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ABSTRACT

Variation in age structure influences population dynamics, yet we have limited understanding of the spatial scale at which its
fluctuations are synchronised between populations. Using 32 great tit populations, spanning 4° W-33°E and 35°-65°N involving
> 130,000 birds across 67 years, we quantify spatial synchrony in breeding demographic structure (subadult vs. adult breeders)
and its drivers. We show that larger clutch sizes, colder winters, and larger beech crops lead to younger populations. We report
distance-dependent synchrony of demographic structure, maintained at approximately 650km. Despite covariation with de-
mographic structure, we do not find evidence for environmental variables influencing the scale of synchrony, except for beech
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masting. We suggest that local ecological and density-dependent dynamics impact how environmental variation interacts with

demographic structure, influencing estimates of the environment's effect on synchrony. Our analyses demonstrate the operation

of synchrony in demographic structure over large scales, with implications for age-dependent demography in populations.

1 | Introduction

Age-specificity in individual-level traits means that variation in
population age structure can feed through to affect various pop-
ulation processes. For example, variation in age structure can in-
fluence population-level social functioning (Siracusa et al. 2023;
Woodman et al. 2024) and population growth rate (Caswell 2000;
Sibly and Hone 2002). Further, the influence of age structure
on population vital rates is self-reinforcing, in that when demo-
graphic rates change, this affects the number of individuals that
are recruited and die, thus shaping the overall distribution of age
across a population. For example, a population's age structure
may become younger either through mortality among older indi-
viduals, or when recruitment is greater. As such, variation in age
structure arises when demographic rates vary, which may be in-
fluenced by environmental variability affecting recruitment and
age-specific mortality (Koons et al. 2016; Rollinson et al. 2021). A
considerable amount of research has identified within-population
temporal variation in age structure (Coulson et al. 2004; Coulson,
Gaillard, and Festa-Bianchet 2005; Gamelon et al. 2016), yet rela-
tively little is known about the spatial scale at which age structure
varies, whether temporal dynamics differ between populations,
and what between-population differences in fluctuations in age
structure suggest about the drivers of its variation.

Spatial synchrony is the concurrent change in time-varying
characteristics of spatially-distinct populations (Bjernstad,
Ims, and Lambin, 1999; Liebhold, Koenig, and Bjernstad 2004),
which operates across many animal populations (Elton 1924;
Moran 1953; Wan et al. 2022). Spatial synchrony can in-
crease population stability (Paradis 1997; Ruxton 1994), but
highly synchronous dynamics may impose risk of species ex-
tinction if population crashes occur simultaneously (Heino
et al. 1997). Research has identified spatial synchrony in sur-
vival (Olmos et al. 2020), body mass (Herfindal et al. 2020),
breeding success (Olin et al. 2020; Vriend et al. 2023), phe-
nology (Vriend et al. 2023), and population size (Bjornstad,
Stenseth, and Saitoh, 1999; Hansen et al. 2020; Koenig 1999),
particularly in birds (Mortelliti et al. 2015; Paradis et al. 1999,
2000; Seether et al. 2007). However, despite the interrelated
dynamics between population growth and age structure, little
research has assessed spatial synchrony of age structure and
the mechanisms that might drive this.

Spatial synchrony arises from three primary mechanisms: dis-
persal between populations (Kendall et al. 2000; Ripa 2000);
interspecific trophic interactions with other organisms that
are spatially synchronised (Ims and Andreassen 2000; Jones,
Doran, and Holmes 2003; Selds 1997); or a common influ-
ence on populations from environmental variables that are
correlated in space—the “Moran effect” (Moran 1953; Ranta
et al. 1997). Quantifying the spatial scale at which age struc-
ture co-fluctuates and whether any of the above mechanisms
drive its spatial synchrony will advance understanding of

fundamental concepts in the ecology of how populations are
structured. Further, gaining insight of spatial synchrony in
age structure due to environmental regulation is relevant for
understanding the effects of climate change on population
dynamics, particularly considering that highly synchronous
dynamics might induce simultaneous population crashes and
prevent the possibility of demographic rescue (Engen, Lande,
and Sether 2002; Mills 2012).

In this study, we assess spatial synchrony of variation in demo-
graphic structure across 32 European great tit breeding popula-
tions. We first assess whether fluctuations in the proportion of
subadult breeders are explained by reproductive and environ-
mental factors that vary at different spatial scales. Second, we
quantify whether temporal fluctuations in this demographic
structure depend on distance between populations, and whether
such spatial synchrony is explained by variation in reproductive
and environmental variables. By assessing the influence of sep-
arate explanatory variables, we identify how aspects of repro-
ductive and environmental variability differentially influence
variation in demographic structure, and their role in synchron-
ising breeding population dynamics.

