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Abstract
In migratory birds, increasing temperatures have been linked to earlier arrival to breeding
sites, enabling an earlier start of breeding and leading to changes in abundance. Long-
term population trends may thus reflect a species capacity to respond to climate change.
However, when a species is more abundant, it is also more easily detectable by observers,
leading to an earlier detection of its arrival. Therefore, investigations of the drivers of
shifts in apparent arrival dates to breeding sites and population trends remain challenging.
Here, we formulate predictions aiming to disentangle the different drivers, analysing
spring arrival dates and population changes of 52 migratory birds in a Central European
country, the Czech Republic, from 1994 to 2017. If shifts in arrival dates are driven by
increasing spring temperatures, migrants should arrive earlier in a warmer year and their
abundance should increase in the subsequent year due to earlier breeding. If earlier
migrant arrival results from their increased detectability caused by higher abundance,
then migrants should arrive earlier in the same years when their abundance is high. We
found clear support for the former prediction, indicating that climate change drives the
earlier arrival of migrants irrespective of changes in their detectability. Moreover, species
advancing their arrival to a greater degree had more positive population trends, and
responses to rising spring temperatures in the Czech Republic became weaker with
increasing migration distance. Therefore, climate change drives population trends of
migratory species according to their capacity to adjust their arrival date to variations in
spring temperatures.
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1 Introduction

Recent climate change has serious consequences for various taxa (reviewed by Parmesan and
Yohe 2003; Parmesan 2006; Radchuk et al. 2019), including impacts on animal populations
and phenology (Bellard et al. 2012; Thackeray et al. 2016; Pacifici et al. 2017; Cohen et al.
2018). In migratory birds, increases in average global temperatures have led to the advance-
ment of their arrivals to breeding grounds (Gienapp et al. 2007; Lehikoinen and Sparks 2010;
Pearce-Higgins et al. 2014). However, species migrating over longer distances that arrive later
in the spring have advanced their arrivals less than species with shorter migration distances that
arrive earlier (Lehikoinen et al. 2004; Rubolini et al. 2007; Miller-Rushing et al. 2008; Usui
et al. 2017; but see Stervander et al. 2005; Jonzén et al. 2006; Zalakevicius et al. 2006). This is
likely because the ability to optimise departures from more distant non-breeding areas is
naturally lower and might be more tightly related to rigid endogenous controls or fuelling rates
(Berthold 1996; Gwinner 1996; Lindström et al. 2019). Consequently, migrants that have not
been able to sufficiently advance their spring migration and adjust their timing of breeding are
more prone to population declines than those with more flexible arrivals (Møller et al. 2008;
Salido et al. 2012).

Nevertheless, relationships between the timing of arrival and population changes are not as
straightforward as the studies cited above indicate. Apparent bird arrivals to breeding grounds
might be governed not only by climatic factors but also by species abundance. In years when a
species is abundant, individuals are more easily detected by observers and its arrival might be
thus detected earlier than in years with low abundance (Tryjanowski and Sparks 2001). As
population abundance is driven by various factors independent of climate, e.g. land use
change, hunting pressure and interspecific competition, shifts in apparent arrival date may
be the consequence, rather than the cause of population abundance (Tryjanowski et al. 2005).
To the best of our knowledge, we are not aware of any previous studies that aimed to
disentangle these different drivers.

To fill this major knowledge gap, we investigated the two alternative mechanisms described
above by formulating predictions enabling the assessment of their relative importance. If shifts
in arrival dates are driven by increasing spring temperatures, migrants should arrive earlier in a
warmer year. Consequently, their abundance should increase in the subsequent year due to
earlier breeding, because the earlier-breeding birds have better opportunities to acquire higher-
quality territories and to exploit food resources and, in the case of multiple clutches, raise more
than one brood (Salido et al. 2012; Visser et al. 2012; Halupka and Halupka 2017). Therefore,
the change in arrival date between two consecutive years (t–1 and t) should be positively
related to the change in abundance between the next 2 years (i.e. t and t+1). In contrast, if the
earlier arrival of migrants results from their increased detectability caused by higher abun-
dance, then migrants should arrive earlier in the same years when their abundance is high.
Therefore, the change in arrival date between two consecutive years (t–1 and t) should be
positively related to the change in abundance between the same years (i.e. t–1 and t). Although
these predictions are not mutually exclusive, they should provide important insights into which
mechanism is dominant in a particular system.

