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Temperature synchronizes temporal variation in laying dates across European holenesting passerines
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Identifying the environmental drivers of variation in fitness-related traits is a central objective in ecology and evolutionary biology. Temporal fluctuations of these environmental drivers are often synchronized at large spatial scales. Yet, whether synchronous environmental conditions can generate spatial synchrony in fitness-related trait values (i.e., correlated temporal trait fluctuations across populations) is poorly understood. Using data from longterm monitored populations of blue tits (Cyanistes caeruleus, n = 31), great tits (Parus major, n = 35) and pied flycatchers (Ficedula hypoleuca, n = 20) across Europe, we assessed the influence of two local climatic variables (mean temperature and mean precipitation in February-May) on spatial synchrony in three fitness-related traits: laying date, clutch size, and fledgling number. We found a high degree of spatial synchrony in laying date, but a lower degree in clutch size and fledgling number for each species. Temperature strongly influenced spatial synchrony in laying date for resident blue tits and great tits, but not for migratory pied flycatchers. This is a relevant finding in the context of environmental impacts on populations because spatial synchrony in fitness-related trait values among populations may influence fluctuations in vital rates or population abundances. If environmentally induced spatial synchrony in fitness-related traits increases the spatial synchrony in vital rates or population abundances, this will ultimately increase the risk of extinction for populations and species. Assessing how environmental conditions influence spatiotemporal variation in trait values improves our mechanistic understanding of environmental impacts on populations.

Introduction

Understanding spatial and temporal variation in traits is a central objective in ecology and evolutionary biology [START_REF] Moreau | Clutch size: a comparative study, with special reference to African birds[END_REF][START_REF] Lack | The significance of clutch-size[END_REF][START_REF] Berven | Interpreting geographic variation in life-history traits[END_REF][START_REF] Jetz | The worldwide variation in avian clutch size across species and space[END_REF][START_REF] Ruuskanen | Geographical variation in egg mass and egg content in a passerine bird[END_REF]. Particular attention has been directed at understanding variation in traits that directly link to fitness. Fitness-related traits (sometimes more generally referred to as functional traits) can be defined as measurable traits that impact individual fitness (e.g., body mass, timing of breeding, offspring number; [START_REF] Violle | Let the concept of trait be functional![END_REF]. Key to improving our understanding of spatial and temporal variation in such traits is identifying the environmental variables that drive them and examining how variation in these environmental drivers relates to variation in fitness-related traits.

Among the best studied fitness-related traits are timing of breeding, clutch size, and fledgling number in birds. Arguably the most striking spatial pattern in the values of these traits are latitudinal gradients [START_REF] Moreau | Clutch size: a comparative study, with special reference to African birds[END_REF][START_REF] Lack | The significance of clutch-size[END_REF]. With increasing latitudes, breeding tends to start later and clutch size and fledgling number tend to increase [START_REF] Sanz | Geographic variation in breeding parameters of the Pied Flycatcher Ficedula hypoleuca[END_REF][START_REF] Bailey | Bird populations most exposed to climate change are less sensitive to climatic variation[END_REF]. These traits also vary substantially across years. Annual variation in timing of breeding, clutch size, and fledgling number has been linked to various environmental variables, including timing and availability of resources [START_REF] Visser | Shifts in caterpillar biomass phenology due to climate change and its impact on the breeding biology of an insectivorous bird[END_REF], breeding density [START_REF] Dunn | Effects of climate change on timing of breeding and reproductive success in birds[END_REF], temperature [START_REF] Sanz | Climate change and fitness components of a migratory bird breeding in the Mediterranean region[END_REF], precipitation (Öberg et al. 2015) and large-scale weather indices like the North Atlantic Oscillation index (NAO, Møller 2002), as well as the interaction between environmental variables [START_REF] Møller | Interaction of climate change with effects of conspecific and heterospecific density on reproduction[END_REF].

Further, within seasons, clutch size and fledgling number may be affected by the timing of breeding; they generally decrease with later laying [START_REF] Perrins | The timing of birds' breeding seasons[END_REF], and this seasonal decline is stronger at higher latitudes [START_REF] Winkler | Latitudinal variation in clutch size-lay date regressions in Tachycineta swallows: effects of food supply or demography?[END_REF]. However, the link between laying date and clutch size or fledgling number across years is unclear. Depending on the trait under study, the influence of environmental variables may differ between species, habitats, or geographic locations. For example, timing of breeding in birds and other taxa across the globe has advanced in response to increasing temperatures [START_REF] Dunn | Effects of climate change on timing of breeding and reproductive success in birds[END_REF] but to varying degrees among species and geographic areas [START_REF] Visser | Variable responses to large-scale climate change in European Parus populations[END_REF][START_REF] Bailey | Bird populations most exposed to climate change are less sensitive to climatic variation[END_REF]. The responses of clutch size and fledgling number to increasing temperatures, however, are not so straightforward. Clutch size may increase with increasing temperatures [START_REF] Both | The effect of climate change on the correlation between avian life-history traits[END_REF], decrease [START_REF] Laaksonen | Climate change, migratory connectivity and changes in laying date and clutch size of the pied flycatcher[END_REF] or display no temperature-related fluctuations [START_REF] Husby | Contrasting patterns of phenotypic plasticity in reproductive traits in two great tit (Parus major) populations[END_REF]. Further, in some populations, laying date did not respond to increasing temperatures, whilst clutch size and fledgling number decreased [START_REF] Ahola | Great tits lay increasingly smaller clutches than selected for: a study of climate-and density-related changes in reproductive traits[END_REF].

