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ABSTRACT

Understanding how animal communities respond to environmental change is crucial for predicting biodiversity trends.
Birds, particularly migratory species and those experiencing large-scale declines, are sensitive to shifting climatic conditions.
Environmental stressors have been linked to earlier migration timing, which can alter species abundance and disrupt ecologi-
cal interactions. Long-term population monitoring provides essential insights into species’ capacity to adapt to climate change,
offering a predictive framework for assessing their future viability. We analyse a 25-year bird ringing dataset from Spurn Bird
Observatory located at a notable migratory bird hotspot in the UK. We show that climate factors, especially temperature, are
significantly changing and consequently impact migrant bird arrival times. We also show that different species’ abundances
are changing over time and make a weak but notable association between these trends with climate change. When species are
analysed in isolation, it is clear there are other potential contributing factors which may explain variation in abundance at Spurn
over the years—to fully understand these changes, species must be studied in an ecological context, including multi-species anal-
yses. We take care to control for catching effort in our analyses, as we find that this directly correlates with both abundance and
diversity of species caught, which demonstrates the importance of year-round standardised ringing coverage at UK biodiversity
hotspots. As such, we suggest caution when using ringing data to make ecological interpretations. While citizen science ringing
data has limitations that restrict its use for elucidating mechanisms of species-level patterns, it remains a vital tool for informing
conservation. Our study highlights the value of sustained ecological datasets in tracking these dynamics and informing conser-
vation strategies across taxa for habitat and landscape-level management.

1 | Introduction et al. 1999; Hawkins, Porter, and Diniz-Filho 2003) determine

the structure of species assemblages across large spatial scales.

The Earth's climate has recently changed at unprecedented
rates (Wiens and Zelinka 2024). Many notable features of plant
and animal populations, such as geographic distributions, life
history traits and the timing of key events such as breeding
and migration, are showing directional changes associated
with rapid environmental change (Cleland et al. 2007; Van
Buskirk et al. 2009). Studies have shown that climate (Hawkins,
Field, et al. 2003; Rahbek et al. 2007) and productivity (Waide

However, the mechanisms that drive spatiotemporal dynamics
of species assemblages have received little attention so far (Jetz
et al. 2005; Dornelas et al. 2013; Ferger et al. 2014).

Birds, as highly mobile and ecologically diverse organisms,
are particularly sensitive to climate-driven changes, making
them valuable indicators of ecosystem health. Their shifts
in migration timing, breeding success and population trends
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provide crucial insights into broader environmental disrup-
tions caused by climate change. Spurn Nature Reserve has
high avian biodiversity because of its unique geographic lo-
cation, diverse habitats and minimal human disturbance. It is
important to make use of dedicated bird observatories set up
along migration flyways, as they typically obtain phenologi-
cal data, either through trapping and/or by direct observation
(e.g., Hiippop and Hiippop 2003). Being situated on a narrow
peninsula on the east coast of England also makes it a criti-
cal stopover site for migratory birds travelling along the East
Atlantic Flyway, and consequently a hotspot for both resident
and migratory species.

Bird ringing datasets have been instrumental in advancing
understanding of avian ecology, migration patterns and pop-
ulation dynamics. The large-scale, long-term data collected
through bird ringing programmes have provided invaluable
insights into bird life histories, such as migratory routes and
breeding behaviours (Cox et al. 2020). For instance, studies
using ringing data have revealed critical migratory stopover
sites and changes in migratory timing, which are essential for
conservation planning (Norris et al. 2019). However, while
bird ringing datasets offer extensive longitudinal data, they
also have limitations. The accuracy of the data can be affected
by factors such as ringing effort, detectability biases and the
potential for data loss due to non-recovery of rings (Calvert
et al. 2021). Moreover, the datasets are often skewed towards
more easily captured species, potentially neglecting less ac-
cessible or rarer species (Harris et al. 2020). Despite these
caveats, bird ringing remains a powerful tool for ecological
research, provided its limitations are acknowledged and ad-
dressed through complementary methods and data verifica-
tion techniques.

While numerous studies have documented advances in the tim-
ing of spring migration in birds over recent decades (Lehikoinen
et al. 2004; Moller et al. 2008), these patterns are not uniform
across species or populations. Migratory responses to climate
change remain highly heterogeneous, often varying even within
a species depending on location. Our study is distinctive in that
it focuses on a critical yet underexplored point along the migra-
tory route, offering rare insight into phenological shifts at a key
stopover or passage location. Uniquely, we uncover a pattern
of phenological change that deviates from the widely reported
trend of earlier spring arrival—challenging prevailing assump-
tions in the literature. Understanding such location-specific and
unexpected responses is essential, as shifts in arrival timing can
cascade through trophic interactions, potentially leading to mis-
matches between predators and peak prey availability (Visser
et al. 1998; Both and Visser 2001). This underscores the need for
more nuanced, geographically diverse research to inform con-
servation strategies at the community level.

