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Abstract 7 

1. Spatial population synchrony, the tendency of geographically separated 8 

populations to fluctuate in concert, reduces opportunities for demographic 9 

rescue and increases extinction risk, yet the demographic processes 10 

underlying it remain poorly understood. Adult survival is a key driver of 11 

population dynamics but few studies have quantified its spatial synchrony or 12 

identified the mechanisms that generate it.  13 

2. Spatially correlated environmental drivers such as winter weather are 14 

predicted to synchronise survival via the Moran effect, whereas density-15 

dependent regulation is typically expected to desynchronise local dynamics. 16 

However, where population density itself varies synchronously across space, 17 

density-dependent effects on survival may instead act as a synchronising 18 

force.  19 

3. Here we use a 12-year mark-recapture study of blue tits (Cyanistes 20 

caeruleus) breeding across 44 woodland sites along a 220 km latitudinal 21 

transect in Scotland to quantify synchrony in adult apparent survival and 22 

identify its drivers. Using hierarchical Cormack-Jolly-Seber models, we 23 

partitioned variance in annual apparent survival into spatial, temporal and 24 
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spatiotemporal components, and quantified synchrony as the intra-class 25 

correlation (ICC) of shared temporal variance.  26 

4. Adult survival was highly spatially synchronous (ICC = 0.81, 95% CrI: 0.19 – 27 

1.00), though the wide credible interval reflects considerable uncertainty in the 28 

precise magnitude of this synchrony. Survival was negatively associated with 29 

annual fluctuations in local breeding density, consistent with density-30 

dependent regulation. Since local density was itself strongly spatially 31 

synchronous (ICC = 0.96), these density-dependent effects contributed to 32 

synchrony in survival. Annual fluctuations in local winter minimum 33 

temperature were also highly synchronous across sites (ICC = 0.89) and were 34 

associated with further reductions in shared temporal variance in survival, 35 

although we detected no statistically significant direct effect of temperature on 36 

survival.  37 

5. Our results are consistent with adult survival in this short-lived resident 38 

passerine being spatially synchronous over hundreds of kilometres, potentially 39 

driven by local weather conditions and density-dependent processes that are 40 

themselves regionally synchronous. Such synchrony in a key demographic 41 

rate heightens the collective vulnerability of spatially distinct populations to 42 

concurrent decline, highlighting the importance of landscape-wide monitoring 43 

and management of woodland bird populations under ongoing environmental 44 

change. 45 

 46 
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Introduction 50 

Spatial population synchrony – the tendency of geographically separated populations 51 

to exhibit positively correlated temporal fluctuations in population size – is a 52 

widespread ecological phenomenon with profound implications for metapopulation 53 

stability and extinction risk (Leibold et al., 2004). When populations fluctuate 54 

synchronously, the capacity for demographic rescue through dispersal is reduced, 55 

increasing the risk of regional collapse (Heino et al., 1997). The magnitude of spatial 56 

synchrony has direct consequences for conservation: strong synchrony implies 57 

simultaneous declines across populations and demands landscape-wide 58 

interventions, whereas weak synchrony may allow more targeted, site-specific 59 

actions (Morrison et al., 2022). Understanding both the extent of synchrony among 60 

populations and disentangling the relative contributions of large-scale environmental 61 

drivers from more local processes is therefore central to determining the appropriate 62 

scale of management response and predicting population responses to climate 63 

change (Hansen et al., 2020). 64 

 65 

Three main mechanisms are typically proposed to generate spatial synchrony in 66 

population dynamics. First, synchrony can arise through climate forcing, or the 67 

Moran Effect, whereby geographically separated populations respond similarly to 68 

spatially correlated environmental fluctuations (Moran, 1953; Koenig, 2002). Second, 69 

dispersal of individuals between local populations can directly couple their dynamics 70 

(Paradis et al., 2000). Third, synchrony may emerge through trophic interactions, for 71 

example where fluctuations in predators, prey or food resources are themselves 72 

spatially correlated (Elton & Nicholson, 1942; Koenig & Knops, 2001). Several 73 
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empirical studies in wild bird and mammal populations have identified a key role for 74 

spatially correlated weather (i.e. the Moran effect) as a driver of spatial population 75 

synchrony (Koenig & Liebhold, 2016; reviewed in Hansen et al., 2020). However, 76 

distinguishing between these mechanisms remains a major empirical challenge, 77 

particularly since multiple processes may act concurrently and interact with one 78 

another (Kendall et al., 2000; Reuman et al., 2023).  79 

 80 

Most theoretical and empirical research on spatial synchrony has focused on 81 

fluctuations in population abundance (Liebhold et al., 2004). Yet this is an integrated 82 

outcome of multiple demographic processes, including survival, reproduction and 83 

dispersal, which may differ in their responses to environmental variation. Examining 84 

synchrony in these underlying vital rates may therefore reveal the mechanisms 85 

generating correlated population fluctuations. Adult survival is one such vital rate. 86 

Although classically expected to have the strongest influence on population growth in 87 

long-lived species, it can also drive dynamics in shorter-lived taxa (Gaillard et al., 88 

1998; Saether & Bakke, 2000). Infact, a recent study of 33 passerine species over 89 

21 years across Europe reported adult survival as a more important driver of annual 90 

changes in population size than breeding productivity (Nousiainen et al., 2025). 91 

Despite this, intraspecific synchrony in adult survival and the mechanisms 92 

underpinning it have been most extensively studied in seabirds (Grosbois et al., 93 

2009; Jenouvrier et al., 2009; Tavecchia et al., 2008; Reynolds et al., 2011; 94 

Reiertsen et al., 2021; Horswill et al., 2023). However, the unusual biology of 95 

migratory, colonially breeding and exceptionally long-lived seabirds is likely to shape 96 

the processes generating spatial synchrony and limits the generalisability of these 97 
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mechanistic insights to other species, including songbirds with faster life histories 98 

(Martin et al., 2023).  99 

 100 

Exogenous processes such as spatially correlated environmental fluctuations (e.g. 101 

the Moran effect) and synchronous species interactions are likely to generate 102 

synchrony in adult survival in temperate passerines. Low winter temperatures 103 

represent a major source of mortality through food scarcity and elevated 104 

thermoregulatory costs (Marsh & Dawson, 1989). Several studies of hole-nesting 105 

Paridae at northern range limits have shown that adult survival declines markedly 106 

during severe winters (reviewed in Grosbois et al., 2006). Accordingly, winter climate 107 

forcing is a key driver of population synchrony in high-latitude, cold-limited 108 

ecosystems (Jones et al., 2003; Post & Forchhammer, 2004; Pomara & Zuckerberg, 109 

2017). Trophic interactions such as regionally synchronous beech masting 110 

represents an additional synchronising force, with heavy crops buffering overwinter 111 

survival in great and blue tits across continental Europe (Sæther et al., 2007; Koenig 112 

& Knops, 2001). Spatially correlated raptor predation pressure may similarly 113 

reinforce synchrony in prey survival (Dhondt et al., 1998). 114 

 115 

Beyond these exogenous forces, synchrony may also arise or be shaped through 116 

endogenous processes, which either generate synchrony directly (e.g. dispersal) or 117 

transfer synchrony between demographic processes. Dispersal can couple 118 

population dynamics, but the high site fidelity of adult passerine breeders likely limits 119 

its contribution to survival synchrony relative to natal dispersal (Greenwood & 120 

Harvey, 1982). In contrast, density-dependent processes are classically predicted to 121 

desynchronise populations through two non-mutually exclusive mechanisms. First, 122 
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density-dependent feedbacks are driven primarily by each population's own prior 123 

density rather than by a shared environmental driver (Ranta et al., 1997). When local 124 

density is high, there is increased intraspecific competition, reduced territory 125 

availability and greater predation or disease. This lowers survival and fecundity 126 

which improve as density falls (Sinclair & Pech, 1996). Because this feedback is site-127 

specific, spatially separated populations can follow different survival trajectories thus 128 

reducing spatial synchrony. Second, the strength or form of density dependence may 129 

vary among sites with heterogeneity in habitat quality, resource availability or 130 

predator pressure (Engen & Sæther, 2005; Walter et al., 2017). Populations may 131 

then respond differently to identical environmental fluctuations, reducing synchrony 132 

below what environmental forcing alone would predict (Liebhold et al., 2006). 133 

