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e Department of Zoology and Ecology, Institute for Wildlife Management and Nature Conservation, Hungarian University of Agriculture and Life Sciences, Páter Károly 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Previous climate change studies on birds 
mostly explored the effects of 
temperature. 

• We considered changes and reproduc
tive effects of a broad range of weather 
variables. 

• Four decades of data from a wild popu
lation were analyzed using sliding time 
windows. 

• Temperature, precipitation and wind 
conditions all shift and predict 
reproduction. 

• Novel pathways are suggested by which 
climate change can threaten wild 
populations.  

* Corresponding author at: HUN-REN–ELTE–MTM Integrative Ecology Research Group, ELTE Eötvös Loránd University, Pázmány Péter sétány 1/C, H-1117 
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A B S T R A C T   

Global climate change involves various aspects of climate, including precipitation changes and declining surface 
wind speeds, but studies investigating biological responses have often focused on the impacts of rising tem
peratures. Additionally, related long-term studies on bird reproduction tend to concentrate on breeding onset, 
even though other aspects of breeding could also be sensitive to the diverse weather aspects. This study aimed to 
explore how multiple aspects of breeding (breeding onset, hatching delay, breeding season length, clutch size, 
fledgling number) were associated with different weather components. We used an almost four-decade-long 
dataset to investigate the various aspects of breeding parameters of a collared flycatcher (Ficedula albicollis) 
population in the Carpathian Basin. Analyses revealed some considerable associations, for example, breeding 
seasons lengthened with the amount of daily precipitation, and clutch size increased with the number of cool 
days. Parallel and opposing changes in the correlated pairs of breeding and weather parameters were also 
observed. The phenological mismatch between prey availability and breeding time slightly increased, and 
fledgling number strongly decreased with increasing mistiming. Our results highlighted the intricate interplay 
between climate change and the reproductive patterns of migratory birds, emphasizing the need for a holistic 
approach. The results also underscored the potential threats posed by climate change to bird populations and the 
importance of adaptive responses to changing environmental conditions.   

1. Introduction 

Global warming causes systematic changes and anomalies in local 
weather events (Easterling et al., 2000; Stott, 2016), globally altering 
the patterns of natural climate (Timmermann et al., 1999; Houghton, 
2009). However, climate change exhibits spatial differences (Walther 
et al., 2002; Bathiany et al., 2018) even within a smaller geographical 
region (Khan et al., 2019; Szabó et al., 2019). As local-scale meteoro
logical variables can change more rapidly and more irregularly than 
large-scale events, one might presume that they are less predictive of the 
long-term biological changes in response to the changing climate (Hal
lett et al., 2004), but this is not necessarily true (Knape and de Valpine, 
2011). Numerous studies attempting to explore the far-reaching 
ecological consequences of climate change have often focused on 
examining how locally rising temperatures affect phenological syn
chronization between different trophic levels (Thackeray et al., 2010; 
Nakazawa and Doi, 2012) and the timing of seasonal life-cycle activities 
(Gordo and Sanz, 2009; Richardson et al., 2018), and these are indeed 
key components of the biological responses. 

There are many studies of weather effects focusing on birds (see, e.g. 
Dunn and Møller, 2019) because birds are relatively easy to observe and 
they are susceptible to changes in their environment. Hence, their 
population distributions, migratory patterns, and breeding behaviours 
can provide valuable insights into how climate change is impacting 
wildlife. Concerning long-term changes, a growing mountain of evi
dence supports that warming over time may impact the actual timing of 
arrival dates at the breeding grounds and the onset of reproduction (e.g. 
Crick et al., 1997; Carey, 2009; Møller, 2013a), as well as cause 
disruption in the synchronization of breeding and the peak availability 
of prey (Stenseth and Mysterud, 2002; Sanz et al., 2003). 

However, climate change manifests not only in an increase of 
average temperatures but also in alterations in other aspects of weather, 
for example the occurrence and duration of extreme temperatures 
(Lorenz et al., 2019) or seasonal changes in precipitation patterns 
(Trenberth, 2011). Additionally, it has recently been demonstrated that 
average terrestrial surface wind speed also shows a long-term decrease 
in Europe and other regions due to increasing temperatures (Wu et al., 
2018; Zha et al., 2021). There is a growing number of studies on the 
impacts of these other aspects of climate change on long-term shifts in 
the reproductive phenology of birds, for example, on how rainfall could 
be a driving force in such shifts (Rubolini et al., 2007; Senapathi et al., 
2011; McDermott and DeGroote, 2016), and on how the precipitation 
conditions could be a driving force of other overlooked aspects of bird 
reproduction (short-term studies, e.g. Hidalgo Aranzamendi et al., 2019; 
Martin and Mouton, 2020; Smart et al., 2021; Boersma et al., 2022), but 
we still have relatively less knowledge about this in a global change 
context. Similarly, wind conditions are even less often taken into 

account in long-term studies of bird reproduction (Møller, 2013b). 
Long-term studies on the reproduction of birds often pay attention to 

the breeding onset. Fortunately, more and more studies are investigating 
other principal aspects of breeding phenology previously usually out of 
focus, such as, incubation time (Cresswell and McCleery, 2003; Mat
thysen et al., 2011; Kwon et al., 2018), seasonal distribution of clutches 
(Solís et al., 2023), breeding season length (Jankowiak et al., 2014; 
Halupka and Halupka, 2017; Hällfors et al., 2020; Halupka et al., 2021; 
Mingozzi et al., 2022; Murphy et al., 2022), and reproductive output (e. 
g. clutch size, number of fledglings) (Kwon et al., 2018; Laczi et al., 
2019; Halupka et al., 2020; Murphy et al., 2022). It is important to pay 
more attention to these less studied breeding parameters, and analyze 
multiple parameters in parallel. If we look at one breeding parameter 
only, for example, the onset of reproduction (see Both et al., 2004), in 
the absence of a phenological shift in this parameter, we may errone
ously conclude the complete lack of biological responses, though 
another breeding parameter may have changed significantly. 

Previously, a comparative study described that breeding phenology 
in terms of breeding onset had advanced in the face of rising tempera
tures in a Hungarian population of the collared flycatcher (Ficedula 
albicollis) (Samplonius et al., 2018). Similarly, it has been revealed that 
the timing of the peak abundance of phytophagous caterpillars had 
shifted back by almost a week per decade, at the very same location 
(Laczi et al., 2019). These are one of the main diet sources of nestlings 
(Chaplyhina et al., 2022), and it have been found that caterpillar 
biomass influenced the reproductive success (Veen et al., 2010). In line 
with these, it is also known that across the area of Hungary, the degree of 
dryness and the spring temperatures have markedly increased during 
the last century (Breuer et al., 2017; Izsák and Szentimrey, 2020), and 
the higher altitudes, including the region where the studied collared 
flycatchers breed, are more strongly affected (Breuer et al., 2017). In 
light of these previous findings, we aimed to explore the responses of 
collared flycatchers to climate change. For this, we used breeding and 
weather data from an almost four-decade-long period to investigate how 
different aspects of local weather parameters covary with certain 
population-level breeding characteristics. More specifically, our central 
goal was the investigation of the year-to-year variations of breeding 
season length, deviation from the expected hatching date, and primary 
reproductive investment in relation to different measures of tempera
ture, precipitation, and wind speed. Analyses investigating the responses 
of population-level breeding traits to weather conditions have typically 
used a time window of meteorological parameters selected in a quasi- 
arbitrary way (e.g. Both et al., 2004; Goodenough et al., 2011; Laczi 
et al., 2019), but this method may fail to capture variation in biological 
responses to changing climate because the arbitrary period may be too 
short, too long or misplaced. To assess the connection of breeding 
biology with weather, we performed a sliding window approach (van de 
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Pol et al., 2016), designed to overcome the latter limitation. 