In this study, we accessed Spurn Bird Observatory's ringing re-
cords dating from 1995 to 2020, before the covid-19 pandemic.
This viral outbreak had a significant and detrimental impact
on conservation management efforts UK-wide (e.g., the BTO
Breeding Bird Survey was unable to produce population trends
for 2020 due to survey restrictions) (Gillings 2022). Therefore,
data between 2020 and 2024 was not yet available. We make
use of this long-term dataset to investigate species abundance

and arrival dates of migratory birds, to see whether any of these
metrics are influenced by (i) unprecedented acute environmen-
tal changes, and/or (ii) long-term coastal climate change. We
predict that temperature and rainfall will impact resident bird
numbers as significant changes can influence breeding success
and survival through affecting nesting, foraging and food avail-
ability (e.g., Dunn et al. 2010; Skagen and Adams 2012; Dunn
and Winkler 2019). For migrant birds, less direct mechanisms
may result in a change of arrival dates if there is a change in
the stopover conditions, and there may also be a lag effect into
subsequent years.

2 | Materials and Methods
2.1 | Data Acquisition and Availability

Standardised bird ringing data were obtained from the DeMON
Database (BTO 2024a, 2024b), which stores British Trust for
Ornithology (BTO) ringing records submitted by local bird ring-
erswith Constant Effort Site (CES). Thisis part of a national mon-
itoring scheme designed to track temporal and spatial changes
in breeding bird populations. The CES operates under strict
protocols to ensure consistency across years and locations. Birds
are caught in mist nets set up in fixed positions and operated for
the same number of visits and duration each year. All birds cap-
tured were ringed or identified if already ringed, and biometric
data including species, age, sex, wing length and weight were
recorded. While standardised BTO ringing data were avail-
able as early as 1970, only data from 1995 onwards were used
in the study based on data quality checks (BTO 2024a, 2024b).
Similarly, only data until 2020 were used due to the outbreak of
the covid-19 pandemic interrupting regular monitoring and data
collection. Weather data were used from the publicly available
HadUK-Grid Climate Dataset, which covers the UK land area at
1km x 1km resolution (Met Office et al. 2021). Data on rainfall,
temperature and snow fall were taken for the grids covering the
Kilnsea and Spurn Point area, which is where the BTO constant
effort netting sites are established for standardised bird ringing
efforts. Extracted data included daily, monthly and yearly values
for maximum, minimum and average measures. All data and
code used in this study are stored in a repository and are avail-
able upon request.

2.2 | Model Fitting and Validation

For our analyses, we employed a Bayesian approach with all
models fitted and estimated using Hamiltonian Monte Carlo
methods and Stan software (Stan Development Team 2021) with
the brms package (Biirkner 2018) within R (R Core Team 2022).

Prior to model fitting, any potential issues of covariation or
collinearity between our fixed effects were inspected via pair-
wise plots, pairwise correlations and variance inflation fac-
tors (VIFs). Pairwise plots and correlation coefficients were
generated using the ‘covees’ function of the GGally package
(Schloerke et al. 2024); VIFs were generated using the ‘VIF’
function of the car package in R (Fox and Weisberg 2019). For
the phenology models, rainfall and temperature were collinear
with each other but were fitted in an interaction as they could
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act synergistically on bird migratory behaviour. Subsequent
model validations (see below) suggested no issues with this
approach.

For all models, numeric variables were standardised as z-scores.
We fit models with weakly regularising priors for the fixed ef-
fects (8~Normal [0.1]). For the priors for the components of
the random effects, we used the default priors provided by the
‘get_prior’ function of brms, namely a weakly regularising half
student-t prior (df=3, scale parameter =10) for the random in-
tercepts and a uniform LKJ Cholesky prior (n=1) for covari-
ance matrices of the random slopes. For all models, we specified
three chains of 5000 iterations, 2000 of which were devoted to
the warm-up. Sampling diagnostics (Rhat <1.01) and trace plots
confirmed chain convergence for all models. Effective sample
sizes confirmed no issues with autocorrelation of sampling for
all models.