In addition to analyses on an annual basis, we studied the consequences of shifts in migrant
arrivals for their long-term population trends. In this respect, we predicted that the species with
a more advanced spring arrival over the long term will have more positive population trends
than species with smaller shifts in arrival dates. However, migrant arrival dates, abundances
and their relationships can be affected by the distance over which the species migrate (Both
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et al. 2006; Møller et al. 2008; Jones and Cresswell 2010): (i) the longer the distance a given
species migrates, the smaller should be the advancement in its arrival date; and (ii) increasing
migration distance is associated with increasingly negative population trends, as species that
migrate over longer distances will be less able to respond to climatic changes.

In this study, we test these relationships, controlling for the effects of various other traits
known to affect bird populations using a unique long-term dataset containing both spring
arrival dates (hereafter ‘arrival dates’) and population changes of 52 migratory bird species in a
Central European country, the Czech Republic, collected over a 24-year period (1994–2017).

2 Material and methods

2.1 Arrival data

Bird phenology data were based on yearly mean first arrival dates (MFAD) of migratory bird
species to the Czech Republic between 1994 and 2017. The data were mainly collected by
hundreds of volunteers through a citizen science program called ‘Phenological observations’
organised by the Czech Society for Ornithology. The observers were instructed to record the
first arrival dates at their focal sites. The bulk of these data was collected with the same
observers over multiple years, and these were supplemented with additional long-term first
arrival dates from additional several experienced ornithologists. In 2010, the recording of bird
arrivals became part of a national portal for bird observations (Czech Society for Ornithology
2019). From 2014 onwards, we processed all MFAD from the national portal, but changes in
the way of data collection over the study period were not accompanied by changes in
methodology. We restricted the dataset to 52 common species where 1–191 (median = 33)
records for each year were available, except for the Red-breasted Flycatcher (Ficedula parva),
for which arrival data are lacking for 2000 and 2001 (Online Resource 1), thereby gathering a
total of 48,535 observations of first arrival dates from hundreds of sites across the
Czech Republic. From these local observations, we calculated the MFAD of each species
for every year. All dates of observations are expressed as days of the year where January 1 =
day 1, and leap years were taken into account. In the next step, we expressed the shift in MFAD
between 1994 and 2017 for each species as the slope of the weighted regression of the MFAD
versus years. In these regressions, we used the number of all arrival date observations of a
given species in a given year as weights. This gave more weight to years with a better record of
a given species. Finally, we calculated one grand mean first arrival date (GMFAD) for each
species as the weighted mean of its annual MFADs, again using the number of observations of
a given species in a given year as weights.

2.2 Population changes

Data on the abundance of individual species were collected within the Breeding Bird Moni-
toring Programme (BBMP) in the Czech Republic on an annual basis since 1982. BBMP is a
large-scale generic monitoring scheme based on voluntary fieldwork using standardised point
counts (for more details see e.g. Reif et al. 2010). For each species, we used its population
index in a given year as a measure of its relative abundance (in %). The index value for the first
year of the focal time series (1994) was set to 100%. Population indices were estimated using
log-linear models with Poisson error distribution in TRIM software (Pannekoek and van Strien
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2001), which takes serial correlation and overdispersion into account (see Jørgensen et al. 2016
for more details). To estimate the mean population growth rate (i.e. population trend) of each
species from 1994 to 2017, we fitted a linear regression model across its annual population
indices (%) weighted by 1/standard error of mean (SE). Each species population trend was
expressed as the slope of this regression line.

2.3 Migration distance

Although previous studies have often sorted species according to their ‘migration strategy’ into
groups of long- and short-distance migrants, we expressed migration distance as a continuous
variable because the distinction between short- and long-distance migrants is not always clear
and the division line between these groups is sometimes rather arbitrary (BirdLife International
and NatureServe 2014; Cepák et al. 2008). We calculated the distance between the centroid of
the Czech Republic (49.74 N, 15.34 E) and the centroid of a species non-breeding range using
R (R Core Team 2017), packages ‘geosphere’, ‘maps’, ‘maptools’, ‘raster’ and ‘rgeos’ (Bivand
and Lewin-Koh 2013; Hijmans 2013, 2014; Bivand and Rundel 2014), and based on maps of
species non-breeding ranges provided by BirdLife International and NatureServe (2014).