Temporal fluctuations of environmental conditions that affect fitness-related traits are often correlated, or synchronized, over large distances [START_REF] Liebhold | Spatial synchrony in population dynamics[END_REF]). This environmental synchrony may, in turn, induce correlated temporal fluctuations in population abundance among spatially distinct populations, a phenomenon known as spatial population synchrony [START_REF] Liebhold | Spatial synchrony in population dynamics[END_REF][START_REF] Hansen | The Moran effect revisited: spatial population synchrony under global warming[END_REF]. Spatial population synchrony often spans large spatial scales, with a general pattern of high synchrony among nearby populations and lower synchrony among more distant populations [START_REF] Liebhold | Spatial synchrony in population dynamics[END_REF]). [START_REF] Elton | Periodic fluctuations in the numbers of animals: their causes and effects[END_REF] and [START_REF] Moran | The statistical analysis of the Canadian lynx cycle. II. Synchronization and metereology[END_REF] were the first to attribute spatial synchrony in population fluctuations to spatial correlation in environmental conditions. Since then, studies on a wide range of taxa, including birds, have shown that spatial synchrony in environmental conditions contributes to spatial synchrony in population abundance [START_REF] Paradis | Dispersal and spatial scale affect synchrony in spatial population dynamics[END_REF][START_REF] Saether | The extended Moran effect and large-scale synchronous fluctuations in the size of great tit and blue tit populations[END_REF][START_REF] Koenig | Temporally increasing spatial synchrony of North American temperature and bird populations[END_REF][START_REF] Hansen | The Moran effect revisited: spatial population synchrony under global warming[END_REF]. Spatial synchrony in environmental conditions can also influence spatial synchrony in vital rates, like survival [START_REF] Olmos | Spatial synchrony in the response of a long range migratory species (Salmo salar) to climate change in the North Atlantic Ocean[END_REF], and fitnessrelated traits, like body mass [START_REF] Herfindal | When does weather synchronize life-history traits? Spatiotemporal patterns in juvenile body mass of two ungulates[END_REF]). Yet, despite numerous studies on geographical and temporal patterns of timing of breeding, clutch size, and fledgling number, as well as climatic effects on these traits [START_REF] Both | Large-scale geographical variation confirms that climate change causes birds to lay earlier[END_REF][START_REF] Skagen | Weather effects on avian breeding performance and implications of climate change[END_REF][START_REF] Samplonius | Phenological sensitivity to climate change is higher in resident than in migrant bird populations among European cavity breeders[END_REF], little is known about large-scale synchrony in their trait values (but see [START_REF] Olin | Spatial synchrony of breeding success in the black-legged kittiwake Rissa tridactyla reflects the spatial dynamics of its sandeel prey[END_REF]. Likewise, there is a lack of understanding of how spatial synchrony in traits is influenced by environmental conditions or scales up to spatial synchrony in population abundances. Laying date, clutch size, and fledgling number are the focus of some of the most extensive long-term individual-based studies, with multiple decades of data collected over multiple continents [START_REF] Culina | Connecting the data landscape of long-term ecological studies: the SPI -Birds data hub[END_REF], making them ideal for studying spatial synchrony.

Here, we use a unique collection of data from 86 long-term (i.e., at least 9 years) monitored populations of blue tits (Cyanistes caeruleus), great tits (Parus major) and pied flycatchers (Ficedula hypoleuca) at 44 different study sites across Europe to study spatial synchrony in trait values across populations. We focus on three fitness-related traits (i.e., laying date, clutch size, and fledgling number) and quantify how spatial correlation in the temporal variation of trait values changes with distance between populations. We then examine the extent to which these spatial synchrony patterns can be explained by two local climatic variables: temperature and precipitation during spring. We expect that traits tightly linked to the environment, such as laying date, may show high correlations between trait values over large geographic areas.

Methods

Study sites and data collection

Blue tits, great tits and pied flycatchers are small passerines that breed in natural cavities and artificial nest boxes across Europe. Blue tits and great tits are mostly year-round residents or partial migrants [START_REF] Smallegange | Tits on the move: exploring the impact of environmental change on blue tit and great tit migration distance[END_REF], whilst pied flycatchers are obligate migrants that travel to West Africa in fall and return in spring. We collated data from 86 populations (blue tit: n = 31, great tit: n = 35, pied flycatcher: n = 20) that had been monitored for at least 9 [START_REF] Culina | Connecting the data landscape of long-term ecological studies: the SPI -Birds data hub[END_REF]. The general procedure of data collection involved regular visits to all nest boxes throughout the breeding season. Brood-specific information on laying date (i.e., the day the first egg was laid, 1 = April 1 st ; note that smaller values are earlier in the year), clutch size (i.e., number of eggs) and fledgling number (i.e., number of chicks 13-16 days after hatching) were collected. When nests were not visited on the day the first egg was laid, laying date was calculated assuming that one egg was laid per day. For all analyses, we only included first clutches that were not subjected to any experiments that could have affected the viability of parents or chicks (e.g., clutch size manipulation), and for each species and site, we only retained years with 2 broods or more.

For analyses on fledgling number, we only included broods with at least one fledgling. This way, fledgling number is essentially influenced by parental effort because complete brood losses due to predation or other external causes are excluded. Laying dates were not available for great tits in Dendles Wood, and fledgling numbers were not available for blue tits in Rome and Upeglynis, and great tits in Gotland and Upeglynis. Overall, the study period spanned from 1955 to 2019, collectively including a total of 2670 study years. We used 126,667 brood records for analyses of laying date, 123,763 for clutch size, and 97,481 for fledgling number. For an overview of sample sizes per population, see [START_REF] Vriend | Data and code for analysis of spatiotemporal variation in traits and environmental variables in European hole-nesting passerines[END_REF]. Two local climatic variables were used in this study. Mean temperature and precipitation have been widely associated with variation in the traits studied here (e.g., [START_REF] Bowers | Spring temperatures influence selection on breeding date and the potential for phenological mismatch in a migratory bird[END_REF][START_REF] Bailey | Bird populations most exposed to climate change are less sensitive to climatic variation[END_REF], and identified as drivers of spatial synchrony in other animal groups (e.g., [START_REF] Herfindal | When does weather synchronize life-history traits? Spatiotemporal patterns in juvenile body mass of two ungulates[END_REF]. Several studies have suggested that temperature extremes rather than averages drive climate change responses [START_REF] Bailey | Tackling extremes: challenges for ecological and evolutionary research on extreme climatic events[END_REF]. However, as maximum and mean temperatures correlated strongly across our study populations (Appendix S1: Figure S1), we used mean temperature in further analyses. We extracted daily mean temperatures (ºC) and daily precipitation (mm) from the corresponding 0.1º x 0.1º grid cell in the E-OBS gridded dataset version 20.0e [START_REF] Cornes | An ensemble version of the E-OBS temperature and precipitation data sets[END_REF]. The E-OBS dataset did not include data for 3 of 44 (7%) study sites. For Askainen and Cambridgeshire, we used data from the nearest neighboring grid cells in the E-OBS dataset, which were, respectively, 6 km and 2 km from the study sites. For Vlieland, an island population in the Netherlands, no neighboring grid cells were available. Temperature data were used from grid cells corresponding to the neighboring island of Texel (18 km from the study site), which strongly correlated (Pearson's r = 0.999) with data from a Royal Dutch Meteorological Institute (KNMI) weather station on Vlieland (available for 1996-2017). Precipitation data were extracted from another KNMI weather station on Vlieland (Oost-Vlieland, 4 km away).

