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Abstract

Climate change shifts bird migration timing, but its influence on medium-distance mi-
grants is understudied. We investigated how temperatures across Europe influence the
dunnock’s spring passage timing, using daily standardised ringing data from spring mi-
gration (26 March-16 May) at Hel Peninsula (N Poland, Baltic coast) over 1965-2025. We
determined multi-year trends in the dates of the beginning (10% of passage = p10), median
(p50), end (p90), and migration duration (MD = p90-p10) of dunnocks. We also tested the
effects of temperatures, averaged for months of breeding (two parts: May-June, July-Au-
gust), wintering (November-February), autumn (September—-October) and spring
(March-May) migrations, in four regions of Europe, on the dates of these percentiles dur-
ing 1965-2025, using multiple linear regression. All phases of passage advanced by 5-8
days; MD remained stable over the 61 years. All phases were early with warm springs in
central and southern Europe; p10 and p50 were delayed after warm winters. The p10 was
early after warm summers in northern Europe. This shows that climate warming in Eu-
rope benefits dunnocks, but their decline across Europe suggests that habitat changes and
extreme weather counteract these benefits. Understanding these trade-offs for medium-
distance migrants is crucial for their conservation.

Keywords: spring phenology; spring migration; climate change; temperature increase;
medium-distance migrant

1. Introduction

Global climate change, which has accelerated over recent decades, influences
weather in the Northern Hemisphere [1,2]. These changes are leading to long-term in-
creases in temperatures and changes in weather patterns [3,4], including more frequent
extreme weather events, such as storms, strong winds, or droughts [5,6]. However, the
intensity of these changes varies depending on latitude. In Europe, climate warming over
the last few decades has been larger than the global average. This is most evident in Fen-
noscandia and southern Europe, where climate warming has been the greatest and has
occurred at a faster rate than elsewhere [7,8]. Migratory birds breeding in Europe include
long-distance migrants, which move to and from wintering grounds in Africa south of the
Sahara, medium-distance migrants that reach the Mediterranean coast and northern
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Africa, and short-distance migrants, which move a few hundred kilometres at most, and
overwinter within Europe [9]. Movements of all these groups of migrants depend on
weather conditions that influence them both directly and indirectly by affecting their en-
vironment [10,11]. The consequences of climate change for migratory birds can be positive
or negative. The direct positive effect on birds’ physiology can be reduced energy expendi-
ture on thermoregulation [12] due to increased temperatures in early spring, autumn and
winter. Increased temperatures may also help to reduce energy expenditure on egg incu-
bation [13,14]. On the other hand, excessively high temperatures that cause heat stress can
reduce survival and reproduction under climate change by increasing the energetic cost
of thermoregulation, dehydration and overheating [12,15]. Negative effects of climate
change also include increased frequency of storms, with heavy rain and strong winds,
which prevent birds from migrating and foraging or prolong the time they require for
these activities [16,17]. The indirect effects of climate change on birds include the positive
influence of milder conditions in winter and spring, which facilitate early access to food
sources and increase their availability [18-20]. However, for some feeding specialists, such
changes in the timing of food availability may result in a mismatch between their arrival
time at the breeding grounds and breeding and peak food availability [21,22]. Climate
warming may also cause species’ ranges to expand [23] or migration distances to shorten
[24].

Spring phenology of many bird species in Europe has shifted earlier over recent dec-
ades [25-31]. Short- and medium-distance migrants generally show greater plasticity in
responses to temperature than long-distance migrants, because they overwinter closer, at
locations where annual temperature variation resembles that at the breeding sites. Such
plasticity allows them to react to sudden changes in conditions quicker than long-distance
migrants [28,32]. Responses of medium-distance migrants to changes in temperature and
the range of their adaptability to these changes, and if and how they are similar to those
of short- or long-distance migrants, are poorly understood [28,29,31].

To fill this knowledge gap, we set out to determine long-term trends and relation-
ships to temperature in spring phenology of the dunnock, a model medium-distance mi-
grant, on the southern Baltic coast. Such analyses have not yet been conducted for me-
dium-distance migrants in the Baltic region. Most research on dunnocks” movements has
focused on autumn migration [33], migration physiology or used counts of migrating in-
dividuals [34], but the phenology of its spring migration across Europe remains under-
studied [25-27]. The influence of climate change on dunnocks’ spring migration timing
has been studied only in the context of the influence of the North Atlantic Oscillation
(NAO) [25,26]. To our knowledge, the relationship between temperature and changes in
spring migration timing has not been investigated for this medium-distance migrant.

We focus on dunnock populations migrating in spring through the southern Baltic
coast, which breed in northern and northeastern Europe, from wintering grounds in the
Mediterranean region to breeding grounds in northern Eurasia (Figure 1A). These north-
ern populations are considered short- or medium-distance migrants [25,27,31,35]. Using
data from the Hel ringing station (N Poland, Baltic coast) during 1965-2025, we set out to
determine long-term trends in spring phenology of dunnocks. We also aimed to deter-
mine the relationships between their spring phenology at the southern Baltic coast and
temperature in the regions of Europe where they stay during subsequent life stages, over
the past six decades, using our unique long-term dataset. Considering the shifts in migra-
tion timing in other species of short- and medium-distance migrants [28,29,31], and results
of other studies on the dunnock [27,31], we expect that spring migration timing would
shift earlier with the increase in temperatures in recent decades. Understanding the influ-
ence of climate warming on this species would contribute to its more efficient conserva-
tion.
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Figure 1. Geographical range of the dunnock, location of the study site, and ringing recoveries of
Dunnocks caught at the southern Baltic coast, and the annual cycle of dunnock populations breed-
ing in northern Europe. (A) The location of the Hel ringing station, where the analysed data were
collected, and ringing recoveries of dunnocks caught there and at two further Operation Baltic sta-
tions, against the species range (map from BirdLife International 2025, modified). Areas 1-4 are the
four regions within the dunnock range, from which we used the temperature data. (B) The main life
stages of the dunnock we distinguished for analysis. Colour transitions indicate possible overlap

between the life stages.

2. Materials and Methods
2.1. Study Species

The dunnock is a small migratory passerine occurring in a limited area of Europe and
the Middle East (Figure 1A) [36-39], inhabiting woodlands and young coniferous stands
with dense undergrowth and bushes, including maquis or garrigues at the non-breeding
grounds, as a ground-dwelling species [36,40,41]. In spring, their diet consists mainly of
small invertebrates, particularly beetles (Coleoptera), spiders (Aranea), flies (Diptera) and
ants (Formicidae), but in winter plant seeds predominate [36,39,40]. Various populations
of dunnocks in Europe show different migratory patterns [42,43], from sedentary hebrid-
ium and occidentalis subspecies ranging from Ireland to western France [44] to obligatory
short- and medium-distance migrant populations of the nominative subspecies breeding
in central and northern Europe, respectively [36,39,45,46]. Our study focuses on northern
populations originating from Fennoscandia, Baltic countries and north-western Russia,
which winter in the Mediterranean region and migrate in spring from these wintering
grounds via the southern Baltic coast to these northern breeding grounds [33,36,44-49]
(Figure 1A). Spring and autumn migration routes of dunnocks across Europe are similar,
according to ringing recoveries [50]. The annual cycle of these northern populations (Fig-
ure 1B) typically consists of a breeding season, which we divided into early breeding
(May-June) and late breeding periods (July-August), when they lay one to two broods,
and autumn migration to the south (September—October). This is followed by wintering
(November-February) and spring migration to the north (March-April) [36,51-54].
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2.2. Study Sites and Material

We used the dates on which dunnocks were caught during spring migration at the
bird ringing station Hel (54.442 N, 18.334 E), situated on the Hel Peninsula in northern
Poland (Figure 1A), which operates within the Operation Baltic research programme. Hel
Peninsula is a spring stopover site for dunnocks during their migration to more northern
and north-eastern breeding grounds (Figure 1A), but also a breeding area for local popu-
lations. Dunnocks were caught at Hel daily from 26 March to 16 May, which corresponds
to the entire spring migration of this species on the southern Baltic coast in 1965-2025.
During these 61 years, 2092 individuals were captured (Table S1). Birds were captured in
mist nets located in coastal pine and mixed forest and bushes daily, from dawn to dusk.
We used a constant number of 7-m and 12-m long mist nets throughout each spring sea-
son, but the number of mist nets ranged from 35 to 58 in various years. More details on
the stations’ routines are provided by [55]. Captured birds were ringed and aged. The age
was determined based on contrasts in dunnocks’ plumage and by the iris colour [54,56].
Each bird was classified into one of three age categories (immature, adult, and a fully
grown bird of unknown age). Then, each individual was weighed, measured, and re-
leased, in accordance with the Operation Baltic protocol [55]. Capturing and ringing of
birds were conducted with all the required permits issued by the General Directorate of
Environmental Protection in Poland, with annual approvals of the Polish Bird Ringing
Centre of the Polish Academy of Sciences and the Marine Office in Gdynia, as land man-
agers. 2.3. Climate Variables and Data Selection

To determine the effects of temperature on the timing of dunnock spring passage, we
used daily mean temperatures during 1965-2025 in four regions of Europe (Figure 1A).
These regions were selected according to the locations of ringing recoveries of birds cap-
tured at the Operation Baltic field stations (Figure 1A, [49]) or elsewhere in the Baltic re-
gion [47,50] and defined by coordinates within the dunnock range in Europe. The temper-
ature data were downloaded as daily mean temperatures within each region at a height
of 2 m above ground from the ERA5 reanalysis based on the blended ECA&D dataset,
from the Royal Netherlands Meteorological Institute (KNMI), by using the Climate Ex-
plorer tool https://climexp.knmi.nl/ (accessed on 15 May 2025). Then, the daily mean tem-
peratures were averaged to monthly mean temperatures. Monthly mean temperatures
were averaged within two- or four-month periods (Table 1) corresponding to dunnocks’
life stages (Figure 1B) in four regions (areas 1-4; Figure 1A) they visit at these life stages.

Table 1. Mean monthly temperature variables used in the analyses, averaged within two- or four-
month periods in four regions (areas 1-4, Figure 1A) distinguished by provided area coordinates,

the names of climate indices used in the text, and corresponding months.

