but we found no general difference between species that have been long exposed to diverse predators vs. species endemic to New Zealand that have evolved until recently in the absence of mammalian nest predators. Synchrony was also generally unaffected by a short-term removal of introduced predators, although two species (the Eurasian blackbird and dunnock) showed the expected pattern. However, in support of the hypothesis, synchrony was higher in mainland populations of the bellbird than a population on an offshore island that never had predatory mammals.

The hypothesis that visit synchrony reduces the risk of predation follows intuitively from predictions and results that suggest predation risk increases with parental activity at the nest (Skutch, 1949; Martin et al., 2000; Muchai and Du Plessis, 2005; Martin and Briskie, 2009). It also has support from empirical studies of single species, in which nests where parents visited more synchronously were less likely to be depredated (Raihani et al., 2010; Bebbington and Hatchwell, 2016; Leniowski and Wegrzyn, 2018). In our study, there was some evidence that predation risk may have influenced provisioning patterns in bellbirds, as populations that coexist with mammalian nest predators on the mainland synchronised their visits more than a population on predator-free Aorangi Island. Previous analyses of these data revealed that the mainland New Zealand populations reduced their activity around the nest by making fewer incubation changeovers and provisioning visits (Massaro et al., 2008). More frequent synchronisation of visits may be a further adaptation to the pressures posed by introduced predators.

The similarity of synchrony scores between the Kowhai Bush and Waimangarara Bush sites suggests this adaptation is more likely to be a short-term evolutionary response than one arising from flexibility in behaviour. One of the sites (Waimangarara) had reduced predator pressure relative to the other, but only over a time period simultaneous with our study. Therefore, if provisioning birds were modifying their synchrony flexibly based on cues to the likely level of predation, we would have expected them to synchronise visits less often at Waimangarara Bush than Kowhai Bush. We found no evidence for this in bellbirds (see Figure 3), nor overall across species (see Figure 2). Although previous studies have documented breeding birds adjusting traits such as egg size, clutch size and provisioning rate in response to manipulated predation pressure (Fontaine and Martin, 2006; Ibáñez-Alamo et al., 2015), this was not generally the case for visit synchrony here. A possible explanation is that synchrony is unlikely to incur costs as great as the abovementioned traits, and therefore there may be greater pressure to increase synchrony in the presence of predators than reduce it in their absence. However, it is worth noting that Eurasian blackbirds, dunnocks, and (marginally) song thrushes (Turdus philomelos) showed differences in the predicted direction (Figure 2). This is intriguing as these are European species that coevolved with the mammalian predators introduced to New Zealand, and may have adjusted their behaviour in response to their presence. Although not supported statistically by our results (we had insufficient data to test it robustly), this would be an interesting trend to explore in future research.

Despite the suggestion that predation risk influenced visit synchrony for bellbirds, we found little evidence that it explained variation among species. First, species that coevolved with a suite of nest predators from more diverse guilds showed no more active synchrony of visits than “naive” New Zealand endemics. As exemplified by bellbirds, this may reflect a recently-evolved increase in visit synchrony among New Zealand species, following the introduction of predatory mammals. A related but distinct explanation is that New Zealand's present-day native avifauna has retained a non-random sample of its species since human colonisation, specifically those with adaptations (such as, perhaps, nest visit synchrony) that have made them resilient to introduced predators (Remeš et al., 2012). Alternatively, visit synchrony might be mostly constrained by other ecological or biological factors, such as foraging behaviour (see Van Rooij and Griffith, 2013 and discussion below), with predation pressure playing only a minor role in its expression. Finally, it is possible also that dominant predators have a strong influence on evolution of this behaviour. Native New Zealand species in fact exhibited some of the highest active synchrony scores in our study (Figures 1, 2). Avian predators primarily use visual cues to locate their prey, and so patterns of synchrony may be more advantageous as an adaptation to this predatory guild. In contrast, Tasmanian and European species (in their native range) must also contend with mammalian and reptilian predators, which use olfactory cues to locate prey and are often nocturnal when foraging, and so may derive little benefit from sychronisation during the day. Whether selection favours the evolution of synchrony may thus depend upon the composition of the predator guild and the likelihood these predators use activity cues to locate nests. Nevertheless, the differences between bellbird populations we observed suggest that changes to this guild and intensification of predation pressure can favour increases in synchrony.

A second, surprising result of our comparative analyses was that in general, provisioning adults did not synchronise their visits more often than would be expected to occur by chance for observations with the same provisioning rate. This contrasts with previous studies of zebra finches (Taenopygia guttata) and house sparrows (Passer domesticus), both of which synchronised visits significantly more often than expected by chance (Mariette and Griffith, 2015; Ihle et al., 2019). We found considerable variation among taxa, with a moderately high phylogenetic heritability, but across 24 species only riflemen and olive whistlers consistently synchronised visits more often than expected (Figure 1). Following our study, non-random patterns of synchronised visits can be considered the exception rather than the norm among species where this has been tested.

One feature of species with “exceptionally” synchronised visits may be a tendency for pairs to forage together, which naturally leads to (although does not explain all instances of) synchronised visits in zebra finches (Mariette and Griffith, 2015), and also occurs in riflemen (N.K. pers. obs.). Further aspects of foraging strategies could influence the costs and benefits associated with synchrony. For example, parents foraging in different areas (e.g., to limit competition) may be unable to monitor one another's behaviour without wasting considerable time waiting around the nest, while for parents foraging together (e.g., to minimise risk of their own predation), synchrony should be easier to achieve. Of course, different foraging strategies employed by different species or in different environments may themselves be influenced by the risk of predation. Food availability may also influence parents' ability to synchronise: if foraging is time-consuming, waiting for a partner is likely to be more costly than if food can be found quickly. Food supplementation experiments would be a useful way of testing the importance of this for explaining synchronisation.

The little evidence we found for active synchrony across species, despite the indication from previous studies that synchrony reduces predation risk (Raihani et al., 2010; Bebbington and Hatchwell, 2016; Leniowski and Wegrzyn, 2018), raises the possibility that evenly spaced visits provide their own unrecognised benefits that trade off against those of synchrony. For example, the delivery of multiple food items simultaneously followed by long periods of no deliveries may provide less efficient energy use by young, and regular feeding visits may improve nestling growth (Wojczulanis-Jakubas et al., 2018). It is worth noting that if such advantages allow nestlings to fledge sooner, this will also reduce the probability of nest predation (as it is a time-dependent event), improving the fitness of provisioning parents (Martin et al., 2018). Such benefits may outweigh antipredator benefits of synchrony in cases where visit rates do not increase risk, or visit rates are so low that synchrony is relatively unimportant. This possibility is consistent with our bellbird results: synchrony in the absence of predators was significantly lower than random, and with predators it increased to a level similar to that expected at random. In other words, rather than driving highly synchronised visit patterns, pressure to avoid predators could shift visit patterns away from an active asynchrony that would otherwise be optimal, to more synchronised patterns that look closer to random.

In summary, we have found some evidence consistent with the hypothesis that visit synchrony is an adaptation against predators among populations of the New Zealand bellbird, which have had different predation regimes for approximately 800 years. In contrast, we found little evidence across multiple species that synchrony is associated with predation risk in the deeper evolutionary past, or that synchrony responds immediately to predator removal as would be expected if it were a plastic phenotype. Further, we found no evidence that synchrony occurs more often than random across species, despite its potential adaptive benefit, and in contrast with previous studies of single species. We conclude that species in the three passerine assemblages we studied do not generally show non-random patterns of synchronised visits. We speculate that an even spacing of feeding visits (the opposite pattern) may carry its own adaptive benefit, not recognised by previous studies focusing on synchrony. Finally, variation in synchrony needs to be examined across a broader range of species and nest predation conditions, with further research into when, where and why it occurs.
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Much of our current understanding of coordination, cooperation, and conflict between male and female parents caring for their joint offspring derives from studies conducted on birds. However, biparental care is not unique to birds but has evolved repeatedly in a wide range of other taxa, including mammals, reptiles, amphibians, fishes, insects, and crustaceans. Here I highlight how recent studies on burying beetles in the genus Nicrophorus provide new and complementary insights into biparental care to studies conducted on birds. Firstly, coordination between parents might be more complex than traditionally recognized, often involving multiple mechanisms such as negotiation and direct assessment of partner's state. Secondly, coordination is not restricted to parental care, but extends to other interactions between caring parents such as interactions over food consumption from a shared resource. Finally, cooperation may have a stronger impact on coordination between parents than has been traditionally recognized. I suggest that, in order to expand our understanding of coordination, cooperation, and conflict between male and female parents, we now need to extend empirical work to a wider range of taxa, develop new experimental designs for detecting alternative mechanisms of coordination, and use of multiple experimental designs across all taxa.
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INTRODUCTION

Biparental care often involves coordination between male and female parents, whereby each parent adjusts its contribution toward care based on its partner's contribution (Harrison et al., 2009; Lessells, 2012). The evolution of such coordination reflects the complex balance between cooperation and conflict that ensues when male and female parents care for their joint offspring. On the one hand, biparental care evolves because the two parents benefit by cooperating to provide care (Maynard Smith, 1977). Yet, on the other hand, the evolution of biparental care gives rise to conflict over how much care each parent should contribute. Such conflict arises because the benefits of care to the offspring depend on the combined contributions by the two parents, whilst the cost of care to each parent is determined by its personal contribution (Lessells, 2012). As a consequence, each parent should be under selection to withhold care when working jointly with a partner, thereby shifting as much of the workload as possible over to its partner (Parker, 1985). Thus, coordination should be based on mechanisms that allow cooperation between male and female parents to be evolutionarily stable despite the destabilizing impact of conflict (Lessells, 2012).

Much of our current understanding of coordination, cooperation, and conflict between male and female parents derives from studies on birds (Harrison et al., 2009; Lessells, 2012). This taxonomic bias reflects that biparental care is common in birds, occurring in more than 90% of bird species (Cockburn, 2006). Furthermore, in birds, it is relatively straightforward to conduct experiments in the wild and monitor the amount of care provided by each of the two parents. Nevertheless, biparental care is not unique to birds but has evolved repeatedly in a wide range of other taxa, including mammals, reptiles, amphibians, fishes, insects, and crustaceans (Balshine, 2012; Trumbo, 2012). Thus, it is important to supplement studies on birds with studies on these non-avian taxa. Such work would help establish the extent to which insights based on studies of birds generalize to other taxa. Perhaps more importantly, some non-avian taxa, such as insects, may allow for alternative designs than those that are available for birds, thereby providing a potential source of novel insights into biparental care. Although biparental care is very rare in insects (Trumbo, 2012; Wong et al., 2013; Smiseth, 2014), it has evolved in a small number of species, including burying beetles of the genus Nicrophorus (Eggert and Müller, 1997). Recently, burying beetles have attracted interest as a non-avian laboratory model system for the study of coordination, cooperation, and conflict in families. Here I review recent work on biparental care in burying beetles and discuss how this work complements work on biparental care in birds.



MECHANISMS OF COORDINATION

Identifying mechanisms of coordination between the two parents is a key priority in this field as it provides important insights into how cooperation can remain evolutionarily stable in spite of conflict between parents (Lessells, 2012). Work on birds has focused primarily on two mechanisms—negotiation (also known as incomplete compensation) and conditional cooperation (also known as turn-taking or alternation)—in which each parent adjusts its own contribution based on information on its partner's workload (Harrison et al., 2009; Lessells, 2012; Johnstone et al., 2014). Negotiation occurs when the focal parent responds to a reduction in its partner's workload by increasing its own contribution but not such that it fully matches the partner's reduction (“incomplete compensation”) (McNamara et al., 1999). Meanwhile, conditional cooperation occurs when the two parents take turns or alternate their contributions toward parental care (Johnstone et al., 2014). There is good evidence for negotiation, deriving mainly from handicapping experiments conducted on several species of birds (Harrison et al., 2009). The rationale of such experiments is to reduce the contribution of one parent by imposing a handicap that increases its cost of care, thereby reducing its workload, and then monitor the response of its partner. Such experiments show that, as predicted, the partner of the handicapped parent tends to increase its contribution toward care but not such that it fully matches the reduction in care by the handicapped parent (i.e., incomplete compensation; Harrison et al., 2009). Evidence for conditional cooperation derives from studies examining the rate of turn-taking or alternation between two parents when provisioning food to their offspring (Johnstone et al., 2014). As discussed in other contributions to this issue, there is debate among avian researchers over the evidence for conditional cooperation (Ihle et al., 2019; Johnstone and Savage, 2019; Santema et al., 2019).

Burying beetles provide a useful complementary system to birds because they allow for alternative experimental designs to those that have been used in the study of biparental care in birds. Burying beetles are similar to birds in that both parents cooperate to provision food and provide other forms care for their joint offspring (Eggert and Müller, 1997), and that offspring beg for food from their parents (Smiseth et al., 2003). However, they differ from birds in that they breed on a fixed resource—the carcass of a small vertebrate—that has been acquired by the parents prior to breeding (Scott, 1998), and that females tend to provide considerably more care than males (Smiseth and Moore, 2004). Given this sex differences in care, it seems unlikely that conditional cooperation could provide a mechanism for coordination given that turn-taking or alternation necessitates that the two parents have similar workloads. There is however evidence for negotiation based on handicapping experiments and experiments based on random pairing of males and females. Handicapping experiments on two species of burying beetles—N. orbicollis and N. quadripunctatus—show that male partners increase their contribution toward care males in response to handicapping of the female prior to hatching (Creighton et al., 2015) but not after hatching (Suzuki and Nagano, 2009). Meanwhile, experiments pairing males and females at random to control for potential effects of assortative mating show that there is a negative correlation between the amount of care provided by males and females (Smiseth and Moore, 2004; Mattey and Smiseth, 2015; Pilakouta et al., 2015). Thus, these results show that some of the mechanisms that mediate coordination between parents in birds (i.e., negotiation) also mediate such coordination in burying beetles, confirming that insights from studies on birds generalize at least to some extent to other taxa.

Recent experiments on the burying beetle N. vespilloides show that coordination between parents can be more complex than is often recognized in theoretical models of biparental care, involving a combination of negotiation and direct responses to the partner's state. This insight derives from experiments using an experimental design based on the manipulation of a state component of both male and female parents, such as their inbreeding status (Mattey and Smiseth, 2015) or their body size (Pilakouta et al., 2015). The rationale of such designs is to monitor how the state component of the focal parent influences its own contribution toward parental care as well as its partner's contribution. Such designs can be described as perturbation experiments, investigating how the experimental treatment alters the outcome of coordination between the two parents. If our current understanding of the mechanism of coordination between parents is correct, any effect of the manipulation of focal parent's state on its partner contribution should be mediated through the putative mechanism of coordination (e.g., negotiation). These experiments show that each parent adjusts its contribution based on its own state as well as its partner's state (Figure 1A). Furthermore, they show that each parent adjusts its contribution based on its partner's contribution, but that the response to the partner's state is independent of any responses to the partner's contribution (Mattey and Smiseth, 2015; Pilakouta et al., 2015). Thus, these experiments show that manipulation of the state of male and female parents alters the outcome of coordination between the two parents, but that this effect cannot be explained by established mechanisms of coordination (e.g., negotiation).


[image: Figure 1]
FIGURE 1. Effects of male and female body size on the amount of care and weight change during breeding of male and female parents in the burying beetle Nicrophorus vespilloides. (A) Mean ± SE amount of time spent providing direct care by females (open bars) and males (gray bars). The total amount of care offspring received from both parents (filled circles) is shown for each treatment (mean). Parents provided less care when their partner was small (females: –Z = 2.3, p = 0.022; males: –Z = 2.2, p = 0.026). (B) Mean ± SE weight change (mg) over the reproductive attempt for small and large males (black bars) and small and large females (gray bars). Males gained more mass when mated to a large female (t = −3.2, p = 0.002), whilst females gained more mass when partner gained more mass (t = −3.2, p = 0.047). Used with permission from John Wiley and Sons (A) and Elsevier (B).


The results from these perturbation experiments have important implications for our understanding of coordination between parents. The reason for this is that negotiation is thought to have evolved as a mechanism whereby each parent obtains information on its partner's ability to provide care (McNamara et al., 1999). This idea assumes that a parent cannot directly assess its partner's parental ability, but that it does so indirectly by monitoring its partner's workload. Thus, recent work on burying beetles suggests that negotiation can play a role as a mechanism of coordination between parents even in situations where parents directly assess components of their partner's state that correlate with their parental ability. It is currently unclear why this is. One potential explanation is that parents obtain different forms of information on their partner's parental ability by monitoring their workload and varying components of their state. For example, monitoring the partner's workload might provide information on its current ability, whilst monitoring their state might provide more liable information on its likely future contributions. An alternative explanation is that coordination is not just about obtaining information on the partner's parental ability but also about coordinating the timing of its own contribution toward care relative to the timing of its partner's contribution. For example, the benefits of care to the offspring may not solely depend on how much care the two parents provide but also on how care is distributed over time. Empirical tests of this idea should carefully consider the sampling protocols used when collecting data on male and female contributions toward parental care. For example, such data may be available from studies using sampling protocols where male and female contributions toward parental care are monitored over substantial parts of the period when parents provision food for their offspring (e.g., Johnstone et al., 2014; Bebbington and Hatchwell, 2016).



COORDINATION OF FOOD CONSUMPTION

For obvious reasons, prior work on coordination between parents has focused on coordination of the amount of care provided by each parent. However, recent work on burying beetles shows that coordination extends to other aspects of family life, such as food consumption from a shared resource. Burying beetles breed on carcasses of small vertebrates, which serve as a source of food for the larvae as well as the two parents (Boncoraglio and Kilner, 2012). An experiment on N. vespilloides shows that there is coordination of food consumption based on a combination of conditional cooperation (i.e., matching) and direct responses to the partner's state (Pilakouta et al., 2016). Females adjust their mass change by matching their partner's mass change, gaining more mass when males gained more mass (Figure 1B). In contrast, males respond directly to their partner's state, gaining more mass when paired to large females that on average consumed more carrion than small females (Figure 1B). This study shows that coordination over food consumption is based on the same mechanisms as those involved in behavioral coordination over the amount of care provided by each parent. There is now a need for studies examining whether these two conflicts are related. For example, if a parent is providing a disproportionate amount of care, its partner may be more tolerant of that parent feeding more from the resource (Pilakouta et al., 2016).



COOPERATION AND CONFLICT

As stated above, biparental care involves a complex balance between cooperation and conflict between the two parents. Prior work on coordination has emphasized its role as a mechanisms that help maintain the evolutionary stability of biparental care. This emphasis is based on theoretical models predicting that parents should withhold care when working with a partner (Parker, 1985). This model predicts that sexual conflict should have detrimental effects on offspring fitness as offspring receive less care as a consequence of parents withholding care when working with a partner (Parker, 1985). There is some empirical support for this prediction from an experiment on zebra finches, in which the workload per parent was kept constant (Royle et al., 2002). In this species, females withhold care when breeding together with a partner as opposed to when breeding alone, allowing females to save resources for investing in a subsequent breeding attempt. As predicted, sexual conflict has negative consequences for offspring fitness as male offspring reared by females breeding together with a male partner were less attractive to females as adults than males reared by females breeding on their own.

A more recent study on the burying beetle N. vespilloides suggests that the effects of cooperation may outweigh those of conflict, and that offspring are better off when the two parents work together (Pilakouta et al., 2018). This study compared levels of parental care when males and females bred together and when males and females bred separately, keeping the amount of resources (i.e., carcass mass) and brood size constant across the two treatments. The study finds no evidence that parents withhold care when working jointly with a partner, and offspring fare better when the two parents work together (Figure 2). These results do not imply that there are no impacts of conflict, only that beneficial effects of cooperation outweigh the detrimental impact of conflict. This finding has important implications because it accounts for the otherwise paradoxical situation where males and females breed jointly even though they would fare better if they bred separately. Furthermore, it suggests that cooperation could have a stronger impact on coordination between parents than traditionally recognized. If so, coordination may be less about resolving conflict as highlighted hitherto, and perhaps be more about enhancing the efficiency of cooperation.


[image: Figure 2]
FIGURE 2. Effects male and female parents working separately or together on larval fitness. Larvae reared by parents working together were heavier at the time of dispersal from the carcass than larvae reared by parents working separately in the burying beetle Nicrophorus vespilloides (LR [image: image] = 11:18, p < 0.001). Box plot where the thick central line denotes the median, the box the 25th and 75th percentile, and the whiskers denote the 10th and 90th percentiles. Used with permission from Royal Society.


The finding that offspring fare better when the two parents work together (Pilakouta et al., 2018) contrasts with prior work on the burying beetle N. vespilloides reporting no difference in reproductive success when the two parents breed together and when they breed on their own (Smiseth et al., 2005). This contrast is likely to reflect differences in experimental design. For example, Pilakouta et al. (2018) removed males at the time they deserted the brood, thereby minimizing the risk that males cannibalize some of their larvae. In contrast, Smiseth et al. (2005) left males with the brood until the larvae dispersed from the brood, in which case the beneficial effects of cooperation may be negated by the detrimental effect of cannibalism by deserting males.



CONCLUDING REMARKS AND PERSPECTIVES

Here I have highlighted how recent work on burying beetles provides new and exciting insights into coordination, cooperation, and conflict between caring parents. This work highlights that at least some of the insights from studies on birds generalize to other taxa. However, the availability of alternative experimental designs to those used in studies on birds show that coordination of care between the two parents can be more complex than is currently recognized, often involving multiple mechanisms. There is good evidence for some of these mechanisms, such as negotiation, from prior experiments on birds (Harrison et al., 2009) and burying beetles (Smiseth and Moore, 2004), whilst recent experiments on burying beetles provide evidence for other mechanisms based on direct assessment of partner's state (Mattey and Smiseth, 2015; Pilakouta et al., 2015). Furthermore, coordination between parents is not restricted to coordination of how much care each parent should provide, but extends other activities such as the amount of food that each parent consumes from a shared resource. Finally, cooperation may have a stronger impact on coordination between parents than has been traditionally recognized.

What directions should be taken in future work in this field? In my mind, the key question now is whether the contrast between birds, where current evidence suggests that coordination occurs through negotiation (Harrison et al., 2009), and burying beetles, where coordination occurs through a combination of negotiation, conditional cooperation, and direct assessment of partner's state, is real or whether it reflects differences in available designs? In other words, is negotiation the primary mechanism of coordination in birds? Or is this evidence somehow biased, reflecting that handicapping experiments has been the primary tool for studying coordination in birds? Handicapping experiments may provide a biased understanding of coordination if the only mechanism they can detect is negotiation. In contrast, perturbation experiments based on the manipulation of the state of the two parents allow for greater plurality in the mechanisms of coordination. Nevertheless, there are important limitations to such designs, as the mechanisms of coordination are often unclear. I suggest that, in order to expand our understanding of coordination, cooperation, and conflict between male and female parents, we now need to extend empirical work to a wider range of taxa, develop new experimental designs for detecting alternative mechanisms of coordination, and use of multiple experimental designs across all taxa.
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In species with biparental care, behavioral coordination in the provisioning of the progeny is hypothesized to increase the number of offspring that survive to independence. Coordination is often quantified by two metrics, alternation and synchrony. Turn-taking (leading to an alternation pattern) can result when one parent's investment strategy is based on the investment of its partner (i.e., conditional cooperation). This should increase the overall provisioning rate and improve offspring body condition. Synchrony might equalize food delivery among offspring and therefore decrease the variance in offspring body condition within the brood. Overall, offspring survival could be increased by parental coordination. Finally, pairs with low coordination, and with potentially lower reproductive success, are expected to be more likely to divorce. In this study, we use a dataset on 473 pairs of house sparrows in a natural insular population to test these hypotheses. We found no effect of the pair's apparent coordination on offspring condition, offspring survival, or divorce rate, questioning the adaptive significance of this behavior. We argue that, in this species, the detection of a higher frequency of alternation and synchrony, when compared to chance expectation, might be induced by the environment, rather than result from an emergent pair behavior selected for fitness benefits.

Keywords: breeding success, house sparrow, divorce, fitness, pairbond, double hierarchical model, brood size, male age


INTRODUCTION

In most animal species, some form of interaction between males and females is necessary to ensure each parent's reproductive success, with examples ranging from courtship display to obligatory biparental care. In this context, the synergy between the two individuals' phenotypes or behavior could be crucial. The emergent property of a pair at the phenotypic level has been shown to be a potential target of mate choice and can lead to large fitness consequences (Ihle et al., 2015). In species with biparental care, the importance of the phenotypic interaction between parents is likely to peak during offspring provisioning, and could take the form of behavioral coordination. Behavioral coordination could potentially improve with familiarity (i.e., pairbond duration; Black, 1996, but see Naves et al., 2007) or be determined by the combination of both partners' personality types (e.g., Both et al., 2005, but see Schielzeth et al., 2011).

Behavioral coordination could take different forms and has sparked significant recent interest (e.g., Mariette and Griffith, 2012, 2015; van Rooij and Griffith, 2013; Johnstone et al., 2014; Bebbington and Hatchwell, 2016; Koenig and Walters, 2016; Iserbyt et al., 2017; Khwaja et al., 2017; Savage et al., 2017; Takahashi et al., 2017; Tyson et al., 2017; Leniowski and Wegrzyn, 2018). First, synchronized feeding (i.e., simultaneous feeding) could potentially ensure that food gets delivered equally to each offspring, limiting sibling competition (Shen et al., 2010). Synchrony could also reduce the conspicuousness of the nest to predators by potentially halving the number of nest visit bouts if parents always visit simultaneously, as opposed to perfectly asynchronously (Mariette and Griffith, 2012, 2015; Bebbington and Hatchwell, 2016). Second, alternated provisioning (or “turn-taking”) could promote greater overall investment by parents, as it has been argued to constitute a simple form of reciprocal cooperation between parents trading-off their current vs. future reproductive effort (Johnstone et al., 2014). Under the conditional cooperation hypothesis, pair members would engage in a tit-for-tat style of provisioning by increasing their return rate to feed the young after their partner has fed, potentially by withholding provisioning until their partner has provisioned (Johnstone et al., 2014). This strategy should lead to alternation (where 100% alternation is when parents take strict turns to provision offspring) and encourage each parent to provide an equal share of care. Theoretically, if pair members follow this rule in real time, an increase in one parent's feeding rate should also lead to an increase in the partner's feeding rate, which would benefit the offspring (Johnstone et al., 2014). Overall, synchrony and alternation, separately or in conjunction, could, at least partly, determine the pair's rearing success. The pair members' behavioral compatibility could also, subsequently, influence the male's or female's decision to retain or divorce their partner.

We aim at testing these hypotheses using the breeding and provisioning data gathered on a wild island population of house sparrows (Passer domesticus) monitored closely for over 12 years where, overall, male and female care are interdependent (Schroeder et al., 2019). In a previous study, we found that alternation and synchrony were higher than expected by chance, but we also demonstrated how this outcome could, in principle, still be explained by passive processes, namely that parents could show correlated behaviors due to their shared environment (Ihle et al., 2019). Therefore, this result was insufficient (albeit necessary) to speculate on the adaptiveness of behavioral coordination.

In the present study, we investigate whether the pair's coordination in provisioning predicts its success in terms of offspring fledging success. In addition, as theory suggests that turn-taking could increase the total number of feeds to the offspring, while synchrony could reduce the effect of sibling competition, we also analyse nestling body condition and within-brood variance in nestling body condition, respectively. Finally, we test whether the degree of pair coordination predicts the likelihood of divorce.



METHODS


Parental Rearing Success

We used data collected on a house sparrow population breeding in nestboxes on Lundy, a small island located 19 km off the coast of south-west England (51°10'N, 4°40'W). This population has been closely studied since 2000, and all birds are marked with a unique combination of color rings and a metal ring supplied by the British Trust for Ornithology (Simons et al., 2015).

Each breeding pair was monitored from late April to late August each year. All hatchlings had their blood sampled for later parentage analyses. To construct our population pedigree, we used 13 microsatellite loci to assign genetic parentage (see detailed procedures in Schroeder et al., 2012). In addition, around 50% of the nestlings were cross-fostered 1 or 2 days after they hatched. Nestlings were usually exchanged along with all or some of their siblings among two or three nests, without affecting the original brood size (Winney et al., 2015). We will assume that receiving foreign offspring does not affect parental provisioning (no effect was found in the males of our population: Lattore et al., 2019; no parent-offspring co-adaptation was found in blue tits (Cyanistes caeruleus) despite high power: Lucass et al., 2016; Thomson and Hadfield, 2019). After this cross-fostering event, nestling were measured and weighed when between 4 and 6 days old (hatching = day 0). Finally, nestlings were ringed, weighed, and measured when between 11 and 14 days old. Nestling were weighed with a digital scale with a 0.1 g accuracy and their tarsus length (“minimum tarsus” as defined in the British Trust for Ornithology ringer's manual) were measured with a digital caliper with a 0.01 mm resolution. Offspring body condition was not calculated—its analysis (see below) uses chick mass as the dependent variable and tarsus length as a covariate. Typically, offspring will fledge soon after that date and, therefore, we assumed that each bird that received a ring will have fledged successfully. We chose to analyse offspring survival to fledging (rather than whether offspring bred in the following year, for instance) to maximize our chances of detecting a potential effect of the parents' behavioral compatibility, assuming that fledgling survival after leaving the nest is determined to a much greater degree by factors other than parental care.

In addition to being monitored closely during the breeding season, almost half of the individuals were caught over one or two intense but brief events of mist netting in the winter, allowing relatively accurate information on which individuals were alive during the breeding season (Simons et al., 2015). We considered an individual to have divorced its partner after a given breeding attempt when either or both pair members subsequently engaged in a breeding event with a new partner (in the same or later year), while their former partner was still alive, as judged from sightings, captures, social breeding, and genetic parentage. In 68 broods (from 38 males and 48 females) out of 621 broods that were followed by a subsequent breeding event by the male with an identified female, the male switched to breed with another female before reverting to breed again with their former partner (either fully sequentially or overlapping). Such cases, where the female seemed not to divorce (they did not rear a brood with another male in between), were excluded from the analysis presented below.



Parental Coordination in Provisioning

From 2004 to 2015, nestboxes were videotaped, usually, for two 90-min periods on 2 separate days (typically when nestlings were 6 and 11 days old) during the provisioning phase of each brood (first described in Nakagawa et al., 2007). For each video, we recorded the time (±3 s) at which each sex entered the nest or passed its head through the nest entrance. For all these visits, we assumed that feeding occurred. This seems to be a reasonable assumption given that visit rates predict brood mass changes better than delivery rate based on load size (which cannot always be assessed) in another population of house sparrows (Pelletier et al., 2016; Dave Westneat, personal communication, for the same analysis with a larger sample size). For this study, the duration of time spent in the nestbox (median = 0.3 min, range = 0–47.7 min) was ignored for simplicity and consistency with previous work (Johnstone et al., 2014; Mariette and Griffith, 2015; Bebbington and Hatchwell, 2016).

For each nest watch, we counted the number of alternated visits, A, as the number of times a pair member provisioned after the other; and the number of synchronized visits, S, as the number of times an individual provisioned shortly after its partner (Figure 1). We used an interval of 2 min, as in Bebbington and Hatchwell (2016), to define synchrony (see Ihle et al., 2019 for rationale). Then, we calculated the level of coordination (alternation and synchrony separately) that would be expected by chance. For this, we randomized inter-feeding intervals from each observed bird within each observed nest watch before recounting A and S within each nest watch (in Ihle et al., 2019, we refer to this procedure as “within-individual, within nest watch randomization”). We repeated this procedure 100 times and calculated the median number of alternated and synchronized visits across the 100 randomizations of each observed nest watch. In a previous study, we showed that the most appropriate way to model coordination is to use the deviation of observed alternation and synchrony from random on the log scale to normalize the distribution of counts (Ihle et al., 2019). Therefore, for each observed nest watch, we calculated the deviation of the observed coordination from what would be expected by chance as log(observed)—log(random). We averaged this measure within broods to test whether this affected brood success. We added 0.5 to observed and random values to avoid log transforming zeros that would lead to unrepresentable values (Yamamura, 1999). We use these measures of alternation and synchrony rather than the previously published measures of coordination at the pair level (Bebbington and Hatchwell, 2016), because the latter do not adequately account for the inevitable mathematical relationships between coordination in provisioning and provisioning itself, and therefore between coordination and every fitness proxy that is known to be correlated with provisioning rate (see Ihle et al., 2019 for demonstration).


[image: Figure 1]
FIGURE 1. Illustrative timeline of provisioning visits, with each bar representing a visit [female and male visits, in pink (dashed bar) and light blue (solid bar), respectively]. Longer bars represent alternated visits. Asterisks highlight synchronous visits.




Data Selection and Sample Sizes

As we were interested in the effect of parental coordination between social parents when provisioning offspring, we included data on all broods with two known social parents where the nest was video-recorded when nestlings were at least 6 days old. We obtained 1,599 video recordings of ~90 min in length, with, on average, 1.8 video recordings taken per brood, featuring 299 different social mothers and 281 different social fathers, forming 473 different pairs. On average, each parent was observed across 4.7 broods, and each pair was observed across 2.7 broods. This is the same dataset used in a previous study (Ihle et al., 2019).



Statistical Analyses

Offspring survival until fledging was modeled as a binary trait in a generalized linear mixed effect model with binomial error and a logit link function (0: the offspring did not survive, 1: the offspring did survive). Predictors were the deviation in alternation and in synchrony, the mean total provisioning rate for that brood (mean total number of visit per hour across all observations), the mean total provisioning rate squared (added after inspecting the model residuals), brood size [number of offspring surviving to day 5 (see below)], the number of clutches a pair had had together prior to the one being considered (pair clutch number), whether or not one (or both) pair members had nested in that nestbox prior to the breeding attempt (as a binary variable) as a measure of that individual's (and possibly the pair's) familiarity with its environment, and the hatching date as the number of days after 1 April of that year. We also included whether or not the offspring was cross-fostered to account for the cross-fostering design routinely performed on this population. Because, in our population, only chicks that survived until age 2 or 3 days were cross fostered, cross fostering would be expected to artifactually positively predict offspring survival when considering survival from hatching to fledging (Winney et al., 2015). To avoid this artifact, we only analyzed chick survival after cross fostering, i.e., from when they were measured between days 4 and 6 until ringing, and added the number of days between the first measurement and ringing (or the average number of days to ringing when no offspring survived to a later stage within a brood) as a covariable (to account for the number of days between survival checks). Social pair identity, breeding year, and the natal and rearing brood identities were modeled as random effects. This analysis pools all observations (range: 1–3) made on a given brood by averaging provisioning rate and coordination per brood, assuming that parental effort has some level of consistency over the brood stage (from age 5 to 12 days) and that parental coordination at different stages does not have different effects on chick survival. This may not be the case and could be investigated in larger datasets.

Offspring body condition at 11–14 days old (nestling mass with tarsus length as a covariate), was modeled with the same predictors and random effects, with the exception of brood size, which, here, was the number of offspring that were ringed, and the number of days between survival checks, which was replaced here by offspring age at the last measurement. As chicks were cross fostered between nests, the intra-brood variance might have been inflated due to differences in the relatedness of chicks within the same nest. In order to account for this, we used an animal model—a linear mixed effects model that used the relatedness structure among individuals (i.e., the pedigree)—to account for additive genetic effects (Henderson, 1988; Kruuk, 2004). This model was run in a double hierarchical model framework where both the mean and the variance of a trait are modeled simultaneously (Cleasby et al., 2015), so allowing the residual variance in offspring mass to vary across nests. This framework is necessary to test simultaneously the expected positive effect of alternation and synchrony on offspring body condition (in line with the hypothesis of reduction in parental sexual conflict) and the expected negative effect of synchrony on the offspring body condition variance within nest (in line with the hypothesis of increased similarity in food delivery thanks to synchrony). The within-nest standard deviations were assumed to come from a log normal distribution, and were modeled as a function of synchrony, brood size and the interaction between the two. The test of the interaction term was included in order to explore whether the effects of synchrony were more pronounced in nests with more competition (i.e., with larger brood size).

Finally, we modeled whether or not divorce occurred following a specific recorded brood using a generalized mixed effects model with binomial error and a logit link function (0: the pair does not divorce after this brood, 1: the pair does divorce after this brood). Predictors were the deviation in alternation and synchrony, the pair clutch number, male and female ages, the mean total provisioning rate, and the absolute difference in pair members' provisioning rates as a measure of parental investment and asymmetry in parental investment, and the number of ringed nestlings as a measure of reproductive success. We also included whether the brood the pair cared for was mixed (i.e., contained foster offspring). Random effects were the male and female identities, and the breeding year.

Data handling, selection and randomization were performed in R version 3.5.3 (R Development Core Team, 2019) and all codes are available in a permanent repository (http://doi.org/10.5281/zenodo.3459642). The generalized mixed effects models (offspring survival and parental divorce analyses) were performed with the lme4 package (Bates et al., 2015) in R version 3.5.3 (R Development Core Team, 2019), using the bobyqa optimizer. Significance of the predictors was obtained using likelihood ratio tests, comparing nested models with and without the parameter of interest (with the function “drop1”). All predictors, which were all selected a priori, were kept in the model regardless of their significance. The double hierarchical model (offspring mass analysis) was run in Stan (Carpenter et al., 2017) through the RStan package (Stan Development Team, 2019), using 4 chains each with 30,000 iterations (without thinning) and a warmup of 15,000 iterations. Convergence of individual chains was visually assessed, as well as ensuring that the Gelman–Rubin diagnostic (R-hat) across chains was <1.1 (Gelman and Rubin, 1992). Normality of residuals was visually assessed. A p-value for the fixed effects in this double hierarchical model was approximated (pMCMC) as two times the smaller of the number of iterations where (i) a <0 or (ii) a > 0, where a is the parameter value (see e.g., Hadfield et al., 2013). Non-categorical predictors were scaled (i.e., giving them a mean of zero and standard deviation of 1) in all models.




RESULTS


Offspring Survival

The survival of offspring within each brood was negatively affected by the mean deviation in alternation and not affected by the mean deviation in synchrony observed for each brood [effect opposite to expectation for the mean log alternation deviation: odds ratio = 0.86, 95% confidence interval (CI) = 0.74–0.99; mean log deviation in synchrony: odds ratio = 1.02, CI = 0.90–1.17; Table 1, Figure 2]. Offspring survival was also negatively affected by brood size while it was positively affected by hatching date and the total provisioning rate, although it declined (or at least reached a plateau) at high provisioning rates (i.e., the quadratic term was significantly negative, Table 1, Supplementary Figure 1).


Table 1. Model estimates and standard errors (SE) for each of the predictors of offspring survival to fledging (N = 2,482 offspring alive at age 5, 2,112 survived to ringing).
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FIGURE 2. Effect of the pairs' deviation in alternation and synchrony averaged within brood observations and transformed on the log scale on: (top row) the probability of offspring surviving from age 5 days to ringing (middle row), offspring mass at 11 days old (bottom row), the pair's probability of divorcing. Blue curves are dotted when the effects are not significant, and plain when the effect is significant. Note that the only significant effect is opposite expectation. Raw data (top row: offspring survived: 1, offspring did not survive to fledge: 0; bottom row: divorce: 1, did not divorce: 0) are also shown.




Offspring Body Condition

Offspring body condition was not affected by the mean deviation in alternation or synchrony observed for each nestling's rearing brood but was negatively affected by brood size (fixed effects on mean, Table 2, Figure 2). There was no significant interactive effect of synchrony and brood size on within-brood variance in offspring body condition (pMCMC = 0.099; trend opposite to expectation, i.e., the effect of synchrony on within brood variance in body condition is more positive as brood size increases, fixed effect on residual variance, Table 2). There was also no main effect of synchrony on within brood variance in body condition (i.e., at average brood sizes there is no effect of synchrony; fixed effect on residual variance, Table 2, Figure 2).


Table 2. Model estimates and 95% credible intervals (CRI) for each of the predictors of offspring body condition (N = 2,098 offspring that were measured around 12 days old).

[image: Table 2]



Divorce

The likelihood of pairs divorcing was not affected by the deviation in alternation or synchrony observed in their previous brood (A: odds ratio = 1.08, CI = 0.82–1.44; S: odds ratio = 0.95, CI = 0.70–1.27; Table 3, Figure 2). Pair divorce was significantly negatively affected by male age (older males were less likely to divorce; Table 3).


Table 3. Model estimates and standard errors (SE) for each of the predictors of pair divorce (N = 553 broods, subsequent to which 103 divorces occurred).
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DISCUSSION

In a previous study, we showed that alternation and synchrony in offspring provisioning in this wild population of house sparrows was higher than expected by chance. This was true when comparing observed data to all of our null models (Ihle et al., 2019). However, such comparisons are not sufficient to allow us to tease apart the patterns due to parental coordination from those induced by the parents each reacting to a shared environment. In this study, we did not find a positive association between offspring survival or body condition and the coordination deviation from randomness, nor did we find that the level of parental coordination predicts the likelihood of divorce. We discuss how these results may fit into, rather than contrast with, the current literature.

Despite increasing interest in behavioral coordination (Mariette and Griffith, 2012, 2015; van Rooij and Griffith, 2013; Johnstone et al., 2014; Bebbington and Hatchwell, 2016; Koenig and Walters, 2016; Iserbyt et al., 2017; Khwaja et al., 2017; Savage et al., 2017; Takahashi et al., 2017; Tyson et al., 2017; Leniowski and Wegrzyn, 2018), the fitness consequences of this emergent property for a pair have been assessed in only a few instances, when coordination was indeed observed to be higher than expected by chance. In an earlier study, a link between coordination in provisioning and provisioning rate itself was presented as evidence for an impact of coordination on fitness (Bebbington and Hatchwell, 2016); however, these variables are mathematically correlated (see Ihle et al., 2019) and, therefore, this evidence should be treated with caution. In Ihle et al. (2019), we showed that even when using a modeling approach intended to account for a mathematical relationship between dependent and independent variables, we could not prevent spurious effects from emerging when correlating coordination deviation and provisioning rate (we could only prevent spurious effects between coordination and variables correlated with provisioning rate). In other passerine species, and in line with our observations, coordination did not affect nestling survival or condition (Mariette and Griffith, 2012, 2015; van Rooij and Griffith, 2013; Bebbington and Hatchwell, 2016; Iserbyt et al., 2017), nor parental survival (Bebbington and Hatchwell, 2016). Nevertheless, evidence suggests that coordination (and especially synchrony of visits at the nest) could reduce the likelihood of depredation (Raihani et al., 2010; Mariette and Griffith, 2012, 2015; van Rooij and Griffith, 2013; Bebbington and Hatchwell, 2016; Leniowski and Wegrzyn, 2018). In contrast, in dual-foraging seabirds (alternating long trips to feed themselves and short trips to provision offspring), coordination in provisioning could prove crucial and strict coordination might be the only way to prevent starvation of the offspring or the partner (Takahashi et al., 2017; Tyson et al., 2017; Wojczulanis-Jakubas et al., 2018). Finally, following the idea that familiarity between partners could positively impact reproductive success through some sort of pair coordination (Black, 1996, but see Naves et al., 2007), one could hypothesize that familiarity between partners specifically increases coordination in provisioning (Westneat and Hatch, 2008). Similarly, pairs with increased coordination, possibly due to an increase in their pairbond duration, might be less likely to divorce. However, we did not find that pair-bond duration was linked to either better coordination in provisioning (Ihle et al., 2019) or improved reproductive success (this study), nor did we find that divorce was predicted by pairbond duration or higher alternation or synchrony (this study). Overall, the fitness consequences of behavioral compatibility in terms of pair coordination in raising offspring have yet to be demonstrated.

While coordination did not impact offspring survival and body condition (apart from an effect opposite expectation), and also did not predict parental divorce, other factors were important. Brood size had a negative effect on offspring mass and on offspring survival, while hatching date within the breeding season of this multi-brooded species positively affected nestling survival. These effects are known and have been discussed in detail elsewhere (e.g., Ringsby et al., 1998; Cleasby et al., 2010; Winney et al., 2015). We also found that the probability of parental divorce declined with male age. This effect has not been shown previously and invites further investigations. Because of the sex-specificity of this age effect, one could explore further the link between mate retention and territoriality, age, and breeding success (e.g., see Bai and Severinghaus, 2012; Culina et al., 2015), as well as with the potentially changing mating strategies with age in males (Hsu et al., 2015; Girndt et al., 2018).

If the adaptive significance of parental coordination in provisioning through conditional cooperation is questioned, how then can we explain that the observed patterns of alternation and synchrony exceed the magnitudes expected by chance alone? We cannot exclude a link between coordination and other aspects of the pairbond (e.g., benefits associated with foraging as a pair), nor can we exclude that taking into account more factors into the randomizations (i.e., subsetting our dataset to nest watches that meet specific criteria) could reveal the effects we expected or, to the contrary, extinguish the difference between the observed and random coordination. However, the positive deviation from randomness might simply be attributable to the coordination of both individuals' behavior to the environment surrounding their nest. As explained extensively in Schlicht et al. (2016), Ihle et al. (2019), and Santema et al. (2019), both pair members might have correlated patterns of inter-feeding intervals due to experiencing the same environmental conditions, which could lead to a pattern of apparently coordinated visits to the nest. Teasing apart environmentally induced patterns of alternation and synchrony from patterns of true coordination emerging from conditional cooperation will not be possible without measuring all environmental parameters (which is in itself probably impossible) or conducting logistically challenging experiments (e.g., Santema et al., 2017). It will therefore be crucial in further studies of pair coordination to explore fitness consequences, instead of solely showing that alternation or synchrony is higher than expected by chance.
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Recent theoretical and empirical work suggests that coordinating offspring provisioning plays a significant role in stabilizing cooperative care systems, with benefits to developing young. However, a warming and increasingly extreme climate might be expected to make contributions to, and so coordination of, care more challenging, particularly in cooperative breeding systems comprising multiple carers of varying age and pairwise relatedness. Here we investigated the interplay between breeding phenology, meteorological conditions and carer number on the individual rates and group-level coordination of nestling care in the cooperatively breeding chestnut-crowned babbler (Pomatostomus ruficeps) in outback south-eastern Australia. From 3 months since the last meaningful rain event, dominant male breeders and—to a lesser extent—related helpers showed reductions in their provisioning rates and increases in their day-to-day variation. Further, on days with high mean wind speed, dominant males contributed less and helpers were less likely to visit the nest on such days. Helpers also showed reduced visitation rates on days with high mean temperature. Provisioning rates were independent of the number of carers, and increasing numbers of carers failed to mitigate the detrimental effects of challenging environment on patterns of provisioning. Those helpers that were unrelated to broods often failed to help on a given day and tended to help at a low rate when they did contribute, with socio-environmental predictors having limited explanatory power. Given the marked variation in individual contributions to offspring care and the variable explanatory power of the socio-environmental predictors tested, babblers unsurprisingly had low levels of nest visitation synchrony. Large groups visited the nest more asynchronously on days of high mean temperature, suggesting that meteorological impacts on individual provisioning have consequences for group-level coordination. Our study has implications for the consequences of climate change on patterns of provisioning, the minimal role of group size in buffering against these challenges and the stabilization of cooperative care.

Keywords: environmental buffering, climate change, compensation, helpers, kin selection, phenological mismatch, synchronous provisioning


INTRODUCTION

Global trends for warming and increased climatic instability are suggested to be responsible for recent population declines in many bird species, but the underlying causes remain unresolved (Both et al., 2005, 2006; Visser and Both, 2005; McKechnie and Wolf, 2009; Saino et al., 2010). A popular explanation is provided by the “phenological mismatch hypothesis,” which proposes that organisms are increasingly mis-timing key life events as a result of general warming (Cushing, 1969; Thackeray et al., 2016; Cohen et al., 2018). For example, advancing springs are suggested to cause a mismatch between the breeding phenology of temperate passerine birds and the timing of peak food availability during nestling development (Both et al., 2006, 2009; Møller et al., 2008; Saino et al., 2010). While this hypothesis has significant explanatory power, an additional possibility is that changing weather patterns have a direct impact on the reproductive capacity of birds (Visser et al., 2015; Englert Duursma et al., 2019). For example, high temperatures are known to pose physiological challenges for many organisms, reducing foraging ability/success (Austin, 1976; Briga and Verhulst, 2015; Funghi et al., 2019) and presumably the ability to invest optimally in offspring (Speakman and Król, 2010; Wiley and Ridley, 2016; Andrew et al., 2017, 2018). Nevertheless, attempts to quantify the relative impacts of breeding phenology vs. meteorological conditions on drivers of breeding success in birds are lacking.

One viable means of elucidating the impacts of phenology vs. meteorological conditions on breeding success is to measure their impacts on patterns of nestling provisioning. Notably, carer provisioning of offspring is known to be costly, and so both its extent and timing are likely to be sensitive to phenologically-mediated variation in food availability (Both et al., 2005) and meteorological conditions (Bolton, 1995; Stienen et al., 2000; Luck, 2001; Hoset et al., 2004; Król et al., 2007; Rose, 2009; Visser et al., 2015). Further, the extent and timing of care have significant effects on offspring survival and recruitment, because in combination these can influence the growth and development of offspring (Hatchwell et al., 2004; Mariette and Griffith, 2015), levels of competition in the nest (Shen et al., 2010) and/or the risks of being detected by predators (Raihani et al., 2010; Leniowski and Wegrzyn, 2018). By extension, we would expect phenological mismatches and/or challenging meteorological conditions to be associated with reduced and/or more variable individual provisioning rates. And, in turn, reduced and more variable individual provisioning rates will make pair or group-level coordination of care more challenging by restricting care response rules or synchronization (Johnstone et al., 2014; Johnstone and Savage, 2019; Lejeune et al., 2019). Currently, however, phenological vs. meteorological impacts on individual patterns of provisioning and its group-level coordination consequences remain unclear.

Cooperative breeders provide a particularly interesting model for testing the impacts of breeding phenology and meteorological conditions on patterns of provisioning at the level of individuals and groups. On the one hand, cooperative groups typically comprise carers varying in their optimal investment patterns (Cockburn, 1998; Clutton-Brock et al., 2002; Russell et al., 2003; McAuliffe et al., 2015), and the challenge of coordinating investment at the level of the group is expected to increase with contrasting investment levels (Savage et al., 2013) and group size (McNamara et al., 2003). On the other hand, however, cooperative breeders are also over-represented in stochastic environments (Jetz and Rubenstein, 2011; Cornwallis et al., 2017; Griesser et al., 2017; Lukas and Clutton-Brock, 2017). While the reasons for this are not fully understood, two related possibilities of relevance here are that: (a) groups might be better able to find food or be more efficient at foraging than pairs, mitigating detrimental impacts of challenging environmental conditions; and so (b) groups might also be better able to coordinate nest-visits to the potential benefit of developing young.

Despite the long-appreciated association between the environment and cooperative breeding, surprisingly few studies have investigated phenological or meteorological impacts on individual contributions to offspring care in such systems (Wiley and Ridley, 2016). The growth of meerkat pups (Suricata suricatta), in the semi-arid zone of South Africa, is positively associated with recent rainfall and negatively impacted by high daytime temperature (Russell et al., 2002), but effects on contributions by carer classes were not assessed. In long-tailed tits (Aegithalos caudatus), all carers reduce their nestling provisioning rate on warm days (MacColl and Hatchwell, 2003), presumably because in the UK climate the energetic requirements of offspring are reduced on warm days. Finally, Wiley and Ridley (2016) showed that high temperatures in the semi-arid region of South Africa led to reductions of nestling provisioning by dominants but not helpers in pied babblers (Turdoides bicolor), and nestlings had reduced mass, although whether this was due to reduced provisioning and/or coordination was not clarified. Thus, the questions largely remain: How do breeding phenology and meteorological conditions impact the contributions of different classes of individuals? And what are the potential consequences on the coordination of care at the level of the group? Answering these questions will not only provide new insights into the socio-ecological dynamics of offspring care, but add to our general appreciation of the environmental factors underpinning the success of animal populations.

Here we investigate these two broad questions in the cooperatively breeding chestnut-crowned babbler (Pomatostomus ruficeps) in the arid zone of south-eastern Australia. This 50 g insectivore breeds in groups of 2–17 individuals (mean = 7.5), which we refer to as units, that typically comprise a breeding pair (although polyandry occurs in about 30% of groups) and male helpers of varying relatedness to the brood (Russell, 2016). Breeder and helper carers provide broods with a variety of invertebrates (mainly caterpillars, grubs, crickets, and spiders) and small vertebrates (lizards), delivered singly (Browning et al., 2012b). Further, helping is strongly kin directed, with unit members more likely to help and to do so at a higher rate when related to the brood by at least half-sib equivalents (Browning et al., 2012a). Breeding females reduce their provisioning rate by up to 80% across the range of unit sizes (Browning et al., 2012b), although breeding males and helpers do not do so on average (Browning et al., 2012b; Liebl et al., 2015). Unsurprisingly, prey availability is tied to rainfall in their arid environment: on-site light trap data suggests that “global” food availability peaks around 3 months post-rain (then wanes), while focal observations of foraging units suggest food resource depletion with progression of the breeding season, particularly for large units (evidence based on distances traveled for food, patch revisitation rates, and path tortuosity; Sorato et al., 2016). However, what are not known is: (a) how the patterns of provisioning of different classes of carer are affected by breeding phenology vs. meteorological conditions; (b) whether the impacts of breeding phenology or meteorological conditions are modified by the number of carers in the unit; and (c) how socio-environmental influences on patterns of provisioning translates into group-level coordination.