Climatic variables

For both climatic variables, we calculated annual values as the mean in February-May (i.e., the period before and during breeding), because this period is the most crucial to the species and traits studied here (e.g., [START_REF] Both | Large-scale geographical variation confirms that climate change causes birds to lay earlier[END_REF][START_REF] Visser | Shifts in caterpillar biomass phenology due to climate change and its impact on the breeding biology of an insectivorous bird[END_REF]. This is further confirmed by other studies using climate window analyses [START_REF] Samplonius | Phenological sensitivity to climate change is higher in resident than in migrant bird populations among European cavity breeders[END_REF][START_REF] Bailey | Bird populations most exposed to climate change are less sensitive to climatic variation[END_REF], a statistical approach that identifies and quantifies weather signals and their critical time window on trait values (van de Pol and Bailey 2019).

In addition to the two local climatic variables, we used the North Atlantic Oscillation (NAO) index as a climatic variable on a larger, regional scale. We extracted daily data on the (www.cpc.ncep.noaa.gov). Analyses involving the NAO-index are available in Appendix S2.

Effects of climatic variables on temporal variation in fitness-related trait values

For each year in each population, we calculated median laying date, mean clutch size, and mean fledgling number. As annual distributions of laying dates are often right-skewed, the median is a more appropriate measure of the central tendency than the arithmetic mean for this trait. Hereafter, descriptors (mean and median) of population values for the three traits are referred to as average trait values. We first explored time trends in these average values for each trait separately using linear mixed-effects models of the form:

𝑌𝑌 𝑖𝑖𝑖𝑖𝑖𝑖 = 𝛽𝛽 int,𝑖𝑖 + 𝑏𝑏 int,𝑖𝑖𝑖𝑖 + �𝛽𝛽 year,𝑖𝑖 + 𝑏𝑏 year,𝑖𝑖𝑖𝑖 �𝑋𝑋 𝑖𝑖𝑖𝑖𝑖𝑖 + 𝜀𝜀 𝑖𝑖𝑖𝑖𝑖𝑖 (1)
where 𝑌𝑌 𝑖𝑖𝑖𝑖𝑖𝑖 are the average trait values per year 𝑖𝑖, species 𝑗𝑗, and location 𝑘𝑘, 𝛽𝛽 int,𝑖𝑖 is a speciesspecific intercept, 𝑏𝑏 int,𝑖𝑖𝑖𝑖 are random intercepts for each species 𝑗𝑗 at location 𝑘𝑘 (i.e., population 𝑗𝑗𝑘𝑘), which were assumed to have a normal prior distribution with mean 0 and standard deviation 𝜎𝜎 𝑏𝑏 int , 𝛽𝛽 year,𝑖𝑖 is a species-specific slope for the linear time trend, 𝑏𝑏 year,𝑖𝑖𝑖𝑖 are random slopes for the linear time trends for each population 𝑗𝑗𝑘𝑘, which were assumed to have a normal prior distribution with mean 0 and standard deviation 𝜎𝜎 𝑏𝑏 year , 𝑋𝑋 𝑖𝑖𝑖𝑖𝑖𝑖 are time indicators per population 𝑗𝑗𝑘𝑘, and 𝜀𝜀 𝑖𝑖𝑖𝑖𝑖𝑖 is a residual error, which were assumed to have a normal prior distribution with mean 0 and standard deviation 𝜎𝜎 𝜀𝜀 .

In a second set of models, we explored the effects of local climatic variables (mean temperature and mean precipitation in February-May) on the average trait values. Climatic variables were normalized (i.e., subtracting the mean and dividing by the standard deviation)

to compare their relative effects on the average trait values. For each combination of trait and climatic variable, we ran a linear mixed-effects model of the form: where 𝛽𝛽 clim,𝑖𝑖 is a species-specific slope for the climatic variable, 𝑏𝑏 clim,𝑖𝑖𝑖𝑖 are random slopes for the climatic variables for each population 𝑗𝑗𝑘𝑘, which were assumed to have a normal prior distribution with mean 0 and standard deviation 𝜎𝜎 𝑏𝑏 clim , 𝑍𝑍 𝑖𝑖𝑖𝑖𝑖𝑖 are the normalized climatic variables per population 𝑗𝑗𝑘𝑘, and the other parameters and variables are the same as in eq. 1.

Linear mixed-effects models were run using brms version 2.15.0 [START_REF] Bürkner | brms: An R package for Bayesian multilevel models using Stan[END_REF]) in R version 4.0.5 (R Core Team 2021). We used default priors and ran 4 Markov chains for 2,000

iterations with a burn-in of 1,000, resulting in 4,000 posterior samples. Chain convergence was assessed using the convergence diagnostic 𝑅𝑅 � and the effective sample size [START_REF] Vehtari | Ranknormalization, folding, and localization: an improved R ̂ for assessing convergence of MCMC (with discussion)[END_REF].