Description of Area Variable
Temperature Variable Coordinates Symbol Set Months
TlMal};_]un green May-June
Mean temperature for 55.737°5 - 6.878 T1Jul_Aug_ July-August prior
northern Europe (area 1) N, 4.581 W - 1Y green year
38.932 E
T1Sep_Oct_ blue September—October
1Y prior year
T2Mar_Apr  green March-April
Mean temperature for 46.034S-  T2Sep_Oct_ green September—October
central Europe (area 2) 55.468 N, 8.825 1Y prior year
W -28514E T2Nov_1Y_ November prior
Feb greent year—February

https://doi.org/10.3390/d18100640



Diversity 2026, 18, 640

5 of 21

37,006 S T3Mar_Apr  blue March—April
Mean temperature for 5 0' 010 N T3Sep_Oct_ bl September—October
southwestern Europe 9 5 63 W,— 1Y ue prior year
(area 3) i T3Nov_1Y_ November prior
7931 E blue
Feb year—February
373445 T4Sep_Oct_ blue Septem.ber—October
Mean temperature for 1Y prior year
southern Europe ( 4) 45.847 N, 8.230 T4Nov_1Y N b i
pe (area W — 34154 E ov_IY_ ovember prior
Feb year—February

We used temperatures averaged for March—-April along dunnocks’ spring migration
routes within area 2. For dunnocks” wintering in November—February, we averaged tem-
peratures for November—December of the previous year and January-February of the
same year as the analysed spring migration at the wintering grounds, in areas 3 and 4
where dunnocks stay at this time. For autumn migration routes, we averaged tempera-
tures within area 2 for September—October of the year preceding the analysed spring mi-
gration. Finally, we averaged temperatures for the early breeding period (May—June) and
late breeding period (July—August) of the previous year, from dunnocks’ breeding area
(area 1in Figure 1A), where the studied populations stay in these months. In this way, we
obtained 11 temperature variables for analyses (Table 1).

2.4. Statistical Analysis
2.4.1. Deriving Parameters of Migration Timing

We used daily numbers of dunnocks caught each spring, taking into account only the
first capture date of each individual in a season. The few data gaps on days when mist
nets were closed due to unfavourable weather conditions were filled in using the average
number of birds caught at Hel on such days over the previous six years and the following
six years, as in earlier studies [57-63]. Such gap days were at most three per season and
occurred in 12 springs. We combined birds of all age categories to obtain sufficient sam-
ples for analyses in each spring (Table S1). Thus, we worked under the assumption that
dunnocks of all age classes in spring were migrating to their breeding grounds. We ex-
cluded 11 years (1984-1994) when fewer than 10 dunnocks were caught; thus, we analysed
data on 2038 dunnocks from 50 springs during 1965-2025 (Table S1). To show changes in
spring migration timing, we used cumulative daily capture totals to calculate the dates on
which 10%, 50% and 90% of all dunnocks caught each spring passed through Hel. We
used these dates in subsequent years, expressed as the day number (1 January = Day 1),
as the time series reflecting the timing of the first (p10), median (p50) and last (p90) phases
of passage over 1965-2025, respectively, as in other studies [27,29,61-63]. We also esti-
mated the migration duration (MD) as the difference in the dates of p10 and p90 of pas-
sage, hence the number of days when 80% of dunnocks passed each spring.

2.4.2. Determining Long-Term Trends in Parameters of Spring Migration Timing

To determine long-term patterns in the timing of the spring passage of the dunnock
over 1965-2025, we used simple linear regression of these four migration parameters (p10,
P50, p90, and MD) against the year number (YearN, with Year 1 =1965), as in other studies
[62,63].

2.4.3. Modelling Relationships Between Temperature Variables and the Dates of Each
Phase of Spring Migration

Before conducting any multiple regression models, we checked whether any of the
11 temperature variables were correlated (Table S2) using Pearson’s correlation with the
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Bonferroni correction for numerous comparisons [64]. We avoided including strongly cor-
related variables with Ir| >0.70 in the same model to reduce the risk of multicollinearity
[65]. Two correlation coefficients exceeded the recommended threshold of Irl =0.7 (Table
52), so we divided the variables into two sets to separate these correlated variables in
models to avoid the risk of multicollinearity [65,66]. We were aware that all temperature
variables showed increasing trends and were correlated with the year; one of these corre-
lations was Ir| >0.7 (Table S2). However, we included the year number as an explanatory
variable in these models to consider the effect of year when estimating the effects of the
temperature variables on migration timing [28,67]. Before running multiple regression
models, we standardised all explanatory variables, so that their mean was 0 and standard
deviation was 1, as they were on different scales. Then, we used the year and each of the
two sets of temperature variables, which we called “green” and “blue” sets for conven-
ience, as explanatory variables in separate regression models. We ran two models
(“green” and “blue”, each with the respective set of variables), for each of the three time
series of the dates of the three phases of passage (p10, p50, and p90), which were used as
response variables. Thus, in the first step, we ran six models, two for each of the three
parameters of passage. We did not analyse MD, as it was derived from p10 and p90. To
monitor the potential influence of including correlated variables on the results of our mod-
els, we closely monitored Variance Inflation Factors (VIF); if VIF <10, the multicollinearity
had no harmful effects [65,66]. For each of these six full models, we conducted the “all
subsets regression” and selected the best model based on the model ranking according to
the Akaike Information Criterion adjusted for small samples (AICc), with the package
“MuMIn 1.43.17” [68] in R 4.5.1.

In the second step, we combined the variables selected in the first step in the two best
models into one model using the “combined” set of temperature variables for each phase
of passage, as in other studies [55,63]. Thus, we ran three “combined” multiple regression
models, for the dates of each phase of passage (p10, p50, and p90) as subsequent response
variables, and a combined set of temperature variables as explanatory variables (Table
S3). We conducted the “all subsets regression” and chose the best model, with the lowest
AlICc, using model ranking by AICc (Table S4) as before. We further interpreted these
“combined” final best models for each phase of passage. We calculated the adjusted coef-
ficient of determination (AdjR?), which reflected the proportion of variation described by
each best model. We assessed whether these final best models were not overfitted using
the following three methods that are recommended by [67]: (1) examining diagnostic
graphs to determine outliers and influential observations based on Cook’s distance [67];
(2) calculating the ratio of R? to adjusted R? (AdjR?), with values closer to 1 indicating good
model fit; and (3) comparing AdjR? with predictive R? (predR?). Predictive R? was calcu-
lated using a leave-one-out procedure, in which each observation was excluded in turn
and the model’s ability to predict it was assessed. A small difference between AdjR? and
predR? indicates model stability and low risk of overfitting. Method (1) was performed
using an R script based on Crawley [69], while methods (2) and (3) used an R code written
by Antonello Pareto [70]. Models that showed no evidence of overfitting across all three
methods were further interpreted. These methods for model assessment follow earlier
studies [61-63,71].

For these three best models, using the package “heplots 1.3-5”, we calculated partial
correlation coefficients (pR), which we visualised as bars, to determine the strength and
direction of the relationship between the response variable and one explanatory variable
at a time, excluding the effects of the remaining variables [72]. A positive pR indicated
that the analysed phase of migration occurred late with high temperatures, and a negative
correlation indicated an early passage with high temperatures. The greater the total value
of the estimate, the stronger the influence of the temperature on the migration timing. We
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drew plots showing relationships between temperature variables from the best models
and the dates of the three phases of passage with fitted regression lines, as well as the
long-term trends in these dates, using the “ggplot2” package [73]. All analyses were con-
ducted in R 4.5.1 [74].

3. Results

3.1. Long-Term Trends in the Timing of Spring Migration

All three phases of the dunnock spring passage at Hel (p10, p50, and p90) shifted
significantly earlier, but the migration duration (MD) remained stable at 29 days over
1965-2025 (Figure 2; Table S5). The first phase of passage (p10) shifted earlier by 4.8 days,
the median (p50) by 8.3 days, and the last phase (p90) by 5.4 days during these 61 years
(Figure 2; Table S5).

® ®
5 May 7 .
e @ ®
®
®
® ®
® oo
®
] . o o %y ® e e o 0 e
25 Apr e = -
A o0 ® ® o N
i ®
© oo ®
g e ®
£ 15 Apr . R
H L]
]
El L]
® ®
® &
o ® ®
. ® ® ® ® ®
5 Apr = .
e & T v ®
L 2
® * 0@ ®
e @ —_—
® ® ¢ e o @
®
®
i ® ® ® ® ® ®
26 Mar @
Ll b P g

1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025
Year

== pl0 p50 == p90

Figure 2. Multi-year trends in the timing of the three phases (p10, p50, p90) of spring passage of the
dunnock at the Hel ringing station (N Poland) over 1965-2025. Circles are the dates when the re-
spective percentiles of dunnocks were caught each year; lines show trends and grey areas show their
confidence intervals for these percentiles. All trends were significant; the details of the regression

are provided in Table S3 in the Supplementary Materials.

3.2. The Effects of Temperature on the Timing of Subsequent Phases of Spring Migration

The partial “green” best models had three temperature explanatory variables for p10
and p90, and four explanatory variables, including the year, for p50 (Table 54, model rank-
ing in Table S5). The “blue” best model had two explanatory variables for each phase of
passage (Table S4, model ranking in Table S6). The “combined” final best models had
three explanatory variables for p10 and p90, and one explanatory variable for p50 (Table
2, Figure 3, model ranking in Table S7).
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Table 2. Effects of the temperature variables from the best “combined” models for three phases of
spring migration (p10, p50, p90) of dunnock at Hel in 1965-2025. AdjR? = adjusted coefficient of

determination; Estimate = multiple regression coefficient; SE = its standard error; t, p = t-test and

significance level; VIF = variance inflation factor; pR = Pearson’s partial correlation coefficient.