Together, these mechanisms mean that density regulation may generate both 134 

independent local dynamics and reduce the synchronising influence of shared 135 

environmental forcing. However, where fluctuations in population density are itself 136 

spatially synchronous, density dependence also has the potential to transfer 137 

synchrony to demographic rates such as survival, a process that has been largely 138 

overlooked and could act to maintain synchrony in a system.  139 

 140 

Understanding the drivers of synchrony in adult survival is particularly important in 141 

short-lived passerines, which are expected to be more sensitive to environmental 142 

variation than species with slower life histories (Morris et al., 2008). Using data on 26 143 

songbird species across 334 sites across Europe over ten years, Morrison et al. 144 

(2022) established that spatial synchrony in adult survival is widespread but varies 145 

considerably in magnitude, though they did not identify the mechanisms responsible. 146 

Grosbois et al. (2006) found climate forcing to explain part of the synchrony in adult 147 
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survival of Mediterranean blue tit populations however, a subsequent study by 148 

Bastianelli et al. (2021) found no support for climatic or local weather conditions on 149 

survival. A study of interspecific synchrony in adult survival of French songbirds also 150 

failed to find support for the Moran effect, suggesting that large-scale shared 151 

environmental forcing may play a more limited role than expected (Ghislain et al. 152 

2024). The processes generating spatial synchrony in survival thus remain poorly 153 

resolved. In particular, the synchronising role of the Moran effect and the contribution 154 

of local density dependence – which may either synchronise or desynchronise 155 

survival depending on the spatial structure of population density – have rarely been 156 

disentangled and quantified empirically.  157 

 158 

In this study, we used a 12-year dataset of 44 nestbox populations of blue tits 159 

Cyanistes caeruleus distributed along a 220km latitudinal transect in Scotland to 160 

quantify synchrony in apparent survival of adult breeders. These populations span 161 

~2° in latitude and ~400m in elevation, with considerable variation in woodland 162 

habitat type and quality across sites (Shutt et al., 2018; Macphie et al., 2025; Figure 163 

1), offering an unusual opportunity to identify drivers of spatial synchrony across a 164 

heterogeneous landscape. Using mark–recapture data from breeding adults (aged 165 

1+), we aimed to: 166 

 167 

1. Estimate spatial, temporal and spatiotemporal variance in annual apparent 168 

survival of breeding adult blue tits using a Cormack-Jolly-Seber (CJS) model, 169 

and use these components to quantify the magnitude of average synchrony 170 

across populations. 171 
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2. Quantify the contribution of a direct Moran effect, by testing whether 172 

fluctuations in local winter weather drive correlated interannual variation in 173 

survival across sites. 174 

3. Quantify the contribution of density-dependent processes, by testing whether 175 

fluctuations in local breeding density are associated with shared temporal 176 

variation in survival across sites. 177 

 178 

We predicted that fluctuations in winter weather will synchronise adult survival, 179 

consistent with the Moran effect. The influence of local density fluctuations on 180 

survival synchrony should depend on the spatial structure of density itself: it will act 181 

as a desynchronising force if local density fluctuates independently among sites, but 182 

may transfer and maintain synchrony if local density is itself spatially correlated.  183 
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 184 

Figure 1: A) Map showing the 44 study sites along the transect from Edinburgh to Dornoch in 185 

Scotland; B) Annual survival was estimated from breeding season of year t to year t+1 with 186 

ecological variables (local breeding anomaly and local minimum temperature anomaly) 187 

measured during spring (April to June of year t) and during winter (December of year t to 188 

March of year t+1) respectively; C) Spatiotemporal variation in the two ecological variables 189 
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considered in this study: local breeding anomaly during spring and local minimum 190 

temperature anomaly during winter (values are z-standardized). Here, sites are ordered by 191 

increasing latitude from bottom to top. Uncoloured cells indicate missing site:year 192 

combinations, arising either because a site had not yet been incorporated into the transect 193 

study at that time point or because no breeding adults were captured at that site in that year. 194 

 195 

Methods 196 

Study system 197 

We established nestboxes at 44 woodland sites along a 220 km latitudinal transect 198 

from Edinburgh (55°98 N, 3°40 W) to Dornoch (57°89 N, 4°08 W) in Scotland. Each 199 

site has 6-8 small-hole nestboxes preferred by blue tits, with the exception of one 200 

site that has four nestboxes. Monitoring began in 2014 across 30 sites, expanding to 201 

40 in 2015 and 44 in 2017. Sites vary in elevation (10 – 433 m) and woodland habitat 202 

composition, with the dominant tree species being one of birch, oak, sycamore or 203 

willow at most sites (Shutt et al., 2018; Macphie et al., 2025). Pairwise inter-site 204 

distances range from 0.162 to 217 km, with a mean distance between adjacent sites 205 

of 5.277 km (Figure 1A). During each breeding season (April–June), fieldworkers 206 

visited each site every 2 days. We captured adult breeders when nestlings were 10–207 

14 days old, primarily inside the nestbox or sometimes using a short mist-net 208 

positioned immediately adjacent to it. Our approach means that we do not capture 209 

adults that fail early during the breeding season and do not go on to relay, reducing 210 

recapture rates. On first capture, we fit unmarked adult birds with British Trust for 211 

Ornithology (BTO) – numbered metal rings under licence which allows for unique 212 

identification. We sexed adults based on the presence or absence of a brood patch 213 

or cloacal protuberance and assigned age class (age 1 year or age 2+ years) from 214 
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plumage and extent of moult (Jenni & Winkler, 2020). All fieldwork was conducted in 215 

accordance with the Animals (Scientific Procedures) Act 1986 and with permission 216 

from the University of Edinburgh SBS Ethics Committee. All bird handling and ringing 217 

was carried out under appropriate licences issued by the BTO. 218 

 219 

We estimated apparent survival from one breeding season to the next (spring year t 220 

to year t+1) for 2107 adult blue tits (re)captured across the 44 sites between 2014 221 

and 2025, representing 436 unique site-years. Of the 2107 adults, 1150 were female 222 

and 957 were male. We first ringed most individuals (n = 1289; 61%) as one-year-223 

olds, with the remainder (n = 818; 39%) first ringed aged two years or older (treated 224 

as minimum age in this study). We recaptured a third of individuals (n = 741; 35%) at 225 

least once in subsequent breeding seasons. Although natal dispersal is observed in 226 

this species with juveniles typically dispersing within 1 – 20km of their natal territory, 227 

breeding dispersal among adults is less frequent and over shorter distances (Paradis 228 

et al., 1998). We excluded five individuals recaptured at a different site from their 229 

initial breeding site. These rare instances of inter-site breeding dispersal occurred 230 

between three pairs of neighbouring sites that were either 0.2 km (n=2), 4.9 km (n=1) 231 

or 5.6 km (n=2) apart. We report the number of individuals captured across all sites 232 

and years of the study in Supplementary Table S1. 233 

 234 

Ecological predictors 235 

We considered two categories of ecological predictors: an exogenous environmental 236 

variable (local winter minimum temperature) and an endogenous measure of local 237 

population density (spring nestbox occupancy). 238 

 239 
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We characterized local winter weather conditions (i.e. the local realisation of climate 240 

at each site) using daily minimum temperatures which we interpolated to each site's 241 

centroid coordinates, following the same approach as used to generate the 1 km x 1 242 

km Met Office gridded climate data (Hollis et al., 2019). We focussed on minimum 243 

temperatures during winter since low winter temperatures are expected to increase 244 

the energetic costs of thermoregulation in small passerines like blue tits, impacting 245 

their overwinter survival (Scholer et al., 2020; Salewski et al., 2013; Robinson et al., 246 