Effects of climatic variables on spatial synchrony in fitness-related trait values

For the analysis of spatial synchrony, annual average trait values were linearly detrended (i.e., retaining residuals from a linear regression of average trait value against year) and normalized. By detrending and normalizing the average trait values, we explored spatial synchrony in the temporal fluctuations of the average trait values relative to long-term population means rather than spatial synchrony in absolute population differences and shared common trends. Following [START_REF] Engen | Estimating the pattern of synchrony in fluctuating populations[END_REF], we assumed a spatial autocorrelation function for each species-trait combination of the form:

𝜌𝜌(𝑑𝑑) = 𝜌𝜌 ∞ + (𝜌𝜌 0 -𝜌𝜌 ∞ )𝑒𝑒 -𝑑𝑑 2 2𝑙𝑙 2 ⁄ ( 3 
)
where 𝜌𝜌 0 and 𝜌𝜌 ∞ are the correlation of average trait values as distance approaches zero and infinity, respectively. 𝑒𝑒 -𝑑𝑑 2 2𝑙𝑙 2 ⁄ is a Gaussian positive definite autocorrelation function, where 𝑑𝑑 is the distance between populations (in km), and the standard deviation 𝑙𝑙 (in km) is a standardized measure of the scale of spatial autocorrelation [START_REF] Lande | Spatial scale of population synchrony: environmental correlation versus dispersal and density regulation[END_REF], Engen et al. 2005). The spatial scale 𝑙𝑙 can be considered the characteristic distance at which the temporal fluctuations of an ecological property (here trait values) remain correlated, or, in other words, the size of the region over which temporal fluctuations are synchronized [START_REF] Jarillo | Spatial scales of population synchrony of two competing species: effects of harvesting and strength of competition[END_REF].

There are various approaches to quantify spatial synchrony, which can be categorized into parametric models, like the one we used here, and nonparametric models (e.g., Koenig

and Liebhold 2016). Contrary to nonparametric approaches, our model (eq. 3) assumed that the spatial autocorrelation structure was Gaussian. As a result, the model parameters (𝜌𝜌 0 , 𝜌𝜌 ∞ , 𝑙𝑙) are assumed to be positive, although the correlation between two sites might be negative, especially at large distances. The advantage of our parametric approach is that the model parameters have a biological interpretation that allows the user to formally compare spatial synchrony across traits or species and assess the effects of potential drivers of spatial synchrony.

The observations of the detrended and normalized average trait value 𝑌𝑌 � of all locations in each year were assumed to follow a multivariate normal distribution, 𝑌𝑌 � 𝑡𝑡 ~MVN(0, Σ 𝑡𝑡 ). The off-diagonal elements of the variance-covariance matrix Σ were defined by 𝜌𝜌 0 , 𝜌𝜌 ∞ and 𝑙𝑙 (see eq. 3) given distance 𝑑𝑑, and the diagonal elements were set to 1. As data from different locations were available over different but partly overlapping periods, the set of locations varied among years. Generally, the more a pair of time series overlapped, the larger the contribution to the likelihood. The total log-likelihood was the sum of annual loglikelihoods and optimized numerically to provide estimates for 𝜌𝜌 0 , 𝜌𝜌 ∞ and 𝑙𝑙. Distributions of these parameters were obtained by a parametric bootstrapping procedure involving data simulation from the multivariate normal distribution as defined above and based on the estimated parameters and the annual sets of locations included in the observed data (Engen et al. 2005). This procedure was undertaken 2,000 times resulting in 2,000 bootstrap replicates. The residuals were normalized and used in the spatial autocorrelation model (eq. 3; 3 species, 3 traits, 2 climatic variables, 18 models in total) to calculate the spatial synchrony in trait values after accounting for the effect of climatic variables.

Populations at the southern edges of the species' distribution ranges generally experience warmer temperatures and are more likely to face extreme temperatures. Despite that, the most southern populations of all three study species did not disproportionally influence the findings of this study since results were similar when considering a subset of populations located at higher latitudes (> 45° N; see Appendix S4). We observed earlier laying with increasing temperatures for all three species, but the effect was stronger for blue tits and great tits compared to pied flycatchers (Table 1). The effects of mean temperature showed large variation among populations. We observed weak effects of mean temperature on clutch size; clutch size increased with mean temperatures for great tits and pied flycatchers but not for blue tits. In addition, we observed no overall effect of mean temperature on fledgling numbers for any of the species, but there was large variation among populations (Table 1).

Results

Temporal variation in fitness-related trait values

Effects of climatic variables on fitness-related trait values

The effects of mean precipitation were towards later laying with increasing precipitation for blue tits and great tits, but we found no evidence for such an effect for pied flycatchers. In addition, we found no evidence for an effect of mean precipitation on clutch sizes and fledgling numbers in any of the species (Table 1). In general, for each trait, the effects of mean temperature were stronger and more variable than the effects of mean precipitation. Temporal variation in climatic variables is shown in Appendix S1: Figure S6.

Spatial synchrony in fitness-related trait values

For each species-trait combination, spatial synchrony decreased with increasing distance between populations (Figure 3). Estimates of the correlation at zero distance (𝜌𝜌 � 0 ) were high for laying date (median 𝜌𝜌 � 0 range: 0.624-0.800), and lower for clutch size and fledgling number in all species (median 𝜌𝜌 � 0 range: 0.314-0.477; Table 2, Appendix S1: Figure S7a-c).

Estimates of the correlation at infinity (𝜌𝜌 � ∞ ) approached zero for most species-trait combinations (Table 2, Appendix S1: Figure S7d-f) except for laying date in blue tits and fledgling number in blue tits and great tits.

Estimates of the scale of spatial autocorrelation (𝑙𝑙 ̂ in km, i.e., the characteristic distance at which the temporal fluctuations of trait values remain correlated) were high for laying date and clutch size in great tits and pied flycatchers (median 𝑙𝑙 ̂ range: 565-841 km), S7g-i). The scale of spatial autocorrelation for fledgling number was substantially lower than for the other traits in blue tits and great tits (median 𝑙𝑙 ̂ range: 119-141 km), but not in pied flycatchers.

