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Abstract Long-term phenological data have been crucial at
documenting the effects of climate change in organisms.
However, in most animal taxa, time series length seldom ex-
ceeds 35 years. Therefore, we have limited evidence on ani-
mal responses to climate prior to the recent warm period. To
fill in this gap, we present time series of mean first arrival
dates to Central Europe for 13 bird species spanning 183 years
(1828-2010). We found a uniform trend of arrival dates ad-
vancing in the most recent decades (since the late 1970s).
Interestingly, birds were arriving earlier during the cooler ear-
ly part of the nineteenth century than in the recent warm peri-
od. Temperature sensitivity was slightly stronger in the
warmest 30-year period (—1.70 + SD 0.47 day °C"') than in
the coldest period (—1.42 = SD 0.89 day °C1): however, the
difference was not statistically significant. In the most recent
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decades, the temperature sensitivity of both short- and long-
distance migrants significantly increased. Our results demon-
strate how centennial time series can provide a much more
comprehensive perspective on avian responses to climate
change.
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Temperature - Temperature sensitivity

Introduction

Given the rapidity of current climatic changes, long-term ob-
servational time series are highly valuable. They can docu-
ment phenological responses to contrasting climate conditions
and provide a broad perspective on the current rapid changes
of climate. However, studies with more than a few decades of
uninterrupted data are rare, especially for animals. The mean
length of published phenological time series is only around
35 years (Bitterlin and van Buskirk 2014; Parmesan and Yohe
2003; Root et al. 2003; Rubolini et al. 2007, but see e.g. Ahas
1999; Askeyev et al. 2009; Lehikoinen et al. 2004; Sparks and
Carey 1995) which might bias the detected trends (Hovestadt
and Nowicki 2008). Furthermore, several studies already
demonstrated spatially variable responses of organisms to
temperature (spatial component; Gordo et al. 2007;
Parmesan 2007; Saino and Ambrosini 2008). But there is no
a priori reason to assume that temperature sensitivity of the
species is constant and that the strength of the relationship
remains unchanged through time (temporal component).
This was proved to be true for plants (Fu et al. 2015;
Quansheng et al. 2014; Rutishauser et al. 2008; Rutishauser
et al. 2009; Schleip et al. 2008; Wang et al. 2015) and insects
(Kharouba et al. 2014). But despite some studies which stud-
ied the temperature sensitivity (Askeyev et al. 2009; Gordo
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and Doi 2012; Gordo et al. 2013), a comprehensive long-term
study which would investigate the course of temperature sen-
sitivity in vertebrates is still lacking. Yet, an assessment of
temporal variability in temperature sensitivity is critical for
forecasting their responses to climate change.

The issue of variable temperature sensitivity is especially
pressing in organisms at higher trophic levels in which
species-specific cues trigger the onset of phenophases
(Stenseth and Mysterud 2002; van Ash et al. 2007; Visser
and Holleman 2001). In spite of that, temperature is generally
accepted to be the main factor driving shifts in phenology
(including for example chilling effect and growing degree
days), but other mechanisms such as photoperiod, humidity
and nutrients were also identified to play a role in triggering of
phenophases (Chambers et al. 2013; Ellwood et al. 2012;
Heide and Prestrud 2005; Jochner et al. 2013; Korner and
Basler 2010; Laube et al. 2014; Tooke and Battey 2010;
Zhang et al. 2007). In addition, as the temperature signal per-
vades from primary producers to top consumers, the number
of trophic interactions increases. This results in weaker tem-
perature signals and makes the temporal match of the
phenophases less likely (Both et al. 2009; Ellwood et al.
2012; Gordo and Sanz 2005; Naef-Daenzer et al. 2012;
Nakazawa and Doi 2012; Schwartzberg et al. 2014). Despite
numerous studies about the phenological shifts due to chang-
ing climate, it is unclear which mechanisms vertebrates em-
ploy to respond to temperature change across a long time
period.