2 | Methods
2.1 | Study Systems and Data Collection

The great tit Parus major is a passerine bird found in mixed
woodlands across much of the Western Palearctic. Their re-
productive lifespan ranges from 1 to 9, averaging 1.8years
(Bouwhuis et al. 2009; Woodman et al. 2022). Although there
are some continuous changes with age (Bouwhuis et al. 2009),
the main age effects on individual-level traits and popula-
tion processes are captured by two age-classes: 1-year-olds
(hereafter subadults) and older (hereafter adults, Gosler 1993;
Harvey et al. 1979; Perrins 1979; Gamelon et al. 2016, 2019;
Woodman et al. 2022). Great tits generally undertake one
breeding attempt during a single annual breeding season
April-June (in some parts of their range second clutches can
occur, Verhulst 1998; Visser et al. 2003). Data used here are
from 32 populations (Figure 1), the geographical range of
which represents a large part of the species’ breeding range
(Sullivan et al. 2009). Generally, data collection at these sites
included regular visits to nest-boxes during breeding to track
reproductive attempts, individually mark chicks and breeding
individuals, and record their morphometrics, sex and age. Age
is based either on year of hatching for local birds, or plumage
characteristics for immigrants, where subadults and adults
are discriminated based on feather moult (Svensson 1992).
Further details of data collection and metadata for popu-
lations can be found through the Studies of Populations of
Individual Birds (www.spibirds.org, Culina et al. 2021) and
the Supporting Information S1.
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FIGURE1 | Map of the 32 great tit breeding populations across Europe, with point size relative to the number of years in the time series. The box
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in the top left shows the populations in The United Kingdom, Belgium, and The Netherlands in closer detail. Information for each study population

can be found in Table S1.

2.2 | Breeding Demographic Structure

We assigned age to all breeding great tits with known iden-
tity, across which exact year of hatching (birds first marked as
chicks or subadults) was known for 82.5% of 135,967 captures.
Birds first captured as adults (15.3% and 20.1% of breeding fe-
males and males, respectively) were assigned an age of 2, with
subsequent age estimates based on this. Given annual mor-
tality rates >50% this assumption is likely to be accurate in
most cases (Bouwhuis et al. 2009) - also, in these cases, indi-
viduals are still accurately designated as ‘subadult’ or ‘adult’.
In total, age was assigned to 62.1% of parents where at least
one egg was laid (due to some studies’ protocols not always in-
cluding parental identification, nests failing prior to capture,

and unsuccessful trapping attempts, parental identity was un-
known in some cases).

For each year, we calculated the proportion of each breeding
population consisting of subadults. While this is a univariate
ratio that describes breeding demographic structure without
fully capturing the multivariate nature of age structure, it is
a relevant proxy for age structure and provides an interpre-
table measure of the relative abundance of young to old indi-
viduals. Moreover, the proportion of subadults has previously
been shown to be important for population processes in-
cluding density regulation and population-level breeding be-
haviour in this species (Gamelon et al. 2016, 2019; Woodman
et al. 2022). However, we also considered alternative aspects
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of demographic structure by calculating five additional de-
scriptors (mean population age; proportion of senescent
individuals; and change in the three population demo-
graphic structure descriptors compared to a running mean,
Supporting Information S1). We calculated these for every
annual population, but only used data from years where the
population included at least 20 individuals (mean, IQR: 230,
60-356) and >25% of the population was aged (mean, IQR:
56.0%, 36.1%-78.2%, Supporting Information S1). In total, the
study spanned 1956-2022, comprising 702 study years and
131,150 captures of 77,964 breeding individuals.

2.3 | Reproductive and Environmental Variables

We assessed how reproductive and environmental variables
that vary at different spatial scales relate to breeding demo-
graphic structure. First, we considered the influence of within-
population average clutch size in year t—1 on demographic
structure in year t. We would expect variation in mean clutch
size to affect the demographic structure of the following breed-
ing season, where large average clutch sizes would lead to more
recruits (Ahola et al. 2009) and therefore a higher proportion
of breeding subadults the next year, thus we test this prediction
here. We calculated within-population average clutch size as the
mean number of eggs produced per breeding attempt within a
breeding season.