Effect of climatic variables on spatial synchrony

Accounting for variation in mean temperature substantially decreased the spatial synchrony in laying date at both short and longer distances in blue tits and great tits, whilst spatial synchrony remained mostly unchanged for pied flycatchers (Figure 4a-c, Appendix S1:

Figure S8). In contrast, we found no contribution of mean temperature to the spatial synchrony in clutch size (Figures 4d-e, S8) or fledgling number (Figure 4g-i, Appendix S1:

Figure S8), except for a small contribution of mean temperature to clutch size in pied flycatchers (Figure 4f, Appendix S1: Figure S8). We found no evidence for synchronizing effects of mean precipitation for any species-trait combination (Figure 4, Appendix S1:

Figure S9).

Discussion

Using 86 long-term monitored populations of three common European hole-nesting passerines from 44 different study sites, we found a high degree of spatial synchrony in laying date (Figure 3a-c), and a lower degree in clutch size and fledgling number (Figure 3di), a pattern that was consistent across species. We also found a strong effect of mean temperature on temporal variation in trait values within populations (Table 1) and on spatial 

Effects of temperature on laying dates and their spatial synchrony

Seasonal timing of breeding has strong fitness consequences for all three species studied here [START_REF] Perrins | The timing of birds' breeding seasons[END_REF]. Reproductive success often decreases during the breeding season [START_REF] Perrins | Laying dates and clutch size in the great tit[END_REF], but breeding too early can also be costly [START_REF] Bowers | Spring temperatures influence selection on breeding date and the potential for phenological mismatch in a migratory bird[END_REF]). In temperate regions, strong seasonality in the environment leads to a short optimal breeding period in terms of energy and nutrient availability [START_REF] Perrins | The timing of birds' breeding seasons[END_REF], that varies in timing and length among years [START_REF] Marrot | Current spring warming as a driver of selection on reproductive timing in a wild passerine[END_REF]. In response to warming springs, many bird populations have advanced their timing of breeding [START_REF] Both | Large-scale geographical variation confirms that climate change causes birds to lay earlier[END_REF][START_REF] Hällfors | Shifts in timing and duration of breeding for 73 boreal bird species over four decades[END_REF]. Other populations show no such trend [START_REF] Vatka | Does the temporal mismatch hypothesis match in boreal populations?[END_REF][START_REF] Keogan | Global phenological insensitivity to shifting ocean temperatures among seabirds[END_REF], sometimes resulting in a phenological mismatch between food abundance and nestlings' nutritional needs [START_REF] Visser | Warmer springs lead to mistimed reproduction in great tits (Parus major)[END_REF]. Even if birds advance their breeding time, a phenological mismatch can still occur when the phenology of food supplies advances at a different rate than the birds' breeding phenology [START_REF] Mayor | Increasing phenological asynchrony between spring green-up and arrival of migratory birds[END_REF]. Ultimately, we can expect that between-year variation in timing of breeding is explained by between-year variation in the environment [START_REF] Visser | Phenology, seasonal timing and circannual rhythms: towards a unified framework[END_REF]). Here, we found evidence for strong effects of mean local temperature in February-May on laying dates and spatial synchrony in laying date, particularly in blue tit and great tit populations and at large distances. A previous study also demonstrated a synchronizing effect of temperature on population abundance of blue tits and great tits in Central Europe [START_REF] Saether | The extended Moran effect and large-scale synchronous fluctuations in the size of great tit and blue tit populations[END_REF], and our results confirm that large-scale variation in laying date can be attributed to spatial covariation in temperature [START_REF] Visser | Variable responses to large-scale climate change in European Parus populations[END_REF]. In contrast to the synchronizing effects of mean local temperature on blue tit and great tit laying dates, we found that mean temperature contributed less to spatial synchrony in pied flycatcher laying dates. The time window used for our analysis (i.e., February-May) overlaps largely with the timing of pied flycatcher spring migration. Long-distance migrants, like pied flycatchers, experience a greater range of challenges across their annual cycle [START_REF] Rushing | Spatial and temporal drivers of avian population dynamics across the annual cycle[END_REF]. Their timing of breeding is constrained by the timing of spring arrival, which in turn, is affected by the conditions they experience before and during migration [START_REF] Saino | Climate warming, ecological mismatch at arrival and population decline in migratory birds[END_REF], including temperature and precipitation throughout their migration trajectory [START_REF] Ahola | Variation in climate warming along the migration route uncouples arrival and breeding dates[END_REF][START_REF] Saino | Temperature and rainfall anomalies in Africa predict timing of spring migration in trans-Saharan migratory birds[END_REF]). Because there is large variation in how conditions across the annual cycle may have changed [START_REF] Ahola | Variation in climate warming along the migration route uncouples arrival and breeding dates[END_REF]), populations of migratory birds differ substantially in their response to abiotic factors at the breeding grounds [START_REF] Both | Climate change and timing of avian breeding and migration throughout Europe[END_REF]. Additionally, the timing of breeding of migrants may be influenced by competition with earlier breeding resident species [START_REF] Samplonius | Phenological sensitivity to climate change is higher in resident than in migrant bird populations among European cavity breeders[END_REF], leading migrants to adjust their breeding time based on the residents' breeding time [START_REF] Samplonius | Competitor phenology as a social cue in breeding site selection[END_REF].

