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ABSTRACT: The impact of climate change on the bird communities of Asia is poorly understood.
Since the 1950s, the Japanese Meteorology Agency has recorded first arrival (i.e. first sighting)
and first singing for a selection of resident (Alauda arvensis, Cettia diphone, and Lanius
bucephalus) and migratory species (Hirundo rustica and Cuculus canorus) in more than 300 bird
populations. First records (i.e. first sighting or singing) show a delay of 5.4 d since the end of the
1970s. Nevertheless, there is a marked heterogeneity in the temporal trends among populations in
each species. Most populations of A. arvensis, C. diphone and H. rustica show a negative relationship with local temperature (i.e. first records were earlier in warmer years) and this sensitivity to
temperatures has increased in recent decades. Exploration of the possible causes of variability in
phenological trends among populations demonstrated that greater delays were observed in those
populations subjected to smaller increases in local temperature and a greater increase in human
population (a surrogate for the conservation status of bird populations). Therefore, declining bird
populations are the most probable cause of the observed delay in the phenology of first individuals. Migratory species were affected by climate in their wintering and passage areas. Overall,
first sightings of H. rustica were earlier, while the onset of singing by C. canorus was delayed in
response to warmer temperatures in southeastern Asia. However, there was a noteworthy variability among populations, with no discernable regionalization or spatial organization. This
suggests that there is no clear connectivity between breeding and wintering populations.
KEY WORDS: Arrival date · Heat island effect · Long-term study · Migratory birds · Phenology ·
Singing onset · Temperature · Warming
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It is widely accepted that global climate is changing,
and organisms are responding to this change in a variety of ways (Parmesan 2006). Most of the evidence
has been provided by long-term studies, which usually focus on single or a few populations of one or a
few species. Consequently, there are just one or a few
replicates for many studies addressing the potential
effect of climate change on organisms. Phenological

studies are an exception. Phenological data are plentiful, and thousands of time series have been studied
to date (Lehikoinen et al. 2004, Menzel et al. 2006,
Rubolini et al. 2007). These studies demonstrate a
common signal in the life cycles of many organisms
in response to recent changes in climate, especially
temperature increase (Root et al. 2005, Menzel et
al. 2006). Nevertheless, responses to climate change
have an important species-specific component, and
physiology, ecology, or phylogeny may constrain the
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observed responses. For instance, Willis et al. (2008)
demonstrated that evolutionary history is essential for
an understanding of flowering time responses of
species in plant communities. Similarly, Gordo &
Sanz (2009, 2010) found that pollination system is an
important characteristic that influences phenological
trends of flowering dates in Mediterranean ecosystems. Among migratory birds, migratory distance
affects phenological response both in arrival (Tryjanowski et al. 2005, Lehikoinen et al. 2004, Tøttrup et
al. 2006a, Hubálek & Čapek 2008, but see Hüppop &
Hüppop 2003) and departure dates (Jenni & Kéry
2003, Tøttrup et al. 2006b, Van Buskirk et al. 2009).
Other traits, such as size, diet, moult or the number of
broods per season, have also been linked to the extent of bird responses to climate change (Jenni & Kéry
2003, Végvári et al. 2010). Butler (2003) also found
that the advance in arrival dates over the last 100 yr
was related to the habitat used by each species. For
instance, the arrivals of grassland birds were more advanced than those of forest birds, probably because of
the uneven effects of climate change on the trophic
level on which birds of each habitat depend (plants
and insects, respectively). Such species-specific phenological responses are more than a mere difference
in the number of days that each species shifts its phenology. Different rates of advance are the most plausible underlying cause for the uneven trends in population numbers observed among migratory bird species
during recent decades (Møller et al. 2008). Those species that are less responsive, such as long-distance
migrants breeding in strongly seasonal habitats, suffer the greatest declines due to increased mismatch
with their environment (Both et al. 2006a, 2010).
While there is now some understanding of why
species differ in their responses to climate change,
and of the biological consequences of these differences, almost nothing is known at the population
level (what are the reasons for different responses of
populations belonging to the same species?) or at the
individual level (why are some individuals able to
adjust to the new conditions while others are not?).
Studies at intra-specific levels are probably limited
by the scarcity of long-term monitoring data that are
compatible for different populations of the same species. The few that exist include some studies of laying
dates of species such as tits Parus spp. (Visser et al.
2003), pied flycatcher Ficedula hypoleuca (Both et al.
2004, 2006b, Both & te Marvelde 2007), and tree
swallow Tachycineta bicolor (Dunn & Winkler 1999).
These studies demonstrated that those populations
subjected to larger increases in local temperatures
show greater advances in their laying phenology.

In the case of migratory phenology, the differences
in the passage periods and areas for each population
have been suggested as the origin for the observed
differences in the temporal trends of mean passage
time of birds among ringing stations (Sparks et al.
2005a, Hüppop & Winkel 2006, Jonzén et al. 2006,
Tøttrup et al. 2008). While the number of sites with
long-term ringing schemes is extremely reduced,
other measures of migratory phenology, such as the
first arrival date, are plentiful and would allow a
more detailed exploration of variability patterns with
a higher resolution and over larger areas. However,
there are very few studies explaining how and why
arrivals at the breeding grounds by populations of
the same species are advancing at different rates (but
see Forchhammer et al. 2002, Ahas & Aasa 2006).
The heterogeneous nature of monitoring schemes
from each region or country, as well as differences in
the study periods, make comparisons difficult (Gordo
2007a, Miller-Rushing et al. 2008c, but see Rubolini
et al. 2007). Nonetheless, it is of paramount importance to disentangle the causes of the observed variability in phenological trends, to understand the extent to which it is due to spatial variability of changes
in climate, to the different abilities of populations to
respond to these changes, or to other factors also
operating in the long-term at local scales and affecting the responses of each particular population.
We propose 3 possible explanations for differences
in phenological trends among populations:
(1) Differences in the magnitude of climate change
experienced. The larger the change in climate over
time, the larger the phenological response expected
(e.g. Both et al. 2004).
(2) Differences in the sensitivity or responsiveness
to climate. Populations more sensitive to climate
show larger responses in their phenology (e.g. Gordo
& Sanz 2010).
(3) Differences in the population status. Changes
in population abundance affect our ability to detect
the earliest individuals, and consequently long-term
changes in population size may confound trends in
first annual records of any phenologcial event (Tryjanowski & Sparks 2001, Tryjanowski et al. 2005,
Miller-Rushing et al. 2008a,b).
To examine these hypotheses, we studied an exceptional dataset with phenological information on
more than 300 bird populations across Japan. Japan
provides a broad latitudinal range. Bird populations
of widely distributed species in Japan occur from
subtropical climates in the south (25° N) to hemiboreal ones in the north (45° N). Thus, we can compare
phenological responses to the same event of a certain