Best "Combined" Models
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—4.53 0.000 —0.55
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Figure 3. Partial correlation coefficients (pR) for the relationships between temperature variables

derived from the “combined” best models and the three phases of passage at Hel ringing station
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p10 migration date (DD.MM)

P50 migration date (DD.MM)

P90 migration date (DD.MM)

10 May

5 May
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10 Aprq -

5 Apr
31 Mar
26 Mar
21 Mar
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5 May

30 Apr L0

(A)

during 1965-2025. The negative value of pR indicates that the analysed phase of passage shifted
earlier with higher temperature; the positive value represents the opposite. Further details on these
models are in Table 2. Symbols of temperature variables are as in Table 1. (A) Results of the best
model for the first phase of passage (p10); (B) results of the best model for the middle phase of
passage (p50); (C) results of the best model for the last phase of passage (p90).

The diagnostics showed no overfitting in these best “combined” models (Table S8).
None of the best partial and “combined” models but one (“green” partial model for p50)
selected the Year (Table S4). For p50, consequently, the Year was included in the full “com-
bined” model but was not chosen in the final best “combined” model (Table 2). In all best
models, both partial and final, all VIFs were <3 (Tables 2 and S4), which indicated a neg-
ligible bias in model results caused by multicollinearity.

The best “combined” model for the first phase of passage (p10) explained 43% of the
variation in its timing with three temperature variables (Table 2, Figure 3A). The first
phase of migration at Hel was early after warm May-June of the previous year (Figure
4B) at the breeding grounds in northern Europe (area 1 in Figure 1A), and with warm
springs (Figure 4A) along migration routes in Central Europe (area 2 in Figure 1A).
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Figure 4. Relationships between the timing of each percentile (p10, p50, p90) of dunnocks’ spring
migration at Hel in 1965-2025 and the temperature variables selected in the best “combined” models
(Table 2). Points represent the dates of the respective percentiles of passage plotted against the val-
ues of the temperature variables in a given year. Regression lines show the trends, and shaded areas
show their 95% confidence intervals. (A—C) The effects of the temperature variables and first (p10)
phase of passage; (D) the effect of temperature variable and median (p50) of passage; (E-G) the

effects of temperature variables on the end (p90) phase of passage.

The delay of the first phase of passage the following spring was related to warm win-
ters (November—February) (Figure 4C) in central Europe (area 2 in Figure 1A). For the
middle phase of passage (p50), the best “combined” model explained 29% of the variation
in its timing at Hel (Table 2, Figure 3B) with spring temperatures (Figure 4D) at the win-
tering grounds in southwestern Europe (area 4 in Figure 1A). For the last phase of passage
(p90), the best “combined” model explained 31% of the variation in its timing with three
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temperature variables (Table 2, Figure 3C). This last phase of dunnock passage at Hel was
early after warm springs at wintering grounds in southwestern Europe (Table 2, Figures
3C and 4E), and after warm autumns in central Europe (Figure 4F) in the previous year.
The delay in that last phase of spring migration was related to warm winters in central
Europe (Figure 4G).

4. Discussion

We found that dunnocks advanced their spring passage through the Baltic coast over
1965-2025. The first and last phases of passage (p10 and p90) shifted earlier by about 5
days, so the migration duration (MD) remained surprisingly stable over 61 years, contrary
to our expectations that it would change, as at other sites. Interestingly, the median (p50)
of passage shifted the most, by about 8 days. The annual variation in the timing of migra-
tion at Hel was associated with temperature variables, and all phases of passage were
early during warm springs in central and southern Europe, as expected. The first phase of
passage was early after warm winters in central Europe, but a similar relationship also
occurred for the last phase, opposite to our expectations. The first phase of passage was
also early after warm summers the previous year, suggesting a carry-over effect of the
breeding success. We discuss our findings in the light of temperature increase during the
last decades across the dunnock range in Europe, including their breeding grounds, mi-
gration routes and wintering grounds.

4.1. Multi-Year Trends in the Timing of Spring Passage in Comparison with Trends in Other
Locations in Europe

During the last six decades, all three stages of dunnock spring passage at the Hel
station shifted earlier, similarly to other short- and medium-distance migrants in Europe
[25,26,28,29]. Our results correspond to those from the island of Christianse situated in
the Baltic Sea, where the dates of the first 5% of spring passage shifted earlier over 1976—
1997 by 7.9 days [27], and at Blavand bird observatory at the North Sea coast of Denmark,
where analogous dates shifted earlier by 10.6 days over 1984-2021 [31]. Similarly to our
results, the median of spring passage showed the greatest shift, by 11.6 days earlier,
among all migration phases at Christianse [27], but at Blavand it shifted earlier only by
1.2 days [31]. The mean date of passage also shifted earlier by 5.3 days in Helgoland, Ger-
many [25]. The last phase of dunnocks’ passage also shifted earlier by 7 days at Christianse
[27], but not at Bladvand, where it was delayed [31]. A general trend to advance spring
migration was also observed in dunnocks by Vahatalo et al. [26]. The differences between
stations in the extent of the shift to earlier migration may result from differences in their
locations (islands vs. seacoast) and varied proportions of individuals from different pop-
ulations migrating through each station [75,76]. The source of these discrepancies might
also be a different range of years and a longer time series of phenological data we ana-
lysed, as compared with other bird observatories [77].

Because both the first and last phases of dunnock passage at Hel shifted similarly
earlier, the migration duration (MD) did not change, oppositely to our expectations of
prolonged passage due to a delayed end of migration, as at Blavand [31]. This discrepancy
between stations may be caused by varied proportions of birds from different age/sex
groups passing through these sites, considering that birds of these groups may respond
differently to temperatures, as in other species [62,78]. These differences can also originate
from spatial variation in environmental conditions and varied influence of different cues
on subsequent stages of migration. However, Cotton [79] reported parallel advances in
both the start and end phases of passage in several other medium-distance migrants, re-
sulting in little change in their passage duration, similarly to dunnocks at Hel.
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The extended migration duration of dunnocks at Blavand [31] may reflect a stronger
asymmetry than at Hel in behavioural responses to climate change in birds forming dif-
ferent migration phases. In short-distance migrants, the timing of the first phase of migra-
tion (p10) is particularly responsive to conditions in the wintering areas and to large-scale
climatic patterns, especially as it is often dominated by adult males, which compete for
breeding territories [31]. In contrast, the timing of the last phase (p90) of passage may be
related to environmental conditions and availability of the food base at stopover, or the
timing of the species’ breeding [80]. Thus, the stable migration duration at Hel does not
necessarily contradict the general expectation of a prolonged passage under climate
warming but rather suggests that the phenological response of migration may be site- and
phase-specific [28,71,81-83].

Another reason for shifts to earlier passage of dunnocks through Hel may be increas-
ingly favourable conditions associated with rising temperatures at their wintering sites
and spring migration stopovers. These favourable conditions promote early food abun-
dance and reduce thermoregulatory costs, allowing the birds to build up energy reserves
more effectively, which enables them to migrate more quickly and efficiently [84,85]. Due
to climate change over the last 60 years, including milder winters, some dunnocks have
recently begun wintering in southern and western parts of Poland and in nearby countries
[86,87]. Thus, we cannot exclude that some individuals wintering close to Hel might be
captured at the beginning of the spring season, affecting shifts in the first phase of passage
[75]. However, we reduced a possible bias caused by single individuals wintering nearby
and occurring at Hel by using the dates for the first 10% of passage as the proxy for the
beginning of passage, instead of First Arrival Dates, which are sensitive to exceptionally
early individuals [88]. Moreover, dunnocks might be shortening their migration distance
and wintering closer to their breeding grounds, as suggested for other migratory species
[89,90]. Higher temperatures at breeding grounds result in greater food availability for
insectivores, which may lead to birds’ good physical condition at the end of breeding and
faster preparation for migration. This, in turn, may benefit their fithess during autumn
and winter months and ultimately early migration of the first birds the following spring.
Increased autumn and winter temperatures may also provide a biological signal for birds
to overwinter closer to breeding grounds, in southern Sweden or farther north in conti-
nental Europe, rather than in traditional wintering grounds [89,91]. This would lead to an
early passage through Hel by dunnocks whose wintering and breeding grounds are
nearby. The same effect may occur after warm autumns in central Europe. We suggest
that the earlier spring passage of dunnocks at Hel over the last six decades may be ex-
plained by dunnocks’ adaptation to increasing winter and spring temperatures in Europe,
probably in combination with shortening of the dunnocks” migration distance.

4.2. The Effects of Temperature on the Timing of Subsequent Phases of Spring Passage

Not selecting the year by any of the final “combined” best models suggested that its
relationship to the timing of subsequent phases of dunnocks’ passage was overtaken by
the effects of temperature variables in these models. This showed that the temperature
variables in these models, which were correlated with the year, explained the multi-year
trends in all three phases (p10, p50, and p90) of passage better than the sequence of years.

4.2.1. The Effect of Temperatures in Spring

All phases of spring migration of dunnocks through Hel were early with warm
springs in central Europe and on the Apennine and Balkan Peninsulas, similar to pheno-
logical responses of other passerines to warm springs [28,29,92]. Analogous relationships
to temperature have been shown especially among short- and medium-distance migrants
[55,65,92,93]. Warm springs decrease birds’ energy expenditure on thermoregulation [94].
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High temperatures in spring promote earlier emergence of vegetation and small inverte-
brates like beetles (Coleoptera), spiders (Aranea), and ants (Formicidae), which are dun-
nocks’ food [39,40,95]. This allows birds to forage more effectively at stopover sites along
their migration routes in central Europe. During such conditions of effective foraging, the
time spent by dunnocks at stopover sites in central Europe may be shorter than during
cold springs [96-98], enabling the first birds to arrive at the southern Baltic coast early.
Successful foraging improves birds’ condition, increasing their fitness and survival [84,99-
104], with carry-over effects on their next life stages, especially on breeding success
[100,101,105-108]. Moreover, the timing of the initial phase of the passage (p10) at Hel was
associated with temperatures in central Europe, while that of the median (p50) and end
(q90) was related to temperatures in southern Europe. These differences may reflect the
influence of environmental conditions encountered at different stages of migration. The
association between p10 and temperatures in central Europe suggests that some early mi-
grants pass through that region shortly before arriving at the southern Baltic coast; thus,
conditions in central Europe might influence stopover duration and subsequent migration
progress [109,110]. The absence of a significant correlation between p10 and temperature
in the Iberian Peninsula, despite numerous ringing recoveries indicating dunnock move-
ments between this area and the Baltic region, suggests that temperature in central Europe
fine-tunes the timing of arrival at Hel [87]. In contrast, later migrants may follow different
routes or originate from more distant wintering areas, including the Apennine and Balkan
regions.