In this study, we address these unknowns by analyzing 1,742 h of nest visitation data at 29 nesting attempts of 26 breeding units. Analyses were conducted using mixed-effects models, incorporating zero inflation and heterogeneous variance in the contributions of different carer classes where necessary. First, we investigated the interplay among phenological, meteorological, and social (henceforth referred collectively as socio-environmental) variables on the patterns of nestling provisioning contributions by dominant breeding males (our monitoring methods unfortunately preclude the ability to do the same for breeding females, see section Methods). Second, we do the same for helpers, with this class further categorized by age (yearlings vs. adults) and relatedness to breeders (related vs. unrelated) (see section Methods). Dominant breeding males and helpers could not be analyzed in the same model due to differences in the distribution of data, but the models were set to allow direct comparison of the results. Third, we investigated the socio-environmental impacts on the coefficient of variation in the within-attempt provisioning rates of carers. Finally, we investigated the impacts of the socio-environmental predictors outlined on the level of nest visit synchronization by unit members. We predicted both phenology and meteorological conditions to impact patterns of provisioning by different classes of carer, and for larger units to buffer against detrimental environmental conditions.



METHODS

Fieldwork was conducted at the University of New South Wales Arid Zone Research Station, Fowlers Gap (31°05′S, 141°43′E), New South Wales, Australia. The habitat consists of low and open chenopodiaceae shrubland, with tall shrubs and trees (mainly Acacia and Casuarina spp.) largely confined to short linear stands along usually dry creeks and drainage lines (Portelli et al., 2009). Rainfall, temperature and wind speed were measured hourly on-site by an Australian Bureau of Meteorology weather station. Although babblers have been recorded breeding in all months of the year, they usually begin laying their 3–5 egg-clutches in mid to late winter (July/August), with all young usually having fledged before the onset of summer at the end of November (incubation and nestling periods ca. 20 and 23 d, respectively), presumably because summers tend to be prohibitively hot (Andrew et al., 2017). In this study, we used provisioning data obtained from 9 August to 26 November in 2007 and 8 August to 7 November in 2008, for which molecular analyses (using 13 microsatellite loci) have been performed to determine breeding status, sex and relatedness of all individuals (for molecular methods see Holleley et al., 2009; Rollins et al., 2012).

In temperate zone species, breeding phenology is typically measured relative to a standard date, but in arid zone settings, phenology needs to be relative to the timing of meaningful rain events. Evidence over the past 16 years suggests that babblers generally initiated breeding following rain events of at least 18 mm over a 24 h period (AF Russell unpublished). In 2007, the first such meaningful rain events occurred on 15 May (22.2 mm) and 17 May (25.2 mm), and so for this year phenology was measured as the number of days from 17 May. However, in this year, another rain event occurred on 23 October (19.6 mm), and consequently, 5 days of provisioning collected 25–30 October retained the original date scale (i.e., calculated from 17 May), but 13 days of data collected from the 12 November to 26 November were assigned the number of days from 23 October; since light trap data suggested insect prey availability increased again ~3 weeks post rain (Fowlers Gap unpublished data). In 2008, the first meaningful rain events occurred on 6 June (18 mm) and 9 June (20 mm), with no other rain events until 19 November. As all days of provisioning were collected between the latter two rain events (i.e., 9 June and 19 November), days relative to rain were calculated from 9 June in this year.

Translating observation date into days since last meaningful rain showed that all data were collected 60–165 days since last meaningful rain, with first nesting attempts representing almost all of the data collected over the 2-month period before day 120, and subsequent attempts the 6-week period after day 120. Over the periods of data collection in the 2 years (August-November), both mean daytime temperature and wind speed were highly variable. Mean daytime temperatures ranged from 8 to 33°C (overall mean = 22°C; SD = 8), and daytime temperatures as low as −2°C and as high as 41°C were recorded. Additionally, daily means in wind speed ranged from 5 to 42 km/h (overall daily mean = 17 km/h, SD = 6.5) and winds of up to 59 km/h were recorded during the study. The correlation between days since last meaningful rain and temperature was strongly positive (Spearman's correlation coefficient rs = 0.7), with mean daytime temperature increasing by an average 0.2°C/d. Although wind speed also increased over the course of the study periods, the correlation with days since last meaningful rain was less strong (rs = 0.3), and the mean increase in wind speed was just 0.07 km/h per day.

Following data restrictions (see below), we analyzed 1,742 h of nest visitation data [mean ± standard deviation (SD) = 9 ± 3 h/day] at 29 nests of 26 breeding units. Nest visitations were recorded using our validated remote system (Browning et al., 2012b; Nomano et al., 2014). Briefly, during capture in mistnets (or before fledging) all individuals in the units used in this study were administered with a 2 × 12 mm (Trovan Ltd, UK, http://www.trovan.com) passive integrated transponder (PIT) tag, containing a unique hexadecimal code, subcutaneously in their flank. This PIT tag, which is equivalent to that used for pet identification purposes, remained functional in the birds for the duration of this study. Tags were registered, along with date and time, each time a bird passed through a copper coil antenna fitted to the entrance of their dome-shape nests and linked to an LID650 Trovan decoder at the bottom of the tree. Coils were ~0.5 cm thick, covered in non-shiny black tape, painted green and brown to blend with the nest and further disguised with vegetation; babblers routinely used the same nest in consecutive nesting attempts and across years with coil already in-position. This technology allowed us to record every nest visit for days at a time, although batteries (7.2 Ah NiCd gel batteries) varied in their running duration and we had far fewer decoders than nests, meaning that we had to rotate decoders around active nests to balance the number of days of observation with the number of nests observed.

The obvious benefits of this technology notwithstanding, there are three important caveats. First, nest visits were detected, irrespectively of whether or not food was delivered to offspring. By combining the PIT-tag system with nest cameras we have shown that, with the exception of the breeding female who regularly visited the nest without food (~40% of visits), food is brought to the nest in >90% of nest visits and babblers rarely false-feed (i.e., fail to successfully deliver food brought, <5% of nest visits; Young et al., 2013). Second, streams of “hits” occurred when birds entered and exited the nest. In this case, nest camera data showed that 99% of “hits” by the same individual within 1 min of each other represented a single visit, again with the exception of the breeding female, who spent variable amounts of time in the nest without being detected (Nomano et al., 2014); thus, we used gaps of >1 min to separate independent visits. Finally, although PIT tags do not capture variation in load size, we have shown previously using the nest cameras that babblers delivered a single prey item at a time, and that provisioning rate explained three times more variance in biomass delivered than did load size (Browning et al., 2012b). Thus, PIT tags can be used to capture provisioning behavior of all the members of breeding units with the exception of the breeding female, who was consequently removed from all analyses.

We made two further restrictions to our data. First, nests included in this study contained >3 days of monitoring from broods aged 9–21 d because we were primarily interested in climatic influences on among-day variability in provisioning, and provisioning rates were relatively constant between these brood ages (Browning et al., 2012a,b). Second, based on video data, any non-breeders visiting the nest <0.01 times/ h were not counted as “carers” and excluded from the nest visitation data. Of the 29 nesting attempts monitored, all except four contained a single dominant breeding male. In the four exceptions, the dominant male was assigned as the one with the greater share of paternity, while the five subordinate breeders were assigned to one of the two related helper categories depending on their age. Most the 89 non-breeding helpers of known sex (5 helpers were not sexed) were male (89%), of these 29% were assigned as relatives helping in the year subsequent to their birth (yearlings); 57% were relatives helping in their second or later season (adults); 3% were unrelated yearlings and 11% were unrelated adults (the two age classes of unrelated male were combined into a single “unrelated” category). Although strongly philopatric, males can quickly become distantly related to the breeders in their breeding unit owing to a combination of high breeder turnover and plural breeding (Rollins et al., 2012). Relatives were defined as those related to at least one dominant breeder by 0.25 in the pedigree or a pairwise relatedness coefficient of >0.2 (Queller and Goodnight, 1989) where pedigree information was not available, while non-relatives were defined as those less related. This cut-off was chosen based on known associations between kinship in pedigree and pairwise relatedness in this system: (a) in a sample of known non-relatives (n = 140), 95% had genetic relatedness values of <0.2; (b) all parent-offspring associations have relatedness values >0.2 (Rollins et al., 2012); and (c) in a sample of 87 known full sibs, 92% had relatedness values >0.2. We have shown previously that the key determinant of contributions to nestling provisioning is being a first-order relative of at least one parent (father, mother, or full sib), and that contributions are substantially reduced when carers are less or not related (Browning et al., 2012a). Finally, provisioning behavior was recorded for just 12 female helpers (present in 8 out of 25 unit-years), which included 4 yearling relatives, one yearling non-relative, five adult non-relatives, and two of unknown relatedness. Based on the similarities of these females' provisioning rates with those in each male category, we combined yearling related females with yearling related males (N = 4), yearling unrelated females with yearling unrelated males (N = 1), and the unrelated adult females with the unrelated adult males (N = 5). We excluded the single adult related female and the ungenotyped bird. We verified that including females in this way did not confound our analyses (Tables S1, S2, Figures S1–S4). Overall, the number of non-breeding helpers in the units ranged from 1 to 8 (mean = 4.3, SD = 1.9) and broods contained a mean of 4 offspring (SD = 0.9, range = 2–5) of 14 d old (SD = 3.4, range = 9–21 d old).


Socio-Environmental Effects on Nest Visitation by Dominant Breeding Males

We first modeled the effects of breeding phenology relative to meaningful rain events, mean daily meteorological conditions (temperature and wind speed) and carer number on the mean provisioning rates of dominant breeding males (nest visits per h) on each observation day. Two-way interactions between carer number and the three environmental parameters (days since last meaningful rain, temperature, wind) were also included. Dominant breeding males were modeled separately from subordinate members, because the distribution of provisioning rates was zero-inflated for subordinates but not for dominant males, although the results are comparable (see below). We analyzed hourly provisioning rate of dominant males by fitting a generalized linear mixed model (GLMM), with a Poisson distribution and log link function. The logarithm of daily observation time was included as an offset (also known as exposure) term with no coefficient, which allows for the evaluation of visits/h.
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ID-nest was included as a random intercept to account for repeated observations of the same individuals in the same nest. Including OLRE, the observation-level random effect, allowed the model to account for overdispersion, and to elucidate the within-individual within-nest temporal variance. This analysis included 191 visit rates by 22 individuals observed in 29 nesting attempts by 26 unit-years.



Socio-Environmental Effects on Nest Visitation by Helpers

For testing the phenological, meteorological, and social effects on the provisioning rate of subordinate carers, we used a zero-inflated Poisson (ZIP) model, because helpers more often failed to visit the nest on a given day than would be expected under a Poisson distribution. Standard ZIP models are composed of two regression components corresponding to the two processes: an excess zero-generating process and a count-generating process. However, another feature of our data was that the coefficient of variation in nest visitation rates was different across carer classes (see section Results), which suggests the assumption of equal variance was violated (Cleasby and Nakagawa, 2011). To account for unequal variances, we added a third regression component to our ZIP models, which allowed us to account for heterogeneity in the observation-level variance of counts (Pinheiro and Bates, 2000; Zuur et al., 2009; Cleasby and Nakagawa, 2011).

The ZIP model contained three regression components for which coefficients were estimated simultaneously, and generated two sets of results pertaining to: (1) the probability of an individual showing an excess (zero-inflation) of non-visitation days; and (2) the provisioning rate of individuals expected under a Poisson distribution accounting for heterogeneity of variance (see below for fixed effects). To model the excess of zeros relative to expectation under a Poisson distribution, the probability of not observing excess zero values (ω) was estimated using a binomial distribution and a complementary log-log (cloglog) link function. The probability of not observing excess zeros with a cloglog link (rather than the more customary estimation of the probability of observing excess zeros with a logit link) was estimated because it improved model convergence. Random effects were not included in this part of the model, due to convergence problems. For the Poisson provisioning rate (which includes zero visits expected under Poisson), we used a Poisson distribution with log link function, and log observation time as an offset. In this Poisson part of the model, we were also able to include ID-nest as a random intercept to account for repeated measures of individuals provisioning over multiple days at a given nest. Further, by including OLRE, we again accounted for over-dispersion and could elucidate within-individual within-nest temporal variance. Finally, we added an extra regression component to the OLRE standard deviation to account for the heterogeneity of variance in patterns of carer provisioning rates, with OLRE following a normal distribution, with a mean of zero and an SD of σOLRE. The three regression components were formulated, respectively as:
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For the third regression component: σ0 was the baseline standard deviation; the variance σOLRE2 represented variance unexplained by the predictors included in the second regression component; and coefficients of fixed effects represented an increase or decrease of the standard deviation σOLRE relative to the baseline σ0.

The fixed effects of the first two regression components included: the three-level class of helpers (SAR: subordinate adult relative; SYR: subordinate yearling relative; and SU: subordinate unrelated (including also distant relatives); carer number; days since last meaningful rain as the phenological measure; and the two meteorological variables (mean daytime temperature and wind speed). We also included the two-way interactions between carer class and the three environmental parameters (days, temperature, and wind), as well as between carer number and the three environmental parameters. By contrast, the third (variance-level regression) component had the three-level individual class as a single fixed effect. Additionally, the proportion of variance explained by OLRE was calculated for each individual class following Nakagawa and Schielzeth (2013). This analysis included 813 visit rates by 89 individuals observed in 28 nesting attempts by 25 unit-years.



Socio-Environmental Effects on Among-Day Variation in Carer Contributions

Phenological, meteorological, and social variables might also be expected to impact among-day variation in individual nest visitation rates, either because food availability is declining (days since last meaningful rain) or because it is harder to obtain or more costly to deliver on days with high temperature or wind speeds. To test these possibilities, a coefficient of variation (CV) was calculated using among-day variation in nest visitation rates by each individual to capture their within-attempt temporal variability. We fitted to the data a GLMM with a gamma distribution and log link function. The explanatory terms were: the mean number of days since last meaningful rain; three meteorological variables (mean and SD of mean daily temperature over observation days of each attempt, and the SD of mean daily wind speed); carer number; and individual class (three subordinate classes: SAR, SYR SU, and dominant male: DM). We also included the two-way interactions between carer number and the four environmental parameters (4 not 3 because of interest in both mean and SD of temperature). Nest identity and the unit of observation (OLRE) were included as random intercepts. This analysis included 149 CV values by 105 carers at the 29 nesting attempts by 26 unit-years (7 helpers in 2007 became dominant in 2008, hence 105 not 111 carers).



Socio-Environmental Effects on Group-Level Coordination

Finally, we tested whether any variation in the patterns of contributions by different classes of carer and their socio-environmental predictors influenced the coordination of nest visitation among carers in a unit. During nestling provisioning, the whole unit invariably arrives in the nest vicinity, even though not all individuals provision every time they do so (Nomano et al., 2014). Further, those that do provision tend to do so in relatively quick succession (i.e., synchronously; Nomano et al., 2013, 2015), and this likely plays some role in observed turn-taking in this species (Savage et al., 2017). Visits by different individuals separated by <1 min were regarded as synchronous based on video observation in previous studies (Nomano et al., 2013, 2014). When more than two birds arrived with successive intervals of <1 min, all birds were judged as part of a single synchronous visiting cluster (even though the interval between the first and last visitor could be longer than 1 min). To quantify the overall level of synchrony by the unit and its variation among nests, we counted the number of visitation events (synchronous clusters plus asynchronous visits) separated by gaps of ≥1 min, and took the ratio of the number of visitation clusters to the total number of individual visits. The total number of visits sets the upper limit to the possible number of synchronous clusters, and therefore, this ratio becomes smaller when the level of synchrony is greater, and a value of 1 would indicate perfect asynchrony. We fitted a binomial GLMM with logit link function to test effects of phenology (days since last meaningful rain) and meteorological variables (mean daytime temperature, mean daytime wind speed) and carer number on this ratio, as well as the two-way interactions between carer number and the three environmental variables. Nest identity and the unit of observation (OLRE) were included as random intercepts. This analysis included n = 191 nest-days for 29 nesting attempts.



General Methods for Statistical Modeling

Each of the random intercepts in all models had a hierarchical normal prior N(0, σ2), and σ had a uniform distribution from 0 to 100 as a hyper-prior, and non-centering (Papaspiliopoulos et al., 2007) was applied to facilitate convergence of estimates. Because of the relatively large number of fixed effects in the model, all the fixed effect coefficients had independent Cauchy prior, Cauchy (0, 2.5). This prior distribution has greater density around zero and longer tails and shrinks non-influential coefficients toward zero compared to commonly used non-informative normal priors (Gelman et al., 2008). In effect, this alleviates problems of potential over-parameterization without resorting to stepwise model reduction. This method also has been suggested to be robust to collinearity (Gelman et al., 2008). A non-informative normal prior was given to the intercept. All of the continuous explanatory variables were standardized by subtracting the mean and dividing by 2 SD, so that intercepts and main effects of interaction terms were evaluated at the mean value of the other predictors, and coefficients in the same models were comparable on a common scale (Gelman, 2008). All models were fitted with Markov-chain Monte-Carlo (MCMC) in RStan (Stan Development Team, 2018). We took 800 MCMC samples that form a posterior distribution of the parameters. All the parameters showed convergence with split [image: image] < 1.1 (Gelman et al., 2013).




RESULTS


Socio-Environmental Effects on Nest Visitation by Dominant Breeding Males

When broods were aged 9–21 d, dominant breeding males visited nests at a mean rate of 4.4 times/h (SD = 2.3, range = 0.2–18.0) over the hours of daylight. The predictors of dominant male provisioning rates were phenological and meteorological (Table 1). Most notably, breeding males reduced their visitation rate by ~50% from a high of ~5 feeds/h around 80 d since last rain to a low of about ~2.5 feeds/h by 160 d since last rain (Figure 1A). Further, they also visited less frequently on days with high mean wind speed, although the magnitude of this effect was less than that of days since last meaningful rainfall (Figure 1B). By contrast, mean daytime temperature had no significant impact on visitation rates of dominant breeding males. Finally, we found no evidence to suggest that carer number modified the rate of visitation by dominant breeding males in challenging conditions, for none of the interactions between carer number and the three environmental variables was significant (Table 1). Thus, the provisioning rate of dominant males was negatively impacted by delayed breeding phenology and to a lesser extent high wind speeds, with the number of carers neither mitigating nor exacerbating the negative effects of challenging conditions.


Table 1. Phenological, meteorological, and social effects on the provisioning rate of dominant breeding males.
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FIGURE 1. Daily provisioning rate of dominant males as a function of: (A) days since last meaningful rain; and (B) mean daily wind speed (km/h). Lines show predicted means.




Socio-Environmental Effects on Nest Visitation by Helpers

Helpers visited the nest on average 2.3 times/h (SD = 2.1, range = 0–13.1) over the course of days when broods were aged 9–21 d (Table 2). However, there was substantial variation in nest visitation patterns among helper classes. First, while those that were related to broods at the half-sib level or more, irrespective of their age, rarely showed zero inflation in their probability of visiting the nest (~8% of days more than expected by a Poisson distribution), those that were more distantly related commonly did so (~35% of days more than expected; Figure 2A). Second, while related helpers of both age categories visited the nest ~50% less often than dominant breeders, more distantly related helpers did so ~70% less often than related helpers and almost 70% less often than dominant breeders (Figure 2B). Exclusion of females from the analysis yielded similar effect sizes, and made only minor changes to the credible intervals (Table S1, Figure S1).


Table 2. Phenological, meteorological, and social effects on the provisioning rate of helpers as a function of their age-relatedness class.
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FIGURE 2. Daily provisioning rates of different classes of carers. Carer classes varied in: (A) their propensity for zero-inflation (i.e., visiting the nest less often on a given day than expected by a Poisson distribution); and (B) their provisioning rate based on a Poisson expectation. DM, dominant breeding males; SAR, helping adult relatives of at least one member of the breeding pair; SYR, helping yearling relatives; SU, unrelated helpers that were more distantly related or unrelated to either member of the breeding pair. The different letters inset indicate where the 95% CI of the difference between the categories did not include zero. Plots show marginalized prediction of means and 95% CI.


Patterns of helper nest visitation were impacted by some, but not all, of the socio-environmental predictors analyzed. Overall, the probability of helpers showing zero-inflated patterns of nest visitation was uninfluenced by days since last meaningful rain (Figure 3A) or mean daytime temperature (Figure 3B), but increased with increasing daytime wind speed (Figure 3C). In addition, the probability of zero inflation was uninfluenced by carer number (Table 2). In contrast to dominants, helpers showed reduced provisioning rates at high temperatures (Figure 3E), only showed a non-significant tendency to reduce provisioning rates with increasing phenology (Figure 3D) and showed no evidence of being impacted by wind speed (Figure 3F). While a lack of a wind speed effect on visitation rates might be due to the increased probability of zero-inflation in high winds, combining the regression estimates from the binomial and Poisson components of the model showed that the temperature effect on visitation rates was more salient for overall rates of nest visitation than was the wind effect on zero inflation (Figure 3G). Further, there was little firm evidence to suggest that different classes of helper contrasted in their responses to the three environmental parameters (Table 2), although there was a non-significant tendency for related (but not unrelated) helpers to reduce their provisioning rate with increasing days since last meaningful rain (Figure 3D). Finally, as was the case with dominants, there was no overall carer number effect on helper provisioning rates (Table 2), although helpers in larger units provisioned relatively more frequently than those in smaller units when temperatures were low but not high (Figure 3H). These results were affected little by the exclusion of females (Table S1, Figure S2).
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FIGURE 3. Environmental predictors of carer provisioning rates. Figures show the slope effect sizes for each carer class as a function of the three environmental variables tested, and provisioning rate as a function of meteorological variables and carer number. (A–C) Effects on the probability of not showing excess zero values for days since last meaningful rain, mean daily temperature and mean daily wind speed, respectively. (D–F) Effects on the provisioning rate explained by a Poisson distribution. The slope estimates for non-reference categories were calculated by combining interaction and main effect parameters. Acronyms and meteorological measures are as for Figure 2. Bars show 95% CI, with black bars overlapping zero and red bars not doing so. (G,H) Effects of wind speed on individual provisioning rate, and an interaction between the number of cares and temperature, respectively. Numbers inset in (H) are the number of carers excluding the breeding female. The curves are predicted expectations of zero-inflated Poisson distribution (i.e., based on both binomial part coefficients and Poisson part coefficients).


The lack of socio-environmental influence on the unrelated helpers was reflected in the estimates of variance-level components of the model (Table 2). These estimates reflect the residual, unexplained variance remaining after consideration of the fixed effects and individual-nest random effect. While the proportion of such unexplained within-individual variance was similarly lower for dominant breeders and adult related helpers, and only slightly higher for yearling related helpers, it was markedly higher for non-relatives (Figure 4). Put another way, the socio-environmental predictors included in the models account for comparably large variation in dominant breeders and related adult helpers, slightly less variation in yearling helpers, but substantially less by non-relatives. The result was similar when female helpers were removed from the analysis (Table S2, Figure S3). These results suggest that young relatives and especially non-relatives, have more opportunistic patterns of nest visitation (e.g., sensitive to recent foraging success).
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FIGURE 4. Proportion of variance explained by observation level random effect (OLRE) to total variance (i.e., sum of fixed effect variance, random effect variance, and distribution specific variance) in daily provisioning rate explained by a Poisson distribution (Table 2). Acronyms and meteorological measures are as for Figure 2. The different letters inset indicate where the 95% CI of the difference between the categories did not include zero. Plot shows predicted means and 95% CI.




Socio-Environmental Effects on Among-Day Variation in Carer Contributions

The coefficient of variation in individual nest visitation rates averaged 0.7 (SD = 0.7, range = 0.05–2.8). This variation was explained primarily by carer class and phenology, while social and meteorological conditions appeared to have had little or no influence (Table 3). While the mean daily visitation rate of dominant breeding males was ~4 times their standard deviation, the value for related helpers was half this, and the mean visitation rate of unrelated helpers was less than their standard deviation (Figure 5A). Further, the visitation rate of individuals varied more among consecutive days of the same nesting attempt as the mean number of days since last meaningful rain increased (Figure 5B). By contrast, we found no evidence to suggest that day-to-day variation in individual visitation rates within breeding attempts were influenced by the mean daytime temperature or the among-day variation (SD) in the mean daytime temperature within an attempt, or by the day-to-day variation in mean daytime wind speed. Nor was there any evidence of main effect of carer number, or evidence to suggest that the number of carers in the unit modified the environmental parameters considered. These results were unchanged following exclusion of female helpers (Table S2, Figure S4).


Table 3. Phenological, meteorological, and social effects on the coefficient of variation in daily provisioning rates across days within nesting attempts as a function of carer class.
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FIGURE 5. Coefficient of variation (CV) in carer nest visitation among days. (A) The CV of individual provisioning rate differed among different classes of individuals, and (B) increased as a function of mean days since last meaningful rain. Acronyms as for Figure 2, and letters inset indicate that 95% CI of the difference between the categories did not include zero. Plots show predicted means, and error bars show 95% CI.




Socio-Environmental Effects on Group-Level Coordination

Nest visit asynchrony, measured as the ratio of the number of runs of visits within 1 min of each other (clusters) to the number of individual visits, was relatively high (mean = 0.7), but variable (SD = 0.14, range = 0.38–1). The level of nest visit synchrony increased with carer number, which might be expected by chance since with more carers the probability that runs of nest visits within 1 min of each other will increase. While there were no main effects of the phenological or meteorological predictors, there was a significant interaction between carer number and mean daytime temperature (Table 4). Specifically, individual visits were more asynchronous in large units on days with high mean daytime temperatures (Figure 6). These results suggest that nest visit synchrony is generally low, and not compromised further by challenging conditions, except in large units on hot days.


Table 4. Phenological, meteorological, and social effects on group-level synchronization of nest visits.
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FIGURE 6. Interaction between carer number and mean daytime temperature on group-level synchrony. The numbers in the figures indicate the number of carers excluding the breeding female. Lines show predicted means for each value of the carer number. Solid line indicates that 95% CI of the slope estimate did not include zero, and dashed line indicates that it included zero. Only large units (e.g., 9+ carers) increased asynchrony with increased daily temperature, whilst smaller units showed no clear change.





DISCUSSION

Individual nest visitation rates were primarily predicted by carer class and environment. Dominant breeding males visited the nest most, and showed the least day-to-day variation in their visitation rates, while related helpers showed intermediate visitation rates and among-day variation, and unrelated helpers were much less likely to visit the nest than expected by a Poisson distribution, showed low visitation rates and high among-day variation. Environmental, but not social, variation generally played an important role in explaining variation in patterns of nest visitation. From 3 months since the last meaningful rainfall, dominant breeding males (and to a lesser extent related helpers) showed reduced visitation rates and all carers showed increased day-to-day variation. Dominant males also contributed less on days with high mean wind speed, while helpers showed zero inflation on such days and further showed reduced visitation rates on days with higher mean temperature. Carer number had no overall effect on patterns of nest visitation, although those in larger units synchronized their visits less than those in smaller units on days with high mean temperature. Together, these results suggest that high wind speeds, high temperatures, and protracted periods without sufficient rain are all likely to increase the costs of nestling care with detrimental impacts for developing offspring. Finally, given that different classes of individuals varied markedly in their patterns and predictability of nest visitation, as well as their sensitivity to differing environmental conditions, babbler units likely face a significant coordination problem in provisioning. Indeed, despite units visiting the general nesting area together (Nomano et al., 2014; Sorato et al., 2016), nest visitations were relatively asynchronous; especially for large units on hot days.

Before discussing the functional explanations and implications of these results, it is important to consider potential confounding sources of variation. Most notably, while we were able to obtain a comprehensive set of nest visitation data using our automated PIT-tag system, we were not able to measure actual feeding rate. We are not overly concerned about variation in load size, for our nest-camera evidence shows that provisioning rate is a substantially more important metric of biomass delivered than more slight variation in the single prey loads delivered (Browning et al., 2012b). Nor do we think that false-feeding is confounding, since it is very low (<5% of visits) and occurs when broods reject the food despite repeated attempts (Young et al., 2013). More of a potential concern is the rate of non-feeding, where carers visit the nest without food, and which occurs in ~10% of nest visits by the carers included in the analyses on average (Young et al., 2013). Nevertheless, we have shown previously that non-feeding rate is independent of carer number and immigrant status, is weakly but positively associated with individual provisioning rate, and is insufficiently variable among individuals to alter the rank order of individual provisioning rates (Young et al., 2013). Thus, our available evidence suggests that the method of data collection in this study captures individual provisioning rates.

This is the third study of ours to report the association between carer class and provisioning behavior using data collected in 2007 and 2008, although each has been to a different end and so with methodological and/or analytical distinctions. Using nest-video data, Browning et al. (2012a) showed that breeding males provisioned at the fastest rate, followed by adult helpers, yearling helpers, and breeding females. Further, using PIT-tag data, Browning et al. (2012b) showed that helpers related to broods at first and second order levels visited the nest three times more frequently that those more distantly related, and again that adults showed higher nest visitation rates than yearlings. Here using a PIT-tag based data set restricted to broods aged 9–21 d and nests with at least 4 days of data, as well as a contrasting statistical approach, we found that dominant males visited the nest most frequently, that adult and yearling helpers related to either dominant by at least second-order visited the nest with intermediate frequency and those helpers more distantly related to the brood did so with least frequently. Why we failed to detect a significant difference between adult and yearling related helpers is not known, but it suggests that the age difference is not general. A key advance of this study was to remove the assumption that different classes of carer are drawn from the same statistical population and to account for unequal variance structures through variance-level regression coefficients (see section Methods). Doing so was justified by our results, for not only did unrelated helpers show significantly increased zero inflation but the explanatory terms considered explained substantially less of the marked variation in nest visitation rates by such helpers. Not accounting for both of these issues will confound the predictive power of fixed effects, and we suggest that the approach we adopt might be used fruitfully in future studies of individual contributions in other cooperative breeders.

Despite this study necessarily being conducted during sufficiently favorable conditions, carer provisioning rates were nonetheless significantly influenced by breeding phenology relative to the last meaningful rain event and daily meteorological conditions. First, dominant breeding males, and to some extent related helpers, were negatively impacted by delayed breeding phenology. An obvious explanation is that these effects were caused by “global” reductions in food availability and food depletion by babblers, for which we have evidence (Sorato et al., 2016). By contrast, we do not think late breeding by inferior units on low quality habitat offers a viable explanation, since chestnut-crowned babblers are weakly territorial (Sorato et al., 2015) and almost all incidences of late breeding were second attempts. However, because they were second attempts, the phenology effects on provisioning could stem from costs of prior investment (Russell et al., 2003). Contrary to this hypothesis, however, increasing days since last meaningful rain was associated with an increase in among-day variation in carer provisioning rates, which would be expected if food availability were declining, whereas we would expect the reverse under a prior cost of investment hypothesis (Mathot et al., 2009). Second, patterns of provisioning were influenced to a varying degree by both wind speed and temperature. That dominant males reduced their provisioning rate on days with high winds and helpers showed increased zero inflation on such days were unsurprisingly in this weakly flying species inhabiting an open environment, since both the costs of flying and the risk of aerial predation likely increase in high winds. The temperature effect on helpers, but not dominants, was more ambiguous. On the one hand a negative relationship between temperature and provisioning might reflect reduced energetic demand of nestlings with increasing temperatures (see also MacColl and Hatchwell, 2003), but on the other hand it might reflect an increasing difficulty of provisioning in high temperatures (Wiley and Ridley, 2016). Further work is required to disentangle these effects, but given the mean 9–33°C daytime temperature range during provisioning observations (let alone the −2 to 41°C total range), it is likely that the decline in provisioning by helpers is initially driven by reduced brood demand under increasing temperatures and only latterly by the costs of provisioning as temperatures become prohibitively hot toward the summer months (du Plessis et al., 2012; Wiley and Ridley, 2016; Andrew et al., 2017; Funghi et al., 2019).

Despite the significant environmental impacts on individual provisioning rates documented here (and elsewhere, Wiley and Ridley, 2016), cooperative breeding systems are disproportionately represented in challenging climatic environments (Jetz and Rubenstein, 2011; Cornwallis et al., 2017; Griesser et al., 2017; Lukas and Clutton-Brock, 2017). One suggested advantage of group-breeding in such environments is that it helps to buffer against climatic variation (Rubenstein and Lovette, 2007; Kennedy et al., 2018), although how this might manifest is not clear. One possibility in the context of patterns of provisioning is that individuals in groups have improved foraging efficiency because they are better able to locate and/or obtain food (Clark and Mangel, 1986; Beauchamp, 1998; Clutton-Brock et al., 1999; Ridley et al., 2013). This foraging hypothesis leads to the predictions that increasing numbers of carers mitigate the impact of detrimental environmental conditions. On the contrary, we found little evidence to suggest that the number of carers in breeding units: (a) impacted the mean or among-day variation in provisioning rates of dominant breeding males or helpers; (b) mitigated the negative effects of days since last meaningful rain or wind speed on provisioning; or (c) reduced the positive effects of days since last meaningful rain on among-day variation in provisioning rates. Indeed, the only statistically significant interaction was between carer number and mean temperature on helper provisioning rates, but, as discussed above, this was likely to be driven more by the benefits of providing offspring with more food during cold conditions than mitigating the costs of provisioning at high temperatures. Together, these results suggest that any mechanism of environmental buffering in chestnut-crowned babblers is not mediated by unit size effects on foraging ability or success in challenging conditions.

Where carer classes vary in their patterns of nest visitation and are influenced by contrasting environments, coordinating nest visits can become challenging. Coordinating provisioning events not only provides a mechanism to reduce conflict over allocations to brood care within the group (Johnstone et al., 2014), but can also reduce sibling competition (Shen et al., 2010) and the risk of nest predation (Raihani et al., 2010; Leniowski and Wegrzyn, 2018). During the nestling phase, babbler units forage on average ~200 m from the nest and show a mean daily maximal distance from the nest of ~550 m, although larger units forage further away than smaller units (Sorato et al., 2016). Because this distance can be traveled in any direction from their relatively centrally-placed nest, unit members risk becoming detached if they leave the unit to provision alone, which, along with the predation risk during flight in the open habitat (Sorato et al., 2012), probably explains why all unit members invariably fly back to the nest area during provisioning bouts, even if they do not provision the nestlings (Nomano et al., 2014). How returns to the nest are orchestrated is not known, but presumably it requires a threshold proportion of individuals to “agree” to return to provision. However, with units comprising individuals likely varying in their cost and/or benefit functions of providing care (McAuliffe et al., 2015), chestnut-crowned babbler units presumably suffer a coordination problem during provisioning. This problem is supported by the substantial variation in group-level asynchrony observed, which varied from <0.5 to almost 1 (SD = 0.15), indicating that on some days almost half the provisioning events were synchronized provisioning events, but on other days, almost none was. Because increasing unit size can lead to increased estimates of synchrony by chance, the positive effect of carer number on synchrony is ambiguous. Nevertheless, that large units visited the nest more asynchronously on days with high daytime temperatures and the provisioning rate of helpers is also negatively impacted on such days, suggests that climatic impacts on individuals can have group-level consequences for coordination. Further work is required to clarify the role of coordination in stabilizing individual contributions to cooperation in this system (Savage et al., 2017) and the consequences for offspring development, which are known to be impacted in other systems (Shen et al., 2010).

The results of this study have at least four important implications. First, increasing temperatures and stochastic weather events, including continuing patterns of reduced rainfall and increasing wind speed in this desert environment, are likely to have significant effects on patterns of provisioning in chestnut-crowned babbler, with likely ramifications for the costs of helping and the quality of developing young (see also Wiley and Ridley, 2016). Second, while there is much interest in explaining the occurrence of unrelated helpers with adaptive explanations (e.g., Clutton-Brock et al., 2002; Bergmüller et al., 2007; Riehl, 2013), the evidence from this study using specific statistical approaches suggests that their contributions are not only low, but largely random. Third, that individuals vary in their contributions and are variably sensitive to different environmental variables suggest that changing climates will also have detrimental effects on group-level synchronization of nest visits, with further implications for both the stable contribution by individuals (Johnstone et al., 2014; Savage et al., 2017) and offspring development (Shen et al., 2010). Finally, while cooperative breeders are suggested to be adapted to dealing with climatic challenges (Cornwallis et al., 2017; Griesser et al., 2017; Kennedy et al., 2018), the mediating mechanism is unclear. Our results suggest that improved foraging efficiency at the individual level, as measured by individual contributions to provisioning, is not the key means of buffering against environmental challenges in this system.
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In many species, individuals must contribute extensively to offspring care to reproduce successfully. Within species, variation in care is driven by local social, physiological, and environmental contexts, and this relationship has been a major focus of behavioral ecology since the inception of the field. The majority of existing studies on care, both theoretical and empirical, have focused on measuring the amount of care delivered by each carer as a proxy for individual investment, linking this investment to the local context, and investigating outcomes for offspring. However, more recently interest has grown in the finer-scale details of care, including how individuals respond to each other's behavior, and temporal variation in care both within and between stages. Simultaneously, advances in remote monitoring methods, such as video cameras and passive integrated transponder (PIT) tag systems, have vastly increased the ease of collecting large amounts of care data, providing opportunities to study carer behavior in much greater detail than previously possible. In this mini-review we provide an overview of the dimensions of carer behavior that can be quantified, illustrated using recent studies from a variety of taxa. We classify these analyses into three broad groups: (a) how parental care is distributed in time, (b) variation within care events, and (c) how carers interact when jointly providing care. Our aim is to encourage more in-depth analyses of parental care, to build a more complete picture of how animals rear their offspring.

Keywords: cooperation, coordination, measuring behavior, parental care, provisioning, alternation, synchrony


INTRODUCTION

Parental care often requires substantial investment of time and energy, and strongly impacts the fitness of the individual carers that provide it (Saether, 1994). Previous studies have shown that care behavior is influenced by individual characteristics such as sex (Liker et al., 2015), age (Ortega et al., 2017), condition (Dearborn, 2001), and personality (Westneat et al., 2011). However, many studies only measure the amount contributed by each carer within one behavioral dimension of care (e.g., food delivery) and during one stage of offspring development (e.g., provisioning nestlings). We currently know relatively little about how carers contribute across multiple dimensions of care behavior, or how the distribution of contributions impacts outcomes for carers and offspring. Similarly, while many studies have explored how carers change the amount they contribute according to the contributions of others (reviewed in Hatchwell, 1999; Harrison et al., 2009), the fine-scale behavioral rules underpinning carer interactions have only recently attracted serious attention (Johnstone et al., 2014).

In this mini-review, we discuss how care behavior can be quantified, classifying measurements into three broad groups: how parental care is distributed (i.e., when care occurs along the timeline), the characteristics of care (i.e., variation among different instances of similar care behavior), and the interactions between carers (i.e., whether one carer's behavior is associated with the behavior of others). Our aim is to illustrate the variety of questions that can be explored using datasets on parental care, and some of the statistical and technical considerations that arise when doing so. We review existing studies and analysis methods that have addressed these different aspects of care behavior, and briefly discuss potential future research directions.



DISTRIBUTION OF CARE


Rate and Variance

When individuals deliver discrete, relatively brief care events to offspring (e.g., provisioning, defense), care/visit rates or the mean and variance of carer inter-visit intervals (IVIs) are useful metrics to quantify behavior. Most literally, IVIs refer to the periods between an individual leaving a nest or den and its next arrival (Santema et al., 2017), but IVIs are also commonly characterized as the time between consecutive arrivals (e.g., Johnstone et al., 2014); for clarity we refer to this latter case as the inter-arrival interval (IAI). When discrete care events are somewhat longer (e.g., nest maintenance) it can also be informative to characterize the within (or intra-) visit intervals (WVI) of carers. Passive integrated transponder (PIT) tags are increasingly used to collect large amounts of visit data on provisioning behavior, particularly in cooperative systems with many carers (Browning et al., 2012), but are less valuable when care occurs away from fixed locations like a nest.

The distributions of intervals (of all types) can be compared between individuals and contexts to understand variation in care. Intervals are often approximately gamma- or inverse-gamma distributed, as they are bounded at zero and often have a (soft) minimum duration that depends on the type of care delivered. They can hence be defined using two independent parameters, scale and shape, that reflect their rate and skewness/variance (Lejeune et al., 2019). In biparental and cooperative systems, the distribution of IAIs by the entire care group is more likely to predict breeding success than those of individual contributors, as the overall amount and distribution of care is what determines outcomes for offspring. Outlier IVIs and IAIs may represent carers taking breaks from caring (e.g., due to self-foraging or disturbance), and hence are useful for characterizing and partitioning longer sample periods to avoid applying inappropriate analyses. When analyzing samples from longer periods of care, intervals (and hence analyses based on them) can be biased as the beginning and end of the sample periods are more likely to cut longer intervals; where possible studies should use either naturally bounded periods, or ensure their sample contains many events and acknowledge the bias (Baldan et al., 2019).

For care delivered over substantial periods (e.g., incubation, babysitting) the proportion of active time carers spend on care, or the proportion of opportunities during which care occurs, are more suitable metrics than the intervals between care events. A typical way to model effects on proportional care is a logistic (Bambini et al., 2018) or binomial (Clutton-Brock et al., 2000) regression when the proportion is derived from counts, or a beta/Dirichlet regression when it is based on continuous numbers (Douma and Weedon, 2019).



Trends

The rates at which individuals deliver care may vary across a sample period, driven by environmental variation (e.g., weather) or the states of parents or offspring (e.g., hunger). Such variation will affect parental care over the same period, and can limit the usefulness of randomizations used to infer interactions between carers (Baldan et al., 2019). To quantify trends, one simple metric is how strongly intervals are ordered in time (Schlicht et al., 2016), which will identify a linear increase or decrease in rate. A more detailed picture can be obtained by explicitly fitting a model of interval length, with linear and higher-order time terms as predictors. For more complex trends, especially those with periodicity, one could investigate temporal patterns of care using methods developed for time series analysis that have been previously applied to other aspects of behavior, such as cross-correlations (Hall et al., 2014) or wavelet analysis (Zhang et al., 2017). An alternative approach is to group care events by hour or by day and then fit Poisson-based mixed models to the counts of care behavior, with environmental metrics as covariates (Nomano et al., submitted); the best approach will depend on the study system and length of time analyzed.



Repeatability

In addition to measuring care variation and trends within an observation period, one can also evaluate whether carer behavior is individually repeatable between observations, and hence infer whether that behavior can be regarded as an individual trait. Repeatability is typically defined as the proportion of variance attributable to the differences among groups of observations, before or after controlling for the effect of confounding factors on the response variable (“adjusted repeatability” in the latter case). Detailed guidance on how to measure and interpret repeatability is beyond the scope of this review; see Nakagawa and Schielzeth (2010) for extensive discussion, and the R package “rptR” for useful analysis methods (Stoffel et al., 2017). While there have been several studies on the repeatability of provisioning (Potti et al., 1999; Nakagawa et al., 2007) and other care behaviors including babysitting (English et al., 2010; Sanderson et al., 2015) there is substantial scope for further study.



Multi-Stage Investment

Empirical studies often focus on a single stage of parental care, or assume each stage is broadly independent. However, theory suggests that investment during earlier stages (e.g., egg-laying) can influence investment rules in later stages (e.g., provisioning), particularly if the breeding female can control the number (Smith and Härdling, 2000; Savage et al., 2013) or quality (Savage et al., 2015) of offspring. These predictions are supported by empirical studies (Russell et al., 2007; Canestrari et al., 2011), but our understanding of multi-stage investment dynamics is still incomplete, particularly how these are influenced by environmental conditions (Langmore et al., 2016). As with any form of adaptive plasticity, for between-stage strategies to evolve the environment must be both variable and predictable on the timescale of the care periods, a concept familiar from research on transgenerational effects (Proulx and Teotónio, 2017).




CHARACTERISTICS OF CARE


Variation Among Events

Not all instances of a particular care behavior are equivalent from the perspectives of either parents or offspring. For example, provisioned food can vary in mass or nutritional content, and hence carers can vary in contributions without differences in provisioning rate. The size of prey delivered can vary with carer sex (Colombelli-Négrel and Kleindorfer, 2010), these differences may vary with offspring age (Wiebe and Slagsvold, 2009), and males and females may differ in the prey type delivered to offspring (Fraser et al., 2006). Similar considerations apply to other forms of parental care; for example mobbing behavior can vary not only in its frequency but also in the intensity of each event (e.g., contact vs. non-contact) (Strnad et al., 2012), and incubation may be costly to younger but not older carers (Heinsohn and Cockburn, 1994). Characteristics of care events can also affect IVIs, for example larger food items being brought to offspring after parents have been away for longer (Grieco, 2002), altering inferences about carer investment.



Favoritism

When parents deliver care to multiple offspring, the amount each offspring receives is important for the overall outcome of the breeding attempt. Certain offspring may be more dominant or beg more intensively (Drummond, 2006), or carers may preferentially feed some offspring over others due to expected returns (Jeon, 2008) or favor different offspring if their costs or benefits differ (Lessells, 2002). For example, male offspring may receive more food if mothers preferentially provision sons over daughters (Mainwaring et al., 2011), and parents may adjust which offspring they provision based on offspring age and perceived quality (Avilés et al., 2011).

One metric to characterize this variation is a “skew index” (Pamilo and Crozier, 1996; Shen et al., 2010), which varies from 0 (complete equality) to 1 (one offspring receives all the food). When care to individual offspring can be quantified precisely, for example using video cameras deployed inside nests, comparing between offspring any of the above metrics for the distribution of care can also reveal differences in carer delivery behavior.



Non-care and Deception

Carers sometimes visit offspring without providing care. For example, individuals bringing food to dependent offspring may consume it themselves in so-called “false feeding” behavior, perhaps representing a deceptive strategy to lower the costs of care (Boland et al., 1997), or a non-deceptive mediation of carer need against offspring need (Canestrari et al., 2010). Identifying deception is non-trivial, as apparent false-feeding can occur when carers visit offspring that are fully satiated; approaches to identify deception include using remote video monitoring to score offspring begging behavior or attempts to feed offspring (Young et al., 2013), measuring latency between arrival and self-consumption (or departure with food item) compared to normal visits, and testing whether false-feeds are less likely to occur when the provisioner is observed (Boland et al., 1997; Young et al., 2013). In some species such as the bell miner (Manorina melanophrys) carers may also only partially deliver food items; whether these events are treated as false-feeds or not should depend whether they can be more parsimoniously explained by (for example) difficulties in prey transfer (McDonald et al., 2007).

Visits to offspring in which carers arrive without food (and provide no other care) could also be classified as false-feeding, but might instead represent carers updating information about offspring hunger. When carers cannot easily monitor each other's contributions, and visiting offspring is much less costly than finding and delivering food, this additional information is especially valuable to correctly distribute care.




INTERACTIONS DURING CARE


Negotiation

As the benefits of care are shared but the costs personal, carers have a conflict of interest over how much each contributes, and this should affect their investment decisions (Trivers, 1972). Theory suggests that individuals in biparental species should respond to changes in the contributions of others by incompletely compensating, both over evolutionary (Houston and Davies, 1985) and behavioral (McNamara et al., 1999) timescales. Further models suggest that incomplete compensation should also occur in cooperative systems (Johnstone, 2011), and that high responsiveness (McNamara et al., 2003), asymmetric information (Johnstone and Hinde, 2006) or threshold effects (Jones et al., 2002) can modify predictions. Empirical work on biparental species largely supports incomplete compensation as the usual response to changes in partner investment, albeit with substantial variation (Harrison et al., 2009) and often sex differences (e.g., Iserbyt et al., 2015). However, cooperative species adopt more diverse investment rules (Hatchwell, 1999), including responding to both the composition and size of the care group (Brouwer et al., 2014) potentially due to greater variation in care during later stages (Savage et al., 2013).

Testing theoretical predictions about negotiation requires careful experiments to manipulate offspring demand (actual or perceived) or carer costs, and monitoring parental responses. The mechanisms through which individuals negotiate are still poorly understood; vocal communication is likely to play a major role (Bell et al., 2010; Boucaud et al., 2016), and as negotiations could also be mediated indirectly through offspring need (Lessells and McNamara, 2012) negotiation behavior is likely to be highly system-specific.



Alternation

Theoretical work suggests that “turn-taking”—carers alternating contributions—can resolve sexual conflict efficiently (Johnstone et al., 2014), and provided the costs and benefits of care are time-dependent this does not require individuals to monitor each other perfectly (Johnstone and Savage, 2019). Empirical work has suggested that several species indeed alternate more than expected by chance, however questions remain over the mechanism of interaction and how strongly this turn-taking is driven by environmental variation vs. individual responsiveness (Ihle et al., 2019).

Turn-taking can be quantified using the proportion of alternated visits (Bebbington and Hatchwell, 2016; Iserbyt et al., 2017) or the log-odds of the deviation between observed and expected number of alternated visits (Baldan et al., in press). Alternatively, the runs test (Wald and Wolfowitz, 1940) can investigate whether two carers alternate more than expected (Johnstone et al., 2014), and a modified version of the test is also applicable to cooperative species (Sheskin, 2011; Khwaja et al., 2017).

Incorporating time information as well as visit sequences, continuous-time Markov models can be used to investigate patterns of alternation in biparental (Johnstone et al., 2014) and cooperative (Savage et al., 2017) species. These analyses can be applied in R using packages such as “msm” (Jackson, 2011), or more simply calculated directly from visit times if within-observation covariates are not required (Savage et al., in review). If enough data exist to characterize the distribution of care intervals precisely, an alternative approach is to fit a semi-Markov model explicitly using the relevant distribution. Such models can be implemented using (e.g.,) the “SemiMarkov” package in R (Król and Saint-Pierre, 2015), although to our knowledge this method has yet to be applied to care behavior.



Synchrony

Depending on the system and behavior in question, pairs or groups synchronizing care activities might have either a positive or negative impact on the success of a breeding attempt. Visiting offspring can increase predation risk (Martin et al., 2000), leading to groups that synchronize visits having increased breeding success (Raihani et al., 2010). Similarly, synchronizing visits might reduce sibling competition by providing resources to more offspring simultaneously (Shen et al., 2010). In contrast, if visits do not increase predation risk, carers deliver multiple (or divisible) food items, and offspring satiate quickly, then carers should deliberately separate their care contributions (anti-synchrony). Beyond the impacts on offspring, individuals might also benefit from synchronizing their visits to advertise their contributions to or monitor other group members (Doutrelant and Covas, 2007), particularly in a “pay-to-stay” cooperative system (Gaston, 1978; Kokko et al., 2002).

One method to quantify synchrony is to characterize a particular visit as synchronous when another individual also provides care within a certain window (Mariette and Griffith, 2012) and then use the square root arcsine–transformed proportion of synchronous care events as a measure of overall synchrony (Mariette and Griffith, 2015). This is appropriate in systems with relatively low care rates and brief care events, but can be sensitive to the window chosen. Alternatively, for more frequent or longer care behaviors one can cross-correlate the time series of care contributions by each individual (Savage et al., 2017), and for both methods randomizations can be used to generate expected levels of synchrony. Potentially useful analysis methods have also been developed in neurobiology, where quantifying the relationships between a number of neural spike trains is a common problem (Oram et al., 2001; Shimazaki et al., 2012), however these have yet to be applied to care behavior.

Alternation and synchrony together provide a good picture of individual interactions (Koenig and Walters, 2016), and investigating both is also important because the interpretation of each metric depends partly on the other. For example, a strict pattern of alternation may suggest that individuals are adopting a turn-taking rule under low synchrony, but under high synchrony an alternative explanation would be that individuals forage together and individual differences (e.g., from state or personality) result in one consistently visiting before the other.



Task Specialization

In many species care occurs simultaneously across multiple behavioral dimensions. For example, in an altricial bird carers may need to feed and brood offspring, maintain the nest, remove fecal sacs, and mob nest predators. Pairs and groups of carers may be comprised of individuals that specialize in particular behaviors and/or generalist individuals, driven by differences in the costs and benefits of each behavior (Arnold et al., 2005). The degree of specialization can change over time (Iserbyt et al., 2017), and within activities carers may sub-specialize (e.g., by food type) or partition roles in time (e.g., helpers rearing first broods while breeders re-nest; Ridley and Raihani, 2008). Comparing parental investment across modalities can be challenging as costs are often accrued in a different “currency” for different care activities and contexts (e.g., mortality via predation risk when mobbing vs. condition via lost self-foraging time during provisioning), but such comparisons are important as these behaviors trade-off against each other (Mutzel et al., 2013).

To investigate factors influencing (e.g.,) the type of prey being delivered to offspring, one approach is to fit the proportional abundance of each prey type as response terms in a (mixed-effect) multinomial logistic regression, to avoid conflating variation in the proportion of each prey type with that of the others (Browning et al., 2012). These models can be most precisely fitted using Markov chain Monte Carlo (MCMC) Bayesian methods, for example with the R packages “RStan” and “MCMCglmm” (Hadfield, 2010; Stan Development Team, 2018). Correlations among the random effects of such models are potentially informative for elucidating individual trade-offs among care behaviors; for discussion of these effects and a detailed treatment of methods around the multinomial analysis of behavior see Koster and McElreath (2017).