2. Materials and methods 

2.1. Study site and study species 

We collected data between 1982 and 2021 in the Pilis-Visegrádi 
Mountains, Duna-Ipoly National Park, Hungary (centered at 47.725 N 
19.006E). Our study plots where we collected the present data are sit
uated at 550 m above sea level. The study sites are covered by oak- 
dominated (Quercus cerris, Q. petraea) deciduous forests (trees were 
approximately 50 years old in 1981). The B-type wooden nest boxes are 
arranged in a grid system with an average distance of 30.7 m, and are 
principally used by the collared flycatcher and to a lesser degree by great 
tits (Parus major) and blue tits (Cyanistes caeruleus). The collared 
flycatcher is a long-distance migratory species (Cramp and Perrins, 
1993). The first birds arrive in early to mid-April. Females mostly lay 
4–8 eggs (but typically 5–7) on consecutive days, one egg per day, and 
laying gaps are extremely rare in our population. Females raise only one 
brood within a reproductive season, but re-nesting events are possible in 
the case of previous failures. The global abundance estimate of mature 
individuals of this species is relatively high (Callaghan et al., 2021). 
Based on the standardized data collection of the Hungarian Monitoring 
of Common Birds (MMM) (Szép and Gibbons, 2000), the number of 
breeding collared flycatchers specifically in Hungary was estimated at 
70–150 thousand pairs in the 1990s and 2005–2007, and 75–80 thou
sand pairs in 2014–2018, which could be indicative, and local trends 
suggest a regionally mixed picture of abundance changes (Szép et al., 
2022). Importantly, the country was covered to different extents in 
different survey periods (Szép et al., 2012), and these estimates could be 
uncertain due to methodological and logistical constraints (Bibby et al., 
2000; Pomeroy et al., 2018). 

2.2. Breeding data 

We captured breeding birds when their nestlings were already 
endothermic, and individually marked them using numbered rings 
(Aranea, Poland). From the start of nest-building, we checked nest-box 
plots regularly (typically every five days) in order to determine the 
laying date of the first egg and the hatching date of the first nestling in 
each nest. Using these data, we calculated a number of population-level 
variables for each year that we expected to be affected by weather. On 
this basis, taking into account the length of the study period, 37 yearly 
data points were included in the analyses (except for phenological 
mismatch and fledgling number, see later). To describe the inter-annual 
shift of the breeding season, we calculated the annual median laying 
date, which was determined as the median value of the laying dates of 
the first eggs in each clutch (expressed relative to 1 April). We used the 
median instead of the arithmetic mean to estimate the central tendency, 
as the within-year distribution of laying dates was positively skewed. We 
defined breeding season length as the difference (in number of days) 
between the 10th and 90th percentiles of individual birds’ laying dates. 
We used these values instead of the very first and last breeding events, as 
the timing of the first and last events may be very stochastic. Because 
environmental conditions could cause change in length of the incuba
tion time (our personal observations), we calculated the mean deviation 
(in days) of the actual hatching date from the expected hatching date 
(hereafter the hatching deviation). For this purpose, we used only nests 
with 5–7 eggs, as these are the most typical clutch sizes in our popula
tion (78.0 % of clutches) and because we have exact information on the 
expected hatching timing only regarding these clutch sizes. Namely, 
expected hatching timing is 12 days after the last egg was laid in 5- or 6- 
egg clutches and 12 days after the 6th egg was laid in clutches with 7 
eggs (Rosivall et al., 2005). Based on this, we calculated the expected 
hatching date by adding 16 days to the laying date in 5-egg clutches and 
17 days in the other two cases. This way we also controlled for the effect 

of clutch size on incubation time. Furthermore, we analyzed the annual 
mean clutch size using only nests with successful hatching and no signs 
of predation on eggs. Finally, we also considered the annual mean 
fledgling number, i.e. the number of nestlings per nest that reached the 
fledging age (13 days old). We took into account only such nests that 
produced at least one fledgling. The correlation matrix of the above- 
described breeding parameters analyzed in connection with meteoro
logical parameters is detailed in the supplementary data (Table S1). All 
breeding variables were normally distributed. 

As there was a correlation between median hatching date and 
caterpillar peak date (r = 0.77, p < 0.001, N = 34), we also aimed to 
investigate the temporal trend through the study period in phenological 
advancement relative to food availability as a measure of mistiming. 
Additionally, we also explored whether the reproductive output, i.e. the 
fledgling number, correlated with the mistiming, as food availability 
may have a strong influence on fledging success (see, e.g. Vatka et al., 
2014). Therefore, we used the relative hatching date as a measure of 
phenological mismatch, i.e. the median of hatching date delays from the 
caterpillar peak date, during 1983 and 2018 (as from the last three years 
of the study period we do not have the exact caterpillar peak data yet). 
For this, we collected caterpillar frass during the reproductive season, 
every five days on average (Smith et al., 2011), starting from bud-burst 
of trees, covering the breeding period of the collared flycatchers. Each 
collector was placed at standard locations (8–10/year; each 0.25 m2 

square textile canvas, suspended next to the tree trunk, at an average 
height of 0.5 m above the ground). Frass samples were weighed to the 
nearest 0.001 g, controlled for collection intervals. Maximum caterpillar 
availability usually took the form of a peak or plateau. We defined 
caterpillar peak date as the date half-way between the date of maximum 
frass mass after the largest increase and the preceding date (Verboven 
et al., 2001; Laczi et al., 2019). 

Before we calculated the variables detailed above, we excluded data 
of i) the very first year of the study period as this was the establishment 
date of the study plots (see Both and Visser, 2005), ii) all within-year re- 
nesting events of the same birds or same pairs (detected by ring-number) 
that typically resulted from the failure of the first nest, and iii) data of 
birds involved in such experiments that potentially influenced their 
breeding schedule and the relevant breeding variables. Because of the 
latter, we had no data from 1985 and 1986. Furthermore, in the case of 
the fledgling number, we had to exclude a further 17 years because of 
nestling-related predation outbreaks (1989–1991, 2004–2005, 
2009–2011, 2020), and the high number of experiments specifically 
affecting the fledgling number (1987–1993, 1997, 2001–2005, 
2009–2010). In addition to the scarcity of data from these years, these 
data could represent a non-random sample of the population, as pre
dation events and experiments followed distinct seasonal patterns. We 
have to note that, due to the reduced sample sizes, the results of the 
fledgling number should be treated with caution. As the analyses were 
based on data aggregated at an annual level, we were unable to account 
for repeated observations from the same individual(s) across years. 
However, as calculated with the ‘rptR’ R package (Stoffel et al., 2017), 
the individuals showed low repeatability in their breeding parameters, 
suggesting that using their repeats would not bias the analyses (see the 
Results). In addition, two breeding bouts made by the same pair of in
dividuals are exceedingly rare, so pair-level pseudoreplication is absent 
from our data. 