Effects of precipitation on trait values and their spatial synchrony

We found little evidence for the effect of mean precipitation on spatial synchrony in any species-trait combination. Spatial synchrony in precipitation is generally lower than in temperature [START_REF] Koenig | Global patterns of environmental synchrony and the Moran effect[END_REF]Liebhold 2016, Herfindal et al. 2020), which could explain why we found no effect of precipitation on spatial synchrony in this study. Yet, even when precipitation shows spatial synchrony this may lead to similar spatial synchrony in species' trait values. Variation in precipitation patterns can affect breeding time and reproductive success of small passerines [START_REF] Bowers | Spring temperatures influence selection on breeding date and the potential for phenological mismatch in a migratory bird[END_REF]). These effects can occur indirectly through reduced food availability or directly through increased energy expenditure [START_REF] Radford | Activity patterns of parent great tits parus major feeding their young during rainfall[END_REF]), both of which can have negative consequences for nestling growth and survival [START_REF] Radford | Activity patterns of parent great tits parus major feeding their young during rainfall[END_REF](Radford et al. , Öberg et al. 2015)). However, precipitation has also been positively associated with nestling mass and growth in other studies [START_REF] Eeva | Weather effects on breeding parameters of two insectivorous passerines in a polluted area[END_REF]). The contradictory results in the literature may indicate that the effects of precipitation can vary substantially between individuals and populations. As such, geographically close populations may respond differently to changes in climatic variables [START_REF] Saether | Climate variation and regional gradients in population dynamics of two hole-nesting passerines[END_REF][START_REF] Bonamour | Phenotypic plasticity in response to climate change: the importance of cue variation[END_REF].

Effects of other drivers on trait values and their spatial synchrony

We found evidence for large annual variation in clutch size and fledgling number for the resident blue tits and great tits, with smaller clutches and fewer fledglings over time. This pattern was not observed for the migratory pied flycatchers for which clutch size and fledgling number remained constant over time and buffered against environmental variation.

For all three species, unlike laying date, we found no evidence for effects of mean 1993). Spatial structuring of habitats of different quality may cause spatial covariation in clutch size and breeding performance [START_REF] Lambrechts | Habitat quality as a predictor of spatial variation in blue tit reproductive performance: a multiplot analysis in a heterogeneous landscape[END_REF].

Second, habitat heterogeneity may influence spatial synchrony through densitydependent effects on breeding parameters like clutch size [START_REF] Dhondt | Density-dependent clutch size caused by habitat heterogeneity[END_REF]). As locations with different density-dependent dynamics are expected to show reduced spatial synchrony [START_REF] Walter | The geography of spatial synchrony[END_REF], the spatial scale of density dependence determines the spatial scale of trait synchrony. In general, the spatial scale of synchrony in population abundances [START_REF] Lande | Spatial scale of population synchrony: environmental correlation versus dispersal and density regulation[END_REF][START_REF] Kendall | Dispersal, environmental correlation, and spatial synchrony in population dynamics[END_REF] and the spatial covariation in phenotypic selection [START_REF] Engen | Phenotypic evolution by distance in fluctuating environments: the contribution of dispersal, selection and random genetic drift[END_REF] decrease with increasing strength of density dependence. Further, population density may also affect the relationship between environmental variables, such as spring temperature, and traits, such as laying date and clutch size [START_REF] Møller | Interaction of climate change with effects of conspecific and heterospecific density on reproduction[END_REF].

Third, in the case of tits, individuals are facultative multiple breeders in some parts of the species range [START_REF] Verhulst | Multiple breeding in the great tit. A trade-off between successive reproductive attempts?[END_REF]. Pairs producing multiple clutches have to optimize their fitness over multiple clutches, which affects the breeding time, clutch size and fledgling success of the first brood [START_REF] Verhulst | Multiple breeding in the great tit. A trade-off between successive reproductive attempts?[END_REF]. The incidence of double brooding in tits varies geographically, annually and between habitat types [START_REF] Husby | Decline in the frequency and benefits of multiple brooding in great tits as a consequence of a changing environment[END_REF]). If populations in similar habitats show similar temporal dynamics of the incidence of double brooding, habitat heterogeneity and local density dependence may then synchronize the dynamics of clutch size and fledgling number of first clutches.

Fourth, for tits in temperate regions, beech mast forms a major food source in winter [START_REF] Perrins | Population fluctuations and clutch-size in the great tit, Parus major L[END_REF][START_REF] Perdeck | Great tit Parus major survival and the beech-crop cycle[END_REF]. In great tits, beech mast variation has been linked to increased survival [START_REF] Perdeck | Great tit Parus major survival and the beech-crop cycle[END_REF] and recruitment [START_REF] Grøtan | Spatial and temporal variation in the relative contribution of density dependence, climate variation and migration to flucturation in the size of great tit populations[END_REF]). Temporal dynamics of beech mast tend to be consistent over large distances [START_REF] Perrins | Population fluctuations and clutch-size in the great tit, Parus major L[END_REF], inducing spatial synchrony in abundance [START_REF] Saether | The extended Moran effect and large-scale synchronous fluctuations in the size of great tit and blue tit populations[END_REF]), which may indirectly generate spatial synchrony in tit fitness-related traits. If beech mast plays a role in the spatial synchrony in traits, it is likely restricted in time and space because annual variation in beech seed production has decreased recently [START_REF] Bogdziewicz | Climate warming disrupts mast seeding and its fitness benefits in European beech[END_REF]) and great tits in evergreen forests and blue tits, in general, rely on other food sources (e.g., supplemental feeding Orell 1989).

Besides synchronous environmental fluctuations, movement between spatially distinct populations has also been identified as a driver of spatial population synchrony [START_REF] Lande | Spatial scale of population synchrony: environmental correlation versus dispersal and density regulation[END_REF], particularly over local scales [START_REF] Paradis | Dispersal and spatial scale affect synchrony in spatial population dynamics[END_REF]. Median natal dispersal distances in these species are typically short [START_REF] Van Balen | The effect of environmental factors on tit movements[END_REF][START_REF] Paradis | Patterns of natal and breeding dispersal in birds[END_REF][START_REF] Tufto | A parametric model for estimation of dispersal patterns applied to give passerine spatially structured populations[END_REF][START_REF] Chernetsov | Sex-related natal dispersal of pied flycatchers: how far away from home? The Condor[END_REF], and median breeding dispersal distances even shorter [START_REF] Paradis | Patterns of natal and breeding dispersal in birds[END_REF], 2002[START_REF] Thomson | Estimating avian dispersal distance from data on ringed birds[END_REF][START_REF] Eeva | The effects of sex, age and breeding success on breeding dispersal of pied flycatchers along a pollution gradient[END_REF], despite that some individuals may disperse up to hundreds of kilometers to suitable breeding sites, especially when local population densities are high [START_REF] Paradis | Modeling large-scale dispersal distances[END_REF][START_REF] Matthysen | Density-dependent dispersal in birds and mammals[END_REF][START_REF] Both | Long-distance dispersal in migratory pied flycatchers Ficedula hypoleuca is relatively common between the UK and the Netherlands[END_REF].