2.4 Species traits

Arrival dates and population changes of birds might be affected by numerous factors whose
influence can be assessed by focusing on species traits. Controlling for the effects of such traits
enables investigations of the focal drivers not biased by confounding factors. We selected an
assortment of 13 predictors from seven broader categories that included habitat, diet, climate
niches, nest type and location, life history strategy, detectability and legal status. Most of these
predictors have been successfully used in various studies (e.g. Böhning-Gaese and Oberrath
2003; Reif et al. 2011; Koleček et al. 2018). Below, we provide a short rationale and
description of each of them. Unless otherwise stated, the measures were obtained from
previous studies (Koleček and Reif 2011; Koleček et al. 2014, 2018), which extracted the
data from Cramp (1977-1994), Hudec (1983, 1994) and Hudec and Šťastný (2005).

Habitat niche Species breeding in open habitats, arid habitats and habitat specialists are
known to have declined more than forest species, wetland species and habitat generalists
(Reif 2013). Three measures of habitat niche were quantified. The first two were based on a
classification of the habitat requirements of species along a gradient of decreasing vegetation
structural complexity and density, from (1) closed forest to (7) open country without trees or
shrubs. Species were allocated up to three different values, and their habitat niche position was
calculated as the mean of these values. Habitat niche breadth was determined as the difference
between the extreme values (i.e. the first and last occupied habitat; ranging between zero for
species occupying a single habitat class to 6 for those utilising the whole range of habitat
classes). We also calculated a third measure, habitat requirements along a gradient of increas-
ing habitat humidity, from (1) dry (e.g. rocks, dry forests) and (2) humid (without open water
surfaces—e.g. wet meadows and marshlands) to (3) aquatic habitats (with prevailing open
water bodies—e.g. rivers and water reservoirs; for details, see Koleček et al. 2018).

Diet niche Feeding on insects has recently been linked to population declines in contrast to
species with herbivorous diet (Bowler et al. 2019). Diet niche position was based on a
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classification of species into four different trophic levels based on the dominant part of their
diet, as either (1) herbivorous, (2) herbivorous and insectivorous, i.e. omnivorous, (3) insec-
tivorous or (4) carnivorous. Diet niche breadth was based on a classification of species into (1)
obligatory herbivorous (i.e. feed on plant sources only) or obligatory insectivorous/carnivorous
(i.e. feed on animal sources only), (2) predominantly herbivorous with a minor proportion of
insectivorous/carnivorous diet (or vice versa), or (3) omnivorous (i.e. plant, animal or other
sources without clear preferences).

Climatic niche Species breeding in colder climate and within a narrow range of climatic
conditions have had more negative population trends than species breeding in warmer
climate and climatic generalists (Jiguet et al. 2006; Stephens et al. 2016). We calculated
climatic niche from maps of mean temperatures in the main 3-month species-specific
breeding season (mostly April, May and June) for the period 1961–1990 based on
temperature data obtained from Haylock et al. (2008), following Jiguet et al. (2007).
The climatic niche position was the mean breeding season temperature over the breeding
range of each species within Europe (taken from Hagemeijer and Blair 1997). Climatic
niche breadth was classified as the difference between maximum and minimum temper-
atures across the European breeding range.

Nest type and location Species breeding on the ground and in cavities are considered more
prone to declines than species breeding higher above ground and in cavities (Gregory et al.
2007). To express the nest type, each species was scored along a gradient of three levels of
increasing nest concealment: (1) open cup nests outside cavities, (2) semi-closed nests either
outside cavities or open nests in semi-cavities and (3) cavity nests. Nest location described the
height of the nest above the ground, from (1) on or close to the ground, (2) intermediate—i.e.
shrubs and lower trees, to (3) high trees.