To interpret the strength and uncertainty of the associations
between our predictor variables and outcomes, we report the
model estimate, 90% credible intervals and the proportion of pos-
terior (p+ or p—) supporting the direction (positive or negative)
of the model estimate of the associations (Martin et al. 2020;
McElreath 2020; McShane et al. 2019). We considered effects
whose direction was supported by more than 95% of the poste-
rior distribution to be well supported, and those whose direction
was supported by more than 90% of the posterior distribution
to be weakly supported. All models were validated using pos-
terior predictive checks (see Figures S1 and S2 for plots of these
checks).

2.3 | Climate Models

To examine how the climate has changed at Spurn, we ran three
models, each with ‘year’ as the numeric predictor of (a) average
rainfall, (b) average temperature and (c) average snowfall (each
model spanning 25years of climatic data). Both the rainfall and
temperature models were fitted with a Gaussian error structure;
skew in the snowfall data meant that this model was fitted with
a log-normal error distribution.

2.4 | Phenology Models

To examine climatic impacts on migratory patterns, we mod-
elled the impact of a changing environment on the earliest day
within spring (period defined as Julian day 60-152) and autumn
(Julian day 212-304) that each species was observed within a
given year. In addition, we also modelled whether changing cli-
mate was associated with changes in the Julian day when the
most amount of captures for a given species occurred within
each species.

For our phenology analyses, we included only species with at
least 50 capture records across the entire dataset. This thresh-
old was chosen to ensure sufficient temporal coverage over the
25-year study period. Although over 500 species were initially
available, many had records concentrated in only a short por-
tion of the timeline, limiting their utility for long-term trend
analysis. Therefore, the final dataset analysed included 12 bird

species that are migratory to Spurn at different times of the year
(Table S1).

In both spring and autumn, individual species had their own
range of variation in terms of arrival day and day of maximum
captures. For example, in spring, redwings never arrived later
than Julian day 80, whereas swifts and wheatears had the earli-
est arrival days across the entire range of spring. Therefore, we
normalised within species the earliest arrival days and days of
maximum captures so that these variables were scaled between
0 (earliest day of arrival/maximum capture for a species) and
1 (latest earliest day/maximum capture of arrival for a species)
prior to modelling. As these normalised days were our response,
all models were fitted using a zero-one-inflated beta error
distribution.

In all spring and autumn models, we included as a control vari-
able the sampling effort for species within a given year, calcu-
lated as the number of times a particular species was caught
divided by the overall capture rate. Our predictors were climatic
variables, that is, average UK-wide rainfall and temperature
across the 90days preceding the earliest day of arrival within
each season. We did not include snowfall as only yearly rather
than monthly values were available for this variable. In this
analysis, we used the UK-wide climatic predictors rather than
local measures as birds will be using climatic cues from their
departure site, not the arrival site, to make migratory decisions.
Therefore, despite the UK having a wide variety of microcli-
mates, we feel the UK averages have a better chance of capturing
climatic trends that might predict arrival. Furthermore, all cli-
matic recordings at Spurn were highly correlated with national
averages (Figure S3 in Supporting Information), meaning the
impact of using either local or national climatic variables was
likely to be quite subtle.

As both temperature and rainfall may have synergistic effects
on bird migratory behaviour, we included an interaction be-
tween these variables in the model. In all models, we included
species as random effects (with random slopes for all predictor
variables) to account for multiple observations of the same spe-
cies and potential within species responses to climate; we also
included a random intercept for year (as a categorical variable)
to account for any within sampling year impacts not included
among our fixed effects. For spring, all 12 migratory species were
represented in the dataset, although not in every year; thus, the
final sample size for this model was 172 spring arrival days. For
autumn, all species were represented but not every year, thus,
the final sample size for this model was 194 arrival days.

The models of earliest arrival times in spring and autumn were
fitted using a zero-inflated beta error distribution; the models
for maximum number of arrivals in spring and autumn were
fitted using a Gaussian error distribution.

2.5 | Abundance Models

For our abundance model, annual capture rates per species ad-
justed for sampling effort (number of captures per species di-
vided by overall number of captures) were the response variable.
Again, only species with catch counts of 50+ within a year were
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included in the analysis, as well as only species that we could
assign as residents and/or migratory to Spurn at different times
of the year. Therefore, the final dataset analysed included 25
bird species, with 510 yearly abundance values, a mean +SD of
20.40 £ 3.28 yearly abundance values per species.