2.3. Statistical analyses 

To give a brief preliminary overview, the following analyses had 
three different phases: 1) selection of the most appropriate time window 
for each meteorological variable in terms of correlation with breeding 
parameters; 2) analyzing breeding (response) variables in relation to 
combinations of the verified meteorological (predictor) variables; 3) 
looking for changes over the years in the predictor and response vari
ables. The analyses were performed in R 4.2.1 (R Core Team, 2022). 
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2.4. Meteorological parameters and sliding window analyses 

We acquired weather data from the E-OBS daily gridded dataset 
v25.0e with 0.25◦x0.25◦ spatial resolution (Haylock et al., 2008; Cornes 
et al., 2018) at the ECAD website (European Climate Assessment and 
Dataset, http://www.ecad.eu), using the ‘ncdf4’ package (Pierce, 2021). 
From the dataset, we separated the gridcell representing our study area 
by averaging the respective daily meteorological values extracted from 
the four combinations of the relevant coordinates (47.649 N, 47.749 N, 
18.949 E, 19.049 E). We extracted the following four parameters at daily 
resolution: maximum temperature (◦C), minimum temperature (◦C), 
precipitation sum (mm), and average wind speed (m/s). 

At first, to find out whether there is any link between the weather 
and breeding variables, we performed sliding window analyses using the 
‘climwin’ package (Bailey and van de Pol, 2016; van de Pol et al., 2016). 
This method compares models fitting the same meteorological variable 
with different time windows, representing different models. These 
models are compared to each other by Akaike’s information criterion 
corrected for small sample sizes (AICc, see Burnham and Anderson, 
2004). We could identify the best time window for a given meteoro
logical variable (see below) as the one giving the best model, i.e. the 
model with the lowest negative ΔAICc value, based on the difference 
between the AICc value of a given model and the baseline model, which 
was a null model with an intercept but without entering any fixed effect 
in our case. Using this approach, we extracted climate windows that 
explain the most variation in the breeding variables. Furthermore, 
because the sliding window approach is characterized by an enormous 
number of tests, we checked for Type 1 error in each best model by 
running ten randomizations of the given meteorological variable for the 
respective dataset in order to assess the probability of selecting the same 
top model by chance (van de Pol et al., 2016). We considered the best 
model verified if it significantly differed (α = 0.05) from the output of 
the randomized analyses based on the highly sensitive Pc metric 
developed specifically for such comparisons with a low number of ran
domizations (van de Pol et al., 2016). Pc values represent the probability 
that the best climate signal is a false positive. For very short time win
dows, there could be a higher probability of false-positive detections 
(see Capilla-Lasheras et al., 2021), so we considered sliding windows 
only at least of >7 day-length. With this criterion, and considering both 
the width of the investigated time interval and the resolution (see 
below), the procedure consists of 2145 tests per dependent variable. 

We used the sliding window approach with linear models, allowing 
linear effects between the given meteorological variable (predictor 
variable) and the breeding variable (response variable). More specif
ically, we searched for ‘absolute time windows’ (i.e. the same window 
for all years) as we were interested in making the years comparable, and 
‘relative time windows’ (i.e. different windows allowed for each year) 
are not suitable for this purpose. The reference date was May 31, and we 
searched time windows going back 70 days. We chose this time interval 
because the earliest observation of collared flycatchers during the study 
period was dated April 4, and we added a few days backwards as the 
detection of the very first arrivals may be very uncertain. We ran 
‘climwin’ in daily resolution with respect to changing time window 
lengths in sliding steps. 

For each of the raw meteorological parameters, we considered 
different derived variables. Other than the mean values (i.e. mean daily 
maximum temperature, mean daily minimum temperature, mean daily 
precipitation sum, and mean daily average wind speed), we also 
considered that the number of days below or above a particular 
threshold of a given meteorological parameter could be a limiting factor 
shaping year-to-year breeding patterns. In these analyses, we used the 
‘binary’ function in ‘climwin’, which assigns each day a 0 or 1, 
depending on whether the value of the meteorological parameter for 
that day is above or below the threshold. We considered the number of 
cool days (if the daily maximum temperature did not reach a certain 
threshold, considering each integer temperature from 15 to 20 ◦C as 

threshold), the number of cold days (if the daily minimum temperature 
did not reach a certain threshold, with each integer temperature be
tween 0 and 5 ◦C as threshold), the number of rainy days (if the daily 
precipitation sum was larger than each integer precipitation from 2 to 8 
mm as threshold), and the number of windy days (if the daily average 
wind speed was >1.5 to 3.5 m/s as threshold, considering each integer 
and half value). Finally, we also considered the slope of the relationship 
between date and temperature within-season (degrees per day). 

2.5. Interplays of the climatic signals 

At the end of the sliding window analyses, if we found that a certain 
breeding variable was correlated with multiple, verified variables of the 
same principal axis (i.e. temperature, precipitation, wind speed) of 
weather (e.g. mean temperature maximum and slope of temperature 
minimum), we selected one ‘overall best’ signal for that axis of weather 
based on the lowest negative ΔAICc value (Lv et al., 2020), as these 
‘close relative’ variables were highly intercorrelated (see supplementary 
data Table S2–3). Thereafter, in case we got ‘overall best’ signals from 
more than one different axis of weather (e.g. a rain and a wind variable) 
for a breeding variable, then we tested for whether a given weather 
signal (verified formerly by the sliding window and randomization 
approach) remains supported when another weather signal is taken into 
account, and we also tested for the potential interaction between these 
signals. For this purpose, using the lm() function from the R ‘stats’ 
package (R Core Team, 2022), we performed linear models (LMs) by 
entering each breeding variable as a response variable, and adding the 
meteorological variables and their one-way interactions as predictor 
variables. In the case of median laying date and clutch size, the pre
dictors of the initial models also included density (breeding pairs/ha) 
because these parameters may be affected by density (Ahola et al., 2012; 
Both et al., 2000). We used backward stepwise model selection (e.g. 
Hegyi and Laczi, 2015). In our analyses, the inverse of the variance of 
each breeding variable was used as a weighting factor. We assessed the 
severity of collinearity of the main predictors by variance inflation 
factor (VIF) analyses, using the vif() function from the ‘car’ package (Fox 
and Weisberg, 2018). All VIF indices for main effects stayed below 1.46 
suggesting small effects of multicollinearity on our regression co
efficients. Importantly, when we repeated the statistics with detrended 
predictor variables, we obtained very similar results (see details in the 
supplementary material). 

2.6. Analyses of temporal trends and phenological mismatch 

Before the analyses of temporal changes, we checked our variables 
for temporal autocorrelation by Durbin–Watson test using the durbin
WatsonTest() function from the ‘car’ package (Fox and Weisberg, 2018). 
None of the investigated breeding parameters or meteorological vari
ables was temporally autocorrelated (all p > 0.09, D–W statistics were 
between 1.53 and 2.33). 

As biological responses and weather variables often show non-linear 
relationships with time (e.g. Charmantier et al., 2008; Laczi et al., 2019), 
we performed backward stepwise polynomial regressions to analyze the 
relationships of breeding variables and the meteorological variables 
(each as response variable) resulting from the final best climate windows 
with year (as predictor variable, centred before analyses). Similarly to 
the above GLMs, the inverse of the variance of each breeding variable 
was used as a weighting factor. We considered second- and third-order 
polynomials. All model residuals were normally distributed, and 
showed no patterns with the independent variables, making generalized 
additive models (GAMs) unnecessary. 