DISCUSSION

In this mini-review we have illustrated that how care is distributed, how care events vary, and how carers interact, each have important consequences for carers and offspring. Our review also illuminates a number of questions that remain despite the vast literature on parental care. Firstly, aside from visit rates, we still know relatively little about how patterns of care are influenced by the ecological (predation, food distribution, etc.), environmental (temperature, weather, etc.), physiological (hormone, individual condition), and behavioral (foraging paradigm, pair stability, etc.) contexts of care. Secondly, while provisioning has been well-studied, other dimensions and stages of care—and how these influence each other—require far more attention. Both theory and empirical work suggests these can strongly impact carer behavior to the point that simply measuring one stage and dimension is insufficient.

We advocate both for more in-depth analyses of care behavior, and for raw parental care data from existing studies to be deposited alongside relevant publications, published as data papers, and shared with those interested in applying further analyses where feasible. Collectively, unpublished care data has the potential to greatly advance our understanding of how individuals provide for their offspring.

Our review is restricted to the quantification of carer behavior, but this is inextricably linked to the overall care paradigm, to the behavior of offspring, and to environmental variation. Many species exhibit two or more of the five main patterns of care (none, mother only, father only, biparental, cooperative), often within the same population (Persson and Öhrström, 1989; Webb et al., 1999). Additionally, offspring vary across species in their ability to influence care delivery, with consequences for investment levels, pre-natal effects and parent-offspring conflict (Hinde et al., 2010). Furthermore, most studies are time- and location-restricted, limiting our understanding of the effects of environmental variation. Integrating these complexities with a more detailed picture of carer behavior remains a key challenge for behavioral ecology.
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Acoustic communication is central to many social interactions between family members. Whilst song and begging calls have been extensively studied, in this review I focus on familial interactions, where acoustic communication plays a critical role but has often been overlooked. I show that considering acoustic information transfer challenges the traditional views on sexual and parent-offspring conflicts. In particular, I first discuss the role of acoustic communication between breeding partners in parental care negotiation and coordination. I consider the potential for vocalisations to signal partners' state, in terms of current satiation or energy levels during parental care provisioning. Secondly, I review the occurrence of parent-embryo acoustic communication and highlight the possibility for acoustic developmental programming to facilitate the matching of offspring phenotype with parental provisioning capacities. I also discuss how acoustic information available to avian embryos from the environment may empower them to direct their development, independently of their parents. Thirdly, I bring together evidence on sib-sib acoustic communication before and after birth, and highlight its function in sibling cooperation for hatching synchronisation and resource partitioning. Overall, this synthesis demonstrates the importance of considering acoustic information to understand the evolution of parental care and cooperation.
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INTRODUCTION

Interactions within the family are regulated by both cooperation and conflict. Whilst parents cooperate with each other to rear offspring, and provide care to their offspring at a cost to themselves, conflict arises between family members over the amount of care to be provided (Trivers, 1972, 1974).

Notably, sexual conflict over parental care, as first formulated by Trivers (1972), occurs when parents share equally the benefit of caring (through increased offspring fitness), but only pay the cost of their own investment in parental care. To maximise its benefit-to-cost ratio, a parent should therefore decrease its own effort and let its partner compensate for the shortfall (Trivers, 1972). Theory generally predicts that, in order for bi-parental care to be evolutionary stable, individuals should only partially compensate for their partner's shortfall (Houston and Davies, 1985; McNamara et al., 1999). Whilst most empirical studies conform to this prediction, many others find full compensation, no change, or instead a decrease in investment as individuals match their partner's effort (reviewed in Hinde, 2006; Harrison et al., 2009). Theory predicts that some of this variation may arise from partners' disparity in access to information about offspring needs, if the least informed parent cues on its partner, thereby matching its effort (Johnstone and Hinde, 2006; Hinde and Kilner, 2007).

Mariette and Griffith (2012, 2015) further proposed that the coordination of parental care could not only lead to investment matching, but may also improve parental care efficiency. Indeed, even though theoretical models generally assume otherwise (but see Johnstone and Savage, 2019), partners may partly share the cost of parental care when it impairs their continued investment within the current breeding attempt or in following attempts with the same partner (Mariette and Griffith, 2015). If so, optimising provisioning may prevail over exploiting partner's efforts, and it is expected that, by providing a simple reciprocity rule, coordination may facilitate negotiation and decrease the cost of sexual conflict (Johnstone et al., 2014). Accordingly, we showed that wild zebra finch parents (Taeniopygia guttata) synchronise provisioning by visiting the nest together during nestling rearing, and that better coordinated pairs produce more fledglings (Mariette and Griffith, 2012). Furthermore, consistent with an efficiency benefit of coordination, partners increased nest visit synchrony when parental workload (brood size) was experimentally increased, and nestling condition increased with parental coordination during foraging (Mariette and Griffith, 2015). Interestingly, we also showed that acoustic communication plays a central role in breeding partners interactions at the nest (Elie et al., 2010), including for the coordination of parental care (Boucaud et al., 2016a, 2017). Likewise, parental care coordination, either by alternating or synchronising nest visits, has been evidenced in several other avian species (e.g., Raihani et al., 2010; Bebbington and Hatchwell, 2016; Koenig and Walters, 2016; Savage et al., 2017; but see Khwaja et al., 2017), including in bi-parental care species with short-term pair bonds (Johnstone et al., 2014; Lejeune et al., 2019) and complex acoustic communication between partners (Gorissen and Eens, 2005). Although the effect on nestling growth is largely unknown (but see Iserbyt et al., 2017; Wojczulanis-Jakubas et al., 2018) and varies with ecological conditions (Lejeune et al., 2019) and foraging behaviour (Mariette and Griffith, 2015), the accumulation of recent studies clearly show that parental care coordination and equitable negotiation are more common than previously assumed.

Here, I further show how multiple other aspects of cooperation have been overlooked, by failing to consider the communication between family members, and the information it conveys. For example, there is some evidence in birds that skin or bill colour signals individual condition, which parents may cue on to adjust their reproductive investment relative to their partner's current provisioning capacity or offspring needs (e.g., foot colour in blue-footed boobies: Velando et al., 2006; Dentressangle et al., 2008; nestling mouth coloration: Ewen et al., 2008). However, even though visual and chemical signals are used, acoustic signals are likely to play a particularly prominent role in avian family communication. Indeed, acoustic signals can readily indicate individuals' immediate state and perhaps their short-term intentions. In addition, interactive acoustic communication, whereby individuals adjust their vocalisations in response to others' signalling, is especially well-suited for real-time negotiation (e.g., Ducouret et al., 2019). Lastly, unlike other senses, the acoustic (or vibratory) channel allows a sophisticated level of communication and negotiation to occur prenatally, in parent-embryo and embryo-embryo interactions (Mariette and Buchanan, 2019b; Noguera and Velando, 2019).

Surprisingly however, with the notable exception of nestling begging calls, the importance of acoustic communication for cooperation within the family has received very little attention. Here, I highlight the role of acoustic communication between breeding partners in parental care coordination. I then point to the multiple ways in which acoustic communication may alter parent-offspring cooperation and co-adaptation, before and after birth. Lastly, I discuss the role of begging calls and other offspring vocalisations in sib-sib interactions, including prenatally.



VOCAL NEGOTIATION BETWEEN BREEDING PARTNERS

The hypothesis that acoustic communication allows partners to negotiate their relative efforts in real-time was first proposed by Boucaud et al. (2016a) (Figure 1). In this study on captive zebra finches, where both partners incubate, we experimentally delayed the return to the nest of the male partner during incubation, and recorded vocal interactions at the nest. As predicted, partners' acoustic interactions were altered by the male delay. More strikingly however, the time the female subsequently stayed off the nest was predicted by her partner's calling rate when he returned, rather than by how long she had been incubating for. Likewise, the female's calling rate when her belated mate returned was the best predictor of the duration of her next incubation bout (Boucaud et al., 2016a). This suggests the male also cued on its partner's vocal behaviour rather than on the female's recent investment, although the reciprocal experiment (delaying female's return) would be interesting to carry. Overall, it therefore appears that individuals signal their need to be off the nest by calling more during nest reliefs, and that the partner respond to this signal by coming back early to relieve its partner. Acoustic communication may thus inform individuals on their partner's state, and hence on the cost of a prolonged incubation bout in that particular moment. Having access to such information, partners may not simply match their investment (i.e., time spent incubating), but instead match the cost of that parental care investment (e.g., as in Griffioen et al., 2019). If so, focussing research on the matching of investments rather than on their costs may misrepresent individuals' investment decisions, and importantly underestimate the level of cooperation within pairs (see also, asymetries in “recovery rate” in Johnstone and Savage, 2019).


[image: Figure 1]
FIGURE 1. The place of acoustic communication between family members during incubation (A) and nestling rearing (B). During incubation (A), parents coordinate incubation by signalling their hunger levels through calls; vocalisations may also signal (i) parental heat-stress to embryos, which alters offspring developmental response to heat, (ii) embryonic cold-stress to parents, which may optimise incubation temperature, and (iii) eminence of hatching, which allows hatching synchronisation. During nestling rearing (B), offspring vocally negotiate food partitioning among themselves and coordinate begging to increase total provisioning from the parents, whilst parents coordinate and negotiate provisioning. “Information loops” (circles with arrows) show the receiver of each signal and the response it triggered.


In follow up studies, Boucaud, Vignal, and collaborators further demonstrated that females may signal their immediate needs to their partner by vocalizing from inside the nest when the male arrives in the vicinity (Boucaud et al., 2016c, 2017). In wild zebra finches, female calling rate and her calls' acoustic structure on her mate arrival predicted whether or not the male relieved the female for incubation (Boucaud et al., 2017). Likewise, in wild great tits (Parus major), with female-only incubation, female's vocalisations, and the pair's vocal interactions differed depending on whether or not the male entered the nest to feed the female (Gorissen and Eens, 2005; Boucaud et al., 2016c). Moreover, when great tit females were experimentally supplemented with food, they altered their vocalisations, uttered before and after the male entered the nest (Boucaud et al., 2016b). This suggests that female vocalisations may honestly signal her needs, and that the male potentially receives information on female's state even from outside the nest. What would appear as a male-only decision (whether or not to relieve/feed the female) when acoustic information is ignored, may in fact be a negotiated decision, incorporating the female's needs. These studies again reveal a higher level of cooperation between partners than is generally assumed, including in species with short-term pair-bonds.



ACOUSTIC COMMUNICATION BETWEEN PARENTS AND NESTLINGS

By far the most studied aspect of acoustic communication within the family is offspring begging calls and their importance for parent-offspring negotiation and conflict mitigation (reviewed in Kilner and Johnstone, 1997; Royle et al., 2002; Kilner and Hinde, 2012). Parent-offspring conflict arises because offspring's provisioning rate optimum is expected to be higher than that of their parents, who trade-off current with future reproductive investment, as well as offspring quality with quantity (Trivers, 1974; Stearns, 1992; Kilner and Hinde, 2012). Yet, the costs of begging on the offspring maintain begging as an honest signal of needs, that parents may cue on (Kilner and Johnstone, 1997; Kilner, 2001). Moreover, begging sensitivity to maternal hormones provides a mechanism for mothers to control their offspring's begging display (Eising et al., 2001), potentially allowing the co-adaptation of begging display and parental provisioning capacity (Hinde et al., 2009, 2010). It is clear from this large body of work that considering information transfer through acoustic signals can drastically alter our understanding of conflict and cooperation within the family.

Beside offspring vocalisations, parents are also known to communicate vocally with their nestlings, particularly using alarm or food calls (Madden et al., 2005; Magrath et al., 2007 and references therein). These parental vocalisations have been hypothesised to reduce detection of nests by predators cueing on loud nestling begging calls. Specifically, parental alarm calls for nest predators are found to supress begging (Madden et al., 2005; Platzen and Magrath, 2005), whereas in some species, parents produce food calls when arriving at the nest, which generally indicates to nestlings that it is safe to beg (Madden et al., 2005; Magrath et al., 2007). Indeed, whilst fledglings may blackmail parents by begging in dangerous locations (Thompson et al., 2013), we may expect parents and nestlings to cooperate more closely, as both equally benefit from avoiding detection by predators when nestlings are not yet mobile.



PARENT-EMBRYO ACOUSTIC COMMUNICATION


Occurrence of Prenatal Acoustic Communication

Prenatal acoustic and vibratory communication is widespread across taxa ranging from insects to humans (Gottlieb, 1965; Grier et al., 1967; DeCasper and Fifer, 1980; Endo et al., 2019). In birds and humans in particular, late-stage embryos have been found to perceive, respond and even learn acoustic signals from their parents and the external environment (Gottlieb, 1965; Grier et al., 1967; Partanen et al., 2013). A large part of the field have focused on the cognitive effects of prenatal acoustic experience, including its role in imprinting and individual recognition (Gottlieb, 1965; Grier et al., 1967; Lickliter and Lewkowicz, 1995), as well as in vocal learning (Mampe et al., 2009; Colombelli-Négrel et al., 2012). A few studies however, have revealed functions of prenatal acoustic communication – namely for developmental programming and embryonic thermoregulation – that warrant further investigation in the context of intra-familial cooperation.



Acoustic Developmental Programming

Extensive research in birds and mammals have demonstrated the importance of maternal hormones in programming offspring development (Schwabl, 1996; Mousseau and Fox, 1998; Groothuis et al., 2005). However, it is not clear how much avian mothers may control the transfer of hormones to their eggs (Groothuis et al., 2019); and post-natal environments, such as climatic conditions or predation risk, may not always be predictable at laying when hormones are deposited into the eggs. Recently, we proposed that prenatal acoustic communication, which mostly occurs late in the incubation period, may provide an alternative mechanism for adaptive developmental programming (Mariette and Buchanan, 2016).

We discovered that adult zebra finch produce a peculiar call at high ambient temperatures, particularly in the late stage of incubation (Mariette and Buchanan, 2016, 2019a). Using playback to embryos in artificial incubators, we demonstrated that this call alone adaptively alters nestlings growth in a temperature-dependent manner (Figure 1). Individuals exposed prenatally to heat calls rather than control calls were lighter in hot nests throughout the nestling period, but then produced more fledglings as adults, consistently across breeding seasons (Mariette and Buchanan, 2016). However, whilst embryonic programming by parental heat calls is adaptive, we later demonstrated that heat calls are not exclusively uttered for embryos. Instead, heat calls are also spontaneously produced (albeit less often) outside the late incubation period, when adults are in roost nests (without eggs) in the wild, or on a perch in a heated chamber in the lab (Mariette et al., 2018). Importantly nonetheless, the temperature threshold triggering calling is highly repeatable within individual, and predicted by body mass, which suggests heat-calls provide an honest signal of parental heat-stress to embryos (Mariette et al., 2018). Whether heat-calling is associated with a particular thermoregulatory behaviour of the parent remains to be established. Nevertheless, it is possible that embryonic eavesdropping on parental heat-stress could benefit both parents and offspring, if it prepares offspring to withstand long periods of fasting during heat events, when their heat-stressed parents have to interrupt provisioning.

Very recently, a second study, in another avian order and environmental context, also provided evidence that embryos eavesdrop on external sounds to channel their development (Mariette and Buchanan, 2019b; Noguera and Velando, 2019). They demonstrated that prenatal exposure to parental alarm calls in yellow-legged gulls shaped the development of embryos and hatchlings, compared to individuals exposed to silence (Noguera and Velando, 2019). Remarkably, prenatal sound altered a wide range of traits, including early skeletal growth, physiology (corticosterone levels), molecular traits (mitochondrial DNA) and behaviour (prenatal vibration and call rates, crouching behaviour). Whether this programming can be considered as parent-offspring cooperation remains to be established, by first testing whether the observed effects are specific to alarm calls, and bring a fitness advantage in a high predation environment (Mariette and Buchanan, 2019b). Fascinatingly however, that same study showed that embryos may cooperate with each other and coordinate their developmental trajectories, by exchanging information, most likely through the changes in vibration or call rates (Noguera and Velando, 2019).

These recent findings clearly show that acoustic signals and cues provide an alternative source of information to embryos, beyond endocrine and nutritional maternal effects. Whilst parents may exploit this information channel (as suggested in zebra finches by the intensification of heat-calling in late incubation compared to other breeding stages or roost nests: (Mariette et al., 2018; Mariette and Buchanan, 2019a), audition can potentially also allow embryos to by-pass parental control by collecting information directly from the environment. Acoustic eavesdropping, similarly to embryonic metabolism of maternal hormones (Groothuis et al., 2019), may therefore empower embryos to control their own developmental trajectory (Mariette et al., 2018). This challenges the traditional views of embryos as a passive agent during their development, and may lead to either parent-offspring conflict or cooperation, depending on the degree to which offspring's interests align with those of their parents.



Vocal Thermoregulation: Honest Signal of Embryonic Thermal Needs?

Sub-optimal incubation temperatures are known to delay hatching and increase embryonic mortality, but also have negative carry-over effects on nestling growth, immune functions and metabolism (Ardia et al., 2010; Nord and Nilsson, 2011; Martin et al., 2013). Therefore, whilst incubation is costly to the parent (Nord and Williams, 2015), it may pay to invest sufficiently in incubation to produce fast-growing nestlings. Accordingly, the majority of avian studies suggest that parents work at the maximum of their capacity during incubation (Chalfoun and Martin, 2007; Ardia et al., 2009; Nord and Williams, 2015; but see Bulla et al., 2014). On the other hand however, experimentally increased parental effort during incubation (by reducing nest temperature) negatively impacts the parents' subsequent investment in nestling provisioning, thereby impairing offspring growth (Ardia et al., 2010). Overall, therefore, because parents have to trade-off the energy they may save during incubation against the additional cost of raising low-efficiency nestlings, and offspring have to trade-off the level of care they receive before vs. after hatching, the optimal incubation temperature for parents and offspring may closely align (Evans et al., 1995). However, since the costs and benefits of parental incubation varies with nest temperature (e.g., Ardia et al., 2009, 2010), we may expect embryos to signal their thermal needs to the incubating parent. In a series of experiments in the 1990s, Evans showed that avian embryos do so using acoustic signals. In a number of precocial and altricial species, embryos increase calling rate when their temperature deviates from the optimal incubation temperature (Evans, 1990; Evans et al., 1995; Bugden and Evans, 1997) (Figure 1). Evans demonstrated that if parents respond to calls by resuming incubation, embryonic vocalisations can effectively maintain optimal incubation temperature (Evans, 1990; Evans et al., 1995). This likely represents a case of parent-offspring cooperation for optimal incubation investment.




ACOUSTIC COOPERATION BETWEEN SIBLINGS


Vocally Synchronised Hatching

Embryonic vibrations, clicks and calls have long been known to alter hatching time in order to synchronise hatching within clutches (Vince, 1964). In particular, early studies in birds and a more recent one in reptile have shown that late eggs accelerate hatching when exposed to calls or clicks from more developed siblings (Vince, 1964; Woolf et al., 1976; Schwagmeyer et al., 1991; Vergne and Mathevon, 2008) (Figure 1). Most strikingly, a recent study in yellow-legged gulls, where unmanipulated embryos were in physical contact with clutchmates independently exposed to alarm calls or silence, found that prenatal communication between siblings altered not only hatching time, but also a suite of behavioural and physiological traits (Noguera and Velando, 2019; see above). Whether vocally synchronised hatching represents a case of sibling cooperation may depend on the study system. On the one hand, late embryos are understood to accelerate hatching to avoid poor incubation conditions, and associated mortality risk, after hatching of the first eggs (Evans et al., 1995). Early embryos, on the other hand, likely benefit from synchronous hatching through a predation dilution effect, at least in precocial species (Vergne and Mathevon, 2008). However, by eroding the disparity in competitiveness between older and younger siblings, synchronous hatching, particularly in altricial species, increases sibling competition over food, to the detriment of older siblings, and the benefit of the younger ones (Roulin and Dreiss, 2012). Overall therefore, embryos in precocial species may cooperate to synchronise hatching, whereas in altricial species, synchronous hatching may be mostly driven by the benefits to the younger siblings.



Post-hatch Vocal Negotiation and Cooperation Between Siblings

Since Trivers' landmark model (Trivers, 1974), sib-sib interactions post-hatch have been mostly viewed as competitive interactions over parental resources, either through scramble competition between evenly competitive siblings, or through a dominance hierarchy generally following birth order (Mock and Parker, 1997; Roulin and Dreiss, 2012). Nonetheless, following theoretical predictions (Johnstone and Roulin, 2003), there is emerging evidence of negotiation and cooperation among siblings, notably through acoustic communication (Roulin and Dreiss, 2012) (Figure 1). Most remarkably, in the barn owl (Tyto alba), a series of original experiments by Dreiss, Roulin, and collaborators has revealed the vocal negotiation occurring between siblings, before parents bring a single indivisible prey back to the nest (Roulin and Dreiss, 2012). They have shown that owlets challenge each other vocally in an interactive process by adjusting their calls to those of their siblings, either intensifying or reducing begging calls depending on their level of need (Roulin et al., 2009) and their opponents' vocalisations (Ducouret et al., 2019). The most vocal chick in parent's absence is more likely to get the next prey from the parents (Roulin et al., 2009), whilst others refrain from begging to the parents (Dreiss et al., 2010). Interestingly, negotiation rules are dynamic, as individuals become more cooperative with age, being more likely to withdraw from a vocal contest with an hungry sibling (Dreiss et al., 2017). Beside the barn owl, parent-absent vocalisations have also been found to increase with hunger levels and predict nestling begging to parents in both spotted starlings (Sturnus vulgarus) and barn swallows (Hirundo rustica, Bulmer et al., 2008; Romano et al., 2013, 2015), which suggests that sib-sib vocal negotiation may be more widespread than currently acknowledged.

In addition, beside negotiation for food partitioning among siblings, theory predicts that siblings may also cooperate to obtain more resources overall for the brood (Johnstone, 2004) (Figure 1). In both birds and mammals, siblings have been found to coordinate their begging calls, which then increased parental provisioning (Mathevon and Charrier, 2004; Bell, 2007; Madden et al., 2009; Blanc et al., 2010). For example in meerkat, playback of alternating begging calls triggers more provisioning than when calls of the same two individuals overlap (Madden et al., 2009). In addition, the coordination of begging calls within brood or litter may reduce the per-capita cost of begging, as siblings decrease begging call rate when their siblings' calling rate is high (Mathevon and Charrier, 2004; Bell, 2007; Madden et al., 2009).




CONCLUSION AND PERSPECTIVES

Even though negotiation has been identified as a key process for the evolution of cooperation and parental care (McNamara et al., 1999, 2003; Johnstone and Hinde, 2006), we know surprisingly little on how negotiation operates, particularly on a behavioural time scale. The evidence brought together here strongly suggests that acoustic communication is likely to play a central role in family negotiation and cooperation. Interestingly, the evidence above on vocal negotiation between incubating partners, temperature-dependent calls in both parents or embryos, and vocal cooperation between siblings pre and post-natally, consistently demonstrates that considering acoustic communication often reveals previously unsuspected cooperative interactions where conflict had instead been considered as the driving force. This likely stems from the capacity of acoustic signals to convey large amount of information, notably on individual's hunger or thermal state in both parents and offspring. Access to this information can drastically alter investment decisions, by allowing the optimisations of costs and benefits to family members. A theoretical approach will be highly valuable in predicting the impact of prenatal and postnatal acoustic communication on the evolution of cooperation and parental care.

In addition, more empirical studies are clearly needed on a range of species to understand the generality of the patterns highlighted here. Beside their ubiquity in many taxa, acoustic signals are particularly amenable to fine experimental research using playbacks and continuous recordings, including automatic interactive playbacks (Ducouret et al., 2019) and playbacks targeting specific individuals (e.g., Hinde and Kilner, 2007). Integrating acoustic communication to the study of cooperation is therefore a highly promising field of research.
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Biparental care systems are a valuable model to examine conflict, cooperation, and coordination between unrelated individuals, as the interactions between the parents determines their fitness. Temporarily handicapping one parent induces a higher cost of providing care and is a widespread experimental technique for testing coordinated responses to changes in the costs of parental care in birds. However, dissimilarity in experimental designs of handicapping studies has hindered interspecific comparisons of the patterns of cost distribution between parents and their offspring. Here we apply a comparative approach by handicapping a parent at nests of five altricial bird species using the same experimental treatment. Across species, handicapped parents reduced their nest visitation rate, indicating increased costs of parental care for the manipulated parent. Unexpectedly, the partners of handicapped individuals did not compensate for the reduction in care, and the increased costs were subsequently passed to their offspring. The strength of this effect was mediated by the total duration of offspring care; in species with long care periods, the offspring were passed a greater share of the additional cost. This effect was evident in both changes to nest visitation rates and the body mass gain of the nestlings. Surprisingly, these responses were independent of life history pace (i.e., adult survival and fecundity). While most studies of the costs of parental care focus on the trade-off between current and future reproduction or survival (intra-individual trade-offs), our study highlights that a greater attention to inter-generational trade-offs is warranted, particularly in species with prolonged parental care. Moreover, our findings demonstrate that parental care decisions may be weighed more against physiological workload constraints than against future prospects of reproduction, supporting evidence that avian species may devote comparable amounts of energy into survival, regardless of life history pace.

Keywords: parental care, life-history trade-offs, reproductive effort, comparative field study, handicapping experiment


INTRODUCTION

Parental care is widespread in animals, but its expression varies greatly among and within species (Cockburn, 2006; Royle et al., 2012) as well as within individuals (Eggers et al., 2008; Ghalambor et al., 2013; Caro et al., 2016). In biparental care systems, the fitness of both parents is jointly affected by the reproductive decisions of each, as well as how they coordinate with each other. Thus, biparental care relies on cooperation between parents to ensure the survival of their offspring, but is also a source of conflict. Both parents face a trade-off between current and future reproduction and should strive to reduce their own effort, in balance with their partner's effort, to ensure that offspring receive enough total care to survive while lessening current costs of parental care for themselves (Trivers, 1972; Drent and Daan, 1980).

A pioneering model suggested that investment in parental care of both parents can be an evolutionary stable strategy (ESS) if one parent reduces its effort, its partner partially compensates and the increased costs are distributed between the partner and the offspring (Houston and Davies, 1985). More recent models have predicted that negotiation between the parents could lead to partial, full or no compensation by partners, depending on the costs and benefits associated with care (Jones et al., 2002; Johnstone and Hinde, 2006). Accordingly, researchers have suggested that parental care effort lies on a “negotiation continuum” (Hinde and Kilner, 2007) within and across species. This continuum is proposed to range from no partner response, where behavioral rules are independent of the behavior and needs of other family members, to highly flexible, where a behavioral change in one family member directly influences the behavior of others. Across species, we expect that this continuum is proximately effected by the immediate demands of reproduction (i.e., needs of the brood) as previously proposed (Johnstone and Hinde, 2006). Ultimately, we expect it to be influenced by the distribution of reproductive effort over an individual's lifespan (i.e., life history pace), as the long-term costs associated with current reproduction vary depending on an individual's future prospects of reproduction (Williams, 1966; Drent and Daan, 1980).

A common experimental technique for testing changes in the costs of parental care is to temporarily handicap one parent, thereby increasing the cost of providing care. In birds, this is often accomplished through the removal of flight feathers. These handicapping experiments have demonstrated large between-species variation in responses to changes in one parent's physical condition, across both parents and their offspring (Table 1). Handicapped birds may maintain or reduce their physical condition and/or their parental effort. Non-experimental individuals may fully compensate their partner's decrease in care, partially compensate, or copy the behavior of their partner (i.e., decrease care if their partner decreases care). Similarly, the condition of offspring may decline, improve, or stay constant.


Table 1. Results from previous studies that increased the costs of parental care through feather removal.

[image: Table 1]

Although there have been many experimental manipulations of parental care, to our knowledge only one meta-analysis has previously examined the responses comparatively (Harrison et al., 2009). However, due to variation in the types of manipulation (e.g., clipping feathers vs. adding weight), the behavior examined (e.g., feeding vs. incubation) and the types of responses recorded (e.g., parental behavior vs. parental condition), a thorough examination of the mitigating factors for patterns of parental care across species has not been possible. Indeed, this meta-analysis showed that the type of manipulation played a key role in explaining heterogeneity in parental responses to manipulation of care and that responses differed depending on the behavior being focused on, while species traits that may have accounted for interspecific differences were largely excluded from the analyses.

A drawback of many handicapping studies is that they measure effects on a single trait or individual, by focusing only on the condition or behavioral changes of the handicapped parent, its partner or their offspring (see Table 1). Consequently, it is difficult to determine how experimental effects are distributed between parents and offspring in many cases. Furthermore, the most common measure taken has been changes in the condition of the handicapped individual (Table 1), usually in terms of body mass, which are frequently attributed to an increased reproductive effort. However, these responses may reflect functional corrections to wing loading rather than adverse effects of handicapping (Norberg, 1981; Lind and Jakobsson, 2001), confounding whether there are any changes in reproductive effort. Because changes in the body mass of handicapped birds are difficult to interpret, it is important to measure parental effort directly, via behavioral responses, in combination with the condition of the offspring, so that relative effects can be properly estimated across all of the family members.

Here we handicapped parents in five altricial bird species with biparental care, resulting in one partner facing higher costs of offspring provisioning, which must be paid by the treated bird, its partner, or their offspring. We analyzed the results comparatively to examine differences in parental care behavior of each parent and any effects on nestling condition. Life-history theory predicts that long-lived species should prioritize survival (and thus future reproduction) over current reproduction, and they are consequently expected to be less willing to increase their parental effort compared to short-lived species (Williams, 1966; Drent and Daan, 1980). However, more recent meta-analyses on costs of care suggest that life-history pace may play a smaller role than previously suggested (Santos and Nakagawa, 2012; Elliott et al., 2014). Thus, we expected that responses will vary across the life-history spectrum, but that life history pace alone will not account for interspecific differences.



MATERIALS AND METHODS


Study Species

We handicapped individuals of five bird species with biparental care in southern Spain during the breeding seasons of 2013 and 2014 (Table 2). The experiment was conducted in populations of great tits (Parus major), blue tits (Cyanistes caeruleus), and woodchat shrikes (Lanius senator) in the Cordoba region (37°95′N, 4°40′W), and black wheatears (Oenanthe leucura) and European bee-eaters (Merops apiaster) in the Guadix region (37°25′N, 3°05′W). All nests used in the analyses had two adults, presumably the mother and father, attending to the nestlings. At least one parent was marked for individual identification prior to the experiment, with a combination of plastic colored rings or a temporary mark on their feathers. Because European bee-eaters sometimes have helpers at the nest, both parents were marked early in the nest stages (building or incubating) to reduce the chances of marking a non-breeder, and each nest included in this study was checked for the presence of only two adults attending the nest.


Table 2. Sample sizes of nests and nestlings for each species included in the experiments.

[image: Table 2]



Experimental Design

This research was conducted in accordance with all applicable laws and rules set forth by the Junta de Andalucía, Spanish Ornithological Society and Bird Migration Centre of Spain, and all necessary permits were in hand when the research was conducted. Experiments were started at each nest based on the developmental stage of the nestlings (as feather growth begins), rather than absolute age, to allow for a better comparison between species with different development schedules. The experimental procedure spanned 5 days. Each nest was recorded with a video camera to obtain the visitation rate for 2–4 h on the first, second, fourth and fifth days of the experiment. The duration of recording was determined prior to the experiment through observations of each species, and was based on the natural visitation rate to conservatively ensure a minimum of 10 nest visits per observational bout. Recordings were made at the same time of the day for each nest, and nests were assigned to morning, midday, or afternoon recordings using a balanced random design.

On the third day of the experiment, one of the adults at each nest was caught and either handicapped, by removing the 7 and 9th primary feathers on each wing, or was handled (with simulated feather removal) and released as a control. Removal of flight feathers has been demonstrated to increase the energetic demands of flight by increasing wing loading (Pennycuick, 1989; Hedenström and Sunada, 1999), thus increasing the cost of parental care during foraging for provisioning.

After recording on the first day, all nestlings were marked for individual identification with a non-toxic permanent marker on one leg. Each nestling was weighed with a digital scale and its wing and tarsus length were measured with dial calipers (0.1 mm accuracy) on the first, third and fifth day of the experiment. All nestling measurements within a nest were taken by the same experimenter to maintain consistency across days.



Statistical Analyses

We predicted that the visitation rates of parents, after handicapping one of them, may be influenced by the adult survival rate, body mass, the body mass–scaled initial reproductive allocation (total mass of eggs produced annually divided by adult body mass, following Sibly et al., 2012), the duration that offspring require provisioning in the nest and after fledging (“care time”), and the duration that offspring stay with their parents subsequent to nutritional independence (“family time,” Drobniak et al., 2015). We used a principal component analysis (PCA) to reduce the dimensionality of these predictors, as most of them exhibited moderate to strong correlations (Table S1). Because the units of measurement for traits differed, we relied on the correlation matrix among variables to generate PCA scores rather than the covariance matrix (Graham, 2003). Both the inspection of a Scree plot and Eigenvalues suggested the extraction of two principal components (PCs). To simplify the factor structure by maximizing the variances of loadings and hence facilitate their interpretation, we first performed an oblique (oblimin) rotation of the components, which indicated that the resulting factors were not substantially correlated (r = 0.21). We then applied a varimax rotation to the original components. Differences in results of the rotation techniques were negligible, and did not affect the overall pattern of loadings, so we retained the varimax rotation in further analyses (Kieffer, 1998).

The principal components analysis resulted in the extraction of two PC variables (Table S1) that cumulatively explained 79% of the variance. The first component, hereafter labeled “duration of care,” included the care time, body mass, and family time. A high value of this component signifies species with long periods of parental investment. The second component, hereafter labeled “life history pace,” included adult survival rate and the index of reproductive allocation (see above). A high value of this component signifies parents with long expected lifespans and low annual reproductive investment.

We fit linear mixed models using a Bayesian framework with Markov chain Monte Carlo (MCMC) methods with the package MCMCglmm (Hadfield, 2010) in R 3.1.0 (R Core Team, 2014) to examine among-species responses to the handicapping procedure. All models were run for 100,000 iterations, with a burn-in phase of 2,000 iterations and a thinning interval of 100, which resulted in approximately 1,000 samples from the posterior distributions for each model parameter. A reasonably normal distribution of residuals was confirmed for all models. Model convergence was confirmed by visual examination of trace plots and calculation of autocorrelation between iterations. Non-significant interactions (p > 0.05) were removed from initial models using a backwards elimination procedure, but non-significant main effects were retained.



Visitation Rates

Visitation rates were measured as the number of nest visits per hour per nestling. Although we did not confirm that every visit involved food delivery, visitation during the nestling phase is a common proxy for offspring provisioning (Mariette et al., 2011; Mutzel et al., 2013). These rates were averaged for the 2 days prior to catching/handicapping a parent, i.e., “pre-treatment” phase (days 1–2), and the 2 days following catching/handicapping, i.e., “post-treatment” phase (days 4–5). We analyzed sources of variation in visitation rates among the tested species using separate linear mixed-effect models with the total visitation rate at the nest, as well as the visitation rates of each parent, as response variables. Effects in the pre-treatment phase and the post-treatment phase were analyzed separately. These models included brood size, duration of care, life history pace, and the two-way interactions between each principal component and treatment as fixed effects, with species as a random factor.



Nestling Growth

We analyzed sources of variation in nestling growth among all of the tested species using separate linear mixed-effect models of nestling changes in mass, tarsus length, and wing length. Each response variable was measured as the difference in each parameter between the “pre-treatment” phase, and the difference in each measurement of the “post-treatment” phase, and these phases were analyzed separately. Brood size, duration of care, life history pace, treatment, and interactions between treatment and each principal component were included as fixed effects. Random intercepts were specified for species and nest identity. Finally, we analyzed the relationship between nestling growth and visitation rate, with the change in nestling mass as the response variable and the total visitation rate per hour per nestling as a predictor, with species and nest identity specified as random effects.




RESULTS

The experiment could not be completed in nests that failed before the end of the experiment (N = 9) or because a parent was not caught on Day 3 (N = 8) and these 17 nests were excluded from all analyses. Results of total visitation rates (visits per hour per nestling) are based on 61 nests. In 29 of these nests, we were unable to reliably distinguish the individual parent of some nest visits, so these nests were excluded from analyses of individual visitation rates. Nestling growth results are based on 384 nestlings in 72 nests across the five species.


Visitation Rates

The total visitation rate and the individual visitation rates of either parent did not differ during the pre-treatment phase between the control and the handicapped groups (Figure 3A, Tables 3a–c). In contrast, the visitation rates in the post-treatment phase were lower in handicapped individuals than control individuals (Figures 1, 2, Table 3b), as were total visitation rates (Table 3a). In addition, duration of care interacted with the treatment for the visitation of focal parents in the post-treatment phase, where handicapped parents in species with long care periods reduced visitation more than those with short care periods (Table 3b). This interaction was also observed for total visitation rates during the post-treatment phase (Figure 3B, Table 3a). Across species, visitation rates did not differ between partners of handicapped and control-caught birds (Figure 2, Table 3c), and no included variable accounted for variation in partner responses.


Table 3. Mixed model results of effects on (a) total visitation rate, (b) focal individual visitation rate, and (c) partner visitation rate before and after the handicapping (or control catching) of one parent.
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FIGURE 1. Standardized predicted values (±SE) from mixed model of visitation rates of handicapped and control birds. Prior to the treatment, visitation rates did not differ between the control group and treatment group. After the treatment, handicapped birds reduced their visitation rate.



[image: Figure 2]
FIGURE 2. Percent difference between nests with handicapping vs. control treatments in the post-treatment feeding rates of the focal individual and their partners for each species.



[image: Figure 3]
FIGURE 3. Standardized model-predicted total visitation rates varied according to duration of care. (A) Handicapped and control groups had similar visitation rates during the pre-treatment phase. (B) Total visitation rates were lower in the handicapped group during the post-treatment phase, particularly for species with long durations of care. Shaded area represents 95% confidence interval.




Nestling Growth

In the pre-treatment phase, the change in nestling mass was not influenced by any of the explanatory variables (Figure 4A, Table 4a). In the post-treatment phase, the change in body mass of nestlings in the handicapped group decreased, but increased in nestlings of the control group, with an increasing duration of care (Figure 4B). Changes in nestling mass were directly related to total visitation rates at the nest (estimate = 0.241; lower, upper 95% CI = 0.125, 0.364; p ≤ 0.001; Table S2). Analyses of changes in nestling tarsus and wing growth (Tables 4b,c) indicated no treatment effects on both response variables.


[image: Figure 4]
FIGURE 4. Standardized model-predicted changes in nestling mass varied according to duration of care. (A) The change in nestling mass did not differ between the handicapped and control groups in the pre-treatment phase. (B) In the post-treatment phase, the mass of nestlings in the handicapped group decreased with an increasing duration of care, while the mass of nestlings in the control group increased with the duration of care. Shaded area represents 95% confidence interval.



Table 4. Mixed model results of effects on nestling (a) mass, (b) tarsus length, and (c) wing length before and after the handicapping (or control catching) of one parent.
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DISCUSSION

Parental care is costly, and parents of iteroparous species are predicted to strive to minimize the costs that they incur in a current reproductive event to ensure future reproductive events (Williams, 1966; Stearns, 1992; Gross, 2005). Our experiments demonstrate that, across five species, increased costs of parental care generally results in a reduced visitation rate by the handicapped parent, and that offspring were passed on the largest share of the additional cost in species with long offspring care periods. Surprisingly, the partners of handicapped individuals generally did not compensate for the reduction of care and thus, the detrimental effects on the nestlings mainly depended on the strength of the response of the handicapped parent.

Contrary to our expectations, life history pace did not influence interspecific differences in the parental care decisions after handicapping. In birds, large-bodied species with long care periods generally have low adult mortality (Speakman, 2005; Valcu et al., 2014). However, in the set of species that we investigated, these traits were not highly correlated, and thus we were able to tease apart where species lie on the pace-of-life spectrum and the associated trade-off between survival and reproduction. Here, the species with the largest opportunity for future reproduction differed from those with the longest burden of parental care. We expected that parents with a slow life history would be most sensitive to costs of reproduction (Williams, 1966; Drent and Daan, 1980; Linden and Møller, 1989). However, only the duration of care but not life-history pace predicted whether costs were passed to offspring when faced with an increased cost of care. In accordance with our findings, a meta-analysis that looked explicitly at energy expenditure of handicapped birds found that a species' life history was independent of whether individuals reduced investment into their own energy stores or their offspring's growth (Elliott et al., 2014). Taken together, these results suggest that interspecific differences in reproductive decisions of birds may be largely determined by energetic constraints rather than life history trajectories.

Little is known about the physiological effects of workload during parental care in wild birds (Williams and Fowler, 2015). Previous studies suggest that costs of parental care can be cumulative over a breeding cycle. Many bird species have been shown to rely, at least partially, on nutrient reserves built-up prior to breeding and/or during incubation (Drent and Daan, 1980; Martin, 1987; Moreno, 1989), in preparation for the costly offspring provisioning stage. Thus, the workload during provisioning may be at or even exceed the maximum sustainable workload (Weiner, 1992; Low et al., 2012), and if this is the case over a long period, the risk of mortality is expected to increase (Drent and Daan, 1980). Accordingly, parents are predicted to make decisions about parental care based on maintaining their physical condition above a threshold determined by the trade-off between offspring survival and their expected reproductive value at the end of breeding (Webb et al., 2002). Indeed, theory demonstrates that an increase in the daily energetic costs of care leads to a decrease in the duration of care in birds (Webb et al., 2002), and field data shows that species with long provisioning periods often have a greater loss of body mass than species with short durations of provisioning (Moreno, 1989). Moreover, costs associated with extended parental care have been shown to have important carryover effects. For example, Brent geese (Branta bernicla) that are accompanied by offspring over winter are less likely to breed successfully in the following season (Inger et al., 2010). Taken together, these findings indicate that both the daily energy expenditure and the duration that expenditure, including post-fledging care, must be sustained contribute to the overall costs of parental care.

Species with lower baseline costs of parental care may have more leeway to increase their parental investment if necessary, without incurring deleterious consequences, and thus costs allocated to offspring can be minimized in these species. In contrast, species with generally high costs of parental care are more likely to be at their maximum energetic capacity in a given reproductive event, and any increase in the costs associated with caring may have severe consequences in terms of future survival and fitness. Larger species do indeed expend more energy per day toward parental care than small species, however the ratio of energy expenditure to body mass tends to be smaller in large species (Masman et al., 1989). Thus, our results stand in contrast with the prediction that large species expend the smallest share of their energy during parental care (Masman et al., 1989). However, this prediction is based on per-day calculations of energy expenditure relative to energy intake, and does not take into account the duration of care, which is generally longer for large species (Griesser et al., 2017) and thus may accrue higher reproductive costs over the whole breeding cycle.

Given the limited number of samples and species, the interpretation of these findings face limitations. Responses may have varied according to factors we were unable to include due to a lack of statistical power and a lack of variation within the species included here. In particular, the scope of this study did not allow for examination of ecological factors; a species' niche is likely to affect parental care decisions in ways that we were unable to test (Caro et al., 2016). For example, European bee-eaters are the only specialized aerial foragers among the species we tested, and consequently handicapped individuals may have accrued higher costs of foraging, particularly because gaps in flight feathers reduce flight maneuverability (Swaddle and Witter, 1997). Moreover, it is possible that parents altered the quality or quantity of the food that they delivered to the nestlings, rather than the number of visits (Wright et al., 1998). Yet, changes in the condition of the nestlings were directly related to the changes to total provisioning rates at the nest, indicating that costs were in fact accrued by nestlings with a handicapped parent. Finally, we were unable to robustly test sex differences in responses due to low and unbalanced samples of one sex in some species. Inspection of the data indicated that both sexes reduced their care when handicapped, but that unmanipulated males may be more likely to compensate for a reduction of care by their partners than unmanipulated females (Figure S1). If so, this may reflect that females are already providing care at their maximum capacity (MacGregor and Cockburn, 2002; Low et al., 2012) and may be more likely to transfer costs of reproduction on to their offspring than males (Santos and Nakagawa, 2012). Nonetheless, the findings of this study give novel empirical insight into different strategies employed across species to deal with increased costs of parental care that should be verified with larger-scale comparative studies. Such studies will be made possible with targeted experimental tests that manipulate parental care in a standardized way, so that comparable effect sizes are obtainable.

To conclude, most studies of the costs of parental care focus on the trade-off between current and future reproduction or survival (intra-individual trade-offs, e.g., Owens and Bennett, 1994; Webb et al., 2002; Alonso-Alvarez and Velando, 2012; Santos and Nakagawa, 2012), while relatively few studies have addressed the fitness consequences of parental decisions on current offspring (intergenerational trade-off, as discussed in Stearns, 1989). Our results suggest that greater attention to inter-generational trade-offs is warranted, particularly in large species with long developmental (and thus parental care) periods. Moreover, our results indicate that, across species, parental care decisions may be weighed more against physiological workload constraints than against future prospects of reproduction, and support recent evidence that all bird species may devote comparable amounts of energy into survival, regardless of life history strategy (Santos and Nakagawa, 2012; Elliott et al., 2014).
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Socially monogamous birds have provided a major focus of research in the field of sexual selection, providing insight into the evolution of ornaments, sexual dimorphism and sex roles. Following important theoretical work in the 1970's, there has been a continued emphasis on elements of the sexual conflict between socially monogamous partners. The application of molecular tools enabled a significant research investment into the conflict over paternity. The differential allocation hypothesis, has been another well-worked area, focusing attention on the conflict over investment with a current or future partner, and being at the forefront of high-profile work on maternal effects. Whilst the conflict between the sexes has been a fascinating area of evolutionary biology over the past four decades, I will argue that the level of conflict between partners is often overstated, and our understanding of social monogamy is biased by taking the perspective of conflict rather than cooperation. For example, differential allocation in socially monogamous birds can be explained from an entirely cooperative perspective, as can much behavior that is currently associated with sperm competition and the conflict over paternity. With over 80% of avian species forming socially monogamous bonds that are often life-long and can last for many decades, we need to redress the balance, and focus more attention on the benefits that both males and females gain from establishing, and maintaining socially monogamous partnerships. I highlight behavioral and morphological adaptations that feature strongly in socially monogamous birds, and that are deserving of more attention from the perspective of the high level of inter-individual cooperation and coordination that undoubtedly exists in many species. Whilst the focus of research has begun to shift recently, it will take many years to redress the bias toward sexual conflict that has taken the major share of empirical attention to this point.
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INTRODUCTION

In some of the earliest work focused on sexual selection in wild animals, Huxley (1914, 1923) focused on the elaborate pair displays of two socially monogamous waterbirds. In both the great-crested grebe Podiceps cristatus and the red-throated diver Gavia stellate, Huxley (1914, 1923) described the complex multimodal displays incorporating striking ornamental plumage, alongside vocal and physical displays that are highly coordinated by the male and female together. Huxley (1914, 1923) noted that these displays were more prevalent after, rather than before pair formation and concluded that the primary function of such displays was to strengthen the partnership and improve the fitness of the pair together. In an important paper, reflecting on sexual selection, Huxley (1938) drew an important distinction between traits that evolved primarily to attract mates, and those that may influence the outcome of reproduction by a pair after mate choice has occurred. Huxley (1938) wrote “In most monogamous birds, display begins only after pairing up for the season has occurred,” interpreting that the primary function of displays was psycho-physiological, and linked to the synchronization of male and female “rhythms of sexual behavior” and the maturation of oocytes. Huxley's view (1938) of social monogamy was that of a largely cooperative partnership, that complemented and added to Darwin's theory of sexual selection (Darwin 1871), on the basis of his observations of secondary sexual traits that were not easily reconciled by the competition for mates alone. As recently discussed by Symes and Price (2015), Huxley's ideas (from his 1938 paper) were well-cited up to about 1972 when Campbell's book (1972) initiated a focus on mate choice, and elements in that area that developed into what we now understand as of sexual conflict. Symes and Price (2015) wrote “the intensive attention to sexual selection via mate choice has superseded a balanced assessment of the relative importance of sexual selection and sexual stimulation in the evolution of intersexual signaling.” In this review, focused on socially monogamous birds, I bring together the work on mate choice, and the recently emerging work on cooperative and social aspects of sexual selection. I will argue that the work on mate choice in socially monogamous birds has tended to take an overly conflict-centric perspective, and this review will hopefully helpfully to redress the balance—putting the social back into our consideration of social monogamy. Behavioral interactions between males and females will include components that vary from those in which the individuals' interests are highly conflicting, along a continuum of variation to those where the interests of the partners are well-aligned and high levels of cooperation are achieved. Behavioral interactions between partners are likely to have evolved under the tension between conflict and cooperation, and appreciating the full range of variation along the continuum between the two will improve our insight into the evolution of behaviors and morphological traits intimately associated with reproduction in socially monogamous organisms.

Sexual selection focuses on the competition between individuals in a population to win mates and produce offspring. Highly polygynous, and sexually dimorphic birds such as the peacock Pavo cristatus, have long been used as the embodiment of sexual selection, and to a large extent research into sexual selection in other species is largely colored by that species. It is intuitive to assume that if we can understand the selective pressure that created the extravagant ornamentation of the peacock, then surely, we can similarly understand the less extravagant secondary sexual ornaments of males in socially monogamous species like the familiar house sparrow Passer domesticus. Indeed, the peacock literature is widely cited in the research literature on sexual selection in socially monogamous species. However, there is a profound difference in the form of sexual selection in the peacock and the sparrow, arising from the prolonged social interaction between males and females in the sparrow, and all other socially monogamous birds. The peahen will gain little from the peacock other than sperm to fertilize her eggs, and the different qualities (carried within that sperm) that the peacock will contribute to his offspring. Mate choice by peahens is therefore relatively unconstrained by other considerations, and as a result there is a significant skew in reproductive success across the male population, with many peahens mating with just a few “best” males (Petrie et al., 1991). By contrast, the female in a socially monogamous species has a more constrained, and complex mate choice decision to make in her choice of partner. First, in a socially monogamous system many males will be paired and thus unavailable as social partners in the short-term. Second, the female is not just optimizing the genetic quality of her offspring, she should also optimize the many other qualities that the male will provide both to her as a social partner (in both the short, and potentially long-term), and to her offspring as their social and genetic father.

The complexity of the mate choice decision in socially monogamous species, within the context of the iteroparous life history of avian species, sets up a range of interesting potential avenues for both sexual conflict and cooperation. I will review the main areas below, starting with those relating to sexual conflict, but will devote more space to the cooperative aspects, given the imbalance in the literature to date (Symes and Price, 2015).



PART I SEXUAL CONFLICT

Sexual conflict exists because the evolutionary interests of a male and female will not be perfectly aligned over a lifetime in all species which are not obligately genetically monandrous. At a broad level sexual conflict has been well-introduced and reviewed previously (Arnqvist and Rowe, 2005; Wedell et al., 2006; Hosken et al., 2009), and below I will focus on those aspects of sexual conflict that are of particular relevance to social monogamous birds. The drivers of sexual conflict in socially monogamous birds are those aspects of the life-history that cause deviation from genetic monandry, because that will determine the proportion of an individual's reproductive output that will be independent of the current partner. The conflict will affect investment decisions by males and females, as they consider the investment that they will make in future reproductive opportunities with others as part of their individual life-history strategy. The manifestations of sexual conflict in a system will therefore be those behaviors or morphologies that emerge as a result of the selection on individuals to optimize their own fitness in the context of the sexual conflict present. In each section I will introduce the area, before fore-shadowing the reasons why I believe that each phenomenon deserves attention from the alternative perspective—cooperation.


Drivers of Sexual Conflict
 
Divorce and Sequential Monogamy

All avian species are iteroparous and although the relatively high investment in parental care will constrain the capacity to rebreed, most individuals have the potential to breed multiple times either within or across years, and reproductive activity extends over a lifetime. Despite some reduced fecundity linked to senescence, long-lived birds remain reproductively active for many decades (Wasser and Sherman, 2010). Exclusive genetic monogamy is unlikely to occur in any avian species because when an individuals' partner dies, that individual should take another partner and continue its reproductive life. Furthermore, in many species divorce will be instigated by one, or both partners, usually following sub-optimal reproductive performance by the pair (Culina et al., 2015b). Sexual conflict arises between current partners because the evolutionary trajectories of their individual life-histories are potentially different, and can be individually optimized, with respect to current and future investment (Parker et al., 2002; Arnqvist and Rowe, 2005). For example, one partner may withhold investment in the current brood, toward future investment with another partner. The level of sexual conflict derived through this route is difficult to evaluate across species, but will be driven by the relative rate of mate switching through either divorce or sequential monogamy following partner mortality (Figure 1). The extent of the deviation from complete monogamy—where all pairs breed exclusively together across a whole lifetime—will drive the conflict over the individual investment into reproduction by both the male and female (e.g., Royle et al., 2002). In species that breed over a long period of time, repeat-breeding with the same partner will reduce the level of conflict by increasing the proportion of lifetime reproductive output that is produced with the same partner (see Figure 1). The level of both divorce and annual mortality are very variable in birds (Jeschke and Kokko, 2008) and do not appear to covary strongly (Figure 2). As a result of these two drivers, the level of repeat breeding by individuals, and by pairs together will vary greatly across species and contribute to a likely continuum from high levels of sexual conflict in some species, to high levels of sexual cooperation in other socially monogamous bird species. Whilst there have been many reviews and empirical studies of divorce in birds, there have been fewer studies of the mechanisms and consequences of individuals staying together, even though the data from studies of divorce indicate that this is more common. For example considering the data on 158 species compiled by Jeschke and Kokko (2008) (reported in their supplemental material), there are seven species in which all pairs divorced from one breeding cycle to the next. By contrast all pairs remained together in almost twice as many species (13). Furthermore, the majority of pairs (76%) remained together for a subsequent breeding attempt across this representative sample of avian species. Surely the mechanisms underlying this social fidelity and the fitness consequences that it drives are worthy of additional attention?