Again, capture rates varied substantially between species, so we
normalised this variable within species between 0 and 1. For our
analysis, we fitted three-way interactions between our climatic
variables (yearly rainfall and temperature) and the migratory sta-
tus of the species (three levels: resident, migratory, mixed status).
However, we found no meaningful association between these
interactions and annual abundance rates, and therefore, ran the
model with only the single terms included (climatic variables and
migratory status of the species). We again included species iden-
tity as a random intercept, with random slopes for our climatic
variables, to account for multiple observations of the same spe-
cies and potential within species responses to climate.

In addition, to examine how abundances generally changed over
time, we fitted a model with year as a numeric predictor of nor-
malised abundance.

All abundance models were fitted with a zero-one-inflated beta
error distribution.

3 | Results

From 1995 to 2020 at Spurn Nature Reserve, temperatures
tended to increase over time (p+=0.938), with an estimated
increase of 0.034°C per year; in the same period, yearly snow-
fall has clearly declined (p —=0.989). There was no discernible
change in rainfall (p +=0.572).

3.1 | Phenology
3.1.1 | Spring

There was a clear and consistent association between the inter-
action between average temperature and rainfall and the earli-
est Julian day of arrival in spring (p + =1.000; Table 1; Figure 1),
wherein warmer and wetter springs were associated with later
arrival dates. Although the interaction between rain and tem-
perature was also clearly associated with the Julian day when
the maximum number of individuals was caught across species
(p—=0.956; Table 1), the effect was clearly very weak and likely
not biologically meaningful. In springs with mean rainfall, tem-
perature was not associated with the Julian day when most in-
dividuals were counted; in wetter springs, the day of maximum
counts was slightly earlier in the season; when dryer, this day
occurred slightly later (Figure 1).

3.1.2 | Autumn

The interaction of average temperature and rainfall with the ear-
liest Julian day of arrival in autumn was evident and persistent
(p—=1.000; Table 1; Figure 2), wherein warmer and drier years
tended to lead to earlier arrival dates. In wetter years, arrival

TABLE 1 | Model results exploring how climatic factors relate to (a)
earliest arrival day in spring, (b) day of maximum number of arrivals
in spring, (c) earliest day of arrival in autumn and (d) day of maximum
arrival in autumn for migratory birds in Spurn. Coefficients in bold had
estimate directions supported by >95% of the posterior distribution.

Lower Upper
Coefficient Estimate Error 95%CI 95% CI
Spring Phenology: Earliest arrival
Intercept —0.458 0.224 -0.916 —-0.026
Temperature 1.657 0.445 0.729 2.462
Rainfall —0.854 0.416 -1.711  -0.080
Sampling effort —0.552 0.933  -2.356 1.276
Temperature: 0.786 0.072 0.646 0.930
Rainfall
Spring Phenology: Maximum # arrivals
Intercept 0.422 0.047 0.329 0.512
Temperature 0.023 0.141 —0.240 0.310
Rainfall —-0.090 0.119 -0.317 0.151
Sampling effort 0.904 0916  —0.883 2.682
Temperature: —0.058 0.034 —0.125 0.009
Rainfall
Autumn Phenology: Earliest arrival
Intercept -0.231 0.246 -0.727 0.238
Temperature -1.14 0.401 -1.865 —0.279
Rainfall 2.395 0.392 1.526 3.073
Sampling effort —-0.215 0.99 —2.162 1.696
Temperature: —0.407 0.099 -—-0.608 —0.221
Rainfall
Autumn Phenology: Maximum # arrivals
Intercept 0.42 0.047 0.328 0.514
Temperature 0.018 0.143 —0.258 0.308
Rainfall —0.093 0.120  —-0.322 0.155
Sampling effort 0.904 0.893  —0.863 2.678
Temperature: —0.06 0.035 —0.132 0.009
Rainfall

dates were generally later in autumn; however, warm and wet
autumns saw earlier arrival dates. As with our spring analysis,
we found a clear association between the interaction of rain and
temperature and the Julian day when most individuals were
counted for a species; however, this association was again very
small in size and likely not biologically meaningful. In drier,
warmer years, the day of maximum counts tended to occur later
in spring, whereas in wetter, warmer years, the day of maximum
counts occurred earlier in autumn (Figure 2).