Life history strategy Species with a slower pace of life (K-selected species) have been
found to be declining less than species with a faster pace of life (r-selected species;
Koleček et al. 2014). We chose six life history traits: body mass, egg mass, incubation
period, clutch size, laying date (day of the year of the beginning of egg laying in the first
breeding attempt) and number of broods per season, using mean values from published
data (Cramp 1977-1994; Hudec 1983, 1994; Hudec and Šťastný 2005). As these six life
history traits are highly correlated, we reduced their number by principal component
analysis (PCA) into two independent axes (see also Koleček et al. 2014). Each species
was positioned along the two most important ordination axes, and these scores were used
for further analyses (Online Resource 2). We interpret the first ordination axis (PC 1,
explaining 55.4% of the variability among species, eigenvalue = 3.33) as a gradient from
‘slower strategy’ (K-selected) species (i.e. those having larger eggs, larger body mass,
longer incubation period and smaller clutch sizes) to ‘faster strategy’ (r-selected) species
(hereafter the ‘first life history axis’). The second axis (PC 2, explaining 21.8% of the
variability, eigenvalue = 1.31) expressed a gradient from species allocating most of their
energy to just one breeding attempt per season (i.e. late breeding species having a single
brood and larger clutch sizes) to species spreading their investments across multiple
breeding attempts per season—i.e. early breeding species having multiple broods and
smaller clutch sizes (hereafter the ‘second life history axis’). Each variable was log
transformed before entering the PCA to improve normality.
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Detectability Species with a loud and well-known song, marked plumage colouration or
behaviour might be observed earlier regardless of their abundance, temperature or other
conditions (Tryjanowski and Sparks 2001). Therefore, we took the detectability of species at
their spring arrival into account. Since obtaining reliable field measurements of this variable
was hardly feasible, we used the expert classification of 22 skilled Czech ornithologists as a
proxy. Each expert was asked to assign each species to one class of detection probability
during the first days after arrival: 1, very low; 2, moderately low; 3, moderately high; 4, very
high. From these classifications, we calculated the mean detectability of each species (see
Online Resource 1), and these values entered the statistical analysis.

Legal protection Species benefit from being listed as protected (Koleček et al. 2014;
Koschová et al. 2018). We recognised four levels of increasing protection according to the
protected species list of the Czech Republic (Anonymous 1992): species without any special
legal protection (0), endangered (i.e. least protected; 1), highly endangered (2) and critically
endangered species (i.e. most protected; 3). Please note that these terms do not describe the
actual level of threat, but they reflect the labelling of official categories of legal protection used
in the Czech Nature and Landscape Protection Act (Anonymous 1992).

2.5 Spring temperatures

Mean daily temperatures were calculated as average values from ten locations considered as
representative for the Czech Republic (Czech Hydrometeorological Institute 2019). For further
analyses relating MFAD to temperature for each species, we used mean daily temperatures
over a period of 15 days before its MFAD in the focal year. We believe this length is a
reasonable trade-off between selecting longer periods (such as 1 month) that might largely
overlap some individuals’ stays in tropical regions (see e.g. Koleček et al. 2016) and shorter
periods (such as several days) that ignore the conditions the individuals faced before arrival,
which might be more important than the actual weather (e.g. Blackburn et al. 2019).

2.6 Data analyses

2.6.1 Analysis of annual variation

To identify predictors of species MFADs (Table 1), we defined a basic model relating a species
MFAD in individual years (a response variable) to spring temperature before their arrival and
their population indices in individual years as a linear mixed-effects model (LMM; R package
lme4; Bates et al. 2015). The identity of species nested in genus and the latter nested in family
nested in order (based on taxonomy taken from Gill and Donsker 2019) were included as a
random effect to account for species taxonomy (see Lockwood et al. 2002; Jiguet et al. 2010),
as recommended in comparative analyses across species (see e.g. Thomas 2008; Diniz-Filho
et al. 2013). Before this analysis, we removed long-term trends in MFAD and population
indices by detrending. For this purpose, we used residuals from the regressions of MFAD on
year and population indices on year, respectively (see the “Arrival data” and “Population
changes” sections and Table 1).

Responses of species MFADs to temperatures before arrival can vary with migration
distances (temperature effects on arrival should be weaker in species migrating over longer
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distances). In the same way, the relationship between a species MFAD and abundance can be
affected by the species detectability (Tryjanowski and Sparks 2001). Therefore, we developed
two variants of the basic model. Firstly, we included a two-way interaction between temper-
ature before arrival and migration distance into the basic model together with population
indices. Secondly, we included a two-way interaction between a species population index and
detectability into the basic model together with temperature before arrival. In both of these
variants, we scaled and centred the explanatory variables to zero mean and unit variance,
thereby allowing a correct interpretation of the interaction effects (Schielzeth 2010).