Additionally, we analyzed if the fledgling number (as a response 
variable) was associated with the relative hatching date (as a predictor 
variable), weighting the data by the inverse of the variance of the 
fledgling number. 

These analyses were performed using the lm() function from the R 
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‘stats’ package (R Core Team, 2022). 

3. Results 

3.1. Data selection 

According to the selection criteria, we used data from 8290 breeding 
events in total (see details for year-to-year sample sizes at https://doi. 
org/10.6084/m9.figshare.24564373). The Lessells–Boag’s repeat
ability estimates of breeding variables were generally low (repeatability 
R and 95 % confidence intervals for laying date: 0.197 (0.158, 0.236) 
and 0.071 (0.029, 0.114); hatching deviation: 0.11 (0.066, 0.155) and 
0.017 (0.00, 0.07); clutch size: 0.196 (0.158, 0.233) and 0.072 (0.03, 
0.115); fledgling number: 0.054 (0.000, 0.244) and 0.002 (0.000, 0.095) 
in females and males, respectively). This is in concordance with findings 
in another population (from the Czech Republic) of this species where 
the breeding schedules of two consecutive years were not correlated 
(Briedis et al., 2018). 

3.2. Sliding window analyses 

Table 1 shows the verified weather signals identified by sliding 
window analyses (detailed results are shown in the supplementary data, 
Table S4). Based on these, the median laying date was associated with a 
time window of the number of rainy days (>2 mm), the number of cool 
days (<17 ◦C), the mean temperature maximum and minimum, the 
mean wind speed, and the number of windy days (>2 m/s). The 
breeding season length was associated with the number of rainy days 
(>7 mm), the mean daily rain sum, and the slope of temperature 
maximum. The hatching deviation was associated with the number of 
rainy days (>7 mm), the number of cool days (<16 ◦C), the mean 
temperature maximum and minimum, the slope of temperature 
maximum and minimum. The clutch size was associated with the slope 
of temperature maximum, and the number of cool days (<20 ◦C). 
Finally, the fledgling number was not associated with the local weather 
variables. 

3.3. Interplays of the climatic signals 

The LMs (results are detailed in Table 2) revealed that the median 
laying date was delayed by an increasing number of cool days and an 
increasing mean wind speed (Fig. 1A-B). Breeding season length was 
negatively correlated with the slope of the daily maximum temperature 
and positively to the mean daily precipitation sum (Fig. 2A-B). Hatching 

deviation increased with the number of cool days and rainy days 
(Fig. 3A-B). Finally, clutch size was positively correlated with the 
number of cool days (Fig. 4A). An AIC-based model selection approach 
using the stepAIC function from the ‘MASS’ package (Venables and 
Ripley, 2002) also confirmed the above results obtained with backward 
stepwise model selection; in the case of the breeding season length, the 
ΔAIC is only 0.285 between the two models with or without the inter
action term, hence, considering parsimony, the less complex model was 
preferred (see details in the supplementary data, Table S5). If we 

Table 1 
Weather variables predicting year-to-year variation in population-level breeding parameters of the collared flycatcher. These weather signals as best climate windows 
were obtained from sliding window analyses. Best windows, selected as best models based on ΔAICc values, explain the most variance in the response variables and 
used for statistical analyses. Due to the day-to-day temporal autocorrelations of weather, they represent the usually wider window (with less explained variance) where 
the weather is presumably actually acting. The latter can be assessed, for example, using median windows (see details in Bailey and van de Pol, 2016, van de Pol et al., 
2016). Additionally, the % refers to what percent of models fall within the 95 % confidence interval of total models, higher values may be possible if there is a stronger 
temporal autocorrelation for the given meteorological parameter within the allowed time frame for sliding windows.  

Response variable Predictor variable Pc ΔAICc Best window Median window % 

Median laying date No. rainy days (>2 mm)  0.033  − 10.4 24/03–25/04 02/04–07/05 55 % 
No. cool days (<17 ◦C)  0.00061  − 28.62 30/03–30/05 30/03–19/05 20 % 
Mean temperature maximum  0.00071  − 25.34 30/03–30/04 30/03–16/05 19 % 
Mean temperature minimum  0.0013  − 20.25 19/05–29/05 09/04–26/05 24 % 
Mean wind speed  0.0063  − 14.8 02/05–11/05 23/04–22/05 39 % 

Breeding season length Mean daily rain sum  0.0019  − 14.36 21/05–31/05 29/04–23/05 32 % 
Slope of temperature maximum  0.00016  − 19.74 07/04–30/05 10/04–23/05 8 % 

Hatching deviation No. rainy days (>7 mm)  0.0040  − 14.02 06/05–13/05 20/04–24/05 31 % 
No. cool days (<16 ◦C)  0.00021  − 27.52 27/04–31/05 29/04–26/05 9 % 
Mean temperature maximum  0.0013  − 17.81 27/04–29/05 27/04–22/05 20 % 
Slope of temperature maximum  0.020  − 10.12 05/04–11/05 04/04–11/05 45 % 
Mean temperature minimum  0.0051  − 13.21 27/04–29/05 26/04–21/05 31 % 
Slope of temperature minimum  0.011  − 10.61 09/04–16/04 03/04–11/05 38 % 

Clutch size No. cool days (<20 ◦C)  0.004  − 13.42 22/03–10/05 05/04–07/05 33 %  

Table 2 
Relationships of density and weather parameters of the best climate windows 
with population-level breeding parameters in the collared flycatcher.  

Response 
variable 

Predictor variable F(df1, 
df2)  

Effect 
size R 

95 % CI 

Median laying 
date 

Density 9.06 
(1,35) 

**  − 0.46 − 0.69/ 
− 0.16 

No. cool days (<17 
◦C) 

28.55 
(1,34) 

***  0.68 0.46/ 
0.82 

No. rainy days (>2 
mm) 

1.54 
(1,32)   

0.21 − 0.12/ 
0.50 

Mean wind speed 9.19 
(1,33) 

**  0.47 0.17/ 
0.69 

No. rainy days x no. 
cool days 

0.84 
(1,31)   

− 0.16 − 0.46/ 
0.17 

No. rainy days x 
wind speed 

0.07 
(1,32)   

− 0.05 − 0.37/ 
0.28 

Wind speed x no. 
cool days 

0.25 
(1,31)   

− 0.09 − 0.4/ 
0.24 

Breeding 
season 
length 

Tmax slope 32.45 
(1,35) 

***  − 0.70 − 0.83/ 
− 0.48 

Mean daily rain 
sum 

8.98 
(1,34) 

**  0.46 0.16/ 
0.68 

Tmax slope x mean 
daily rain sum 

2.10 
(1,33)   

− 0.24 − 0.53/ 
0.09 

Hatching 
deviation 

No. cool days (<16 
◦C) 

21.19 
(1,34) 

***  0.62 0.37/ 
0.79 

No. rainy days (>7 
mm) 

24.69 
(1,35) 

*  0.65 0.41/ 
0.80 

No. rainy days x no. 
cool days 

0.28 
(1,33)   

0.09 − 0.24/ 
0.40 

Clutch size Density 0.06 
(1,34)   

0.04 − 0.29/ 
0.36 

No. cool days (<20 
◦C) 

23.36 
(1,35) 

***  0.63 0.39/ 
0.79 

CI refers to lower/upper boundaries of confidence interval. 
* P < 0.05. 
** P < 0.01. 
*** P < 0.001 
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performed the analyses on data without taking into consideration the 
inverse of the variance as a weighting factor, we got the same associa
tions between the breeding variables and the climatic signals (detailed 
results are shown in the supplementary data, Table S6). 