2007). We defined winter as December (year t) through March (year t+1) and 247 

calculated the mean daily minimum temperature across this period for each site-year 248 

combination (range: -2.375 – 2.999 °C; mean = 0.400; median = 0.418; sd=1.088; 249 

n=484).  250 

 251 

To capture information on local density of the breeding population, we quantified 252 

spring nestbox occupancy as the proportion of available nestboxes occupied by blue 253 

tits at each site in year t. Occupancy required field confirmation of blue tit nesting 254 

with at least one breeding metric recorded (clutch size, date of nestling ringing or 255 

fledging success). Thus, we obtained nestbox occupancy values for each site-year 256 

combination (range: 0 – 1; mean=0.618; median=0.625; sd=0.261; n=456). Because 257 

occupancy is bounded at 1, the density metric is censored at high densities, reducing 258 

our power to detect density effects. In this study, 15% of site-years had occupancy 259 

values of 1 while 2% of site-years had occupancy values of 0. There were 3 sites 260 

whose occupancy values were 1 for >75% of years.  261 

 262 

To examine how annual fluctuations in these ecological predictors influence 263 

apparent annual survival and its synchrony, we isolated the temporal variation in 264 



 13 

each predictor using a within-subject centering approach (van de Pol & Wright, 265 

2009). Specifically, for every site, we subtracted the long-term site mean from each 266 

yearly observation, yielding annual deviations that represent year-to-year departures 267 

from local averages. By removing between-site differences in our ecological 268 

predictors, the within-subject centering approach allows us to focus on the temporal 269 

variation that can synchronise or desynchronise demographic responses across 270 

populations. Site means for winter minimum temperature were estimated from all 271 

available site-years (n = 484) while site means for nestbox occupancy were from 272 

observed site-years only (n = 456). 273 

 274 

Mark-recapture modelling to estimate apparent survival  275 

We estimated inter-annual apparent survival of adults at all sites using a capture-276 

mark-recapture modelling framework to account for imperfect detection. Individual 277 

capture-recapture histories for 2107 breeding adults were used to estimate apparent 278 

survival (ϕ) and recapture (p) probabilities using a hierarchical Cormack-Jolly-Seber 279 

(CJS) model conditional on first capture (Lebreton et al., 1992). Apparent survival 280 

was defined as the probability that an individual alive during the breeding season in 281 

year t was also alive during the next breeding season in year t + 1. Although a 282 

contribution of emigration cannot be fully excluded in a CJS model, the short 283 

breeding dispersal distances and high inter-year site fidelity of adult blue tits suggest 284 

that apparent survival largely reflects true survival (Valcu & Kempenaers, 2008). 285 

Recapture probability (p) was the probability that provided an individual is alive, it 286 

was recaptured in year t+1 having previously been caught (in year t or earlier).  287 

 288 
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We accounted for spatial, temporal and spatiotemporal variation in both apparent 289 

survival and recapture probabilities by fitting site, year and their interaction (i.e. site-290 

by-year) as random effects. Only site-years when individuals were (re)captured 291 

received their own site-by-year interaction random effect (n=436 site-years for 292 

survival sub-model). Since annual survival could differ between sexes and with age, 293 

we included individual sex as a fixed factor (male = 0, female = 1), and age in years 294 

(linear and quadratic terms) as a time-varying continuous fixed effect in our survival 295 

sub-models. Age was z-standardized to mean=0 and sd=1, prior to inclusion in the 296 

model. 297 

 298 

The survival probability (ϕ) of an individual i at site s and year t was modelled as: 299 

𝑙𝑜𝑔𝑖𝑡	'ϕ!,#,$) = 	µ#%&'!'() +	b#𝑠𝑒𝑥! +	b(*𝑎𝑔𝑒!,$	+	b(+𝑎𝑔𝑒!,$
+ 	+ 	𝑢#! + 𝑢$ +	𝑢#!:$		 300 

 301 

The recapture probability (p) of an individual i at site s at year t was modelled as: 302 

𝑙𝑜𝑔𝑖𝑡	'p!,#,$) = 	µ&-.(/$%&- + 𝑢#! + 𝑢$ +	𝑢#!:$ 303 

 304 

Here, µ#%&'!'() and µ&-.(/$%&- are intercepts for the survival and recapture sub-305 

models. b#, b(* and b(+ are the slope estimates for sex and age (linear and quadratic 306 

terms), respectively. 𝑢#! , 	𝑢0-(&" and 𝑢#!:0-(&" are the random effects of site, year and 307 

site-by-year interaction respectively, each assumed to follow a normal distribution 308 

with mean=0 and variances	s#+, s$+ and s#,$+ .  309 

To examine the contributions of our ecological predictors to temporal variation and 310 

spatial synchrony in survival, we fitted three additional models by modifying the base 311 

survival sub-model, while the recapture sub-model remained unchanged. The 312 

following fixed effects were sequentially added to the base survival sub-model: i) 313 
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relative local winter temperature, ii) relative local breeding density, and iii) both 314 

predictors simultaneously. The full survival sub-model was: 315 

𝑙𝑜𝑔𝑖𝑡	'ϕ!,#,$) = 	µ#%&'!'() +	b#𝑠𝑒𝑥! +	b(*𝑎𝑔𝑒!,$	+	b(+𝑎𝑔𝑒!,$
+ 	316 

+	b1𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝑤𝑖𝑛𝑡𝑒𝑟	𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒#,$ +	b2𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝑏𝑟𝑒𝑒𝑑𝑖𝑛𝑔	𝑑𝑒𝑛𝑠𝑖𝑡𝑦#,$317 

+	𝑢#! + 𝑢$ +	𝑢#!:$ 318 

 319 

where b1 and b2 	are slope estimates for relative local winter temperature and 320 

relative local breeding density, respectively. Both covariates were divided by their 321 

standard deviation prior to inclusion to allow direct comparison of effect sizes. The 322 

random effects structure remained unchanged across all models. CJS models were 323 

fitted in a Bayesian framework using Stan with Markov Chain Monte Carlo (MCMC) 324 

sampling (Carpenter et al., 2017). Details of priors used, CJS model validation and 325 

goodness-of-fit tests are provided in Supplementary Methods & Results.  326 

 327 

In a separate analysis, we controlled for the effects of a clutch swap experiment 328 

conducted between 2017 – 2019 across 37 sites on annual survival. We found that 329 

accounting for this experimental treatment did not influence our main biological 330 

conclusions and hence, we present the model excluding this treatment effect in our 331 

main results (further details in Supplementary Methods & Results). 332 

 333 

Estimating spatial synchrony in adult apparent survival  334 

We estimated spatial synchrony in adult apparent survival as the intraclass 335 

correlation coefficient (ICC), defined as the proportion of total temporal variance 336 

attributable to shared year effects rather than site-specific year effects (following 337 
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Grosbois et al., 2009; Reiertsen et al., 2021; Horswill et al., 2023; Lahoz-Montfort et 338 

al., 2011; Schaub et al., 2015); 339 

𝐼𝐶𝐶 = 	
s+0-(&

s+0-(& + s+#!$-:0-(&
 340 

 341 

This metric ranges from 0 (complete asynchrony, where all temporal variation is site-342 

specific) to 1 (complete synchrony, where all sites fluctuate identically across years). 343 

ICCs were calculated from posterior distributions of the CJS models and are 344 

reported on the logit scale (Ghislain et al. 2024). 345 

 346 

Ecological drivers of spatial synchrony in adult apparent survival 347 

To quantify the contribution of annual fluctuations in our ecological predictors to 348 

spatial synchrony in adult survival, we examined how the intraclass correlation 349 

coefficient (ICC) and random effect variance components, particularly the temporal 350 

variance shared across sites (s+0-(&) changed, as these predictors were sequentially 351 

added to the base survival sub-model (Lahoz-Montfort et al., 2011). A spatially 352 

synchronous predictor to which populations respond similarly should reduce s+0-(& 353 

and ICC when included. On the other hand, an asynchronous predictor would reduce 354 

spatiotemporal variance (s+#!$-:0-(&), potentially increasing ICC. Since spatial 355 

synchrony in each predictor is a necessary condition for it to contribute to survival 356 

synchrony, we additionally estimated spatial synchrony (ICCs) in both local winter 357 

minimum temperature and breeding density using (generalized) linear mixed-effect 358 

models (further details in Supplementary Methods & Results; Tables S4A and S4B). 359 