Based on these results, we also ran post hoc models looking at
the length of residence in spring and autumn within any given

40f 11

Ecology and Evolution, 2025

85UB01 SUOWIWIOD BANER1D el |dde auy Ag pausenoh a1 SapLe YO ‘@SN JO S9N 10} ARG BUIUO A8]IM UO (SUORIPUOD-PUB-SWULBLIOD" A3 1M ARe1d 1 BU1UO//SdRY) SUORIPUOD PUe SWB L 83 885 *[G20Z/0T/ET] U0 ArIqITBUIUO 4811/ ‘S0US|BOXT 218D PUe UIESH 10} 3Imusu| UOeN ‘3OIN A LTEZL €209/200T OT/I0p/wod | 1mAReiqjeu! uo//Sdny wo.j pepeojumoq ‘0T ‘S20z ‘8SLLS702



(A) Julian day when first individual counted in spring (B) Julian day maximum individuals counted in spring

o
N
o

Rainfall Level

5 +1SD rainfall

Earliest Julian day recorded in year (normalised)
o
3
o

Julian day when most i

o
i
o

Tsemperature °C) Tsemperature (°C)
FIGURE1 | Interactive effects between average temperature (°C) and rainfall (mm) with (a) earliest arrival day within spring (normalised within
each species between 0 and 1) and (b) day when maximum number of individuals were counted in spring in each species. Rainfall was fitted as a

continuous variable and is only categorised for visual purposes.

(A) Julian day when first individual counted in autumn (B) Julian day maximum individuals counted in autumn

o
=
a

Rainfall Level
£ -1 5D rainfall
~ Mean rainfall
& +1 5D rainfall

Earliest Julian day recorded in year (normalised)
o
g

°
N
o

Julian day when most individuals counted (normalised)

4 6
Temperature (°C) Temperature (°C)

FIGURE 2 | Interactive effects between the interaction between average temperature (°C) and rainfall (mm) with (a) earliest arrival day within
autumn (normalised within each species between 0 and 1) and (b) day when maximum number of individuals were counted in autumn in each spe-
cies. Rainfall was fitted as a continuous variable and is only categorised for visual purposes.

year; this was calculated as the latest Julian day observed in had different ranges of spring/autumn residencies. Therefore,
spring/autumn minus the earliest Julian day observed in spring/ we normalised the residence lengths within each species in each
autumn within each species in each year. Different bird species season.
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We removed years in which species were only observed once
in spring/autumn (and thus had a length of residence of 0), re-
sulting in a final data set of 140 residence lengths within spring

TABLE 2 | Model results exploring climatic factors related to
residence length in (a) spring and (b) autumn for migratory birds in
Spurn. Coefficients in bold had estimate directions supported by >95%
of the posterior distribution.

Lower Upper
Coefficient Estimate Error 95%CI  95% CI
Spring
Intercept 0.028 0.317 —0.609 0.659
Temperature -1.158 0.600  —2.347 0.017
Rainfall 0.080 0.556  —1.009 1.142
Sampling 0.026 0.983  —1.942 1.928
effort
Temperature: —-0.377 0.132  —0.632 —-0.121
Rainfall
Autumn
Intercept 0.429 0.187 0.041 0.786
Temperature 0.584 0.344  -0.119 1.256
Rainfall -1.356 0.367 —2.062 —0.585
Sampling 0.150 0.995  —-1.824 2.069
effort
Temperature: 0.142 0.120  —-0.087 0.379
Rainfall

Spring residency

and 159 residence lengths within spring. The fixed and random
effect variables in these models were the same as in our spring
and autumn phenology models. Once again, as we were using a
normalised response variable, these models were fitted with a
zero—-one-inflated beta error distribution.

There was a strong and reliable association between the in-
teraction of average temperature and rainfall and spring res-
idency length (p—=0.998; Table 2; Figure 3). Warmer years
were generally associated with shorter residencies, with
warm and dry years more likely to have shorter residencies
than warm and wet years. However, there was no clear asso-
ciation between our climatic variables and autumn residency
(p+=0.881; Table 2).

Taking the results of these models in combination, this sug-
gests that in warmer and wetter years, birds are arriving later
in spring but staying for less time. In warmer and drier au-
tumns, birds are arriving later but not necessarily staying any
longer or shorter.

3.2 | Abundance

Visual inspection of capture rates (normalised within species)
suggested divergent patterns among species in their abundances
in recent years (Figure 4). For example, greenfinches have seen
a sharp decline in abundances in recent years, whereas black-
caps and chiffchaffs have largely increased in abundance in re-
cent years. However, when we fit our model to include climatic
predictors, we observed generally weak and uncertain positive
associations between abundances and all our climatic predictors
(Table 3a). Overall, it seemed climate was not a strong predictor

Length of residency in spring (normalised)
S
e
g

o
N
o

Rainfall Level

& -1 D rainfall
Mean rainfall

= +1 SD rainfall

Temperature (°C)

FIGURE3 | Interactive effects between the interaction between average temperature (°C) and rainfall (mm) with residency length in spring (nor-

malised). Rainfall was fitted as a continuous variable and is only categorised for visual purposes.
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FIGURE4 |

Changes in capture rate adjusted for effort for selected bird species between 1995 and 2020 at Spurn. Abundances were normalised

within each species due to substantial between-species variation in mean capture rates. Points are coloured by species to improve the readability of

the plot.