Table 1 Analyses of relationships between population changes, spring temperatures, arrival dates and other traits
in 52 migratory bird species breeding in the Czech Republic, 1994–2017. See ‘Material and methods’ for
definitions of individual variables and traits

Analysis and purpose (explained below each equation) Model type

Calculation of variables for further analysis
MFADt ~ yeart Weighted linear regression model for

each species
Estimation of the shift in arrival date and
detrended arrival dates in respective years.

Population indext ~ yeart Weighted linear regression model for
each species

Estimation of the long-term population trend
and detrended annual population indices.

Analysis of annual variation
Detrended MFADt ~ spring temperaturet +
detrended population indext + detectability

Weighted linear mixed-effects model
across species

Testing the effect of temperature and abundance
on arrival date.

Detrended MFADt ~ spring temperaturet ×migration
distance + detrended population indext

Weighted linear mixed-effects model
across species

Testing the effect of interaction between
temperature and migration distance on arrival date.

Detrended MFADt ~ spring temperaturet +
detrended population indext × detectability

Weighted linear mixed-effects model
across species

Testing the effect of interaction between
population index and detectability on arrival date.

Population indext + 1/population indext ~ population
indext +MFADt/MFADt–1

Linear mixed-effects model across
species

Testing the effect of change in arrival date on
population change.

MFADt/MFADt–1 ~ population indext/population indext–1 Linear mixed-effects model across species
Testing the effect of population change on change

in arrival date.

Analysis of long-term trends
Population trend ~ shift in MFAD+ 14 traits Weighted linear mixed-effects model

across species
Testing the effect of shift in arrival date on
long-term population trend
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Finally, we expressed annual changes (where t signifies a given year, t–1 the previous year and
t+1 the subsequent year) inMFAD and population indices, respectively, to perform further tests of
possible causality in their relationships (Table 1). Firstly, we ran an LMMwith population index(t+

1)/population index(t) related to population index(t) and MFAD(t)/MFAD(t–1). Secondly, we ran an
LMM with MFAD(t)/MFAD(t–1) related to population index(t)/population index(t–1). The signifi-
cance of the first relationship would suggest an important statistical effect of the arrival date on
bird populations, whereas the second relationship would support the opposite. In addition, both
models contained species nested in genus nested in family and order as a random effect.

2.6.2 Analysis of long-term trends

We also assessed the relationship of a species population trend (response variable) with the
shift in MFAD using an LMM, where 1/SE of the population trend was used as a weight. In
this test, we accounted for GMFAD, migration distance, climatic niche position and breadth,
habitat and diet niches, nest type, nest location, life history strategies (expressed as the two PC
axes) and legal protection status. Genus nested in family and the latter nested in order were
included as a random effect.

All variables would be ideally included into a single global linear model with a full
set of explanatory variables on which the subsequent analysis was performed. However,
migration distance was strongly collinear with PC 2 (rs = 0.75) and with GMFAD (rs =
0.77). Therefore, after the main global model that contained migration distance, we ran
two additional global models consecutively replacing migration distance by the GMFAD
and PC 2 to evaluate the effect of all variables. Using the Akaike information criterion
corrected for small sample sizes (AICc; Burnham and Anderson 2002), we evaluated the
performance of candidate models with particular combinations of explanatory variables
from each global model set. With respect to our sample size (n = 52 species), we
restricted the maximum number of parameters (k) in each candidate model to five,
following the recommendation of n/k = 10 to prevent overfitting and to obtain conclusive
inference (Burnham and Anderson 2002). We considered the best-supported models to be
those with ΔAICc < 2. Model averaging was applied across all these models, taking
model weight into account (Johnson and Omland 2004) in order to reveal parameter
estimates for the explanatory variables (Bartoń 2016).

3 Results

3.1 Annual variation in MFAD

The basic model investigating the contributions of temperature before spring arrival and
species abundance (controlling for detectability upon arrival) on arrival date showed that birds
arrived earlier in years with higher temperatures (beta = − 0.298 ± 0.129 SE, Wald χ2 = 5.35,
df = 1, P < 0.021), but not in years with higher abundance (beta = − 0.086 ± 0.121 SE, Wald
χ2 = 0.50, df = 1, P = 0.477). Simultaneously, species detectability after arrival was not related
to MFAD (beta = − 0.119 ± 0.128 SE, Wald χ2 = 0.86, df = 1, P = 0.354).