Following Grosbois et al. (2009) and Horswill et al. (2023), we also quantified the 360 
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contributions of our ecological predictors to shared and site-specific temporal 361 

variation in survival (further details in Supplementary Methods & Results).  362 

 363 

Results 364 

Spatial, temporal and spatiotemporal variance and synchrony in adult 365 

apparent annual survival 366 

The average annual apparent survival probability of adult blue tits was 0.443 (95% 367 

CrI: 0.395 – 0.488; Table 1; Figure 2A, 2B). There was more variation in survival 368 

probability among sites (s+#!$- = 0.055, 95% CrI: 0.008 – 0.136; Table 1; Figure 2B) 369 

than among years (s+0-(& = 0.015, 95% CrI: 0.000 – 0.104; Table 1; Figure 2A). 370 

 371 

Spatiotemporal variation in survival across all 44 sites showed patterns consistent 372 

with spatial synchrony. The baseline model revealed that most temporal variance in 373 

annual survival was shared across sites instead of being site-specific (ICC: 0.808; 374 

95% CrI: 0.188–0.999; Table 2A; Figure 4A). However, the 95% CrIs were wide, 375 

indicating high uncertainty in this estimate.  376 

 377 

Survival differed between sexes with males having higher annual survival compared 378 

to females, on average (males: 0.473, 95% CrI: 0.414 – 0.531; females: 0.414, 95% 379 

CrI: 0.356 – 0.473; Figure 3A; Table 1). There was support for a quadratic 380 

association of age on annual survival, with survival increasing to around three years 381 

old before declining to the oldest recorded age of eight years (Figure 3B; Table 1).  382 

 383 

The average recapture probability was 0.761 (95% CrI: 0.721–0.798; Table 1), with 384 

the posterior median for spatial, temporal and spatiotemporal variance components 385 
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in recapture probabilities exceeding that of survival probabilities (Figure S1, Table 1). 386 

The 95% credible intervals overlapped for the temporal and spatiotemporal variance 387 

components of survival and recapture probabilities (Table 1). 388 

 389 

 390 

Figure 2: Temporal and spatial variation in apparent annual survival probability of adult blue 391 

tits. A) represents variation in apparent annual survival of adults across years while B) 392 
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represents variation in apparent annual survival of adults across sites. The posterior 393 

medians and 95% credible intervals are displayed (Table 1).  394 

 395 

 396 

Figure 3: Adult annual apparent survival probabilities according to A) Sex, B) Age, C) 397 

Relative local winter minimum temperatures and D) Relative local breeding density. The 398 

posterior median and 95% credible intervals are displayed (Table 1). For each fixed effect, 399 

the slopes are predicted setting other continuous fixed effects at their mean values and sex 400 

at 0.5 to produce a sex-averaged estimate. 401 

 402 

Table 1: Results from the Cormack-Jolly-Seber model investigating effects of sex, age, 403 

relative winter minimum temperature and relative local breeding density on annual apparent 404 

survival probability. Estimates of recapture probability and random effects of site, year and 405 

interaction between site and year for both sub-models are also reported. Posterior median, 406 
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95% credible intervals with parameter values reported on logit scale. The effective sample 407 

size and Rhat values are also reported. All results in bold indicate estimates where the 95% 408 

credible intervals don’t overlap zero.  409 

Parameter median 2.50% 97.50% n_eff Rhat 

Survival Probability           

Intercept -0.109 -0.347 0.122 9797 1.000 

Sex (female) -0.238 -0.383 -0.096 18022 1.000 

Age (linear) -0.531 -0.961 -0.127 9454 1.000 

Age (quadratic) -0.409 -0.701 -0.121 10450 1.000 

Relative local winter temperature -0.112 -0.231 0.012 11118 1.000 

Relative local breeding density -0.194 -0.297 -0.092 17242 1.000 

Year variance 0.015 0.000 0.104 6085 1.000 

Site variance 0.055 0.008 0.136 5135 1.000 

Site:Year variance 0.011 0.000 0.09 3146 1.001 

Recapture Probability           

Intercept 1.352 0.913 1.821 5881 1.000 

Year variance 0.091 0.001 0.602 5258 1.000 

Site variance 0.693 0.250 1.594 5860 1.000 

Site:Year variance 0.185 0.001 0.786 2195 1.001 

 410 
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 411 

Figure 4: Spatiotemporal patterns in apparent survival probability of adult blue tits obtained 412 

from random effect estimates. Coloured lines show the temporal trajectories of mean 413 

survival across each of the 44 sites over the 12-year study period. Results presented are 414 

from a) base model with fixed effects of sex and age and random effects of site, year and 415 

site:year fitted; b) base model plus relative winter minimum temperature; c) base model plus 416 

relative local breeding density; d) base model plus relative winter minimum temperature and 417 

relative local breeding density. The predictions based on the global intercept plus random 418 

effect deviations plus 0.5*sex (producing a sex-averaged estimate, as males and females 419 

were coded 0 and 1 respectively) are displayed and they exhibit shrinkage towards the 420 

grand mean. 421 

 422 

Contribution of annual fluctuations in local winter minimum temperature 423 

to spatial synchrony in adult survival 424 
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There was a weak negative association between annual apparent adult survival and 425 

relative local winter minimum temperature, with the 95% credible intervals 426 

overlapping zero (−0.112; 95% CrI: −0.231–0.012; Figure 3C; Table 1). Yearly 427 

fluctuations in mean daily minimum temperature in winter were strongly correlated 428 

among sites, with strong spatial synchrony observed in local winter minimum 429 

temperature (𝐼𝐶𝐶3-4/-&($%&-= 0.894, 95% CrI: 0.806 – 0.952; Table S4A).  430 

 431 

There was a 37.7% reduction in shared temporal variance (s+0-(&) in survival, when 432 

comparing the posterior median values for models excluding and including this 433 

predictor (Table 2, Figure 5). However, the 95% credible intervals of both these 434 

variances overlapped. In contrast, the site-specific variance was largely unchanged 435 

between the two models with highly overlapping credible intervals (Table 2, Figure 436 

5). This pattern was reflected in the median ICC estimate, which decreased by 9.2% 437 

to 0.733 (95% CrI: 0.038–0.999; Table 2) upon inclusion of this predictor, however 438 

there was considerable uncertainty here too. Our results lend support to spatially 439 

synchronous fluctuations in local winter minimum temperature contributing to shared 440 

temporal variation in adult survival (Figure 4B). 441 

 442 

Contribution of annual fluctuations in local breeding density to spatial 443 

synchrony in adult survival 444 

We found annual survival was negatively associated with relative local breeding 445 

density (−0.194; 95% CrI: −0.297 – −0.092; Figure 3D; Table 1). Strong spatial 446 

synchrony was observed in local breeding density (𝐼𝐶𝐶5-6#!$0= 0.955, 95% CrI: 447 

0.499–0.999; Table S4B).  448 

 449 
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Comparing s+0-(& 	between models without and with relative local breeding density 450 

indicated a 43.3% reduction in the posterior median values for shared among-year 451 

variance, with overlapping 95% credible intervals (Table 2, Figure 5). The 452 

spatiotemporal variance s+#!$-:0-(& 	remained largely unchanged with highly 453 

overlapping credible intervals (Table 2, Figure 5). The median ICC decreased by 454 

11.7% to 0.713 (95% CrI: 0.041–0.999, Table 2), upon inclusion of this predictor. 455 