Therefore, the spatial scale of dispersal between populations [START_REF] Paradis | Patterns of natal and breeding dispersal in birds[END_REF], 2002[START_REF] Tufto | A parametric model for estimation of dispersal patterns applied to give passerine spatially structured populations[END_REF]) is likely too short to induce the synchronous fluctuations in fitness-related trait values reported here.

Implications of spatial synchrony in fitness-related trait values

Spatial synchrony in population abundance often spans large spatial scales, with a general pattern of high correlation between nearby populations and lower correlation when the distance between populations increases [START_REF] Koenig | Global patterns of environmental synchrony and the Moran effect[END_REF][START_REF] Liebhold | Spatial synchrony in population dynamics[END_REF]). Here, we showed that spatial synchrony in fitness-related trait values can act over similarly large distances. In fact, except for fledgling number in blue tits and great tits, the spatial scales of synchrony in this study were larger than for spatial synchrony in abundances of blue tit (mean 𝑙𝑙 ̂ = 380 km) and great tit (mean 𝑙𝑙 ̂ = 34 km) populations in Europe [START_REF] Saether | The extended Moran effect and large-scale synchronous fluctuations in the size of great tit and blue tit populations[END_REF]). As our results were consistent across species and traits, large-scale spatial synchrony in trait values is likely for similar species and traits. Fitness-related traits that show consistent responses to specific environmental variables, like laying date does to temperature, are likely candidates to have synchronous dynamics.

Climate change and other environmental perturbations may increase spatial population synchrony. For example, in a study on 49 widespread North American wintering bird species, spatial synchrony in population abundance increased over a period of 50 years in parallel to an increase of spatial synchrony in temperature [START_REF] Koenig | Temporally increasing spatial synchrony of North American temperature and bird populations[END_REF]. As a result of increased spatial synchrony, the probability of correlated declines in population abundances may increase, increasing the risk of species extinction [START_REF] Heino | Synchronous dynamics and rates of extinction in spatially structured populations[END_REF][START_REF] Pearson | Life history and spatial traits predict extinction risk due to climate change[END_REF] 

  years. These populations came from nest box schemes at 44 locations in Europe (Figure1). The studied populations occupied various woodland habitats, dominated by deciduous, evergreen, or mixed forests. They ranged latitudinally from Sicily, Italy (37° 35' N) to Kevo, Finland (69° 45' N) and longitudinally from Okehampton, UK (3° 59' W) to Zvenigorod, Russia (36° 51' E), representing a large part of each species' breeding range. Meta-data of most populations are available through the Studies on Populations of Individuals Birds (SPI-Birds; www.spi-birds.org;

  The multivariate normal distribution was obtained from mvtnorm version 1.1-1[START_REF] Genz | mvtnorm: Multivariate Normal and t Distributions[END_REF]) in R version 4.0.5 (R Core Team 2021).In addition to laying date, clutch size, and fledgling number, we quantified spatial synchrony in fledgling success (i.e., proportion fledged, calculated as fledgling number/clutch size) because the constraint of clutch size on fledgling number might confound the spatial synchrony patterns in fledgling number. Spatial synchrony patterns in fledgling number and fledgling success were similar for all three species (see Appendix S3).Finally, we examined the extent to which the climatic variables (mean temperature and mean precipitation) contributed to spatial synchrony in average trait values. Following[START_REF] Grøtan | Climate causes large-scale spatial synchrony in population fluctuations of a temperate herbivore[END_REF] and[START_REF] Saether | The extended Moran effect and large-scale synchronous fluctuations in the size of great tit and blue tit populations[END_REF], we regressed the population-specific annual average trait values against population-specific annual means of the climatic variables using separate linear regression models for each combination of species, trait, and climatic variable.

  The timing of laying advanced over time for all species (posterior mode [95% credible interval]: blue tit: -0.175[-0.214, -0.133]; great tit: -0.168[-0.207, -0.131]; pied flycatcher: -0.165[-0.211, -0.117] in days per year), but the strength of this trend differed between populations (𝜎𝜎 𝑏𝑏 year : 0.059 [0.032, 0.090]; Appendix S1: TableS1, FigureS2). Annual median laying dates occurred within a two-month period for all species (Figure2a-c) but were earlier for resident blue tits (range: 26 March -28 May, mode: 22 April, n = 898) and great tits (25 March -7 June, 23 April, n = 1041) than for migratory pied flycatchers (21 April -13 June, 10 May, n = 662).Clutch size showed a trend towards smaller clutches over time for blue tits (-0.021 [-0.026, -0.015] eggs per year) and great tits (-0.017 [-0.022, -0.012] eggs per year), with varying strengths among populations (𝜎𝜎 𝑏𝑏 year : 0.008 [0.006, 0.012]), but not for pied flycatchers (0.005 [-0.002, 0.011] eggs per year; Appendix S1: TableS1, FigureS3). Annual mean clutch size varied strongly over time for blue tits (coefficient of variation CV = 0.137, n = 899) and great tits (CV = 0.141, n = 1046), but less for pied flycatchers (CV = 0.075, n = 670; Figure2d-f).Similarly, annual mean fledgling number showed a trend towards fewer fledglings over time for blue tits (-0.019 [-0.028, -0.011] fledglings per year) and great tits (-0.018 [-0.025, -0.010] fledglings per year), with varying strengths among populations (𝜎𝜎 𝑏𝑏 year : 0.013 [0.010, 0.018]), but not for pied flycatchers (0.000 [-0.009, 0.009] fledglings per year; Appendix S1: TableS1, FigureS4). Annual mean fledgling number varied strongly over time for blue tits (CV = 0.209, n = 845) and great tits (CV = 0.211, n = 1020), and less for pied flycatchers (CV = 0.125, n = 657; Figure2g-i).