By introducing an interaction between temperature and migration distance into this basic
model a striking result emerged—as temperatures increased from 1994 to 2017, birds
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migrating shorter distances advanced their arrival more than species that migrate longer
distances (beta for the interaction = 0.562 ± 0.134 SE, Wald χ2 = 17.72, df = 1, P < 0.0001;
Fig. 1). In contrast, including the interaction between species detectability and population
indices into the basic model did not find any support for this interaction (beta = 0.156 ± 0.165
SE, Wald χ2 = 0.89, df = 1, P = 0.347).

The effect of arrival date on species abundance also emerged in the model evaluating the
changes in abundance between consecutive years. Specifically, the negative change of popu-
lation index in a subsequent year was related with the MFAD delayed relatively to the previous
year (beta = − 0.328 ± 0.162 SE, Wald χ2 = 4.10, df = 1, P = 0.043). In contrast, the change in
population index in a given year relative to the previous year was not related with the change
of arrival date between these years (beta = 0.001 ± 0.005 SE, Wald χ2 = 0.07, df = 1, P =
0.796).
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Fig. 1 The interactive effect of mean temperature at breeding grounds and migration distance on detrended mean
first arrival dates (FADs) of species in individual years as assessed by a linear mixed-effects model (LMM). The
regression lines illustrate the effect of mean temperature before spring arrival on detrended species mean FADs in
individual years for different migration distances: green line =mean distance (4264 km), red line = − 1.5SD
(944 km), blue line = + 1.5SD (7584 km)
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Finally, taxonomy explained only a minor proportion of the annual variation in all models
(Online Resource 3).

3.2 Long-term population trends

In the analysis relating bird population trends to their predictors, 8 out of 2380 candidate
models (i.e. models with possible combinations of up to five variables) met the ΔAICc < 2
threshold. The shift in MFAD and position on the slow/fast continuum (PC 1) were retained in
all of the best models (Table 2), and these were the only variables related to the population
trends (Table 3). As predicted, population trends were more negative in those species that had
either delayed or not advanced their spring arrivals, while positive population trends were
found in species with more advancing arrivals (Fig. 2). In addition, r-selected species had more
negative population trends than K-selected species (Table 3). Except for orders, taxonomy
explained only a marginal part of the variability in the eight top-ranked candidate models
(Online Resource 3).

4 Discussion

We provide an important contribution to disentangling the complex relationships between
spring temperature, arrival date and population trends of migratory birds with respect to
migration distance, controlling for various ecological and life-history traits and phylogenetic
relatedness. In respective years, arrival date was related to temperature (earlier arrival in
warmer springs), but not to species abundance. The positive population change between two
consecutive years followed an earlier arrival in the preceding year implying that the earlier
arrival might have promoted more successful breeding which may translate into higher
abundance in the subsequent year. Migration distance played a major role in the observed
shifts of arrival dates: the shorter the distance, the larger was the arrival date advancement.
Finally, species with more advanced spring arrivals had more positive population trends,
whereas those species that did not advance arrivals declined.

The relationship between population trends and shifts in arrival date was in accord with
previous studies reporting more positive trends in species advancing their arrivals to breeding
grounds (Tryjanowski et al. 2005; Møller et al. 2008; Salido et al. 2012), as well as with our

Table 2 Linear mixed-effects models assessing the relationships between the population trends and individual
explanatory variables in 52 migratory bird species breeding in the Czech Republic, 1994–2017. Models are
ranked according to their weights using the Akaike information criterion corrected for small sample sizes (AICc).
Only the best performing models (ΔAICc < 2) are shown. * = shift in MFAD + PC 1

Model df AICc ΔAICc Weight

* + dietary niche position 8 254.7 0 0.20
* 7 255.1 0.36 0.17
* + dietary niche position + climatic niche breadth 9 255.2 0.46 0.16
* + habitat niche breadth 8 255.9 1.15 0.11
* + climatic niche breadth 8 256.0 1.26 0.11
* + dietary niche position + habitat niche breadth 9 256.4 1.70 0.09
* + habitat niche breadth + climatic niche breadth 9 256.6 1.86 0.08
* + dietary niche position + legal protection 9 256.7 1.99 0.08
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expectations. Here we provide deeper insights into this relationship. Theoretically, two
different mechanisms are possible: a population increase (caused by any factor) results in a
higher reporting rate of a species by observers, which means that there is a higher probability
of reporting early individuals. This ultimately leads to the advancement of FAD (Tryjanowski
et al. 2005). This relationship may be unrelated to any climatic effects on species arrival dates,