Migratory birds represent an ideal system to enlighten this
issue. Commonly, they fit into one of two migratory strategies
which differ in response to temperature. Short-distance mi-
grants are usually more influenced by temperature due to a
strong spatial autocorrelation of climate between the breeding
and wintering sites. On the other hand, the onset of long-
distance migrants’ migration is believed to be under endoge-
nous control (Berthold 1996; Halkka et al. 2011; Lehikoinen
et al. 2004; Marra et al. 2005; Mitrus et al. 2005; Sparks et al.
2007; Zalakevicius et al. 2006). Therefore, it is assumed that
long-distance migrants are not able to perceive climatic con-
ditions in the distant breeding sites as accurately as short-
distance migrants. As a consequence, they are not able to
adequately track the speed of the advanced spring phenology
(Both and Visser 2001; Both et al. 2010; Mgller et al. 2008;
Sanz et al. 2003). In contrast to this, only two studies have
shown that especially in the last decades the long-distance
migrants have advanced their arrivals more than short-
distance migrants, which might imply a strong evolutionary
pressure on them (Jonzén et al. 2006; Stervander et al. 2005).
However, other authors hypothesised that such as rapid ad-
vancement could be attributed to improved conditions en
route and due to mixture of birds which come from different
populations with different timing of migration (Both 2007). In
addition, because birds represent top consumers, they are
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under strong selection to optimise the timing of their arrival
to breeding grounds and the onset of nesting with the
phenophases of insects (Jonzén et al. 2007). Several multi-
trophic-level studies showed that the response of birds to tem-
perature is less strong than their prey and that this can lead to
temporal phenological mismatch across the food chain (Both
et al. 2009; Thackeray et al. 2010).

To address these issues, we present one of the longest time
series of bird arrivals ever analysed dating back to the begin-
ning of the nineteenth century and spanning 183 years. First,
we reconstruct the historical avian first arrivals and assess
their temporal shifts. Next, we investigate the strength of the
relationship between arrival and temperature and how it has
been changing throughout such an extensive time period.
Finally, we examine the hypothesis that short- and long-
distance migrants show different patterns in the strength of
the response to the changing temperature (Knudsen et al.
2011).

Materials and methods
Phenological data

We compiled first arrival dates (FAD) of birds in the
Czech Republic for the period 1828-2010. Data on FAD from
the Czech Hydrometeorological Institute, which covered most
of the database, were supplemented by data from various so-
cieties, networks and grey literature. For a detailed overview
of the data sources and their time spans, see Table S1 and
Fig. S1. Archival records were converted into digital format
as day of the year (where January 1 = day 1), and all nomen-
clature was updated (see Kolafova and Adamik 2015). Due to
the discrepancy between the calendar and astronomical year,
we expressed arrival dates in each year as deviations from the
vernal equinox (Sagarin 2001). When more than one record of
the same species from the same locality was available in a
given year, the earliest record was retained in the database.
We visualised the data distribution and detected outliers
(mostly mistyped values in old printed records) by inspection
of Cleveland dotplots and boxplots; Zuur et al. 2009), and
they were subsequently excluded from the analyses. We re-
stricted this study to species for which we had n > 900 records
spanning the period 1828-2010. Barn swallow Hirundo
rustica arrivals spanned a shorter time period (1853-2010),
but its observations were very numerous and had a balanced
distribution through time. Three other species (chiffchaff
Phylloscopus collybita, serin Serinus serinus, blackcap
Sylvia atricapilla) had >900 records, but their data distribution
was markedly imbalanced through time which would have
hampered data analysis and therefore were omitted from anal-
yses. We ended up with 13 species with 80,489 observations
of FAD from 3480 sites across the Czech Republic (Fig. 1).
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Fig. 1 Map of the Czech Republic with the sites (n = 3480) where first arrival dates were recorded

Out of the 13 species, 7 were short-distance migrants (winter ~ which enable to deal with estimations of combined phenolog-

grounds in Europe or Northern Africa) and 6 were long-  ical time series (Schaber 2012). We used linear mixed effects
distance migrants which winter in sub-Saharan Africa (see =~ model (LMM, R-package “lme4”) to compare timing of ar-
Table 1). rivals during the first and last 30-year period with year and
species as random effects. Barn swallow arrivals were not
Reconstruction of arrival dates included in this model as records of its arrival start later.