Second, we considered two climatic variables: temperature
and precipitation. We calculated the average mean daily tem-
perature (°C) and the average daily precipitation sum (mm)
from the E-OBS dataset (Cornes et al. 2018) across four pe-
riods preceding the focal breeding season for each popula-
tion: June-August (hereafter summer); September-November
(autumn); December-February (winter); and March-May
(spring). We also considered the frequency of extreme climatic
events (ECEs) by calculating the number of ‘cold ECEs’ and
‘hot ECEs’ June-May. We define ECEs as events with an ob-
served occurrence in the extreme 5% of the tail of the relevant
distribution across the entire study period (1956-2022) in each
population separately (Marrot, Garant, and Charmantier 2017;
Moreno and Moeller 2011). Thus, a cold ECE occurred when
minimum daily temperature was less than the 5% threshold;
and a hot ECE occurred when maximum daily temperature
exceeded the 95% threshold.

Third, we considered European beech Fagus sylvatica masting,
an environmental variable which is generally understood to
vary at a larger spatial scale than variation in temperature and
precipitation. Beech masting is the annual production of seeds
(Kelly 1994), which constitute part of the winter diet of great tits,
thus influencing survival, particularly in the first-year of life
(Perdeck, Visser, and van Balen 2000). The distribution of beech
does not cover the entire range of populations assessed here,
and in southern Europe is restricted to higher altitudes (Bolte,
Czajkowski, and Kompa 2007). However, masting-related de-
mographic fluctuations in tits are synchronised across regions
with and without beech, suggesting that beech masting is cor-
related with fruiting of other tree species, such that years with
a large beech crop are rich in other food resources, promoting
survival across different habitats (Klomp 1980; Perrins 1966).

Thus, for each annual population, we obtained a masting value
from a continental-scale dataset of beech masting up to 2017
(MASTREE+, Hacket-Pain et al. 2022), using the masting value
from a data collection site closest to that of each population in
the year preceding breeding. The central coordinates for all
sites were less than 1500km from the focal breeding popula-
tion, which is the spatial scale at which masting remains syn-
chronised (Bogdziewicz et al. 2021), and most were much closer
(median, IQR: 143km, 88-297km). To assess the influence of
masting at a more local scale, we created a subset of populations
within the distribution of beech (Figure S1) and where data
was collected within 100km of the population (12 populations,
n=188 population-years; further details for reproductive and
environmental variables in Supporting Information S1).

2.4 | Variation in Breeding Demographic Structure
and Explanatory Variables

First, we investigated the effects of the reproductive and envi-
ronmental variables on breeding demographic structure. For
each explanatory variable we constructed a linear mixed-effects
model of the form.

Yi,j = ﬁint + uint,i + (ﬁexpl + uexpl,i)ZiJ + sij (1)

where y is the normalised subadult proportion per breeding
population i and year j, f;, is an intercept, u;, ; denotes ran-
dom intercepts for each population assumed to have a normal
prior distribution with mean 0 and standard deviation o, ,
Bexp1 is @ slope for the explanatory variable, u, ; denotes ran-
dom slopes for the explanatory variable for each population
assumed to have a normal prior distribution, Zij is the nor-
malised explanatory variable for each annual population, and
g;ls the residual error, assumed to have a normal prior distri-
bution. This model was run for the 13 explanatory variables
separately, as many of the environmental variables are highly
correlated, thus leading to multicollinearity issues and mak-
ing interpretation of individual effects challenging.

These models were run using brms version 2.18.0 (Biirkner 2017).
We used default priors and ran four Markov chains for 6000 iter-
ations with a burn-in of 3000, resulting in 12,000 posterior sam-
ples. Chain convergence was evaluated using the diagnostic Rand
effective sample size (Vehtari et al. 2021). We also ran the same
models using alternative age structure descriptors (Supporting
Information S1). The explanatory variables and demographic
structure descriptors were z-normalised such that their relative
effects could be assessed.