Table 3 The model-averaged coefficients based on the Akaike information criteria corrected for small sample
sizes (AICc) of the 8 most supported (ΔAICc < 2) linear mixed-effects models assessing the relationships
between the population trends and individual explanatory variables in 52 migratory bird species breeding in the
Czech Republic, 1994–2017. Those terms whose 95% confidence intervals (CIs) did not overlap zero are printed
in italics. The model-averaged CIs are based on unconditional standard errors

Explanatory variable Beta Lower CI Upper CI

Shift in MFAD − 4.117 − 6.567 − 1.666
PC 1 0.984 0.166 1.801
Climatic niche breadth 0.067 − 0.162 0.295
Habitat niche breadth 0.094 − 0.269 0.457
Dietary niche position 0.466 − 0.645 1.577
Legal protection − 0.032 − 0.351 0.286

Fig. 2 Relationship between population trends and shift in mean first arrival date (MFAD) of 52 migratory bird
species in the Czech Republic, 1994–2017, based on linear regression (solid line). Dashed lines display the zero
population trend (i.e. stable population) and no change in phenology
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and indeed corresponds to the equivocal support for climate change as a main driver of bird
population changes found in several recent studies (Jones and Cresswell 2010; Currie and
Venne 2017; Scridel et al. 2018).

The alternative (but not mutually exclusive) mechanism is based on climatically induced
cascading impacts across trophic levels and has been more widely considered in the literature
(Renner and Zohner 2018). Under this scenario, the advancement of arrival date is an
evolutionary plastic response to a warming climate by which species track optimal conditions
for breeding (Salido et al. 2012). An earlier arrival in a warmer spring enables migrants to start
breeding earlier. This provides opportunities to better exploit resources available for breeding
such as nesting sites and food (Halupka and Halupka 2017). Species relying on a peak of food
supply can match the timing of breeding to the optimum food supply (Visser et al. 2012), and
multi-brooded species can prolong the breeding season and have more breeding attempts
(Halupka and Halupka 2017). Taken together, earlier arrival results in an eventual increase of
breeding productivity and consequently of population size in the subsequent breeding season
(Møller et al. 2010; Halupka and Halupka 2017). In contrast, species unable to advance their
arrival date sufficiently may face the consequences of trophic mismatches or a reduced
availability of nesting sites (Ahola et al. 2007; Samplonius and Both 2019), and their breeding
productivity would be low (Both et al. 2006; Saino et al. 2011; but see Vatka et al. 2011). Thus,
over the long-term, populations of more advancing species increase, while the least advancing
species decline (Møller et al. 2008; Salido et al. 2012). Our results indicate clear support for the
latter alternative, i.e. spring temperatures govern the timing of species arrival, and these shifts
then translate into population changes. We infer this support from the fact that arrival date was
tightly related to temperature, but not to species abundance in respective years. Moreover,
when the species advanced their arrival compared with the previous year, their abundance
increased in the following year, whereas the delayed arrival was accompanied by a subsequent
population decline. In contrast, if arriving individuals did not follow the year-to-year increase
in average spring temperatures and delay arrival relatively to the previous year, the probability
of experiencing suboptimal temperature conditions and trophic mismatches would grow and
may result in a decrease of productivity (Visser et al. 2006). Taken together, these findings
indicate that an adjustment of arrival date is important for shaping migrant population sizes.

We found that the relationship between arrival date and temperature was dependent on the
distance the species migrates. The shorter the distance, the earlier the arrival in years with
higher temperature. We explain this variation by differences in the mechanisms responsible for
controlling the migratory behaviour of birds. A shorter migratory route enables the species to
respond rapidly to rising temperatures, which considerably advances the arrival probably due
to the possibility of fine-tuned migration timing from nearby wintering sites (Møller et al.
2008). This ability decreases with the increasing length of the migratory route, when mech-
anisms of endogenous migration controls or the need to refuel at stopover sites possibly play a
more important role (Berthold 1996; Gwinner 1996; Lindström et al. 2019). Although such
differences in arrivals with respect to migration distance and their population consequences
have been frequently studied (e.g. Gienapp et al. 2007; MacMynowski and Root 2007; Miller-
Rushing et al. 2008), empirical evidence for the response of the timing of arrival to temperature
in the interaction with migration distance is surprisingly lacking. As far as we know, this study
is first to elucidate this pattern.