Temporal trends in reconstructed arrivals were assessed by
For each of the 13 species, we reconstructed annual mean  generalised additive models (GAM) for the period 1828-2010
FAD time series within a mixed-effects modelling framework ~ and by weighted linear regressions for the period 1978-2010.
with year as fixed effect and site as random effect (Hiikkinen ~ As weights for linear regression, we used the square root of the
et al. 1995; Schaber et al. 2010; Table S2). Multi-site com- ~ number of observations per year and species (Table S3).
bined arrival time series were estimated in R-package  Similarly, weighted linear regression was used to assess tem-
“pheno” for each species. This package provides functions  perature sensitivity. Mean FADs were associated to Czech

Table 1  Weighted linear regression estimates of the relationship between mean first arrival date (FAD) and mean monthly temperature during 1828—
2010

Species name Common name ms Arrival Month ~ Number TS (d°C) SE t R? P

Alauda arvensis Skylark S Mar 1 Feb 156 —1.424 0.161 —8.87 0.34 <0.001
Sturnus vulgaris Starling S Mar 6 Feb 155 —1.145 0.135 -849 032  <0.001
Vanellus vanellus Lapwing S Mar 13 Mar 131 —2.008 0.265 —7.58 0.31 <0.001
Motacilla alba White wagtail S Mar 14 Mar 166 -1.162 0.197 -589  0.17  <0.001
Columba palumbus Woodpigeon S Mar 19 Mar 127 —1.411 0329 428 0.13  <0.001
Turdus philomelos Song thrush S Mar 23 Mar 151 —0.856 0389 220 0.03 0.029
Phoenicurus ochruros Black redstart S Mar 28 Mar 143 —1.503 0.190 -7.93 0.31 <0.001
Phoenicurus phoenicurus Common redstart L Apr 11 Apr 153 0.871 0.390 223 0.03 0.027
Hirundo rustica Barn swallow L Apr 16 Apr 140 —1.066 0.192 -5.55 0.18 <0.001
Delichon urbicum House martin L Apr 22 Apr 155 -0.713 0.224 -3.19 0.06 0.002
Cuculus canorus Cuckoo L Apr 26 Apr 167 —0.833 0.172 —4.86 0.13 <0.001
Apus apus Swift L May 3 Apr 149 —0.801 0206 388 0.09 <0.001
Coturnix coturnix Quail L May 15 Apr 148 —1.384 0.377 -3.67 0.08 <0.001

Species are listed in ascending order according to their mean FAD

ms migratory strategy (S short-distance migrant, L long-distance migrant), Month focal month used for temperature-arrival relationship, Number number
ofyears with available data, 7'S temperature sensitivity, regression estimates of mean FAD against mean monthly temperature, SE standard error of the TS
estimate, significant P values (<0.05) are in bold

@ Springer



1282

Int J Biometeorol (2017) 61:1279-1289

mean monthly temperature series spanning 1828-2010
(Fig. S2) reconstructed from station-based meteorological ob-
servations (Brazdil et al. 2012) and weighted by the square
root of the number of observations per year (Table 1). The
focal month for temperature was selected individually for each
species based on the temporal overlap with its arrival. To
describe the temporal changes in temperature-arrival relation-
ship, we estimated linear regressions as 30-year moving win-
dows with the shift by 1 year starting in 1828 (for barn swal-
low in 1853). Again, all regressions were weighted by the
square root of the number of observations per year. We chose
a period of 30 years since this was the most commonly report-
ed length of published time series with FAD (see
“Introduction” section).