2.5 | Spatial Synchrony of Variation in Breeding
Demographic Structure

Second, we analysed whether breeding demographic structure
fluctuations are spatially synchronous, and whether this is ex-
plained by variation in the reproductive and environmental
variables. Following Engen et al. (2005), we calculated a spatial
autocorrelation function of the form.

e‘dz /21

p(d) = pe, + (Po = Poo) @)
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where the synchrony estimate p(d) resembles a Pearson cor-
relation that quantifies the degree of synchrony in breeding
demographic structure fluctuations as a function of distance.
po and p,, are correlations of demographic structure as dis-
tance approaches zero and infinity, respectively; e=4"/%" is a
Gaussian positive definite autocorrelation function where d
is distance between populations (in kilometres), and [ is the
standard deviation representing a standardised measure of
the scale of spatial autocorrelation, i.e. the characteristic scale
at which temporal variation of an ecological property remains
correlated (Jarillo et al. 2018; Lande, Engen, and Szther 1999).
The model assumes that the spatial autocorrelation structure is
Gaussian such that the parameters p,, p., and [ are positive (as
described in Engen, Lande, and S@ther 2002; Lande, Engen,
and Sather 1999). While it is possible that correlation in de-
mographic structure between any two populations is negative,
here we assume that correlation cannot be below zero on av-
erage. Modelling negative correlations on average is possible
through non-parametric approaches (e.g., Bjornstad, Stenseth,
and Saitoh, 1999), but using the parametric approach applied
here is beneficial when assessing wide-scale spatial synchrony
in ecological variables (Bjornstad, Ims, and Lambin, 1999;
Engen et al. 2005; Herfindal et al. 2020; Vriend et al. 2023).
Specifically, this approach allows for formal comparisons of
synchrony in demographic characteristics by providing esti-
mated parameters, such as the standard deviation (I), which
non-parametric methods do not yield (Lande, Engen, and
Seether 1999; Grotan et al. 2005). However, we also estimated
synchrony using a semi-parametric approach to compare our
main results with those obtained from a method allowing for
on average negative synchrony (Supporting Information S1).

The normalised demographic structure variables of all pop-
ulations in each year were assumed to have a multivariate
normal distribution where J, ~ MVN(0,X,). The diagonal el-
ements of the variance-covariance matrix were set to 1, and
the off-diagonal elements were defined by p,, p,, and I given
distance d between populations. The fitting of the autocorrela-
tion function to the data and estimation of parameters were
performed using maximum likelihood estimation. Data from
different populations were collected over a variable number of
years, thus time series that overlap for longer were given more
weight in the likelihood calculation in direct proportion to the
number of overlapping years (Engen et al. 2005). Overall log-
likelihood was the sum of annual log-likelihoods optimised
numerically to provide estimates for p,, p,, and I. As stated pre-
viously, this means that while individual correlations between
populations can be negative, the model's best-fit parameters re-
flect an average positive trend in synchrony. The distributions
of these spatial synchrony parameters were obtained by para-
metric bootstrapping involving simulation from the multivar-
iate normal distribution, based on the yearly set of populations
in the data and the estimated spatial synchrony parameters
(Engen et al. 2005; Lillegdrd, Engen, and Sather 2005). This
was done 2000 times, resulting in 2000 bootstrap replicates.
The multivariate normal distribution was constructed using
mvtnorm version 1.1-3 (Genz et al. 2021). Given that some
research suggests spatial synchrony has increased over time
in natural populations (Koenig and Liebhold 2016), we addi-
tionally ran our spatial autocorrelation model on a subset of

the data (2000-2022) to assess whether there was greater syn-
chrony in more recent years.

Finally, we assessed the influence of reproductive and environ-
mental variables in explaining spatial synchrony of breeding de-
mographic structure. Following previous methods (e.g., Grotan
et al. 2005; Saether et al. 2007; Vriend et al. 2023), the proportion
of subadults in each annual breeding population was regressed
against population-specific explanatory variables in separate
linear models. The residuals from these were then normalised
and used as the variable of interest in the spatial synchrony
model (Equation (2)). This allowed us to calculate synchrony in
demographic structure once the effects of explanatory variables
have been accounted for, based on differences in distance-decay
patterns. While some work highlights that when multiple en-
vironmental variables act simultaneously, it can be difficult to
discern the effect of any one on spatial synchrony (Abbott 2007;
Reuman et al. 2023), the approach employed here is useful as it
provides estimated parameters allowing for formal comparison
of spatial synchrony with and without accounting for environ-
mental variability. All analysis was run in R statistical software
version 4.2.2 (R Core Team 2021).

3 | Results

3.1 | Variation in Breeding Demographic Structure
and Explanatory Variables

We found marked temporal variation in the proportion of an-
nual breeding populations consisting of subadults, which ranged
0-0.89 across the 32 populations over 1956-2022. We found that
increased average clutch sizes were associated with a larger
proportion of breeding subadults the following year (Figure 2;
Table S2). We also found that variation in breeding demographic
structure related to climatic factors, where breeding popula-
tions with a smaller proportion of subadults followed warmer
summers and years with more frequent hot ECEs. However,
we found no effect of precipitation. Breeding populations had
higher proportions of subadults in years following winters with
a large beech crop, and this positive relationship was stronger
when only assessing populations within 100km of beech data
collection (Figure 2; Table S2 for all results).