Gordo & Doi: Climate change and bird phenology

species across a wide range of environmental conditions (Doi & Takahashi 2008).
Our study also aimed to provide evidence about
phenological responses of birds to climate change in
the far eastern part of the Asian continent, an area in
which this issue has been barely explored (Koike &
Higuchi 2002, Gordo 2007b, Watanuki 2011, Kobori
et al. 2012). In a recent study of plant and animal
phenology in Korea and Japan, Primack et al. (2009b)
explored how phenological matching between trophic
levels may be disrupted by geographical and species-specific variation of phenological responses to
climate. However, the community-level approach
carried out in that study does not allow a comprehensive scrutiny of the phenological responses of the 3
bird species studied. Moreover, as the authors recognized, the study period (November to March) was
probably not the most suitable for testing the effect of
temperatures on the phenology of animal species
(Primack et al. 2009b). Periods of climate sensitivity
are species-specific (Doi et al. 2008); consequently,
Primack et al. (2009b) may have underestimated the
actual effect of temperature on the phenology of
birds from Japan and Korea.
Finally, long-distance bird migrants from Japan
provide an opportunity to study the effects of climate
change in a migratory system that has rarely been
studied, the eastern Palearctic. Because western and
eastern populations of Palearctic bird species do not
share passage and wintering areas, they are subjected to different environmental pressures, and it is
important to ascertain the extent to which these promote different phenological responses.

2. DATA AND METHODS
2.1. Phenological data
The Japanese Meteorological Agency (JMA) monitored the phenology of 5 common bird species between 1953 and 2005 at 102 sites spread throughout
Japan (latitude: 24.33 to 45.41° N, longitude: 123.01
to 145.59° E, altitude: 0 to 610 m). Observations of
plant and animal phenology were carried out daily
by professional staff at each of the JMA meteorological stations according to standardized protocols
(JMA 1985), which assure high reliability and comparability of records among observers. Furthermore,
any change in the monitoring effort, which may
affect species detectability, was improbable, because
sampling protocols did not change during the study
period.
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The ‘first singing day’ for each species was defined
as the first date of the year when the species was
heard singing around the respective JMA station.
This date was examined for the Japanese skylark
Alauda arvensis (subsp. japonica Temminck &
Schlegel, 1848), the Japanese bush warbler Cettia
diphone (subsp. cantans Temminck & Schlegel,
1847), the common cuckoo Cuculus canorus (subsp.
subtelephonus Zarudny, 1914), and the bull-headed
shrike Lanius bucephalus (subsp. bucephalus Temminck & Schlegel, 1845). In the case of the first
singing day refers to the higher-tone song used to
defend wintering territories in autumn. The date
when the first barn swallow Hirundo rustica (subsp.
gutturalis Scopoli, 1786) was seen (first arrival date)
was also recorded. A. arvensis, C. diphone, and
L. bucephalus are resident birds, while H. rustica
and C. canorus are long-distance migrants. Japanese
populations of H. rustica and C. canorus overwinter
in Indochina, Philippines, the Indonesian Archipelago, New Guinea, and even in locations as distant
as Australia (Brazil 1991, Fig. S1 in the supplement
at www.int-res.com/articles/suppl/c054p095.pdf). All
species are common and familiar enough to avoid
misidentification. Dates were transformed into a day
of year (DOY) scale (1 = 1 January). In leap years, one
day was added after February 28.
The validity of data on the phenology of first individuals has been strongly criticized due to a number
of potential biases that may be present in these
records (Sparks et al. 2001, Tryjanowski & Sparks
2001, Tryjanowski et al. 2005, Miller-Rushing et al.
2008b). The main drawback of recording first individuals is that they may show migratory behaviour
that is unrepresentative of the whole population.
However, each species studied had records for
many Japanese sites per year; thus errors or vagueness in some records (an unavoidable problem
when working with large databases) are offset by
the large number of samples covering an extensive
geographical area (Gordo & Sanz 2006, Barrett
2011). Rather than a single arrival date per year, the
data shows the distribution of first arrival dates
for each species from southern to northern Japan
each year.

2.2. Climate data
JMA provided monthly average temperatures
for each study site for the period 1953 to 2005. We
also gathered monthly temperatures for this period
from the Global Historical Climatological Net-
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work (GHCN) database Version 2 (Peterson & Vose
1997, Peterson et al. 1998) for 108 weather stations
in southeastern Asia (latitude: 10 to 31° N, longitude:
92 to 125° E), the main wintering and passage area
for the Japanese populations of migratory birds (see
Fig. S1).

2.3. Temporal trends
We divided the study period into 2 sub-periods:
1953−1979 and 1979−2005. We adopted this procedure because temperature did not change steadily
throughout the entire period (Fig. 1). Between 1953
and 1979, temperature did not show any significant
trend, while during the period 1979 to 2005, temperature increased markedly, in accordance with global
warming (IPCC 2007). We established the break
point for the phenological time series in 1979 to
obtain 2 equal length sub-periods of 27 yr.
To study the temporal trends of bird phenology we
carried out 10 multiple regression models (5 species
× 2 periods). Each model included site as a categorical factor and year as a discrete explanatory variable.
The model was:
Yij = α + αi × Sitei + β × Yearj + βi × Sitei × Yearj + εij (1)
where Yij is the phenological date of a species recorded in Site i during Year j, αi is the intercept for
28
Spring
27

Summer

Temperature (ºC)

26
25
24

16
15
14
13
1950

1960

1970

1980

1990

2000

2010

Fig. 1. Temporal trends of spring and summer temperatures
in Japan during 1953 to 2005. Spring: average between February and April; summer: average of August and September.
These were the most important periods for the phenology of
the bird species. Lines: fitted linear regression in each subperiod (solid: p < 0.05, dotted: non-significant). Temperature
increased at a similar rate in both seasons during 1979 to
2005 (spring + 0.049°C yr−1, summer + 0.045°C yr−1)

Site i, β is the overall slope with Year, βi is the slope of
the fitted line to each Site i, and εij is the error for
each observed phenological date. Therefore, the β
parameter determines whether phenological dates
show a significant or non-significant temporal trend
(i.e. slope) for each sub-period and species, while
the interaction between Site and Year determines
whether or not trends differ significantly among populations. We only analyzed time series with records
for at least 20 years during each sub-period, to
reduce potential biases caused by differences in the
length of the time series. It is important to note that
the average number of records per time series was
25.0 (± 2.0 SD) in both sub-periods, i.e. most of the
time series are complete since 1953.