Next, we assessed whether the species’ temperature-arrival
relationship differed during cold and warm periods. For that,
we detected the warmest and the coldest periods by averaging
the mean monthly temperature of the focal month for arbitrari-
ly set 30-year time intervals (the last one having 33 years)
1828-1857, 1858—1887, 1888—1917, 1918-1947, 1948~
1977 and 1978-2010. The 1978-2010 period was the
warmest for all the months, while the coldest periods were
1828-1857 for February and March and 1888-1917 for
April. Species-specific differences in slopes of the
temperature-arrival relationship between the warmest and
coldest periods were assessed according to Zar (1999; slope
test).

For an assessment of temporal changes in the mean tem-
perature sensitivity between short- and long-distance mi-
grants, we averaged the species-specific estimates of temper-
ature sensitivity weighted by the square root of the number of
observations per year for 30-year moving windows at the be-
ginning (1857-1886), in the middle (1919-1948) and at the
end (1981-2010) of the 1828-2010 time series. Differences in
mean responses (average temperature sensitivity estimates)
were assessed by GLM where we used a model that included
interaction between the three time periods and migratory
strategy.

Results
Bird arrival dates 1828-2010

The temporal trends for majority of the species showed strong
non-linearity in arrivals during the period 1828-2010
(Fig. S3). Usually, the arrivals were most pronounced at the
beginning of the nineteenth century. Between beginning and
ca. second half of the nineteenth century, the arrivals were
delaying and then again advancing which lasted until the first
half of the twentieth century. From then, the arrivals were
constantly delaying until the 1970s. Afterwards, there is a

@ Springer

clear pattern in rapid advancement which lasts up to now
(Figs. 2 and S3).

During the most recent period, 1978-2010, all species ad-
vanced their arrivals (mean advancement was
—0.35 day yearfl, SD = 0.27; Table S3). The mean shift for
short-distance migrants was —0.35 day year ' (SD = 0.36) and
for long-distance migrants —0.35 day year ' (SD = 0.15).
Despite these advancements, most species are still arriving
later today (LMM effect for period 5.25 + 1.32 days, ¢ = 3.9,
P <0.001) than in the early half of the nineteenth century (e.g.
house martin Delichon urbicum and cuckoo Cuculus canorus,
Figs. 2 and S3).

Relationship between arrival and temperature

Across all species (except for the common redstart
Phoenicurus phoenicurus), mean FADs were negatively asso-
ciated with temperature during the period 1828-2010 (mean
response for all 13 species —1.03 day °C !, SD = 0.68, without
common redstart —1.19 day °C™!, SD = 0.37, Table 1). The
mean response to temperature was —1.36 day °C”!
(SD = 0.36) in short-distance migrants and —0.65 day °C""'
(SD = 0.79) in long-distance migrants (without common red-
start —0.96 day °C™', SD = 0.27). The positive temperature
responses were rare and appeared in periods with poor data
coverage, i.e. early part of the twentieth century (Fig. 3). The
strongest variation in responses was detected in lapwing
Vanellus vanellus. Early arriving species such as skylark
Alauda arvensis and starling Sturnus vulgaris had very similar
patterns of the temperature-arrival relationship. Strong tem-
perature sensitivity in the second half of the nineteenth century
was followed by a moderate relationship from the late 1920s
onwards. Four long-distance migrants (barn swallow, house
martin, cuckoo and swift Apus apus) showed, with various
intensities, a strengthening of the relationship around the
1950s and then a steep weakening prior to 2000 followed by
a slight strengthening in the last decade. In contrast to other
species, common redstart showed an unusually long period of
strengthening of the temperature-arrival relationship from the
1920s until today (Fig. 3).

The mean temperature sensitivity across all species was
slightly stronger in the warmest period (—1.70 day °C™',
SD = 0.47) than in the coldest period (—1.42 day °C ™',
SD = 0.89; Table 2). However, the species-specific differences
in the temperature-arrival relationship between these two con-
trasting periods were significant only for common redstart
(Table 2).