TABLE 3
climatic factors and bird species abundances in Spurn. Coefficients in

| Results from model exploring relationships between

bold had estimate directions supported by more than 95% of the posterior
distribution. For the categorical variable, the reference category is in

parentheses.
Lower Upper
Coefficient Estimate Error 95%CI  95% CI
Climate as predictor
Intercept —1.100 0.195 —1.490 —0.709
Rainfall 0.033 0.052 —0.068 0.136
Temperature 0.042 0.058 -0.071 0.157
Status (Migratory)
Mixed 0.409 0.269 —-0.125 0.920
Resident 0.629 0.569 —0.488 1.724
Year as predictor
Intercept —46.241 14.412 —-73.960 —18.688
Status (Migratory)
Mixed 0.482 0.272 —-0.076 1.022
Resident 0.893 0.694 —0.487 2.239
Year 0.022 0.007 0.009 0.036

of abundance in our analysis. When looking at general changes
over time, there was a clear but extremely weak positive asso-
ciation between the year of observation and normalised abun-
dances (Table 3b).

4 | Discussion

Temperatures are clearly rising over the years at Spurn
Nature Reserve, and snowfall is declining, which is consis-
tent with broader climatic patterns across the UK and globally
(IPCC 2021; Met Office 2023). While there appears to be no sig-
nificant change in rainfall at this coastal reserve, the interaction
between warmer temperatures and wetter seasons does play a
significant role in the decision-making of some species when
it comes to staying and leaving the UK after breeding. Warmer
temperatures, overall, appear to be resulting in later arrivals of
birds in springtime and earlier departures in the autumn. This
typically goes against findings in the wider literature. For exam-
ple, one study that used a similar dataset for a site in southern
England (Portland, Dorset) found 11 out of 26 species were ar-
riving earlier in the spring, and while the monthly average tem-
peratures along the European part of the birds' migration route
were generally negatively correlated, it could only explain <30%
of the variability in first arrival dates (Croxton et al. 2006).
Another study looked at the arrival and departure dates from
145 bird series across six and three UK sites, respectively and
found 50% were arriving significantly earlier over the years, and
just under 50% were departing later (Sparks et al. 2007). This
was significant and negatively correlated to UK temperatures
for 26% of all series for spring arrivals, but temperature effects
on departures were less clear. The trend of earlier spring arrivals
over time, in parallel with rising temperatures, has also been ev-
idenced at larger European scales (e.g., Lehikoinen et al. 2004).
However, it is important to note that response to climate change
varies between areas (Sparks 1999). Differences in response
arise more probably from spatiotemporal variation of climate
change than from differences in birds’ behaviour, but they are
also not mutually exclusive. Spurn is a coastal reserve in the
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UK with an exceptionally diverse suite of habitats. Although
it can often reflect the mainland's broader ecological patterns,
it has unique characteristics that will influence bird behaviour
in a multitude of ways. For example, migratory bird behaviour,
which is especially true for passage birds that use the site as a mi-
gration stopover. Coastal conditions will impact how long birds
stay, especially in wetter and milder years when food is more
abundant, such as seeds and insects (e.g., Border et al. 2024).
Coastal regions also often experience stronger, more predictable
wind patterns and thermal gradients, and so migrants may time
flights or adjust routes to take advantage of optimal conditions/
avoid adverse conditions (e.g., Socolar et al. 2017). Furthermore,
coastal-specific mechanisms such as sea-level rise, coastal ero-
sion and climate-driven storms can degrade and/or shift coastal
habitats over time (e.g., Langan et al. 2021). This results in a loss
of critical stopover or roosting sites and forces birds into using
suboptimal habitats or spending more energy to reach inland al-
ternatives. All of these factors interact in complex ways, mean-
ing coastal climates can both facilitate and disrupt migration
and potentially explain the patterns we have observed over the
last 25years.