3.2 | Spatial Synchrony of Variation in Breeding
Demographic Structure

We found large-scale synchrony in the proportion of breeding
subadults, which decreased as distance between populations
increased (Pgoxm =0.340 [0.260, 0.416]; Psoorm =0.-253 [0.163,
0.330]; Paspoxm = 0-004 [<0.001, 0.112]; Figure 3a; Table 1), and a
large estimate for the scale of spatial autocorrelation (T=641km
[371km, 1000 km]). Spatial synchrony was very similar for all
alternative descriptors of demographic structure (Supporting
Information S1; Table S3; Figure S7). Additionally, spatial syn-
chrony was similar in recent years compared to over all time
(Table S5; Figure S9) and the general pattern of synchrony ap-
peared similar when using a semi-parametric approach which al-
lowed for negative synchrony on average (Table S6; Figure S10).
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tion of populations consisting of subadults and 13 reproductive and environmental variables across 32 great tit breeding populations. Each point rep-
resents the fixed-effect slope (ﬂexpl in Equation (1)) for a specific predictor variable (on the y-axis), and error bars denote 95% credible intervals. Points
and error bars are reduced in saturation when credible intervals overlap zero, and explanatory variable text is bolded when they do not.

Interestingly, neither clutch size nor many of the environmental
variables explained spatial synchrony in breeding demographic
structure (Figure 3b-d; Table S7). There is some evidence that
masting had a synchronising effect on the subadult proportion
for populations within 100km of mast data collection (p;goxm
=0.239 [0.030, 0.419]; Pspor = 0.109 [<0.001, 0.303]; Figure 3e).
However, these results should be interpreted with caution given
that the synchrony estimates are based on a subset of popula-
tions across which the maximum distance between populations
that overlap their time series (635km) is similar to the estimated
spatial scale of synchrony in demographic structure across all
populations.

4 | Discussion

Using 77,964 individuals across 32 great tit populations collec-
tively monitored over 702years, we show that reproductive and
environmental variables covary with breeding demographic
structure, with average clutch size from previous breeding,
winter temperature, and variation in beech masting being
the strongest predictors of demographic structure. We report
distance-dependent synchrony in breeding demographic struc-
ture, which is maintained at approximately 650km. However,
despite association between reproductive and environmental
factors with populations’ demographic structure, we did not
find support for these factors in explaining synchrony (except
for some evidence that beech masting partially synchronises
fluctuations).

4.1 | Temporal Variation in Breeding Demographic
Structure and Explanatory Variables

Variation in age structure can have important consequences
for demographic and social functioning (Coulson, Gaillard, and
Festa-Bianchet 2005; Gamelon et al. 2019; Siracusa et al. 2023;
Woodman et al. 2024), yet little research has linked its variation

across multiple populations directly to reproductive and envi-
ronmental variability. This is because much research has fo-
cussed on how variation in population vital rates covary with
environmental factors in single populations (Coulson, Milner-
Gulland, and Clutton-Brock 2000; Coulson et al. 2001; Farand,
Allainé, and Coulon 2002), without explicitly linking this to
variation in demographic structure (Hoy et al. 2020). Here, we
provide evidence that reproductive and environmental vari-
ability influences breeding population demographic structure
through affecting the proportion of subadults found breeding
annually.

The strongest predictor of demographic structure was average
clutch size, which predicts younger breeding populations the
following year when clutch sizes are larger, suggesting that
on average larger clutch sizes lead to more recruits (Ahola
et al. 2009). Additionally, greater fecundity in great tits is linked
to higher mortality (Payevsky 2006; Sether 1988), thus there
may be a relative increase in the proportion of subadults the
following year if there is high mortality among older individ-
uals due to the cost of producing larger clutches. Directly link-
ing variation in average clutch size and breeding demographic
structure reveals an important aspect of fluctuating dynamics in
great tit populations. This is because larger clutch sizes are pro-
duced when populations are smaller (Kluijver 1951; Lack 1952).
Conversely, following an increase in the proportion of subadults
due to larger clutch sizes (as shown here), density-dependence
will be strengthened, not only due increased population size,
but also because subadults have the strongest effect on density-
dependent regulation, reducing recruitment and survival
(Gamelon et al. 2016; Tinbergen, van Balen, and van Eck 1985)
and producing fewer fledglings (Perrins and McCleery 1985).