Differences between short- and long-distance migrants
in variation of temperature sensitivity

Temperature sensitivity of short- and long-distance migrants
varied considerably during the study period, but the responses
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of the two migratory groups did not differ statistically
(GLM, factor period F, 35 = 6.00, P = 0.006, factor mi-
gratory strategy £ 35 = 1.59, P = 0.216; Fig. 4). While in
the first decades (1828-1857) short-distance migrants
reacted more strongly to temperature (—1.93 day °C™")
than long-distance migrants (—1.22 day °C™"), there was
no significant difference between these two groups over
the three time periods (GLM with period by migratory
strategy interaction F, 33 = 1.52, P = 0.233).

Discussion
To the best of our knowledge, we present one of the longest

comprehensive time series of mean first arrivals of 13 bird
species. We found that birds arrived earlier at the beginning

Year

of the nineteenth century than today, although at that time the
climate was cooler and more humid (Brazdil et al. 2011). The
later arrivals compared to the beginning of the nineteenth cen-
tury persisted despite an ongoing advancement of arrival dates
in recent decades. The sensitivity of bird arrivals to tempera-
ture varied considerably throughout the two centuries.
However, it did not differ significantly between the coldest
and warmest periods (except for common redstart). In accor-
dance with other studies (reviewed in Pearce-Higgins and
Green 2014; Rainio 2008; Usui et al. 2016), short-distance
migrants responded more strongly to temperature. But in re-
cent decades, long-distance migrants showed similar or even
stronger responses than short-distance migrants, although
there was no evidence of significant difference. Since the late
1970s, the short-distance migrants showed a clear strengthen-
ing of the temperature-arrival relationship, while the

@ Springer
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relationship for long-distance migrants did not show any di-
rectional shift.

At the beginning of the time series, some species were ar-
riving earlier compared to the long-term mean (Fig. 2). This is
in contrast to the findings of Brazdil et al. (2011) who found a
later onset of plant phenology in Bohemia during the cooler
and humid period 1828-1848 compared to the warmer period
1993-2009. One possibility for the past earlier arrivals might
be that in the nineteenth century birds were under stronger
selection due to more common unfavourable weather events.
For example, barn swallows regularly die in large numbers
during fall migration in the Alps with consequences for their
phenology (Newton 2007). Hence, only the strongest individ-
uals could have survived which were likely to arrive earlier. It
could also be the case that our set of species might have been
more common in the past than today. Under such scenario,
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there could be a better detectability of arriving individuals
and also a stronger selection for early arriving males. Earlier
arrivals in historical datasets were also recorded by Ahas
(1999) for white wagtail Motacilla alba in Estonia. While other
long-term studies showed usually the opposite (Askeyev et al.
2009; Kullberg et al. 2015; Lehikoinen et al. 2004).

The trends in arrivals during the last decades agreed with
the general advancement found by other authors (e.g. Gordo
2007; Knudsen et al. 2011; Pearce-Higgins and Green 2014).
The advancement of the late-arriving species might be ex-
plained by the strong recent increase of April and May mean
temperatures in the area of the Czech Republic. The mean
temperature in the dataset of Brazdil et al. (2012) increased
by 0.08 °C year ' (P < 0.001) in April and by 0.06 °C year '
(P =0.005) in May, respectively, during 1970-2010 (Fig. S2).
But the lack of significant difference in temperature sensitivity
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Fig. 4 Averaged linear regression estimates of mean first arrival date
(FAD) against monthly temperatures during 1828-2010 for short-
(black dots) and long-distance (red triangles) migrants (for
classification see Table 1). Each data point represents the end-year of
the 30-year moving window (starting in 1828) for which the linear
regression was estimated. The shadow area shows £1SE of the regression
estimate. The horizontal lines indicate the mean of the regression
coefficients for a given 30-year period for short- (solid line) and long-
distance migrants (dashed line, colour figure online)

between the coldest and warmest periods precludes us from a
conclusion that the migratory strategy matters more than the
need to adjust the species’ arrival during specific climatic
conditions. Spatial replicates of arrival times series from other
areas outside of Central Europe would help to reach a defin-
itive conclusion on this topic.