[image: Figure 1]
FIGURE 1. Illustrating the key drivers of sexual conflict in socially monogamous birds. Reproductive attempts are separated by “;” with eggs produced with a first partner shaded in blue, subsequent partner shaded in black, and extrapair paternity represented with red shading. Sequential monogamy can be driven by the replacement of a mate that dies, or divorce. The three species exemplified are based on approximate levels of EPP, clutch sizes, annual mortality, and divorce. There are no clear avian examples of the two hypothetical situations indicated at the bottom in which there would be lifetime monandry.
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FIGURE 2. Variation in the rate of mortality and divorce for the 97 species of bird in which both parameters were reported in the supplementary table provided in Jeschke and Kokko (2008). The mortality rate is the proportion of adults that die between 1 year and the next, divorce is the proportion of pairs that are made up of individuals breeding with a new partner when both former partners are still alive (full details and original sources given in Jeschke and Kokko, 2008).




Extra-Pair Paternity

In the short-term, extra-pair copulations may improve the reproductive success of both males and females, and are known to occur in 76% of the 255 socially monogamous species surveyed, with extrapair paternity accounting for over half of the offspring in some species (Brouwer and Griffith, 2019). Extrapair paternity provides the opportunity for females to “trade-up,” and mate with males of higher quality than their social partner (for good genes benefits for offspring), as well as providing direct benefits such as access to additional resources (through extrapair males) and fertility assurance (Brouwer and Griffith, 2019). Sexual conflict is inevitable when extrapair paternity exists in a system through a number of routes: any offspring sired by extrapair males will reduce the fitness value of the brood to the pair male; in the absence of reliable cues of kinship, the pair male will invest in offspring that are not his; the care invested by a male in his partner may represent an opportunity cost in terms of missed opportunities to invest in seeking extrapair copulations. In socially monogamous species, sexual conflict will therefore be driven by the incidence and frequency of extrapair paternity. In some species, the level of sexual conflict between partners driven by extrapair paternity will be significant (given the high rates of the latter; Brouwer and Griffith, 2019). However, in many monogamous species, extrapair paternity is low or non-existent, and will not contribute to sexual conflict. There is a clear phylogenetic signal in the level of extrapair paternity across avian species and it is low or completely absent across significant parts of the avian phylogeny (Brouwer and Griffith, 2019). It is arguable that our perspective on extrapair paternity is somewhat biased by the relatively high levels seen in many species of passerine that have been relatively well-sampled (Brouwer and Griffith, 2019), but even here, there are passerines such as the zebra finch in which extrapair paternity is essentially absent (Griffith et al., 2010).

It is noteworthy that the most consistent determinant of the variation of the level of extrapair paternity across species is the annual mortality rate of the species—long-lived species have lower rates of extrapair paternity than short-lived species (Griffith et al., 2002; Botero and Rubenstein, 2012). In those species in which the male and female have the potential to breed with each other over a longer period of time, they tend to remain more genetically faithful to one another. This pattern is consistent with the idea that repeated mating with the same individual will be valuable and shouldn't be compromised by infidelity (see below). Short-lived species, tend to live in highly predictable and seasonally constrained environments (Botero and Rubenstein, 2012), and the current breeding attempt will constitute a higher proportion of an individuals' lifetime reproductive opportunity. As a result, of such limited reproductive opportunities, both males and females should “bet-hedge” against the poor quality of a partner by engaging in some infidelity. From a female perspective, there is a real risk that if a male partner is functionally infertile (Sheldon, 1994) this can only be detected once a first set of eggs has failed to hatch (after the whole incubation period has elapsed). The opportunity to breed may have passed, not only for that year, but potentially for life.

It is important to recognize that extrapair paternity does not always equate to sexual conflict. There are also social contexts in which even though social males may lose paternity, this does not mean that the evolutionary interests of the male and female are necessarily misaligned. A nice example is the lazuli bunting Passerina amoena, where subordinate males will be permitted to establish territories next to dominant males who will gain extrapair paternity from their low-ranking neighbors (Greene et al., 2000). Even though 49% of all nests contained extrapair offspring sexual conflict will be reduced in this system because despite the offspring lost to dominant males, subordinate males have higher reproductive success than they would if they didn't nest on those territories (Greene et al., 2000). Furthermore, the reproductive success of the female is improved when paired to subordinate males because she benefits from the territory, and access to the high quality neighboring dominant males (Greene et al., 2000). Therefore, the evolutionary fitness of the male and the female can still be fairly closely aligned in this context, as the extrapair paternity improves the fitness of both members of the pair. Extrapair paternity can certainly contribute to the level of sexual conflict in socially monogamous birds, but the level to which it does so in most species is probably somewhat overstated, with much focus on relatively few species that have high levels (e.g., reed bunting Emberiza schoeniclus, superb fairy wren Malurus cyaneus, tree swallow Tachycineta bicolor) perhaps distorting our perspective (see also Brouwer and Griffith, 2019).




Manifestation of Sexual Conflict
 
Sexual Conflict Over Mate Choice

In many species physical or acoustic mate guarding is viewed as an adaptive response by males to the threat posed by extrapair males. Mate guarding is often interpreted as direct evidence of sexual conflict (Arnqvist and Kirkpatrick, 2005), and indeed close attention by the pair male will constrain a female's attempt to freely express alternative mate choice. Physical mate guarding is characterized as the close following by a male that intensifies during a female's fertile period. Acoustic mate guarding is characterized as a higher level of male song, and particularly duets (in those species in which both male and female sing together), during the peak period of fertility (Rogers et al., 2007). Whilst often interpreted as the manifestation of sexual conflict, it can be difficult to exclude the possibility that close attention of the female by the male partner might be mutually beneficial. For example, zebra finches have been suggested to provide a classic case of successful mate guarding because the pair are always observed together during the fertile period and there is so little extra-pair paternity in the wild (Birkhead et al., 1988, 1990). However more recent data indicates that the pair are almost always together, even when there is no breeding going on in a population (McCowan et al., 2015). Whilst mate guarding undoubtedly occurs in some species (particularly those in which a male has a high risk of losing paternity), and will be a manifestation of sexual conflict, this will not always be the case. As discussed below, behavior formerly considered to be mate guarding, may be cooperative behavior between the pair.



Sexual Ornamentation

A lot of work has taken the perspective that ornamental traits such as extravagant tails, colors and song, are primarily adverts through which males acquire females (Andersson and Simmons, 2006). As such, investment in the traits by males (usually, but also by females in those species in which they also express such traits), carries a cost to the other sex. The focus on mate choice implies that the ornamented sex will be trading-off investment in parental care with that devoted to continued display. Furthermore, an indirect additional cost, built into the handicap models of sexual ornamentation, is that extravagant ornamental traits will impose direct costs to those expressing them, with respect to increased conspicuousness, aerodynamic performance, or the energetic costs of maintaining, or performing them (song) (Kokko et al., 2002).

In socially monogamous species, whilst ornamental traits will aid females in finding a good quality partner initially, the existence of such traits will impose long-term costs on the investment that they will get from that partner. Particularly in species with long-lived partnerships, there seems to be a logical problem here, perhaps again caused by the conceptual reference to the train of the peacock. In the highly extravagant peacock, the costs of expressing the ornaments are of no consequence to the female beyond mate choice because she will have no social connection to the male after copulation (Petrie et al., 1991). Socially monogamous birds are different because of the association over time between the male and female. A more refined approach should account for the signal and costs that are inherent in the trait of a socially monogamous male both in mate choice itself, but more importantly for the remainder of the lives of the individuals concerned, and from the perspective of a partnership that can run for many decades after mate choice.



Differential Allocation

The idea of differential allocation, is implicitly a manifestation of sexual conflict over the investment that an individual makes with its current partner vs. a future partner, with Burley (1986) stating: “an individual's own mating attractiveness affects the amount of parental investment it is able to secure from a mate”; and “attractive individuals can restrict their own per-offspring investment and save reproductive effort for future use.” The idea was first proposed after Burley (1986) observed a correlation between the level of ornamentation in male zebra finches and the level of investment by their partners. The idea is intuitively appealing. If a female is currently paired to a male of relatively low quality (due to the constraints of available mates in a socially monogamous system), it may be adaptive to reduce current investment with that partner so that she is more likely to survive and breed again (with residual resources) with a higher quality partner. The hypothesis has been tested in many socially monogamous species and indeed a recent meta-analysis of all the data found some overall support for the idea (albeit with quite small to moderate effect sizes, and only on some aspects of female investment) (Horváthová et al., 2012). The positive relationship between male ornamentation and the investment by a partner is consistent with the logic of the differential allocation (and in each case has been interpreted as a manifestation of sexual conflict). However, an alternative explanation for the same relationship, is that the ornamentation of the male functions as a signal to the female, to help her optimize her investment in line with his current ability (good parent hypothesis; Hoelzer, 1989), something that may be in the pairs interests if they breed together in the future. However, the continued reference to the differential allocation hypothesis over the past three decades, demonstrates the bias toward ideas of sexual conflict over that time. In many socially monogamous species, including the zebra finch, for which the idea was first suggested, pairs form life-long partnerships that persist until the death of a partner, and so one of the main assumptions underlying the idea of differential allocation is generally not met. Furthermore, in short-lived species, such as the blue tit Cyanistes caeruleus, which has also been well-studied in this context (see references in Horváthová et al., 2012), the annual adult mortality rate is so high that the majority of adults only get one breeding attempt in their lifetime, and therefore future reproductive attempts are stochastically unlikely and should be of lower value irrespective of potential future partner quality than a current attempt. i.e., an individual should not strategically reduce investment in a current reproductive attempt in lieu of a future event that is unlikely to happen.



Patterns of Investment in Parental Care

Biparental care for developing offspring is the most prevalent system in socially monogamous birds (Cockburn, 2006). When two parents are jointly providing care to their offspring, it is predicted theoretically that both parents are, to an extent investing with a view to their own interests, reducing the overall level of care relative to a uniparental care system (McNamara et al., 2003). Experimental support for this prediction was found in the zebra finch, comparing the quality of offspring reared under either uniparental, or biparental care (Royle et al., 2002). This demonstrates that there is likely to be some degree of sexual conflict in the negotiation over parental care in most socially monogamous birds, given iteroparity and the lack of lifetime genetic monandry. Biparental care is a highly effective strategy in birds, and the most widespread form of parental care (81% of species; Cockburn, 2006). Whilst there is some level of conflict over investment (e.g., Royle et al., 2002), the provision of biparental care is an inherently cooperative enterprise between a male and female, and we shouldn't place too much emphasis on the conflict, because in many species the lifetime evolutionary interests of the partners have a high degree of overlap. Furthermore, whilst the important study by Royle et al. (2002) is the best attempt to estimate the conflict inherent in the allocation of each partner to biparental care in birds, the study was only able to consider uniparental care by females, not males. A similar, but more comprehensive study of the burying beetle Nicrophorus vespilloides, found evidence of synergistic benefits of biparental care, with offspring faring better when reared by two parents working together, than either the male, or female working alone, when the resources were standardized across treatments (Pilakouta et al., 2018). To date there is no equivalent work in birds demonstrating the possible synergistic benefits of two parents working together.





PART II COOPERATION AND COORDINATION

Whilst there has certainly been some work following the trail blazed by Huxley and focused on understanding displays within monogamous pairs such as greeting ceremonies, duetting (Odom et al., 2014), allopreening (Kenny et al., 2017), and ritualized copulation (reviewed in Wachtmeister, 2001), the majority of these studies were either conducted before the 1990's, or very recently. The highly relevant book edited by Black (1996) that focused on partnerships in birds, in hindsight now stands more as the marker of the passing of a research area rather than the dawn of a vibrant new field. Over the couple of decades following the publication of that book, the major focus of research effort in socially monogamous birds was focused mostly on the elements of sexual conflict highlighted above. The main questions that remain to be adequately resolved include: What is the value of a good partnership to evolutionary fitness? How is a good partnership made? What are the traits that contribute toward good partnerships? What are the ecological or evolutionary drivers that favor good partnerships?


The Value of a Good Partnership

To a large extent, it is currently difficult to direct address the value of a good partnership with respect to evolutionary fitness, because it is a question that is about the value of the interaction between two individuals. Huxley (1914, 1923) focused on this interaction but perhaps because of his language, this message was lost and confounded by arguments based on group selection (as pointed out by Symes and Price, 2015). As recently clarified (Lyon and Montgomerie, 2012; Roughgarden, 2012), sexual selection is a form of social selection that occurs only in the context of competition for mate choice and fertilizations. Traits that are the focus of sexual selection, are likely to be acted on by a far broader set of selective forces occurring over a range of different social interactions. Thus, as first proposed by West-Eberhard (1983), we should consider trait evolution in the broader context of social selection. The social selection perspective as outlined by Roughgarden (2012), acknowledges that there will be some elements of sexual conflict between individuals, but places greater emphasis on the social negotiation between the partners to ensure the successful production of offspring. Even ornamental traits that have become almost synonymous with the idea of intense inter-individual competition and sexual conflict, can be better viewed from the perspective of a cooperative negotiation between partners that produces the optimal reproductive output of the participants (as outlined below). This framework will require a different way of thinking, and the emphasis needs to be placed on the interaction between a male and a female, rather than simply, for example, a competition amongst the males in a population to be selected to mate, or to fertilize offspring.

The traditional framework of sexual selection in birds (often conceptualized with the example of the peacock) is that males will differ in quality, and that some will have “good genes” be most attractive to females, and fertilize most offspring (i.e., directional selection on sexually selected traits; Andersson and Simmons, 2006). In socially monogamous species, perhaps the differences in quality amongst individuals are of less importance relative to the interaction between the male and the female? In social monogamy when there are so many social aspects to be gained from mate choice, it makes sense for individuals to consider all of the complexities resulting from those. For example, males may provide resources such as nest sites, qualities as a parent, and social and genetic characteristics that may or may not make a compatible partnership.

Three recent studies of zebra finches breeding experimentally in captivity, serve to demonstrate this point. The first study finds that when individual quality is controlled experimentally, pairs that choose each other were 37% more successful than those that were experimentally forced to breed together (Ihle et al., 2015). A second study, found that whilst there was variance in individual quality of males and females there was no evidence of assortative pairing when individuals were allowed to pair freely (Wang et al., 2017a). The third study found that whilst female fecundity was moderately repeatable over time, the ability of males to correctly identify a female from the top or bottom 10% (with respect to fecundity), of the population distribution was very modest at best (Wang et al., 2017b). The interpretation of these studies, counter to prevailing views on mate choice in birds, was that individual quality is not a focus of mate choice in the zebra finch, and that behavioral compatibility of the partners was relatively more important (Ihle et al., 2015; Wang et al., 2017a,b). These interpretations are also supported by the evidence discussed below on the characteristics of a good partnership in this and other social monogamous species.

A challenge to examining the fitness effects of good partnerships in birds is that there are often correlations between individual age and quality and partnership duration (Black, 1996). For example, in the mute swan Cygnus olor, there is strong positive assortative mating by age, not just because birds stay together as they get older, but also because they re-pair with birds of a similar age (Auld et al., 2013). In the mute swan, both male and female age contribute independently to the variation in life-history traits like laying date (Auld et al., 2013).

In two long-term studies [blue-footed booby, Sula nebouxii (Sanchez-Macouzet et al., 2014); and the oystercatcher, Haematopus ostralegus (van de Pol et al., 2006)], a sufficient depth of data and mate turn-over through divorce have enabled researchers to statistically partition the effects of the pair-bond, the age, and the quality of the male and female on fitness. In both cases it was found that pairs that were together longer were significantly more successful even after accounting for individual age and breeding experience (van de Pol et al., 2006; Sanchez-Macouzet et al., 2014). However, in both datasets divorce occurred and was found to be an adaptive decision on the part of at least one of the partners (van de Pol et al., 2006; Sanchez-Macouzet et al., 2014). There is a reasonably good literature on the costs and benefits of divorce in socially monogamous birds (Choudhary, 1995; Cézilly et al., 2000; Dubois and Cézilly, 2002; Jeschke and Kokko, 2008; Culina et al., 2015b). Divorce appears to be an adaptive strategy in many cases, driven by poor reproductive success with an initial partner (Dubois and Cézilly, 2002; Culina et al., 2015b), and improving the reproductive success of the subsequent reproductive attempt, particularly for females (Culina et al., 2015b). However, it is important to remember that even in the species in which divorce is adaptive in this way (64 species in the Culina et al., 2015b meta-analysis), the majority of pairs remained faithful to one another, and the pairs that divorced, previously had a lower reproductive success than those pairs that remained together (Dubois and Cézilly, 2002; Culina et al., 2015b). Therefore, although some pairs are not very compatible and do not reproduce very well together, in most cases, partner fidelity appears to be valuable. The value of partner fidelity has been identified by a range of recent empirical studies, and generally leads to earlier breeding, and higher reproductive success (studies given in Table 1). Sustained partnerships can also have positive effects on individual survival prospects and effect the physiology of both the adult pair and the offspring (studies in Table 1).


Table 1. The value of remaining with a partner over multiple reproductive attempts, or the cost of divorcing or losing a partner.

[image: Table 1]

Whilst the positive effects of partnerships are typically investigated over the short-term, a study of long-term partnerships in the oystercatcher, additionally found nice evidence of a decline in reproductive performance in the oldest partnerships which, when experimentally broken, led to the individuals improving when re-paired (van de Pol et al., 2006). The implication here is that even individuals that breed well together and persist over a number of years, might benefit from “refreshing” their social partnership eventually. Whilst divorce is adaptive, and fairly widespread in socially monogamous birds (Choudhary, 1995; Jeschke and Kokko, 2008; Culina et al., 2015b), we should not lose sight of the fact that in most circumstances (>75%) pair faithfulness is maintained across years and breeding attempts (see discussion above and the distribution of divorce rates in Figure 2).

The major challenge for researchers in assessing the evolutionary significance of a partnership is the necessity to focus on the interaction between two individuals, rather than just the phenotypes of the two individuals. The expectation is that selection will act on an emergent property of the pair together, such as a measure of behavioral (e.g., Spoon et al., 2006; Mariette and Griffith, 2015) or physiological coordination (e.g., Weiß et al., 2010). An alternative, but challenging way to address the social selection at the heart of social monogamy is to investigate the performance of individuals breeding with multiple different partners to partition individual variation in quality, and that attributable to the interaction between males and females. Although this approach can be taken with very long-term datasets from the wild (e.g., van de Pol et al., 2006; Sanchez-Macouzet et al., 2014), such observational studies are subject to biases (such as the confound of site fidelity, e.g., Cézilly et al., 2000) and are logistically challenging. To date, whilst the studies in Table 1 have demonstrated the value of continued rather than new partnerships, they have not examined the extent to which reproductive fitness is driven by social rather than individual selection. An exciting challenge remains the extent of variation in reproductive fitness that comes from individual variance in both male and female quality, and the variance that comes from the interaction between combinations of males and females. It may be possible to address this question with a captive species, such as the zebra finch, in which individuals could be systematically force-paired multiple times experimentally, to determine both individual, and pair interactive, determinants of success. However, it will remain a real challenge to address the question in an ecologically relevant setting in which all of the normal drivers of selection on the partnership are in operation.

Relatively little work to date has characterized the nature and value of partnerships outside of the context of breeding, even though in many socially monogamous species the male and female are intimately associated through non-breeding periods of the year (e.g., Tobias et al., 2011; McCowan et al., 2015). In their study of several species of Neotropical antbird, Tobias et al. (2011) demonstrated that pairs foraged and sang duets together throughout the year (including non-breeding periods), largely to defend their territory -a cooperative enterprise. There is a lot of scope for future studies to consider the ecology of pair-bonds in socially monogamous birds outside the breeding context and the value of non-breeding associations to fitness.



Making a Good Partnership

The recent studies discussed above (Ihle et al., 2015; Wang et al., 2017a,b) suggest that we may be over-emphasizing the role of mate choice for ornamental traits in many socially monogamous species. For many species, mate choice may occur once early in life and then, in species with high rates of high fidelity may not occur again for many decades and across multiple breeding attempts, because individuals will remain with the same partner. This is well-established in many long-lived birds such as the mute swan or guillemot Uria aalge, where partners have been recorded making repeated breeding attempts over many successive years (Jeschke et al., 2007; Auld et al., 2013). Even in short-lived passerines such as the zebra finch, pairs will often breed together for life, and given the multiple breeding attempts possible in a year that might represent over a dozen breeding attempts in a typical lifespan (Zann, 1996).

In species in which individuals form long-lasting bonds and breed together over multiple attempts, and years, it could be argued that choosing a mate is particularly important, given the long-term nature of that partnership. However, an alternative perspective, is that the success of an individual over such a long-term is unlikely to be easily predicted by phenotypic variation at the point in time when mate choice is made, often many years earlier. In many species, the value of sticking with a partner selected at an earlier point in time, appears to outweigh the alternative strategy of switching to a different individual. This is despite the statistical likelihood over time that the relative intrinsic quality of potential alternative partners encountered must increase with encounter rate, given a normal distribution of intrinsic quality. Whilst as we have seen some individuals do trade-up in this way (Jeschke and Kokko, 2008; Culina et al., 2015b), most pairs do sustain social pair bonds across multiple reproductive attempts. The interpretation of this is surely that whilst the intrinsic quality of a partner is likely to be important, it is trumped by the value of breeding again with a known individual. A second conclusion is that in many species, at the beginning of a breeding season, the majority of individuals will not be choosing partners, they will be staying with the partner they already have.

The consequence of this, is that in many species, the songs or ornaments that researchers have invested so much effort studying in the context of mate choice (and more broadly in sexual selection) will not be used by many individuals in a population in active mate choice, in a given year. This makes sense when we also consider that some traits, such as the song of the zebra finch, is expressed continuously throughout many subsequent years long after an individual has been chosen as a partner. This suggests that the primary function of such traits in socially monogamous species is in the maintenance of a good partnership, rather than the creation of one in the first place (reviewed in Wachtmeister, 2001). A caveat is that in some species, even though social mate choice might not occur each season, as partners stay together, sexual ornaments may also play a role in the pursuit of extrapair paternity by males. Here again though, the rate of extrapair paternity is likely to be too low in many socially monogamous species (it occurs in about 70% of species, and accounts for about 19% of offspring in these species; Brouwer and Griffith, 2019), to make the pursuit of extrapair pair paternity the primary function of sexual ornaments in a general sense.

Even in species in which partnerships are typically shorter in duration, such as the seasonally migratory pied flycatcher Ficedula hypoleuca, females appear to choose territories and nest sites rather than males themselves (Alatalo et al., 1986), and on arrival at the breeding grounds visit relatively few males and make a decision within a couple of days (Dale et al., 1992). Zebra finches also form partnerships very quickly in experimental contexts, even when faced with a limited choice of males, with almost 70% of single individuals forming a partnership within 24 h when given the opportunity (Rutstein et al., 2007). Whilst the ability to choose a partner is important (Ihle et al., 2015), females are choosing relatively quickly and from a limited pool of males available. This is not surprising, given the constraint of mate choice in a socially monogamous system, in which most males are not available, most of the time.

Possibly because it is relatively accessible part of life-history to assay experimentally, there has been an over-emphasis on mate choice in socially monogamous birds that often does not reflect the ecological or evolutionary significance of mate choice. Studies of the zebra finch again highlight this disconnect. This is one of most widely studied socially monogamous species with respect to mate choice (e.g., Forstmeier and Birkhead, 2004; Rutstein et al., 2007), with experimental trials typically focused on individuals that have been kept in single sex groups for long periods before being given the opportunity to choose a mate and perhaps breed, before being split up and single sexed housed again before the next set of trials (reviewed in Griffith et al., 2017). This creates an illusion that zebra finches have periods during which they are not paired. However, in the wild, they pair for life, and remain closely associated with their partner, roosting and moving around together, even when ecological conditions are not suitable for breeding (Zann, 1996; McCowan et al., 2015). In the wild, for most of the time, there will be few individuals seeking a mate, and few individuals of the opposite sex for them to choose from.

The process of mate choice in socially monogamous species is deserving of more attention, because it will help to identify the broader range of benefits that partners can bring over an appropriate timeframe, as well as helping to resolve the point at which pair bonds are actually established, and on what basis. In migratory species that arrive at the breeding grounds shortly before the resumption of reproductive activity, after migratory journeys that differ phenologically for males and females, it is possible to ascertain when mates are chosen, and the mechanisms through which it occurs (e.g., Dale et al., 1992). For other avian species it is less obvious when mate choice is occurring. For sedentary species, males and females interact throughout the year and possibly choose partners on the basis of these long-term interactions. A good example of such long-term mate preference is provided by the superb fairy wren Malurus cyaneus, in which females select males as both social and extrapair partners on the basis of the timing of the molt into the nuptial plumage between 1 and 5 months prior to the start of the breeding season (Dunn and Cockburn, 1999).

New tracking techniques such as PIT tags that can accurately monitor individuals spatially and temporally, within their complex social networks (e.g., Psorakis et al., 2015; Brandl et al., 2019), will provide insight into the timing of mate choice, and the mechanisms through which both males and females establish new partnerships, and dissolve existing ones. Such studies will also help to elucidate the broader range of ecological contexts in which partners operate, and particularly those outside the period of reproductive activity that have been largely neglected to date. For example, a couple of recent studies have identified the benefits of partnerships on over-winter survival (e.g., Nicolai et al., 2012; Culina et al., 2015a), which could be driven by the social benefits of working as a close partnership in a non-reproductive capacity. For example, roosting together could provide significant energetic benefits, and pairs can also act as sentinels for each other—mutual defense (e.g., Fedy and Martin, 2009; Mainwaring and Griffith, 2013). In cooperatively breeding birds, studies recognize these and other social benefits of group living, but these have rarely been considered in socially monogamous pair-living species, and are worthy of further attention.

Given the amount of time that partners spend together on a daily basis, and the long duration of the pair-bond in many socially monogamous birds, it seems likely to be important that partners are behaviorally compatible with one another. Over the past decade, an increasing number of studies have identified assortative mating on the basis of personality variation in a variety of species (summarized in Table 2). It makes sense to pair with a partner that is behaviorally compatible (e.g., Schuett et al., 2011b), and for this to lead to greater reproductive success (e.g. Schuett et al., 2011a). For example, if partners move around together it will be better if they are well-matched in terms of exploratory behavior. By contrast, with respect to personality traits like boldness, or dominance it may be better for partners to mate counter-assortatively, so that the partnership has a mixed combination of such traits, as two bold, or dominant individuals in a single partnership might not work effectively, or clash. The compatibility of a potential partner with respect to inherent behavioral variation should certainly play a role in mate choice. In addition, as discussed below, compatibility on the same, or similar traits is something that can develop over time in a long-term partnership. For example, there are a few studies (in Table 2), that have considered the hormonal compatibility of pairs (e.g., Weiß et al., 2010; Ouyang et al., 2014), but in all such studies, these measures were taken after the formation of the pair, and hence may not represent the formation of partners that are intrinsically similar with respect to hormone levels, but rather, have become coordinated over time.


Table 2. Studies supporting behavioral or physiological compatibility of partnerships in socially monogamous species.
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Developing and Sustaining a Good Partnership

As suggested above, regardless of the phenotypes on which a male and female initially choose one another in pair formation, probably the most important thing is forging a good partnership and potentially sustaining it over the long-term. The zebra finch is a useful example here. Whilst pairs do better reproductively when they are allowed to choose one another (e.g., Ihle et al., 2015), when individuals are force-paired experimentally, or find a partner from a very limited choice of individuals they will usually remain faithful to that partner long into the future irrespective of later opportunities to divorce and re-pair. The reason for this is likely to be that individuals invest some time initially forging a bond that becomes more valuable over time. The partnership grows, and behavioral, and physiological coordination emerges over time. Many of the studies listed in Table 2, have studied behavioral or physiological synchrony or coordination in already established pairs, and are thus likely focused on this emergent property of the pair, rather than the correlation between the inherent differences between the individuals. The extent to which this is the case is interesting, but there is no current data available to address this question. Longitudinal work addressing the inherent characteristics of individuals before the partnership is formed, and then through the development of the pairbond and over time would be very insightful.

The establishment of a new partnership, or the sustenance of an existing one, are likely to be the primary function of the displays and ritualized performance that drew the attention of Huxley (1914, 1923). The iconic dance of the great-crested grebe, or the well-known bill fencing displays of long-lived seabirds when they re-unite at their breeding sites can be often expressed regularly for a period of weeks before copulations, egg-laying and incubation begin. As Huxley (1938) suggested, it seems very likely that such displays are an important component of developing an effective partnership, and certainly they are expressed long after mate choice has occurred. Developing the behavioral and physiological readiness and coordination of the male and female so that they are tune with one another temporally, is likely to be an important determinant of fitness, and probably requires a degree of synchrony. Most species of bird significantly reduce the mass of their reproductive tissue and gonads during extended periods of non-breeding (Hahn et al., 2009). Although typically, the recrudescence of gonads may be initiated by photostimulation, particularly in high latitude seasonal breeders, a certain amount of fine tuning and additional stimulation may still be required (Hahn et al., 2009). The development of the male and female gonads, and reproductive tissue, has a different timeframe and pattern of investment in the two sexes and ultimately has to be ready to function effectively at the same time—the relatively short fertile period of the female. In their recent paper, focused on the pine siskin Spinus pinus, Watts et al. (2016) demonstrated the importance of the presence of a partner, and the degree of pair affiliation, for the development of ovaries, the brood patch, and the expression of luteinizing hormone. The stimulatory effect of a partner on the endocrine system and reproductive readiness may operate through a whole range of modalities and whilst there is evidence for acoustic stimulation (e.g., Bentley et al., 2000), at seems likely that a wide range of rituals, and signals are likely to play a role in this physiological synchrony.

In his review, Wachtmeister (2001), identified a range of behaviors that occur regularly in socially monogamous birds after mate choice has taken place, including nest relief, greeting and triumph ceremonies; duetting; allopreening; ritualized copulation and extended periods of courtship. Wachtmeister (2001), does discuss the potential function of these displays in the context of reproductive synchrony and pairbond strengthening. However, both in the abstract and discussion Wachtmeister (2001) places more emphasis on the idea that they may have evolved as a mechanism through which the partners may exploit each other (i.e., an overtly evolutionary conflict argument). This perspective is interesting, and remains largely untested, but Wachtmeister's (2001) ideas about sexual conflict as a route to the evolution of these displays provides another example of the propensity for researchers to have looked for sexual conflict even where cooperation seems more intuitively likely.

Recent work has begun to focus in more detail on some of these inter-partner displays and behaviors. In their excellent paper, Odom et al. (2014) identify the prevalence of female song in the majority of passerine families throughout the world, and suggest that these are likely to have been the focus of social selection, rather than sexual selection (which is the main perspective through which song evolution has been studied to date). In their inter-specific examination of allopreening, Kenny et al. (2017), nicely show that allopreening is associated with long-term partner fidelity across seasons, with an analysis of evolutionary transitions indicating that it has evolved (numerous times) in taxa in which there is a high level of parental cooperation or long-term mate retention.

In addition to driving the physiological and behavioral coordination required for a successful reproductive attempt, it seems likely that these displays between partners (after mate choice) may also act as an important source of information, or negotiation between a pair. Reproduction is the most important and often costly thing that an individual will do in its lifetime, and there are a range of difficult decisions to be made. For example, when to breed? Where to breed? Where to put the nest? How much to invest in each episode of reproduction? How long to wait before breeding again?

There is certainly selection on the individuals to optimize these life-history parameters for themselves. In socially monogamous species, and particularly those with long-term bonds and lots of opportunities for multiple breeding attempts over time, there is additionally a significant amount of social selection for optimal decision-making that accounts for the interactive fitness of both partners (Roughgarden, 2012). To achieve optimal reproductive success over the lifetime of the partnerships we would expect significant levels of honest information transfer and negotiation between the partners. The female is ultimately responsible for determining the timing of breeding and the level of investment in a particular reproductive attempt i.e., when the eggs are laid, and how many are laid. It has long been acknowledged that such important life-history decisions are optimized with respect to individual quality (i.e., Pettifor et al., 1988). However, given the importance of male contributions to parental care in socially monogamous systems, it should pay for a female to consider the quality of her partner and his capacity to provide care when making her investment decisions. Furthermore, providing honest information on quality, or offspring rearing capacity should be selected in males, because any dishonesty in information transfer might lead to a sub-optimal investment, with short-term and long-term consequences given the costs of parental care on offspring survival and quality and that of the parents, but also on the males themselves (Bleu et al., 2016). We should thus consider a socially monogamous pair as a team, working together to produce as many offspring as they can over a long-term collaboration (Roughgarden, 2012), and negotiation and information sharing should be at the center of that. Figure 3 illustrates a relatively simple situation for a pair that remain together across a period of time in which ecological conditions suitable for reproduction varies, and so does partner condition. The parameters that a pair should be able to optimize for their long-term fitness include the timing of breeding events both in the context of ecological conditions, individual condition and also with respect to the own breeding events (i.e., latency to re-breed). Reproductive investment can also be varied across multiple events, with a pairs' fitness optimized when clutch sizes are well-matched with extrinsic and intrinsic conditions. These decisions will presumably be easier and/or better when the pair are more coordinated and can communicate and negotiate more effectively with each other.
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FIGURE 3. In a species in which a pair breed together repeatedly in an ecologically variable context (red line), and in which individual condition varies over time (green line) there are complex decisions to make about the level of investment to make into different breeding attempts (egg number), and the timing of each clutch. Pairs that can optimize these decisions will produce the greatest number of offspring overall.


The expectation from the social perspective of social monogamy (Roughgarden, 2012), is that a variety of phenotypes will have evolved to facilitate good information exchange between the males and females, and contribute to joint decision-making over investment. A nice example of such collaborative behavior has been described in the blue-footed booby, as a pair decide on the positioning of a nest over an extended period before a decision on nest site location is reached (Stamps et al., 2002). The pair collaborate by inspecting multiple different potential sites as using “nest-pointing” signals to express individual preference, and exploring additional options if agreement can't at first be reached over a preferred site (Stamps et al., 2002). Similarly, acoustic interactions by a pair, such as duets, can easily be seen as part of a negotiation between partners (Hall and Magrath, 2007; Boucaud et al., 2017; Kavelaars et al., 2019). However, we can also view a much broader range of signals through a similar prism, including many that to date have been regarded as primarily signals involved in mate choice, and under the cloud of sexual conflict (Andersson and Simmons, 2006). Sexual ornaments such as song, and coloration are widely found to be condition-dependent (Kokko et al., 2002), and related to reproductive success and allocation decisions by females, through the perspective of differential allocation, and implicit sexual conflict (Horváthová et al., 2012). Even the good parent hypothesis (Hoelzer, 1989), primarily sees such ornamental traits as instruments of mate choice.

The social selection perspective (Roughgarden, 2012), views such signals primarily as part of a communication between team members, to enable effective investment decisions, and this seems far more likely in socially monogamous birds. The interesting thing is that decades of empirical findings in sexual selection aren't wrong, they just need to be re-interpreted. Indeed, to a large extent, signals of quality or condition in males and females are still likely to be used in mate choice decisions, and therefore will be related to attractiveness. Importantly, however, in the longer-term the continued expression of such traits should not be viewed as part of some alternative strategy that undermines the partnership and represents sexual conflict, but that strengthens the partnership and improves its collective fitness. In socially monogamous birds, the ornamental phenotypes of a male should be viewed as an honest signal, primarily to his partner, of his quality and condition. This helps the female to strategically adjust her reproductive investment in line with his ornamentation. If he is in good condition, she will invest more than if he is currently in poor condition (see also Figure 3). That will give qualitatively the same pattern of investment with respect to ornaments as predicted by the differential allocation hypothesis, but it makes more sense in the context of a socially monogamous partnership where cooperation should take precedent over conflict. The honesty of the signal by the displaying sex (usually males), is maintained by the overlapping interests of the partners in both the short- and long-term. In the short-term, the more information parents have about each other's condition, the better the quality of care will be as conflict over investment is resolved (Johnstone and Hinde, 2006). Furthermore, the cost of a male producing an unreliable signal will be sup-optimal investment by his partner, which will reduce his fitness, and compromise his relationship with his partner. The latter will be particularly costly in the many species in which there are clear benefits of repeat breeding (e.g., see Table 1). So, to be clear, if a male signals that he is currently in lower than average condition, it makes sense for his partner to reduce investment in the current reproductive attempt. The offspring in a brood of reduced size will fare better given his reduced ability to feed them. Furthermore, he will not be over-stretched through his investment in the current reproductive effort and that will positively affect his ability to survive and invest more in future reproductive attempts. That will be of great benefit to his partner when the value of reproducing with a known partner exceeds any benefits of taking a new partner.

The extent to which such collaborative signals evolve will likely depend on the extent to which the evolutionary interests of the male and female overlap (i.e., the extent of lifelong monogamy). In their recent model, Servedio et al. (2013) modeled the evolution of mutual signals in socially monogamous species and took the perspective that many such traits may have evolved to “manipulate” the other partner into greater parental care. It is possible that there is a continuum between manipulation and collaboration, operating across different socially monogamous species, which is worthy of further theoretical investigation.

In a collaborative partnership we should expect good communication between partners and patterns of investment that optimize the fitness of the pair over the long-term. Nesting displays, courtship feeding, courtship rituals, sexual ornaments (e.g., color, song), allopreening, duetting, coordinated care, mutual defense, should all be viewed as playing an important part of partnership building and maintenance, that have evolved in part through the process of social selection (Lyon and Montgomerie, 2012; Roughgarden, 2012). We should expect that partners that can communicate and negotiate more effectively will have higher fitness (e.g., Kavelaars et al., 2019).



The Ecology and Evolution of Strong Partnerships in Socially Monogamous Birds

The extent of cooperation or conflict between socially monogamous partners should depend on the extent of repeated interactions between them, and also the complexity of the reproductive decisions that need to be made. We would expect long-lived species, with low divorce rates to have more cooperative partnerships than shorter-lived species, or those with higher divorce rates, because of the likelihood of repeated interactions over time. As illustrated in Figure 1, the key driver is the number of repeated reproductive opportunities that a pair will have as a proportion of their lifetime output. Cooperation will be favored between partners when there is a higher degree of overlap between the lifetime output of an individual and that of their partner. Comparative work on a variety of traits fits this expectation, with longevity negatively related to the level of genetic infidelity (Griffith et al., 2002), and divorce (Botero and Rubenstein, 2012). Pairs that breed together repeatedly are more likely to engage in allopreening, and this is also correlated with the level of parental cooperation over care (Kenny et al., 2017). Ecologically, reproductive decisions should be more complicated toward the tropics rather than at high latitudes, because breeding seasons are typically longer, and timed with respect to climate and ecological conditions (Englert Duursma et al., 2017, 2018). As such, individuals (and pairs), have more complicated decisions about when to breed, how many times to breed during an extended breeding season and how to spread investment across multiple attempts rather than just one annual attempt. Slater and Mann (2004) suggested that the prevalence of female song in the tropics is likely due to the importance of better integration and the difficulty of timing breeding. This idea has yet to be tested, but divorce and infidelity are related to the predictability of the climate (Botero and Rubenstein, 2012), and true cooperative breeding is related to environmental uncertainty in the same way (Jetz and Rubenstein, 2011).

With respect to longevity, Wasser and Sherman (2010) found that longer-lived birds breed more socially, with the latter combining both colonial and cooperatively breeding species. These studies suggest that perhaps the level of cooperation in a socially monogamous partnership, is likely to be driven by broadly similar determinants as cooperation between adults in cooperatively breeding birds, or those seen between conspecifics in avian species that breed at high density. Given the prevalence of social monogamy and biparental care across the avian group (Cockburn, 2006), and the heterogeneity that is likely to exist in the duration and strength of the partnership across these species, this could be a very fruitful ground for studies in the evolution of sociality. Hopefully, in the future, studies of cooperation in socially monogamous birds will start to outnumber those looking for conflict, to redress the balance from the past few decades. An exciting challenge to future work addressing the nature and extent of cooperative partnerships in birds arises from the often very tight and relatively long duration of pair bonds. Longer pair bonds, and higher levels of cooperation, will make it more difficult to disentangle the effect of individual phenotype on fitness and those aspects that are an emergent property of the partnership itself.




AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and has approved it for publication.



REFERENCES

 Adkins-Regan, E., and Tomaszycki, M. L. (2007). Monogamy on the fast track. Biol. Lett. 3, 617–619. doi: 10.1098/rsbl.2007.0388

 Alatalo, R. V., Lundberg, A., and Glynn, C. (1986). Female pied flycatchers choose territory quality and not male characteristics. Nature 323, 152–153. doi: 10.1038/323152a0

 Andersson, M., and Simmons, L. W. (2006). Sexual selection and mate choice. Trends Ecol. Evol. 21, 296–302. doi: 10.1016/j.tree.2006.03.015

 Arnqvist, G., and Kirkpatrick, M. (2005). The evolution of infidelity in socially monogamous passerines: the strength of direct and indirect selection on extrapair copulation behavior in females. Am. Nat. 165, S26–S37. doi: 10.1086/429350

 Arnqvist, G., and Rowe, L. (2005). Sexual Conflict. Princeton, NJ: Princeton University Press.

 Auld, J. R., Perrins, C. M., and Charmantier, A. (2013). Who wears the pants in a mute swan pair? Deciphering the effects of male and female age and identity on breeding success. J. Anim. Ecol. 82, 826–835. doi: 10.1111/1365-2656.12043

 Baldan, D., and Griggio, M. (2019). Pair coordination is related to later brood desertion in a provisioning songbird. Anim. Behav. 156, 147–152. doi: 10.1016/j.anbehav.2019.08.002

 Bentley, G. E., Wingfield, J. C., Morton, M. L., and Ball, G. F. (2000). Stimulatory effects on the reproductive axis in female songbirds by conspecific and heterospecific male song. Horm. Behav. 37, 179–189. doi: 10.1006/hbeh.2000.1573

 Birkhead, T. R., Burke, T., Zann, R., Hunter, F. M., and Krupa, A. P. (1990). Extra-pair paternity and intraspecific brood parasitism in wild zebra finches Taeniopygia guttata, revealed by DNA fingerprinting. Behav. Ecol. Sociobiol. 27, 315–324. doi: 10.1007/BF00164002

 Birkhead, T. R., Clarkson, K., and Zann, R. (1988). Extra-pair courtship, copulation and mate guarding in wild zebra finches taeniopygia guttata. Anim. Behav. 36, 1853–1855. doi: 10.1016/S0003-3472(88)80133-7

 Black, J. M. (1996). Partnerships in Birds – The Study of Monogamy. Oxford: Oxford University Press.

 Bleu, J., Gamelon, M., and Sæther, B.-E. (2016). Reproductive costs in terrestrial male vertebrates: insights from bird studies. Proc. R. Soc. B Biol. Sci. 283:20152600. doi: 10.1098/rspb.2015.2600

 Botero, C. A., and Rubenstein, D. R. (2012). Fluctuating environments, sexual selection and the evolution of flexible mate choice in birds. PLoS ONE 7:e32311. doi: 10.1371/journal.pone.0032311

 Both, C., Dingemanse, N. J., Drent, P. J., and Tinbergen, J. M. (2005). Pairs of extreme avian personalities have highest reproductive success. J. Anim. Ecol. 74, 667–674. doi: 10.1111/j.1365-2656.2005.00962.x

 Boucaud, I. C. A., Perez, E. C., Ramos, L. S., Griffith, S. C., and Vignal, C. (2017). Acoustic communication in zebra finches signals when mates will take turns with parental duties. Behav. Ecol. 28, 645–656. doi: 10.1093/beheco/arw189

 Brandl, H. B., Farine, D. R., Funghi, C., Schuett, W., and Griffith, S. C. (2019). Early-life social environment predicts social network position in wild zebra finches. Proc. R. Soc. B Biol. Sci. 286:20182579. doi: 10.1098/rspb.2018.2579

 Brouwer, L., and Griffith, S. C. (2019). Extrapair paternity in birds. Mol. Ecol. 28, 4864–4882. doi: 10.1111/mec.15259

 Burley, N. T. (1986). Sexual selection for aesthetic traits in species with biparental care. Am. Nat. 127, 415–445. doi: 10.1086/284493

 Burtka, J. L., and Grindstaff, J. L. (2015). Similar nest defence strategies within pairs increase reproductive success in the eastern bluebird, Sialia sialis. Anim. Behav. 100, 174–182. doi: 10.1016/j.anbehav.2014.12.004

 Campbell, B. G. (1972). Sexual Selection and the Descent of Man 1871-1971. Chicago, IL: Aldine Pub. Co.

 Cézilly, F., Dubois, F., and Pagel, M. (2000). Is mate fidelity related to site fidelity? A comparative analysis in Ciconiiforms. Anim. Behav. 59, 1143–1152. doi: 10.1006/anbe.2000.1422

 Choudhary, S. (1995). Divorce in birds: a review of the hypotheses. Anim. Behav. 50, 413–429. doi: 10.1006/anbe.1995.0256

 Cockburn, A. (2006). Prevalence of different modes of parental care in birds. Proc. R. Soc. B 273, 1375–1383. doi: 10.1098/rspb.2005.3458

 Crino, O. L., Buchanan, K. L., Fanson, B. G., Hurley, L. L., Smiley, K. O., and Griffith, S. C. (2017). Divorce in the socially monogamous zebra finch: hormonal mechanisms and reproductive consequences. Horm. Behav. 87, 155–163. doi: 10.1016/j.yhbeh.2016.11.004

 Culina, A., Lachish, S., and Sheldon, B. C. (2015a). Evidence of a link between survival and pair fidelity across multiple tit populations. J. Avian Biol. 46, 507–515. doi: 10.1111/jav.00661

 Culina, A., Radersma, R., and Sheldon, B. C. (2015b). Trading up: the fitness consequences of divorce in monogamous birds. Biol. Rev. 90, 1015–1034. doi: 10.1111/brv.12143

 Dale, S., Rinden, H., and Slagsvold, T. (1992). Competition for a mate restricts mate search of female pied flycatchers. Behav. Ecol. Sociobiol. 30, 165–176. doi: 10.1007/BF00166699

 David, M., Pinxten, R., Martens, T., and Eens, M. (2015). Exploration behavior and parental effort in wild great tits: partners matter. Behav. Ecol. Sociobiol. 69, 1085–1095. doi: 10.1007/s00265-015-1921-1

 Dingemanse, N. J., Both, C., Drent, P. J., and Tinbergen, J. M. (2004). Fitness consequences of avian personalities in a fluctuating environment. Proc. R. Soc. London. Ser. B Biol. Sci. 271, 847–852. doi: 10.1098/rspb.2004.2680

 Dubois, F., and Cézilly, F. (2002). Breeding success and mate retention in birds: a meta-analysis. Behav. Ecol. Sociobiol. 52, 357–364. doi: 10.1007/s00265-002-0521-z

 Dunn, P. O., and Cockburn, A. (1999). Extrapair mate choice and honest signaling in cooperatively breeding superb fairy-wrens. Evolution 53, 938–946. doi: 10.1111/j.1558-5646.1999.tb05387.x

 Englert Duursma, D., Gallagher, R. V., and Griffith, S. C. (2017). Characterizing opportunistic breeding at a continental scale using all available sources of phenological data: an assessment of 337 species across the Australian continent. Auk 134, 509–519. doi: 10.1642/AUK-16-243.1

 Englert Duursma, D., Gallagher, R. V., and Griffith, S. C. (2018). Variation in the timing of avian egg-laying in relation to climate. Ecography 42, 565–577. doi: 10.1111/ecog.03602

 Fedy, B. C., and Martin, T. E. (2009). Male songbirds provide indirect parental care by guarding females during incubation. Behav. Ecol. 20, 1034–1038. doi: 10.1093/beheco/arp094

 Forstmeier, W., and Birkhead, T. R. (2004). Repeatability of mate choice in the zebra finch: consistency within and between females. Anim. Behav. 68, 1017–1028. doi: 10.1016/j.anbehav.2004.02.007

 Gabriel, P. O., and Black, J. M. (2012). Behavioural syndromes, partner compatibility and reproductive performance in Steller's Jays. Ethology 118, 76–86. doi: 10.1111/j.1439-0310.2011.01990.x

 Greene, E., Lyon, B. E., Muehter, V. R., Ratcliffe, L., Oliver, S. J., and Boag, P. T. (2000). Disruptive sexual selection for plumage coloration in a passerine bird. Nature 407, 1000–1003. doi: 10.1038/35039500

 Griffith, S. C., Crino, O. L., Andrew, S. C., Nomano, F. Y., Adkins-Regan, E., Alonso-Alvarez, C., et al. (2017). Variation in reproductive success across captive populations: methodological differences, potential biases and opportunities. Ethology 123, 1–29. doi: 10.1111/eth.12576

 Griffith, S. C., Holleley, C. E., Mariette, M. M., Pryke, S. R., and Svedin, N. (2010). Low level of extrapair parentage in wild zebra finches. Anim. Behav. 79, 261–264. doi: 10.1016/j.anbehav.2009.11.031

 Griffith, S. C., Owens, I. P. F., and Thuman, K. A. (2002). Extra pair paternity in birds: a review of interspecific variation and adaptive function. Mol. Ecol. 11, 2195–2212. doi: 10.1046/j.1365-294X.2002.01613.x

 Griggio, M., and Hoi, H. (2011). An experiment on the function of the long-term pair bond period in the socially monogamous bearded reedling. Anim. Behav. 82, 1329–1335. doi: 10.1016/j.anbehav.2011.09.016

 Hahn, T. P., Watts, H. E., Cornelius, J. M., Brazeal, K. R., and MacDougall-Shackleton, S. A. (2009). Evolution of environmental cue response mechanisms: adaptive variation in photorefractoriness. Gen. Comp. Endocrinol. 163, 193–200. doi: 10.1016/j.ygcen.2009.04.012

 Hall, M. L., and Magrath, R. D. (2007). Temporal coordination signals coalition quality. Curr. Biol. 17, R406–R407. doi: 10.1016/j.cub.2007.04.022

 Harris, M. R., and Siefferman, L. (2014). Interspecific competition influences fitness benefits of assortative mating for territorial aggression in Eastern bluebirds (Sialia sialis). PLoS ONE 9:e88668. doi: 10.1371/journal.pone.0088668

 Hirschenhauser, K., Mostl, E., and Kotrschal, K. (1999). Within-pair testosterone covariation and reproductive output in Greylag Geese Anser anser. Ibis. 141, 577–586. doi: 10.1111/j.1474-919X.1999.tb07365.x

 Hirschenhauser, K., Weiß, B. M., Haberl, W., Möstl, E., and Kotrschal, K. (2010). Female androgen patterns and within-pair testosterone compatibility in domestic geese (Anser domesticus). Gen. Comp. Endocrinol. 165, 195–203. doi: 10.1016/j.ygcen.2009.06.022

 Hoelzer, G. A. (1989). The good parent process of sexual selection. Anim. Behav. 38, 1067–1078. doi: 10.1016/S0003-3472(89)80146-0

 Horváthová, T., Nakagawa, S., and Uller, T. (2012). Strategic female reproductive investment in response to male attractiveness in birds. Proc. R. Soc. B Biol. Sci. 279, 163–170. doi: 10.1098/rspb.2011.0663

 Hosken, D. J., Stockley, P., Tregenza, T., and Wedell, N. (2009). Monogamy and the battle of the sexes. Annu. Rev. Entomol. 54, 361–378. doi: 10.1146/annurev.ento.54.110807.090608

 Huxley, J. S. (1914). The Courtship - habits of the Great Crested Grebe (Podiceps cristatus) with an addition to the theory of sexual selection. Proc. Zool. Soc. London 35, 491–562. doi: 10.1111/j.1469-7998.1914.tb07052.x

 Huxley, J. S. (1923). Courtship activities of the Red-throated Diver (Colymbus stellatus Pontopp.); together with a discussion on the evolution of Courtship in birds. J. Linn. Soc. London, Zool. 35, 253–292. doi: 10.1111/j.1096-3642.1923.tb00048.x

 Huxley, J. S. (1938). Darwin's Theory of Sexual Selection and the Data Subsumed by it, in the Light of Recent Research. Am. Nat. 72, 416–433. doi: 10.1086/280795

 Ihle, M., Kempenaers, B., and Forstmeier, W. (2015). Fitness benefits of mate choice for compatibility in a socially monogamous species. PLoS Biol. 13:e1002248. doi: 10.1371/journal.pbio.1002248

 Jeschke, J. M., and Kokko, H. (2008). Mortality and other determinants of bird divorce rate. Behav. Ecol. Sociobiol. 63, 1–9. doi: 10.1007/s00265-008-0646-9

 Jeschke, J. M., Wanless, S., Harris, M. P., and Kokko, H. (2007). How partnerships end in guillemots Uria aalge: chance events, adaptive change, or forced divorce? Behav. Ecol. 18, 460–466. doi: 10.1093/beheco/arl109

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

 Johnstone, R. A., and Hinde, C. A. (2006). Negotiation over offspring care—how should parents respond to each other's efforts? Behav. Ecol. 17, 818–827. doi: 10.1093/beheco/arl009

 Johnstone, R. A., Manica, A., Fayet, A. L., Stoddard, M. C., Rodriguez-Gironés, M. A., and Hinde, C. A. (2014). Reciprocity and conditional cooperation between great tit parents. Behav. Ecol. 25, 216–222. doi: 10.1093/beheco/art109