Previous studies have highlighted relationships between phenological and life-history traits
(e.g. Jenni and Kéry 2003; Rubolini et al. 2007; Moussus et al. 2010). Namely, a pronounced
advancement in arrivals has been documented in generalist species with broad climatic niches,
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great genetic variability and phenotypic plasticity (Hurlbert and Liang 2012), multiple broods
and variable diets (Møller et al. 2008; Vegvari et al. 2010; Dunn and Møller 2014) compared
with more specialised species. In contrast, evidence is lacking that shifts in arrivals are related
to clutch size, laying date (Dunn and Møller 2014) or body mass and population size (Møller
et al. 2008). Surprisingly, in our study, the life-history and ecological traits were not signifi-
cantly related with the population phenology of species. This can be partly explained by our
selection of traits, because we did not focus on genetic variability and phenotypic plasticity.
Also, the broad scale of our study could have played a role. We used relatively crude measures
of niche traits (i.e. habitat categories) that may have been too inaccurate to reflect subtle
relationships with phenology, since these relationships were not the core focus of our study.

We show that r-selected species had less positive population trends than K-selected ones.
These results are in line with relationships that have already been observed in the
Czech Republic (Reif et al. 2010; Koleček et al. 2014), as well as in Western Europe (Jiguet
et al. 2007). K-selected species may benefit from their ability to postpone reproduction longer
until conditions are optimal, which may be crucial for long-term survival in suboptimal
environments (Sol et al. 2012).

Apart from the correlative nature of our study, which was inevitable given its spatial and
temporal extent, there are additional limitations to be aware of when interpreting the results.
First, the collection of all data on bird abundance and arrival dates was based on the work of
citizen scientists, which may vary in skills and effort. However, the identification skills of these
voluntary observers are considerably high, since both the collection of phenological observa-
tions and the BBMP were organised by the Czech Society for Ornithology, and these programs
did not allow the participation of unskilled people.

Second, the FAD is considered as a less biologically relevant estimator of arrival date than
the mean arrival date (MAD), because the FAD is more prone to the effects of extreme events
(Moussus et al. 2010). We acknowledge that this limitation may be present in our data, but
MAD could not be collected within the citizen science programs we were working with. At the
same time, we attempted to overcome the disadvantages of FAD through the spatiotemporal
design of our study. While single-site FADs are known to be quite variable, this was not the
case here because our dataset comprises records collected and averaged over multiple sites at a
national level, and we control for the number of observations during the analysis. In addition,
we deliberately focused on the MFAD as an early phenological indicator, because our targets
are the early arriving individuals that are likely the bearers of change. In such cases, this
indicator is preferable to other estimators (Moussus et al. 2010). Finally, the use of FAD
alongside other measures of arrival does not have to lead to inconsistent results (Gienapp et al.
2007, but see Miller-Rushing et al. 2008), and Sparks et al. (2001) argued that FADs can be
used cautiously to reveal the impacts of climate change on migration phenology, as we do here.

Third, regardless of the measure of arrival used, our data by its nature cannot reliably
distinguish local Czech breeders and individuals on passage to northern breeding sites.
However, we think that passage individuals likely represent a minor part of the sample. Recent
individual-tracking studies have shown that there are distinct migration times among northern
and southern breeding populations (e.g. Briedis et al. 2016; Gow et al. 2019). Birds from
northern sites pass through central Europe later than local breeders, and thus, the majority of
early arriving birds to Czechia must have been local breeders.

We have built on previous evidence relating population trends to phenology (e.g. Møller
et al. 2008), shedding new light on these relationships. However, we still know little about the
mechanisms linking species’ arrival to changes in their populations. The existence of a trophic
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mismatch, one of the key drivers in this framework, is often not supported by data on food
abundance (e.g. Saino et al. 2011). As climate change is in progress, and may even accelerate
in the forthcoming decades, further shifts in species phenology with profound population
consequences are likely to be observed. From this perspective, comprehensive analyses
simultaneously assessing bird phenology, food supply and population changes at various sites
are highly desirable and will likely advance our understanding of animal responses to rapidly
changing climatic conditions.
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