2.4. Effects of local temperatures
To determine the effect of temperature at the study
sites on bird phenology, we built 10 new multiple
regression models including local temperature as a
continuous explanatory variable. Models were:
Yij = α + αi × Sitei + β × Yearj + βi × Sitei × Yearj +
(2)
γ × Tempij + γi × Sitei × Tempij + εij
where the γ parameter estimates the overall effect of
temperature in bird phenology, and the γi parameters
estimate the particular sensitivity of each population
to temperature. Therefore, the interaction term between Site and Temperature tests for differences in
sensitivity to local temperatures among populations
(i.e. heterogeneity of the slopes γi ). We included Year
as a covariate in this model to account for its potential
confounding effect on the true relationship between
climate and phenology. Phenology of first individuals
may show long-term shifts unrelated to climate, e.g.
due to changes in population size (Sparks et al. 2001,
Tryjanowski & Sparks 2001, Tryjanowski et al. 2005,
Miller-Rushing et al. 2008b). Hence, this may give
rise to spurious relationships with climate due to
temporal collinearity.
Temperature values were calculated as the average during the month when a phenological event
occurred and the preceding month at the same JMA
site. We used average temperature values calculated
for a 2 mo period because the average standard deviation of phenological dates was 10.1 d, and consequently 95% of all phenological records of a certain
time series were included in an average range of 40 d
(i.e. ± 2 SD). Once again, only those time series with
at least 20 records during each sub-period were used
for these models.
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2.5. Variability among populations
Causes of variability in temporal trends among
populations during 1979–2005 were studied according to the 3 hypotheses proposed in the Introduction.
We focused on this period, as most of the climate
warming recorded in Japan occurred during this
time (see Fig. 1). Differences in the magnitude of climate change experienced at a local scale were quantified as the increase in temperatures (slope against
year) from 1979–2005 during the 2 mo period adjusted to each population phenology. Differences in
the sensitivity to climate were quantified by the parameter γi (Eq. 2). To quantify the status of bird populations, we used the percentage increase in the number
of inhabitants between the 1980 and 2005 censuses.
This information was provided by the Statistical
Bureau of the Japanese Ministry of Internal Affairs
and Communications (www.stat.go.jp/index.htm) in
the form of ind. km–2 for each Japanese municipality
(average area of the 102 municipalities covered
by this study = 412 km2, range = 28 to 2187 km2).
Observed changes in the number of people in Japanese municipalities accurately mirror landscape transformations at a small scale of a few km2 in urban centers and their peripheries. One may assume that the
environment suffers the greatest impacts in those
areas with the highest numbers of humans (McKinney 2002). Therefore, one expects scarcer availability
and poorer quality of natural habitats at those more
populated sites and consequently smaller populations of wild organisms, including birds (Beissinger &
Osborne 1982, Mason 2006, Shaw et al. 2008). The
land areas of Japanese cities and towns showed
extraordinary growth during the second half of the
20th century as urban populations increased (Harris
1982, Yamada & Tukuoka 1996). Urban sprawl has
caused the deterioration and even disappearance of
natural and traditional Japanese landscapes, dominated by agricultural land use, in the areas surrounding many cities and towns (Nakamura & Short 2001).
These areas are the main habitats for local populations of birds and where the JMA monitors bird
phenology. In spite of the fact that some bird species
tolerate human presence (e.g. Hirundo rustica). We
expect those JMA sites with a greater increase in
human population and urban sprawl since 1980
to have a more impacted environment. Therefore,
human population increase can be used as a proxy
for environmental degradation and consequently for
long-term declines in local bird populations.
We carried out a multiple regression model for
each species with phenological trends (values of βi
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from Eq. 1) as a dependent variable and temporal
trends of local temperatures from 1979 to 2005
(regression slopes of temperatures from each study
site against year), sensitivity to temperature (values
of γi from Eq. 2), and human population change
between 1980 and 2005 as explanatory variables.
Residuals from these models were used as response
variables in new multiple regression models, which
included latitude, longitude, and altitude of the study
sites as predictors. The aim of the latter models was
to explore any remaining spatial structure in the residuals of the temporal trends observed in bird phenology (Fig. S2 and Table S1). Quadratic terms of latitude, longitude, and altitude were also included to
account for potential nonlinear spatial gradients
(Legendre & Legendre 1998). We also included the
interaction between latitude and longitude. All spatial predictors were standardized (mean = 0, SD = 1)
to avoid scale measurement effects on matrix calculations. The best model was selected according to
Mallow’s Cp. Similar to other information criteria,
Mallow’s Cp chooses the best subset of predictors
that optimizes the balance between model fit and the
number of variables.