We report a relationship between breeding demographic struc-
ture and temperature, but not precipitation, where warmer sum-
mers and winters, and more frequent hot ECEs, are associated
with smaller proportions of subadults. This is contrary to what
might be expected where harsher winters would lead to elevated
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FIGURE 3 |

Spatial synchrony of temporal variation in breeding demographic structure in relation to distance between great tit populations. In

all plots, distance between populations (km) is on the x-axis and correlation between paired sites is on the y-axis. (a) Shows spatial synchrony of tem-

poral fluctuations in the proportion of subadults, where the green line is the median estimate of spatial synchrony (calculated in Equation (2)) based

on 2000 bootstrap replicates, with light green shading representing 95% credible intervals, and point size relative to the number of years of overlap

between time series of pairwise sites. In (b-e), the dark green solid line is the estimate of spatial synchrony in the proportion of subadults with 95%

credible intervals, the yellow line is the spatial synchrony of the given predictor (reproductive or environmental) variable, and the green dashed line

is the spatial synchrony in the proportion of subadults once accounting for the given reproductive or environmental variable.

mortality of inexperienced subadults. Multiple hypotheses might
explain why lower temperatures result in a differential response
of demographic structure compared to this expectation. For
example, it has been shown that the reduction of fat following
cold temperatures is not age-specific in great tits (Gosler 2002).
Thus, colder winters might potentially lead to higher mortal-
ity rates in older individuals with lower basal metabolic rates

(Broggi et al. 2010) or senescence in other physiological traits
(Bouwhuis et al. 2012). However, a more plausible hypothesis is
that cold temperature-driven mortality is age-independent, thus
reducing local population size across all ages (van Balen 1980;
Kluijver 1951; Payevsky 2006). In high-quality great tit habitats
(as in many populations assessed here), there are often more
individuals than available territories where more dominant
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TABLE 1 | Spatial synchrony of temporal variation in breeding
demographic structure across great tit populations.

Parameter Median 95% credible intervals
Po 0.344 [0.264, 0.424]

Peo <0.001 [<0.001, 0.112]

1 641km [371km, 1000km]
P1o0km 0.340 [0.260, 0.416]
Pso0km 0.253 [0.163, 0.330]
P1000km 0.115 [0.035, 0.205]
P2500km 0.004 [<0.001, 0.112]

Note: Estimates are provided for spatial synchrony parameters (calculated in
Equation (2)); and for synchrony at distances of 100km, 500km, 1000km and
2500km.

individuals acquire the breeding sites (Perrins 1979). Great
tits resident to a site are more dominant (Krebs 1982; Sandell
and Smith 1991), thus upon their death, this likely makes more
territories available to subdominant individuals dispersing
from surrounding lower-quality sites (Verhulst, Perrins, and
Riddington 1997). This might therefore increase the number
of breeding immigrants following high rates of local mortal-
ity, for example, due to harsh winters (Grotan et al. 2009; Tufto
etal. 2005). Dispersal between birth and first breeding (natal dis-
persal) covers greater distances than dispersal between breeding
attempts (Greenwood and Harvey 1982). Thus, great tits moving
into new environments are often subadults (Greenwood 1980).
This therefore might generate an indirect relationship between
colder winters and larger proportions of breeding subadults the
following spring. Further work should test this hypothesis by
assessing winter temperature conditions under which immigra-
tion increases in great tits and other non-migratory species with
sink populations in patchy environments.

We found larger beech crops are followed by breeding seasons
with larger proportions of subadults. Beech mast is important for
winter survival in great tits, and previous work shows it elevates
survival particularly in the first-year of life (Clobert et al. 1988;
Killander 1981; Perdeck, Visser, and van Balen 2000). However,
such studies assess either single populations, or populations
close to one another, thus there is limited understanding of how
important masting is for tit demography on a continental-scale
(but see Sether et al. (2007) for its influence on size of popula-
tions located several hundred kilometres apart). Moreover, when
we restricted analyses to populations within 100km of beech
data collection, we found a greater effect of masting on breed-
ing demographic structure. This could be due to two reasons:
either data collected far from focal populations did not represent
actual masting conditions experienced (although there is high
spatial synchrony in beech crop cycles, Bogdziewicz et al. 2021);
or some populations are in habitats with no or a lower density
of beech, thus masting cannot influence demographic fluctu-
ations. Indeed, when assessing population-specific trends, we
find marked variation in the effect of masting on demographic
structure (Figure S101). Further, the strength of this relationship
covaries with longitude, which approximates to the European
distribution of beech (Figure S1; S12; S13). Although it has been
suggested that masting-related tit population dynamics might

be underpinned by synchronous fruiting of multiple tree species
that elevate survival across wide-ranging habitats (Klomp 1980;
Perrins 1966), our results may indicate that it is specifically
beech which links variation in fruiting cycles with subadult
survival.