Similar to winter temperature, these results also suggest annual deviations in local 456 

density contribute to survival synchrony (Figure 4C).  457 

 458 

Contribution of annual fluctuations in both ecological predictors to spatial 459 

synchrony in adult survival 460 

Comparing s+0-(& between the model excluding both covariates and the model 461 

including both indicated a 71.7% reduction in the posterior median for shared 462 

among-year variance, although the 95% CrIs for both overlapped (Table 2, Figure 5). 463 

The site-specific variance s+#!$-:0-(& remained highly similar between the two models 464 

(Table 2, Figure 5). Upon including both our ecological predictors in the model, the 465 

median ICC decreased by 29.5% to 0.570 (95% CrI: 0.006 –0.999; Table 2; Figure 466 

5). Our findings therefore suggest that relative local winter minimum temperature and 467 

local breeding density show evidence of each contributing to spatial synchrony in 468 

adult blue tit survival (Figure 4D). 469 
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 470 

Figure 5:  Posterior distributions of random effect variance components across different adult 471 

annual apparent survival sub-models: a) base model (sex and age fitted as fixed effects); b) 472 

base model including relative local winter minimum temperature as an additional fixed effect; 473 

c) base model including relative local breeding density as an additional fixed effect; d) base 474 

model including both relative local winter minimum temperature and relative local breeding 475 

density as additional fixed effects. All models included random effects of site, year and the 476 

interaction of site and year fitted for both the apparent survival and recapture sub-models. 477 

 478 

Table 2: Spatial synchrony (ICC) measures alongside among-site, among-year and site-by-479 

year variance components estimated from a) base model (sex and age fitted as fixed 480 

effects); b) base model including relative local winter minimum temperature as an additional 481 

fixed effect; c) base model including relative local breeding density as an additional fixed 482 

effect; d) base model including both relative local winter minimum temperature and relative 483 

local breeding density as additional fixed effects. All models included random effects of site, 484 

year and the interaction of site and year fitted for both the apparent survival and recapture 485 

sub-models. All variances and ratios of variances (ICC) reported are on logit scale.  486 
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 487 

Parameter median 2.50% 97.50% n_eff Rhat 

A) Base Model           

Year Variance 0.053 0.010 0.211 6666 1.000 

Site Variance 0.059 0.011 0.146 4019 1.001 

Site:Year Variance 0.014 0.000 0.104 2833 1.002 

Spatial synchrony (ICC) 0.808 0.188 0.999 2852 1.002 

      

B) Base Model + Relative Local 

Winter Temperaturemin           

Year Variance 0.033 0.001 0.165 5171 1.000 

Site Variance 0.058 0.011 0.144 4294 1.001 

Site:Year Variance 0.013 0.000 0.096 2619 1.002 

Spatial synchrony (ICC) 0.733 0.038 0.999 2587 1.001 

            

C) Base Model + Relative Local 

Breeding Density           

Year Variance 0.030 0.001 0.143 5733 1.000 

Site Variance 0.055 0.009 0.137 4999 1.001 

Site:Year Variance 0.012 0.000 0.094 2603 1.000 

Spatial synchrony (ICC) 0.713 0.041 0.999 2549 1.001 

            

D) Base Model + Relative Local 

Winter Temperaturemin + 

Relative Local Breeding 

Density           

Year Variance 0.015 0.000 0.104 6085 1.000 

Site Variance 0.055 0.008 0.136 5135 1.000 

Site:Year Variance 0.011 0.000 0.090 3146 1.001 
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Spatial synchrony (ICC) 0.570 0.006 0.999 3367 1.001 

           

 488 

Discussion 489 

Using mark-recapture data from nestbox breeding populations of blue tits across 44 490 

sites spanning a 220km transect in Scotland over 12 years, we found evidence for 491 

spatial synchrony in adult apparent survival with most of the temporal variance 492 

shared across sites. Annual fluctuations in local winter minimum temperature and 493 

local breeding density contributed to shared temporal variance in survival, with both 494 

predictors themselves being strongly spatially synchronous. Adult apparent survival 495 

was additionally found to be density-dependent. On average, males survived better 496 

than females and annual survival also varied quadratically with age. Together, our 497 

findings are consistent with regional winter weather and density-dependent 498 

processes as potential synchronising mechanisms underpinning survival synchrony 499 

in a short-lived sedentary, temperate passerine. 500 

 501 

Our median ICC estimate aligned with the high spatial synchrony in adult survival 502 

reported in great tits in France (ICC = ~0.7; Ghislain et al., 2024) and with highly 503 

similar survival dynamics reported across Mediterranean blue tit populations 504 

(Grosbois et al., 2006; Bastianelli et al., 2021). Despite differences in life history, our 505 

estimates were also consistent with the high spatial synchrony in survival reported in 506 

some European seabird studies (ICC: 0.67–0.87; Grosbois et al., 2009; Horswill et 507 

al., 2023; Reiertsen et al., 2021). In contrast, Morrison et al. (2022) examined 508 

intraspecific survival synchrony in 26 passerine species across eight European 509 

countries and reported relatively lower ICC estimates for most. This is unsurprising 510 
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given that spatial synchrony is known to decay with distance and they investigated 511 

populations separated by thousands of kilometres, whereas our sites lie within a 220 512 

km transect and are therefore exposed to broadly similar weather conditions 513 

(Liebhold et al., 2004). The wide 95% credible interval around our ICC estimate 514 

reflects uncertainty in the precise magnitude of synchrony, and we recognise that 515 

detecting site-by-year interactions from mark-recapture data requires sufficient 516 

within-site annual captures to reliably distinguish the spatiotemporal variance 517 

component from zero (Figure 4). Nonetheless, our results suggest that adult survival 518 

in blue tits across the study region is highly spatially synchronous and governed 519 

primarily by shared rather than site-specific local processes. This has potentially 520 

important consequences for both population dynamics and management. High 521 

synchrony in adult survival could influence synchrony in population abundance, the 522 

magnitude of which depends on the elasticity of population growth rate to adult 523 

survival in this relatively short-lived passerine and also, the contribution of temporal 524 

variance in survival to realised variation in population growth rate (Schaub et al., 525 

2015). Our study also suggests that woodland generalist species like blue tits may 526 

act as a potentially useful ecological indicator, since temporal patterns in adult 527 

survival estimated at a few well-monitored sites may be representative of survival 528 

trajectories across the wider region.  529 

 530 

Annual deviations in local winter minimum temperature explained some synchronous 531 

variation in annual survival with a median contribution of 39.2%, while only 532 

contributing 3.5% to site-specific temporal variation in survival, though the 95% CrIs 533 

were wide throughout (Table S6). The high spatial synchrony in winter minimum 534 

temperature is consistent with a classic Moran effect whereby regional weather 535 
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conditions simultaneously impose favourable or adverse conditions across sites, 536 

likely synchronising thermoregulatory and foraging challenges experienced by 537 

individuals during the non-breeding season (Moran, 1953). However, including the 538 

within-site annual deviation in winter minimum temperature as a covariate reduced 539 

among-year variance in survival, although the credible interval for its direct effect on 540 

survival overlapped zero (Table 2). This suggests that when an environmental 541 

variable is highly spatially synchronous, even an imprecisely estimated effect on 542 

survival may explain shared temporal variance across populations. This is consistent 543 

with a Moran effect whose magnitude is uncertain and not necessarily, absent. Given 544 

this uncertainty, the contribution of spatially synchronous winter minimum 545 

temperature to survival synchrony should be interpreted cautiously. 546 

 547 

For density to act as a synchronising mechanism, it must itself fluctuate 548 

synchronously across sites and we found support for this, detecting high spatial 549 

synchrony in local breeding density at the nestbox level (Table S4B). Additionally, 550 

the median contribution of annual fluctuations in local breeding density to shared 551 

temporal variance in survival was 39.2%, compared to contributing 3.5% to site-552 

specific temporal variance in survival (Table S6). Two plausible mechanisms may 553 

transfer synchrony in density fluctuations to observed synchrony in survival. First, if 554 

conditions during the preceding spring (e.g. weather-mediated variation in food 555 

availability or nestbox competition) are simultaneously favourable or harsh across all 556 

sites, density variation will be regionally correlated through a Moran effect on the 557 

breeding population. Second, there could be carry-over effects of density via 558 

survival: if overwinter survival and recruitment are regionally high in year t, spring 559 

breeding densities in year t+1 will be high synchronously across sites, and – given 560 
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the density-dependence we detected – this elevated density will in turn suppress 561 

survival in winter t+1 across sites (Norris, 2005; Fay et al., 2022). In this way, both 562 

exogenous forcing (via shared environmental drivers) and endogenous feedback (via 563 

density-dependent carry-over effects) could transfer synchrony in density to survival. 564 