2.6. Migratory species
In the case of Hirundo rustica and Cuculus canorus, we also assessed the potential effect of climate
in wintering and passage areas, because the departure date from wintering grounds and progression
rate through passage areas is affected by weather
and ecological conditions there (Gordo 2007b, Gordo
& Sanz 2008).
All phenological time series with at least 20 records
during 1953–2005 for Hirundo rustica and Cuculus
canorus (86 and 25 JMA-sites, respectively) were
regressed against the temperature time series of all
the weather stations from southeastern Asia selected
from the GHCN (108 sites). We used temperature
records for February and March for H. rustica, and
data for March and April for C. canorus. Time series
of both bird phenology and temperatures were detrended prior to implementing the regressions. We
removed temporal trends (i.e. year effect was set to 0)
to avoid potential spurious relationships due to temporal collinearity between phenological and climatic
time series. For this purpose, all the time series were
regressed against the year and the resulting residuals from these regressions were used in the analyses.
Regression slopes between climate and phenology
were organized in 2 matrices (one for each species),
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where columns were the Japanese populations of
Hirundo rustica or Cuculus canorus and rows the 108
weather stations from southeastern Asia. Therefore,
each column was the sensitivity pattern of one population to the spring temperatures in southeastern
Asia. A Principal Component Analysis (PCA) was
applied to each one of the matrices with the Japanese
bird populations (i.e. columns) as dependent variables. The aim of these PCAs was to summarize all
sensitivity patterns into a few principal components
(PCs), which could help in identifying common patterns of sensitivity among the Japanese populations
of H. rustica and C. canorus. We selected only those
PCs with an eigenvalue higher than 5. PC scores
were mapped and visually inspected to detect the
most influential areas in southeastern Asia for bird
phenology. PC loadings provided the relationship of
each Japanese population to the patterns depicted by
those PC scores. Therefore, loadings allowed us to
define groups of populations with similar sensitivity
patterns to temperatures in wintering and passage
areas. We modelled the spatial structure of these PC
loadings across Japan using multiple regression
models with latitude, longitude, and altitude of phenological sites as predictors and following the same
procedure as previously described. The best model
was selected using Mallow’s Cp. The aim of these
models was to determine more reliably whether
Japanese populations with similar sensitivity to temperature in southeastern Asia have a regional distribution pattern in Japan or whether they are randomly distributed across the country.
All statistical analyses were carried out with STATISTICA software [StatSoft, Inc. (2004), version 7.
(www.statsoft.com)].

3. RESULTS
3.1. Temporal trends
All species showed different trends between periods
(Fig. 2). During the sub-period 1953–1979, first records
of singing males of Alauda arvensis and Cettia diphone were markedly delayed, while first sightings of
Hirundo rustica were advanced. The onset of singing
by Cuculus canorus and Lanius bucephalus tended to
advance, but not significantly. With the exception of
C. canorus, all species showed significant differences
in temporal trends among populations (Site × Year
interaction: p < 0.00001 in all cases, Fig. 3).
During the more recent sub-period 1979–2005, all
species showed a positive relationship with Year, i.e.

there was an overall delay in the phenology of the
first individuals (Fig. 2). Nevertheless, this delay was
only significant for Hirundo rustica, Cuculus canorus
and Lanius bucephalus. We found strongly significant
differences among populations in all species (Site ×
year interaction: p < 0.00001 in all cases, Fig. 3).
In the case of Alauda arvensis and Cettia diphone,
this heterogeneity among populations was especially
marked, i.e. there were both significant delays and
advances (Fig. 3), which counterbalanced each other
and precluded any statistically significant temporal
trend for the whole set of populations (Fig. 2).

3.2. Effect of local temperatures
First individuals of Alauda arvensis, Cettia diphone
and Hirundo rustica were detected earlier in response to warmer springs, while Cuculus canorus
and Lanius bucephalus did not show any relationship
with local temperatures (Table 1). The effect of temperature was stronger during 1979–2005 than during
1953–1979 in those species that responded significantly to local temperature, (repeated measures
ANOVA: F1,146 = 6.491, p = 0.012, Fig. 4).
There were significant differences in the sensitivity
to temperatures among populations in some species
and sub-periods (Fig. 4). Alauda arvensis, Cettia
diphone and Hirundo rustica showed differences
among populations (Site × Temperature interaction:
p < 0.01 in all cases) during 1953–1979; whereas
during 1979–2005 only C. diphone still showed
such heterogeneity (Site × Temperature interaction:
F68,1548 = 1.523, p = 0.004). Differences among populations were due to differences in the steepness of
slopes, i.e. the phenology of first individuals was
more advanced in some populations than in others in
response to a given temperature increase. Cuculus
canorus and Lanius bucephalus did not show significant differences among populations (Site × Temperature interaction: p > 0.42 in all cases). Therefore, in
these species, the absence of an overall temperature
effect was real and not a result of countervailing patterns among populations.

3.3. Variability among populations
Overall, there were few statistically significant
effects among the selected explanatory variables,
and the explanatory capacity of models was low
(Table 2). Nevertheless, the results support our predictions. With the exception of Alauda arvensis, tem-
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Fig. 2. Day of year (1 = 1 January) of bird phenology during 1953–2005. Error bars show the standard error of annual means. The estimate for the year effect from the multiple regression models (β in Eq. 1) and the number of
time series used (n) during each sub-period are shown. A
solid (p < 0.05) or dotted (non-significant) line represents
the estimated β

Year
poral trends in local temperature during 1979–2005
had a negative effect. This variable was non-significant in A. arvensis, while in the other species p-values were low (Table 2). Therefore, the larger the
recorded warming during 1979–2005, the larger the
advance in population phenology. Sensitivity to temperature did not show any significant effect. This
result is not surprising if one takes into account that
there were no differences in γi among populations
except in the case of Cettia diphone. In agreement
with our hypothesis, those bird populations from sites
with the largest increases in human population
showed the greatest delays in their first singing or
arrival dates. Changes in human population numbers
that occurred since 1980 at the study sites had a significant positive effect on the phenology of A. arvensis and C. diphone (Table 2). This variable also had a
marginal positive effect in Hirundo rustica.