4.2 | Spatial Synchrony of Variation in Breeding
Demographic Structure

Formally comparing our estimates of synchrony with popula-
tion characteristics from previous studies, we find that the scale
of synchrony in breeding demographic structure (T =641km) is
greater than that of population size (34 km, Saether et al. 2007)
and number of fledglings produced per pair (141km, Vriend
et al. 2023) across the same species. Given the interrelated dy-
namics between reproductive output, demographic structure,
and population abundance (Gamelon et al. 2016, 2019), the dif-
ferences found in the scale of synchrony across these attributes
are interesting and warrant further research. Specifically, in-
corporating population-specific density-dependent models into
analysis and quantifying spatial synchrony thereafter might
shed light as to how these different population characteristics
interact to affect the scale of spatial synchrony in each other, and
influence the synchronising effect of environmental variability
on population dynamics (see later discussion).

Despite covariation between reproductive and environmen-
tal factors with breeding demographic structure (Figure 2),
accounting for such variables did not significantly affect the
scale of synchrony, other than evidence that beech masting
may contribute to synchronising fluctuations in the subadult
proportion (Figure 3b—e; Table S7). For any collection of pop-
ulations, it is not necessarily expected that the same environ-
mental variables would uniformly influence their demographic
structures between years or synchronise fluctuations over time.
An extensive body of demographic theory demonstrates that
density-dependence can lead to complex dynamics, including
chaos, in discrete population structures (Caswell 2000; Hastings
et al. 1993; Levin 1981). Implicit in our analysis is the assump-
tion that the populations have a fixed-point (stable) equilibrium
demographic structure to which they gravitate, and that all pop-
ulations are reasonably close to their equilibria. Even if the pop-
ulations' structures do have a stable equilibrium, they are likely
at different distances from their equilibria at any point in time,
and thus going through different phases of transient dynamics
(Hastings et al. 2018; Koons et al. 2005). If so, environmental
effects may be obscured by internal demographic processes that
might be on divergent or uncorrelated trajectories. While these
points serve as caveats concerning the complex dynamics influ-
encing the populations, they also underscore the pronounced
impact exerted by the explanatory variables (e.g., beech mast-
ing) on breeding demographic structure, penetrating through
the complicating dynamics.

Specifically, populations within 100km of beech data collec-
tion had lower estimates of synchrony in breeding demographic
structure once variation in masting had been accounted for. This
may indicate that synchrony in beech crop cycles (Bogdziewicz
et al. 2021) act to synchronise fluctuations in the proportion
of breeding populations consisting of subadults, but only in
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populations that breed within the distribution of beech. Further,
this might suggest an indirect effect of spatial autocorrelation
in weather in synchronising demographic structure, seeing as
temperature and precipitation synchronise beech crop cycles
(Bogdziewicz et al. 2021). Given the effects of climate warming
on beech, which has increased overall seed production but re-
duced reproductive synchrony among individuals (Bogdziewicz
et al. 2020), we might expect populations which are seed pred-
ators of beech, such as great tits, to have reduced synchrony
in demographic structure with increasing climate warming.
This is particularly pertinent given that masting affects popu-
lation dynamics across many taxa (Bogdziewicz, Zwolak, and
Crone 2016).

There was a general lack of an effect from other environmen-
tal variables in synchronising breeding demographic struc-
ture. Spatial synchrony is generated either through dispersal
between populations; interspecific trophic interactions with
other spatially-synchronised populations; or a common influ-
ence from spatially autocorrelated environmental variables
(the Moran effect). Dispersal between the assessed populations
is unlikely to play an important role here, as great tits disperse
over smaller spatial scales compared to our estimate of the scale
of synchrony (Greenwood, Harvey, and Perrins 1979; Tufto
et al. 2005). However, dispersal more broadly might synchro-
nise demographic structure fluctuations if there are simultane-
ous annual irruptive waves of subadult immigrants that move
into the assessed sites prior to breeding (Nowakowski and
Vihitalo 2003), especially as annual variation in such waves
correlate with years of high recruitment (Grotan et al. 2009).