4.2.2. The Effect of Temperatures in Winter

Warm winters in central Europe were related to delayed first (p10) and last (p90)
phases of dunnocks’ spring passage at Hel, in line with mild winter conditions generally
being associated with earlier spring migration [62,63]. Analogous delays in the last phase
of dunnock passage have also been reported in short-distance migrants, potentially re-
flecting carry-over effects of winter conditions on survival and the composition of the mi-
grating population [62,63]. With winters becoming warmer and providing more favoura-
ble conditions during recent decades, the survival rate of both adult and immature birds
may increase [10,16,111]. Their physical condition during spring migration would also be
good because of a more accessible and abundant food supply during mild winters
[16,112,113]. Favourable conditions allow more immature birds to survive winter and un-
dertake spring migration. However, when immatures migrate from their wintering to
breeding grounds for the first time, they have less experience, lower foraging efficiency,
make more stops along the route, and usually migrate later in spring than adults [26,114].
Additionally, they may be more vulnerable to the direct effects of external variables such
as temperature or rainfall [26,114]. Additionally, the young from late broods generally
encounter deteriorating environmental conditions, like reduced food availability or bad
weather [115,116] or are poor-quality individuals [117], which may affect the timing of
departure from wintering grounds. Due to their lower experience and more frequent use
of stopover sites than adults, an increased proportion of immatures that survived winter
might delay the first and last phases of the spring passage on Hel. A similar view was held
by Haest et al. [118], who found that the phenology of spring passage of short- and me-
dium-distance migrants on Helgoland (Germany) was affected by winter and spring tem-
peratures elsewhere across the non-breeding grounds. A similar delaying effect of warm
winters at the wintering sites on the last phase of spring migration (p90) occurred in the
song thrush at Hel [63].
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4.2.3. The Effect of Temperatures in Summer

Early first phase (q10) of the spring migration through Hel was related to warm sum-
mers during the early breeding season (May-June) at dunnocks” breeding grounds in
north Europe, indicating carry-over effects of conditions at the breeding grounds on mi-
gration timing about 10 months later. Abundance of food during a warm summer means
that adults are well-nourished and in good condition during the breeding season. Favour-
able conditions they encounter upon arriving at their breeding grounds enable them to
secure a territory and begin breeding earlier [106,107,115,119]. Higher temperatures may
be beneficial for egg incubation during the early breeding season, and promote earlier
hatching and faster chick growth. However, this positive effect on offspring depends on
temperatures remaining within the thermal tolerance range of the developing embryos
[13,14]. An advanced beginning of spring migration might also be related to dunnocks’
tendency to breed repeatedly [40,120,121]. Favourable conditions encourage adults to lay
additional clutches during summer or repeat unsuccessful first broods [122]. Furthermore,
good conditions promote early maturity of the young from first broods and the survival
of immatures from all clutches [10,123,124]. Increased survival rates and good condition
may have carry-over effects on later stages of the dunnock’s life [107]. The fittest imma-
tures from the first broods might survive winter well, similarly to well-nourished adults,
and thus both groups might be able to migrate early through Hel the following spring at
the beginning of the passage. Food abundance during warm summer also enables adults
to rebuild their energy reserves depleted after breeding, and immatures to grow and fuel
more quickly and depart for migration to the south early. Good nutrition affects not only
migrants” condition but also the quality of their plumage [125]. Adult dunnocks undergo
a complete post-breeding moult once a year, and immatures grow their first set of feathers
in the nest and undergo partial post-juvenile moult at the breeding grounds in summer
[126,127]. Thus, good weather conditions and abundant food in this period benefit their
moult. Good-quality feathers influence subsequent stages of the life cycle as they are cru-
cial for efficient migration, which may cause carry-over effects on the following spring
passage, explaining our results [107,128,129].

4.2.4. The Effect of Temperatures in Autumn

The last phase (p90) of dunnock’s spring passage was early after warm autumns in
central Europe the previous year, which might be associated with shortening of the spe-
cies’ migration routes over recent decades. Rising winter temperatures have contributed
to northward shifts in wintering distributions of several European passerine species by
reducing climatic constraints on overwintering at higher latitudes [130,131]. As a short- or
medium-distance migrant, the dunnock has the potential to shift its wintering northwards
in response to rising winter temperatures, as warmer conditions may benefit winter sur-
vival closer to the breeding grounds [36,89,132]. Dunnocks’ overwintering has been re-
ported in Poland, mostly in the southern part of the country, like the regions of Silesia [86]
and central Poland near Warsaw [132], but also in northern Poland near the Hel Peninsula
[133]. Reports of this species’ overwintering also come from Denmark [134], Sweden [135]
and Norway [136]. Warm autumns in central Europe might encourage a larger part of
population to winter closer to breeding grounds than after cold autumns [75,89,90]. Rising
temperatures associated with climate change can extend the seasonal activity period of
many invertebrates, on which the dunnock feeds, by delaying their autumnal inactivity,
diapause, and overwintering, thereby prolonging the availability of arthropod prey dur-
ing late autumn [103,137]. Birds do not need to continue their migration to the south if the
food supply and weather conditions are favourable closer to the breeding grounds, so
they shorten the migration distance. A short distance to cross in spring may, in turn, pro-
mote early arrival of wrens on the southern Baltic coast.
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4.2.5. The Effect of Temperature on Population Size

The population size of the dunnock in Europe has decreased since the 1980s, accord-
ing to the Pan-European Common Bird Monitoring Scheme [138,139]. These changes in
numbers might be a result of ongoing climate change and extreme weather events. How-
ever, we suggest that increasing temperatures in Europe are not the main cause of the
observed decline in dunnocks’ population, because warm winters and springs seem to
benefit this species by shorter migration distances, earlier spring passage and repeated
broods. Alternative causes of the population decrease may be the simplification of forest
structure in Scandinavia and the increasing proportion of deciduous forests in dunnocks’
breeding areas [140-142], which suit the breeding biology of this species less than conifers
[36]. Additionally, habitat changes, including intensive farming and most importantly, the
degradation of the forest litter, may reduce food availability [140-142] and have a greater
impact on the dunnock population size than climate warming,.

5. Conclusions

We showed that temperatures in different regions of Europe, including those at the
breeding grounds about 9-10 months earlier, had a carry-over effect on the timing of dun-
nocks’ spring migration at Hel, which is a novel result for this species and for the group
of medium-distance migrants in Europe. Thus, the temperature increase across Europe
might explain the shift to earlier passage of dunnocks by about a week over 1965-2025.
Our results suggest that rising temperatures in Europe benefit dunnocks, creating favour-
able conditions for foraging, early breeding and two clutches, which may have a carry-
over effect on their next life stages. However, climate change also increases the frequency
of severe weather events across Europe, probably partly overriding positive effects of
higher temperatures. These single extreme events should be considered in future analyses,
as they could bias data averaged over longer periods. However, the decline in dunnock
numbers across Europe [138,139] suggests that unfavourable anthropogenic habitat
changes and more frequent extreme weather events might counteract the positive effects
of increasing temperatures on this species” numbers, which would require further re-
search.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/d18100640/s1, Table S1. Numbers of dunnocks caught (n) in
springs of subsequent years at Hel bird ringing station (N Poland). The years highlighted in grey
were excluded from analyses because fewer than 10 dunnocks were caught. N analysed is the total
number of analysed dunnocks, after excluding these years; Table S2. Pearson’s correlation coeffi-
cients between the 11 climate indices in 1965-2025 used in regression models. Correlations signifi-
cant after the Bonferroni correction are indicated with bold font. Green colour and frame indicate
the set of temperature variables selected for “green” partial models; blue colour and frame indicate
the set of temperature variables selected for “blue” partial models. Symbols of temperature varia-
bles as in Table 1. Table S3. Linear regression details for the multi-year trends in the timing of the
first (p10), median (p50), and last (p90) phases of migration, and migration duration (MD) calculated
as p90-p10. The table presents the estimate, standard error (SE), t-statistic, its level of significance (p)
and coefficient of determination (R?). Coefficients of the regression line are: ax —intercept, 3 —slope
coefficient. “ x years” is the estimated shift in migration timing (in days) during 1965-2025 (61
years). A negative value indicates an advance in the date of the analysed percentile over time; a
positive value means the opposite; Table S4. Parameters of the best partial “green” and “blue” mod-
els. Table presents: AdjR?>—adjusted coefficient of determination, F—best model statistics, Esti-
mate—multiple regression coefficients, SE—standard error of the estimates, t, p—f-test and signifi-
cance level of each estimate; VIF —variance inflation factor, R?—partial determination coefficient for

each estimate, pR—Pearson’s partial correlation coefficient; Table S5. Model ranking of the partial
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“green” multiple regression models for the dates of the first (p10), median (p50), and last (p90)
phases of spring passage of the dunnock at Hel in 1965-2025, used as response variables. Symbols
of explanatory variables as in Table 1. The table presents the coefficient estimates for the intercept
and the explanatory variables selected in each model, followed by the model statistics: degrees of
freedom (df), Akaike Information Criterion corrected for small sample sizes (AICc), the difference
in AICc relative to the best model (delta), and the Akaike weight (weight). The table presents the set
of models with a delta AICc < 2. Bold digits indicate variables selected in the best model; Table Sé.
Model ranking of the partial “blue” multiple regression models for the dates of the first (p10), me-
dian (p50), and last (p90) phases of spring passage of the dunnock at Hel in 1965-2025, used as
response variables. Symbols of explanatory variables as in Table 1. The table presents the coefficient
estimates for the intercept and the explanatory variables selected in each model, followed by the
model statistics: degrees of freedom (df), Akaike Information Criterion corrected for small sample
sizes (AICc), the difference in AICc relative to the best model (delta), and the Akaike weight (weight).
The table presents the set of models with a delta AICc < 2. Bold digits indicate variables selected in
the best model; Table S7. Model ranking of the final “combined” multiple regression models for the
dates of the first (p10), median (p50), and last (p90) phases of spring passage of the dunnock at Hel
in 1965-2025, used as response variables. Symbols of explanatory variables as in Table 1. The table
presents the coefficient estimates for the intercept and the explanatory variables selected in each
model, followed by the model statistics: degrees of freedom (df), Akaike Information Criterion cor-
rected for small sample sizes (AICc), the difference in AICc relative to the best model (delta), and
the Akaike weight (weight). The table presents the set of models with a delta AICc < 2. Bold digits
indicate variables selected in the best model; Table S8. Diagnostics for the best-fitted models for
passage parameters (p10, p50, p90) of spring passage of dunnock at Hel station in 1965-2025. R?2—
multiple coefficient of determination, AdjR?>—adjusted coefficient of determination; AdjR*/R?—the
ratio of these two coefficients of determination, the closer the ratio is to 1, the better the fit of the
model to the data. AdjR>—predR?—the closer this difference is to 0, the better the predictive value of
the model, DW —Durbin-Watson statistics and its p value.