The amount of variability in temporal trends
accounted for in significant models ranged from 13 to
22% (Table 2). Those species with the weakest models (Hirundo rusticaa, Cuculus canorus and Lanius
bucephalus) showed significant spatial gradients in
their residuals (see Fig. S2 and Table S1 in the supplement). This suggests that part of the variability
among populations is due to the location of the study
site. For instance, delays in first arrival dates were
especially marked in southern populations of H.
rustica, while trends in singing onset dates of L.
bucephalus were increasingly delayed along a southwestern to northeastern axis (see Fig. 3). In the case
of C. canorus, a second order polynomial of longitude
accounted for more than 60% of variability in the
residuals of first singing dates. Populations located in
the eastern and western extremes of the distribution
in Japan showed the largest delays in the singing
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Fig. 3. Temporal trends of bird phenology during 1953–1979 and 1979–2005. Each dot is a site. Full species names in Fig. 2
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Fig. 4. Sensitivity of bird phenology to local temperatures during 1953–1979 and 1979–2005. Each dot is a site. Full species
names in Fig. 2
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Table 1. Results for multiple regression models of the phenology of 5 commonly occurring migrant and resident bird species
in Japan, with local temperature and year as continuous explanatory variables and the Japan Meteorological Agency
(JMA) site as a categorical factor (see Eq. 2 in ‘Data and methods’). Parameter estimates for temperature (γ ) and year (β)
Species
1953−1979
Alauda arvensis
Cettia diphone
Hirundo rustica
Cuculus canorus
Lanius bucephalus

Temperature
γ
p

β

−2.317 < 0.001
−2.856 < 0.001
−1.964 < 0.001
−0.138 0.692
0.373 0.383

0.174
0.143
−0.116
−0.014
−0.071

1979−2005
Alauda arvensis
−2.756 < 0.001
Cettia diphone
−3.906 < 0.001
Hirundo rustica
−2.193 < 0.001
Cuculus canorus
0.228 0.319
Lanius bucephalus 0.511 0.134

R2

Year

Table 3. Hirundo rustica and Cuculus canorus. Results of the
principal component analysis (PCA) of the sensitivity of
populations to spring temperatures in southeastern Asia.
Eigenvalue (Eigenv.) and cumulative percentage of variance
accounted for (Cum %) shown for selected principal components (PC)
PC

p
0.013
0.038
0.001
0.701
0.219

0.854
0.735
0.668
0.399
0.559

0.175 0.023 0.847
0.244 < 0.001 0.843
0.298 < 0.001 0.715
0.136 0.005 0.473
0.190 0.012 0.502

onset date. However, note the small sample size for
this species and the weak temporal trends in its populations (Figs. 3 & S2, Table S1). In short, those species weakly affected by variables such as local
changes in temperature, sensitivity to temperature,
and human population change showed some geographical regionalization in the temporal trends in
the phenology of their first individuals.

3.4. Migratory species
We found 5 PCs with an eigenvalue > 5 in the PCA
for Hirundo rustica. The first 5 PCs accounted for
almost 66% of variability in patterns of sensitivity to
temperatures in southeastern Asia both in February
and March (Table 3). PC1 depicts 2 areas with opposite effects of temperature on H. rustica arrival dates.
Temperatures on the coast of China had negative
scores, while in the remaining areas from Thailand to
Indonesia and the Philippines, temperatures had
positive scores. This pattern was important for many

1
2
3
4
5

Hirundo rustica
Eigenv.
Cum%
19.82
14.24
8.69
7.61
6.23

Cuculus canorus
Eigenv.
Cum%

23.04
39.60
49.70
58.55
65.79

8.20

32.81

populations, as the large magnitude of the loadings
demonstrated (Fig. 5). However, loadings for populations breeding in eastern prefectures of Honshu
(Japan’s largest island) were mainly negative, while
in western prefectures loadings were positive. In
eastern populations (negative loadings), H. rustica
advanced its arrival in response to high temperatures
in the area from Thailand to Indonesia and the
Philippines, while warmer temperatures in China
delayed arrivals. However, Japanese populations of
H. rustica breeding in western regions of the country
(positive loadings) had the opposite response to climatic conditions in southeastern Asia. Their arrival
was advanced in response to high temperatures in
China during February and March, but delayed in
response to warm springs in the rest of southeastern
Asia. This was confirmed by a spatial model (Table 4).
Its explanatory capacity was low, but it had a markedly significant negative gradient from the southwest to the northeast of Japan. Loadings were more
negative in northeastern populations.
PC2 in Hirundo rustica showed a marked effect of
climate in the Philippines, northern Borneo, eastern
Java and Timor. Other regions of southeastern Asia
also showed notable scores, but there were no obvious spatial patterns. The overwhelming majority of
Japanese populations had negative loadings, although

Table 2. Results of multiple regression models of inter-site variability of temporal trends in bird phenology in Japan; p: significance of the model
Species

Alauda arvensis
Cettia diphone
Hirundo rustica
Cuculus canorus
Lanius bucephalus

Temperature trend
β
p
0.260
–1.024
–0.444
–0.613
–0.975

0.472
0.009
0.026
0.111
0.092

Sensitivity to temperature
β
p
–0.052
–0.016
0.041
0.016
0.054

0.112
0.491
0.080
0.799
0.189

Change in human population
β
p
0.0146
0.0105
0.0039
–0.0013
0.0031

0.002
0.004
0.085
0.767
0.615

R2

p

0.223
0.212
0.128
0.185
0.091

0.007
0.003
0.029
0.398
0.301

Gordo & Doi: Climate change and bird phenology

105

Fig. 5. Hirundo rustica. Principal Component Analysis (PCA)
of sensitivity (d °C−1) of migratory phenology to temperatures in southeastern Asia during February−March. PC
scores for the 108 weather stations from the Global Historical Climatological Network (GHCN) used in the present
study are represented by dots on the maps of southeastern
Asia. PC loadings for the Japanese bird populations are
shown by dots on the maps of Japan
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Table 4. Hirundo rustica and Cuculus canorus. Results of spatial models for principal component (PC) loadings. Parameter
estimates (b) and their significance (p) are shown only for those variables included in the best model selected according to the
lowest value of the Mallow’s Cp. In the lower part of the table, the explanatory capacity (R 2 ), F-statistic (F ), degrees of freedom
(df) and significance (p) of the model are shown
Variable
PC1