It is well-evidenced that phenological plasticity confers a fitness
advantage. For example, pied flycatchers (Ficedula hypoleuca)
that left African non-breeding sites earlier in the spring resulted
in greater breeding success in the UK with larger clutches and a
higher rate of fledging success (Bell et al. 2024). Another study
showed that blue tits (Cyanistes caeruleus) arriving later to their
breeding site in spring had greater reproductive success because
individuals who arrived earlier missed the peak in caterpillars,
resulting from the warmer temperatures. By mistiming the peak
in food abundance, chicks from the earlier broods faced a food
shortage and increased mortality (Visser et al. 1998). There is
some evidence that trends in arrival dates may be masked by
population declines in birds (Sparks et al. 2007). As bird pop-
ulations decline, the number of individuals arriving at breed-
ing sites each year diminishes. This reduces the overall sample
size available for studying arrival dates. With fewer individuals
to track, it becomes harder to detect subtle trends or shifts in
arrival timing. In our study, we employed Bayesian modelling,
which measures uncertainty in associations, and this uncer-
tainty will be related to the overall sample sizes included. This
means that although our study is not immune to the difficul-
ties of detecting trends when sample sizes become increasingly
spare, our modelling approach is appropriate for dealing with
this issue. However, statistics cannot overcome the fact that de-
clining populations can change in distribution and in behaviour,
meaning studies such as ours may become increasingly chal-
lenging in the future.

It should be noted that variability of departure in migrant bird
species is not solely determined by environmental differences,
but also by genetic and physiological differences among in-
dividuals (Risely et al. 2015). Migratory behaviours are tuned
to external timing cues, such as temperature and this is reg-
ulated by polymorphic genes, which could explain consis-
tent among-individual differences in migratory behaviours
(Visser et al. 2010; Lehmann et al. 2012). Individual physio-
logical responses to environmental stressors also vary, which
too can explain phenological differences. Birds in better con-
dition with higher fat reserves or greater muscle mass may be

better equipped to cope with the physical demands of migra-
tion, allowing them to depart earlier or travel longer distances
(Hedenstrém 2008). Exploratory analyses of our data did not
identify bird size or mass as significant predictors in explain-
ing phenological variation, but such analyses are better suited
for more fine-scale datasets. Measures like bird mass are highly
variable and context-dependent and are more of a long-term trait
and thus an unreliable indicator of an individual's overall mi-
gratory strategy or timing. It is also worth noting that long-term
ringing schemes often lack detailed body condition scores, fat
scores or consistent protocols for mass measurements (e.g., be-
fore vs. after feeding). This inconsistency limits the reliability of
using mass/size as predictors over long time spans.

To better understand the interplay between environment and
decision-making for adaptive migratory behaviour, we need to
better evaluate the relative individual costs of an early departure
versus a late departure (Ouwehand et al. 2023). A late departure
from a non-breeding site could risk phenological mismatch with
conditions at the breeding site, but migrating earlier may incur
costs associated with increased risk of depleted resources or food
availability or encountering adverse weather conditions (Saino
et al. 2017). Fieldfare appeared to show the steepest regression
line, arriving in the UK in autumn migration earlier over the
years, suggesting the UK experiencing warmer autumns due to
climate change may be reducing risks like food scarcity and cold
stress. While evidence of the mechanism for this phenological
shift is lacking, it is likely due to the birds arriving earlier at their
breeding site in the Spring (Scandinavia) for the same reason—
warmer temperatures resulting in earlier insect emergence (pri-
mary food source in the breeding season; Hogstad et al. 2003).

Abundance of species caught is changing over time: blackbird,
chaffinch, greenfinch and linnet have all shown recent stark de-
clines in numbers caught. This is in line with other studies; for
example, greenfinches have been declining in Britain since 2006
(Hanmer et al. 2022). Evidence suggests that finch trichomonia-
sis is a primary driver (Lawson et al. 2012, 2018). It is a recently
emerged disease in wild birds caused by the protozoan parasite
Trichomonas gallinae and was first detected in Britain in 2005.
Importantly, Spurn’s ringing data show four of the six declining
species (which all happen to be finch species) started to decrease
in numbers around the same time, suggesting this disease is a
probable cause. Revealing declining and increasing abundances
of different bird species demonstrates that species assemblages
do change over time in response to environmental variation,
as species differ in their adaptive potential and response times.
This complements UK-wide trends, as the 2019 BTO Breeding
Bird Survey reported 38/117 bird species were showing long-
term increasing trends in population numbers, and 40/117 were
in long-term decline. Additionally, 22 out of 117 bird species sur-
veyed had short-term increases, and 14 species had short-term
increases (Harris et al. 2020). Furthermore, species can exhibit
highly variable regional population trends at the continental
scale (Birdlife 2020), which also may depend on differences
in habitat quality, productivity, survival, as well as population
size, connectivity and losses during migration (Reif 2013; Jiguet
et al. 2019; Reif et al. 2023).