3.4. Analyses of temporal trends and phenological mismatch 

Analyses of temporal trends (detailed results are presented in 
Table 3) showed that the median laying date advanced linearly (Fig. 1E), 
and in parallel, the number of cool days and the mean wind speed within 
the respective time window decreased (Fig. 1C-D). The breeding season 
length correlated with the quadratic term of year (first contracted, then 
became more prolonged, Fig. 2E), similarly to the mean daily precipi
tation sum (Fig. 2D), and the related slope of temperature maximum 
showed exactly the opposite pattern (Fig. 2C). Through the study period, 
hatching deviation changed in both linear and quadratic ways, namely, 
it mostly decreased, but in the last few years it started rising again 

(Fig. 3E), and the number of cool days showed the same pattern of 
correlation with the quadratic term of year (Fig. 3C). Together with this, 
the number of rainy days (as a significant predictor of hatching devia
tion) was also correlated with the quadratic term of year (Fig. 3D). 
Surprisingly, clutch size showed a linear negative temporal trend 
(Fig. 4B), and the number of cool days as a predictor of clutch size also 
decreased linearly (Fig. 4C). The fledgling number showed no temporal 
changes. The relative hatching date (i.e. the measure of phenological 
mismatch) showed only a non-significant linear increase through the 
study period (Fig. 5A). If we performed the analyses without taking into 
consideration the inverse of the variance as a weighting factor, we got 
the same results, except that the temporal change of the relative 
hatching date became significant (detailed results are shown in the 
supplementary data, Table S7). Finally, the fledgling number correlated 
negatively with the relative hatching date (F = 11.55, df = 1,16, p =
0.004, effect size r = − 0.65, 95 % CIs = − 0.86 and − 0.24). 

Fig. 1. Correlations between the collared flycatcher median laying date and local weather parameters, and their temporal changes. The number of cool days and the 
daily average wind speed were extracted from local weather data using sliding window approach. Dot size indicates the number of data points on which the annual 
value of the median laying date for a given year is based (Ntotal = 7286). 
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4. Discussion 

We simultaneously investigated the relationships between multiple 
weather parameters and multiple biological parameters in the collared 
flycatcher. We revealed that the median laying date was positively 
correlated with cool day number, and with average wind speed. It has 
already been confirmed that higher temperatures allow laying females 
to reach a physical condition that enables them to breed sooner 
(Slagsvold, 1976; García-Navas et al., 2008). But in addition to tem
perature, there are a number of other weather components, including 
wind speed, that can jointly influence when breeding activity may begin 
(Ricklefs, 1971). In adverse weather, aerial insect activity is reduced 
(Williams, 1961; Bryant, 1975; Peng et al., 1992), making it increasingly 
challenging to locate prey (Avery and Krebs, 1984), which is thought to 
reduce foraging efficiency (Cantar and Montgomerie, 1985). This may 
slow down the restoration of body condition after migration and in
crease foraging activity, which can result in reduced courtship activity 
and delayed territory establishment or nest building (Avery and Krebs, 
1984; Strain and Mumme, 1988). Additionally, a higher air temperature 
can reduce daily energy expenditure (Tinbergen and Dietz, 1994), high 

wind speeds may increase thermoregulation costs (Wolf and Walsberg, 
2000) and make aerial manoeuvring more difficult and costly (Shepard 
et al., 2019). It is important to highlight that changes in wind speed 
could be partly due to changes in temperatures, but changed wind 
conditions can themselves affect reproduction in the ways detailed 
above. 

Shift in the median laying date may be affected not only due to 
weather-related food availability. Another explanation may be that the 
birds arrive earlier in the breeding area due to weather factors affecting 
migration (Marra et al., 2005; Saino et al., 2007; Tøttrup et al., 2010). In 
our population, however, the detection date of first arrivals remained 
similar over the years (1999–2021 (note that we had no data from 
2008): r = − 0.06, p = 0.80), but breeding onset advanced, suggesting 
that weather and not arrival date may be the main determinant of 
breeding onset. 

We found that breeding season length extended with heavy rains and 
shortened with the magnitude of temperature increases. On one hand, 
this may suggest that the occurrence of rainy days may elevate the fre
quency of nest desertion (Wiggins et al., 1994; Enemar, 1995; Bordjan 
and Tome, 2014). This will result in an increase in the number of 

Fig. 2. Correlations between the collared flycatcher breeding season length and local weather parameters, and their temporal changes. The slope of daily maximum 
temperature and the mean daily precipitation sum were extracted from local weather data using sliding window approach. Dot size indicates the number of data 
points on which the annual value of the breeding season length for a given year is based (Ntotal = 7286). 
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subsequent replacement clutches, which could lead to the lengthening of 
the breeding season. During or after rainy time periods, the prey are less 
accessible due to their reduced availability and the reduced flight abil
ities of wet birds (Kennedy, 1970; Tinbergen and Dietz, 1994), both of 
these increasing off-nest time devoted to foraging, which risks the fatal 
cooling of the clutch, additionally, the insulation properties of the wet 
nest material (due to wet plumage) decrease (Hilton et al., 2004). It is 
important to note that the effect of precipitation conditions on breeding 
season length seems to be strong, even though we may underestimate 
season length according to our data selection criteria, as we excluded re- 
nesting events of the same female if its identity was known. However, 
nest desertion usually occurs before hatching (Wiggins et al., 1994; our 
field observations), which means that in the vast majority of abandoned 
nests, the identity of the females was not known, so if they were involved 
in re-nesting, these nests could not be excluded. 

Interestingly, we found that the magnitude of the day-to-day increase 
in daily maximum spring temperature correlated negatively with the 
breeding season length. Other studies revealed that the variation of the 
season length related to the absolute temperature, which pattern was 

found in blackbirds (Turdus merula) (Jankowiak and Wysocki, 2016), 
blue tits and marsh tits (Poecile palustris) (Andreasson et al., 2023). It is 
possible that temperature increase itself also serves as an environmental 
cue based on which the birds assess when it is optimal to start egg-laying 
(Perrins and McCleery, 1989; Meijer et al., 1999; Schaper et al., 2012). 
Our results suggest that faster temperature rises trigger more birds at a 
time to start breeding in an aggregated manner, which can lead to a 
shortened season. One of the reasons for this relationship may be that 
egg production is costly because it significantly increases the protein 
requirements of females (Nager, 2006; Robbins, 1981), and meeting 
these requirements depends on food availability, which is closely related 
to temperature (see above). An ultimate explanation could be the fact 
that late breeders almost never produce recruiting young, so it is highly 
advantageous to start breeding as early as possible, given suitable con
ditions (Herényi et al., 2014). 

We found that the magnitude of hatching deviation increased with 
the number of cool days and heavily rainy days, similarly to eastern 
kingbirds (Tyrannus tyrannus) (Gillette et al., 2021), horned larks (Ere
mophila alpestris) (de Zwaan et al., 2019), and blue tits (Nord and 

Fig. 3. Correlations between the deviation from the expected hatching date in the collared flycatcher and local weather parameters, and their temporal changes. The 
number of cool days and rainy days were extracted from local weather data using sliding window approach. Dot size indicates the number of data points on which the 
annual value of the expected hatching date for a given year is based (Ntotal = 5327). 