Latitude
Longitude
Latitude2
Longitude2
Lat × Long
Altitude
Altitude2
R2
F
df
p

PC2

b

p

1.298

0.001

−1.320

0.135
6.481
2, 83
0.002

0.001

b

1.391
0.596
−1.946
−0.149
0.189
0.186
3.644
5, 80
0.005

p

0.004
0.001
0.002
0.118
0.045

H. rustica
PC3
b
p

−0.152
0.204

PC4
b

they were of great magnitude only in some populations from central regions of Honshu. This PC
accounted for only 14% of variance. Therefore,
this PC summarized correlation patterns for few
Japanese populations. These populations were characterized by delayed arrivals under warmer temperatures in the Philippines, Java or Timor, and advanced
arrivals under warmer temperatures in Borneo or
northern China. Loadings for this PC showed several
significant spatial gradients (Table 4). Significant
quadratic latitudinal and longitudinal gradients suggested that largest loadings occur at mid-latitudes
and mid-longitudes (i.e. in central Japan). Similar
to PC1, there was also a marked negative gradient
from southwest to northeast. Altitude was of minor
importance.
PCs 3, 4 and 5 together accounted for just 26% of
variance (Table 3). Each of these PCs summarized
sensitivity patterns representative for a few populations (see small magnitude of loadings in Fig. 5). In all
cases, climate in China had very low importance (low
scores), while climate in other areas in southeastern
Asia was the most important factor. Nevertheless, the
effect of climate in these areas was variable. In PC3,
there were markedly negative scores in the Malay
Peninsula. In PC4, the Philippines and northern stations in Myanmar had positive scores, while most
of the other stations had negative values. Finally, in
PC5, regions from the Malay Peninsula to northern
Laos and Myanmar had again positive scores, while
the Philippines showed negative score. Spatial models for PC loadings were weak or even nonexistent
(Table 4). This fact can be interpreted as further proof
that the sensitivity patterns depicted by these PCs are
only representative of a few Japanese populations.

p

0.071
0.016

b

−0.09
−0.045

0.079
3.570
2, 83
0.033

PC5

0.023
1.958
1, 84
0.165

p

0.002

C. canorus
PC1
b
p
8.045

0.072

1.658
−9.541

0.109
0.077

0.165
0.110
10.43
1, 84
0.002

0.237
2.170
3, 21
0.122

PCA for Cuculus canorus provided only one PC
with an eigenvalue > 5. However, this PC accounted
for almost 33% of variance (Table 3). Scores showed
2 regions in southeastern Asia with an opposite influence on the onset of singing dates of C. canorus
(Fig. 6). The northern coast of China (near Shanghai)
and the Philippines had positive scores, while the

Fig. 6. Cuculus canorus. Principal Component Analysis
(PCA) of sensitivity (d °C−1) of migratory phenology to temperatures in southeastern Asia during March−April. PC
scores for the 108 weather stations from the Global Historical Climatological Network (GHCN) used in the present
study are represented by dots on the map of southeastern
Asia. PC loadings for the Japanese bird populations are
shown by dots on the map of Japan

Gordo & Doi: Climate change and bird phenology

region from the Malay Peninsula to Timor had negative scores. Loadings were negative and high in all
populations. Thus, all populations had similar patterns of sensitivity to climate in southeastern Asia.
Taking the negative sign of loadings into account, we
found that warm springs in the Philippines and China
are related to earlier singing onset of C. canorus in
Japan, while warm springs in the Malay Peninsula
and equatorial regions of Indonesia were related to
a delay in the onset of singing. Loadings for the C.
canorus did not show any statistically significant
spatial structure (Table 4).
In summary, temperature from southeastern Asia
had effects on Hirundo rustica and Cuculus canorus
phenology, but such effects varied regionally. Patterns of sensitivity were much more diverse in H. rustica than in C. canorus, as the larger number of relevant PCs and heterogeneity of loading signs among
populations demonstrated.

4. DISCUSSION
4.1. Trends in bird phenology
Recorded dates of the first singing and arrival of
migrant individuals during the spring in Japanese
bird populations have not shown an advance in
recent decades. This suggests that other factors operating on a long-term temporal scale are controlling
phenological responses. For instance, Alauda arvensis, Cettia diphone and Hirundo rustica had earlier
records in warm years, but none of these species
showed a consistent tendency of advanced arrivals
in recent decades, in spite of the notable increase in
temperatures in Japan (see Fig. 1). This result is
interesting, as the spring phenology of populations
of A. arvensis and H. rustica from the western Palearctic is indeed advancing in response to similar
increases in temperatures (Tryjanowski et al. 2002,
Butler 2003, Cotton 2003, Peintinger & Schuster
2005, Ahas & Aasa 2006, Croxton et al. 2006, Gordo
& Sanz 2006, Zalakevicius et al. 2006, Askeyev et al.
2009, Barrett 2011, Eddowes 2011, Sepp et al. 2011).
One may obtain evidence for a hidden driver of
bird phenology by comparing the year effect (β) in
models with (Eq. 2) and without (Eq. 1) temperature.
All species showed marked and significant delays
(see β in Table 1) when the effect of temperature was
isolated. First records of Alauda arvensis, Cettia
diphone and Hirundo rustica are actually advancing
in response to warmer local temperatures: the difference between the observed (see Fig. 2) and the latent
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temporal trend (see Table 1) was −0.143, −0.191, and
−0.109 d yr−1, respectively. However, such an advance
promoted by warmer temperatures in Japan was not
enough to fully counterbalance the latent delay and,
as a result, A. arvensis and C. diphone did not show
any temporal trend and first arrivals of H. rustica
were even delayed. In the case of Cuculus canorus
and Lanius bucephalus, observed and expected (i.e.
latent) changes in phenology were the same. These
species were not affected by local temperature and
consequently, this did not counterbalance their latent
delay. Nevertheless, L. bucephalus phenology was
studied during autumn, and its singing activity during this season cannot be interpreted in the same
way as the the onset of singing in spring. L. bucephalus phenology was positively (but non-significantly)
related to temperatures during August and September; therefore a delay in the onset of its singing is
expected as a response to warmer temperatures.
Moreover, L. bucephalus is a double-brooded species (Lefranc & Worfolk 1997) and consequently its
breeding season finishes at the end of the summer.
The beginning of the defence of winter territories is
probably driven by the end of the breeding season,
which is in turn affected by weather conditions in
late summer.
What is this hidden driver that is able to modify the
expected advance of first singing and arrival dates in
response to warmer temperatures in Japan? Extreme
dates of any phenological distribution are sensitive
to changes in population size (Miller-Rushing et al.
2008). For instance, earliest migrants arrive later in
cases of bird population decline (Sparks et al. 2001,
Tryjanowski & Sparks 2001, 2005, Miller-Rushing et
al. 2008b, Eddowes 2011). We did not have sufficient
information regarding population dynamics of the
bird species at our study sites to determine how population changes have affected the detection of first
individuals. However, we had indirect evidence that
population declines were the most plausible origin
for the latent delay of phenology. In the case of
Alauda arvensis, Cettia diphone and Hirundo rustica, greater delays were detected in those bird populations from sites that have experienced a greater
increase in the number of human inhabitants; A.
arvensis and C. diphone, the species most affected by
changes in human population, had the greatest delay
between the observed and the latent phenology. Furthermore, both species are resident and as a consequence they must endure anthropogenic habitat
degradation resulting year round. Therefore, it is
possible that those bird populations located at more
heavily human-populated sites have also suffered
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the greatest declines in their numbers (Doi 2008).
Our hypothesis agrees with empirical evidence of
declines in bird communities, especially in long-distance migrants, reported for some regions of Japan
(Brazil 1991, Hirano 1996, Higuchi & Morishita 1999,
Ozaki et al. 2002, Tamada 2006). In Korea, H. rustica
has also shown marked delays in the arrival of their
first individuals and there is indirect evidence of a
severe decline in their populations in recent decades
(Lee et al. 2011).