 Kavelaars, M. M., Lens, L., and Müller, W. (2019). Sharing the burden: on the division of parental care and vocalizations during incubation. Behav. Ecol. 30, 1062–1068. doi: 10.1093/beheco/arz049

 Kenny, E., Birkhead, T. R., and Green, J. P. (2017). Allopreening in birds is associated with parental cooperation over offspring care and stable pair bonds across years. Behav. Ecol. 28, 1142–1148. doi: 10.1093/beheco/arx078

 Kokko, H., Brooks, R., McNamara, J. M., and Houston, A. I. (2002). The sexual selection continuum. Proc. R. Soc. London. Ser. B Biol. Sci. 269, 1331–1340. doi: 10.1098/rspb.2002.2020

 Leniowski, K., and Wegrzyn, E. (2018a). Equal division of parental care enhances nestling development in the Blackcap. PLoS ONE 13:e0207757. doi: 10.1371/journal.pone.0207757

 Leniowski, K., and Wegrzyn, E. (2018b). Synchronisation of parental behaviours reduces the risk of nest predation in a socially monogamous passerine bird. Sci. Rep. 8:7385. doi: 10.1038/s41598-018-25746-5

 Lyon, B. E., and Montgomerie, R. (2012). Sexual selection is a form of social selection. Philos. Trans. R. Soc. B Biol. Sci. 367, 2266–2273. doi: 10.1098/rstb.2012.0012

 Mainwaring, M. C., and Griffith, S. C. (2013). Looking after your partner: sentinel behaviour in a socially monogamous bird. PeerJ 1:e83. doi: 10.7717/peerj.83

 Mariette, M. M., and Griffith, S. C. (2012). Nest visit synchrony is high and correlates with reproductive success in the wild Zebra finch Taeniopygia guttata. J. Avian Biol. 43, 131–140. doi: 10.1111/j.1600-048X.2012.05555.x

 Mariette, M. M., and Griffith, S. C. (2015). The adaptive significance of provisioning and foraging coordination between breeding partners. Am. Nat. 185, 270–280. doi: 10.1086/679441

 McCowan, L. S. C., Mariette, M. M., and Griffith, S. C. (2015). The size and composition of social groups in the wild zebra finch. Emu 115, 191–198. doi: 10.1071/MU14059

 McNamara, J. M., Houston, A. I., Barta, Z., and Osorno, J.-L. (2003). Should young ever be better off with one parent than with two? Behav. Ecol. 14, 301–310. doi: 10.1093/beheco/14.3.301

 Nicolai, C. A., Sedinger, J. S., Ward, D. H., and Boyd, W. S. (2012). Mate loss affects survival but not breeding in black brant geese. Behav. Ecol. 23, 643–648. doi: 10.1093/beheco/ars009

 Odom, K. J., Hall, M. L., Riebel, K., Omland, K. E., and Langmore, N. E. (2014). Female song is widespread and ancestral in songbirds. Nat. Commun. 5:3379. doi: 10.1038/ncomms4379

 Ouyang, J. Q., Sharp, P. J., Dawson, A., Quetting, M., and Hau, M. (2011). Hormone levels predict individual differences in reproductive success in a passerine bird. Proc. R. Soc. B Biol. Sci. 278, 2537–2545. doi: 10.1098/rspb.2010.2490

 Ouyang, J. Q., van Oers, K., Quetting, M., and Hau, M. (2014). Becoming more like your mate: hormonal similarity reduces divorce rates in a wild songbird. Anim. Behav. 98, 87–93. doi: 10.1016/j.anbehav.2014.09.032

 Parker, G. A., Royle, N. J., and Hartley, I. R. (2002). Intrafamilial conflict and parental investment: a synthesis. Philos. Trans. R. Soc. London. Ser. B Biol. Sci. 357, 295–307. doi: 10.1098/rstb.2001.0950

 Petrie, M., Halliday, T., and Sanders, C. (1991). Peahens prefer peacocks with elaborate trains. Anim. Behav. 41, 323–331. doi: 10.1016/S0003-3472(05)80484-1

 Pettifor, R. A., Perrins, C. M., and McCleery, R. H. (1988). Individual optimization of clutch size in great tits. Nature 336, 160–162. doi: 10.1038/336160a0

 Pilakouta, N., Hanlon, E. J. H., and Smiseth, P. T. (2018). Biparental care is more than the sum of its parts: experimental evidence for synergistic effects on offspring fitness. Proc. R. Soc. B Biol. Sci. 285:20180875. doi: 10.1098/rspb.2018.0875

 Psorakis, I., Voelkl, B., Garroway, C. J., Radersma, R., Aplin, L. M., Crates, R. A., et al. (2015). Inferring social structure from temporal data. Behav. Ecol. Sociobiol. 69, 857–866. doi: 10.1007/s00265-015-1906-0

 Rogers, A. C., Langmore, N. E., and Mulder, R. A. (2007). Function of pair duets in the eastern whipbird: cooperative defense or sexual conflict? Behav. Ecol. 18, 182–188. doi: 10.1093/beheco/arl070

 Roughgarden, J. (2012). The social selection alternative to sexual selection. Philos. Trans. R. Soc. B Biol. Sci. 367, 2294–2303. doi: 10.1098/rstb.2011.0282

 Royle, N. J., Hartley, I. R., and Parker, G. A. (2002). Sexual conflict reduces offspring fitness in zebra finches. Nature 416, 733–736. doi: 10.1038/416733a

 Rutstein, A. N., Brazill-Boast, J., and Griffith, S. C. (2007). Evaluating mate choice in the zebra finch. Anim. Behav. 74, 1277–1284. doi: 10.1016/j.anbehav.2007.02.022

 Sanchez-Macouzet, O., Rodriguez, C., and Drummond, H. (2014). Better stay together: pair bond duration increases individual fitness independent of age-related variation. Proc. R. Soc. B Biol. Sci. 281:20132843. doi: 10.1098/rspb.2013.2843

 Schuett, W., Dall, S. R. X., and Royle, N. J. (2011a). Pairs of zebra finches with similar ‘personalities' make better parents. Anim. Behav. 81, 609–618. doi: 10.1016/j.anbehav.2010.12.006

 Schuett, W., Godin, J.-G. J., and Dall, S. R. X. (2011b). Do female zebra finches, Taeniopygia guttata, choose their mates based on their ‘personality'? Ethology 117, 908–917. doi: 10.1111/j.1439-0310.2011.01945.x

 Servedio, M. R., Price, T. D., and Lande, R. (2013). Evolution of displays within the pair bond. Proc. R. Soc. B Biol. Sci. 280:20123020. doi: 10.1098/rspb.2012.3020

 Sheldon, B. C. (1994). Male phenotype, fertility, and the pursuit of extra-pair copulations by female birds. Proc. R. Soc. B 257, 25–30. doi: 10.1098/rspb.1994.0089

 Slater, P. J. B., and Mann, N. I. (2004). Why do the females of many bird species sing in the tropics? J. Avian Biol. 35, 289–294. doi: 10.1111/j.0908-8857.2004.03392.x

 Spoon, T. R., Millam, J. R., and Owings, D. H. (2006). The importance of mate behavioural compatibility in parenting and reproductive success by cockatiels, Nymphicus hollandicus. Anim. Behav. 71, 315–326. doi: 10.1016/j.anbehav.2005.03.034

 Stamps, J., Calderón-De Anda, M., Perez, C., and Drummond, H. (2002). Collaborative tactics for nestsite selection by pairs of blue footed boobies. Behaviour 139, 1383–1412. doi: 10.1163/15685390260514672

 Symes, L. B., and Price, T. D. (2015). Sexual stimulation and sexual selection. Am. Nat. 185, iii–iv. doi: 10.1086/680414

 Tobias, J. A., Gamarra-Toledo, V., Garcia-Olaechea, D., Pulgarin, P. C., and Seddon, N. (2011). Year-round resource defence and the evolution of male and female song in suboscine birds: social armaments are mutual ornaments. J. Evol. Biol. 24, 2118–2138. doi: 10.1111/j.1420-9101.2011.02345.x

 van de Pol, M., Heg, D., Bruinzeel, L. W., Kuijper, B., and Verhulst, S. (2006). Experimental evidence for a causal effect of pair-bond duration on reproductive performance in oystercatchers (Haematopus ostralegus). Behav. Ecol. 17, 982–991. doi: 10.1093/beheco/arl036

 van Rooij, E. P., and Griffith, S. C. (2013). Synchronised provisioning at the nest: parental coordination over care in a socially monogamous species. PeerJ 1, 1–14. doi: 10.7717/peerj.232

 Wachtmeister, C.-A. (2001). Display in monogamous pairs: a review of empirical data and evolutionary explanations. Anim. Behav. 61, 861–868. doi: 10.1006/anbe.2001.1684

 Wang, D., Forstmeier, W., and Kempenaers, B. (2017a). No mutual mate choice for quality in zebra finches: time to question a widely held assumption. Evolution 71, 2661–2676. doi: 10.1111/evo.13341

 Wang, D., Kempenaers, N., Kempenaers, B., and Forstmeier, W. (2017b). Male zebra finches have limited ability to identify high-fecundity females. Behav. Ecol. 28, 784–792. doi: 10.1093/beheco/arx037

 Wasser, D. E., and Sherman, P. W. (2010). Avian longevities and their interpretation under evolutionary theories of senescence. J. Zool. 280, 103–155. doi: 10.1111/j.1469-7998.2009.00671.x

 Watts, H. E., Edley, B., and Hahn, T. P. (2016). A potential mate influences reproductive development in female, but not male, pine siskins. Horm. Behav. 80, 39–46. doi: 10.1016/j.yhbeh.2016.01.006

 Wedell, N., Kvarnemo, C., Lessells, C. M., and Tregenza, T. (2006). Sexual conflict and life histories. Anim. Behav. 71, 999–1011. doi: 10.1016/j.anbehav.2005.06.023

 Weiß, B. M., Kotrschal, K., Möstl, E., and Hirschenhauser, K. (2010). Social and life-history correlates of hormonal partner compatibility in greylag geese (Anser anser). Behav. Ecol. 21, 138–143. doi: 10.1093/beheco/arp164

 West-Eberhard, M. J. (1983). Sexual selection, social competition, and speciation. Q. Rev. Biol. 58, 155–183. doi: 10.1086/413215

 Wojczulanis-Jakubas, K., Araya-Salas, M., and Jakubas, D. (2018). Seabird parents provision their chick in a coordinated manner. PLoS ONE 13:e0189969. doi: 10.1371/journal.pone.0189969

 Zann, R. A. (1996). The Zebra Finch: A Synthesis of Laboratory and Field Studies. Oxford: Oxford University Press.

Conflict of Interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Griffith. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 27 November 2019
doi: 10.3389/fevo.2019.00448






[image: image2]

Turn-Taking Between Provisioning Parents: Partitioning Alternation

Davide Baldan1,2*, Camilla A. Hinde3 and Catherine M. Lessells1


1Department of Animal Ecology, Netherlands Institute of Ecology (NIOO-KNAW), Wageningen, Netherlands

2Department of Biology, University of Nevada, Reno, NV, United States

3Behavioral Ecology Group, Department of Biology, Anglia Ruskin University, Cambridge, United Kingdom

Edited by:
Geoffrey M. While, University of Tasmania, Australia

Reviewed by:
Michael Taborsky, University of Bern, Switzerland
 Tom Langen, Clarkson University, United States

*Correspondence: Davide Baldan, d.baldan@nioo.knaw.nl

Specialty section: This article was submitted to Social Evolution, a section of the journal Frontiers in Ecology and Evolution

Received: 27 June 2019
 Accepted: 07 November 2019
 Published: 27 November 2019

Citation: Baldan D, Hinde CA and Lessells CM (2019) Turn-Taking Between Provisioning Parents: Partitioning Alternation. Front. Ecol. Evol. 7:448. doi: 10.3389/fevo.2019.00448



How parents negotiate over parental care is a central issue in evolutionary biology because it affects the evolutionary outcome of sexual conflict. A recent theoretical model shows that “turn-taking” in provisioning visits by the parents can be an evolutionarily stable negotiation strategy, and empirical studies have shown that parental nest-visits do indeed alternate more than expected by chance. However, such alternation may also be generated by a refractory period, or by correlated temporal heterogeneity (CTH) in provisioning rates of the two parents driven by temporal environmental variation. Here we use a recently developed measure of alternation and a novel measure of CTH in the provisioning rates of pairs to clarify what can be concluded about the occurrence of turn-taking from the provisioning patterns of pairs. First, we show using a simulation model that turn-taking can, by itself, generate both a refractory period and CTH in provisioning rates. Second, we incorporate this insight into a conceptual framework that combines an existing randomization analysis with a novel analytical approach in which “pseudo-pairs” are created by analytically pairing the provisioning sequence of a parent at one nest with the contemporaneous provisioning sequence of the other-sex parent at a nearby nest. This allows us to partition the alternation score into different components. This approach confirms that isolating a component of alternation that can be unequivocally attributed to turn-taking is probably impossible. However, the pseudo-pairs analysis does isolate a component that can be unequivocally attributed to general temporal environmental variation [environmental variation that causes CTH in provisioning rates across (as well as within) pairs]. Third, we use these techniques to partition the alternation score of 17 pairs of great tits Parus major provisioning in the wild. Approximately 8% of the observed alternation score is due to the frequency distribution of the inter-visit intervals, 74% to nest-specific effects on the sequence of inter-visit intervals, and 18% to general effects on the sequence of inter-visit intervals. This last component can be unequivocally attributed to general temporal environmental variation, and is the first empirical demonstration of alternation by free-living provisioning parents being generated by temporal environmental variation.
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INTRODUCTION

In species with bi-parental care, there is an evolutionary conflict of interest between the two parents (Trivers, 1972). This occurs because parents caring for common offspring share the benefit of their joint investment but only pay the cost of their own care, with the consequence that each parent is selected to exploit its mate by providing a smaller share of the care (Trivers, 1972; Lessells, 2012). A number of theoretical models have been developed to investigate how sexual conflict affects the evolutionarily stable amount of care that parents devote to offspring. Despite the diversity of patterns of parental investment that these models represent, including both “sealed bids” (Houston and Davies, 1985) and “negotiation” (McNamara et al., 1999; Johnstone and Hinde, 2006; Lessells and McNamara, 2012), they all predict that the evolutionarily stable outcome of sexual conflict is a decrease in parental care and reduction in parent and offspring fitness compared with completely cooperating parents. More recently, however, Johnstone et al. (2014) have developed a model in which the ESS involves a form of conditional cooperation between the provisioning parents. The negotiation mechanism is specified by the rates at which each of the parents makes provisioning visits to the brood, depending on whether it is, or is not, the last to visit the nest. The evolutionary stable outcome of this strategy is a “turn-taking” rule in which each parent does not provision when it is the last to feed, but only after a visit by the mate, leading to strict alternation of the nest visits. The ESS is remarkable in that it results in completely cooperative behavior, with each parent having maximum fitness.

Johnstone et al.'s (2014) model has triggered studies on several avian species which have shown that alternation of nest visits does indeed occur at above the rate expected if the two parents provision independently at a constant rate (Johnstone et al., 2014; Bebbington and Hatchwell, 2016; Koenig and Walters, 2016; Iserbyt et al., 2017; Savage et al., 2017; Baldan et al., 2019). However, although this alternation of nest visits is consistent with a turn-taking strategy by the parents, other processes may give rise to alternation. First, alternation can arise simply because parents cannot make successive visits to the nest within a short interval. This latency between consecutive visits by the same parent, referred to as a “refractory period” by Johnstone et al. (2014), can per se produce some degree of alternation in nest visits because it increases the likelihood that the next visit is made by the other parent. Although Johnstone et al. (2014) focused on the presence of a refractory period, any reduction in the variance in the length of inter-visit intervals (IVIs, the time intervals between two consecutive provisioning events by the same parent) will increase the amount of alternation. In order to appraise the effects of a refractory period on the amount of alternation, Johnstone et al. (2014) suggested a randomization procedure that shuffles the sequence of IVIs while maintaining the original frequency distribution of IVIs. Empirical studies using this randomization technique have revealed that the IVI frequency distribution (including the refractory period) accounts for only a small amount of the observed alternation (Johnstone et al., 2014; Bebbington and Hatchwell, 2016; Savage et al., 2017).

A second process other than turn-taking that can produce alternation of nest visits is temporal environmental variation that affects the provisioning rates of both parents, so that long IVIs of one parent tend to be matched with long IVIs of the other (Schlicht et al., 2016). We refer here to this correlation in the provisioning rates of the two parents as provisioning CTH (correlated temporal heterogeneity). Schlicht et al. (2016) used an example in which the provisioning rates of both parents decreased over the observation period to demonstrate that alternation could be generated in this way. However, changes in provisioning rate can be sudden or gradual, occur multiple times, be of different durations and occur in either direction (Ihle et al., 2019; Santema et al., 2019) and all of these kinds of changes can potentially produce alternation—what is critical is whether these changes are correlated within pairs (Ihle et al., 2019). Temporal environmental variation (in the broadest sense) capable of generating provisioning CTH encompasses a range of behavioral and ecological factors, including offspring begging (Ottosson et al., 1997; Hinde, 2006; Hinde and Kilner, 2007), predation risk (Fontaine and Martin, 2006; Ghalambor et al., 2013), food availability (Naef-Daenzer and Keller, 1999; Tremblay et al., 2005), weather conditions (Radford et al., 2001; Wiley and Ridley, 2016), and simple diurnal variation. The diversity of possible factors means that it is difficult or impossible to be sure that all relevant sources of temporal environmental variation have been identified, and hence that it may be impossible to exclude these as an explanation for alternation by provisioning parents (Ihle et al., 2019; Santema et al., 2019).

The aim of this paper is to add to the previous studies of alternation by provisioning parents which have attempted to understand the kinds of conclusions that can be reached from empirical measurements of alternation rates. First, we use a simulation model to investigate whether turn-taking per se can produce statistical patterns (a refractory period and provisioning CTH) that have previously been implicitly assumed to be the product of other ecological and behavioral processes (foraging constraints and temporal environmental variation, respectively). Second, we incorporate the insights gained from this into a conceptual framework, and combine this with Johnstone et al.'s (2014) randomization analysis and a novel analytical approach in which “pseudo-pairs” are created by analytically pairing the provisioning sequence of a parent at one nest with the contemporaneous provisioning sequence of a parent of the opposite sex at a nearby nest, allowing us to partition the observed amount of alternation into different components. Third, we apply these techniques to data from parental great tits Parus major provisioning their broods in the wild. To facilitate these analyses we used a recently developed alternation score (Baldan et al., 2019) and a novel measure of provisioning CTH.



MEASURES OF ALTERNATION AND PROVISIONING CTH


Alternation Score

We used an alternation score which measures the deviation of the observed amount of alternation from that expected given the proportion of visits by the two parents (Baldan et al., 2019):
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All the visits within a sample period are given an alternation status based on the sex of the parent making the previous visit (same sex = “non-alternated”; different sex = “alternated”). The expected numbers of alternated and non-alternated visits are calculated from a 2 × 2 contingency table with the sex of the parent at the focal visit cross-tabulated against the sex of the parent at the previous visit.

An alternation score of zero represents the amount of alternation expected by chance, a value of <0 means that the observed alternation of the visits is lower than expected by chance, and a value of >0 means that the observed alternation of the visits is greater than expected by chance. Because the score is based on log odds, alternation score is expected to be additive on a linear scale, allowing it to be partitioned between different factors and processes (Baldan et al., 2019). We did not attempt to calculate an alternation score separately for the two parents because the 2 × 2 contingency table on which the score is based has only one degree of freedom.



Calculating Provisioning CTH

We evaluated the amount of provisioning CTH in the provisioning sequence of a pair by calculating the Pearson correlation coefficient between the provisioning rates of the male and female parent sampled at uniformly spaced points in time within an observation period. We used the inverse of the length of the IVI of each parent in which each sampling point fell as the provisioning rate of the parent at that point in time. In the analyses below, we selected 20 points which, because the observation periods were 4 h long, were spaced at 11.43 min intervals. When the sampling interval is less than the longest IVI it is possible for successive sampling points to fall within the same IVI of one or both parents. These values are included to avoid biasing the correlation coefficient, and their inclusion does not inflate sample size in analyses because the variable that is analyzed is the Pearson correlation coefficient, not the individual pairs of values. We chose 20 sampling points because this gave a reasonable sample size on which to calculate provisioning CTH values, while limiting the number of IVIs that were sampled more than once. A brief analysis using other sampling intervals produced broadly similar results, but confirmed that using longer sampling intervals (and hence fewer sampling points) produces estimates that lack sufficient precision, while shorter sampling intervals may create problems related to sampling close to the beginning and end of the sampling period (cf Baldan et al., 2019, Appendix 2). In calculating provisioning CTH on our data for randomized pseudo-pairs (see Provisioning CTH), we obtained a value that was significantly less than zero from randomized data (mean CTH = −0.003 ± 0.001 (SE), t = −2.566, p = 0.021), whereas the expectation for randomized data is zero. We do not know how this bias arose, but one possibility is that it was generated by sampling effects related to the IVIs that are “cut” by the start and end of the sampling period (cf Baldan et al., 2019, Appendix 2). To put the tiny bias in context, the mean of −0.003 is based on the values from the individual randomizations which range from −0.80 to 0.93—a range more than 500 times larger than the value of the overall bias. In addition, provisioning CTH is a correlation coefficient. When r = 0.003, the resultant r2 value implies that <0.001% of the heterogeneity in provisioning rate of one member of the pair is explained by heterogeneity in provisioning rate of the other. For these reasons we have ignored the bias in our analyses below.

Provisioning CTH can potentially occur at a range of time scales (Ihle et al., 2019; Santema et al., 2019). Our measure assesses provisioning CTH at the shortest possible time scale. This is the time scale relevant to alternation (the length of individual IVIs), and it also captures provisioning CTH at longer time scales, whereas the reverse is not the case: the correlation between provisioning rates measured over longer periods will not necessarily detect provisioning CTH occurring on a shorter time-scale.




SIMULATION MODEL: DOES TURN-TAKING AFFECT THE FREQUENCY DISTRIBUTION OF IVIS (INCLUDING PRODUCING A REFRACTORY PERIOD) AND PROVISIONING CTH?

We investigated whether turn-taking in nest visits affects the frequency distribution of IVIs, including the presence of a refractory period, and provisioning CTH by simulating and analyzing sequences of provisioning visits by pairs. The sequences simulated either (i) independent provisioning by the male and female at a constant rate, λ, or (ii) turn-taking as in Johnstone et al.'s (2014) game theory model, in which each parent provisions at a constant rate, λ', when its mate is the last to provision, and does not provision when it itself is the last to provision. By simulating constant rates of provisioning, we excluded constraints due to foraging behavior and temporal environmental variation as sources of any refractory period and provisioning CTH that we found in the simulated sequences. Thus we can conclude that any difference between the presence of a refractory period or provisioning CTH between our two types of simulation must be generated by turn-taking.


Simulation Methods

Independent provisioning at a constant rate by the two parents was simulated by drawing a series of IVIs for each parent randomly from a negative exponential distribution with rate parameter, λ, equal to 1 min−1 (Choosing a different value of λ is equivalent to changing the units in which time is expressed, and does not affect the calculated value of alternation or provisioning CTH). We used a similar procedure for the turn-taking simulations. However, turn-taking as in Johnstone et al.'s (2014) model assumes that each parent does not feed at the nest when it is its partner's turn to feed, so a single provisioning sequence for the pair combined was simulated by drawing a series of intervals from a negative exponential distribution with rate parameter λ', so that alternate intervals represent the periods when one of the sexes is provisioning and the other is not. We refer to these shorter intervals between one parent's nest visit and the other parent's nest visit as provisioning intervals (PIs) to distinguish them from IVIs, which are the intervals between successive visits by an individual parent. This means that the lengths of the IVIs for each parent consist of two consecutively drawn PIs summed together. For instance, the first IVI for one sex is equal to the sum of the first and second randomly drawn PIs, whereas the first IVI for the other sex is equal to the sum of the second and third randomly drawn PIs. Because each parent provisions for only half the time, we used a rate parameter, λ', of 2 min−1, so that the overall rate of provisioning in each type of simulation was the same.

For each type of simulation we simulated 1,000 four-hour sequences in the R environment (version 3.2.3; R Development Core Team, 2017) using the R function rexp to generate intervals randomly drawn from a negative exponential distribution (see ‘Baldan_et_al_2019_R_script' in the Supplementary Material for the R script), and calculated alternation scores and provisioning CTH as described in Measures of alternation and provisioning CTH above.



Simulation Results and Conclusions

As expected, our simulation produced alternation scores close to zero for the parents provisioning independently (alternation score = 0.003 ± 0.090 (SD); Figure 1), and perfect alternation in all cases for the turn-taking parents. Unsurprisingly (because they were randomly drawn from a negative exponential distribution), the IVIs of the independently provisioning parents follow a negative exponential distribution [mean IVI = 0.995 min ± 0.995 (SD); Figure 2A; because the two parents are exactly equivalent in their provisioning behavior, the distributions of IVIs for males and females have been combined in the calculation of the mean and SD, and in the figures, for both the independently provisioning and turn-taking parents]. In contrast, the distribution of IVIs of the turn-taking parents has the same mean, but lower variance, and clearly has what Johnstone et al. (2014) would refer to as a refractory period (mean IVI = 0.996 min ± 0.705 (SD); Figure 2B). The refractory period arises because each IVI is the sum of two PIs drawn from a negative exponential distribution. Although intervals of zero length are the most frequent in a negative exponential distribution, an IVI of zero length can only be created by combining two PIs of zero length, whereas an IVI of closer to the average IVI length can be created by many different combinations of PI length. Thus, these intermediate length IVIs are more common than the shortest IVIs. Lastly, the provisioning CTH is close to zero for the independently provisioning parents [mean provisioning CTH = −0.003 ± 0.226 (SD); Figure 3A], while there is substantial provisioning CTH for the turn-taking pairs [mean provisioning CTH = 0.545 ± 0.226 (SD); Figure 3B]. This occurs because any specific PI forms part of the IVIs of each of the two sexes: for one sex the IVI is the sum of the specific PI and the previous PI, and for the other sex the sum of the specific PI and the following PI. The specific PI is chosen at random from a negative exponential distribution, so if it is short by chance, the overlapping IVIs will both be short by chance. The opposite applies if the specific PI is long by chance, so the lengths of the IVIs are correlated.
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FIGURE 1. The frequency distribution of alternation scores from simulated provisioning sequences (n = 1,000) when parents provision independently.
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FIGURE 2. The frequency distributions of inter-visit intervals from simulated provisioning sequences (n = 1,000) when parents provision independently (A), and take turns (B).
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FIGURE 3. The frequency distributions of provisioning CTH (correlated temporal heterogeneity) from simulated provisioning sequences (n = 1,000) when parents provision independently (A), and take turns (B).


In conclusion, turn-taking by the parents may generate differences in the frequency distribution of IVIs, particularly by creating or enhancing the presence of a refractory period, compared with those when the parents feed independently of each other and only their foraging behavior determines the shape of the distribution. Moreover, turn-taking is a source of provisioning CTH at the time-scale of IVI length.




A CONCEPTUAL FRAMEWORK: PARTITIONING THE SOURCES OF ALTERNATION

One of the main questions faced by empirical studies of turn-taking is the extent to which evidence for turn-taking can be garnered from the sequences of provisioning visits by individual parents and pairs. In this section, we provide a conceptual framework (Figure 4) which clarifies the relationships between these variables and incorporates the results of our simulation model above, and use it to infer what conclusions can be drawn from provisioning data about the occurrence of turn-taking.
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FIGURE 4. A conceptual framework for understanding the behavioral and ecological processes and factors affecting alternation. Green boxes are behavioral or ecological processes or factors; mauve boxes are statistical properties of the sequences of provisioning visits by individual parents or pairs. IVIs are inter-visit intervals, the intervals between successive provisioning visits to the nest by a given parent. The sequence of IVIs box contains a dashed box containing a question mark, because it is not clear whether turn-taking produces statistical properties in addition to provisioning CTH that depend on the sequence of IVIs and affect the level of alternation.


In creating a framework, it is important to make a distinction between behavioral and ecological processes on the one hand, and the statistical properties of the provisioning patterns that they affect or create on the other (Figure 4). Here we use the terms foraging behavior (meaning foraging constraints and decisions), parental coordination (including turn-taking), and temporal environmental variation for the behavioral and ecological processes, and the frequency distribution of the IVIs (which includes any so-called refractory period), sequence of the IVIs (which includes provisioning CTH) and alternation (the statistical property that we are trying to understand) for statistical properties of provisioning sequences. We use the broader term parental coordination in Figure 4 because there are other forms of parental coordination than turn-taking which can cause alternation in nest visits. In particular, if parents visit the nest site synchronously (Raihani et al., 2010; Mariette and Griffith, 2012; Bebbington and Hatchwell, 2016), and then enter the nest one at a time in a random order before departing together, their nest visits will alternate more than expected by chance on the basis of their provisioning rates. This is because the visit of the first parent to enter the nest will be an alternated visit by chance 50% of the time, whereas the visit of the second parent to enter the nest will always be alternated, giving an overall alternation rate of 75% as against the random expectation with non-synchronous visits at equal rates of 50%. Previous studies have recognized that besides turn-taking and other forms of parental coordination, foraging constraints producing a refractory period (and, more generally, any processes affecting the frequency distribution of IVIs; Johnstone et al., 2014), and temporal environmental variation producing provisioning CTH (Schlicht et al., 2016), can also create alternation by provisioning parents. However, by explicitly separating the statistical properties of provisioning sequences from the behavioral and ecological processes generating them, it becomes clear that other causal links may exist. In particular, we showed above using a simulation model that turn-taking can affect the frequency distribution of IVIs (including creating a refractory period; Figure 2) and provisioning CTH (Figure 3). In addition, temporal environmental variation is expected to increase the variance in provisioning rate, and hence to affect the frequency distribution of IVIs. Lastly, turn-taking produces alternation through its effects on the frequency distribution of IVIs and its effects on the sequence of IVIs. However, within the latter, it is not clear whether provisioning CTH is the only relevant statistical property that turn-taking produces, or whether there are additional statistical properties produced by turn-taking alone that depend on the sequence of IVIs and produce alternation. For this reason, Figure 4 contains a dashed box containing a question mark representing these possible additional statistical properties of the sequence of IVIs.


Partitioning the Alternation Score

In this section we use the conceptual framework to discuss how the alternation score can be partitioned, and what the resulting components of the alternation score represent. This enables us to elucidate what can—or cannot—be concluded from observations of parental provisioning sequences. We first consider Johnstone et al.'s (2014) randomization analysis, and then introduce a new analytical approach–the use of ‘pseudo-pairs'—which allows one of the components created by the randomization analysis to be further partitioned, giving an insight into the role of temporal environmental variation.


Randomization Analysis

Johnstone et al. (2014) quantified the amount of alternation between the members of a pair in search of evidence for the turn-taking behavior that their model predicted but were aware that alternation could be the result of other processes, specifically the presence of a refractory period. Their randomization analysis involves randomizing the sequence of IVIs for each of the two parents separately and then re-pairing the sequences. The amount of alternation remaining in the randomized provisioning data can be attributed only to the frequency distribution of the IVIs, and the reduction in the amount of alternation only to the sequence of IVIs. The randomization analysis therefore partitions alternation into components due to these two statistical properties. This partitioning is represented in the left-hand column of Figure 4.

Johnstone et al. (2014) implicitly assumed that these two components represent constraints on foraging behavior and turn-taking, respectively. Subsequently, it has been realized that the second component also includes the effects of provisioning CTH caused by temporal environmental variation (Schlicht et al., 2016; Santema et al., 2019). However, the conceptual framework in Figure 4 indicates that the behavioral and ecological processes involved in each of the two components are more complicated than this (see upper half of Table 1).


Table 1. The behavioral and ecological processes contributing to the components of the alternation score when it is partitioned using a randomization or pseudo-pair analysis.
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First, the component due to the frequency distribution of IVIs can be affected not only by foraging behavior, but also by parental coordination including turn-taking and temporal environmental variation. Moreover, turn-taking and temporal environmental variation are expected to have opposite effects on the component of alternation due to the frequency distribution of IVIs. This is because a decrease in the variance of the IVI frequency distribution is expected to increase the amount of alternation. For example, when provisioning visits are made entirely regularly (i.e., the variance in the IVIs equals 0) the amount of alternation is the maximum possible. Turn-taking (at least in our simulation model above) decreases the variance of the IVIs, so increases the amount of alternation via its effect on the frequency distribution of IVIs (in addition to the effect via the sequence of IVIs). In contrast, temporal environmental variation will increase the variance of the IVIs, and decrease the amount of alternation (Table 1). This complexity in the processes and factors that may be involved makes the component due to the frequency distribution of IVIs hard to interpret. However, empirically this component tends to be small, although positive (Johnstone et al., 2014; Bebbington and Hatchwell, 2016; Savage et al., 2017; Table 2).


Table 2. Mean and standard error of the alternation score and its IVI sequence component in real pairs, randomized real pairs, pseudo-pairs, and randomized pseudo-pairs of great tits.
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The second component of alternation discriminated by Johnstone et al.'s (2014) randomization test is due to the sequence of IVIs. This component can be generated by parental coordination (including turn-taking) and/or temporal environmental variation (Figure 4; Table 1), both of which have a positive effect on this component. As noted by others (Schlicht et al., 2016; Ihle et al., 2019; Santema et al., 2019), the size of this component therefore sets only an upper limit on the extent of turn-taking or temporal environmental variation, with each having a lower limit of zero. This component therefore does not provide evidence for the occurrence of turn-taking (or of temporal environmental variation). However, this component can be further partitioned by the analytical use of ‘pseudo-pairs' as described in the following section, and this further analysis does lead to the isolation of a component representing just one factor.




Pseudo-Pairs Analysis

The new analytical approach that we propose here partitions the component of alternation due to the sequence of IVIs into a component due to parental coordination and/or nest-specific temporal environmental variation, and a second component due to general environmental variation (lower half of Table 1; Figure 5). “Nest-specific temporal environmental variation” is environmental variation limited to individual nests. If it affects the provisioning rates of both members of the pair it will produce provisioning CTH and hence alternation. Nest-specific temporal environmental variation might include, for example, the begging behavior of the chicks or some kind of disturbance at or near the nest that is limited to that nest. “General temporal environmental variation” affects the provisioning rate of parents over a wider area (for example, the passage of rain showers) resulting in synchronous variation in provisioning rates at nests that are sufficiently close together to have experienced the same conditions. Because general temporal environmental variation causes synchronous variation, “pseudo-pairs” created by analytically pairing the provisioning sequence of a parent at one nest with the contemporaneous provisioning sequence of the opposite sex at a nearby nest will exhibit alternation. In pseudo-pairs, this is the only source of alternation in the component due to the sequence of IVIs. In real pairs, the component due to the sequence of IVIs also contains the effects of parental coordination and nest-specific environmental temporal variation (Table 1).
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FIGURE 5. Partitioning the alternation score. To partition the alternation score, the alternation scores of real pairs (entire left-hand bar; purple) and pseudo-pairs (entire right-hand bar; red) are first calculated. Then the alternation scores of randomized real pairs and randomized pseudo-pairs are calculated. These estimate the component due to the IVI frequency distribution (lower section of left- and right-hand bars; darker shade) in real pairs and pseudo-pairs, respectively. The component due to the IVI sequence is then calculated by subtraction for real pairs and pseudo-pairs (upper section of left- and right-hand bars; lighter shade). Finally, the component due to parental coordination (including turn-taking) and/or nest-specific environmental variation is calculated by subtracting the component due to IVI sequence in pseudo-pairs (i.e., the component due to general environmental variation) from the component due to IVI sequence in pairs (blue, because it is calculated by subtraction using components in both pairs and pseudo-pairs). The middle bar shows the final partitioning of the alternation score in real pairs.




Calculating the Components of Alternation

The alternation score that we used above in our simulation models is additive on a linear scale (Baldan et al., 2019) and thus can be partitioned numerically. This partitioning is carried out as follows (Figure 5): (a) For real pairs and pseudo-pairs: (i) calculate the mean alternation score; (ii) calculate the mean alternation score for their respective randomized sequences (“randomized real pairs” and “randomized pseudo-pairs”). These are the components of alternation due to the frequency distribution of IVIs for real pairs and pseudo-pairs respectively; (iii) calculate the component of alternation due to the sequence of IVIs by subtracting the respective component due the frequency distribution of IVIs from the respective alternation score. (b) The component due to general temporal environmental variation in real pairs is equal to the component due to the sequence of IVIs in pseudo-pairs. (c) The component due to turn-taking and/or nest-specific temporal environmental variation in real pairs is equal to the component due to the sequence of IVIs in real pairs minus the component due to the sequence of IVIs in pseudo-pairs. In this way, the alternation score of real pairs is partitioned into three components due to the frequency distribution of IVIs (this component is difficult to interpret), parental coordination and/or nest-specific temporal environmental variation, and general temporal environmental variation.

Provisioning CTH (based on the Pearson rank correlation coefficient) is not additive on a linear scale, so cannot be partitioned numerically in the same way. Moreover, randomized sequences of IVIs should not exhibit provisioning CTH. However, provisioning CTH can be generated in real pairs by turn-taking and the two forms (nest-specific and general) of temporal environmental variation, while in pseudo-pairs it can only be generated by general temporal environmental variation. Thus, provisioning CTH in pseudo-pairs provides evidence for the occurrence of general temporal environmental variation, and a difference between provisioning CTH in real pairs and pseudo-pairs for the occurrence of parental coordination and/or nest-specific temporal environmental variation.




GREAT TIT PROVISIONING SEQUENCES

We collected provisioning sequences from wild great tit Parus major pairs in order to carry out randomization and pseudo-pair analyses as described above, and thereby investigate the behavioral and ecological processes producing alternation and provisioning CTH in free-living provisioning parents.


Data Collection

We collected provisioning data from a great tit population at the Hoge Veluwe National Park, The Netherlands (52°23′N, 5°51′E) in 2014. This area contains around 400 nest-boxes that were checked weekly from the beginning of April to determine the onset of egg laying and incubation. Active nests were then checked daily from the day before predicted hatching to determine the exact hatch date (day 0). Parental nest visit data were collected from 17 broods with day 10 chicks on 10–13 May 2014. The recorded nests were 183–1,467 m apart (n = 29, median = 790 m; see Table S1 for individual distances). Nest visits were recorded using a small video camera with infra-red illumination mounted in the roof of the nest-box and connected to an external video recorder at the foot of the tree. The camera was placed on day 9, and the recordings (720 × 576 pixels of resolution) started before 09:30 of the following day. Recorders were synchronized daily (to the nearest second) with a digital watch before each recording began. Four hours of video (10:00–14:00) were scored for each nest, and the time the bird entered the nest-box (to the nearest second) and the sex of the provisioning parent (determined from the blackness of the crown feathers, which is more sexually distinct under infra-red than daylight illumination) were ascertained from the video-recordings. Provisioning videos were scored blind with respect to our study questions by MC (see Acknowledgments), who was not otherwise involved in this study. Data from radio-tagged pairs in a nearby great tit population scored by a different observer confirmed the potentially complete reliability of sexing based on crown feather coloration (n > 2,600 nest visits; DB, personal observations).



Provisioning Sequence Analysis

From the data for “real pairs” that we collected in the field, we created three additional kinds of provisioning sequence: “pseudo-pairs” were created by matching the provisioning sequence of one individual with that of another individual of the opposite sex recorded at a different nest at the same time on the same day. Our 17 real pair sequences were collected over 4 days (3, 4, 5, 5 pairs on 10–13 May, respectively) and generated 58 pseudo-pairs (pseudo-pairs per day: 6, 12, 20, 20). “randomized real pairs” were created by randomly rearranging the order of the IVIs of each parental sequence and then pairing the two newly created parental sequences, and “randomized pseudo-pairs” were created in the same way from pseudo-pairs sequences. In the analysis, we generated 10,000 replicate randomizations for each pair and pseudo-pair.

We calculated the alternation score and provisioning CTH as described above (see Measures of alternation and provisioning CTH). When calculating provisioning CTH, we included IVIs that fell within the same IVI as the preceding sampling point (see above; in the visit sequences for each of the parents in the 17 real pairs, 14% (n = 680) of the sampling points fell within the same IVI as the preceding sampling point). For the purposes of calculating the mean and SE of the alternation score or provisioning CTH for randomized real pairs and randomized pseudo-pairs we used the mean of the 10,000 randomization replicates for each of the real pairs or pseudo-pairs. Data for individual nest visits are given in ‘Baldan_et_al_2019_Dataset_1.xlsx', and alternation scores and provisioning CTH for each pair in each of the four pair types in ‘Baldan_et_al_2019_Dataset_2.xlsx', in the Supplementary Material.

Partitioning of the alternation score and provisioning CTH was carried out as described above (see Calculating the components of alternation and Figure 5).



Statistical Analysis

There are two general issues related to making statistical comparisons between alternation scores or provisioning CTH for different pair types. The first issue is that the way in which pseudo-pairs are created potentially gives rise to pseudo-replication: 58 pseudo-pairs were created from 17 real pairs. We addressed this problem by using mixed models in which we fitted male ID and female ID as random effects. The second issue is that for each randomized pair and randomized pseudo-pair, we generated 10,000 replicate randomizations. In statistical comparisons we used the mean value of these replicates for each randomized pair or randomized pseudo-pair. We calculated the IVI sequence component of alternation scores for each real pair or pseudo-pair by subtracting the mean of the matching randomized real or randomized pseudo-pair from the overall alternation score of the pair. Statistical tests on the components of the alternation score and provisioning CTH were carried out further as specified in Tables 2–4.


Table 3. Mean and standard error of provisioning CTH rate in real pairs, randomized real pairs, pseudo-pairs, and randomized pseudo-pairs of great tits.
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Table 4. Statistical tests for comparisons between the alternation scores and provisioning CTH for different pair types.

[image: Table 4]

To explore the scale at which general environmental temporal variation influenced the alternation score and provisioning CTH, we investigated how these variables varied with the distance between the nests of the members of a pseudo-pair. For each of the pairs of nests there are two “reciprocal” pseudo-pairs consisting of the male from each nest analytically paired with the female of the other nest. We therefore used linear mixed models with “reciprocal pair ID” as a random factor. If general environmental temporal variation is acting at a scale smaller than the maximum distance between pseudo-pairs, alternation score and provisioning CTH should decrease with distance between the members of a pseudo-pair. In addition, we investigated whether provisioning CTH varied between days. This could occur if the amount of temporal environmental variation varied between days, for example some days having short showers of rain, and others having less variable weather conditions. We investigated whether provisioning CTH between days occurred using a linear mixed model with reciprocal pair ID as a random effect and day (as a factor) as a fixed effect.

All the statistical analyses were performed in R environment (version 3.2.3). All mixed models were performed with the lme4 package (Bates et al., 2015) and the significance of the main effect was calculated with the Kenward-Roger approximation implemented in the pbkrtest package (Halekoh and Hojsgaard, 2014). All the statistical analyses were two-tailed, and significance was taken at α = 0.05. Unless otherwise stated, we reported means and standard errors of the estimates as mean ± SE.




RESULTS


Alternation Scores

The mean alternation score of real pairs was 0.341, and significantly greater than zero (Table 2, Figure 6). The mean alternation score of randomized real pairs (the component due to the IVI frequency distribution) was much lower (0.028) and not significantly greater than zero (Table 2, Figure 6). The IVI sequence component of the alternation score in real pairs (the pairwise difference between the previous two values) was 0.313, and significantly greater than zero (Table 2, Figure 6). The alternation scores for pseudo-pairs exhibit the same general pattern, except that the alternation score for pseudo-pairs was not significantly greater than zero, but the IVI sequence component (generated from the pairwise difference between pseudo-pairs and randomized pseudo-pairs) was (Table 2, Figure 6). This last result indicates a significant effect of general temporal environmental variation on the alternation score. Lastly, the alternation score, and its IVI sequence component, for real pairs were significantly higher than the corresponding values for pseudo-pairs (Tables 2, 4, Figure 6), indicating a significant effect of parental coordination (including turn-taking) and/or nest-specific temporal environmental variation on the alternation score.


[image: Figure 6]
FIGURE 6. Alternation score (A) and provisioning CTH (B) in real, randomized real, pseudo- and randomized pseudo-pairs. Points designate the mean ± SE. For pairs and pseudo-pairs, these statistics are based on the value for each pair (n = 17) or pseudo-pair (n = 58). For randomized pseudo-pairs and randomized real pairs, mean ± SE are based on the mean values of the 10,000 randomized distributions for each of the pairs and pseudo-pairs. An alternation score of zero (dashed line) represents the amount of alternation expected by chance, assuming that the probability of a provisioning visit by each parent is constant with respect to time.


We used the values of the alternation scores in Table 2 to calculate the components due to the IVI frequency distribution (0.043), nest-specific IVI sequence effects (0.251), and general environmental IVI sequence effects (0.062) (see Calculating the components of alternation and provisioning CTH and Figure 5). Based on these values, approximately 8% of the alternation score is due to the IVI frequency distribution, 74% to nest-specific IVI sequence effects, and 18% to general environmental IVI sequence effects.


Provisioning CTH

The values of provisioning CTH (Table 3) follow broadly the same pattern as the alternation scores in that provisioning CTH was significantly higher in real pairs than pseudo-pairs (Tables 3, 4). As expected, the values of provisioning CTH for randomized real pairs and randomized pseudo-pairs were close to zero, although the latter was significantly negative (see Calculating provisioning CTH above for a discussion of this negative bias).



Variation in Alternation Score and Provisioning CTH in Pseudo-Pairs With Distance Between the Members of Pseudo-Pairs and Between Days

Both alternation score and provisioning CTH of pseudo-pairs tended to increase with distance between the members of pseudo-pairs (Figure 7). This increase was significant for provisioning CTH [F(1, 27) = 4.68, p = 0.040], but not for alternation score [F(1, 27) = 1.10, p = 0.302].
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FIGURE 7. Alternation score (A) and provisioning CTH (B) in pseudo-pairs in relation to the distance between the members of pseudo-pairs. Vertical bars join data for the two reciprocal pseudo-pairs for each pair of nests (the male of each nest pseudo-paired to the female of the other nest). Red, green, cyan and mauve points and lines indicate data collected each day from 10 to 13 May 2014, respectively. The shaded gray areas are the standard errors for the relationship with distance from a linear mixed model.


Alternation score, but not provisioning CTH, of pseudo-pairs varied significantly between the 4 days on which we recorded provisioning behavior [alternation score: F(3, 25) = 3.49, p = 0.030. provisioning CTH: F(3, 25) = 1.37, p = 0.275].

We expected a negative relationship between alternation score or provisioning CTH and distance between the members of pseudo-pairs, but the observed relationships are positive (significantly so for provisioning CTH). However, in our data, the separation between nests involved in pseudo-pairs varied between days (Kruskal-Wallis H test, χ2 = 8.326, p = 0.040, df = 3) and decreased over the 4 days of data collection (Kendall rank correlation coefficient, τ = −0.431, p = 0.003, n = 29). These relationships resulted from the limited availability of day 10 broods. We do not have an adequate sample size to separate an effect of distance from the confounded effects of day or date, so have not attempted to carry out such an analysis. However, our uncontrolled results give little reason to expect a negative relationship for either variable over the range of distances that we studied if we had been able to do so.





DISCUSSION

In this study, we investigated the processes creating alternation of nest visits. First, we found using a simulation model that turn-taking can produce a refractory period and provisioning CTH. Second, we created a conceptual framework that allows us to partition alternation into three components: the effects of the IVI frequency distribution; nest-specific effects of the sequence of IVIs; and general effects of the sequence of IVIs. Third we applied this analytical method to provisioning data from wild great tits and estimated that nest-specific sequence effects are the major contributors to alternation explaining 74% of the observed amount of alternation. The frequency distribution of IVIs and general sequence effects are responsible for the remaining amount of alternation (8 and 18%, respectively).

The first of the three components—the effect of the frequency distribution of IVIs—is quantified by a randomization test suggested by Johnstone et al. (2014). They implicitly assumed that this component was due to what they refer to as a refractory period caused by constraints on foraging behavior, and other authors have also equated a refractory period with foraging constraints (Schlicht et al., 2016; Savage et al., 2017; Ihle et al., 2019; Santema et al., 2019). However, our simulation and conceptual model indicate that this notion is ill-founded, and that this component may also include the effects of parental coordination (including turn-taking) and temporal environmental variation. This makes this component difficult to interpret, but fortunately the actual size of this component is small in empirical studies, including our present study of great tits (Johnstone et al., 2014; Bebbington and Hatchwell, 2016; Savage et al., 2017).

Our second and third components of alternation are derived from the other component produced by Johnstone et al.'s (2014) randomization test—the IVI sequence effect—using our pseudo-pair analysis to separate nest-specific and general sequence effects. Our second component—due to nest-specific IVI sequence effects—resembles the IVI sequence effect discriminated by Johnstone et al.'s (2014) randomization test in being generated by parental coordination (including turn-taking) or (in this case, nest-specific) temporal environmental variation. Other authors (Ihle et al., 2019; Santema et al., 2019) have argued for the unpartitioned IVI sequence effect that a role for turn-taking can only be demonstrated when all relevant environmental variation has been taken into account, and that this is a difficult-to-impossible task given the ubiquity of such variation. This argument also applies to our nest-specific IVI sequence component.

Our third component was isolated using analytically created pseudo-pairs. Because the members of such pairs are separated by a minimum of 183 m in our study of great tits, it is implausible that these individuals are reacting directly to each other, so that the significant IVI sequence effect in pseudo-pairs can only be attributed to a common response by the parents to some general environmental variation and cannot be due to turn-taking. Moreover, this general temporal environmental variation accounts for about a fifth of the alternation in real pairs. Because nest-specific sources of temporal environmental variation creating alternation may be as, or more, frequent than general sources, temporal environmental variation may account for a substantial proportion of the observed amount of alternation, leaving little room for turn-taking. Experimental manipulations of parental behavior may be more effective approaches than analyzing observational provisioning data to investigate the existence of turn-taking. Manipulations could involve brood size (Baldan et al., 2019; Griffioen et al., 2019a), begging playback at the nest (Santema et al., 2017) or handicapping of one of the parents (Griffioen et al., 2019b). In particular, manipulations directed at only one parent (e.g., selective playback or handicapping) can be used to investigate whether parents do, indeed, react to the provisioning behavior of their mate.

The significant IVI sequence effect in the alternation of pseudo-pairs raises some intriguing questions beyond the implications for the possible occurrence of turn-taking. The first of these is simply whether our result can be replicated, and further questions concern the scale over which this effect occurs. Pseudo-pairs whose members are closer together are more likely to share more temporal environmental variation (e.g., due to local rain showers or shared food patches between breeding pairs), so at some spatial scale we expect provisioning CTH and alternation in pseudo-pairs to decrease as the separation between members of pseudo-pairs increases, and the scale at which this happens may give some indication of the nature of the temporal variation. This is also the case for variation between days in the level of alternation in pseudo-pairs because higher levels of an IVI sequence effect in pseudo-pairs are expected to occur on days with higher levels of the relevant temporally varying environmental variable. We were unable to detect any decrease in the alternation scores of pseudo-pairs with separation between the members of the pairs of up to 1,467 m. However, our data did not allow us to control adequately for any confounded effects of date or days, and we encourage others carrying out similar studies to avoid the distance between pseudo-pairs being confounded with date and to obtain larger sample sizes both within days and in the number of days sampled. We did find significant variation between days in the amount of alternation in pseudo-pairs. Possibilities for further work on alternation and provisioning CTH between pseudo-pairs include investigating at what distance these can still be detected, and whether there is any relationship between alternation or provisioning CTH of pseudo-pairs on individual days and meteorological conditions.

Schlicht et al. (2016) and Santema et al. (2019) have emphasized the possible role of provisioning CTH generated by a common response to temporal environmental variation in producing alternation. However, as far as we are aware, we are the first to attempt to quantify provisioning CTH by calculating the correlation between the provisioning rates of the parents across time. We found an appreciable and significant level of provisioning CTH in the provisioning sequences of great tit parents which at first sight appears to argue that temporal environmental variation does indeed play a major role in generating alternation as the above authors have suggested. However, we also showed that turn-taking can, by itself, generate considerable provisioning CTH, so its presence does not provide evidence against turn-taking as the process behind alternation. It may simply be that provisioning CTH and alternation are inextricably statistically linked, and that any process generating alternation automatically generates CTH, and vice versa. Similarly, it is also currently unclear whether there are any additional sequence effects than provisioning CTH that are linked to, or generate, alternation.

In conclusion, our study contributes in multiple ways to understanding the kinds of conclusions that can be reached from empirical measurements of alternation rates. First, we have shown using simulations that turn-taking can, by itself, generate a refractory period and provisioning CTH. Second, we created a conceptual framework and combined it with a novel analytical approach using pseudo-pairs to provide a means of partitioning alternation into three components. Finally, we applied this new framework and methodology to data on parental great tits provisioning in the wild. This analysis demonstrated for the first time that alternation by provisioning parents can be generated by temporal environmental variation to which both parents respond, accounting, in the great tits, for about one fifth of the observed amount of alternation.



DATA AVAILABILITY STATEMENT

All datasets generated and analyzed for this study are included in the article/Supplementary Material.