Author Contributions: Conceptualisation—Z.M. and M.R. Data collection—both authors. Method-
ology and software development—M.R. and Z.M. Formal analysis and visualisation of the results —
Z.M. Supervision and funding acquisition—M.R. The original draft of the manuscript was prepared
by ZM. ZM. and M.R. contributed to subsequent editing and responses to the reviews. All authors

have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Bird Migration Research Station, University of
Gdansk, through Special Research Facility grants (SPUB) provided by the Polish Ministry of Science
and Higher Education (SPUB No. 203733/E-335/SPUB/2016/4 for 2016-2018, SPUB No. 38/E-
335/SPUB/2019 for 20192021 and SPUB No. 74/566668/SPUB/SP/2023 for 2023-2025).

Institutional Review Board Statement: All birds were trapped and ringed under the official permits
issued by the Polish Ringing Centre. Field studies at all Operation Baltic stations were conducted in
accordance with national ethical guidelines and environmental regulations and relevant permits

from land managers.

Data Availability Statement: Long-term ringing data are accessible via the Global Biodiversity In-
formation Facility (GBIF) under “Ringing Data from the Bird Migration Research Station, University
of Gdansk” (Nowakowski J. 2017, Occurrence dataset https://doi.org/10.15468/q5088L accessed via
GBIF.org on 22 May 2025).

Acknowledgments: We are grateful to the thousands of volunteers who participated in Operation
Baltic over the past four decades; their dedicated fieldwork made this study possible. We thank the
staff of the Bird Migration Research Station, especially Jarostaw K. Nowakowski, Krzysztof
Stepniewski, Wioletta Wojcik and Anna Woznicka, for their extensive work in compiling and main-

taining the databases.

https://doi.org/10.3390/d18100640



Diversity 2026, 18, 640 16 of 21

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Twardosz, R.; Walanus, A.; Guzik, I. Warming in Europe: Recent Trends in Annual and Seasonal Temperatures. Pure Appl.
Geophys. 2021, 178, 4021-4032. https://doi.org/10.1007/s00024-021-02860-6.

2. Gadzhiev, N.; Vagapova, A.; Yaumieva, E. Climate Change and Global Warming: The Global Carbon Cycle. In BIO Web of
Conferences; EDP Sciences: Les Ulis, Franc, 2023; Volume 76, p. 06002.

3. Hansen, J.; Sato, M.; Ruedy, R; Lo, K,; Lea, D.W.; Medina-Elizade, M. Global temperature change. Proceedings of the National
Academy of Sciences, 2006, 103.39: 14288-14293 PNAS: Washington, USA.;

4.  Santer, B.D.; Po-Chedley, S.; Zelinka, M.D.; Cvijanovic, L; Bonfils, C.; Durack, P.J.; Fu, Q.; Kiehl, J.; Mears, C.; Painter, J.; et al.
Human Influence on the Seasonal Cycle of Tropospheric Temperature. Science 2018, 361, eaas8806. https://doi.org/10.1126/sci-
ence.aas8806.

5. Dai, A,; Zhao, T.; Chen, ]J. Climate Change and Drought: A Precipitation and Evaporation Perspective. Curr. Clim. Change Rep.
2018, 4, 301-312.

6. André, J.; D’Andrea, F.; Drobinski, P.; Muller, C. Regimes of Precipitation Change Over Europe and the Mediterranean. J. Ge-
ophys. Res. Atmos. 2024, 129, e2023]D040413. https://doi.org/10.1029/2023]D040413.

7. Kjellstrom, E.; Nikulin, G.; Strandberg, G.; Bessing Christensen, O.; Jacob, D.; Keuler, K.; Lenderink, G.; Van Meijgaard, E.; Schir,
C.; Somot, S.; et al. European Climate Change at Global Mean Temperature Increases of 1.5 and 2 °C above Pre-Industrial Con-
ditions as Simulated by the EURO-CORDEX Regional Climate Models. Earth Syst. Dyn. 2018, 9, 459-478.
https://doi.org/10.5194/esd-9-459-2018.

IPCC Framing and Context. In Global Warming of 1.5 °C; Cambridge University Press: Cambridge, UK, 2022; pp. 49-92.
. Berthold, P. Bird Migration: A General Survey; Oxford University Press: Oxford, UK, 2001; ISBN 9780198507864.

10. Salewski, V.; Hochachka, W.M.; Fiedler, W. Multiple Weather Factors Affect Apparent Survival of European Passerine Birds.
PLoS ONE 2013, 8, 59110. https://doi.org/10.1371/journal.pone.0059110.

11. Shamoun-Baranes, J.; Liechti, F.; Vansteelant, W.M.G. Atmospheric Conditions Create Freeways, Detours and Tailbacks for
Migrating Birds. J. Comp. Physiol. A Neuroethol. Sens. Neural Behav. Physiol. 2017, 203, 509-529. https://doi.org/10.1007/s00359-
017-1181-9.

12.  Ruuskanen, S.; Hsu, B.Y.; Nord, A. Endocrinology of Thermoregulation in Birds in a Changing Climate. Mol. Cell. Endocrinol.
2021, 519, 111088. https://doi.org/10.1016/j.mce.2020.111088.

13. Webb, D.R. Cooper Ornithological Society Thermal Tolerance of Avian Embryos: A Review; 1987; Volume 89.

14. Deeming, D.C. (Ed.) Avian Incubation: Behaviour, Environment and Evolution. Oxford Academic: Oxford, UK, 2001.
https://doi.org/10.1093/0s0/9780198508106.001.0001.

15.  Wojciechowski, M.S.; Pinshow, B. Heterothermy in Small, Migrating Passerine Birds during Stopover: Use of Hypothermia at
Rest Accelerates Fuel Accumulation. J. Exp. Biol. 2009, 212, 3068-3075. https://doi.org/10.1242/jeb.033001.

16. Newton, L; Brockie, K. The Migration Ecology of Birds; Elsevier-Academic Press: London, UK, 2008; ISBN 9780125173674.

17.  Fraser, SM.; de Zwaan, D.R,; Mann, H.A.R.; Paquet, J.; Hamilton, D.]. Effects of Severe Weather on Shorebirds: Evidence of Dis-
rupted Refueling and Delayed Departure on Southbound Migration. Ecosphere 2025, 16, €70329. https://doi.org/10.1002/ecs2.70329.

18.  Gordo, O.; Sanz, ].J. Phenology and Climate Change: A Long-Term Study in a Mediterranean Locality. Oecologia 2005, 146, 484-495.
https://doi.org/10.1007/s00442-005-0240-z.

19. Deutsch, C.A.; Tewksbury, ].J.; Huey, R.B.; Sheldon, K.S.; Ghalambor, C.K.; Haak, D.C.; Martin, P.R. Impacts of Climate Warm-
ing on Terrestrial Ectotherms Across Latitude. Proc. Natl. Acad. Sci. USA 2008, 105, 6668—6672.

20. DPoyry, J.; Leinonen, R.; Soderman, G.; Nieminen, M.; Heikkinen, R.K.; Carter, T.R. Climate-Induced Increase of Moth Mul-
tivoltinism in Boreal Regions. Glob. Ecol. Biogeogr. 2011, 20, 289-298. https://doi.org/10.1111/j.1466-8238.2010.00597 .x.

21. Both, C,; Visser, M.E. Adjustment to Climate Change Is by Arrival Date in A-Distance Migrant Bird. Nature 2001, 411, 296-298.

22. Mayor, S.J.; Guralnick, R.P.; Tingley, M.W.; Otegui, J.; Withey, ].C.; Elmendorf, S.C.; Andrew, M.E.; Leyk, S.; Pearse, L.S.; Schnei-
der, D.C. Increasing Phenological Asynchrony between Spring Green-up and Arrival of Migratory Birds. Sci. Rep. 2017, 7, 1-10.
https://doi.org/10.1038/s41598-017-02045-z.

23.  Willis, K.J.; Bhagwat, S.A. Biodiversity and Climate Change. Science 2009, 326, 806-807.

24. Bairlein, F. Migratory Birds under Threat. Science 2016, 354, 547-548. https://doi.org/10.1126/science.aah6215.

25. Hiippop, O.; Hiippop, K. North Atlantic Oscillation and Timing of Spring Migration in Birds. Proc. R. Soc. B Biol. Sci. 2003, 270,

233-240. https://doi.org/10.1098/rspb.2002.2236.

https://doi.org/10.3390/d18100640



Diversity 2026, 18, 640 17 of 21

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.
39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

Viahitalo, A.V.; Rainio, K.; Lehikoinen, A.; Lehikoinen Viahatalo, E.; Vahatalo, A.; Lehikoinen, A.; Rainio, K.; Lehikoinen, E.
Spring Arrival of Birds Depends on the North Atlantic Oscillation. J. Anim. Biol. 2004, 35, 210-216.

Tettrup, A.P.; Thorup, K.; Rahbek, C. Changes in Timing of Autumn Migration in North European Birds Populations. Ardea
2006, 94, 527-536.

Lehikoinen, A.; Lindén, A.; Karlsson, M.; Andersson, A.; Crewe, T.L.; Dunn, E.H.; Gregory, G.; Karlsson, L.; Kristiansen, V.;
Mackenzie, S.; et al. Phenology of the Avian Spring Migratory Passage in Europe and North America: Asymmetric Advance-
ment in Time and Increase in Duration. Ecol. Indic. 2019, 101, 985-991. https://doi.org/10.1016/j.ecolind.2019.01.083.