M. Laczi et al.                                                                                                                                                                                                                                   



Science of the Total Environment 926 (2024) 171945

9

Nilsson, 2011). Low temperatures directly slow embryonic development 
(Olson et al., 2006), thereby prolonging the incubation period (Hepp 
et al., 2006; Martin et al., 2018). Under unfavourable weather condi
tions, eggs cool faster after the parent leaves the nest (Reid et al., 2000). 
Additionally, in the collared flycatcher, the female incubates the eggs 
alone, and this activity is in trade-off with self-maintenance (Deeming, 
2002). Hence, if the male is less able to feed the female due to the 
adverse weather conditions, the female leaves the nest more often or for 
longer periods (Lyon and Montgomerie, 1985; Kötél et al., 2016), which 
can prolong the incubation period (Lyon and Montgomerie, 1985; Olson 
et al., 2006). 

Considering the average clutch size, we found a decrease with 

Fig. 4. Correlations between the collared flycatcher clutch size and local 
temperature conditions, and their temporal changes. The number of cool days 
was extracted from local weather data using sliding window approach. Sample 
size indicates the number of data points on which the annual value of the clutch 
size for a given year is based (Ntotal = 6225). 

Table 3 
Temporal changes of population-level breeding parameters and their related 
meteorological variables in the collared flycatcher. Note that the best climate 
windows differ among breeding parameters, and that is why the temporal trends 
of weather parameters may differ too.  

Response 
variable 

Predictor variable 
(function of year) 

F(df1, 
df2)  

Effect 
size R 

95 % CI 

Median laying 
date 

Linear 10.26 
(1,35) 

**  − 0.48 − 0.69/ 
− 0.18 

Quadratic 0.03 
(1,34)   

0.03 − 0.30/ 
0.35 

Cubic 3.40 
(1,33)   

0.31 − 0.02/ 
0.57 

Mean wind 
speed 

Linear 19.28 
(1,35) 

***  − 0.60 − 0.77/ 
− 0.34 

Quadratic 1.22 
(1,34)   

− 0.19 − 0.48/ 
0.15 

Cubic 0.64 
(1,33)   

0.14 − 0.19/ 
0.44 

No. cool days 
(<17 ◦C) 

Linear 10.48 
(1,35) 

**  − 0.48 − 0.70/ 
− 0.18 

Quadratic 1.07 
(1,34)   

0.17 − 0.16/ 
0.47 

Cubic 3.62 
(1,33)   

0.31 − 0.01/ 
0.58 

Breeding 
season 
length 

Linear 2.12 
(1,34)   

0.24 − 0.09/ 
0.53 

Quadratic 8.50 
(1,34) 

**  0.45 0.14/ 
0.67 

Cubic 0.39 
(1,33)   

− 0.11 − 0.42/ 
0.22 

Tmax slope Linear 3.08 
(1,34)   

− 0.29 − 0.56/ 
0.04 

Quadratic 6.21 
(1,34) 

*  − 0.39 − 0.64/ 
− 0.08 

Cubic 1.60 
(1,33)   

− 0.12 − 0.43/ 
0.21 

Mean daily 
rain sum 

Linear 0.07 
(1,34)   

− 0.05 − 0.37/ 
0.28 

Quadratic 5.84 
(1,34) 

*  0.38 0.07/ 
0.63 

Cubic 4.08 
(1,33)   

− 0.33 − 0.59/ 
− 0.01 

Hatching 
deviation 

Linear 3.07 
(1,34)   

− 0.29 − 0.56/ 
0.04 

Quadratic 5.89 
(1,34) 

*  0.38 0.07/ 
0.63 

Cubic 0.02 
(1,33)   

0.03 − 0.30/ 
0.35 

No. cool days 
(<16 ◦C) 

Linear 0.43 
(1,34)   

− 0.11 − 0.42/ 
0.22 

Quadratic 5.69 
(1,34) 

*  0.38 0.06/ 
0.63 

Cubic 0.71 
(1,33)   

0.15 − 0.19/ 
0.45 

No. rainy days 
(>7 mm) 

Linear 0.91 
(1,34)   

− 0.16 − 0.46/ 
0.17 

Quadratic 8.76 
(1,34) 

**  0.45 0.15/ 
0.68 

Cubic 0.60 
(1,33)   

− 0.13 − 0.44/ 
0.20 

Clutch size Linear 6.18 
(1,35) 

*  − 0.39 − 0.63/ 
− 0.07 

Quadratic 0.63 
(1,34)   

− 0.14 − 0.44/ 
0.20 

Cubic 1.10 
(1,33)   

0.18 − 0.15/ 
0.48 

No. cool days 
(<20 ◦C) 

Linear 11.24 
(1,35) 

***  − 0.49 − 0.70/ 
− 0.20 

Quadratic 0.00 
(1,34)   

0.00 − 0.32/ 
0.32 

Cubic 1.50 
(1,33)   

0.21 − 0.12/ 
0.50 

Fledgling 
number 

Linear 2.34 
(1,18)   

− 0.34 − 0.68/ 
0.12 

Quadratic 0.72 
(1,17)   

0.20 − 0.26/ 
0.59 

(continued on next page) 
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increasing number of warmer days. It is possible that changes in spring 
temperatures may be an indication of the food availability to birds 
(Visser et al., 1998; Matthysen et al., 2011). Thus, the warmer it is, the 
more they need to ‘speed up’ the brood completion, in order to be less off 
the food peak which can be both advanced and shortened by warm 
weather conditions (Burger et al., 2012). Additionally, the viability of 
eggs can decline more at higher ambient temperatures with off-bout 
duration (Arnold et al., 1987; Deeming and Ferguson, 1991), so it 
would be beneficial to start incubation earlier (Cooper et al., 2005). 
However, if incubation advances by more days before clutch comple
tion, it elevates the hatching asynchrony (Veiga, 1992; Veiga and 
Viñuela, 1993). To avoid this potentially adverse scenario, it would be a 
reasonable compromise to lay fewer eggs, which would allow starting 

incubation earlier without increasing the chance of hatching asyn
chrony. Furthermore, at higher temperatures, the risk of hyperthermia 
could be higher for larger broods (Van Balen and Cavé, 1969). From 
another perspective, it is also possible that warmer conditions may make 
it more difficult to find nutrients for egg-forming, as the physiological 
functions, abundance, and seasonal activity of millipedes (Diplopoda) 
and woodlice (Isopoda), which are the main calcium sources for the 
collared flycatcher (Bureš and Weidinger, 2003), are negatively affected 
by higher temperatures (Bailey and Kovaliski, 1993; Cooper, 2022; 
Ďurajková et al., 2022). 