4.2. Variability among population
Temporal trends differed markedly among populations during recent decades. Good examples of this
are Alauda arvensis and Cettia diphone, which did
not show any temporal trend in their phenology over
the period since 1979 as a whole (see Fig. 2). However, many of their populations are indeed shifting
their phenology, but in opposite directions (see
Fig. 3). Spatial differences in the phenological responses of the Japanese populations of plants and
animals have already been demonstrated (Matsumoto et al. 2003, Doi 2008, Doi & Takahashi 2008,
Primack et al. 2009b, Ibáñez et al. 2010), but the environmental/biological causes for such variability
among sites remains poorly understood (but see Doi
et al. 2010). We proposed 3 potential causes for the
observed heterogeneity among populations: climate
change at a local scale, sensitivity to climate, and
population size trends (see Introduction). Sensitivity
to climate was the only hypothesis with no empirical
support. In fact, populations did not differ significantly in their sensitivity to local temperatures in
most cases. Nevertheless, we detected an increase in
sensitivity during recent decades in populations of A.
arvensis, C. diphone and Hirundo rustica, i.e. the
phenology of these species shows greater sensitivity
in response to a given increase in temperature than it
did several decades ago. This phenomenon has also
been reported in a few other populations of birds
(Sparks & Tryjanowski 2007, Askeyev et al. 2009)
and plants (Sparks et al. 2009) and may help species
to deal with climate change challenges by reacting
more strongly to increases in temperature.
In agreement with our prediction, those populations subjected to the greatest increase in local temperatures showed the greatest advance in phenology. Temperature increased faster at those sites with
a greater human population (see Fig. S5) due to the
urban heat island effect (Karl et al. 1988, Hua et al.
2008). Therefore, the temporal trends of tempera-

tures in Japan shown in Fig. 1 are probably overestimated, as we used a sample of weather stations from
the JMA that are located only in towns and cities,
where the heat island effect is more pronounced
(Primack et al. 2009a). Nevertheless, temperature
has markedly increased on a local scale at our study
sites, whatever the cause, and the local scale is the
most relevant one for bird biology. Therefore, bird
populations may be doubly jeopardized by development of human society in Japan. On the one
hand, human population growth and urban sprawl
are reducing the quality and availability of natural
habitats (Nakamura & Short 2001, Noda & Yamaguchi 2008), and as a consequence bird communities
are declining (Sugimura et al. 2003, Tamada 2006).
As we showed, latent delays observed in all species
are probably evidence of declining bird populations
across the country (Doi 2008, Lee et al. 2011). On the
other hand, urban sprawl is enhancing temperature
increases at a local scale via the heat island effect,
and birds are facing especially large increases in
temperatures. These are causing steep advances in
spring phenology at lower trophic levels, such as in
plants or insects, at the same localities (Matsumoto et
al. 2003, Doi 2007, Miller-Rushing et al. 2007, Doi &
Katano 2008, Doi et al. 2008, Primack et al. 2009a,b).
Therefore, if the observed shifts in first singing or
arrival dates are representative of the entire population phenology, Japanese bird populations may be
suffering from an increasing phenological mismatch
with their environment during the breeding period
(Primack et al. 2009b). In the particular case of Cuculus canorus, such phenological mismatching could
be especially hazardous because it could affect interactions with host species.
The magnitude of temperature and population size
effects was small and accounted for only a small part
of the variability among populations. Japan provides
an enormous geographical range from south to north,
but it may still be insufficient to detect marked differences among populations. For instance, the warming
rate detected in our study sites during the period
1979 to 2005 ranged from + 0.01 to + 0.07 °C yr−1
(Fig. S3), while in a study of laying phenology in
European populations of the pied flycatcher during a
similar period temperature shifts ranged between
−0.11 and + 0.17 °C yr−1 (Both et al. 2004). Similarly,
changes in human population abundance and their
expected consequences for bird populations may
only have detectable effects beyond some threshold
of severity (Lee et al. 2011). Abundant and to some
extent human-tolerant populations, such as the species studied here, may buffer small and moderate
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population declines without showing an appreciable
effect on their phenology. Finally, one may argue that
observable variability among sites is simply random
noise as a result of the inaccurate nature of phenological measures, such as first arrivals or the onset of
singing. However, the latter hypothesis is not supported by our results. Residuals showed notable spatial gradients, especially in those species without a
significant model (i.e. Cuculus canorus and Lanius
bucephalus, see Fig. S2 and Table S1). Therefore, in
some regions of Japan, the phenology of populations
advanced (or delayed) more than would be expected
by chance.