Our results provide some evidence that the Moran effect may
not significantly underpin synchrony in breeding demographic
structure with regard to the climatic variables assessed here,
because individually accounting for such variables does not
substantially reduce estimates of synchrony. This may suggest
that while local climatic variability in the focal variables might
drive demographic shifts within populations, their broad-scale
spatial autocorrelation may not synchronise variation in de-
mographic structure across populations. Thus, we might not
expect wide-scale changes to these variables induced by cli-
mate change to synchronously affect demographic structure
in this species. However, it is worth noting that our approach
evaluates the role of climatic variables in isolation. As such,
while the role of single climatic variables in synchronising
demographic structure seems to be absent, multiple climatic
factors may interact to induce synchrony. Investigating the
combined effect of multiple climatic variables on spatial syn-
chrony would be a valuable avenue for future research as
methods evolve to include this complexity within a similar
framework presented here.

Extending our approach to species with alternative life-history
and ecological strategies might also further our understanding
on the role of climate in synchronising age structure. For exam-
ple, here we study resident annual breeders with few discrete
age-cohorts. It might be expected that in even shorter-lived spe-
cies with fewer age-cohorts and more irruptive population dy-
namics (such as where recruitment is dependent on age-specific
dispersal over highly variable environments), we might expect
a greater synchronising effect of single climatic variables on

demographic structure between populations, possibly leading to
a greater effect of climate change on population dynamics across
populations.

Given our findings, other non-climatic factors may play a role
in synchronising great tit breeding demographic structure. The
Moran effect traditionally emphasises abiotic climatic drivers
of synchrony, yet biotic factors, such as predator or prey pop-
ulation dynamics, might synchronise demographic structure
while themselves being influenced by spatially autocorrelated
climatic conditions. For example, tits are highly susceptible to
predation in the first month of fledging (Naef-Daenzer, Widmer,
and Nuber 2001; Perrins and Geer 1980). Thus, if there is spa-
tial synchrony in predator population dynamics, this might
induce synchrony in breeding demographic structure through
its effects on survival of subadults prior to breeding during the
first year of life. Additionally, post-fledging food availability
is important for survival (Drent 1984; Payevsky 2006), which
might influence the proportion of subadults found breeding
the following season. Diet during this period consists predom-
inantly of caterpillars (Verhulst and Hut 1996), the availabil-
ity of which will not only be influenced by weather, but other
factors that affect invertebrate abundance and phenology, such
as habitat heterogeneity and density-dependence. Exploring
spatial synchrony in demographic structure while considering
multiple trophic levels could provide a deeper understanding of
how biotic and abiotic factors collectively shape demographic
structure synchrony.

Ecological features might not just act to synchronise breeding
demographic structure through effects on age-specific survival,
but also through effects on reproduction. For example, great
tit reproductive rates vary along an urban-non-urban gradient
(Bukor et al. 2022; Charmantier et al. 2017; Corsini et al. 2021),
and reproductive responses to weather depend on whether
breeding takes place in urban or non-urban habitats (Saulnier
et al. 2023). Thus, if populations that are closer experience more
similar habitats, this might induce spatial synchrony in their
population dynamics.

Finally, we should expect that fluctuations in demographic
structure are not fully explained by variation in environmen-
tal variables because of population-specific density-dependent
dynamics. Local density-dependence can affect reproductive
responses to environmental stochasticity (Meller et al. 2020),
and different dynamics reduces spatial synchrony between pop-
ulations (Hugueny 2006; Walter et al. 2017). Thus, the spatial
scale at which density-dependence remains similar between
populations should influence the interaction between demo-
graphic structure and environmental variability, and the resul-
tant spatial synchrony of fluctuations in breeding demographic
structure.

5 | Conclusions

Using multiple overlapping time series, our study quantifies as-
sociations between reproductive and environmental variables
with breeding demographic structure in 32 spatially-distinct
wild great tit populations. We report spatial synchrony of fluc-
tuations in breeding demographic structure at approximately
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650km, but find little evidence that accounting for variation
in environmental factors reduces the scale of synchrony, apart
from a synchronising effect of beech masting. Further re-
search should focus on how additional ecological features and
population-specific density-dependent dynamics may contrib-
ute to the observed spatial scale of synchrony in demographic
structure found here. Moreover, considering different species
with varying life-history and ecological strategies could provide
broader insights into the mechanisms driving synchrony in nat-
ural populations.
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