All reproductive parameters (except the fledgling number) changed 
over the four-decade period, and these inter-annual variations were 
correlated with climate-change driven weather conditions. (We have to 
note that the lack of change over time in the number of fledglings may be 
the result of lower sample sizes, i.e. years with high predation and 
experimental broods had to be omitted from our analysis.) Climate 
change could pose an increasing threat even to those populations that 
currently appear stable. Additionally, a species may be more vulnerable 
if it is long-distance migratory (Both et al., 2010) and if the availability 
of its food highly varies seasonally (Foden et al., 2013), like in the 
collared flycatcher. Although we found that the breeding season 
advanced in our population, it is possible that this otherwise strong shift 
may not be enough in the future to maintain synchronization between 
caterpillar peak abundance and the nestling phase (see also Hegyi et al., 
2013) as apparently the nestling hatching date has advanced less than 
the food peak (Fig. 5B). This is probably due to the fact that, as a 
migratory species, the collared flycatcher could advance breeding only 
to a lesser degree than residents (Samplonius et al., 2018). However, it 
should also be remembered that even long-distance migrants, such as 
the closely related pied flycatcher, have the potential for greater adap
tation (see e.g. Helm et al., 2019). A higher degree of phenological 
mismatch is not necessarily a problem in itself, as late breeding is not 
necessarily a disadvantage in years when the amount of food is high, as it 
is described in wood warblers (Phylloscpus sibilatrix) (Maziarz and 
Wesołowski (2010). 

A study has predicted in the pied flycatcher that increasing mistim
ing could result in population declines (Both et al., 2006). Although we 
found no clear evidence that fledgling numbers were correlated with 
weather (unlike in other species, see e.g. Vatka et al., 2014; Bowers 
et al., 2016) or varied with year (see also Halupka et al., 2023), we did 
reveal that the yearly mean fledgling number was strongly negatively 
correlated with the increasing phenological mismatch (see e.g. Reed 
et al., 2013). It has been assumed that if the divergence of phenologies 
exceeds a certain level, then this can lead to population extinction even 
in formerly stable populations (Simmonds et al., 2020). As the regional 
effects of global climate change are expected to manifest in the future in 
higher temperatures and drought with more frequent temperature ex
tremes and precipitation extremes in the Carpathian Basin (Bartholy 
et al., 2007; Pongrácz et al., 2009), collared flycatchers may face an even 
greater phenological mismatch to food than at present, which may 
therefore increase the likelihood of a possible population decline. This 
effect may be exacerbated if the season is more stretched (which is the 
current trend in our population), as an increasing number of birds will 
fall into the extremely mismatched category. Interestingly, in contrast to 
our result, a study found breeding season shortening, but specifically in 
resident and short-distance migrant species in Finland over a 43-year 
period (Hällfors et al., 2020). 

Although in the last 2–3 years, the number of cool days was higher in 
the relevant time window of hatching deviation, leading to a higher 
hatching deviation, it is very likely that this variable will ultimately 
follow the decreasing trend seen in the preceding period, like in the case 
of the time window correlated with the breeding onset. Certainly, in
cubation duration cannot be reduced unlimitedly (Ricklefs, 1993), 
because the earlier incubation starting increases the frequency of 
asynchronous hatchings, which may facilitate brood reduction by sib
ling competition (e.g. Amundsen and Slagsvold, 1998), and this is not 

Table 3 (continued ) 

Response 
variable 

Predictor variable 
(function of year) 

F(df1, 
df2)  

Effect 
size R 

95 % CI 

Cubic 0.00 
(1,16)   

− 0.01 − 0.45/ 
0.43 

Relative 
hatching 
date 

Linear 1.37 
(1,32)   

0.20 − 0.15/ 
0.51 

Quadratic 0.18 
(1,31)   

0.08 − 0.27/ 
0.40 

Cubic 0.56 
(1,30)   

0.14 − 0.21/ 
0.45 

*P < 0.05, **P < 0.01; CI refers to lower/upper boundaries of confidence 
interval. 

Fig. 5. Temporal changes of (a) phenological synchrony between hatching date 
and caterpillar peak date. Part (b) of the figure is for illustrative purposes only, 
to show that the hatching date and peak food availability are becoming more 
and more distant over the years. Sample size indicates the number of data 
points on which the value of the hatching date for a given year is based (Ntotal 
= 6025). 
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necessarily adaptive (Magrath, 1990; Szöllősi et al., 2007 for evidence 
from our population). 

Surprisingly, contrary to other studies, we detected a slight decrease 
in clutch size through the decades. However, in many other species, 
studies found no inter-annual temporal change in average primary 
reproductive investment (Dunn and Møller, 2014), as described, for 
example, in boreal owl species (Lehikoinen et al., 2011), the tree- 
swallow (Tachycineta bicolor) (Stenseth and Mysterud, 2002), the pied 
flycatcher (Sanz et al., 2003), and an increase has been described only in 
a few species, like in the reed warbler (Acrocephalus scirpaceus) and great 
reed warbler (Acrocephalus arundinaceus) (Schaefer et al., 2006). How
ever, if we look at the blue tit breeding in the same study area as the 
studied collared flycatchers, we can see a similar pattern to our result, 
namely decreasing clutch size with increasing phenological mismatch, 
which could be an adaptive response to the escalation of adverse con
ditions (Laczi et al., 2019). 

In summary, our four-decade-long study highlights that multiple 
aspects of changing climate may have been associated with different 
components of reproduction at the population level in a Central Euro
pean population of the long-distance migratory collared flycatcher. In 
detail, the breeding onset, the breeding season length, the incubation 
time, and the clutch size changed with certain weather conditions (e.g. 
temperatures, surface wind speed, number of rainfall extremities). We 
also found that these reproductive parameters showed similar temporal 
trends as the meteorological parameters with which they were associ
ated. As global climate change shows spatial differences, forcing 
different populations to face different challenges, a comprehensive view 
of detailed responses in reproduction is necessary to explore and un
derstand how and why populations within and among species differ in 
their responses to global climate change. 
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2014. Laying date and polygyny as determinants of annual reproductive success in 