Miles, W.T.S; Bolton, M.; Davis, P.; Dennis, R.; Broad, R.; Robertson, I.; Riddiford, N.J.; Harvey, P.V.; Riddington, R.; Shaw,
D.N; et al. Quantifying Full Phenological Event Distributions Reveals Simultaneous Advances, Temporal Stability and Delays
in Spring and Autumn Migration Timing in Long-Distance Migratory Birds. Glob. Chang. Biol. 2017, 23, 1400-1414.
https://doi.org/10.1111/gcb.13486.

Usui, T.; Butchart, S.H.M.; Phillimore, A.B. Temporal Shifts and Temperature Sensitivity of Avian Spring Migratory Phenology:
A Phylogenetic Meta-Analysis. ]. Anim. Ecol. 2017, 86, 250-261. https://doi.org/10.1111/1365-2656.12612.

Den Uijl, M. Changes in the Phenology of Spring Migrating passerines at Blavand Bird Observatory, Denmark, 1984-2021. Dan.
Orn. Foren. Tidsskr. 2024, 118, 142-148.

Miller-Rushing, A.].; Lloyd-Evans, T.L.; Primack, R.B.; Satzinger, P. Bird Migration Times, Climate Change, and Changing Pop-
ulation Sizes. Glob. Chang. Biol. 2008, 14, 1959-1972. https://doi.org/10.1111/j.1365-2486.2008.01619.x.

Csorgd, T.; Mora, V.; Miklay, G. Autumn migration and wintering of Dunnock (Prunella modularis) in Hungary. Ring 2021, 23,
99-107.

Khymyn, M. Characteristics of Visible Autumn Migrations of the Dunnock Prunella modularis (Linnaeus, 1758) in National Park
“Prypiat-Stokhid” in 2012-2017. Sci. Biol. Sci. 2020, 4, 20-25. https://doi.org/10.15587/2519-8025.2020.223671.

Cramp, S. (Ed.) The Birds of the Western Palearctic, Vol. 5: Tyrant Flycatchers to Thrushes; Oxford University Press: Oxford, UK, 1988.
Harnos, A.; Fehérvari, P.; Piross, 1.S.; Agh, N.; Karcza, Z.; Konrad, K.; Csorgd, T. Exploratory Analyses of Migration Timing and
Morphometrics of the Dunnock (Prunella modularis). Ornis Hung. 2016, 24, 127-144. https://doi.org/10.1515/orhu-2016-0020.
Hatchwell, B.; Kirwan, G. M.; Goodman, D. D. Dunnock (Prunella modularis), Version 1.2. In Birds of the World. Cornell Lab of
Ornithology. Available online: https://birdsoftheworld.org/bow/species/dunnocl/cur/introduction(accessed on 8 July 2026).
Davies, N.B.; Quinn, D. Dunnock Behaviour and Social Evolution; Oxford University Press: Oxford, UK, 1992; ISBN 9780198546757.
Montgomery, S. Dunnock. Encyclopeaedia Britannica. Available online: https://www.britannica.com/Animal/Dunnock (accessed
on 10 July 2026).

Bishton, G. The Diet of Nestling Dunnocks Prunella Modularis. Bird. Study 1985, 32, 113-115.
https://doi.org/10.1080/00063658509476865.

Glenn, B. The Diet and Foraging Behaviour of the Dunnock Prunella modularis in a Hedgerow Habitat. IBIS 1986, 128, 526-539.
Zink, G. Der Zug Europiiischer Singvigel. Ein Atlas Der Wiederfunde Beringter Vogel. 2. Lieferung; Vogelzug-Verlag: Moggingener,
Germany, 1975; Volume 2.

Vaurie, C. The Birds of the Palearctic Fauna. A Systematic Reference. In Order Passeriformes; Witherby: Scotland, UK, 1959;
Volume 76.

Martinez-Cabello, A.; Soler, M.; Soler, J.J. Alimentacion del Acentor Comun (Prunella modularis) Durante su Invernada En el
Sureste de la Peninsula Iberica. Ardeola 1991, 38, 305-315.

Telleria, J.L. Bird Wintering in Spain: A Review. In First Conference on Birds Wintering in the Mediterranean Region; Farina, A., Ed.;
Supplement to Ricerche Di Biologia Della Selvaggina: Aulla, Italy, 1986; Volume 10, pp. 319-338.

Herrera, Y.; Soriguer R. C. Composicién de Las Comunidades de Passeriformes En Dos Biotopos de Sierra Morena Occidental.
Acta Vertebr. 1977, Vol 4 ,127-138.

Maciag, T.; Remisiewicz, M.; Nowakowski, ].K.; Redlisiak, M.; Rosiniska, K.; Stepniewski, K.; Stepniewska, K.; Szulc, J. Maps of
Ringing Recoveries. Website of the Bird Migration Research Station. Available online: https://en-sbwp.ug.edu.pl/badania/mon-
itoringwyniki/maps-of-ringing-recoveries/ (accessed on 10 July 2026).

Spina, F.; Baillie, S.R.; Bairlein, F.; Fiedler, W.; Thorup, K.(Eds.) The Eurasian-African Bird Migration Atlas. EURING/CMS. ISPRA:
Ozzano Emilia, Italy 2022.. Available online: https://migrationatlas.org/ (accessed on 10 July 2026).

Dierschke, ]J.; Helgoland, O.A. Die Vogelwelt Der Insel Helgoland. Missing-Link-Versandbuchh: Bremen, Germany, 2011; ISBN
3000354379.

Pons, P. The Wintering of Migrant Dunnocks Prunella modularis in Two Mediterranean Habitats after Fire. Bird. Study 2001, 48,
68-75. https://doi.org/10.1080/00063650109461204.

https://doi.org/10.3390/d18100640



Diversity 2026, 18, 640 18 of 21

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

Schubert, M.; Fedrigo, A.; Massa, R. Timing and Pattern of the Post-Breeding Migration of Some Species of Passerines through
Lombardy, Northern Italy. Ringing Migr. 1986, 7, 15-22. https://doi.org/10.1080/03078698.1986.9673874.

Spina, F.; Volponi, S. Atlante Della Migrazione Degli Uccelli in Italia. Vol. 2: Passeriformi. [Italian Bird Migration Atlas. Vol. 2 Passer-
iformes]; ISPRA: Rome, Italy, 2009, ISBN: 9788844803780.

Golebiewski, I.; Remisiewicz, M. Influence of Temperature and Rainfall on the Timing of the Spring Migration of Eurasian Wren
Troglodytes  troglodytes ~ through  the  Southern  Baltic = Coast.  Eur.  Zool. ]. 2026, 93,  542-562.
https://doi.org/10.1080/24750263.2026.2645285.

Demongin, L. Identification Guide to Birds in the Hand: The 301 Species Most Frequently Caught in Western Europe: Identification,
Measurements, Geographic Variation, Moult, Sex and Age; Pelagic Publications: London, UK, 2016; ISBN 9782955501900.

Busse, P.; Michalczyk, K.; Cofta, T.; Meissner, W.; Kangas, K. Bird Ringing Station Manual; De Gruyter: Berlin, Germany, 2015;
ISBN 9788376560526.

Svensson, L. Identification Guide to European Passerines. In Lullula; British Trust for Ornithology: Thetford, UK, 2023; ISBN
9789198516685.

Redlisiak, M.; Remisiewicz, M.; Nowakowski, ] K. Long-Term Changes in Migration Timing of Song Thrush Turdus philomelos
at the Southern Baltic Coast in Response to Temperatures on Route and at Breeding Grounds. Int. ]. Biometeorol. 2018, 62, 1595
1605. https://doi.org/10.1007/s00484-018-1559-6.

Remisiewicz, M.; Underhill, L.G. Climate in Africa Sequentially Shapes Spring Passage of Willow Warbler Phylloscopus Troch-
ilus across the Baltic Coast. Peer] 2022, 10, €12964. https://doi.org/10.7717/peerj.12964.

Remisiewicz, M.; Underhill, L.G. Large-Scale Climatic Patterns Have Stronger Carry-over Effects than Local Temperatures on
Spring Phenology of Long-Distance Passerine Migrants between FEurope and Africa. Anmimals 2022, 12, 1732.
https://doi.org/10.3390/ani12131732.

Remisiewicz, M.; Underhill, L.G. Climatic Variation in Africa and Europe Has Combined Effects on Timing of Spring Migration
in a Long-Distance Migrant Willow Warbler Phylloscopus trochilus. Peer] 2020, 8, e8770. https://doi.org/10.7717/peer;j.8770.
Pinszke, A.; Remisiewicz, M. Long-Term Changes in Autumn Migration Timing of Garden Warblers Sylvia borin at the Southern
Baltic Coast in Response to Spring, Summer and Autumn Temperatures. Eur. Zool. ]. 2023, 90, 283-295.
https://doi.org/10.1080/24750263.2023.2192239.

Golebiewski, I.; Remisiewicz, M. Carry-Over Effects of Climate Variability at Breeding and Non-Breeding Grounds on Spring Mi-
gration in the European Wren Troglodytes troglodytes at the Baltic Coast. Animals 2023, 13, 201. https://doi.org/10.3390/ani13122015.
Redlisiak, M.; Remisiewicz, M.; Mazur, A. Sex-Specific Differences in Spring Migration Timing of Song Thrush Turdus philomelos
at the Baltic Coast in Relation to Temperatures on the Wintering Grounds. Eur. Zool. ]. 2021, 88, 191-203.
https://doi.org/10.1080/24750263.2020.1869842.

Rice, W.R. Analyzing tables of statistical tests. Evolution 1989, 43, 223-225. https://doi.org/10.1111/j.1558-5646.1989.tb04220.x.
Dormann, C.F; Elith, J.; Bacher, S.; Buchmann, C.; Carl, G; Carré, G.; Marquéz, ].R.G.; Gruber, B.; Lafourcade, B.; Leitao, P.J.; et
al. Collinearity: A Review of Methods to Deal with It and a Simulation Study Evaluating Their Performance. Ecography 2013, 36,
27-46. https://doi.org/10.1111/j.1600-0587.2012.07348.x.