ETHICS STATEMENT

The animal study was reviewed and approved by KNAW Dier Experimenten Commissie (DEC).



AUTHOR CONTRIBUTIONS

CL conceived the study and created the conceptual framework. DB and CH suggested additional analyses. DB carried out the simulation and collected the field data and performed the analysis with input from CH and CL. DB and CL drafted the manuscript. All authors contributed to revisions and approved the final manuscript.



FUNDING

This research was supported by a grant (823.01.005) from the Netherlands Organization for Scientific Research (NWO) to CL.



ACKNOWLEDGMENTS

We thank the board of the National Park De Hoge Veluwe for the permission to conduct our research there. We are grateful to Henri Bouwmeester for his help with the field work, Jorina Boer for her help collecting data, Mathias Cox for scoring the video recordings, and James Savage for providing the script for the randomization test. We thank Jenny Ouyang, James Savage and Marcel Visser for comments on various versions of this manuscript, and Antica Culina and Arie van Noordwijk for discussion. CL thanks Erna Harthoorn for discussion and support.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fevo.2019.00448/full#supplementary-material



REFERENCES

 Baldan, D., Curk, T., Hinde, C. A., and Lessells, C. M. (2019). Alternation of nest visits varies with experimentally manipulated workload in brood-provisioning great tits. Anim. Behav. 156, 139–146. doi: 10.1016/j.anbehav.2019.08.004

 Bates, D., Mächler, M., Bolker, B., and Walker, S. (2015). Fitting linear mixed-effects models using lme4. J. Stat. Softw. 67:48. doi: 10.18637/jss.v067.i01

 Bebbington, K., and Hatchwell, B. J. (2016). Coordinated parental provisioning is related to feeding rate and reproductive success in a songbird. Behav. Ecol. 27, 652–659. doi: 10.1093/beheco/arv198

 Fontaine, J. J., and Martin, T. E. (2006). Parent birds assess nest predation risk and adjust their reproductive strategies. Ecol. Lett. 9, 428–434. doi: 10.1111/j.1461-0248.2006.00892.x

 Ghalambor, C. K., Peluc, S. I., and Martin, T. E. (2013). Plasticity of parental care under the risk of predation: how much should parents reduce care? Biol. Lett. 9:20130154. doi: 10.1098/rsbl.2013.0154

 Griffioen, M., Iserbyt, A., and Müller, W. (2019b). Handicapping males does not affect their rate of parental provisioning, but impinges on their partners' turn taking behavior. Front. Ecol. Evol. 7:347. doi: 10.3389/fevo.2019.00347

 Griffioen, M., Müller, W., and Iserbyt, A. (2019a). A fixed agreement—consequences of brood size manipulation on alternation in blue tits. PeerJ 7:e6826. doi: 10.7717/peerj.6826

 Halekoh, U., and Hojsgaard, S. (2014). Kenward-roger approximation and parametric bootstrap methods for tests in linear mixed models - the r package pbkrtest. J. Stat. Softw. 59, 1–32. doi: 10.18637/jss.v059.i09

 Hinde, C. A. (2006). Negotiation over offspring care? A positive response to partner-provisioning rate in great tits. Behav. Ecol. 17, 6–12. doi: 10.1093/beheco/ari092

 Hinde, C. A., and Kilner, R. M. (2007). Negotiations within the family over the supply of parental care. Proc. Biol. Sci. 274, 53–60. doi: 10.1098/rspb.2006.3692

 Houston, A. I., and Davies, N. B. (1985). “The evolution of cooperation and life history in the dunnock, Prunella modularis,” in Behavioural Ecology: Ecological Consequences of Adaptive Behaviour, eds R. Sibley and R. H. Smith (Oxford: Blackwell Scientific, 471–487.

 Ihle, M., Pick, J. L., Winney, I. S., Nakagawa, S., and Burke, T. (2019). Measuring up to reality: null models and analysis simulations to study parental coordination over provisioning offspring. Front. Ecol. Evol. 7:142. doi: 10.3389/fevo.2019.00142

 Iserbyt, A., Fresneau, N., Kortenhoff, T., Eens, M., and Muller, W. (2017). Decreasing parental task specialization promotes conditional cooperation. Sci. Rep. 7:6565. doi: 10.1038/s41598-017-06667-1

 Johnstone, R. A., and Hinde, C. A. (2006). Negotiation over offspring care - how should parents respond to each other's efforts? Behav. Ecol. 17, 818–827. doi: 10.1093/beheco/arl009

 Johnstone, R. A., Manica, A., Fayet, A. L., Stoddard, M. C., Rodriguez-Girones, M. A., and Hinde, C. A. (2014). Reciprocity and conditional cooperation between great tit parents. Behav. Ecol. 25, 216–222. doi: 10.1093/beheco/art109

 Koenig, W. D., and Walters, E. L. (2016). Provisioning patterns in the cooperatively breeding acorn woodpecker: does feeding behaviour serve as a signal? Anim. Behav. 119, 125–134. doi: 10.1016/j.anbehav.2016.06.002

 Lessells, C. M. (2012). “Sexual conflict,” in The Evolution of Parental Care, eds N. J. Royle, P. T. Smiseth, and M. Kölliker (Oxford: University Press), 150–170. doi: 10.1093/acprof:oso/9780199692576.003.0009

 Lessells, C. M., and McNamara, J. M. (2012). Sexual conflict over parental investment in repeated bouts: negotiation reduces overall care. Proc. Biol. Sci. 279, 1506–1514. doi: 10.1098/rspb.2011.1690

 Mariette, M. M., and Griffith, S. C. (2012). Nest visit synchrony is high and correlates with reproductive success in the wild zebra finch Taeniopygia guttata. J. Avian Biol. 43, 131–140. doi: 10.1111/j.1600-048X.2012.05555.x

 McNamara, J. M., Gasson, C. E., and Houston, A. I. (1999). Incorporating rules for responding into evolutionary games. Nature 401, 368–371. doi: 10.1038/43869

 Naef-Daenzer, B., and Keller, L. F. (1999). The foraging performance of great and blue tits (Parus major and P. caeruleus) in relation to caterpillar development, and its consequences for nestling growth and fledging weight. J. Anim. Ecol. 68, 708–718. doi: 10.1046/j.1365-2656.1999.00318.x

 Ottosson, U., Bäckman, J., and Smith, H. G. (1997). Begging affects parental effort in the pied flycatcher, Ficedula hypoleuca. Behav. Ecol. Sociobiol. 41, 381–384. doi: 10.1007/s002650050399

 R Development Core Team (2017). R: A Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing.

 Radford, A. N., McCleery, R. H., Woodburn, R. J. W., and Morecroft, M. D. (2001). Activity patterns of parent great tits Parus major feeding their young during rainfall. Bird Study 48, 214–220. doi: 10.1080/00063650109461220

 Raihani, N. J., Nelson-Flower, M. J., Moyes, K., Browning, L. E., and Ridley, A. R. (2010). Synchronous provisioning increases brood survival in cooperatively breeding pied babblers. J. Anim. Ecol. 79, 44–52. doi: 10.1111/j.1365-2656.2009.01606.x

 Santema, P., Schlicht, E., and Kempenaers, B. (2019). Testing the conditional cooperation model: what can we learn from parents taking turns when feeding offspring? Front. Ecol. Evol. 7:94. doi: 10.3389/fevo.2019.00094

 Santema, P., Schlicht, E., Schlicht, L., and Kempenaers, B. (2017). Blue tits do not return faster to the nest in response to either short- or long-term begging playbacks. Anim. Behav. 123, 117–127. doi: 10.1016/j.anbehav.2016.10.016

 Savage, J. L., Browning, L. E., Manica, A., Russell, A. F., and Johnstone, R. A. (2017). Turn-taking in cooperative offspring care: by-product of individual provisioning behavior or active response rule? Behav. Ecol. Sociobiol. 71:162. doi: 10.1007/s00265-017-2391-4

 Schlicht, E., Santema, P., Schlicht, R., and Kempenaers, B. (2016). Evidence for conditional cooperation in biparental care systems? A comment on Johnstone et al. Behav. Ecol. 27, e2–e5. doi: 10.1093/beheco/arw036

 Tremblay, I., Thomas, D., Blondel, J., Perret, P., and Lambrechts, M. M. (2005). The effect of habitat quality on foraging patterns, provisioning rate and nestling growth in Corsican blue tits Parus caeruleus. Ibis 147, 17–24. doi: 10.1111/j.1474-919x.2004.00312.x

 Trivers, R. L. (1972). “Parental investment and sexual selection,” in Sexual Selection and the Descent of Man, ed B.Campbell (IL: Aldine Press Chicago), 136–179. doi: 10.4324/9781315129266-7

 Wiley, E. M., and Ridley, A. R. (2016). The effects of temperature on offspring provisioning in a cooperative breeder. Anim. Behav. 117, 187–195. doi: 10.1016/j.anbehav.2016.05.009

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Baldan, Hinde and Lessells. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 14 January 2020
doi: 10.3389/fevo.2019.00506






[image: image2]

Negotiation of Parental Duties in Chick-Rearing Common Murres (Uria aalge) in Different Foraging Conditions

Anne E. Storey1*, Sabina I. Wilhelm2 and Carolyn J. Walsh1


1Department of Psychology, Memorial University of Newfoundland, St. John’s, NL, Canada

2Canadian Wildlife Service, Environment and Climate Change Canada, Mount Pearl, NL, Canada

Edited by:
Camilla Anne Hinde, Wageningen University and Research, Netherlands

Reviewed by:
Katarzyna Wojczulanis-Jakubas, University of Gdansk, Poland
 Nina Jane Karnovsky, Pomona College, United States

*Correspondence: Anne E. Storey, astorey@mun.ca

Specialty section: This article was submitted to Behavioral and Evolutionary Ecology, a section of the journal Frontiers in Ecology and Evolution

Received: 17 June 2019
 Accepted: 13 December 2019
 Published: 14 January 2020

Citation: Storey AE, Wilhelm SI and Walsh CJ (2020) Negotiation of Parental Duties in Chick-Rearing Common Murres (Uria aalge) in Different Foraging Conditions. Front. Ecol. Evol. 7:506. doi: 10.3389/fevo.2019.00506



Mates of biparental species share parental care but they are also predicted to try, within limits, to push for more offspring care from their partners. Here we test (a) whether mates will attempt to exploit their partners less often when resources are scarce so as to not push their partners to their abandonment threshold and (b) whether there are differences in exploitation and compensation strategies of low and high quality partners where the quality assessment is based on within-pair differences in chick-provisioning rates. The same 14 pairs of common murres were observed in a year when capelin fish (the main prey species) were abundant (match year) and in a second year when capelin did not arrive inshore to spawn until the second week after hatching (mismatch year). One murre parent always attends the chick and, in the most common type of interaction, the returning parent feeds the chick, and takes over the brooding role. We consider nest relief interactions to be irregular if they did not follow this sequence for determining which parent will continue or take on the lower-energy brooder role. Two types of irregular nest reliefs were examined: (a) the returning bird does not bring a fish and (b) the brooding bird does not allow a brooding changeover even when the returner brings a fish. Rates of irregular nest reliefs and total visit time increased in the mismatch year after capelin arrived inshore, suggesting that longer co-attendance in good conditions reflects negotiation, rather than the increased resting or “loafing” time as previously proposed. High provisioners initiated fewer irregular nest reliefs than their low provisioning partners during favorable conditions but increased to comparable levels when resources were scarce. Partners' attempts to brood without provisioning were less often refused during unfavorable feeding conditions, suggesting that murres compensated for their mates when they could. The observation that rates of irregular nest reliefs changed with resource availability suggests that negotiation occurs throughout chick rearing and is not a set “sealed bid” at the onset.

Keywords: negotiation, parental investment, food availability, common murre, Uria aalge, nest relief


INTRODUCTION

Although considerable intra-pair cooperation is necessary for successful reproduction in biparental species, individuals should still try to make their mates increase their share of parental work (Jones et al., 2002). However, if pair bonds typically persist across breeding seasons, as in seabirds, individuals should be less likely to exploit their mates, as their partners' long-term survival is critical to their own fitness (Jones et al., 2002). Thus, when resources are limited, breeding seabirds will adjust their parental efforts to prioritize their own survival, and possibly that of their mates, over investment in their chicks (Monaghan et al., 1989; Chastel et al., 1995; Weimerskirch and Lys, 2000; Weimerskirch et al., 2001; but see Kitaysky et al., 1999). On the other hand, individuals in these species should not always compensate fully for any decreased investment by the other parent, as this may lead to evolutionary instability that could be exploited by low investing individuals (Houston et al., 2005). Therefore, seabirds should attempt to negotiate parental duties with their partners but not to decrease their own investment enough that the mate must abandon the breeding attempt (Jones et al., 2002) and/or that could possibly disrupt the pair bond (Moody et al., 2005).

Pair members in seabird species, with their shared care, long lives and long pair bonds are predicted to compensate for their partners until the body condition of one or both partners drops below the threshold at which either partner should abandon the current breeding attempt (Jones et al., 2002). A range of negotiated flexibility should exist between the abandonment threshold and the preferred, less costly level of investment, termed in Jones et al. (2002) the “laziness threshold.” The “laziness threshold” represents the point at which each partner would be doing the least possible to maintain its parental investment while not pushing the partner to the abandonment threshold (Jones et al., 2002). One counterintuitive prediction is that individuals should push their partners to increase care more under good conditions than under poor ones because their mates should be more able to take on extra energetic costs when food is abundant (Jones et al., 2002). Further, signals from the lower quality partner should cause the higher quality partner to assume more parental care when pushed to do more, particularly under good conditions, because costs to itself are less than the risk of the lower quality partner deteriorating in body condition to the abandonment threshold.

An important step to document parental turn taking is determining whether individuals appear to be monitoring their mates' nest provisioning visits and modifying their own visits accordingly (e.g., Bebbington and Hatchwell, 2016; Savage et al., 2017). This step is easier to establish in a seabird species such as the common murre Uria aalge in which, prior to fledging, chicks are continuously attended by at least one parent to minimize predation at their open-cliff, high-density breeding colonies (Ainley et al., 2002). Thus, common murre parents likely have complete information about when their mates visit and whether or not they feed the chick. It is therefore possible to examine the behaviors displayed at nest reliefs, and the times between reliefs to determine what factors influence whether complete turn taking is occurring, that is, whether the nest relief proceeds or not.

Parental care is particularly costly for the common murre for several reasons. In addition to only one parent being able to forage at a time, flight is energetically costly because murres have the highest wing loading of any flying bird, and they can only bring a single fish to the chick each trip (Ainley et al., 2002). Murre parents generally experience mass loss over the chick-rearing period (Harris et al., 2000; Ainley et al., 2002; Wilhelm, 2004) and this mass loss is greater when resources are poor (Wilhelm, 2004).

Parental co-attendance in common murres occurs several times a day when the foraging partner returns to the colony, most often bringing a fish for the chick. An important component of co-attendance is the nest relief, which is initiated when the non-brooding mate returns to the nest site, usually with a fish to provision the chick. While the returning bird controls when the interaction will start by coming to the nest site, the brooding bird controls whether and/or how long it takes for the returning bird to be allowed access to the chick for brooding (the actual nest relief) and then how long it will remain at the nest site after the nest relief. Takahashi et al. (2017) distinguished between normal nest reliefs (returner brings a fish, nest relief occurs, and brooder departs, more than half visits) and irregular nest reliefs. We suggest that three types of irregular nest relief sequences are how murres push their mates to provide more parental care: no nest relief (returner brings a fish but is not allowed to brood), multiple nest reliefs (returner brings fish but brooder does not depart after the nest relief and more nest reliefs follow), and no fish visits (returner fails to bring a fish and a nest relief may or may not follow). Compensation, or allowing the partner to brood in an irregular nest relief, can occur when either the bird returning with a fish departs without a nest relief or when the brooder allows the bird that returns without a fish to initiate a brooding bout. The irregular nest reliefs differ from the normal ones in that the brooder exhibits fewer or delayed bouts of allopreening, and in some cases the interactions are longer (Takahashi et al., 2017).

Given the extensive parental care provided by both parents, it might not be obvious how murres could push their mates to increase care. Of the two major investments in rearing murre chicks, brooding appears to be less energetically expensive than chick feeding (Birt-Friesen et al., 1989; Gabrielsen, 1996). Data from data loggers attached to murres support this contention in that both physiological and behavioral measures are changed by wearing the loggers. Murres have the highest wing loading of any flying bird (Ainley et al., 2002) and thus are affected by the extra load of carrying the loggers. Corticosterone levels were higher in murres with data loggers than controls (Elliott et al., 2012), suggesting that carrying a data logger produces the same effect on corticosterone levels as decreased resources (as in Doody et al., 2008). Murres carrying data loggers decreased their chick provisioning rates, increased the number of no-fish visits and left the colony less often, and in some cases, their mates compensated for their partner's reduced foraging activity (Wanless et al., 1988; Hamel et al., 2004; Paredes et al., 2005). Murres, therefore, may not attempt to reduce their total parental care, but rather to increase the duration of the energetically low-cost brooding component, possibly leaving the other partner to forage more (Takahashi et al., 2017). Continuing the brooding bout even after the mate has provisioned the chick, thus preventing a nest relief, may be how a murre in poor condition (naturally or by having an attached data logger) might push its partner to forage more.

One aspect of turn-taking that has received relatively little attention is the impact of variation in resources on how often birds try to push their mates and whether these attempts are accepted (compensation). Chick-feeding rates and the time both parents spent together in the colony (co-attendance time) were lower in a predator-prey mismatch year of the current study (2000), when capelin (Mallotus villosus) arrived inshore after hatching, compared to two match years (1998 and 1999) when capelin arrival coincided with, or preceded, hatching (Wilhelm et al., 2008). Chick-feeding rates and co-attendance durations increased to the levels of previous years once capelin arrived inshore in the second week after hatching in 2000. This increase in co-attendance time when prey becomes plentiful has been documented in previous murre studies and it has been interpreted as birds having more “loafing” time when prey is plentiful (Cairns et al., 1987; Uttley et al., 1994; Zador and Piatt, 1999). Alternatively, since it is inefficient for both parents to co-attend when only one parent is required, variation in co-attendance time may signal information about the brooder's body condition and hence be a way to request the mate to increase care (Jones et al., 2002).

Here, we examined differences in rates that birds initiated irregular nest reliefs under variable foraging conditions and tested the predictions that under poor foraging conditions murres will initiate fewer irregular nest reliefs and they will resist changeovers for shorter periods, thus resulting in less time overall spent co-attending. We attempted to distinguish between the “loafing” and “negotiation” functions of nest relief behavior by testing whether (a) high quality birds (with higher chick-provisioning rates) both initiated fewer irregular nest reliefs and compensated more than their mates and (b) co-attendance times varied across nest relief types, such that particular irregular nest reliefs (e.g., returner does not bring a fish), would be longer than normal nest reliefs (returner brings a fish and a nest relief follows). The loafing function would be more strongly supported if co-attendance times were evenly distributed across all nest visits and both pair members.



METHODS


Study Area

We collected data across three breeding seasons (1998–2000) for common murres breeding on Great Island in Witless Bay, Newfoundland and Labrador, Canada (47° 11′N, 52° 49′W; Wilhelm, 2004). Data are from 28 birds from 14 focal pairs that had surviving chicks in each year. Individuals in these 14 pairs could be individually distinguished as at least one member of the pair was color banded and/or had the distinctive bridled eye band. Twenty-four of 28 (86%) birds were color banded by 1998 and 26/28 by 1999 (93%, the remaining birds were bridled, a marking only seen in about 20% of birds). Given the low divorce rate and behavior particular to mate changing (Moody et al., 2005) as well as the high survival rate of known birds at this site (Robertson et al., 2006), it seems likely that all these pairs consisted of the same individuals in all 3 years. We observed the birds through one-way glass in a wooden blind placed adjacent to the nesting cliff. The birds' behavior appeared to be unaffected by the presence of the blind (i.e., no head tossing or “murring” vocalization, Ainley et al., 2002), with some breeding within 0.5 m of the base of the blind. We minimized disturbance by accessing the blind through a canvas tunnel, entering before dawn and departing after sunset. We sexed the birds behaviorally: copulations were observed during the pre-lay period of six consecutive breeding seasons (no reverse mountings have been recorded for this species). Male murres take their chicks to sea at fledging (Ainley et al., 2002) and no fathers of fledged chicks were observed in the colony after their chicks departed. Finally, we verified sex genetically for adults from the same colony with all birds matching the sex assigned behaviorally (N = 28, Cameron-MacMillan et al., 2007). The proportion of birds at this site that raised a chick successfully to colony departure is generally high (0.75–0.79 fledged chicks/eggs laid; Wilhelm and Storey, 2002). Hence, this site was viewed as being well-established and the current study most likely included many experienced, older birds.

We compared chick-feeding rates to the inshore arrival dates, spawning dates, and approximate densities of capelin, the main species fed to chicks, which were recorded by the same fisherman in capelin diaries spanning across several years, including the years of this study. These diaries were sponsored by the Fisheries and Oceans Canada. The fisherman was instructed to make daily notes using the following checklist: spawning: (1) none observed, (2) spawning activity (light, medium, or intense), (3) presence of dead capelin on the beach or in the water (few, moderate, or heavy concentrations), (4) presence of live fish in the water (three levels: few fish, few small schools, or many or dense schools), and (5) indirect evidence that spawning had occurred within 24 h. These observations were consistent with the timing of peak capelin spawning densities from Bellevue Beach in an adjacent bay (Nakashima, Fisheries, and Oceans Canada, personal communication) and with observations of other biologists in the area. Hatching extended from June 29 to July 12 in 1999 and from June 23 to June 30 in 2000, the two main years in this study. Capelin spawning onset was June 25 and the peak was June 28 locally and July 10 in Bellevue Bay in 1999 whereas, in 2000, capelin were first observed 9 days after the onset of hatching (July 2) and peak spawning did not occur until July 17 (Wilhelm et al., 2008, based on information from Fisheries and Oceans Canada). The year 2000 was the only year (of 8 years) that young chicks were observed to die of starvation early in the season; even the focal pairs in this study (all successful chick-rearers) showed deceased feeding rates early in 2000 compared to 1998 and 1999 (Wilhelm et al., 2008).

Thus, 1998 and 1999 were designated as prey match years and 2000 was designated as a prey mismatch year (Doody et al., 2008; Wilhelm et al., 2008). The focus of this paper is on the contrasting resource years of 1999 and 2000 (henceforth called the match and mismatch years, respectively). Information from 1998 was used with 1999 data to confirm the assignment of high or low provisioning status within pairs. Chick feeding rates were significantly correlated for 1998 and 1999 (r = 0.43, P = 0.014). Based on the average chick provisioning rates for 1998 and 1999, each of the 14 pairs was assigned one high and one low provisioner (categorical variable “provisioner status”), allowing us to make within-pair comparisons of strategies for initiating irregular nest reliefs. High provisioners were equally likely to be male or female.



Colony Observations

We made continuous observations, beginning at dawn (first light at 04:30 h, NDT) and finishing at dusk (last light before 21:30 h, NDT), on 11 days in July and August 1998 (175.8 h total), 15 days in July and August 1999 (238 h total), and 12 days in July 2000 (196 h total). The total number of hours is slightly reduced from the possible total because as the season advanced there were brief periods in morning and evening that we could not accurately see the color bands of departing birds. Two observers were present on each observation day and they switched off every 3 h.

We recorded all visits (total N = 1,837; 1999, 961; 2000, 876 visits) and we coded them in terms of whether the returning bird brought a fish (1999; 807, 83% of visits; 2000, 710, 80% of visits). We recorded the length of all interactions from the time of the returner's arrival until one of the birds departed. Spot checks of all nests were taken every half hour so that when the occasional departure was missed (fewer than 5% of interactions), it was assumed to have occurred in the middle of the two spot checks. An interaction or visit was called a normal nest relief if the returning bird brought a fish to the chick and a nest relief followed after which the brooding bird departed from the colony. All other visits were called irregular nest interactions. We recorded whether or not the returner brought a fish so that we could tabulate daily chick-feeding rates for each week for all focal murres.

We compared the frequency of irregular nest reliefs between predator-prey match and mismatch years, based on the assumption that the brooder controls whether a nest relief occurs or not. We calculated a daily frequency for each individual as the combined daily frequency of (a) the brooder not letting the returning partner take over brooding after it provisioned the chick, and (b) the returning bird attempting (successfully or not) to brood without first provisioning the chick. Thus, a brooding bird with a high rate of pushing its mate to do more would have often prevented their partner from brooding after the partner brought a fish and then the same bird as returner would have often tried to initiate a brooding bout without bringing a fish. Attempts to continue or start brooding without first provisioning were classified as successful if the bird's returning partner left the colony to forage without having a brooding bout or if the bird returning without a fish was allowed to brood the chick. A third category of irregular nest relief interactions was the multiple nest relief in brooder did not leave the colony after the nest relief and one or more additional nest exchanges occurred. These multiple nest reliefs comprised only a small proportion of the visits in this study (~4%) and were not part of the frequency analysis but were included in the timing analyses. We calculated weekly rates of initiation of irregular nest reliefs for weeks 1, 2, and 3 after hatching. Weeks were based on hatch dates for each pair so that all birds in week 1 had chicks hatching in the past 7 days and so on for weeks 2 and 3. These data were used in the repeated measures ANOVA analyses.

We obtained body masses in two ways (N = 23): opportunistically when birds stepped on one of the three electronic balances (Ohaus CS-2000 accurate to ±1 gram, modified so that measurements were recorded from within the blind) we had cemented to rocks on the cliff, and also during capture for banding and blood sampling (Wilhelm, 2004). We considered body mass to be a good measure of condition as most fluctuation in mass in murres reflects variation in stored fat (Jacobs et al., 2011) and since the current comparisons are changes within individual adults, no structural differences need to be considered. There was no significant difference in the measurements produced by the scales or at capture, based on 12 murres caught by both methods [capture, mean 932.92 ± 14.1 g; scale, mean 935.25 ± 12.8 g, t(11) = 0.16, p = 0.87]. Body mass was compared for the same birds matched for chick age (range: 7–24 days post-hatch) in 1999 and 2000. If measurements were not available for exactly the same chick age day, masses were adjusted by the average daily mass loss for birds in this colony, that is 5 g per day (up to a maximum of 4 days difference in chick age, Cameron-MacMillan et al., 2007).



Statistical Analyses

We examined rates of initiation of irregular nest reliefs for 14 pairs with early hatching chicks in the mismatch year over weeks (first week, before capelin arrival; second week, moderate capelin density for that year; third week highest capelin density; Wilhelm et al., 2008). We compared these rates to those of the same pairs in the match year over the same weeks relative to the hatching of their chicks. The repeated factors in the repeated measures ANOVA were provisioner status (high and low provisioner in each pair), weeks (one, two, and three) and years (match and mismatch years) with sex as the between factor. We also used repeated measures ANOVA to examine variation in compensation and the differences in mass for high and low provisioners in the 2 years. All interactions were examined but only significant ones are reported. Interactions were examined using t-tests.

Linear mixed-effects models (LMMs) for the entire data set were constructed to examine whether behaviors exhibited during nest relief sequences were significantly influenced by the type of turn-taking sequence (normal and various irregular sequences), the year (match or mismatch), timing of capelin arrival (before or after week 1 of the mismatch year), and provisioner status (high vs. low provisioner within pair). Pair mates were nested within nest site by sex and used as a random factor. Specifically, the total time for the nest relief (or no nest relief) interactions and the times since the last visit by the focal bird and the mate were analyzed. Scaled identity was used as the model covariance structure as suggested for situations in which levels of main variables were not correlated and variances were relatively constant (Beaumont, 2012, https://www.ibm.com/support/knowledgecenter/SSLVMB_24.0.0/spss/advanced/covariance_structures.html).

Linear regression was used to assess which continuous variables best predicted the total time of nest interactions [times since last event (e.g., time since last visit or chick feed by each of the partners), time of day, time in chick rearing]. For all analyses, statistical significance was set at α = 0.05 and we report values as means ± 1 SE. All analyses were performed in SPSS version 25.




RESULTS

The distribution of regular and irregular nest relief interactions can be seen in Table 1. Note that No fish visits are rare early in both years, despite the lower provisioning rate in the mismatch year (Figure 1A). Low provisioners had more irregular nest reliefs (made more no-fish visits and/or refused more nest reliefs) than high provisioners in the match year (Table 2). Murres increased their rates of initiating irregular nest reliefs in the second week of the mismatch year after feeding conditions improved (Figure 1C). In general, attempts to start or continue brooding without first provisioning were more likely to be accepted under poor conditions or by high provisioners. High provisioning murres had less of a decrease in body mass between the match and mismatch years, compared to low provisioners.


Table 1. Number of nest reliefs (percentage of total) early (week 1, before capelin arrival in the mismatch year) and late in chick rearing for Normal Nest Reliefs (returner brings fish, brooding exchange), Irregular total (four other categories in columns to right), No nest relief (returner brings fish), Multiple nest relief (at same visit by returner), No fish relief (returner does not bring fish, brooding exchange), No fish, no relief (returner does not bring fish, no brooding exchange).
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FIGURE 1. Mean (± SE) frequency of (A) chick provisioning, (B) total visits, and (C) negotiation for weeks 1–3 after chick hatching in the match year (1999) and mismatch year (2000). Different letters within the same year indicate significant differences over weeks whereas * indicates a significant difference between the same week in the 2 years.



Table 2. Mean (SE) for visits (number per day) and attempted irregular nest reliefs (per day) for the match and mismatch year and for high and low provisioners.
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Frequency of Irregular Nest Reliefs in Relation to Resource Abundance and Provisioner Status

Higher provisioning individuals within pairs were equally likely to be male or female. Female provisioning rate was 2.34 (0.11) fish per day in match year and 2.07 (0.11) fish per day in the mismatch year. Male provisioning rate was 2.53 (0.11) fish per day in the match year and 1.93 (0.19) fish per day in the mismatch year. Sex was not a factor in any significant main effects and two-way interactions, and results are reported with sex excluded. The two-way ANOVA with year (match, mismatch), weeks (1, 2, and 3), and provisioner status (high vs. low) as repeated factors showed that provisioning frequency was higher in match year than in the mismatch year [F(1, 13) = 63.84, p < 0.001] and there was a significant difference across weeks [F(2, 26) = 11.73, p = 0.005]. Although the provisioning rate was lower in the first week of both years, the rate was higher in both the first and second weeks of the match year compared to the same weeks in mismatch year [significant week by year interaction, F(2, 26) = 4.79 p = 0.017, first weeks (13) = 5.4, p < 0.001; second weeks, t(13) = 5.4, p < 0.001]. There was no difference in the third weeks (Figure 1A). The same pattern of main effects and interactions was observed for the total number of visits in the 2 years (Figure 1B) except that there was also a year by provisioner status interaction [F(1, 13) = 5.96, p = 0.03, Table 2]. Both high and low provisioners visited more often in the match year than the mismatch year [high provisioners, t(13) = 5.10, p < 0.001, low provisioners, t(13) = 3.58, p = 0.003]. High provisioners visited more than low provisioners in the match year [t(13) = 2.32, p = 0.02] but there was no difference in the mismatch year (p = 0.49).

Mean daily rates of irregular nest reliefs were overall lower in the match year than in the mismatch year [F(1, 13) = 5.92, p = 0.03, primarily due to increases by high provisioners, see the next paragraph] and rates changed across weeks [F(2, 26) = 10.59, p < 0.001]. Analysis of the significant year by week interaction [F(2, 26) = 4.39, p = 0.023] indicated that the rate of irregular nest reliefs did not change over weeks in the match year [F(2, 52) = 0.81, P = 0.5]. In contrast, the rate of irregular nest reliefs in the mismatch year differed across weeks [F(2, 52) = 16.0, P < 0.0001] with a lower rate in week 1, before capelin arrival, than in both weeks after capelin arrival, weeks 2 (p < 0.001) and 3 (p = 0.025). The rate in week 2 of the mismatch year was also higher than in week 3 of the same year (p = 0.008) and than in week 2 of the match year (p < 0.001, Figure 1C).

There was a significant year by provisioner status interaction in rates of initiating irregular nest reliefs [F(1, 13) = 5.74, p = 0.032, Table 2]. High provisioners initiated fewer irregular nest reliefs than low provisioners in the match year (p = 0.005) and their rate increased in the mismatch year (p = 0.003) to be no different from low provisioners in that year (p = 0.67). Rates of initiation of irregular nest reliefs by low provisioners did not differ between years (p = 0.75).



Compensation

We considered that an attempt to get the partner to work harder was successful (i.e., the partner compensated) if the returning bird was allowed to incubate without bringing a fish and if the brooder remained brooding when the mate brought a fish, such that the returning bird departed the colony without having a brooding bout. First, in contrast to the number of fish visits, there was no year difference in the number of no-fish visits [F(1, 26) = 0.58, p = 0.50], between high and low provisioners [F(1, 26) = 4.0, p = 0.06] and the interaction was also not significant [F(1, 26) = 0.32, p = 0.58]. Low provisioners returned without a fish in a higher proportion of visits than high provisioners [F(1, 26) = 5.37, p = 0.03]. The proportion of no-fish visits did not differ by year [F(1, 26) = 1.60, p = 0.22] and the interaction was not significant [F(1, 26) = 0.32, p = 0.53].

There was a higher proportion of no-fish visits with nest reliefs (successful attempts to brood without provisioning) in the mismatch year than match year [F(1, 26) = 5.37, p = 0.03]. Mates returning with a fish were also less often prevented from brooding in the mismatch year compared to the match year [F(1, 26) = 7.34, p = 0.012]. There were fewer brooding preventions in week 1 than in weeks 2 and 3 [F(1, 26) = 6.30, p = 0.019]. The significant year by provisioner status interaction [F(1, 26) = 4.39, p = 0.046] indicated that in the match year, high provisioning returners that brought a fish allowed their mates to continue brooding more often than did low provisioners, whereas there was no difference due to provisioner status the mismatch year.



Timing Components

Total time of each interaction was used in these analyses rather than time to the nest relief as the latter measure would have excluded all the interactions without nest reliefs. The two measures are significantly correlated [r(1, 316) = 0.73, p < 0.0001]. Overall, the total time of nest interactions differed with the type of regular or irregular nest relief [F(4, 1, 832) = 53.95, p < 0.0001]. Normal nest reliefs were shorter than every other nest relief type (multiple nest reliefs, no fish nest interactions with and without nest reliefs, p < 0.001) except for interactions where the returner brings a fish but the brooder does not allow a nest relief (p = 0.28).

Linear regression was used to determine what factors might contribute to variation in the total nest interaction time (dependent variable) with predictor variables as time of last visit by self and mate, time of day and time in chick rearing (F = 16.99, P < 0.001; R2 = 0.06). All predictor variables were significant indicating that nest relief sequences were shorter when the mate had been away longer, when the brooder had been sitting longer, when the nest relief took place earlier in the day and when they occurred later in chick rearing (Table 3).


Table 3. Results of linear regression analysis of factors affecting total interaction time.
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LMM was used to examine the total time in a nest relief interaction with year, before or after week 1, and nest relief type (all reliefs with fish; normal, no nest relief and multiple nest relief) as the repeated factors and provisioner status as the between subject factor. Of the main effects, only nest relief type was significant [F(2, 999) = 116.7, p < 0.001] and here and in all significant interactions involving this variable, one difference was due to the multiple nest reliefs taking longer than both the normal and no nest relief interactions (all ps < 0.001). There was a significant nest relief type by year interaction [F(2, 999) = 20.7, p = 0.003] indicating that normal nest reliefs were the same duration in both years (p = 0.48) whereas multiple nest reliefs took longer in the mismatch than in the match year [t(39) = 5.50, p < 0.001] and interactions without a nest relief were shorter in the mismatch year than in the match year [t(270) = 3.25, p = 0.001, Figure 2A]. Finally, there was also a significant nest relief by provisioner status interaction wherein multiple nest relief interactions were longer when low provisioners brooded than when high provisioners brooded [t(39) = 3.04, p = 0.004, Figure 2B] but there were no provisioner differences for the other nest relief types (ps > 0.10).
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FIGURE 2. Mean (±SE) time for the three types of nest interactions with fish for (A) the match (1999) and mismatch (2000) years and (B) when the brooder was the high or low provisioning member of the pair. Different letters for bars of the same color indicate significant differences among nest relief types whereas * indicates a significant difference for the same nest relief type between years (A) or between high and low provisioners (B).


There were significant interactions between year and before vs. after the first week [F(1, 999) = 51.2, p < 0.001] and between year and provisioner status [F(1, 999) = 18.64, p < 0.001]. Nest relief interactions were shorter when resources were scarce: early compared to late in mismatch year [t(432) = 4.57, p < 0.001] and early in the mismatch year compared to early in the match year [t(407) = 2.08, p = 0.038]. Nest interactions were also longer later in the mismatch year than they were later in the match year [t(612) = 8.00, p = 0.001, Figure 3A]. Low provisioning brooders had longer nest relief interactions in the mismatch year than they had in the match year [t(543) = 6.02, p < 0.001] and longer nest relief interactions than high provisioners in the mismatch year [t(432) = 3.97, p < 0.001, Figure 3B]. Nest relief durations for high provisioning brooders did not change between years (p = 0.71).
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FIGURE 3. Mean (±SE) time for nest interactions with fish in the match (1999) and mismatch (2000) years (A) before (early) and after (late) capelin arrived inshore and (B) for low and high provisioning brooding murres. Different letters for bars of the same color indicate significant differences between early and late in the season (A) and high and low provisioners (B) whereas * indicates a significant difference between years.


Using LMM, the time between visits was compared for each of the two directly comparable situations: first, when the returner came back with a fish (with and without a nest relief) and second, when it did not (again with and without a nest relief). The analyses only included inter-visit times where the current and previous visits occurred on the same day. Analyses of four inter-visit times were conducted: Time since (a) the last visit by self for the returner and (b) the last visit by the returner's mate, the current brooder, as well as time since (c) the returner brought a fish and (d) since the mate brought a fish. In seven of eight analyses (fish or no fish × four inter-visit times), the times since previous visits were significantly shorter when the brooder prevented a nest relief than when the brooder allowed one (Table 4). We found that the times since the last mate's visit and feed were significantly longer in the mismatch year than in match year, but in cases where no nest relief occurred, there were no year differences in times to last mate visit [significant interaction, F(1, 26) = 4.39, p = 0.046]. In both cases the times since the last visit or feed were greater for the nest relief than no nest relief occurrences (as in the main analyses).


Table 4. Mean ± se for time (min) between visits and feeds for focal birds (self) and their mates.
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Variation in Provisioning and Body Condition

Murres categorized as high and low provisioners within each pair during the match year changed their chick-provisioning rates differently during the following predator-prey mismatch year [year × provisioner: F(1, 28) = 4.69, p = 0.04]. Previously high provisioners showed a larger mean decrease in provisioning rate (0.63 ± 0.13 fewer fish per day) than low provisioners (0.23 ± 0.13 fewer fish per day, t = 2.17, P = 0.039, Table 5).


Table 5. Low-provisioning common murres decreased their mean (±SE) daily provisioning rate less and lost more body mass than their high provisioning mates in the predator-prey mismatch year (2000) compared to the match year (1999).
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Cost of provisioning and turn-taking strategies was evaluated by comparing the body mass of the same high and low provisioning murres matched for chick age in both years (N = 23). The body mass of low provisioners did not differ by year [F(1, 21) = 0.68, p = 0.42] or provisioning status [F(1, 21) = 0.67, p = 0.42] but the interaction was significant [F(1, 21) = 7.29, p = 0.013]. Mass did not differ by provisioning status in the match year but was significantly higher for high provisioners than for low provioners in the mismatch year (Table 5). Birds with larger drops in feeding rate from the match to the mismatch year had smaller mass decreases (r = −0.51, p = 0.04).




DISCUSSION

The rates of no-fish visits and refused changeovers varied with prey availability in the mismatch year with low rates observed during the first post-hatch week before capelin arrived inshore. Rates increased after the first week in the mismatch year once capelin became more available. In contrast, in the match year, where prey levels were more stable and abundant, there were no weekly changes in rates of irregular nest reliefs. High provisioners initiated fewer irregular nest reliefs than low provisioners in the match year but increased their rate in the mismatch year. High provisioners retained their body mass in the mismatch year whereas low provisioners did not. Overall, more attempts to start or continue brooding without first provisioning were accepted in the mismatch than in the match year.

Although provisioning rates were still lower in week 2 in the mismatch year than in the match year, it is interesting to note that the rate of irregular nest reliefs was higher. This higher rate in week 2 of the mismatch year suggests a rebound effect of increased attempts to push the mate to do more once prey suddenly became more available in the mismatch year. Consistent with these data, nest interactions were shorter early in the mismatch year compared to later that year and early in the match year. Our prediction of fewer irregular nest reliefs early in the mismatch year compared to the match year was not supported, possibly because feeding rates early in the match year, while higher than for early in the mismatch year, were still lower than later in the season. These results generally support the prediction that mates in biparental species should push their partner more when resources are plentiful, as they attempt to perform closer to their “laziness threshold,” and cooperate more with their mates when resources are scarce (Jones et al., 2002). Total visits and fish visits generally mirrored the pattern of irregular nest reliefs in the mismatch year: high when rates of irregular nest reliefs increased and low when resources were limited.

In general, mates accepted their partners' attempts to brood more often in the mismatch year than in the match year: brooders more often allowed nest reliefs when their mates did not bring a fish and returners more often allowed mates to remain brooding even when the returner had provisioned the chick. Since the time between mate visits was also longer in the mismatch year (when prey was harder to find) than in the match year, there are two (not mutually exclusive) possible explanations. First, faster and more frequent nest reliefs may have been allowed in the mismatch year because the brooder was compensating for its returning mate under poor conditions. Alternatively, since mates were away longer on average, nest reliefs may have been more likely to occur because birds with longer brooding bouts in the mismatch year may have been hungrier than in the match year. The exception, that high provisioners accepted more attempts to brood than low provisioners in the match year, fits the rest of these findings: murres compensate when they can (high provisioners in the match year) or must to save their partners (all murres in the mismatch year).

High provisioners initiated fewer irregular nest reliefs than their low-provisioning mates during the predator-prey match year. This difference disappeared the following breeding season, when feeding conditions were unfavorable due to capelin arriving well after chick-hatching; previous high provisioners initiated more irregular nest reliefs than they had during favorable breeding conditions at levels similar to those of the low provisioners. Although all birds brought in fewer fish in the mismatch year than in the match year, high provisioners decreased their provisioning rates more than low provisioners and they experienced less mass loss. Similarly, low provisioners returned to the nest without a fish on a higher proportion of visits than did high provisioners. Taken together these results suggest that high provisioners respond to their partners' attempts to brood by compensating when they can in favorable feeding years. That nest relief patterns change within and between seasons in the same pairs, apparently in response to changes in required foraging effort, suggests on-going negotiation (Lessels and McNamara, 2012; Johnstone et al., 2014) rather than the one-timed “sealed bid” (Houston and Davies, 1985; Schwagmeyer et al., 2002).

Failure to coordinate parental duties can have consequences that are more far reaching than the current breeding season. Divorce in common murres occurs when high-provisioning birds leave mates that have a history of low provisioning and re-pair with high-provisioning recently-widowed neighbors (Moody et al., 2005). Divorce victims have long re-pairing latencies (usually not until the next season, Moody et al., 2005), suggesting that there are serious costs of pushing the mate too much or not responding to the partner's attempts to obtain more brooding time. We propose that co-attendance behavior is the mechanism for negotiating provisioning patterns within long-term pair bonds. Consistent with this proposal, both victim and choosers in divorcing pairs had significantly longer latencies to nest reliefs than stable pairs (Moody et al., 2005), suggesting that both pair members in unstable pairs were unsuccessfully attempting to brood more themselves and push their partners to do more provisioning. It may be useful, therefore, to take a longer view than a single breeding season in order to understand pair dynamics in species with long-term pair bonds.

There was no difference in the mean duration of normal nest reliefs and the sequences in which the brooder did not allow a nest relief after a fish delivery, as was also found for common murres in Takahashi et al. (2017). In the previous study, the main difference between the two types of nest interactions was in the frequency and distribution of allopreeening. In the normal nest relief sequences both partners started allopreening each other early in the interaction at approximately the same time. In contrast, in the no nest relief and no fish sequences, the brooder delayed the onset of allopreening until well after the returner initiated the behavior. Takahashi et al. (2017) concluded that allopreening by the returning mate may facilitate a nest relief whereas delayed onset and low allopreening frequency by the brooder may signal the brooder's attempts to delay or prevent a nest relief. Similarly, Boucaud et al. (2017) showed that duet characteristics in zebra finches (Taeniopygia guttata) predicted whether or not a relief would occur.

Nest reliefs were more likely to occur when a long time had elapsed between the previous visit and the current one, whether or not the returner brought a fish. Mean brooding time was longer (i.e., more time elapsed since the mate had returned to the colony) for successful nest reliefs in the mismatch compared to the match year, whereas time since last visit did not differ by year for unsuccessful attempts to brood. These results suggest that the nest relief proceeds when the brooder has spent a long enough time in the colony to be hungry.

Our results suggest a re-interpretation of the function of the increased co-attendance times seen in murres under good feeding conditions. Changes in co-attendance time in response to changes in resources has traditionally been viewed in terms of amount of resting or “loafing time” (Cairns et al., 1987; Monaghan et al., 1994; Uttley et al., 1994; Zador and Piatt, 1999). Consistent with this view, Harding et al. (2007) suggest that extra colony time for murres under good foraging conditions may particularly benefit individuals that are more efficient foragers. Our data suggest an alternative: under good feeding conditions, low provisioners are initiating more irregular nest reliefs and they are benefiting from the compensation from their mates. Nest relief interactions take significantly longer under good conditions than under poor ones, suggesting that, in the former, mates express greater conflict with each other. Thus, a considerable proportion of co-attendance may be ongoing negotiation rather than loafing.

Less mass decrease in high provisioners than in low provisioners suggests that high provisioners have a greater mass cushion in that they can change behavior when resources are less abundant and not lose additional body mass in ways that low provisoners, existing closer to abandonment threshold proposed by Jones et al. (2002), cannot. Results in Takahashi et al. (2017) support this contention: brooding murres that delayed nest reliefs had lower body mass and higher betahydroxybutyrate levels (a measure of mass loss as stored lipids are mobilized). Taken together, the results suggest the provisioner status used here, based on behavioral differences, has a physiological basis.



CONCLUSIONS

We present evidence that the rates of initiating irregular nest reliefs change with resources, increasing as the resource base improves. Supporting evidence was strongest within the mismatch year and less in line with our predictions between years. High provisioning birds change more than low provisioners in that they compensate for their partners under good conditions but take care of themselves (increase attempts to brood more, decrease provisioning and maintain body mass) when resources are limited, which suggests that they have more of a buffer than their low provisioning mates. The greater co-attendance time when foraging conditions are good result from visits being longer (early vs. late in the mismatch year, particularly for low provisioners) and more frequent (match vs. mismatch year). Our data support the idea that extensive co-attendance under good conditions may be more about negotiation rather than extra loafing time since behavior varied with nest relief type and individual quality. However, if the “loafing time” idea were to be developed to include quality differences that reflect which individuals need to forage less and/or rest more, loafing and negotiation might not be incompatible explanations for the variation in co-attendance behavior. It is interesting to note that what we call a mismatch year in this paper is not nearly as bad as some of the subsequent years (Storey et al., 2017; Takahashi et al., 2017). As the timing and abundance of capelin spawning become more variable with climate-change induced temperatures fluctuations, more frequent serious mismatch years are expected to occur.
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Members of social groups often temporally coordinate their behaviors, for instance in defense or foraging. In the context of cooperation, simultaneous or sequential coordination of behavior may allow social partners to adjust their cooperative effort quickly among each other. By manipulating individual behaviors, here we tested experimentally whether unrelated brood care helpers of the cichlid fish Neolamprologus pulcher would cooperate in dyads when enabled to dig out a joint shelter or to defend their territory against a predator. Both the digging and defense efforts of social partners were contingent on each other's investment, and the test subjects temporally coordinated these behaviors. Remarkably, the direction of conditional responses to each other's cooperative investment diverged between the two chosen experimental time frames, which tested for coaction and reciprocity. Test subjects reduced their own digging and defense efforts while their partners were showing these behaviors themselves, implying that they did not exert coaction but rather economized on their investment. In contrast, if a social partner had helped to dig out the common shelter in a previous time period, focal test fish advanced their digging effort in the subsequent experimental phase, which indicates reciprocal cooperation. Social partners also coordinated shelter use when they could see each other, especially after they had been visually exposed to a predator. Our results reveal coordination of cooperative behaviors among unrelated social partners, which has not yet been experimentally demonstrated in cooperatively breeding vertebrates.

Keywords: behavioral coordination, reciprocity, social facilitation, cooperative breeding, social evolution, tragedy of the commons


INTRODUCTION

Group members interact in many different contexts, for instance in foraging, mate attraction, predator avoidance, territory defense, and brood care (Taborsky, 1984, 2016; Dugatkin, 1997; Clutton-Brock et al., 2001; Eberle and Kappeler, 2006; Székely et al., 2010). They may coordinate the timing and quantity of behaviors among each other to reduce costs or increase benefits (Fernandez-Juricic et al., 2004; Lewis et al., 2004). Coordination of behaviors implies an explicit influence of the timing and/or amount of the behavior between individuals (Coussi-Korbel and Fragaszy, 1995). Behavioral coordination occurs for instance in vigilance, territory defense and feeding behavior (Galloway et al., 2005; Pays et al., 2007; Hall and Peters, 2008). While the frequencies of behaviors are often not affected, the temporal pattern of behavior is adjusted among social partners. For instance, eastern gray kangaroos (Macropus giganteus) and Defassa waterbucks (Kobus ellipsiprymnus defassa) synchronize the onsets and ends of scanning bouts between group members, which then produces waves of collective vigilance (Pays et al., 2007).

If animals cooperate, for instance in the context of foraging or predator avoidance, they may coordinate same or different behaviors using a continuous flow of information between interacting partners (van Doorn et al., 2014). Coordinated cooperation, where the help of one individual is contingent on that of another (Dugatkin, 2002), may happen either simultaneously or sequentially. Simultaneous cooperation, where individuals help each other at the same time, can be achieved for instance through social facilitation, which has been classified as a form of social learning (Zajonc, 1965; Brown and Laland, 2003; Karplus et al., 2007). Generally, simultaneous behavioral coordination has been referred to as “isomorphic coordination” due to the behavioral similarity between individuals (Coussi-Korbel and Fragaszy, 1995). On the proximate level, such coordination does not require highly advanced cognitive abilities like specific memory or individual recognition (Dugatkin, 2002; Stevens and Hauser, 2004), and on the ultimate level it is easy to avoid to be cheated because reactions to non-cooperative behavior can be immediate (van Doorn et al., 2014). Alternatively, cooperation between individuals can also happen sequentially, which allows the reaction to received cooperative or deceptive behavior to occur after a time delay. On the ultimate level, in order to stabilize cooperation, particular mechanisms are needed to prevent cheating (Lehmann and Keller, 2006; Taborsky et al., 2016). On the proximate level, such reciprocity mechanisms may require specific memory and individual recognition (Milinski and Wedekind, 1998; Stevens et al., 2005), except in generalized reciprocity, which applies simpler decision rules (Hamilton and Taborsky, 2005; Pfeiffer et al., 2005; Nowak and Roch, 2007; Rutte and Taborsky, 2007; Rankin and Taborsky, 2009; Barta et al., 2011; van Doorn and Taborsky, 2012; Gfrerer and Taborsky, 2017; Stojkoski et al., 2018).

A recent model suggests that with increasing time delays between the actions of different players, contingent cooperation becomes less likely to fulfill the conditions of evolutionary stability (van Doorn et al., 2014). Cooperation by coaction does not require that individuals initiating cooperation pay in advance for uncertain future benefits, because they can respond immediately to the cooperative or non-cooperative behavior of their partner. Instead, when a delay is introduced to information transfer between players about each other's helpfulness, the effect is equivalent to increasing the costs of cooperation. The situation then resembles a discrete-time alternating prisoner's dilemma. This model revealed that coaction and reciprocity are connected by a continuum of opportunities for real-time information exchange (van Doorn et al., 2014). It predicts that a simultaneous exchange of helpful behaviors (coaction) is more likely to occur than an exchange of cooperative actions that are separated by time delays (reciprocity).

Here we tested in a stepwise approach whether experimental dyads of unrelated individuals of the cooperatively breeding cichlid Neolamprologus pulcher show coordinated cooperation both simultaneously (coaction) and consecutively (reciprocity). We measured the cooperative actions of members of experimental dyads regarding territory maintenance, i.e., removal of sand from a common shelter, and defense against a predatory fish. In this species, groups of related and unrelated fish exhibit high levels of collaboration and division of labor (Taborsky and Limberger, 1981; Dierkes et al., 2005; Stiver et al., 2005; Bruintjes and Taborsky, 2011; Taborsky, 2016). The dominant individuals in a group largely monopolize reproduction, while subordinates share in all duties of parental care and territory maintenance, including direct egg care, the removal of sand from shelters, and the defense of the territory against predators and competitors (Taborsky and Limberger, 1981; Taborsky, 1984; Taborsky and Grantner, 1998; Bruintjes and Taborsky, 2011; Jungwirth et al., 2015).