  synchrony among populations for laying date, particularly in blue tits and great tits (Figure4a-b).

  temperature or mean precipitation in February-May on spatial synchrony in clutch size and fledgling number. Spatial synchrony in clutch size and fledgling number generally acted at a smaller spatial scale than spatial synchrony in laying date. Furthermore, after accounting for mean temperature, the spatial correlation in laying dates remained high at shorter distances. This implies that more local factors play an important role in driving the fluctuations in the values of the traits studied here. Spatial autocorrelation in a variety of factors may generate smaller-scale spatial synchrony in laying date, clutch size, and fledgling number. First, holenesting passerines breed in a variety of habitats with varying quality (e.g. Blondel et al.

  . Spatiotemporal fluctuations in vital rates or population abundances may not only be impacted directly by synchronized fluctuations in environmental conditions (i.e., environmental synchrony), but also indirectly by environment-induced spatial synchrony in fitness-related trait values. Future studies should therefore aim to understand under what conditions spatial synchrony in fitness-related trait values can help explain spatiotemporal fluctuations in vital rates or population abundances, and quantify the relative contributions of spatial trait synchrony in relation to other drivers of spatial population synchrony, such as movement and the environment. In the current context of global change and biodiversity loss, it will be especially valuable to explore the use of spatial trait synchrony as an indicator of spatial population synchrony, which may ultimately affect the risk of extinction.

Figure 1 .

 1 Figure 1. Map of the 86 studied populations of blue tit (B), great tit (G), and pied flycatcher
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 2 Figure 2. Temporal variation in laying dates (1 = April 1 st , a-c), clutch size (d-f), and
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 3 Figure 3. Spatial synchrony in laying date (a-c), clutch size (d-f), and fledgling number (g-i)
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 4 Figure 4. Spatial synchrony in laying date (a-c), clutch size (d-f), and fledgling number (g-i)
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Table 1 .

 1 Effects of climatic variables (mean temperature and mean precipitation in February-May) on laying date, clutch size, and fledgling number for blue tits (B), great tits (G), and pied flycatchers (P). Effects were estimated using linear mixed-effects models (see eq. 2), where 𝛽𝛽 clim,𝑖𝑖 is the slope of the climatic variable per species j, and 𝜎𝜎 𝑏𝑏 clim the standard deviation of the normal distribution from which random slopes for the climatic variables for each species 𝑗𝑗 at location 𝑘𝑘 were drawn. 𝛽𝛽 clim,𝑖𝑖 for laying date are given in days per standard deviation (SD) of the climate variable (i.e., temperature (ºC) or precipitation (mm)), for clutch size in eggs per SD of the climate variable, and for fledgling number in fledglings per SD of the climate variable. The analyses were based on 2,601 observations (years) from 85 populations for laying date, 2,615 observations from 86 populations for clutch size, and 2,522 observations from 82 populations for fledgling number. Estimates are given by the posterior mode and 95% credible interval (95% CrI). Full model outputs can be found in Appendix S1: , ja, Downloaded from https://esajournals.onlinelibrary.wiley.com/doi/10.1002/ecy.3908 by NTNU Norwegian University Of Science & Technology/Library, Wiley Online Library on [07/11/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

	Tables S2-3.

19399170

  19399170, ja, Downloaded from https://esajournals.onlinelibrary.wiley.com/doi/10.1002/ecy.3908 by NTNU Norwegian University Of Science & Technology/Library, Wiley Online Library on [07/11/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

  19399170, ja, Downloaded from https://esajournals.onlinelibrary.wiley.com/doi/10.1002/ecy.3908 by NTNU Norwegian University Of Science & Technology/Library, Wiley Online Library on [07/11/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

19399170, ja, Downloaded from https://esajournals.onlinelibrary.wiley.com/doi/10.1002/ecy.3908 by NTNU Norwegian University Of Science & Technology/Library, Wiley Online Library on [07/11/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

Acknowledgements 19399170, ja, Downloaded from https://esajournals.onlinelibrary.wiley.com/doi/10.1002/ecy.3908 by NTNU Norwegian University Of Science & Technology/Library, Wiley Online Library on [07/11/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

This work could not have been carried out without the long-term effort and dedication of all the fieldworkers and landowners to data collection. We thank Jaime Potti for his feedback to the manuscript and his fundamental contribution to the data collection for the La Hiruela study system. This work was funded by the Research Council of Norway (223257). MDB thanks Natural England for their support to the monitoring. ME and RP were funded by University of Antwerp and FWO Flanders. JAK was funded by the Norwegian Environment Agency. BK was funded by the Max Planck Society. JM-P was funded by ARAID and the Spanish Ministry of Education and Science (PID2019-104835GB-I00). DC was supported by the Hungarian Academy of Sciences (MTA Premium Postdoctoral Research Program; ID: 2019-353). JCS was funded by project CGL-2020 PID2020-114907GB-C21. SMD was funded by the DECRA fellowship (DE180100202). EB was funded by the Ministry of Science and Innovation (project PID2021-122171NB-I00). The Gotland field work was supported by the Swedish Research Council, the CNRS, and the Polish National Science Centre (UMO-2015/18/E/NZ8/00505, UMO-2012/07/D/NZ8/01317). The Pirio and Rouvière field work was funded by the OSU-OREME. The Zvenigorod field work was supported by RSF-FWO (#20-44-01005). We acknowledge the E-OBS dataset from the EU-FP6 project UERRA, the Copernicus Climate Change Service, and data providers in the ECA&D project.

Conflict of Interest statement

The authors declare no conflict of interest.