Quinn, G.P.; Keough, M.]. Experimental Design and Data Analysis for Biologists; Cambridge University Press: Cambridge, UK, 2002;
ISBN 9780511806384.

Frost, J. Regression analysis: An intuitive guide for using and interpreting linear models. Statistics by Jim Publishing, Costa
Mesa, USA, 2020; ISBN 1735431184.

Barton,, K. Package “MuMIn”. Multi-Model Inference. 2010. Available online: https://Cran.r-Project.Org/Web/Pack-
ages/MuMIn/MuMIn.Pdf (accessed on 10 May 2026).

Crawley, M.]. The R Book; Wiley: Hoboken, NJ, USA, 2013; ISBN 9781118448908.

Pareto, A. R Script. Available online: https://Rpubs.Com/Ratherbit/102428 (accessed on 15 May 2025).

Remisiewicz, M.; Underhill, L.G. Climate in Europe and Africa Sequentially Shapes the Spring Passage of Long-Distance Mi-
grants at the Baltic Coast in Europe. Diversity 2025, 17, 528. https://doi.org/10.3390/d17080528.

Fox, J.; Friendly, M.; Monette, G. Visual Hypothesis Tests in Multivariate Linear Models: The Heplots Package for R. DSC. Direc-
tions in Statistical Computing. 2007. Available online: http://Socserv.Socsci.Mcmaster.ca/Jfox/Heplots-Dsc-Paper.Pdf (accessed on
3 February 2025).

Wickham, H. Ggplot2: Elegant Graphics for Data Analysis; Springer-Verlag: New York, NY, USA, 2016; ISBN 978-3-319-24277-4.
The R Foundation for Statistical Computing 2025. Available online: https://www.r-project.org (accessed on 23 January 2025).

https://doi.org/10.3390/d18100640



Diversity 2026, 18, 640 19 of 21

75.

76.

77.

78.

79.
80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Lehikoinen, E.; Sparks, T. Changes in Migration in Effects of Climate Change on Birds; Meller, A.P., Fiedler, W., Berthold, P., (Eds.);
Oxford University Press: Oxford, UK; 2010; pp. 89-112.

Bobowski, T.J.; Bossu, C.; Rueda-Hernandez, R.; Schweizer, T.; Tello-Lopez, I.; Smith, T.B.; Feldman, R.; Cohen, E.; Ruegg, K.
Factors Underlying Migratory Timing of a Seasonally Migrating Bird. Sci. Rep. 2025, 15, 8527. https://doi.org/10.1038/s41598-
025-93442-2.

Sparks, T.H.; Tryjanowski, P. The Detection of Climate Impacts: Some Methodological Considerations. Int. . Climatol. 2005, 25,
271-277. https://doi.org/10.1002/joc.1136.

Pinszke, A.; Remisiewicz, M. Effect of Long-Term Temperature Changes at Non-Breeding Grounds on Phenological Shifts in
Spring Migration Timing of Male and Female Blackcaps on the Southern Baltic Coast, Biology (Basel). 2026 Sep 3;15(17):1518.
doi: 10.3390/biology15171518.

Cotton, P.A. Avian Migration Phenology and Global Climate Change. Proc. Natl. Acad. Sci. USA 2003, 100, 12219-12222.
Shariati-Najafabadi, M.; Darvishzadeh, R.; Skidmore, A.K.; Kdlzsch, A.; Exo, KM.; Nolet, B.A.; Griffin, L.; Stahl, J.; Havinga,
P.J.M.; Meratnia, N.; et al. Environmental Parameters Linked to the Last Migratory Stage of Barnacle Geese En Route to Their
Breeding Sites. Anim. Behav. 2016, 118, 81-95. https://doi.org/10.1016/j.anbehav.2016.05.018.

Knudsen, E.; Lindén, A.; Both, C; Jonzén, N.; Pulido, F.; Saino, N.; Sutherland, W.J.; Bach, L.A.; Coppack, T.; Ergon, T.; et al. Chal-
lenging Claims in the Study of Migratory Birds and Climate Change. Biol. Rev. 2011, 86, 928-946. https://doi.org/10.1111/.1469-
185X.2011.00179.x.

Hurlbert, A.H.; Liang, Z. Spatiotemporal Variation in Avian Migration Phenology: Citizen Science Reveals Effects of Climate
Change. PLoS ONE 2012, 7, e31662. https://doi.org/10.1371/journal.pone.0031662.

Romano, A.; Garamszegi, L.Z.; Rubolini, D.; Ambrosini, R. Temporal Shifts in Avian Phenology across the Circannual Cycle in
a Rapidly Changing Climate: A Global Meta-Analysis. Ecol. Monogr. 2023, 93, e1552.

Benson, T.J.; Bednarz, ].C. Relationships among Survival, Body Condition, and Habitat of Breeding Swainson’s Warblers. Condor
2010, 112, 138-148. https://doi.org/10.1525/cond.2010.080089.

Gardner, ].L.; Rowley, E.; de Rebeira, P.; de Rebeira, A.; Brouwer, L. Associations between Changing Climate and Body Condition
over Decades in Two Southern Hemisphere Passerine Birds. Clim. Chang. Responses 2018, 5, 2. https://doi.org/10.1186/s40665-018-
0038-y.

Beuch, S. Regularne Zimowanie Pokrzywnicy Prunella modularis Na Osadnikach Kopalnianych w Bytomiu i Zabrzu [Regular
Wintering of Dunnock Prunella modularis near Sedimentary Ponds in Bytom and Zabrze\ . Ptaki Slqska 2015, 22, 146-150.
Czechowski, P. Wintering Dunnock Prunella modularis in Lubuskie Voievodeship. Int. Stud. Sparrows: Zielona Goéra, Poland,
2025, 47: 4-9; DOI:10.59443/1SSpar-2025-0001.

Goodenough, A.E.; Fairhurst, S.M.; Morrison, ].B.; Cade, M.; Morgan, P.J.; Wood, M.]. Quantifying the Robustness of First Ar-
rival Dates as a Measure of Avian Migratory Phenology. Ibis 2015, 157, 384-390. https://doi.org/10.1111/ibi.12227.

Visser, M.E.; Perdeck, A.C.; van Balen, ].H.; Both, C. Climate Change Leads to Decreasing Bird Migration Distances. Glob. Chang.
Biol. 2009, 15, 1859-1865. https://doi.org/10.1111/j.1365-2486.2009.01865.x.

Pulido, F.; Berthold, P. Current Selection for Lower Migratory Activity Will Drive the Evolution of Residency in a Migratory
Bird Population. Proc. Natl. Acad. Sci. USA 2010, 107, 7341-7346. https://doi.org/10.1073/pnas.0910361107.

Kullberg, C.; Fransson, T.; Hedlund, J.; Jonzén, N.; Langvall, O.; Nilsson, J.; Bolmgren, K. Change in Spring Arrival of Migratory
Birds under an Era of Climate Change, Swedish Data from the Last 140 Years. Ambio 2015, 44, 69-77. https://doi.org/10.1007/s13280-
014-0600-1.

Tettrup, A.P.; Rainio, K.; Coppack, T.; Lehikoinen, E.; Rahbek, C.; Thorup, K. Local Temperature Fine-Tunes the Timing of
Spring Migration in Birds. Proc. Integr. Comp. Biol. 2010, 50, 293-304.

Palm, V.; Leito, A.; Truu, J.; Tomingas, O.; Leito, A.; Truu, J.; Tomingas, O. The Spring Timing of Arrival of Migratory Birds:
Dependence on Climate Variables and Migration Route. Ornis Fenn. 2009, 86, 97-108.

Lindstrém, A. Maximum Fat Deposition Rates in Migrating Birds Maximum Fat Deposition Rates in Migrating Birds. Ornis
Scand. 1991, 22, 12-19.

Moreby, S.J.; Stoate, C. Relative Abundance of Invertebrate Taxa in the Nestling of Three Farmland Passerine Species, Dunnock
Modularis, Whitethroat Sylvia communis and Yellowhammer Emberiza citrinella in Leicestershire, England. Agric. Ecosyst. En-
viron. 2001, 86, 125-134.

Quinlan, S.E.; Boyd, R. L Mist Netting Success in Relation to Weather; North American Bird Bander: Recrot, USA, Vol. 1: Iss. 4,
Article 3, 1976.

https://doi.org/10.3390/d18100640



Diversity 2026, 18, 640 20 of 21

97.

98.

99.

100.

101.
102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.
116.

117.
118.

119.

120.

121.

122.

123.

Bozd, L.; Csorgd, T.; Heim, W. Weather Conditions Affect Spring and Autumn Migration of Siberian Leaf Warblers. Avian Res.
2018, 9, 33. https://doi.org/10.1186/s40657-018-0126-5.

Collet, L.; Heim, W. Differences in Stopover Duration and Body Mass Change among Emberiza Buntings during Autumn Mi-
gration in the Russian Far East. ]. Ornithol. 2022, 163, 779-789. https://doi.org/10.1007/s10336-022-01976-3.

Stephens, D.W.; Krebs, ].R. Foraging Theory; Princeton University Press: Princeton, NJ, USA, 1986; ISBN 9780691084428.
Thomas, D.W.; Blondel, J.; Perret, P.; Lambrechts, M.M.; Speakman, ].R. Energetic and Fitness Costs of Mismatching Resource
Supply and Demand in Seasonally Breeding Birds. Science 2001, 291, 2598-2600.

Newton, I. Advances in the Study of Irruptive Migration. Ardea 2006, 94, 433-460.

Cox, W.A,; Thompson, F.R.; Cox, A.S,; Faaborg, J. Post-Fledging Survival in Passerine Birds and the Value of Post-Fledging
Studies to Conservation. ]. Wildl. Manag. 2014, 78, 183-193.

Belitz, M.W.; Barve, V.; Doby, ].R.; Hantak, M.M.; Larsen, E.A.; Li, D.; Oswald, J.A.; Sewnath, N.; Walters, M.; Barve, N. Climate
Drivers of Adult Insect Activity Are Conditioned by Life History Traits. Ecol. Lett. 2021, 24, 2687-2699.
https://doi.org/10.1111/ele.13889.