M. Laczi et al.                                                                                                                                                                                                                                   

https://doi.org/10.1890/0012-9658(2000)081[3391:ADDOAC]2.0.CO;2
https://doi.org/10.1890/0012-9658(2000)081[3391:ADDOAC]2.0.CO;2
https://doi.org/10.1098/rspb.2004.2770
https://doi.org/10.1038/nature04539
https://doi.org/10.1038/nature04539
https://doi.org/10.1098/rspb.2009.1525
https://doi.org/10.1002/ecy.1516
https://doi.org/10.1007/s00704-015-1670-0
https://doi.org/10.1007/s00704-015-1670-0
https://doi.org/10.1007/s00265-018-2509-3
https://doi.org/10.1007/s00265-018-2509-3
https://doi.org/10.1111/j.1474-919X.1975.tb04206.x
https://doi.org/10.1111/j.1474-919X.1975.tb04206.x
https://doi.org/10.1007/s00442-003-1380-7
https://doi.org/10.1007/s00442-003-1380-7
https://doi.org/10.1111/j.1365-2656.2012.01968.x
https://doi.org/10.1111/j.1365-2656.2012.01968.x
https://doi.org/10.1007/b97636
https://doi.org/10.1073/pnas.2023170118
https://doi.org/10.1073/pnas.2023170118
https://doi.org/10.1163/156853985X00154
https://doi.org/10.1163/156853985X00154
https://doi.org/10.1126/sciadv.abe8980
https://doi.org/10.1098/rstb.2009.0182
http://refhub.elsevier.com/S0048-9697(24)02088-6/rf0145
http://refhub.elsevier.com/S0048-9697(24)02088-6/rf0145
http://refhub.elsevier.com/S0048-9697(24)02088-6/rf0145
https://doi.org/10.1126/science.1157174
http://refhub.elsevier.com/S0048-9697(24)02088-6/rf0155
http://refhub.elsevier.com/S0048-9697(24)02088-6/rf0155
https://doi.org/10.1890/03-8028
https://doi.org/10.1029/2017JD028200
http://refhub.elsevier.com/S0048-9697(24)02088-6/rf0170
http://refhub.elsevier.com/S0048-9697(24)02088-6/rf0170
https://doi.org/10.1046/j.1365-2656.2003.00701.x
http://refhub.elsevier.com/S0048-9697(24)02088-6/rf0180
http://refhub.elsevier.com/S0048-9697(24)02088-6/rf0180
https://doi.org/10.1111/1365-2435.13273
http://refhub.elsevier.com/S0048-9697(24)02088-6/rf0190
https://doi.org/10.1017/CBO9780511585739.011
https://doi.org/10.1111/1365-2656.12162
https://doi.org/10.1093/oso/9780198824268.001.0001
https://doi.org/10.3897/zookeys.1101.77549
https://doi.org/10.1029/2000JD900166
https://doi.org/10.34080/os.v5.23000
https://doi.org/10.34080/os.v5.23000
https://doi.org/10.1371/journal.pone.0065427
http://refhub.elsevier.com/S0048-9697(24)02088-6/rf0235
http://refhub.elsevier.com/S0048-9697(24)02088-6/rf0235
https://doi.org/10.1111/j.1474-919X.2008.00799.x
https://doi.org/10.1093/ornithology/ukab031
https://doi.org/10.1007/s00484-010-0312-6
https://doi.org/10.1007/s00484-010-0312-6
https://doi.org/10.1111/j.1365-2486.2009.01851.x
https://doi.org/10.1111/j.1365-2486.2009.01851.x
https://doi.org/10.1038/nature02708
https://doi.org/10.1038/nature02708
https://doi.org/10.1073/pnas.1913579117
https://doi.org/10.1073/pnas.1913579117
https://doi.org/10.1098/rspb.2017.1710
https://doi.org/10.1098/rspb.2017.1710
https://doi.org/10.1007/s00484-020-01972-3
https://doi.org/10.1111/1365-2656.13481
https://doi.org/10.1111/1365-2656.13481
https://doi.org/10.1073/pnas.2208389120
https://doi.org/10.1029/2008JD010201
https://doi.org/10.1029/2008JD010201
http://refhub.elsevier.com/S0048-9697(24)02088-6/rf0295
http://refhub.elsevier.com/S0048-9697(24)02088-6/rf0295
https://doi.org/10.1007/s00442-012-2487-5
https://doi.org/10.1007/s00442-012-2487-5
https://doi.org/10.1016/j.cub.2019.08.072
https://doi.org/10.1016/j.cub.2019.08.072
https://doi.org/10.1111/j.1365-2435.2006.01108.x


Science of the Total Environment 926 (2024) 171945

13

male collared flycatchers (Ficedula albicollis): a long-term study. Naturwissenschaften 
101, 305–312. https://doi.org/10.1007/s00114-014-1157-3. 

Hidalgo Aranzamendi, N., Hall, M.L., Kingma, S.A., van de Pol, M., Peters, A., 2019. 
Rapid plastic breeding response to rain matches peak prey abundance in a tropical 
savanna bird. J. Anim. Ecol. 88, 1799–1811. https://doi.org/10.1111/1365- 
2656.13068. 

Hilton, G.M., Hansell, M.H., Ruxton, G.D., Reid, J.M., Monaghan, P., 2004. Using 
artificial nests to test importance of nesting material and nest shelter for incubation 
energetics. Auk 121, 777–787. https://doi.org/10.1093/auk/121.3.777. 

Houghton, J., 2009. Global Warming. Cambridge University Press. https://doi.org/ 
10.1017/CBO9780511841590. 

Izsák, B., Szentimrey, T., 2020. To what extent does the detection of climate change in 
Hungary depend on the choice of statistical methods? GEM - Int. J. Geomathematics 
11, 1–23. https://doi.org/10.1007/s13137-020-00154-y. 

Jankowiak, L., Wysocki, D., 2016. Do individual breeding experience and parental effort 
affect breeding season length in blackbirds? Behav. Ecol. 27, 829–834. https://doi. 
org/10.1093/beheco/arv227. 

Jankowiak, Ł., Pietruszewska, H., Wysocki, D., 2014. Weather conditions and breeding 
season length in blackbird (Turdus merula). Folia Zool. 63, 245–250. https://doi.org/ 
10.25225/fozo.v63.i4.a3.2014. 

Kennedy, R.J., 1970. Direct effects of rain on birds: a review. Br. Birds 63, 401–414. 
Khan, N., Shahid, S., Ismail, T. bin, Wang, X.J., 2019. Spatial distribution of 

unidirectional trends in temperature and temperature extremes in Pakistan. Theor. 
Appl. Climatol. 136, 899–913. https://doi.org/10.1007/s00704-018-2520-7. 

Knape, J., de Valpine, P., 2011. Effects of weather and climate on the dynamics of animal 
population time series. Proc. R. Soc. B Biol. Sci. 278, 985–992. https://doi.org/ 
10.1098/rspb.2010.1333. 

Kötél, D., Laczi, M., Török, J., Hegyi, G., 2016. Mutual ornamentation and the parental 
behaviour of male and female collared flycatchers Ficedula albicollis during 
incubation. Ibis 158, 796–807. https://doi.org/10.1111/ibi.12389. 

Kwon, E., English, W.B., Weiser, E.L., Franks, S.E., Hodkinson, D.J., Lank, D.B., 
Sandercock, B.K., 2018. Delayed egg-laying and shortened incubation duration of 
Arctic-breeding shorebirds coincide with climate cooling. Ecol. Evol. 8, 1339–1351. 
https://doi.org/10.1002/ece3.3733. 

Laczi, M., Garamszegi, L.Z., Hegyi, G., Herényi, M., Ilyés, G., Könczey, R., Nagy, G., 
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Van Balen, J.H., Cavé, A.J., 1969. Survival and weight loss of nestling great tits, Parus 
major, in relation to brood-size and air temperature. Netherlands J. Zool. 20, 
464–474. https://doi.org/10.1163/002829670X00231. 

van de Pol, M., Bailey, L.D., McLean, N., Rijsdijk, L., Lawson, C.R., Brouwer, L., 2016. 
Identifying the best climatic predictors in ecology and evolution. Methods Ecol. Evol. 
7, 1246–1257. https://doi.org/10.1111/2041-210X.12590. 

Vatka, E., Rytkönen, S., Orell, M., 2014. Does the temporal mismatch hypothesis match 
in boreal populations? Oecologia 176, 595–605. https://doi.org/10.1007/s00442- 
014-3022-7. 

Veen, T., Sheldon, B.C., Weissing, F.J., Visser, M.E., Qvarnström, A., Sætre, G.P., 2010. 
Temporal differences in food abundance promote coexistence between two 
congeneric passerines. Oecologia 162, 873–884. https://doi.org/10.1007/s00442- 
009-1544-1. 

Veiga, J.P., 1992. Hatching asynchrony in the house sparrow: a test of the egg-viability 
hypothesis. Am. Nat. 139, 669–675. https://doi.org/10.1086/285351. 
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