Such feedback between survival synchrony and density synchrony represents an 565 

important yet underexplored mechanism capable of maintaining synchrony in 566 

demographic rates across space. The joint contribution of fluctuations in local winter 567 

temperature and breeding density to shared temporal variance is not well identified 568 

with our dataset, as evidenced by the very wide credible intervals on the posterior 569 

distributions of ICC and contribution estimates (Tables 2 & S6). Cautious 570 

interpretation is therefore warranted, though our ecological predictors were more 571 

likely to positively contribute to synchronous variation in survival (median 572 

contribution: 72.9%, posterior probability = 0.83; Table S6), compared to site-specific 573 

variance (median contribution: 13.9%, posterior probability = 0.53; Table S6). 574 

 575 

Beyond the Moran effect and density-dependent processes, other unmeasured but 576 

regionally synchronous drivers could additionally underpin spatially synchronous 577 

survival dynamics e.g. fluctuations in food availability and predator abundance. 578 

Regionally synchronous fluctuations in caterpillar abundance have been identified as 579 

a primary driver of population synchrony in forest songbirds (Jones et al., 2003). 580 

Substantial interannual variation in caterpillar abundance has been reported for our 581 

focal study system, suggesting that fluctuations in this key prey resource have the 582 

potential to contribute to spatially synchronous interannual variation in blue tit 583 

survival (Macphie et al., 2026). Mast seeding by European beech is known to be 584 

highly synchronous over distances of up to 1500 km, with mast years elevating 585 
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winter seed abundance available to consumers including small passerines 586 

(Bogdziewicz et al., 2025). Beech masting is a well-established driver of overwinter 587 

survival in great tits but is not expected to directly determine survival in resident blue 588 

tits in the UK (Perrins, 1965; Reed et al., 2013; Dhondt et al., 2012; Sæther et al., 589 

2007). Spatial synchrony in the abundance of avian and mammalian predators such 590 

as sparrowhawks and pine martens could also underlie spatially synchronous blue tit 591 

survival dynamics (Jarillo et al., 2020; Liebhold et al., 2004). 592 

  593 

We found a negative association between annual survival and annual deviations in 594 

local breeding density, consistent with density-dependent regulation operating 595 

temporally within sites. This may reflect increased mortality driven by intraspecific 596 

competition for limited resources or breeding territories in years of relatively high 597 

local density (Newton, 1998; Rodenhouse et al., 1997). Other unmeasured density-598 

dependent factors, such as fluctuations in predators or inter-specific competitors may 599 

also contribute (McKellar et al., 2014). In addition, we found a positive association 600 

between absolute local breeding density and survival, suggesting that permanent 601 

among-site differences in density reflect habitat quality with high-quality sites 602 

supporting both higher densities and better survival on average (Table S5). Our local 603 

density metric was based on only 6–8 nest-boxes in each site-year and 604 

measurement error will attenuate the estimated density effect toward zero. 605 

Nevertheless, the observed negative effect of yearly density fluctuations on survival 606 

suggests that conditions in the monitored nestboxes broadly reflect fluctuations in 607 

site-level densities relevant to survival.  608 

 609 



 31 

There are several potential explanations for why we found no effect of local winter 610 

minimum temperature on annual survival (Table 1, Table S5). Firstly, averaging 611 

across the entire winter (December – March) period may mask critical shorter time 612 

windows and we did not employ a data-driven approach such as sliding-window 613 

analysis here to identify precise temporal windows important for survival. Second, 614 

since adults are captured on the nest every spring, the exact timing of mortality is 615 

unknown. Weather conditions in autumn could potentially be more influential for adult 616 

survival, especially if winters are not extremely harsh, as was observed in long-tailed 617 

tits in the UK (Gullett et al., 2014). Third, mean local minimum temperature during 618 

December–March captures only one aspect of winter severity. Precipitation, snow 619 

cover, frequency or duration of cold and wet spells, extreme weather events during 620 

winter may be more limiting but not well-represented in a seasonal average of daily 621 

minimum temperatures used here (Trenberth & Shea, 2005). Fourth, effects of winter 622 

temperature on survival may vary among sites (e.g., due to habitat differences), 623 

potentially cancelling out in the pooled estimate. Together, these factors likely 624 

contribute to the null effect, given the limited temporal replication (n=12 years) and 625 

the coarse characterisation of winter severity. 626 

 627 

In conclusion, our study suggests that adult blue tit survival is highly synchronous at 628 

a regional scale, with most temporal variation in survival shared across 44 sites 629 

spanning a 220 km transect. Annual fluctuations in local winter minimum 630 

temperature and local breeding density each contributed to this shared temporal 631 

variance, consistent with a Moran effect and spatially correlated density-dependent 632 

processes acting as potential synchronising mechanisms. Spatial synchrony in 633 

survival and breeding density may additionally interact through carry-over effects 634 
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whereby synchronised survival propagates into synchronised breeding density, 635 

which in turn reinforces survival synchrony via density dependence. Such feedback 636 

represents an important yet underexplored mechanism capable of sustaining 637 

synchronised demographic dynamics across space. With global warming leading to 638 

increasingly frequent and extreme climatic events, spatial synchrony in demographic 639 

rates is likely to strengthen across broad spatial scales, heightening the collective 640 

vulnerability of geographically separated breeding populations (Black et al., 2018). 641 

Long-term monitoring of a woodland generalist species such as the blue tit with 642 

relatively high abundance, well-known biology and ease of monitoring, will be 643 

essential for uncovering the processes that contribute to spatiotemporal dynamics of 644 

demographic rates under ongoing environmental change. 645 
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Supplementary Methods and Results 834 

For all our CJS models, we specified weakly informative priors for all parameters: 835 

normally-distributed N(0, 1) priors for fixed effect slopes and half-Cauchy(0, 2.5) 836 

priors for random effect standard deviations. For the logit-scale intercepts of survival 837 

and recapture probability, we specified normally-distributed N(0, 1.5) priors which are 838 

weakly informative on the logit scale. Four MCMC chains were run in parallel, each 839 

with 8000 iterations (4000 warm-up and 4000 sampling). Convergence was 840 

confirmed by Rhat < 1.01 and effective sample sizes > 1000 for all parameters 841 

(Gelman & Rubin, 1992). All reported parameter estimates are posterior medians 842 

with 95% credible intervals. We used rstan v.2.32.6 to run the models in R version 843 

4.4.1 (2024-06-14) using RStudio Version 2024.09.0+375. 844 

 845 

Goodness-of-fit testing using R2ucare v1.0.2 (Gimenez et al., 2017) revealed a 846 

significant overall violation of CJS assumptions (c+ = 59.433, 𝑑𝑓 = 35,	𝑝 < 0.01), 847 

attributable to a transience effect (test3sr): newly marked individuals had lower 848 

subsequent recapture probability than previously marked individuals (Genovart & 849 

Pradel, 2019). This violation of the test3sr assumption is fairly common (reported in 850 

~40% of mark-recapture studies in a review by Oro & Doak, 2020). Such a lack of fit 851 

is typically attributed to unmodelled age-related heterogeneity in survival, 852 

conventionally addressed by accounting for age effects in survival, which all models 853 

presented here include (Brown et al., 2007; Genovart & Pradel, 2019). After 854 

removing the contribution of test3sr, the adjusted goodness-of-fit test indicated 855 

satisfactory model fit (overall goodness-of-fit test: (c+ = 25.864, 𝑑𝑓 = 25,	𝑝 = 0.41)). 856 