Patchett, R.; Kirschel, A.N.G.; Robins King, J.; Styles, P.; Cresswell, W. Age-Related Changes in Migratory Behaviour within the
First Annual Cycle of a Passerine Bird. PLoS ONE 2022, 17, e0273686. https://doi.org/10.1371/journal.pone.0273686.
Greenwood, ].J.D.; Baillie, S.R. Effects of Density-Dependence and Weather on Population Changes of English Passerines Using
a Non-Experimental Paradigm. Ibis 1991, 133, 121-133.

Marra, P.P.; Hobson, K.A.; Holmes, R.T. Holmes Linking Winter and Summer Events in a Migratory Bird by Using Stable-
Carbon Isotopes. Science 1999, 282, 1884-1886.

Norris, D.R.; Marra, P.P. Seasonal interactions, habitat quality, and population dynamics in migratory birds. The Condor 2007,
109, 535-547.

Gullett, P.; Evans, K.L.; Robinson, R.A.; Hatchwell, B.]. Climate Change and Annual Survival in a Temperate Passerine: Partitioning
Seasonal Effects and Predicting Future Patterns. Oikos 2014, 123, 389-400. https://doi.org/10.1111/j.1600-0706.2013.00620.x.

Haest, B.; Hiippop, O.; Bairlein, F. The Influence of Weather on Avian Spring Migration Phenology: What, Where and When?
Glob. Chang. Biol. 2018, 24, 5769-5788. https://doi.org/10.1111/gcb.14450.

Haest, B.; Hiippop, O.; Bairlein, F. Weather at the Winter and Stopover Areas Determines Spring Migration Onset, Progress,
and Advancements in Afro-Palearctic Migrant Birds. Proc. Natl. Acad. Sci. USA 2020, 117, 17056-17062.
https://doi.org/10.5281/zenod0.3629178.

Newton, I. Population Limitation in Migrants. Ibis 2004, 146, 197-226.

Newton, I. Population Limitation in Birds; Academic Press: New York, NY, USA, 1998; ISBN 9780125173650.

Walther, G.-R.; Post, E.; Convey, P.; Menzel, A.; Parmesank, C.; Beebee, T.J.C.; Fromentin, ].-M.; Hoegh-Guldberg, O.; Bairlein,
F. Ecological Responses to Recent Climate Change. Nature 2002, 416, 389.

Aloni, I; Ziv, Y.; Markman, S. Age- and Sex-Specific Strategies of Spring Migration in the Masked Shrike Are Reflected in a Differ-
ential Response to Winter Climate Conditions. Clim. Chang. Ecol. 2021, 2, 100028. https://doi.org/10.1016/j.ecochg.2021.100028.
Perrins, C.M. The timing of birds’ breeding seasons. Ibis, 1970, 112(2), 242-255..

Cberg, M.; Arlt, D.; Pért, T; Laugen, A.T.; Eggers, S.; Low, M. Rainfall during Parental Care Reduces Reproductive and Survival
Components of Fitness in a Passerine Bird. Ecol. Evol. 2015, 5, 345-356. https://doi.org/10.1002/ece3.1345.

Morbey, Y.E.; Ydenberg, R.C. Protandrous Arrival Timing to Breeding Areas: A Review. Ecol. Lett. 2001, 4, 633-673.

Haest, B.; Hiippop, O.; Bairlein F. Challenging a 15-year-old claim: The North Atlantic Oscillation index as a predictor of spring
migration phenology of birds. Glob Change Biol. 2018; 24: 1523-1537. https://doi.org/10.1111/gcb.14023.

Smith, R.J.; Moore, F.R. Arrival Timing and Seasonal Reproductive Performance in a Long-Distance Migratory Landbird. Behav.
Ecol. Sociobiol. 2005, 57, 231-239. https://doi.org/10.1007/s00265-004-0855-9.

Tuomenpuro, J. Population Increase and the Breeding Biology of the Dunnock Prunella modularis in Southern Finland. Ornis
Fenn. 1990, 67, 33-44.

Santos, E.S.A.; Nakagawa, S. Breeding Biology and Variable Mating System of a Population of Introduced Dunnocks (Prunella
modularis) in New Zealand. PLoS ONE 2013, 8, e69329. https://doi.org/10.1371/journal.pone.0069329.

Both, C.; Ubels, R.; Ravussin, P.A. Life-History Innovation to Climate Change: Can Single-Brooded Migrant Birds Become Mul-
tiple Breeders? J. Avian Biol. 2019: e01951; https://doi.org/10.1111/jav.01951.

Naef-Daenzer, B.; Widmer, F.; Nuber, M. Differential Post-Fledging Survival of Great and Coal Tits in Relation to Their Condi-
tion and Fledging Date. ]. Anim. Ecol. 2001, 70, 730-738. https://doi.org/10.1046/j.0021-8790.2001.00533.x.

https://doi.org/10.3390/d18100640



Diversity 2026, 18, 640 21 of 21

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Robinson, R.A.; Baillie, S.R.; Crick, H.Q.P. Weather-Dependent Survival: Implications of Climate Change for Passerine Population Pro-
cesses; Wiley Online Library: Hoboken, NJ, USA, 2007; Volume 149.

Murphy, M.E. Nutrition and Metabolism. In Avian Energetics and Nutritional Ecology; Carey, C., Ed.; Springer: Boston, MA, USA,
1996. https://doi.org/10.1007/978-1-4613-0425-8_2.

Ginn, H.B. The Timing and Sequence of the Complete Annual Moult in the Dunnock (Prunella modularls) in Britain over an
Eleven Year Period. ]. Orn. 1975, 116, 263-280.

Menzie, S.; Malmhagen, B. Ageing Dunnocks Prunella modularis Using Plumage Characteristics. Ringing Migr. 2013, 28, 57-62.
https://doi.org/10.1080/03078698.2013.811166.

Dawson, A ; Hinsley, S.A.; Ferns, P.N.; Bonser, R.H.C.; Eccleston, L. Rate of Moult Affects Feather Quality: A Mechanism Link-
ing Current Reproductive Effort to Future Survival. Proc. R. Soc. B Biol. Sci. 2000, 267, 2093-2098.
https://doi.org/10.1098/rspb.2000.1254.

Kiat, Y.; Izhaki, I. Moult Strategies Affect Age Differences in Autumn Migration Timing in East Mediterranean Migratory Pas-
serines. PLoS ONE 2016, 11, e0147471. https://doi.org/10.1371/journal.pone.0147471.

Meller, K.; Lehikoinen, A.; Vahatalo, A.V. The Effects of Hatching Date on Timing of Autumn Migration in Partial Migrants—
An Individual Approach. J. Avian Biol. 2013, 44, 272-280. https://doi.org/10.1111/.1600-048X.2012.00016.x.

Potvin, D.A,; Vélimaki, K.; Lehikoinen, A. Differences in Shifts of Wintering and Breeding Ranges Lead to Changing Migration
Distances in European Birds. . Avian Biol. 2016, 47, 619-628. https://doi.org/10.1111/jav.00941.

Jedrzejewski, M. Zimowanie Ptakéw Ladowych w Dolinach Wybranych Rzek Srodkowo-Wschodniej Polski w Dekadzie 1984—
1993. [Wintering of Landbirds in Valleys of Selected Rivers in Central-Eastern Poland during the decade 1984-1993] Kulon 2000, 5,
3-37.

Sikora, A. Btad A. Zimowa Obserwacja Stadka Pokrzywnic Prunella modularis w Gdansku. [Winter Observation of a Small Flock
of the Dunnock Prunella modularis in Gdansk]. Ptaki Pomorza 2011. Available online: https://ztp.home.pl/ptakipomorza-
stara/czasopismo/artykuly/PP_2/PP_2_2011_Notatki_pokrzywnice.pdf (access on 14 April 2026).

Bonlekke, J.; Rahbek, C.; Madsen, ].J.; Thorup, K. Dansk Traekfugleatlas—The Danish Bird Migration Atlas. Forlaget Rhodos &
Zoologisk Museum (Kobenhavns Universitet): Copenhagen, Denmark, 2006; Volume 8.

Ilieva, M.; Bianco, G.; Akesson, S. Effect of Geomagnetic Field on Migratory Activity in a Diurnal Passerine Migrant, the Dun-
nock, Prunella modularis. Anim. Behav. 2018, 146, 79-85. https://doi.org/10.1016/j.anbehav.2018.10.007.

Stokke, B.G.; Dale, S.; Jacobsen, K.O.; Lislevand, T.; Solvang, R.; Strom, H. Birds: Rating of Iron Bunting Prunella modularis for
Norway. Red List of Species; The Swedish Biodiversity Information Centre: Uppsala, Sweden, 2026. Available online: https://Lis-
ter.Artsdatabanken.No/Rodlisteforarter/2021/28168 (accessed on 31 July 2026).

Forrest, ].R. Complex Responses of Insect Phenology to Climate Change. Curr. Opin. Insect Sci. 2016, 17, 49-54.

BirdLife International Handbook of the Birds of the World. Bird Species Distribution Maps of the World. Available online:
https://datazone.birdlife.org/dataset-information (access on 7 June 2026)

Wirdheim, A.; Green, M. Sveriges Faglar 2023. 2024. Available online: https://cdn.birdlife.se/wp-content/uploads/2021/03/Bird-
Life-Sveriges-program-for-fagelskydd (accessed on 24 May 2025).

Talkkari, A. The Development of Forest Resources and Potential Wood Yield in Finland Under Changing Climatic Conditions.
For. Ecol. Manag. 1998, 106, 97-106.

Gotmark, F.; Fridman, J.; Kempe, G.; Norden, B. Broadleaved Tree Species in Conifer-Dominated Forestry: Regeneration and
Limitation of Saplings in Southern Sweden. For. Ecol. Manag. 2005, 214, 142-157. https://doi.org/10.1016/j.foreco.2005.04.001.
Hellberg, E.; Josefsson, T.; Hellberg, L.O. The Transformation of a Norway Spruce Dominated Landscape Since Pre-Industrial
Times in Northern Sweden: The Influence of Modern Forest Management on Forest Structure. Silva Fenn. 2009, 43, 783-797.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/d18100640