In a first experiment we checked whether the test fish coordinated behaviors simultaneously (coaction). By either restricting or allowing visual contact between two social partners we predicted that the individuals would temporally coordinate cooperative behaviors (sand removal and defense against a predator) simultaneously if they had visual contact. Additionally, we tested whether the perceived risk of predation modulates frequencies and coordination of cooperative behaviors. In a second step we tested whether the social partners coordinate cooperative behaviors sequentially (reciprocity). We tested both the temporal pattern and the quantity of cooperative behaviors shown by focal individuals after witnessing their partners either participating in a cooperative task or not. We predicted that previously experienced cooperation by the social partner would significantly affect the propensity to cooperate in the focal individual. We focussed on behaviors that are considered to be cooperative and costly either because of energetic expenses or risk, i.e., territory maintenance and defense (Taborsky, 1984, 1985; Grantner and Taborsky, 1998; Taborsky and Grantner, 1998; Heg and Taborsky, 2010). Individual recognition is often a prerequisite for sequential cooperation, and this ability has been demonstrated experimentally in N. pulcher (Hert, 1985; Balshine-Earn and Lotem, 1998).



METHODS


Experimental Fish

The study species, Neolamprologus pulcher, is a small, cooperatively breeding cichlid endemic to Lake Tanganyika, East Africa (Duftner et al., 2007), which feeds mainly on zooplankton (Gashagaza, 1988). This highly social species uses self-dug burrows, small holes and crevices as shelters and breeding substrate (Taborsky and Limberger, 1981; Heg et al., 2005). Breeding groups consist of a dominant breeding pair and several helpers of both sexes and of a broad size range, from small immature individuals to mature fish fully capable of independent breeding (Balshine et al., 2001). These helpers actively engage in territory maintenance, territory defense and brood care (Taborsky and Limberger, 1981; Taborsky, 1984; Bruintjes and Taborsky, 2011). Due to high predation pressure there is a high breeder turn-over in N. pulcher, which means that large helpers often care for non-kin broods (Taborsky and Limberger, 1981; Taborsky, 1984; Brouwer et al., 2005; Dierkes et al., 2005; Stiver et al., 2005).

The fish used for this study were laboratory-reared offspring of wild caught animals from the southern end of Lake Tanganyika near Mupulungu. They were kept in aggregations including fish of both sexes in 400-liter aquaria at 27 ± 1°C. Water quality was held close to the values of Lake Tanganyika (Taborsky, 1984), and the light regime was 13:11 h (light:dark). The fish were fed once a day with commercial dry food (Tetramin) four times per week, and twice a week with frozen food (daphnia, Artemia salina nauplia and a mix of vegetables).

The experiments were conducted under the animal experimentation license 40/05 of the Veterinary Office of the Canton Bern, Switzerland.



Experimental Procedure

The two experiments performed in this study testing for coaction and reciprocity, respectively, used the same aquarium set-up but different individuals. The experimental 100 liter aquarium was divided by clear Plexiglas plates, arranged in a T-shaped manner, into one 50 liter compartment (100 * 25 * 40 cm; length * width * height) at the back of the tank, and two 25 liter (25 * 25 * 40 cm) compartments in the front of the tank. We put the predator stimulus fish (predator of N. pulcher, Lepidiolamprologus elongatus; Heg et al., 2004; Groenewoud et al., 2016) into the larger 50 liter compartment, and the two test fish (size- matched N. pulcher of equal sex) were individually put into the two smaller 25 liter compartments. In order to reduce stress and prevent habituation of the focal test fish, sight into the predator compartment was restricted by removable, opaque partitions that were installed during non-experimental times. To provide a shelter that was jointly used by both test fish, an opaque PVC sheet was leaned against the clear compartment divider from both sides in the respective test fish compartments (Figure 1). Thereby, the test fish had visual but no physical contact to each other, i.e., they shared the shelter without being able to overtly attack or harm each other (see Figure 1A). In order to provide shelter to the predator, an opaque PVC sheet was leaned against the back wall of the predator compartment. Air stones were put into both N. pulcher compartments and an air driven biological filter was placed in the predator compartment to maintain good water quality and oxygen supply. The predators were used only for the coaction experiment; afterwards they were transferred back into their respective holding tanks. Behavioral observations were recorded using “The Observer 3.0” Software (Noldus Information Technology, Wageningen, The Netherlands).


[image: Figure 1]
FIGURE 1. Sketch of experimental tanks (top view) and procedures of the coaction and reciprocity experiments. (A) Coaction Experiment. The small white fish icons depict the two focal test fish and the big gray fish icon represents the predator used as stimulus in the predator presentations. The two test fish (N = 26 dyads) each used a shelter created by an opaque PVC slate leaned against the partition separating the two compartments. This partition was either opaque (depicted by a solid line; “Control” and “Treatment 2”) or clear (depicted by a dotted line; “Sand 1” and “Treatment 1”), so in the latter case the test fish perceptually shared a common shelter. Except during predator presentations (“Predator 1” and “Predator 2”), at the beginning of each experimental period the shelters were filled with sand to provide incentives for burrowing behavior. After the first two phases the experimental dyads were assigned to either Treatment 1 (test fish had visual contact; N = 14) or to Treatment 2 (test fish had no visual contact; N = 12). The shaded area in the “Predator 1” and “Predator 2” phases represents the area in which the predator was presented to the focal test fish. Experimental manipulations are depicted in the time line at the bottom; please see main text for details. (B) Reciprocity Experiment. The white fish icon depicts the focal test fish and the gray fish icon its partner. The experimental dyads were randomly assigned either to the Helping Treatment (N = 18) or to the Defection Treatment (N = 15). Experimental manipulations are depicted in the time line at the bottom; please see main text for details. Outfit: Shelters consisted of opaque PVC sheets (10 × 10 cm) leaned against the compartment dividers. Differently colored shelters depict different accessibilities of shelters in both experiments: (C) shelter empty, (D) shelter experimentally filled with sand, (E) shelter filled with sand and entrance blocked by a clear Plexiglas triangle. Overall, opaque compartment dividers are depicted by solid lines, clear dividers by dotted lines.



Coaction Experiment

The aim of the first experiment was to test whether territory maintenance (removal of sand from a common shelter), antipredator aggression (overt aggression and aggressive displays) and hiding behavior of N. pulcher are affected by the behavior of a social partner. This was done to check if the fish responded to the quantity of territory maintenance and defense of their partner, and whether they temporally coordinated these behaviors among each other.

We used unrelated fish (N = 64) that were randomly caught from aggregation tanks and measured in size (standard length, SL: tip of the snout to the basis of the tail fin; mean ± SD: 48.5 ± 3.5 mm; range: 40.5–55.5 mm) and weight (mean ± SD: 3280 ± 679 mg). Their sex (32 females and 32 males) was determined by inspection of the genital papilla. Test dyads were matched for sex and size with a maximum size difference of 1 mm. They were introduced into the test aquarium 4 days before the experiment started, allowing them to get accustomed (see Figure 1A). Six experimental dyads had to be terminated before the experiment started due to high levels of aggression displayed between the test fish (one individual constantly attacking the compartment partition; four male and two female dyads).

First, we tested whether the observation of a social partner engaging in a cooperative task (sand removal) increases the motivation of the focal test fish to participate in the same task. Second, we tested whether perceived risk of predation would modify this motivation. We opted to check the baseline motivation of the fish engaging in sand removal by adding sand into the shelter. This was done without social cues by preventing visual contact between the test fish with an opaque barrier (“Control”; Figure 1A). After removing the visual barrier, we checked with a second sand addition trial (“Sand 1”; Figure 1A) whether social cues (test fish with visual contact) change the motivation to engage in excavating the shelter.

To test for cooperative territory defense against a predator, we exposed the test fish 2 h later to a predatory fish to induce defense behavior. Again, the test fish had either visual contact with each other (“Predator 1”; Figure 1A) or not (“Predator 2”; Figure 1A) to test for the potential influence of behavioral coordination among them. Finally, we tested whether this predator exposure had longer lasting effects. The underlying hypothesis was that it could raise the demand for safety, which might lead to an increase in digging frequencies at a later stage. Thus we performed a third sand addition trial, again with visual contact (“Sand 2”; Figure 1A) or without (“Sand 3”; Figure 1A). Generally, we predicted that the amount and coordination of cooperative behaviors (sand removal and defense) depend on the visual contact between the social partners and the behavior each partner displays, with higher frequencies of coordinated behavior if the partners can see each other (“Control” vs. “Sand 1”; “Predator 1” vs. “Predator 2”; “Sand 2” vs. “Sand 3”; Figure 1A). Moreover, we predicted that simulated predation exposure would increase the demand for safety, thereby raising digging frequencies between corresponding digging trials before and after the predator exposure (partner not visible: “Control” vs. “Sand 3” and partner visible: “Sand 1” vs. “Sand 2”; Figure 1A). Thus, we predicted digging frequencies to be highest if the focal test fish had visual contact with each other after perceiving a potential threat. Further experimental detail including the time lapse is explained below.

All experimental dyads (N = 26) started with the first sand addition trial (“Control”), which served as baseline condition. Focal observations in all experiments lasted for 10 min (see also time line Figure 1A). Ten minutes prior to the focal observations, a visual barrier (opaque PVC sheet) was installed between the test fish in order to prevent visual contact between them, and shelters were filled with sand by the experimenter. Ten minutes later the focal observations were started. At the end of this experimental phase, the remaining sand was entirely removed by the experimenter, and the visual barrier was removed from the tank. After a break of 10 min, the second experimental period began by adding sand into the focal individual's shelters (“Sand 1”). Ten minutes later the focal observations of the test fish were started. After the end of these observations the sand was removed from the shelter entirely. A break of 2 h followed this second experimental period.

To test whether visual contact to a social partner affects defense behavior against a predator, and whether perceived predation risk modifies digging and hiding behavior, experimental dyads were randomly assigned to one of two treatments, with or without permanent visual contact between the focal test fish (“Treatment 1,” N = 14; and “Treatment 2,” N = 12, respectively; see Figure 1A).

Before the test fish were exposed to the predator (“Predator 1” or “Predator 2”), clear Plexiglas partitions were installed in the predator's compartment in order the keep the predator to a confined area during its exposure to the test fish (see Figure 1A). Additionally, the predator's shelter was removed during the predator exposure to assure that it was permanently within sight of the test fish. Behavioral observations were started right after the removal of the opaque barrier between the predator and the test fish compartments. Ten minutes later behavioral observations were terminated by reinstalling the opaque barrier between the test fish and the predator. The shelter for the predator was put back into the compartment and the two clear Plexiglas sheets that kept the predator in the presentation area were removed. After a break of 10 min, the shelters of the test fish were prepared for the last sand addition trial by filling them with sand, and observations were started after 10 min (“Sand 2” or “Sand 3”). After these observations, the sand was removed from the shelter and the fish were left undisturbed for at least 24 h until they were put back into the aggregation tanks from which they were initially caught.

In all observations we recorded latencies and frequencies of aggressive displays (head-down display, s-bending, opercula spreading, spreading of fins; see Taborsky, 1984 for a brief ethogram) and overt aggression (mouth contact with Plexiglas partition with apparent intention to attack the fish on the other side) against the predator. As a measure of territory maintenance, we recorded the latencies and time intervals between subsequent events of sand clearance (removal of sand with the mouth or through strong tail fin strokes). To estimate the perceived need for safety, we measured the frequency of hiding in the shelter during predator exposure tests, and the frequency of close distance approaches to shelter entrances (<5 cm, without hiding in the shelter) during sand addition trials.



Reciprocity Experiment

In the second experiment we tested for long-term effects of observing a partner engaging in cooperative behavior. The test dyads were composed and treated in the same way as in the coaction experiment, but different fish were used. In total, 72 individuals were caught from their storage tanks and measured in size (SL; mean ± SD: 49.0 ± 3.5 mm; range: 41.5–56.0 mm) and weight (mean ± SD: 3370 ± 696 mg; range: 2125–4630 mg). Gender was determined by inspection of the genital papilla (36 males and 36 females).

We randomly assigned the test dyads either to the helping (N = 18) or the defection treatment (N = 15; due to persistent aggression, three dyads were excluded from the experiments: two male, one female dyad; see Figure 1B). Again, test dyads were acclimatized to the experimental tanks for 4 days before the experiment started. In contrast to the Coaction Experiment, in the Reciprocity Experiment the test subjects were habituated to enhanced digging demands by filling their shelters on days 3 and 4 of the acclimatization period 5 times/day with sand, which was removed each time after 20 min. On the experimental day (day 5), each treatment consisted of an “Experience” and a “Test” phase. We randomly chose which individual would serve as focal test fish and as partner. During the experience phase the latter was either allowed to dig (“helping treatment”) or not (“defection treatment”). Like in the coaction experiment, we always filled the shelters with sand 10 min prior to the behavioral observations, and we removed the sand from the shelter immediately after the observations and allowed the fish to recover for 10 min thereafter.

In the helping treatment both fish were allowed to dig in both experimental phases, experience and test phase, whereas in the defection treatment we blocked the shelter entrance of the partner in the experience phase with clear Plexiglas triangles to prevent it from accessing the sand in its shelter. Afterwards in the test phase, both fish were again allowed to participate in sand removal behavior.




Data Analysis
 
Coaction Experiment

Mann-Whitney U-tests were used to check for behavioral differences between the sexes. As there were no significant differences between sexes, we combined them in all further analyses. To examine behavioral data of the test fish (digging, shelter approach, aggression toward predator, and hiding frequencies), general linear mixed models (Poisson distributed, log-link; Bates and Maechler, 2010) were used, adding the partner's behavior (digging, shelter approaches, or hiding frequency, respectively), whether the fish already experienced the predation threat (before or after presentation; Models 1 and 2; Table 1), whether the test fish had visible contact or not (see also Models 3 and 4; Table 2), and the interaction between visible contact and predator experience, as fixed effects. Fish identity nested within group identity was used as random effect in order to account for repeated measurements. In order to test for behavioral coordination between the test fish we scrutinized the total observation period in intervals of 10 s and applied the Olmstead corner test for association (Olmstead and Tukey, 1947).


Table 1. Digging and shelter approach frequencies of focal fish before and after the predator presentation, depending on the social partners' behavioral frequencies and partner visibility of the coaction experiment.

[image: Table 1]


Table 2. Aggression toward predator, and hiding frequencies of focal fish during the predator presentation in the coaction experiment, depending on the experimental partners' behavioral frequencies and partner visibility.

[image: Table 2]



Reciprocity Experiment

General linear mixed-effects models (Poisson distributed, log-link; Bates and Maechler, 2010) were used to test the focal individual's digging frequency, the interval between subsequent digging bouts, and the latency to initiate a digging bout after the partner has finished their digging bout; treatment (i.e., “helping” or “defection” in the preceding experience phase), experimental phase and its interaction were added as fixed effects (Models 1 and 2; Table 3). As the partner was not allowed to participate in digging during the experience phase of the defection treatment, we compared the focal's latency to start a digging bout after the partner had finished one of both experience phases (3 level Factor; Model 3; Table 3). Finally, we added the partners' digging frequency as covariate to check for correlations between the digging frequencies of the two fish (Model 4; Table 3). Again, total observation period was split into 10 s intervals to test for temporal coordination between digging frequencies of both fish using the Olmstead corner test for association (Olmstead and Tukey, 1947). In order to correct for multiple comparisons, the α-value for significance was adjusted by Bonferroni corrections in both, the coaction and reciprocity experiments, for the Olmstead corner tests for digging coordination, as each observation was divided in 10 s intervals (α = 0.0008).


Table 3. Focal individuals' digging frequency, the correlation of digging between both fish, interval between subsequent digging bouts, and the latency to start a digging bout after the experimental partner had finished an own bout depending on experimental treatment (defection, help), experimental phase (experience, test), and social partner.

[image: Table 3]



Ethical Note

All fish were daily monitored for aberrant behavior and illness. We did not detect any of this during the course of the experiments. The experimental compartments were providing ample space for each test fish. In order to minimize stress levels, the test fish had permanent visual contact with each other between the experimental days. Moreover, they were visually separated from the predator stimulus fish (L. elongatus) used in the coaction experiment in order to prevent stress. As mentioned above, several trials were terminated and excluded from the experiments due to high levels of aggression between the social partners; however, as they were physically separated from each other by a clear partition, all aggression was confined to threat displays and physical contact with the Plexiglas partition. All experiments have been approved by the LANAT of the Canton Bern (License no. 40/05).





RESULTS


Coaction

In the Coaction Experiment, total digging frequencies of both test fish were negatively correlated with each other, indicating that if one fish invested much in sand removal, its partner invested less in this behavior (“partner digging frequency,” Model 1, Table 1). Generally, digging frequencies were higher during phases when the partner was visible compared to when there was no visual contact. In addition, the increase in digging frequencies was significantly influenced by the perceived risk of predation. If partners were able to observe each other, this increase was less steep than if they were not able to observe their partner (“presentation predator * partner visibility,” Model 1, Table 1; Figure 2).


[image: Figure 2]
FIGURE 2. Arithmetic means of total digging frequencies (±2 Standard errors of the mean; both focal fish and treatments combined) per 10 min of the “Control,” “Sand 1,” “Sand 2,” and “Sand 3” phases of the Coaction Experiment. Solid circles represent experimental phases without visual contact between the test fish (“Control,” “Sand 3”) and open circles represent experimental phases with visual contact between them (“Sand 1,” “Sand 2”). Significant differences are depicted by horizontal lines and an asterisk (p < 0.05).




Reciprocity

The digging frequencies of focal fish were significantly higher in the test phase than in the experience phase, however this increase was not influenced by the partner's digging activity (“interaction Treatment * phase,” Model 1, Table 3; Figure 3A). The digging efforts between the two animals were not correlated between each other in any of the three experimental phases where both fish were allowed to dig (experience “help,” test “help” and test “defect”; “interaction helper digging freq * phase,” Model 2, Table 3).


[image: Figure 3]
FIGURE 3. Arithmetic means (± 2 Standard errors of the mean) of the focal test fish per 10 min of the reciprocity experiment, for (A) total digging frequencies, and (B) the time difference between two subsequent digging bouts. Black circles depict the defection treatment, white circles the helping treatment. Significant differences are depicted by horizontal lines and an asterisk (p < 0.05).


Nevertheless, in contrast to the frequencies of digging the time intervals between two subsequent digging bouts were strongly influenced by the previous digging behavior of the focal individuals' partners. The intervals between two digging bouts were generally longer if focal individuals experienced that their partners had not participated in digging (defection treatment) compared to the condition in which the partner had participated (helping treatment). Additionally, the difference in interval length between the two experimental phases of the focal fish was much larger in the defection treatment compared to the helping treatment (“interaction treatment * phase,” Model 3, Table 3; Figure 3B).

Furthermore, focal animals waited for a longer period of time until they started a digging bout after their partner finished a digging bout in the test phase, if the partner had not participated in digging in the preceding experience phase than if it had (“phase,” Model 4, Table 3; Figure 4).


[image: Figure 4]
FIGURE 4. Arithmetic means (±2 Standard errors of the mean) of time intervals in the reciprocity experiment between the end of a digging bout of the social partner and the start of a digging bout of the focal fish in the experience (Exp) and test (Test) phases of the helping (white circles) and defection treatments (black circles). Significant differences are depicted by horizontal lines and an asterisk (p < 0.05).




Temporal Coordination

The test fish temporally coordinated their digging behavior when they could see each other during the first digging trial, i.e., they dug simultaneously in this phase (“Sand 1,” Olmstead test; k = 18, p = 0.0002). They did not coordinate their digging effort in the other phases of the coaction experiment (Olmstead test, “Control”: k = 2, p = 0.713; “Sand 2”: k = 0, p = 0.926; “Sand 3”: k = 5, p = 0.217).

In the Reciprocity Experiment, the total digging frequencies were not correlated between the two test fish (“digging partner,” Model 1, Table 3). To test for temporal coordination in digging between the test fish, 10 s intervals revealed a significant temporal coordination between the partners in both phases of the helping treatment (Olmstead test “Experience”: k = 64, p < 0.0001; “Test”: k = 134, p < 0.0001), which did not apply to the test phase of the defection treatment.

The test for potential coordination of aggressive behaviors (displays and overt aggression) against the predator during the predator presentations revealed a significant correlation of the total aggression frequencies between the two partners, whereby the direction of this correlation depended on partner visibility. If the partner was not visible, this correlation was positive, whereas it was negative if they could see each other (“partner aggression * partner visibility,” Model 3, Table 2). If the total observation time was divided into 10 s intervals, the data revealed that antipredator defense was temporally coordinated both when the test fish could see each other (Olmstead test; k = 77, p < 0.0001) and when not (Olmstead test; k = 163, p < 0.0001). The same pattern appeared in their hiding behavior: hiding in the shelter was coordinated both when the fish could see each other in the “Predator 1” phase (Olmstead test; k = 112, p < 0.0001) and when the partner was not visible in the “Predator 2” phase of the experiment (Olmstead test; k = 103, p < 0.0001).

Without being exposed to a predator, the test fish coordinated their close distance approaches to the shelter entrances significantly more often when they saw each other than when they did not (“Control” vs. “Sand 1”: Wilcoxon test; N = 14, z = −2.017, p = 0.044). In addition, after being exposed to a predator, fish with visual contact were more often simultaneously approaching shelter entrances closely compared to before being exposed to the predator (“Sand 1” vs. “Sand 2”: Olmstead test; k = 11, p = 0.034). When the focal test fish had no visual contact to each other, there was no difference in coordination of close distance shelter approaches before and after the predator exposure (“Control” vs. “Sand 3”: Olmstead test; k = 1.5, p = 0.836).




DISCUSSION

Here we investigated whether cooperative behaviors are contingent on each other's efforts among social partners sharing a territory and shelter, testing experimentally both for concurrent (coaction) and sequential (reciprocity) conditionality by manipulating the experimental subjects' behavior. We found that the cooperative effort of individuals in the social cichlid N. pulcher is indeed determined by the cooperative investment in territory maintenance behaviors exhibited by a social partner. However, in contrast to the predictions of continuous-time iterated game models of cooperation (van Doorn et al., 2014), the test subjects did not increase their digging effort immediately in response to their partner's investment in this behavior; in other words, digging out a common shelter did not reflect coaction. Instead, individuals reduced their total digging effort if their partner invested a lot in this duty, implying that they economized in this energetically highly demanding behavior (Grantner and Taborsky, 1998). This resembles a situation referred to as the “tragedy of the commune,” where some individuals benefit from the investment of others, if the behavior creates mutual benefits and the payoff matrix conforms with the snowdrift game (Doebeli et al., 2004). Remarkably, the resulting investment asymmetry between social partners emerged despite the fact that both partners increased their digging effort when they could see each other compared to the situation in which they could not.

In contrast to the results of the coaction experiment, there were positive long-term effects of the digging effort of an individual on that of its partner. The reciprocity experiment revealed that individuals started digging earlier and they made shorter breaks between digging bouts when their partners had engaged in digging in the previous experience phase. This indicates the use of decision rules characterizing direct reciprocity (Trivers, 1971; Taborsky et al., 2016). The contingency of an individual's cooperative effort, which creates mutual benefits, on a partner's previous investment in the same duty, resembles the turn-taking of parents cooperatively provisioning their young, even if in such context the mutual monitoring of partners has been assumed to be imperfect (Johnstone et al., 2014; Johnstone and Savage, 2019). The contingency we found suggests that fish, too, can reciprocate a social partner's cooperative effort in a prisoner's dilemma situation, as has been suggested for birds (Stephens et al., 2002; Olendorf et al., 2003; Krams et al., 2008; St-Pierre et al., 2009) and mammals (Hemelrijk and Ek, 1991; Hart and Hart, 1992; Stopka and Graciasova, 2001; Rutte and Taborsky, 2008; Schino and Aureli, 2008; Carter and Wilkinson, 2013; Schweinfurth and Taborsky, 2017; Gfrerer and Taborsky, 2018; Kern and Radford, 2018; see Taborsky et al., 2016 for review). This may be particularly important in highly social species where members of groups should prevent being exploited by partners refusing to reciprocate cooperative behaviors from which they themselves benefit.

The behavioral contingency in the digging effort of our test fish involved a strong temporal coordination in both experiments testing for coaction and reciprocity, respectively. If the social partners had visual contact to each other when digging out a shared shelter, they coordinated their digging behavior both in time and frequency, which was not the case if the test fish could not see each other. Generally, digging frequencies were higher if the partner was visible, which might suggest social facilitation. However, contrasting to predictions of social facilitation theory (Sanders, 1981; Reynaud et al., 2015), coordination in frequency was negative if the partner was visible, as outlined above. Temporal coordination occurred within short time intervals, whereas no correlations in total digging frequencies were found when longer time periods were considered (10 min). Temporal coordination of digging behavior clearly emerged in the first test period with visual contact (“Sand 1”). Also in the reciprocity experiment, the test fish temporally coordinated digging in two out of three phases in which both individuals were enabled to dig. As predicted, there was no coordination in the experimental phase after the social partner had been prevented to participate in digging.

In accordance with prediction, the fish dug more often after witnessing danger by a presented predator. Nevertheless, digging frequencies did not increase after predator exposure when the partners saw each other, so cooperation did not ensue in response to perceived predation risk, as was found to occur between neighbors in pied flycatchers (Ficedula hypoleuca; Krams et al., 2010). This might indicate that the fish did not solve the “tragedy of the commons” dilemma (Hardin, 1968) in this situation, i.e., they may economize on digging effort, which is energetically demanding (Grantner and Taborsky, 1998) and can increase mortality risk in this situation.

We should like to point out that the absolute digging frequencies differed between the two experiments. This was most probably due to a difference in the pre-experimental acclimatization phase of these two experiments. In the reciprocity experiment, the fish were exposed to a digging demand repeatedly by filling their common shelter before the experiment started (see Methods section for details). This procedure was not carried out in the coaction experiment where the test subjects experienced enhanced digging demands for the first time on the experimental day. This may explain their overall rather low digging effort. These differences in procedures during the acclimatization periods imply that the absolute digging effort should not be compared between the two experiments.

Not only digging, but also spacing and shelter visits were coordinated between partners of experimental dyads when they could see each other, which was enhanced after predator exposure. This indicates that the fish prefer spatial proximity to social partners, especially in case of perceived danger. In the field, helpers in family groups also stay closer to the shelter in case of enhanced predation risk (Heg et al., 2004; Heg and Taborsky, 2010). The fish visited the shelter more often in the presence of a predator when they had visual contact with each other than when they had none. This suggests that (i) they do not behave as if they were aware of benefitting from “safety in numbers,” (ii) they are probably not saving vigilance effort by coordinating their behavior, such as Defassa waterbuck do for example (Kobus ellipsiprymnus defassa; Pays et al., 2007), (iii) they might compete for access to shelter, thereby attempting to improve their survival chances relative to a social partner, which again suggests that they do not solve the “tragedy of the commons” dilemma in this situation.

Furthermore, defense against the presented predator was also coordinated between the social partners. Interestingly, total antipredator aggression correlated positively when the fish could not see each other, whereas it correlated negatively with each other when they had visual contact. This might hint on two divergent underlying causes. The positive correlation between antipredator aggression when the partners could not see each other hints at an influence of the predator cue, indicating that the two test fish have perceived the potential threat entailed by the predator similarly. By contrast, the negative correlation between the test subjects' antipredator aggression when they could see each other points toward economizing in a “tragedy of the commune” situation as modeled by the snowdrift game (Doebeli et al., 2004). Similarly to the saving of energetic expenditure by reducing digging when the partner engages in digging out the common shelter, an individual can reduce its own predation risk when holding back from attacks against a dangerous predator while a social partner is expelling it anyway. Close temporal coordination of the antipredator behavior of the social partners was revealed when the recording time was split into 10 s intervals. This might have resulted from both the predator's and the partner's behavior, as coordination occurred both in the visual contact and the visual isolation situations.

In conclusion, our results provide evidence that when fish are exposed to a situation where a behavior can generate mutual benefits among social partners, they may show (i) precise temporal coordination of their actions, (ii) reduce own investment if their partner fulfills the duty, i.e., somewhat free ride on the partner's effort in a situation resembling the snowdrift game, and (iii) reciprocate help received in a previous time period in a situation resembling the sequential prisoner's dilemma game. Our study cannot answer for how long this enhancing effect of previously received help on the cooperation propensity of test subjects would persist, and we do not know whether different commodities, such as territory maintenance and defense, may be traded against each other in an iterated prisoner's dilemma situation (cf. Schweinfurth and Taborsky, 2018). Nevertheless, previous studies have demonstrated reciprocal trading among groups of helpers and breeders in our study species, where individuals pay to be allowed to stay in a safe territory (Taborsky, 1985; Bergmüller and Taborsky, 2005; Heg and Taborsky, 2010; Zöttl et al., 2013; Fischer et al., 2014). Our study hence confirms that the cooperatively breeding cichlid N. pulcher is an excellent model species to investigate reciprocal cooperation in an evolutionary context involving both, simultaneous and sequential interactions and the trading of commodities (cf. Taborsky, 1987; Bergmüller et al., 2005; Bruintjes and Taborsky, 2011; Quinones et al., 2016). To our knowledge, this is the first experimental report revealing contingent sequential cooperation in a cooperatively breeding vertebrate.
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Cooperation between parents in species with biparental care can reduce sexual conflict and increase reproductive success. If parents cooperate in a conditional way – that is, alternate feeding visits to offspring – this should equalize parental investment and may improve nestling growth. Environmental variation, including competition for limited resources, may influence the need for, and benefits of, parental cooperation. We measured the benefits of partner coordination in offspring provisioning behavior among eastern bluebird partners (Sialia sialis) in which the strength of interspecific density varied spatially. Tree swallows (Tachycineta bicolor) are a recent (<40 years) arrival in our study area, are aggressive nestbox competitors with eastern bluebirds, and their density varies across the field site. Nesting among higher densities of tree swallows led to reduced parental feeding rates and reproductive success of bluebirds. Partner alternation, however, did not vary with tree swallow density. Additionally, alternation level and provisioning rate only influenced nestling growth in areas of high swallow density. It may be that the benefits of parental coordination may only be apparent when environmental conditions are poor. This study provides an important new perspective on the resolution of negotiations between breeding partners; environmental variation could influence the benefits of parental cooperation in a wide variety of animals.
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INTRODUCTION

Biparental care involves the cooperation of two unrelated individuals that share fitness benefits in the current breeding attempt but, because each individual pays the costs of reproduction, should have conflicting interests in parental investment (reviewed in Westneat and Sargent, 1996). Trivers (1972) argued that, in biparental care systems, each parent should save energy for future reproductive attempts by decreasing their current parental effort. Because individuals benefit when their offspring are fed at high rates, the perception of a partner withholding energy in the current breeding attempt should lead to conflict between mated partners (Stearns, 1989) particularly when partners are unlikely to breed together in the future (Griffith, 2019; Johnstone and Savage, 2019).

One mechanism to resolve conflict could be to flexibly adjust parental care in response to their partner’s behavior (Hinde, 2006; Johnstone and Hinde, 2006). Coordination of provisioning to offspring could consist of synchronous or alternated feeding by the parents. For partner synchrony or alternation to occur, birds must keep track of their partners (Mariette and Griffith, 2015). For example, among wild breeding zebra finches (Taeniopygia guttata) partners that synchronize provisioning visits by arriving at the nest at the same time can equalize their parental effort (Mariette and Griffith, 2012; Johnstone and Savage, 2019).

Johnstone et al. (2014) proposed a model where individuals may benefit from using a strategy of “conditional cooperation” and thus increase provisioning effort if their partner was the last to feed. Empirical data suggest that great tits (Parus major) keep track of partner visits and tend to alternate provisioning visits (Johnstone et al., 2014).

The extent to which offspring benefit from increased parental coordination, however, is still unclear. Some studies show no effects of increased coordination on nestling quality or fledging success (van Rooij and Griffith, 2013; Iserbyt et al., 2017; Griffioen et al., 2019), whereas others have found positive effects on nestling growth (Mariette and Griffith, 2015) or higher fledging rates (Mariette and Griffith, 2012; Bebbington and Hatchwell, 2016; Leniowski and Wȩgrzyn, 2018) or increased brood survival (Raihani et al., 2010). Relationships between partner coordination of parental care and fitness may be influenced by variation in environmental conditions.

Although it has long been known that environmental conditions influence food availability, risk of predation and competition, and parental provisioning (reviewed in Kamil et al., 2012), comparatively little research has focused on how ecological conditions influence the degree to which parents coordinate provisioning or how parental coordination influences reproductive success. Recently, Lejeune et al. (2019) showed that great tit partners alternate nest visits more and feed more often at lower elevations and show more synchronized nestling provisioning in edge versus interior forests. Heightened predation or nest usurpation risk could also favor partner coordination. Partner coordination during parental care may also reflect their coordination in other contexts such as when mates defend their territory or offspring against intruders or predators (Curio and Regelmann, 1986; Black, 2001; Krams et al., 2006). Finally, it is possible that environmental variation may exacerbate or mask the relationship between parental coordination and offspring condition.

The goals of this study were to understand how interspecific density influences parental coordination and reproductive success. First, we hypothesized that parental coordination influenced nestling growth rates, with the expectation that parents with greater coordination (defined as greater parental alternation of feeding visits) should rear faster growing offspring. Second, we tested the hypothesis that the relationship between parental coordination and reproductive success of mated partners may be influenced by the density of interspecific competitors for nesting sites. Third, we explore how reproductive parameters differ with the density of interspecific competitors. We focus on parental coordination of eastern bluebirds (Sialia sialis), a species that experiences high competition for nesting sites with tree swallows (Tachycineta bicolor). In the year the data were collected (2015), 44% of early nesting bluebird partners were evicted by tree swallows (Albers et al., 2017). Finally, because tree swallows preferentially settle near water, we test whether distance to water or tree swallow density has a greater influence on bluebird behavior and reproductive success.



MATERIALS AND METHODS


Study Species

Eastern bluebirds (S. sialis; mass ∼30 g) are a secondary cavity nesting species that readily nest in human-constructed nestboxes. They are socially monogamous and both parents defend the nest during the incubation and nestling rearing stages, females incubate the eggs and both parents provision the young (Gowaty and Plissner, 2015). Over the last 40 years, tree swallows (mass: ∼20 g) have expanded their breeding range to the southeastern United States and were not documented breeding in North Carolina until the 1980s (Lee, 1993). Eastern bluebirds and tree swallows act aggressively toward one another (Winkler et al., 2011; Gowaty and Plissner, 2015) and tree swallows often outcompete bluebirds and evict them from nesting cavities (Hersey, 1933; Weibe, 2016). These species do not compete for food; tree swallows are semi-colonial nesters that forage on emergent aquatic insects primarily within an ∼300 m radius of their nest (McCarty and Winkler, 1999) while bluebirds forage on terrestrial arthropods and defend ∼75 m radius of their nest (Gowaty and Plissner, 2015). At our western North Carolina field site, eastern bluebirds are non-migratory (or short distance migrants) and settle on territories earlier than do the migratory tree swallows (Knight et al., 2018). Bluebirds lay eggs on average, 3 weeks before tree swallows (the bluebird first egg date in 2015 was April 7 while swallow first egg date in 2015 was May 1). Eviction occurs predominately during the time of tree swallow settlement when bluebirds are in the laying and incubation stages and is rare during the nestling rearing stage. However, even after tree swallows have established their own nests, it is common to observe tree swallows (often more than two) sitting on nest boxes, tussling with bluebirds and circling the nest box (pers. obs.). At our field site, in areas of high density of tree swallows, bluebird partners that displayed similar levels of aggression fledged offspring with higher mass than dissimilar partners (Harris and Siefferman, 2014), thus interspecific competition may select for coordinated parental defense and parental provisioning behaviors. Other competitors for nestboxes at our field site are unlikely to significantly influence bluebird nest success including: house wrens (Troglodytes aedon; usurped 0.09% of bluebird nests), house sparrows (Passer domesticus; usurped 0% of bluebird nests) and bluebirds (usurped 0% of conspecific nests).



General Field Methods

We monitored nest building, egg laying, hatching, and fledging success of 110 eastern bluebird nests and 109 tree swallow nests in Watauga County, NC during the breeding season of 2015. Of the 49 nests in which nestlings hatched, we measured nestling mass (±0.1 g) when bluebird nestlings were 2, 5, 8, 11, and 14 days old (day 1 = hatch day) and we use these data in a repeated measures approach to understand how parental care and tree swallow density influence nestling growth. Nestling bluebird growth asymptotes at 13 days old (Pinkowski, 1975), therefore, the mass of the nestlings at 14 days old is indicative of mass at fledging (Gowaty and Plissner, 2015). Adult bluebirds were captured in nest boxes using trapdoors and banded with a numbered USGS aluminum band, along with three colored plastic bands for remote identification. Nestlings were also fitted with a USGS aluminum band at 8 days old.



Provisioning

We recorded offspring provisioning at 37 nests using video cameras placed at least 2 m from the nestbox between 7 and 10 am. We took videos of each nest twice, first when nestlings were between 3 and 7 days old (early nestling period), and again when nestlings were between 9 and 13 days old (late nestling period; hatch day = 1 day old). Each observation lasted 2 h. Provisioning videotapes did not yield useful data on tree swallow harassment at the nest, however, because the field of view was narrow and focused on the nestbox hole. We recorded the total number of visits to the nest for each parent and calculated the provisioning rate (visits/h). Alternation was calculated based on the number and order of parental feeding visits to the nest. The proportion of alternated visits was calculated following Bebbington and Hatchwell (2016); observed alternation, A, as A = F/(t − 1), where F is the number of times a bird fed after the other and t is the total number of feeds in the observation. As both provisioning rates and alternation was highly repeatable (Burdick, 2018), we use the average feeding rate and alternation in subsequent analyses.



Interspecific Density

We quantified interspecific density during the bluebird nestling stage as the number of active swallow nests within a 300 m radius of the focal bluebird nest using Point Distance Tool in ArcGIS 10.4.1 (ESRI, 2016). We categorized density as low (0–1 swallow nests) or high (2 or more swallow nests; range: 2–12) because the distribution of tree swallow density was bimodal (Figure 1). To attempt to understand whether tree swallow density or distance of nestbox to water had a greater influence of bluebird behavior and reproductive output, we categorized all active bluebird nests as either within or beyond 50 m of water. Indeed, bluebird nests that were classified as high tree swallow density tended to also be within 50 m of water (13 of 21 nests compared to the bluebirds that settle in locations that subsequently experienced low density of swallows (6 of 28).
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FIGURE 1. Distribution of the number of active tree swallow nests within the 75 m2 territory of breeding eastern bluebirds. Low density is designated as 0 or 1 tree swallow nest while high density is designated as 2 or more tree swallow nests.




Statistical Methods

Statistical analyses were conducted using SPSS v.24 statistical software (IBM Corp, 2017). We then performed General Linear Mixed Models (LMM) to investigate parameters influenced nestling mass. We used nestling identity and brood identity as random effects to investigate the effects of nestling age (2, 5, 8, 11, 14 days post-hatch), brood size, hatch date, tree swallow density, average provisioning rates of parent birds, and average alternation (predictors) on nestling mass (dependent variable). We measured 130 nestlings from 49 nests. We plot nestling growth rate (mean mass gain per day). Next, we used t-tests to explore how reproductive parameters and parental provisioning varied between areas of high and low tree swallow density. Finally, to attempt to disentangle influences of interspecific density from that of habitat, we compared the Akaike’s Information Criterion (AIC) of models in which we swapped the predictor variable “tree swallow density” with that of “distance to water” for each response variable.



Ethics Statement

This study was carried out in accordance with the recommendations for the Care and Use of Animals for Research, Teaching, or Demonstrations provided by the Appalachian State University through Institutional Animal Care and Use Committee (IACUC #12-09) under USFWS Master Banding Permit #23563. All animals were handled in such a way to reduce stress and avoid physical harm and were released in their home territory.



RESULTS


Effect of Tree Swallow Density and Parent Provisioning on Nestling Mass

Brood size and hatch date did not contribute significantly to models and thus were excluded from further analyses (F < 0.5, p > 0.1). We observed a significant interaction between swallow density level and average provisioning rate of the parents on nestling mass (F = 8.33, df = 3, 175.3, n = 130 nestlings, p = 0.004). We therefore examined data from high- and low-density areas separately in subsequent analyses. In high density areas, average provisioning rate positively predicted mass (Effect size ± 1 SE = 0.52 ± 0.17, F = 9.43, df = 1, 75.4, n = 47 nestlings, p = 0.003), whereas we found no evidence that provisioning rates influenced nestling mass amongst partners breeding in low-density areas (Effect size ± 1 SE = 0.11 ± 0.08, F = 1.33, df = 1, 101, n = 83 nestlings, p = 0.25, Figure 2). In all models, older chicks were significantly heavier (all p < 0.001). Comparing AIC values of models in which we swapped distance to water with interspecific density suggests that the density model had better fit compared with the distance to water model (ΔAIC = 320.7).
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FIGURE 2. Relationship between average provisioning rate of the pair (feeds/hour) on eastern bluebird nestling growth rate (g/day) split by areas of low (A) and high (B) tree swallow density.


We found significant interaction between swallow density level and alternation level on nestling mass (F = 8.49, df = 3,175.3, n = 130 nestlings, p = 0.004). After splitting the data by density areas, we found a significant positive relationship between parental alternation and nestling mass in both low and high-density areas, although the trend was stronger in nestlings raised in high-density environments (High Density: Effect size ± 1 SE = 4.29 ± 1.45, F = 8.69, df = 1, 75.4, n = 47 nestlings, p = 0.004, Low Density: Effect size ± 1 SE = 2.74 ± 1.18, F = 5.43, df = 1, 101, n = 83 nestlings, p = 0.022, Figure 3). In all models, older chicks were significantly heavier (all F > 1700, all p < 0.001). Using AIC values of models in which we swapped distance to water with interspecific density, we found very similar results (ΔAIC = 1.2).
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FIGURE 3. Relationship between average alternation level (proportion of all visits that are alternated within pairs) and nestling growth rate (g/day) of eastern bluebirds, split by areas of low (A) and high (B) density of tree swallows.




Effect of Swallow Density on Bluebird Nest Parameters

Of the nests that successfully fledged at least one nestling, t-tests revealed that neither initial clutch nor brood size were significantly different in areas of high and low swallow density (Table 1). However, in low-density areas the number of offspring fledged was significantly greater than in areas of high density (Table 1). Despite this, there was no significant difference in average fledging mass between areas of high and low swallow density (Table 1). Using AIC values of models in which we swapped distance to water with interspecific density to compare their effects on number of offspring fledged, we found the density model had slightly better fit compared with the distance to water model (ΔAIC = 2.1).


TABLE 1. Comparison of reproductive parameters of the bluebird nests in relation to tree swallow density (i.e., low versus high density areas).

[image: Table 1]Alternation values were not significantly different between high- and low-density partners (Table 1). Using AIC values of models in which we swapped distance to water with interspecific density to compare their effects on female provisioning, we found the density model had better fit compared with the distance to water model (ΔAIC = 4.27). Likewise, there was no significant effect of density level on male provisioning rates (Table 1) and the distance to water had slightly better fit compared with the density model (ΔAIC = 1.18). However, females in high-density areas provisioned offspring at significantly lower rates when compared to females in low density areas (Table 1). Using AIC values of models in which we swapped distance to water with interspecific density to compare their effects on female provisioning, we found the density model had better fit compared with the distance to water model (ΔAIC = 4.13). The average provisioning rate, however, did not differ significantly between partners in areas of high and low density (Table 1) and that the density model was a slightly better fit compared with the distance to water model (ΔAIC = 3.76).



DISCUSSION

In this population of eastern bluebirds, although parents alternated provisioning trips similarly when nesting in areas of high and low density of tree swallows, the benefits of parental alternation to offspring were only apparent when the bluebirds nested among high densities of tree swallows. Tree swallows are a relatively new nest competitor in the southern Appalachian Mountains population and prior to ∼1980 were uncommon and only observed during migration (Lee, 1993). Today, competition from tree swallows is fierce as 45% of the early season bluebird nestboxes were usurped by tree swallows (Albers et al., 2017). The swallow density had clear effects on parental provisioning strategies and how provisioning influenced nestling mass. Bluebirds (particularly the females) nesting in high-density areas provisioned their offspring less often and fewer nestlings survived to fledging age. However, offspring that did survive achieved a similar fledging mass to those in low-density areas. Finally, when bluebirds bred in high-density areas, those that provisioned offspring more frequently and had a high level of partner alternation reared nestlings that grew faster, suggesting that paying attention to partner behavior increases parental fitness. A concordant relationship between partner provisioning, alternation and nestling growth was not apparent in areas of low density of swallows. It seems likely that effects of partner behavior on nestling fitness may only occur when nestlings experience some level of nutritional stress. Interactions with tree swallows force the bluebirds to defend the nest more often (Authors, pers. obs.) and this likely leads to reduced provisioning and thus demonstrates the importance of partner coordination on nestling growth.

Harassment from tree swallows occurs more often in areas of high density of breeding tree swallows (Authors, pers. obs.) and likely this causes the bluebirds to experience short term temporal disturbances. Tree swallows arrive on breeding grounds and establish territories nearly a month after bluebirds have paired for the season. When the need for nest vigilance (i.e., territorial defense aggression) increases, partner coordination may present a selective advantage and promote partner investment matching. Thus, equity in partner investment (i.e., increasing cooperation rather than intensifying sexual conflict – see Mariette and Griffith, 2015) may help bluebirds successfully rear young under harassment from tree swallows. This further supports the idea that nest visit coordination can reduce conflict and increase reproductive success when partners respond to environmental cues such as increased brood size (Mariette and Griffith, 2015), offspring competition (Shen et al., 2010) or risk of nest predation (Raihani et al., 2010; Bebbington and Hatchwell, 2016) or habitat (and presumably food availability; Lejeune et al., 2019).

Here, we show some of the first evidence that environmental conditions influence the degree to which a mated pair’s coordinated parental provisioning can affect offspring fitness. Although partners in this population of bluebirds alternate provisioning more often than would be expected by chance (Burdick, 2018), the effects of alternation and parental feeding rates on offspring growth were more apparent in areas of high density of swallows. It may be that parents in high-density areas are forced to spend time and energy defending territories and thus nestlings experience some level of nutritional stress. How environmental variation influences parental cooperation has not yet been well researched. Yet, a recent study compares cooperation (alternation and synchrony of partner provisioning) of great tit pairs breeding in habitat that varies with elevation and forest cover (Lejeune et al., 2019). Lejeune et al. (2019) found that, (1) alternation and provisioning rate was greater among pairs nesting at low elevation, (2) provisioning synchrony was greater in areas less forest and more edge, and (3) that nestlings were heavier when reared by synchronous pairs only in forested habitat. Our results differ from theirs in that we found little evidence that partner coordination is impacted by environmental variance. However, our data corroborate theirs in that the relationship between parental coordination and nestling condition appears to be differently influenced by environmental clines – in both studies the relationship between partner cooperation and nestling size was more apparent under poorer environmental conditions. In the wild, relationships between fitness and parental coordination often may be context dependent.

One important limitation of our study, however, is the correlative approach so no causal effect of tree swallows can be assured. It is possible that these patterns may result from differences in environmental conditions in areas of high and low tree swallow density (for example, tree swallows prefer to settle near water while both species prefer open habitat (Winkler et al., 2011; Jones et al., 2014) or in differences in the type of bluebird pairs that persist (i.e., are able to retain their nestbox) in areas of high tree swallow density. Thus, here we tested the alternative idea that habitat rather than tree swallow density could be influence bluebird coordination and reproductive success. Model comparisons suggest, however, that distance to water is not, generally, as good a predictor of bluebird behavior and reproductive parameters as is swallow density. A more powerful approach would be to experimentally harass bluebird partners to separate potential influences of interspecific density and habitat quality on partner coordinated behaviors and nestling quality. It is also possible that the results could be confounded by age or breeding experience of the birds or partners and birds with prior experience should be more successful (e.g., Sanchez-Macouzet et al., 2014) and may be better able to coordinate provisioning. However, annual survival is low in this population (<20% of birds breed in two or more consecutive years and no partners in these analyses had previously bred together).

Other coordinated parental care behaviors in this population of bluebirds appear to help partners improve reproductive success in areas of high densities of tree swallows. Similarity of partner territorial aggression (as measured by controlled simulated territorial intrusions) leads to heavier nestlings when bluebirds breed in high-density areas, however this relationship is not apparent in low-density areas (Harris and Siefferman, 2014). Together these studies suggest that coordination of both territory defense and provisioning rate may benefit reproductive success, but the effects may only become apparent when tree swallows are present in high numbers.

Thus, our study provides an important new perspective on the resolution of parental negotiations in that it reminds us that fitness benefits are often context dependent. Cooperative investment may be important for parents to ease their sexual conflict and to improve reproductive success under adverse environmental conditions. Such maintenance of partner alternation levels could be achieved if each parent where to match each other’s visit rate. Nonetheless, it is important to note that these alternated nest visits may only reflect similarities in how individuals respond to environmental conditions, offspring demand or to their own individual quality.
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Reproductive role (Allomother, Mother) Mother -005 0.04 - -
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Natural group—Mothers Intercept 1.50 0.03 - -
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Reproductive role (Allomother, Mother) Mother —0.25 0.04 40.84 <0.001
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Reproductive role:Group - E 321 0073

Natural groups followed a natural brood care cycle and SMR was measured at different stages: No (oviposition), Nh (hatching of spiderings), Ner (early regurgitation phase), andi Nir ate
regurgitation phase). Removal groups experienced the removal of offspring at one of the reprodictive stages given above, termed Ro, Rh, Rer, and R, and SMR was measured at the
time of removal and at every subsequent stage (see Figure 1). Stage is a continuous variable of the timepoint i the reproductive period (mating to late regurgitation). Vhen a removal
group is includedin the modl, stage lsts from the subsequent time point to late regurgitation (Figure 4) as these are the possible time points for SR assessments. The model name
represents the pairwise comparison made within the different groups. For example, the model “Ro” compares effects of Ro and No between females of different reproductive roles
(mothers and allomothers). In the case of a significant interaction, further model redluctions and significance testing of the involved main effects were halted. As Stage:Reproductive role
was significant in the model ‘natural group” we further investigated this by testing the effect of stage in allomothers and mothers in two separate models. For each group model the
effect sizes from the minimal adequate model are reported. Bold values are significant p-values.





OPS/images/fevo-07-00349/crossmark.jpg
©

2

i

|





OPS/images/fevo-07-00515/fevo-07-00515-g003.gif





OPS/images/fevo-07-00515/fevo-07-00515-g002.gif
e

i
i

[{——
!

i et





OPS/images/fevo-07-00515/fevo-07-00515-g001.gif
ettt
@itna)

(0 am

Sl et
(odome)

) @Sm)

ey

e Tt

S
enfByen

lode] .,

=g

oD e

e

Tt
Dt Tratmat

S

S ikt
(iiome)






OPS/images/fevo-07-00515/crossmark.jpg
©

2

i

|





OPS/images/fevo-07-00506/fevo-07-00506-t005.jpg
Mean fish per day
High provisioner
Low provisioner
Mass (g)

High provisioner
Low provisioners

Match year

2.48(0.09)
1.83(0.12)

924.8(12.8)
934.4 (18.7)

Mismatch year

1.89(0.10)
1,60 0.12)

9565 (15.0)
917.4 (15.6)

Difference

-0.63
-0.23

+31.7
—-17.0





OPS/images/fevo-07-00506/fevo-07-00506-t004.jpg
Visit, self
Feed, self
Visit, mate
Feed, mate

Normal relief

299.6+85
312.0+89
2208+58
242.0+6.7

Returner brings fish

No nest relief

254.5+13.4
250.6+13.9
125.0+83
146.3+9.7

Fdip

8.1,156,0.005
13.9,569,0.001
107.8,739,0.001
66.4,669,0.001

Nest relief

205.0+16.6
316.7+19.7
195.4+14.2
210.7£17.1

Returner does not bring fish

No nest relief

191.2+333
221.0437.4
125.0+£26.7
161.9+38.0

F df,p

7.8,115,0.008
5.1,100,0.026
5.4,136,0.021
14,121,024





OPS/images/fevo-07-00506/fevo-07-00506-t003.jpg
Measure

Time of last mate visit
Time brooding

Time of day

Date

Allp < 0.001.

t-value

-53
—4.2
+36
=51

Beta

—-0.16
-0.13
+0.11
—-0.16





OPS/images/fevo-07-00506/fevo-07-00506-t002.jpg
Visits Attempted irregular nest
reliefs

Provisioner High Low High Low

Match year ~ 3.15(0.15)*°  2.77 (0.08*°  0.90(0.13%¢ 1.45 (0.131
Mismatch ~ 2.26(0.16  2.36(0.1°  1.48(0.14° 1.39(0.14)

The same letter indicates a significant difference between means. Within viits (left portion)
and Attempted irmegular nest reliefs (right portion).