 857 
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Table S1: Number of breeding adults caught A) across the 12 years and B) across the 44 858 

sites (ordered from south to north) of this study. 859 

A) 860 

Year Number of adult captures 

2014 115 

2015 220 

2016 213 

2017 315 

2018 349 

2019 351 

2020 334 

2021 325 

2022 329 

2023 359 

2024 300 

2025 123 

  

B) 861 

Site Number of adult captures Site Number of adult captures 

EDI 131 DLW 21 

RSY 86 CRU 42 

FOF 140 NEW 83 

BAD 97 DAV 49 

LVN 119 HWP 42 

DOW 95 INS 56 

GLF 115 FSH 93 

SER 140 RTH 43 

MCH 72 AVI 76 

PTH 115 AVN 101 

STY 106 CAR 50 
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BIR 70 SLS 54 

DUN 44 TOM 16 

BLG 135 ART 92 

PIT 110 MUN 82 

KCK 63 FOU 74 

KCZ 66 ALN 71 

BLA 78 DEL 112 

CAL 48 TAI 90 

DNM 61 OSP 53 

DNC 25 SPD 43 

DNS 17 DOR 57 

 862 

Validation of our CJS model using a simulation study 863 

To evaluate the behaviour of our CJS model over a broad range of parameter 864 

values, we simulated nine data sets that crossed high (0.8), medium (0.5) and low 865 

(0.2) mean survival and recapture probabilities. Each data set contained capture 866 

histories for 2,000 individuals observed at 40 sites over 10 years, mirroring the 867 

structure of our empirical study. Random effects for site, year and site-by-year 868 

interaction were fitted for both the survival and recapture sub-models, with no fixed 869 

effects specified. Prior specification was identical to that specified in our empirical 870 

study (see Methods). Four MCMC chains were run in parallel, each with 4000 871 

iterations (2000 warm-up and 2000 sampling). Convergence was assessed using 872 

Rhat values which were <1.01 and effective sample sizes >1000 for all parameters 873 

across all models, indicating satisfactory convergence.  874 

 875 

In every scenario, the point estimate was close to the true value and the true value 876 

lay inside the corresponding 95% credible interval (Table S2). Although only one 877 
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replicate was analysed per scenario due to computational costs associated with 878 

running many replicates, these results suggest that the CJS model is approximately 879 

unbiased over a broad range of survival and recapture probabilities that could 880 

potentially occur in a short-lived passerine population.  881 

 882 

Table S2: True and estimated mean survival and recapture probabilities from CJS models 883 

run on simulated datasets. Posterior mean and 95% CrIs reported. 884 

True mean survival 

probability 

True mean recapture 

probability 

Estimated mean 

survival probability 

Estimated mean 

recapture probability 

High survival (0.8) High recapture (0.8) 

 

0.811  

(0.786 – 0.835) 

0.790  

(0.771 – 0.809) 

High survival (0.8) Medium recapture (0.5) 

 

0.811  

(0.787 – 836) 

0.502  

(0.477 – 527) 

High survival (0.8) Low recapture (0.2) 

 

0.817  

(0.781 – 0.853) 

0.205  

(0.185 – 0.226) 

Medium survival (0.5) High recapture (0.8) 

 

0.477  

(0.457 – 0.497) 

0.813  

(0.772 – 0.853) 

Medium survival (0.5) Medium recapture (0.5) 

 

0.473  

(0.440 – 0.506) 

0.514  

(0.465 – 0.564) 

Medium survival (0.5) Low recapture (0.2) 

 

0.463  

(0.395 – 0.531) 

0.212  

(0.169 – 0.263) 

Low survival (0.2) High recapture (0.8) 

 

0.189 

 

0.832  
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(0.153 – 0.227) (0.707 – 0.941) 

Low survival (0.2) Medium recapture (0.5) 

 

0.176  

(0.136 – 0.222) 

0.540  

(0.389 – 0.729) 

Low survival (0.2) Low recapture (0.2) 

 

0.219  

(0.127 – 0.335) 

0.125  

(0.063 – 0.219) 

 885 

Effect of 2017-2019 clutch swap experiment on annual apparent survival 886 

of adults 887 

Between 2017 and 2019, clutch swap experiments were conducted across 37 sites 888 

involving 269 nestboxes. Because of this experiment, breeding adults captured at 889 

these nestboxes (n=459 observations of 380 individuals) may experience differential 890 

costs of reproduction on survival, compared to unmanipulated individuals. We 891 

investigated whether being a part of the clutch-swap experiment in year t influenced 892 

survival from year t to t+1 by including a time-varying fixed effect of experiment (a 893 

factor with two levels: 0=unmanipulated and 1=experimentally manipulated) 894 

alongside all other fixed and random effects as in the CJS model reported in the 895 

main text. We found no difference in average apparent annual survival between the 896 

two treatment groups, with the temporal variance in survival remaining largely 897 

unchanged (Supplementary Table S3). 898 

 899 

Table S3: Results from Cormack-Jolly-Seber model investigating effects of sex, age, clutch swap 900 

experiment, relative winter temperature and relative local breeding density on annual apparent 901 

survival probability. Estimates of recapture probability and random effects of site, year and 902 

interaction between site and year for both sub-models also reported. Posterior median, 95% CrI 903 
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shown along with effective sample size and Rhat. All parameter values are on logit scale. Results 904 

in bold indicate estimates where the 95% CrIs don’t overlap zero. 905 

Parameter median 2.50% 97.50% n_eff Rhat 

Survival Probability           

Intercept -0.115 -0.363 0.115 10007 1.001 

Sex (female) -0.238 -0.383 -0.093 22147 1.000 

Age (linear) -0.529 -0.961 -0.112 9958 1.000 

Age (quadratic) -0.406 -0.705 -0.115 10665 1.000 

Clutch Swap Experiment (1) 0.071 -0.191 0.339 16440 1.000 

Relative local winter temperature -0.110 -0.231 0.022 10236 1.000 

Relative local breeding density -0.193 -0.295 -0.091 16049 1.000 

Year variance 0.018 0.000 0.117 5604 1.001 

Site variance 0.055 0.008 0.138 3815 1.001 

Site:Year variance 0.012 0.000 0.093 3132 1.001 

Recapture Probability           

Intercept 1.341 0.910 1.813 6075 1.001 

Year variance 0.088 0.000 0.624 5494 1.002 

Site variance 0.687 0.256 1.592 5374 1.000 

Site:Year variance 0.184 0.001 0.782 2045 1.002 

 906 

Spatial synchrony in absolute local winter minimum temperature and 907 

local breeding density at the nestbox level 908 

Since we expect spatial synchrony in local winter temperature and local breeding 909 

density to be driving any observed spatial synchrony in adult survival, we also 910 

estimated ICCs in both these ecological variables. We fitted absolute local winter 911 

minimum temperature with normally-distributed errors where year and site were fitted 912 

as random effects in this model (n=436). The residual variance in this model 913 

captured spatiotemporal (site-by-year) variation. For local breeding density, we fit a 914 
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binomial model for occupancy (0=unoccupied; 1=occupied) at the nestbox level 915 

where year, site and the interaction between them were fitted as random effects 916 

(n=3141). This was done since sampling variance could be substantial with only 6-8 917 

nestboxes monitored at each site, increasing variance in the realized occupancies 918 

(measured as absolute local breeding density) (Santin-Janin et al., 2014). By fitting a 919 

binomial model at the nestbox level, we can separate this sampling variance from 920 

the spatiotemporal variance we are interested in. Then, we estimated spatial 921 

synchrony (ICCs) for both absolute local winter temperature and local breeding 922 

density (at the nestbox level) as: 923 

 924 

																																	𝐼𝐶𝐶$-4/ =	
s#$%&'

s#$%&'7s#'%(!)*&+
    ;    𝐼𝐶𝐶2-6#!$0 =	

s#$%&'
s#$%&'7s#(!"%:$%&'