Notably, we found that abundance patterns could often be ex-
plained by capture effort, which was controlled for in all other
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analyses. Increased ringing effort results in an increased likeli-
hood of catching new species. This evidences the value behind
ringing as a monitoring tool if there are sufficient resources
and people to ensure ornithological coverage across the reserve
all year round. However, it also serves as a useful cautionary
note when seeking to make meaningful interpretations from
ringing data. While climatic changes can influence migratory
timing, methodological and ecological factors must also be con-
sidered when interpreting apparent shifts. Survey effort and
timings must be as fixed as possible and only changed in ex-
treme circumstances. While the number of volunteers may vary
throughout the year, the number of mist nets remains the same
and thus effort should not be impacted. Spurn Bird Observatory
also has a Warden who oversees all ringing activity, which mi-
nimises changes in observers conducting the surveys that could
lead to inconsistencies in data collection. One factor that may
contribute to our findings is changes in site habitat conditions.
While net rides are actively maintained by the ringing team,
the surrounding habitat will change across seasons, and this
will influence things like net detectability by birds. However,
these changes should be constant across years and have no ef-
fect on season-specific analyses. Large-scale and long-term
monitoring by volunteer-led citizen science projects generates
larger datasets, but they can be biassed and/or misinterpreted
(Legg and Nagy 2005; Jéackel et al. 2021). Given that data col-
lected at multiple locations and spatial scales are essential to
detect variation in factors affecting species throughout their
range (Diaz et al. 2015; Brlik et al. 2021), citizen science projects
have expanded in recent decades for example, eBird, Big Garden
Birdwatch. Rigorous data cleaning must be done to ensure the
data meets high-quality checks. This is why the BTO oversees
all ringing activity and its data, to ensure there is a regulatory
framework in place (BTO 2024a, 2024b). When standardised,
ringing data can help us to determine the status of species by
considering the distribution and direction of population-level
changes. Moreover, we can then try to identify the causes of
these changes and use forecast modelling to predict future con-
sequences (Sether et al. 2004; Marsh and Trenham 2008).

Going forward, we need to further make use of ringing datasets
by analysing individual-level data. There is a plethora of litera-
ture on climate change effects on bird phenology, but only a small
portion of these studies is based on individual data, despite this
data being key to quantifying the relative importance of plastic
versus evolutionary responses (Charmantier and Gienapp 2013).
More studies are needed to directly evidence evolutionary re-
sponses of bird phenology to current climate change, that is,
microevolutionary changes. Rapid improvements in techniques
for gathering and analysing individual data offer exciting possi-
bilities that should encourage research activity to fill this knowl-
edge gap, and making use of longitudinal ringing datasets from
bird observatories can facilitate this.

5 | Conclusion

Compared with other animal taxa, birds are well adapted for
surviving and reproducing in important and complex habitats.
Many bird species have evolved anatomical and physiological
adaptations, in addition to life-history strategies such as tim-
ing of reproduction and migration, to facilitate their responses

to environmental stressors. Here, we show that varied species
have different responses to environmental challenges. The cli-
mate at Spurn is changing over time, and some species are able
to respond and thus are increasing in number, whereas others
are not coping well and are in decline. Given the large diversity
of birds at Spurn, inclusive of resident and migratory species,
we do not detect any significant changes in species richness in
the area. However, species assemblages are indeed changing,
and migratory species are changing their migration timings
in line with changing environmental conditions. This demon-
strates how longitudinal ringing datasets can be used to under-
stand how species are responding to conservation challenges,
and importantly, predict future responses and inform conser-
vation for species-targeted interventions. However, handling
ringing data can be challenging and care must be taken when
making ecologically meaningful interpretations that could ul-
timately shape conservation efforts at different hierarchical
levels.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Table S1: Individual species included
in data analysis based on selection criterion described in the methods.
Spurn status is taken from Roadhouse (2016). Species in shaded cells
appear in all models; the remaining species were included in our anal-
yses of abundance but arrival dates or residence in spring and autumn.
Figure S1: Posterior predictive checks for the three climate models.
Dark blue lines represent the observed data; the light blue lines rep-
resent 100 draws from the posterior. Figure S2: Posterior predictive
checks for the phenology and abundance models. Dark blue lines repre-
sent the observed data; the light blue lines represent 100 draws from the
posterior. Figure S3:. Correlations between yearly averages in Spurn
and UK-wide yearly averages for all climatic variables included in our
study (n=25years).
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