According to several studies, population density affects the
ability to detect the first arrived individuals. Thus, higher pop-
ulation densities can overestimate the real shift in arrivals
(Dunn and Moller 2014; Miller-Rushing et al. 2008; Sparks
1999). This might be the case also for this study since some
species were likely to be much more numerous in the nine-
teenth century than today (for a detailed discussion, see
Kolarova and Adamik 2015). We are also aware of potential
biases caused by the use of FADs which might be sensitive to
outliers (Goodenough et al. 2015; Tryjanowski et al. 2005).
On the other hand, we used mean FADs across multiple sites
which are likely to reduce any potential bias. We also would
like to emphasise that FADs are often the only available data
for old time series. For the common redstart, we got positive
temperature-arrival relationship which does not match the
conventional negative pattern. We do not know whether this
could be a result of misinterpreted observations with black
redstart Phoenicurus ochruros, especially in the nineteenth
century. For the most recent period, the relationship was in
line with the other species (Table 2). Another potential source
of bias might come from different source of data over time.
Obviously, the knowledge on bird life histories and identifi-
cation skills was different in 1828 and 2010. Also, spatial
variability in locations could lead to different estimates. To
overcome this issue, we collated data from throughout
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Czechia. However, for the earliest period, 1828—1847, we
only have data from Bohemia, i.e. the western area
(Kolafova and Adamik 2015). But due to the landscape con-
figuration and spatial scale of the study area, there is little
latitudinal and longitudinal variation in arrival dates
(Beklova 1975; Beklova et al. 1983).

It is usually assumed that long-distance migrants are unable
to shift their timing of arrival to breeding sites sufficiently due
to constraints of their migratory triggers (especially
photoperiod; Berthold 1996; Gwinner 1996). However, we
showed that during the last decades long-distance migrants
strengthened the temperature-arrival relationship equally to
short-distance migrants (Fig. 4). This has led to advanced
arrivals in both migratory groups. Among the numerous phe-
nological studies, only Stervander et al. (2005) and Jonzén
et al. (2006) found markedly stronger responses in the arrivals
of long-distance compared to short-distance migrants. They
both suggested that microevolution can play a role in the
mechanism of changing migration. But as Both (2007) ar-
gued, the advanced arrival can be caused by faster migration
due to better conditions en route and that the birds can come
from mixed populations which differ in onset of migration. In
our study, we cannot fully exclude the issue of mixed origin of
populations even though our data were intentionally collected
as arrivals to breeding grounds. In addition, climatic
teleconnections between breeding and non-breeding grounds
or improved environmental conditions north of the Sahara
Desert might also lead to shorter stopovers and advanced ar-
rivals (Finch et al. 2014; Saino and Ambrosini 2008).

Short-distance migrants have consistently strengthened the
temperature-arrival relationship since the late 1970s (Fig. 4).
We hypothesise that this might be a consequence of changed
environmental conditions which result in rapid modifications
of migratory routes such as decreasing migratory distances
between breeding and non-breeding residency grounds
(Berthold et al. 1992; Sutherland 1998). This was recently
documented for several short-distance migrants (Pulido and
Berthold 2010; Smallegange et al. 2010; Visser et al. 2009)
and a long-distance migrant, the barn swallow (Ambrosini
et al. 2011). This probably leads to better climatic
teleconnections of residency sites of birds over their annual
cycle. One consequence of this might be that short-distance
migrants will always show stronger relationship in arrivals
when linked to breeding site temperature.

By reconstructing one of the longest avian phenological
time series, we analysed the course of temperature sensitivity
across nearly two centuries. We showed that the strength of
the temperature-arrival relationship has been changing
throughout time but independently of cold or warm periods.
Our results show that time series of sufficient length provide a
more complex perspective on avian responses to climatic var-
iability than studies with short time series. Centennial time
series with bird arrivals are rare (e.g. Ahas 1999; Ellwood
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et al. 2010; Lehikoinen et al. 2004; Sparks and Carey 1995;
Sparks 1999). Thus, a comprehensive synthesis of such long
records from various sites with different patterns of climatic
trends would be highly desirable as this would help us to better
understand vertebrate responses to climatic variability.
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