 925 

 926 

Models were run using ‘rstanarm’ setting default weakly informative priors and 927 

running 4 chains of 8000 iterations. Convergence was confirmed based on Rhat < 928 

1.01 and effective sample size > 1000 for all parameters.  929 

 930 

We found high spatial synchrony in both absolute local winter temperature (ICC: 931 

0.894, 95% CrI: 0.806 – 0.952; Table S4A) and local breeding density at the nestbox 932 

level (ICC: 0.955, 95% CrI: 0.499 – 0.999; Table S4B). This indicates that spatial 933 

synchrony in both these ecological variables contributes in part to the observed 934 

spatial synchrony in adult survival.   935 

 936 

Table S4A: Results from a Gaussian model of absolute local winter where year and site were 937 

fitted as random effects. All parameter estimates and spatial synchrony (ICC) reported alongside 938 

their posterior medians and 95% CrIs. 939 
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 940 

Parameter Median 2.5% 97.5% p-value 

Fixed Effect     

Intercept 0.409 -0.035 0.804 0.071 

Random Effect Variance    

Year variance 0.296 0.120 0.609  

Site variance 0.796 0.518 1.131  

Residual variance  0.035 0.031 0.041  

Spatial Synchrony (ICC) 0.894 0.806 0.952  

 941 

Table S4B: Results from a binomial model of local breeding density where year, site and 942 

site:year interaction term were fitted as random effects. All parameter estimates and spatial 943 

synchrony (ICC) reported alongside their posterior medians and 95% CrIs. 944 

Parameter Median 2.5% 97.5% p-value 

Fixed Effect     

Intercept 0.715 0.340 1.114 < 0.001 

Random Effect Variance    

Year variance 0.049 0.009 0.197  

Site variance 1.319 0.823 2.211  

Site:Year variance  0.002 0.000 0.027  

Spatial Synchrony (ICC) 0.955 0.499 0.999  

 945 

Effect of absolute local winter minimum temperature and absolute local 946 

breeding density on apparent annual survival of adults 947 

To understand whether site-level variation in our environmental predictors predicted 948 

annual apparent survival of adult blue tits, we re-ran our full CJS model fitting 949 

additional fixed effects of absolute local winter minimum temperature and absolute 950 

local breeding density. We found site-mean local breeding density to positively 951 
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predict survival to the next breeding season. There was no association between site-952 

mean local winter minimum temperature and survival to the subsequent spring 953 

(Table S5).  954 

 955 

Table S5: Results from Cormack-Jolly-Seber model investigating effects of sex, age, mean local 956 

winter minimum temperature, mean local breeding density, relative winter temperature and 957 

relative local breeding density on annual apparent survival probability. Estimates of recapture 958 

probability and random effects of site, year and interaction between site and year for both sub-959 

models also reported. Posterior mean, 95% CrI shown along with effective sample size and Rhat. 960 

All parameter values are on logit scale. Results in bold indicate estimates where the 95% CrIs 961 

don’t overlap zero. 962 

Parameter median 2.50% 97.50% n_eff Rhat 

Survival Probability           

Intercept -0.109 -0.347 0.121 10484 1.000 

Sex (female) -0.235 -0.384 -0.089 20563 1.000 

Age (linear) -0.532 -0.957 -0.127 9063 1.000 

Age (quadratic) -0.404 -0.706 -0.121 10574 1.000 

Absolute local winter temperature -0.027 -0.165 0.108 8526 1.000 

Relative local winter temperature -0.111 -0.230 0.015 10362 1.000 

Absolute local breeding density 0.151 0.020 0.281 8683 1.000 

Relative local breeding density -0.180 -0.284 -0.078 17653 1.000 

Year variance 0.017 0.000 0.109 5683 1.000 

Site variance 0.043 0.003 0.121 4553 1.001 

Site:Year variance 0.012 0.000 0.093 2979 1.002 

Recapture Probability           

Intercept 1.381 0.945 1.845 5652 1.000 

Year variance 0.087 0.000 0.609 5188 1.000 

Site variance 0.634 0.217 1.514 5224 1.002 

Site:Year variance 0.195 0.001 0.813 2081 1.001 
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Contributions of ecological predictors to shared and site-specific 963 

temporal variation in survival 964 

We estimated the proportion of shared and site-specific temporal variation in survival 965 

explained by each ecological predictor using the full posterior distribution of s+0-(& 966 

and s+#!$-:0-(& 	variance components to predictors (Grosbois et al., 2009; Horswill et 967 

al., 2023). For each MCMC draw, we calculated: 968 

Contribution0-(& =	
s+0-(&,-8.) −	s+0-(&,!6.)

s+0-(&,-8.)
 969 

 970 

Contribution#!$-:0-(& =	
s+#!$-:0-(&,-8.) −	s+#!$-:0-(&,!6.)

s+#!$-:0-(&,-8.)
 971 

where s+0-(&,-8.) , s+0-(&,!6.) are posterior draws of the random year-effect variance 972 

and s+#!$-:0-(&,-8.) 	,s+#!$-:0-(&,!6.) 	are posterior draws of the site-by-year random effect 973 

variance from the models excluding and including the ecological predictor, 974 

respectively. We report the median and 95% credible interval of the resulting 975 

posterior distribution of Contribution0-(& and Contribution#!$-:0-(&. We also computed 976 

the posterior probability that the contribution of our ecological predictors to shared 977 

and site-specific temporal variance in survival was positive, estimated as the 978 

proportion of posterior samples for which the contribution exceeded zero.  979 

 980 

The posterior median contribution of relative local winter minimum temperature to 981 

synchronous variation in survival was 39.2% (95 % CrI: -5.561 – 0.983), however its 982 

contribution to site-specific variance was small at 3.5% (95% CrI: -442.835 – 0.998). 983 

The site:year variance contribution exhibited very wide 95% credible intervals, driven 984 

by some posterior draws in which s+#!$-:0-(&,-8.) 	approached zero (Table S6).  985 
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For relative local breeding density, the posterior median contribution to shared 986 

(s+0-(&) and site-specific (s+#!$-:0-(&) variation in survival was 45.5% and 6.1% 987 

respectively, although the 95% CrIs were very wide (Table S6). 988 

 989 

The posterior median contribution of both ecological predictors to shared temporal 990 

variation in survival was 72.9%, compared to 13.9% to site-specific temporal 991 

variance. However, the 95% credible intervals were very wide (Table S6). Since the 992 

probability that the contribution of both predictors to shared and site-specific 993 

temporal variance was positive was 0.83 and 0.53 respectively, this suggests that 994 

our ecological predictors were more likely to explain shared temporal variance in 995 

survival, compared to site-specific temporal variance (Table S6).  996 

 997 

Table S6: Contributions of i) relative local winter minimum temperature, ii) relative local breeding 998 

density and iii) both ecological predictors to shared and site-specific temporal variance in adult 999 

annual survival. Median and 95% CrIs of the posterior distributions reported. The posterior 1000 

probability that the contribution is positive is also reported.   1001 

 Median contribution 2.50% 97.50% P (contribution > 0) 

Relative Local Winter 

Temperaturemin         

Year Variance 0.392 -5.561 0.983 0.663 

Site:Year Variance 0.035 -442.835 0.998 0.508 

         

Relative Local Breeding 

Density         

Year Variance 0.455 -4.588 0.983 0.700 

Site:Year Variance 0.061 -384.796 0.998 0.511 
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Relative Local Winter 

Temperaturemin and 

Relative Local Breeding 

Density         

Year Variance 0.729 -2.723 0.998 0.830 

Site:Year Variance 0.139 -337.974 0.998 0.526 

     

 1002 

1003 

Figure S1: (A) Temporal, (B) spatial and (C) spatiotemporal variation in recapture probability. 1004 

Posterior median (for A,B, C) and 95% credible intervals (for A, B) displayed (Table 1). 1005 
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