OPS/images/fevo-07-00351/fevo-07-00351-g003.gif
Mismatch

Playback strateqy

Match

(U} SBUMSSU SOUSES C) DEDSSU SULL





OPS/images/fevo-07-00351/fevo-07-00351-t001.jpg
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Fixed effects Estimate (SE) F P-value Estimate (SE) F P-value
Playback strategy -093(0.051) Ft.526 = 333.15 <0.001 0.0015 (0.0007) F.o60 = 4.90 0028
Nestling age ~0.17 (0.069) Fi1.05 =576 0018 ~0.000079 (0.0021) Fit.45 = 0.0012 097
Nestling sex ~021(0.19) Fir.g8 = 287 0.13 ~0.0081 (0.0046) Fian =289 0.18
Order of playback -0.047 (0.025) Fy,505 =352 0081 00021 (0.00038) Fr,a69 = 34.17 <0.001
strategies
Playback call rate Playback mean call duration

Estimate (SE) F P-value Estimate (SE) F P-value
Playback strategy 357 (0.089) Fit.s61) = 1621.02 <0.001 ~0.079 (0.015) Fir.a01) = 2874 <0.001
Order of playback ~0018(0.049) Fr,s60 =017 068 0012 (0.0075) Fl a1 =242 0.12

strategies

(4) Linear mixed models testing whether the duration and rate of nestling negotiation cals are related to the matching vs. mismatching playback strategies. (B) Similer models testing
whether the playback emitted more or shorter calls when its strategy is to match vs. mismatch the nestling behavior. Nestling identity nested in brood identity and nestiing identity
broadcasted by the playback were included as random factors.
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ixed effects Estimate (SE) ¥2 P-value Estimate (SE) ¥2 P-value
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Time needed to silence the nestling

Fixed effects Estimate (SE) F P-value Estimate (SE) F P-value
®
Playback strategy ~6.08(1.52) <0.001 024(0.72) 075
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(4) Binomial mixed models testing whether the probabilty that bam ow nestlings become silent before the end of each 15-min period is related to the playback matching vs. mismatching
strategies for callrate and call duration. (B) Linear mixed models testing whether the two callrate playback strategies (matching vs. mismatching) affected the time needed to momentarily
silence nestlings before the end of each 15-min period. Only periods when nestlings stopped were included. Nestiing icentity nestedin brood identity and nestling icentity broadcasted
by the playback were included as random factors.
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Group model Effect Estimate se x(zﬂ P
Natural group vs. virgin control Intercept 1.29 0.06 = =
Stage 003 003 - -
Group (Natural group, Virgin Control) Virgin Control —0.02 0.13 - -
Stage:Group -0.17 005 11.15 <0.001
Natural group Intercept 1.30 006 - .
Stage 003 003 087 0352
Virgin control Intercept 1.26 0.12 - -
Stage -0.13 004 886 0,003
Novs. Ro Intercept 1.42 006 - -
Group (No, Ro) Ro -032 014 493 0,030
Stage - - 039 0533
Stage:Group - - 028 0597
Virgin control vs. Ro Intercept 0.83 0.04 . =
Group (Virgin Control, Ro) Ro 029 04 79 <0.001
Stage E E 091 0.339
Stage:Group - - 1.82 0.178
Nhvs. Rh Intercept 1.43 1.43 - -
Group (Nh, Rh) Rh - - 002 0.900
Stage . s 019 0.662
Stage:Group - - 024 0623
Ner vs. Rer Intercept 1.38 1.38 - N
Group (Ner, Rer) Rer - - 001 0940

Natural groups followed a natural brood care cycle and SMR was measured at different stages: No (oviposition), Nh (hatching of spiderlings), Ner (early regurgitation phase) and NIr (ate
regurgitation phase). Removal groups experienced the removal of offspring at one of the reproductive stages given above, termed Ro, Rh, Rer, and Rir and SMR was measured at the
time of removal and at every subsequent stage. SMR in virgin controls was measured whenever the SMR of a mother was measured (see Figure 1). Stage is a continuous variable of
the timepoint in the reproductive period (mating to late regurgitation). When a removal group is inclucied!in the mode, stage lsts from the subsequent time point to late regurgitation
(Figure 3) as these are the possible time points for SMR assessments. In the case of  significant interaction between stage and group, further model reductions and significance
testing of stage and group were halted, and we tested the effect of stage on the groups in two separate models. For each group model the effect sizes from the minimal adequate

model are reported. Bold values are significant p-values.
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Parameter z-value  P-value Coefficient + SE

Model 1: Digging frequency of focal fish

Intercept 1.954 0.051 1.023 0523
Treatment 1.431 0.258 0.808 0.714
Phase 7533 <0.001 0.714 0.095
Treatment * Phase -13%2  0.164 -0.159 0.115
Model 2: Correlation of digging between both fish

Intercept 4018 <0.001 1.861 0.463
Helper digging freq -0033 0974 —0.0001 0.005
Phase 6109 <0001  TH:0.534 0087

-0718 0473  TD:-0579 0806
Helper digging freq * Phase 0245 0806 TH:0.001 0.003
1814 0189 TD:0027 0021

Model 3: Interval between subsequent digging bouts of focal fish

Intercept 2520  <0.001 4845 0.191
Treatment -3380  <0.001  -0.881 0261
Phase -33.270 <0.001 -0.932 0.028
Treatment * Phase 19120 <0.001 0757 0.040
Model 4: Latency of focal to start digging bout after a bout of the helper
Intercept 11256 <0.001 2916 0259
Phase —12442 <0001 TH:-0582  0.048

0.668 0504 TD: 0.261 0.391

Experimentl treatment, phase, and their interaction were used as fixed effects (Models
1 and 2). For Models 3 and 4 experimental phase (experience help, EH; test help,
TH; test defection, TD) were added as fixed effects. Digging frequency of the social
partner (*helper’) wes used as a covariate. In all four models group identity was used
as random effect,

All models were fitted by the Laplace approximation. Defection treatment, experience
phase (Models 1 and 3), and experience phase of the helping treatment (Modls 3 and 4)
were used as reference categories with their coefficients set to zero. Digging frequency
of the social partner (*helper’) was treated as covariate. Significant p-values at an -level
of 0.05 are shown in bold.
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Parameter z-value

P-value

Model 3: Aggression toward predator of test fish

Intercept 10063
Partner aggression frequency 2773
Visibilty partner 3.148
Partner aggression * Visibility ~3.904
Model 4 Hiding frequency of test fish

Intercept 8790
Partner approaching frequency ~ 1.316
Visibility partner ~0264
Partner hiding * Visibilty 0283

<0.001
0.006
0.002

<0.001

<0.001
0.188
0.792
0.773

Coefficient & SE

2964 0.295
0.010 0.004
1544 0.491

-0.024 0.006
2719 0.309
0013 0010

-0.147 0.556
0.005 0.017

Visual contact (partner visible, invisible) and the interaction between the partner's
behavioral frequencies and visibity were used as fixed effects. Fish icentity nested within

group identity was used as random effect.

Allmodels were fitted by the Laplace approximetion. Prtner ‘invisible” condition was used
as reference category with its coefficient set at zero. Aggression and hiding frequency of
socialpartner was treated as covariate. Significant p-values at an a-levelof 0.05 are shown

in bold.
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Parameter z-value

Model 1: Digging Frequency of test fish

Intercept -4.883
Partner digging frequency -3.388
Predator presentation 8.450
Visibilty partner 6.061
Presentation * Visibility -5.736
Model 2: Shelter approaches of test fish
Intercept 8,688
Partner approaching frequency  8.140
Predator presentation ~0.091
Visibilty partner 0.381
Presentation * Visibilty -0.438

P-value

< 0.001
<0.001
<0.001
<0.001
<0.001

<0.001
0.002
0.927
0.704
0.661

Coefficient + SE

-3.170
-0.033
2.453
1.351
-2.018

1.322
0.046
-0.013
0.040
—0.000

0.650
0.010
0.290
0223
0.352

0.152
0.147
0.138
0.104
0.200

Predator presentation (before, after presentation) and visual contact (partner visible,
invisible), and their interaction were used as fixed effects. Fish identity nested within group

identity was used as random effect.

All models were fitted by the Laplace approximation. Predator presentation (before) and
partner visibilty (invisible) were used as reference categories with their coeffiients set at
zero. Digging frequency of the experimental partner was treated s covariate. Significant

p-values at an a-level of 0.05 are shown in bold.
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Trait Intraspecific Mean SD n T p

Density
Clutch size Low 4.36 +0.78 28 0.34 0.74
High 4.43 +0.68 21
Brood size Low 4.11 +0.916 28 1.60 0.12
High 3.52 +1.47 24
Number fledglings Low 3.36 +1.42 28 2.35 0.02
High 219 +1.91 21
Fledgling mass (g) Low 25.89 +2.14 28 1.189 0.24
High 25.68 +2.19 16
Male provisioning Low 522 +2.43 28 1.14 0.26
rate (feed/h)
High 4.47 +1.73 18
Female provisioning Low 6.29 +3.49 28 2.03 <0.05
rate (feed/h)
High 4.45 +1.92 18
Total provisioning Low 11.51 +5.01 28 1.96 0.06
rate (feed/h)
High 8.93 +3.06 18
Alternation Low 0.64 +0.03 28 0.34 0.74
proportion
High 0.66 +0.03 18

We have excluded the 61 nests that failed during the egg laying and incubation
stages, 48 which were usurped by tree swallows during the egg laying and incuba-
tion stages. If we observed tree swallow harassment followed by nest failure or if a
tree swallow nest was built immediately after nest failure in the same nest box, we
labeled the nest as usurped (Albers et al., 2017).
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Variable Estimate SE x2 Df  P-value

Whole dataset: all altitudes

Intercept 1.02 2.4e-01 - 1 -
Altitude -27e03 73e-04 143 1 <0001
"Weather .07 017 o1 1 0.74
"Brood size 023 0.13 34 1 0.06
"Weather * altitude 240-03  93e:04 29 1 0.08
Experiment - - 178 2 0.41
Laying date -002 003 037 1 0.54
Brood age -002 008 008 1 0.77
Altitude * brood size - - 025 1 0.66
Restricted dataset: low altitude nests

"Brood size 0.30 0.13 52 1 0.02
1 Habitat type 033 031 121 0.27
"Weather -0.29 021 19 1 0.16
Experiment - - 053 2 0.77
Tree diversity - - 004 1 0.83
Laying date -18e02 2902 005 1 0.82
Brood age ~75e03 003 022 1 0.64
Tree diversity * brood size - - 034 1 056
Habitat type * brood size - - 068 1 0.41

The effects included in the final model are indicated by . Significant effects are in bold,
Sample sizes for the whole dataset are 91 observations, 73 pairs. Sample sizes for the
restricted dataset are 57 observations, 48 pairs.
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Variable Estimate

Whole dataset: all altitudes

Intercept 05
! Altitude —5.80-04
"Weather 0.4

"Weather * altitude 2.2¢-03
Experiment -

Brood size 7.00-03
Laying date 6.30-03
Brood age —9.5e-02

Altitude * brood size -
Restricted dataset: low altitude nests.

Intercept 09
fHabitat type -06
"Weather -0.2
Experiment -
Tree diversity -
Brood size 0.06
Laying date 0.04
Brood age -0.03
Tree diversty * brood size -
Habitat type * brood size -

SE

02
6.2e-04
02
8.7e-04
9.0e-02
2.6e-02
7.6e-02

0.2
0.3
0.2

0.13
0.03
0.09

03
K
6.6
1.01
0.0080
0.08
16
0.1

45
06
03
08
02
19
0.08
09
09

T <

1
1
1
2
1
1
1
1
1
1

P-value

06
03
0.01
0.60
09
08
0.2
08

0.03
0.44
0.87
037
0.64
0.16
0.78
0.33
034

The effects included in the final model are indicated by . Significant effects are in bold.
Sample sizes for the whole dataset are 87 observations, 71 pairs. Sample sizes for the
restricted dataset are 54 observations, 47 pairs. Reference habitat type is edges.





OPS/images/fevo-07-00356/fevo-07-00356-g004.gif





OPS/images/fevo-07-00356/fevo-07-00356-g003.gif





OPS/images/fevo-07-00356/fevo-07-00356-g002.gif
o ED Pt
- b





OPS/images/fevo-07-00356/fevo-07-00356-g001.gif
ngh.z
rho=0.17
p=004

i P

5 E

- 2

sdivi
tho=019 || ho=029 || rho=086
p=002 || p<000r || pe2i075






OPS/images/fevo-07-00356/crossmark.jpg
©

2

i

|





OPS/images/fevo-07-00351/fevo-07-00351-t004.jpg
Nestling duty cycle

Fixed effects Estimate (SE) F P-value Estimate (SE) F P-value
Playback strategy ~0.86 (0.060) Fiis19 = 202.48 <0.001 0.042 (0.05) F1,264 = 0.70 0.40
Nesting age ~0.22 (0.095) Flis9 =454 0087 -0.15(0.85) Fi49 =276 0.10
Nestiing sex ~0.47 (0.18) Fla.65 =584 0019 ~0.17 (0.19) Fii.30 =061 0.44
Order of playback strategies ~0.042(0.03) Fiia0 = 196 0.16 0.036 (0.026) Fli.207 =199 0.16

Linear mixed models testing whether the cuty cycle of nesting negotiation are related to the matching vs. mismatching pleyback strategies. Nesting identity nested in brood identity
and nestling identity broadcasted by the playback were included as random factors.
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Nestling call duration (Call Rate experiment) Nestling call rate (Call Duration experiment)

Fixed effects Estimate (SE) F P-value Estimate (SE) F P-value
Playback strategy —0.019(0.0086) F1,314 = 4.70 0081 0.016 (0.051) Fi1,265 =010 075
Nesting age ~0.085 (0.022) Fr.69 =224 0.14 ~0.16 (0071) Fr,a0 =414 0049
Nesting sex ~0.12(0.042) Fusg =7.02 0010 ~0.025 (0.16) F1,30 = 0018 089
Order of playback strategies 00030 (0.0043) Fi1,316 = 047 0.49 00026 (0.026) Fi1,269) = 0.0007 092

Linear mixed models testing whether the two call duration playback strategies (matching vs. mismatching) affected the rate at which nestling vocalized and whether the two call rate
playback strategies affected the duration of nestling calls. Nestling identity nested in brood identity and nestling identity broadcasted by the playback were included as random factors.
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Variable Estimate SE x? Df P-value

Whole dataset: all altitudes

Intercept 13602 4.4e-04 - 1 -
Altitude —60e-06 21606 56 1 <005
"Brood size 91e04  28e:04 83 1 <001
Weather —11e04 48e04 005 1 082
Laying date -11e:04 85605 17 1019
Brood age -12e04 22604 029 1 059
Experiment - - 306 2 022
Altitude * brood size - - 039 1 052
Weather * altitude 20e-08  28e06 10e-04 1 099
Restricted dataset: low altitude nests

"Brood size 13e03  38e04 117 1 <0.001
fExperiment - - 6.03 2 00.04
Weather 31604 61e04 026 1 061
Laying date —767e-07 106e-04 10e04 1 099
Brood age 1120-03 76304 233 1 013
Tree diversity - - 087 1 035
Habitat type - - 03 1 055
Tree diversity * brood size - - 006 1 081
Habitat type * brood size - - 082 1 036

The effects included in the final model are indicated by . Significant effects are in bold,
Sample sizes for the whole dataset are 87 observations, 71 pairs. Sample sizes for the
restricted dataset are 54 observations, 47 pairs.
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Species

Riflernan (Acanthisitta chioris)
Bellbird (Anthornis melanura)

New Holland honeyeater (Phylidonyris
novaehollandiae)

Grescent honeyeater (Phylidonyris
pyrhopterus)

Grey warbler (Gerygone igata)

Tasmanian thomnbill (Acanthiza ewingii)

White-browed scrubwren (Sericornis
frontalis)

Tasmanian scrubwren (Sericornis
humilis)

Brown creeper (Mohoua
novaeseelandiae)

Golden whistler (Pachycephala
pectoralis)

Olive whistler (Pachycephala olivacea)
Grey fantail (Rhipidura albiscapa)

New Zealand fantal (Rhipidura
fuliginosa)

Dusky robin (Velanodryas vittata)
Flame robin (Petroica phoenicea)
South Island robin (Petroica australis)
Silereye (Zosterops lateralis)

Gommon starling (Sturnus vulgaris)
Song thrush (Turdus phiomelos)

Eurasian blackbird (Turdus merula)

Dunnock (Prunelia modularis)

Yellowhammer (Emberiza citronella)
Chaftinch (Fringilla coelebs)

European goldfinch (Carduelis
cardluelis)

Common redpoll (Carduelis flammea)

Site

Kowhai Bush (N2)
Kowhai Bush (N2)
Waimangarara Bush (N2)
Aorangi| (N2)
Scamander Forest (Tas)

Scamander Forest (Tas)

Kowhai Bush (NZ)
Waimangarara Bush (N2)
Scamander Forest (Tas)
Scamander Forest (Tas)

Scamander Forest (Tas)
Kowhai Bush (NZ)
Scamander Forest (Tas)

Scamander Forest (Tas)
Scamander Forest (Tas)

Kowhai Bush (N2)
Waimangarara Bush

Scamander Forest (Tas)
Scamander Forest (Tas)
Kowhai Bush (N2)
Kowhai Bush (N2)
Waimangarara Bush (N2)
Scamander Forest (Tas)
Kowhai Bush (N2)
Kowhai Bush (NZ)
Waimangarara Bush (N2)
Kowhai Bush (N2)
Waimangarara Bush (N2)
Kowhai Bush (NZ)
Waimangarara Bush (N2)
Kowhai Bush (N2)
Kowhei Bush (N2)
Kowhai Bush (N2)

Kowhai Bush (NZ)

No. nests
filmed

1
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Variable Estimate SE x2 Df  P-value

Intercept 1.4 02 - 1 -
fMean fledging mass ~ —0.18 0.06 80 1 <001
i -5.16-03  1.9¢-08 53 1 002
Habitat type 0.18 0.08 39 1 0.04
f Alternation -0.09 0.04 75 1 <0.01
fAge of measurement  —0.22 0.09 32 1 002
No. of hatchlings -0.07 0.04 29 1 0.09
Synchrony 004 0.07 04 1 083
Synchrony * habitat type ~ —0.11 0.08 1.7 1 0.19
Alttude 197605 240604 6903 1 09
Laying date -676:03 -96e:03 05 1 odo

The effects incluced in the final model are indlicated by !. Significant effects are in bold,
Analyses were performed on 69 pairs, across the whole alttudinal gradient. Reference
habitat is forest interiors.
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Variable

Intercept
Tarsus length

fLaying date

Habitat type

fSynchrony

fSynchrony * habitat type
L\

Alternation

Altitude

No. of hatchlings

Estimate

19
0.65
-0.04
-0.06
0.30
-0.31
3.8¢-03
0.08
4.6e-04
-0.09

SE

25
0.15
0.01
0.17
0.10
0.14

2.6e-03

0.07

3.8e-04

0.07

18.6
71
33
4.2
4.6
21
131
14
1.98

Df

1
1
1
1
1
1
1
1
1
1

P-value

<1.3e-03

<0.01
0.04
0.83
0.04
0.14
0.25
023
0.15

The effects incluced in the final model are indicated by !. Significant effects are in bold.
Analyses were performed on 69 pairs, across the whole altitudinal gradient. Reference

habitat is forest interiors.
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Variable Estimate SE

Intercept 1.2 1.01
No. of hatchling 073 0.14
L\ 3.4e-04 1.4e-04
Atternation 0.15 o.14
Synchrony 0.13 0.16
Laying date -0.06 0.07
Habitat type - -
Alttuce —176:03 5903

Synchrony * habitat type - -

27
0.06
12
0.69
0.71
0.15
0.08
027

Df

P-value

1.9e-07
0.80
0.27
0.40
0.40
0.69
0.77
0.87

The effects included in the final model are indicated by /. Significant effects are in bold.
Analyses were performed on 69 pairs. Reference habitat is forest interiors.
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Variable Estimate

Whole dataset: all altitudes

Intercept) 1.26:02
"Brood size 1.4e-03

! Altitude ~5.0e-06
Experiment =
Weather —1.4e-04
Brood age —6.4e-05
Laying date —1.03¢-04
Weather * altitude 1.6e-06
Restricted dataset: low altitude nests
"Brood size 1.9e-03
"Brood age 2.8e-03
fExperiment -

Tree diversity -
Habitat type -
Weather ~5.8¢-04
Laying date 726-05

Tree diversity * brood size -
Habitat type * brood size -

SE

6.8e-04
3.9e-04
2.8e-06

6.3e-04
2.9e-04
1.2e-04
3.6e-06

5.16-04
1.0e-03

7.6e-04
1.4e-04

13.3
26
16.1
0.06
005
0.78
0.18

187
79
1.0
0.33
0.88
0.59
028
0.003
0.30

Df

O

1
1
2.
&
1

1
1
1
1

P-value

0.02
0.10
0.34
0.82
0.82
0.37
0.65

<0.001

<0.01

<0.01
0.57
0.35
0.44
0.60
0.95
0.58

The effects included in the final model are indicated by !. Significant effects are in bold.
Sample sizes for the whole dataset are 87 observations, 71 pairs. Sample sizes for the

restricted dataset are 54 observations, 47 pairs.
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Term 50% 2.5% 97.5%

Intercept ~056 ~0.80 -031
Carer class

oM ~084 —121 ~0.48"

SYR -0.13 —0.44 022

su 097 060 139"
Carer number 004 -0.30 0.48
Days since rain 1.50 034 271
Temperature —107 —2.46 023
SD temperature -008 —084 070
SD wind speed 022 —023 069
Carer no. x rain 210 —0.41 462
Carer no. x temp —127 -3.30 063
Carer no. x SD temp -101 —2.82 085
Carer no. x SD wind 054 —0.66 1.68
Random intercept SD

Nest identity 0.19 002 045

OLRE 037 002 063

Table shows parameter estimates as posterior median and 95% Cl of a GLMM, Indiviclual
class is labeled as DM, SAR, SYR, and SU, with DM referring to dominant breeding
males, S referring to subordinates, A to adults, Y to yearfings, R to relatives, and U to
non-relatives (see section Methods). Carer number (or carer no.) refers to the number of
carers minus the breeding female. Days since rain refers to the mean number of days
since last meaningful rainfallduring observations of a given attempt, temperature and SD
temperature are the mean and standerd deviation of the mean daytime temperatures on
each day during observations of a given nesting attempt, and SD wind speed refers to
the standerd deviation of mean daytime wind speeds during the observations of a given
nesting attempt. Standerd deviation (SD) is shown for random intercepts: nest identity
and OLRE, the latter referring to the observation level random effect. Significant effects
are determined when Cl's fail to cross zero and are denoted *,
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Binomial part Poisson part
Term 50% 25% 97.5% 50% 25% 97.5%
Intercept 1.05 088 1.23 057 03 083
Caver class (relative to SAR)

SYR 0,005 -028 028 001 —0.42 0.46

su -1.02 —147 —0.29" —1.31 ~1.99 —0.54"
Carer number -0.07 -033 021 -0.03 -0.44 036
Rain 025 -025 074 -028 -073 047
Temperature —027 -0.71 0.18 -024 -0.35 —0.18"
Wind speed -0.36 -068 -0.02* -0.01 -0.08 006
Class x rain (felative to SAR)

SYR —051 -130 028 -0.05 -09 083

su -023 —162 1.10 087 ~0.42 2.49
Class x temperature (relative to SAR)

SYR 0.17 -0.60 086 ~0.005 —0.27 025

su —061 —205 0.44 028 -0.80 1.41
Class x wind speed (refative to SAR)

SYR 0.18 -039 074 -0.02 -0.18 0.13

su —028 —137 061 024 -053 1.05
Carer no. x rain -009 -108 086 033 ~0.29 097
Carer no. x temp 055 -038 152 -028 -050 ~0.07*
Carer no. x wind -0.17 -077 0.44 003 —0.11 017
Random intercept SD

Indiv-nest ID 1.42 095 187

OLRE 1.27 1.23 1.32
Variance level cofficient
Carer class (reative to SAR)

SYR 033 006 057

su 1.45 1.02 1.92¢

Table shows parameter estimates as posterior median and 95% Cl of a mixed-effects model with zero-inflated Poisson distribution. The binomial part equates to the probabilty of not
showing zero-inflated provisioning (based on Poisson expectation), whie the Poisson part equates to the hourly provisioning rate on a given day, including zero visits where expected
under a Poisson distribution. Individual cless is labeled SAR, SYR, and SU, with S referring to subordinates, A to adults, Y to yeariings, R to reletives (estimated 1t or 2nd order reletives
of nestlings) and U to unrelated (estimated to be less related to broods than 2nd order) (see section Methods). Carer number (or carer no.) refers to the number of carers minus the
breeding female. Rein refers to the days since last meaningful ainfell on each day of dta collection, temperature (or temp) is the mean daytime temperature on a given day and wind
speed (or wind) is the mean daytime wind speed on a given day. Random intercepts were included only in the Poisson component of the model because of convergence problems. We
also included a variance-level component in the Poisson part of the modl to quantify the difference in variance that was not expleined by the other terms in the model (higher values
mean less variance accounted). Standard deviation (SD) is shown for random intercepts: iniv-nest D refers to incivicual-nest icentity and OLRE to the observation level random effect,
which is a random intercept for the data points. Significant effects are determined when CI's fail to cross zero and are denoted *.
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Table shows parameter estimates as posterior median and 95% Cl of a GLMM. Carer
number (or carer no.) refers to the number of carers minus the breeding female. Rein refers
o the days since last meaningful rainfall on each day of data collection on a given brood,
temperature (or temp) is the mean daytime temperature on a given day and wind speed
(or wind) is the mean daytime wind speed on a given day. The standard deviation (SD)
is shown for random intercepts: indiv-nest ID refers to the identity of dominant breeders
at a given nesting attempt and OLRE to the observation level random effect, which is a
random intercept for the data points. Significant effects are determined when Cl's failto

cross zero and are denoted *.
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ixed Effects

Random Effects

2 statistics from likelihood ratio tests and p-values are indicated for each fixed effect. Bold highlights significant results, italic highlights trends.
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Intercept

Mean Log S deviation
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Mother's age

Father's age
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Mixed brood (yes)

Social father
Social mother
Year

Estimate

—2073
-0.063
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-0.514
-0.085
—-0.365
0.221
0.222
0518

0.000
0.731
0.000

SE

0.266
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0.142
0.160
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0.206
0.202
0.146
0.178
0.276
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0.32
0.44
825
017
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0.004
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Offspring mass Estimate (95% CRI) pMcMC

Fixed Effects on Mean

Intercept 22,208 (21.681, 22.929) -
Tarsus 3.146 (3.046, 3.246) <0.001
Offspring age 0.061 (~0.056, 0.177) 0305
Average total provisioning rate ~0.020 (~0.197,0.157) 0827
Average total provisioning rate 2 0043 (~0.036, 0.123) 0284
Day of the breeding season —~0.080 (~0.207, 0.047) 0216
Pair brood number 0069 (~0.073, 0.208) 0329
Brood size —-0.327 (-0.483, —-0.172) <0.001
Mean A deviation —0.048 (-0.177, 0.081) 0.469
Mean S deviation -0.042 (-0.171, 0.087) 0523
Tenure (yes) ~0.003 (~0.345, 0.158) 0.465
Cross-fostered (yes) 0,030 (~0.216, 0.274) 0.805
Random Effects on Mean

Natal brood 0882 (0612, 1.114)

Rearing brood 0685 (0.217, 0.998)

Year 0.636 (0.346, 1.113)

Pair 0556 (0.223, 0.798)

Additive genetic 1.226 (0.951, 1.512)

Fixed Effects on Residual Variance

Intercept 0.224 (0,047, 0.352) -
Brood size 0003 (~0.065, 0.076) 0939
Mean S deviation ~0.013 (~0.084, 0.059) 0718
Brood size x Mean S deviation 0055 (~0.011,0.128) 0.099
Random Effects on Residual Variance

Residual 0279 (0.148, 0.409)

Approximated p-values (oMCMC) are also provided. In a double hierarchical model, the
mean and the variance of the predicted variable are modeled at the same time with two
different sets of fixed effects and random effects. Bold highlights significant results, italic
highlights trends.





OPS/images/fevo-07-00405/fevo-07-00405-t001.jpg
Offspring survival Variable Estimate SE x P
Fixed Effects
Intercept 2384 0.170 = -
Number of days between checks ~0.004 0069 0004 0948
Average total provisioning rate 1.809 0.104 227,574 <0.001
Average total provisioning rate 2 -0256 0050 20.246 <0.001
Brood size (at age 5) -0.633 0084 69553 <0.001
Mean A deviation ~0.154 0072 4554 0033
Mean S deviation 0.022 0.067 0.105 0.746
Day of the breeding season 0.483 0074 41569 <0.001
Pair brood number 0.062 0.079 0.636 0.425
Tenure (yes) 0.108 0.145 0551 0.458
Cross-fostered (yes) 0.104 0.141 0542 0.462
Random Effects
Natal brood 0.159
Rearing brood 0.000
Pair 0214
Year 0.000

x2 statistics from likelihood ratio tests and p-values are indicated for each fixed effect. Degrees of freedom in each case is 1. Variances of random effects are provided. Bold highlights
significant results.
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Pre-treatment Post-treatment

95% Cl 95% Cl
Effects Estimate (3) lower upper pMcMe Estimate (8) lower upper pMcMC
(a) Mass
Fixed effects
Intercept 054 -0.47 1.19 0.12 -0.10 058 0.14
Duration of care -0.14 ~031 004 0.10 -025 0.40 053
Life history pace 009 -0.16 033 047 0.06 0.60 0.03
Brood size ~0.09 -020 001 0.1 -0.14 0.43 034
Treatment 000 -081 030 1.00 -084 001 007
Treatment x duration of care na. na. na. n.a. -0.85 0.02 0.04
Random effects
Species 002 <001 0.09 002 <001 0.06
Nest 0.4 024 0.62 072 048 1.03
(b) Tarsus length
Fixed effects
Intercept 047 -083 1.90 0.48 ~0.86 ~198 028 014
Duration of care 003 -0.18 0.26 076 006 -0.12 027 054
Life history pace —0.05 -043 036 078 004 -031 0.41 083
Brood size -007 -023 o.11 0.48 0.13 -0.04 028 0.1
Treatment -0.26 -0.62 0.14 0.17 017 -0.18 0.51 0.34
Random effects
Species 1.24 0.10 3.64 0.78 0.04 2.32
Nest 058 037 0.82 050 031 0,69
(¢) Wing length
Fixed effects
Intercept 0.16 -120 1.27 074 -0.10 -098 077 084
Duration of care -0.03 -0.23 0.14 0.69 0.20 -0.02 0.40 0.06
Life history pace 038 0.07 074 0.03 009 —027 037 053
Brood size —001 -0.15 0.15 092 002 -0.14 0.15 078
Treatment -0.08 -039 0.23 062 —0.01 ~0.45 0.42 095
Random effects
Species 1.14 0.04 3.84 0.03 <0.01 0.13
Nest 040 025 058 071 047 1.01

n.a. denotes a term not included in a model. Significant effects are highlighted in bold.
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Pre-treatment Post-treatment

95% CI 95% CI
Effects Estimate (3) Lower Upper pMcMC Estimate () Lower Upper pMCMC
(a) Total visitation
Fixed effects
Intercept 0.14 -096 118 070 026 1.23 039
Duration of care 075 —042 169 0.12 0.83 1.60 007
Life history pace 0.60 —021 169 013 0.19 0.66 0.41
Brood size -0.03 -054 056 0.84 -0.09 025 068
Treatment -013 —043 0.7 037 —0.48 -0.42 <001
Treatment x duration of care na. na. na. na -0.35 -0.03 0.04
Random effects
Species 182 <001 6.30 074 <001 275
(b) Focal individual visitation
Fixed effects
Intercept 0.49 -1.26 2550 061 -0.56 -1.64 057 030
Duration of care 1.01 0.00 188 0.04 095 056 132 <001
Life history pace 0.30 —0.45 116 0.42 022 -0.10 052 0.16
Brood size -037 026 0.83 0.17 -0.05 036 0.10
Treatment —0.60 006 0.12 -058 -0.97 -0.18 <0.01
Treatment x duration of care na. na. na. na -0.45 -0.86 -0.06 003
Random effects
Species 1.20 <001 388 0.05 <0.01 0.12
(c) Partner visitation
Fixed effects
Intercept -133 267 022 0.09 -157 -320 -0.08 008
Duration of care 0.66 033 1.00 0.00 056 0.13 0.8 0.03
Life history pace 0.69 029 1.06 0.01 077 0.26 128 0.04
Brood size 024 —004 0.49 0.08 032 002 059 006
Treatment 0.08 —0.45 068 077 023 -025 0.69 033
Random effects
Species 0.04 <001 0.12 0.18 <0.01 073

n.a. denotes a term not included in a model. Significant effects are highlighted in bold.





OPS/images/fevo-07-00366/fevo-07-00366-t002.jpg
Common name

Blue tit
Black wheatear
European bee-eater
Great tit

Woodchat shrike

Scientific name

Cyanistes caerulous
Oenanthe leucura
Merops apiaster
Parus major

Lanius senator

Nests

NN® oo

Treatment n

Nestlings

44
28
39
52
26

Nests

® N~~~

Control n

Nestlings

52
25
28
51
38
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Common name Scientific name Condition Care behavior References
Focal  Partner  Offspring  Focal  Partner

Blue tit Cyanistes caeruleus - - ~ - ~ Slagsvold and Lifield, 1990

Coal tit Parus ater - Slagsvold and Lifield, 1990

Great it Parus major - ~ - Slagsvold and Liflld, 1990

Great it Parus major ~ ~ ~ - + Sanz et al., 2000

Great tit Parus major = e = Wegmann et al., 2015

Pied flycatcher Ficedula hypoleuca ~ ~ = ~ ~ Moreno et al., 1999

Tree swallow Tachycineta bicolor ~ ~ + ‘Whittingham et al., 1994

Tree swallow Tachycineta bicolor - - WinKler and Allen, 1995

Common tern Sterna hirundo = + Nisbet et al., 2004

Black-legged kittiwake  Rissa tridactyla - ~ ~ ~ - Leclaire et al., 2011

Leach’s storm-petrel Oceanodroma leucorhoa ~ - - Mauck and Grubb, 1996

Thin-billed prion Pachyptia belcheri - ~ Weimerskirch et al., 1995

Cory's shearwater Calonectris diomedea ~ = - Navarro and Gonzalez-Solis, 2007

Blue-footed boobie Sula nebouxi - - Velando, 2002

Blue-footed boobie Sula nebouxii ~ - - Velando and Alonso-Alvarez, 2003

Cape gannet Morus capensis . ~ - - + Bileveld and Mullers, 2009

Little auk Alle alle - - - Harding et al., 2009

Thick-biled murre Uria lomvia ~ - Jacobs et al., 2013

+, indicates a significant positive response; -, indicates a significant negative response; =, indicates no significant response, blanks indicate unmeasured variables.
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Variable or behavior

Reproductive success (young fledged)
Feeding at nest

Granary tending

Proportion of time on home territory

Overall

Positive; males ~ = females
Females > males
Males > females
Males > females

Relationship to acorn crop

Males

Strongly positive
None or negative
Positive

Strongly positive

Females

None

None or negative
Positive

Strongly negative
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Variable

®
Sex of helper

Age of helper

Group size

Acomn crop

®)

Sex of helper

Age of helper

Group size

Acorn crop.

Acorn crop x sex of helper

Mean effect size (& SE)

—0.400 + 0.043
0.779 £+ 0.029
—0.023 £ 0.008
0.252 % 0.053

—0.261 +0.126
0.788 £ 0.030
—0.022 + 0.008
0.390 £0.129
—0.111 £ 0.095

t-value

-9.38

26.99

-3.05
477

—2.07
26.16
—2.86

3.03
-147

p-value

<0.001
<0.001
0.002
<0.001

0.04
<0.001
0.004
0.002
0.24

Analysis done with binomial error term. N = 36 granary watches. Variables of primary

interest are boldface (see text)
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Variable

@
Sex of helper

Age of helper

Group size

Territory quality

Acorn crop

®

Sex of helper

Age of helper

Group size

Territory quality

Acorn crop

Acorn crop x sex of helper

Mean effect size (& SE)

—0.680 + 0.348
1.469 + 0.602
-0.381 £ 0.015
-2.528 + 0615
0.305 + 0.030

0.647 + 0.334
1.444 + 0548
—-0.252 + 0.018
—1.406 + 0.569
1.485 + 0.099
—0.962 + 0.077

t-value

-1.95
2.44
—25.94
—4.11
10.41

1.94
2.64
—-14.08
—2.47
14.94

-12.49

p-value

0.05
0.01
<0.001
<0.001
<0.001

0.05

0.008
<0.001

0.01
<0.001
<0.001

Analysis done with binomial error term. N= 481 days of automatic tracking using nanotags
and base stations. Variables of primary interest are boldface (see text).
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Term

Intercept
Carer number
Days since rain
Mean temperature
Mean wind speed
Carer no. x rain
Carer no. x temp
Carer no. x wind
Random intercept (SD)
Nest identity
OLRE

50%

0.97
-1.00
0.12
0.03
0.02
-0.52
0.30
-0.16

0.61
113

0.03
-0.36

0.44
1.06

97.5%

1.20
-0.49"
055
0.15
o1
0.19
0.66"
0.03

0.90
1.19

Table shows parameter estimates as posterior median and 95% CI from a GLMM of the
number of visitation events separated by > 1 min divided by the total number of vists.
A negative value reflects increased group-level synchronization. Carer number (or no.)
refers to the number of carers minus the breeding female in the group. Days since rein (or
rain) refers to the mean days since last meaningful rainfall on days of observation during
each nesting attempt, temperature (or temp) is the mean daytime temperatures on each
day, and wind speed (or wind) refers to the mean deytime wind speeds. The standard
deviation (SD) s shown for random intercepts: nest identity and OLRE. Significant effects
are determined when CI's fail to cross zero and are denoted *.
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Variable

Alternation Scores
Real pairs vs.
pseudo-pairs

Real pairs vs.
pseudo-pairs IVI
sequence component

Provisioning CTH
Real pairs vs.
pseudo-pairs

Statistical test

Linear mixed model with female ID and male ID s randorm effects, and
pair type as a fixed effect

Linear mixed model with (alternation score real pairs minus matching
mean alternation score of randomization replicates) s the response
variable, female ID and male ID as random effects, and pair type as a fixed
offect

Linear mixed model with female ID and male ID as random effects, and
pair type as a fixed efect

Test statistic
F.406 = 36.47
Fira60 = 4601
Firse5 = 9.69

p-value

<0.001

<0.001

0.003
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Pair type Mean

Real pairs® 0.252
Randomized real peirs®® ~0.001
Pseudo-pairs® 0,043
Randormized pseudo-pairs®®  —0,003

at- and p-values are from one sample t-tests vs. 0.

SE

0.069
0.003
0.033
0.001

t(z16)

3.643
-0.431
1.335
—2.566

P

0.002
0.672
0.201
0.021

®For randomized real pairs and randomized pseudo-pairs, the statistics are based on the
meanvalues of the 10,000 replicate randomizations for each randomizedreal pair (0 = 17)

or randomized pseudo-peir (n = 58).

©For pseudo-pairs and randomized pseudo-pairs, the mean and SE are the intercept and
its SE from a linear mixed modiel with female ID and male ID as random effects. The t-and
p-values are for the difference between the intercept and 0.
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Pair type Mean SE tein P

Real pairs® 0341 0.050 6877 <0.001
Randornized real pairs®® 0028 0,043 0658 0520
Real pairs IVl sequence 0313 0.054 5.809 <0.001
component ¢

F‘seudo-pansd 0.064 0.046 1.408 0.180
Randornized 0.002 0.041 0.060 0953
pseudo-pairs®4

Pseudo-pairs IVl 0.065 0.024 2705 0016

sequence component®

2t- and p-values are from one sample t-tests vs. 0.
bFor randomized real pairs and randomized pseudo-pairs, the statistics are based on the
mean values of the 10,000 replicate randomizations for each randomized real pair (n = 17)
or randomized pseudo-pair (n = 58).

©The VI sequence component was calculated for each real pair or pseudo-pair as the
alternation score minus the alternation score for the matching randomized real pair or
pseudo-pair and used as the response variable in these analyses.

9For pseudo-pairs and randomized pseudo-pairs, the mean and SE are the intercept and
its SE from a linear mixed model with female ID and male ID as random effects. The t- and
p-values are for the difference between the intercept and 0.
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Randomization analysis (partitions the overall alternation score)

Component

Frequency distribution of Sequence of IVls
Wis

Contributing behavioral and  Foraging behavior

ecological processes: Turn-taking (+) Turn-taking (+)
Environmental temporal Environmental
variation (-) temporal variation (+)

Pseudo-pair analysis (partitions the sequence of IVls component
of the alternation score)

Component
Nest-specific General

Contributing behavioral and  Turn-taking (+)

ecological processes: Nest-specific environmental General environmental
temporal variation (+) temporal variation (+)

+ and - designate a positive or negative effect, respectively, of the process or factor on
the alternation score (see text).
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Model AICcWeight
Nul -

Help (yes/no) * sex + 1
chick age

Parameter Estimate

Had help *sex + chick age

Had help 1.189
Females 54.166
Males -34.378
Had help*sex 25.168
Chick age —4.983

AlCc

1373.79
1326.72

AAICe

48.07
0.00

Standard error  Confidence interval

5.697
4.005
4.806
8.063
0.983

1.043, 2.490
54.082, 54.948
—34.440, —33.599
24968, 26.968
—4.993, —4.838

Analysis s based on 144 brood observations of 31 megpie parents caring for 33 broods
in 11 groups over two breeding seasons. “Interaction term in the analysis.
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Normal Irregular total No nest relief Multiple reliefs No fish relief No fish no relief Total

Match, early 144 (64%) 81(36%) 66 (29%) 14(6%) 1(0.4%) 0(0%) 225
Match, late 386 (652%) 350 (48%) 171 (23%) 26 (4%) 109 (15%) 44 (6%) 735
Match, total 530 (65%) 431 (45%) 237 (25%) 40 (4%) 110 (11%) 44 (5%) 961
Mismatch, early 208 (67%) 110 (33%) 97 (29%) 13 (4%) 0(0%) 0(0%) 338
Mismatch, late 236 (44%) 300 (66%) 116 (22%) 18 (3%) 129 (24%) 37 (1%) 538

Mismatch, total 466 (53%) 410 (47%) 213 (24%) 31(4%) 129 (15%) 37 (4%) 876
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Model AICcWeight AlCc AAICc

Null - 121.90 41.44
Group size + sex 1 80.46 0
Parameter Estimate  Standarderror  Confidence interval

Group Size + Sex

Females 34.089 17.196 34.084, 34.092
Males 16.267 6.857 16.268, 15.261
Juveniles -16.970 7.348 —16.974 —16.966
Group size —5.418 2248 —6.422, -5.414

Analysis is based on 152 observations of individuals with the potential to help (i.e., were
not currently breeding) in 11 groups over 2 breeding seasons.
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Model

Null
Sex + chick age
Chick age

Parameter

Chick age

Sex
Females
Males
Juveniles

Analysis is based on 108 observations of 19 helpers

breeding seasons.

AlCcWeight

0.24
0.76

Estimate

0.014

0.070
-0.060
—0.064

AlCc

-138.93
—-141.93
—144.18

Standard error

0.005

0.028
0.082
0.043

AAICc

525
226
o

Confidence interval

0.004, 0.025

0.002, 0.098
-0.122,0.017
—-0.142, 0.050

in 9 groups over two
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Model

Null

Foraging efficiency +
status

Foraging efficiency
Parameter

Foraging efficiency
Status

Parent

Helper

AlCcWeight AlCc AAICc
= 4827 4.05
0.39 45.10 0.88
0.61 44.22 [

Estimate  Standard error Confidence interval

1374 0513 0.332,2.373
0.394 0.083 0.222, 0.560
—-0.162 0.121 —0.404, 0.086

Analysis is based on 51 20-min focal observations of 17 parents and 7 helpers over two

breeding seasons.
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Variable

(&)

Sex of helper

Age of helper

Acorn crop

Acomn crop x sex of helper
®)

Sex of helper

Age of helper

Acorn crop

Acomn crop x sex of helper

Mean effect size (& SE)

—0.031 £ 0.125
0.041 £ 0.039
0.438 + 0.090

—0.014 % 0.062

—0.016 + 0.052
0.073 £ 0.016
0.100 £ 0.038
0.011 & 0.027

t-value

-0.25
1.06
4.88

-0.22

-0.30
454
262
0.40

p-value

0.80
029
<0.001
0.83

0.76
<0.001

0.009

0.69

Analysis (A) done with binomial error term. Both models included “group” as a random
variable. Variables of primary inferest are boldface (see text).
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Species

Blackcap, Sylvia atricapilla

Eastern bluebird, Sialia sialis
Eastern bluebird, Siala sialis
Cockatiel, Nymphicus hollandicus
Domestic goose, Anser domesticus®

Great tit, Parus major

Greylag goose, Anser anser
House sparrow, Passer domesticus
Lesser black-backed gul Larus fuscus®

Little Auk, Alle alle
Long-tailed finch, Poephila acuticauda
Magpie-lark, Grallina cyanoleuca

Rock sparrow, Petronia petronia
Steller's Jay, Cyanocitta steller
Zebra finch, Taeniopygia guttata

Measure of behavioral/physiological compatibility and outcome

Parents that shared parental care more evenly had faster growing nestlings
Synchronization of parental care reduces nest predation

Assortative mating for personality, more similar pairs have higher reproductive
success

Assortative mating for personality, more similar pairs have higher reproductive
success

Pairs that were more synchronous and behaviourally compatible had higher
reproductive success

Pairs with preferred partners had higher covariation in testosterone than
random pairs, and more likely to breed

Pairs with similar personality have higher reproductive success
Pairs with similar personality have higher reproductive success

Baseline levels of corticosterone were correlated between partners and became
more similar over time. Covariation between partners was positively related to
reproductive success

Pairs alternated their provisioning visits to the nest

Similarity to partner in personality related to increased investment by males after
brood manipulation®

Pairs with higher covariation in testosterone had higher reproductive success
Testosterone covariation between partners
Correlation between partners in prolactin and corticosterone concentrations.

Pairs with higher lovel of vocalization during nest change overs, and more even
share of incubation had higher reproductive success

Coordinated foraging trips
Pairs that are more behaviourally coordinated had higher reproductive success

Pairs that are better temporally coordinated in duets better able to defend
tenitory

Pairs that were poorly coordinated with respect to provisioning were more likely
to desert brood

Assortative mating with respect to personality, and similarity between partners
related to initiation date and reproductive success

Assortative mating with respect to personality
Compatible parents (personality) produce offspring in better condition®

Pairs that are more behaviourally coordinated had higher reproductive success
Behavioral coordination increased facultatively with experimental brood
enlargement”

References

Leniowski and Wegrzyn, 2018a
Leniowski and Wegrzyn, 2018b
Burtka and Grindstaff, 2015

Harris and Siefferman, 2014

Spoon et al., 2006

Hirschenhauser et al., 2010

Dingemanse et al., 2004
Both et al,, 2005
Ouyang et al., 2014

Johnstone et al., 2014
David et al., 2015

Hirschenhauser et al., 1999
Wei et al., 2010

Ouyang et al., 2011
Kavelaars et al., 2019

Wojczulanis-Jakubas et al., 2018,
van Rooij and Griffith, 2013
Hall and Magrath, 2007

Baldan and Griggio, 2019

Gabriel and Black, 2012

Schuett et al., 2011b.
Schuett et al., 2011a
Mariette and Griffith, 2012
Mariette and Griffith, 2015

*Experimental work. @ These were monogamous pairs but the species is typically socially polygynous.
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Species

Blue-footed booby, Sula nebouxii
Bearded reedling, Panurus biarmicus
Blue tit, Cyanistes caeruleus

Great tit, Parus major

Greylag goose, Anser anser

Oystercatcher, Haematopus ostralegus
Steller's Jay, Cyanocitta stelleri
Zebra finch, Taeniopygia guttata

Zebra finch, Taeniopygia guttata

Black brant goose, Branta bernicla
nigricans

Benefit of partner fidelity

Breed earlier, higher reproductive success™
Breed earler, higher reproductive success™

Higher testosterone covariation between
partners.

Breed earlier; higher reproductive success
Breed earlier, higher reproductive success
Faster breeding initiation time*

Faster breeding initiation time; increased egg

mass*

Cost of divorce/partner loss

Reduced survival®
Reduced survival®

Increased nestling stress

Reduced survival®

References

Sanchez-Macouzet et al., 2014
Griggio and Hoi, 2011

Culina et al., 2015a

Culina et al,, 2015a

Weit et al., 2010

van de Pol et al., 2006
Gabriel and Black, 2012

Adkins-Regan and
Tomaszycki, 2007

Crino et al., 2017

Nicolai et al., 2012

*Experimental; 4this study based on length of partnership before breeding, not pairs that had bred together before; “these studies addressed the cost of the loss of a partner, rather

than the cost of the new partner.
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Variable Mean effect size (& SE) t-value p-value

®
N breeder males 0.145 + 0,055 266 0008
N breeder females. 0661+ 0.108 644 <0001
N helper males 0.222 £ 0.051 431 <0.001
N helper females 0.155 % 0.068 230 002
Territory quality 0.203 + 0,095 213 008
Prior breeder experience 0.666 + 0.133 501 <0.001
Acorn crop 1.163 % 0.082 1421 <0.001
®

N breeder males 0.155 + 0,054 286 0004
N breeder females 0.667 + 0,102 655  <0.001
N helper males —0.360 £ 0.131 -276 0006
N helper females 0.407  0.181 225 002
Territory quality 0.182 + 0,094 193 005
Prior breeder experience 0645+ 0.132 490 <0001
Acorn crop 0969 + 0.102 953 <0.001
Acorn crop x N helper males 0.355 + 0.073 485 <0.001
Acorn crop x N helper females ~ -0.1480.0967 ~ —-152  0.13

N = 1,134 group-years. Variables of primary interest are boldface (see text).
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Variable Mean effect size (: SE)  t-value p-value

®
Sex of helper 0.389 +0.084 464 <0.001
Age of helper 0.358 + 0,079 455 <0.001
Group size ~0.149 £ 0,029 -620  <0.001
N nestlings 0203 & 0,037 798 <0001
Age of nestiings 0.069  0.003 2041 <0.001
Acorn crop —0.151 £ 0.088 -1.72 0.09
®)

Sex of helper 0.378 £ 0.254 1.49 0.14
Age of helper 0358 % 0.079 454 <0001
Group size ~0.149 £ 0,029 -520  <0.001
N nestlings 0203 + 0,037 798 <0001
Age of nestiings 0069  0.003 2041 <0.001
Acorn crop ~0.160 & 0.202 -079 043
Acorn crop x sex of helper 0.006 + 0.130 0.05 0.96

N = 1,134 group-years. Variables of primary interest are boldface (see text).
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Scenarios  Simulated Correlation between Effect of brood

alternation higher brood size and size on alternation
than random provisioning rate

) No No No
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Model Model i Model ii Model iii Model iv Model v

Dependent variable A APy Adey A (A Amax - A)
Predictors BS, Pr, Pim—| BS, Pr, Pim| BS, Pr, Pim—f Type’(BS, Pr, Pim—f)) Type'(BS, Pr, Pim—f))
Family Poisson Gaussian Gaussian Poisson Binomial

A, altemation; P, totel number of visits; Ada, difference in altemation between simulated (or observed) and randomized date; Amax, maximum amount of altemations that pairs could
reach given their provisioning rates; BS, brood size; Pyn._g, difference in number of visits between the partners; Type, type of data (simulated (or observed) vs. randomized).
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Alternation Synchrony

Modi Modii Modiii Modiv Modv Mod iv

() Intercept 100 100 100 o 0.83 052
Bs 291 53 55 0 031
Pyt 100 100 134 0 144 0
Pr 100 14.12 0 0.21

@ Intercept 100 100 100 o 1.45 062
Bs 100 100 57 0 031 0
Pyt 100 100 13.89 0 093 0
Pr 100 12.85 0 031

@ Intercept 100 100 100 100 100 100
BS 464 402 489 0 565 0
Pim—1| 100 100 100 100 1347 100
Pr 100 100 100 100 9762

(4) Intercept 100 100 100 100 100 100
BS 100 100 1233 062 1837 012
Pin— 100 100 100 100 2256 100
Pr 100 100 100 100 7719

(6) Intercept 100 100 100 100 100 100
BS 100 100 100 100 100 100
lef(\ 100 100 100 100 73.35 100
Pr 100 100 100 100 100

(6) Intercept 100 100 100 100 100 100
BS 100 100 100 100 100 100
Pyt 100 100 100 100 756 100
Pr 100 100 100 100 51.81

BS refers to brood size; Pr, total number of visits; Py, difference in number of visits
between the partners. For model iv and v, the coordination deviation from random was
modeled by inclucing both observed and randomized data and an interaction between
the type of data (simulated vs. simulated then randomized) and al the predictors. For
those models, the percentage of significant results for the fector Type is presented in the
intercept, and the interaction terms (e.g., Type:BS) which represent the contrast between
the estimates for randomized and observed, are presented in the main effects (e.g., BS).

Spurious effects are highlighted in bold. Expected percentages and accepted rates of
false positive that are above 5%, but not significantly different from 5%, are in plain text.
Models iv, used to analyse either altemation or synchrony, are the only models for which
1o spurious effect of brood size emerged in any of the scenarios. This was true even in
scenario 4 where total provisioning rate was correlated to brood size and altemation was
simulated to be higher than expected by chance but not due to brood size [underlined
percentages in this table, and Figure 5 (4)]
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