

[image: image1]
Environmental Effects on Parental Care Visitation Patterns in Blue Tits Cyanistes caeruleus









	
	ORIGINAL RESEARCH
published: 24 September 2019
doi: 10.3389/fevo.2019.00356





[image: image2]

Environmental Effects on Parental Care Visitation Patterns in Blue Tits Cyanistes caeruleus


Léa Lejeune1*, James L. Savage2,3, Aisha C. Bründl1,4, Alice Thiney1, Andrew F. Russell1,4 and Alexis S. Chaine1,5†


1UMR 5321 (Station d'Écologie théorique et expérimentale), Centre National de la Recherche Scientifique (CNRS), Université Paul Sabatier (UPS), Moulis, France

2Department of Zoology, University of Cambridge, Cambridge, United Kingdom

3School of Biological, Earth and Environmental Sciences, University College Cork, Cork, Ireland

4Centre for Ecology and Conservation, College of Life and Environmental Sciences, University of Exeter, Penryn, United Kingdom

5Toulouse School of Economics, Institute for Advanced Studies, Toulouse, France

Edited by:
Rita Covas, University of Porto, Portugal

Reviewed by:
Kat Bebbington, University of Groningen, Netherlands
 Amelie Fargevieille, Auburn University, United States

*Correspondence: Léa Lejeune, lea@ljn.name

†ORCID: Alexis S. Chaine orcid.org/0000-0003-3346-551X

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

Received: 18 June 2019
 Accepted: 09 September 2019
 Published: 24 September 2019

Citation: Lejeune L, Savage JL, Bründl AC, Thiney A, Russell AF and Chaine AS (2019) Environmental Effects on Parental Care Visitation Patterns in Blue Tits Cyanistes caeruleus. Front. Ecol. Evol. 7:356. doi: 10.3389/fevo.2019.00356



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.
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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.
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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.
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