4.3. Asian populations of migratory birds

109

Another important difference between the species
was the effect of climate itself. While arrivals of many
populations of Hirundo rustica were advanced in
response to warmer temperatures in southeastern
Asia, arrivals of Cuculus canorus tended to be
delayed. The response of H. rustica concurs with
the advancement of arrivals observed in Western
Palearctic populations under warmer temperatures
en route (Huin & Sparks 1998, Zalakevicius et al.
2006, Sparks & Tryjanowski 2007, Gordo & Sanz
2008) and suggests that climate affects populations in
both migratory systems of H. rustica in a similar way.
H. rustica is an airborne feeder, and warm years are
probably related to improved foraging conditions
during migration. However, despite a temperature
increase of about 0.5°C across southeastern Asia
since the 1970s (IPCC 2007), first individuals arrived
later in Japan. Hence, the hypothesis of a decline in
population size is also supported by these results.
Such a decline has been reported for some longdistance migrants, probably also as a result of degradation of the wintering habitats (Higuchi & Morishita
1999, Lee et al. 2011). For instance, C. canorus has
recently disappeared in some areas of Japan
(Tamada 2006). In Britain, some populations of this
species also show delayed phenology, and population declines have been suggested as the most probable cause (Sparks et al. 2005b, Croxton et al. 2006).
However, the phenology of Japanese populations of
C. canorus was positively related to temperatures in
some areas of southeastern Asia; thus the arrival of
this species could be delayed in response to warmer
temperatures in its wintering area.

Hirundo rustica and Cuculus canorus offered a
unique opportunity to examine bird phenology responses to climate in wintering and passage areas in
the Asian migratory system. In agreement with previous studies from the western Palearctic (Cotton
2003, Gordo et al. 2005, Rodríguez-Teijeiro et al.
2005, Hüppop & Winkel 2006, Jonzén et al. 2006,
Gordo & Sanz 2006, Zalakevicius et al. 2006, Saino
et al. 2007), climate in wintering and passage areas
affected arrival dates. Passage areas on the coast of
China showed generally smaller effects than the rest
of the regions in southeastern Asia (Figs. 5 & 6). This
suggests lesser sensitivity to climate en route than to
climate from departure areas in Indonesia, Malaysia
or the Philippines. An alternative hypothesis is that
Japanese populations make a direct flight from wintering areas to Japan over the sea, since recoveries
on the Chinese coast are uncommon (see Fig. S1).
Acknowledgements. We thank the Japan Meteorological
Furthermore, the Pacific Ocean is covered by many
Agency for collecting phenological and climate data over so
many decades and 4 anonymous reviewers for their comislands and archipelagos from Australia to Japan and
ments. O.G. received a Juan de la Cierva grant (JCI-2009thus, migratory species have ample opportunity to
05274). H.D. thanks the Aquatic Restoration Research Cenland and stop-over.
ter, Japan, for helping him while writing the paper. Funding
Cuculus canorus showed a much more homogewas provided by the Japan Society for the Promotion of Science to H.D.
neous response to climate in southeastern Asia
among populations than Hirundo rusticaa. We suggest 2 hypotheses. (1) Differences could be just a
LITERATURE CITED
matter of sample size. The number of populations
for H. rustica was larger than for C. canorus (86 vs. ➤ Ahas R, Aasa A (2006) The effects of climate change on the
phenology of selected Estonian plant, bird and fish pop25 sites) and thus, there was more variability. (2)
ulations. Int J Biometeorol 51:17−26
Differences between species indicate 2 different
➤ Askeyev OV, Sparks TH, Askeyev IV (2009) Earliest restrategies during the winter. In the case of H. ruscorded Tatarstan skylark in 2008: non-linear response
to temperature suggests advances in arrival dates may
tica, individuals would spread throughout all of
accelerate. Clim Res 38:189−192
southeastern Asia, while Japanese populations of C.
Barrett RT (2011) Recent response to climate change among
canorus would concentrate on the Malay Peninsula.
migrant birds in northern Norway. Ring Migr 26:83–93
Our results do not unambiguously support one or ➤ Beissinger SR, Osborne DR (1982) Effects of urbanization
on avian community organization. Condor 84:75−83
the other.

110

Clim Res 54: 95–112, 2012

➤ Both C, te Marvelde L (2007) Spatial and temporal variation ➤ Gordo O, Sanz JJ (2006) Climate change and bird pheno-

➤

➤

➤

➤
➤

➤
➤
➤
➤
➤
➤
➤

➤

in climate change and their effects on timing of avian
breeding and migration throughout Europe. Clim Res 35:
93−105
Both C, Artemyev AA, Blaauw B, Cowie RJ, and others
(2004) Large-scale geographical variation confirms that
climate change causes birds to lay earlier. Proc Biol Sci
271:1657−1662
Both C, Bouwhuis S, Lessells CM, Visser ME (2006a) Climate change and population declines in a long-distance
migratory bird. Nature 441:81−83
Both C, Sanz JJ, Artemyev AA, Blaauw B, and others
(2006b) Pied Flycatchers Ficedula hypoleuca travelling
from Africa to breed in Europe: differential effects of
winter and migration conditions on breeding date. Ardea
94:511−525
Both C, Van Turnhout CAM, Bijlsma RG, Siepel H, Van
Strien AJ, Foppen RPB (2010) Avian population consequences of climate change are most severe for longdistance migrants in seasonal habitats. Proc Biol Sci 277:
1259−1266
Brazil MA (1991) The birds of Japan. Christopher Helm,
London
Butler CJ (2003) The disproportionate effect of global warming on the arrival dates of short-distance migratory birds
in North America. Ibis 145:484−495
Cotton PA (2003) Avian migration phenology and global climate change. Proc Natl Acad Sci USA 100:12219−12222
Croxton PJ, Sparks TH, Cade M, Loxton RG (2006) Trends
and temperature effects in the arrival of spring migrants
in Portland (United Kingdom) 1959−2005. Acta Ornithol
41:103−111
Doi H (2007) Winter flowering phenology of Japanese apricot Prunus mume reflects climate change across Japan.
Clim Res 34:99−104
Doi H (2008) Delayed phenological timing of dragonfly
emergence in Japan over five decades. Biol Lett 4:
388−391
Doi H, Katano I (2008) Phenological timings of leaf budburst
with climate change in Japan. Agric For Meteorol 148:
512−516
Doi H, Takahashi M (2008) Latitudinal patterns in the phenological responses of leaf colouring and leaf fall to climate change in Japan. Glob Ecol Biogeogr 17:556−561
Doi H, Gordo O, Katano I (2008) Heterogeneous intraannual climatic changes drive different phenological responses at two trophic levels. Clim Res 36:181−190
Doi H, Takahashi M, Katano I (2010) Genetic diversity increases regional variation in phenological dates in response to climate change. Glob Change Biol 16:373−379
Dunn PO, Winkler DW (1999) Climate change has affected
the breeding date of tree swallows throughout North
America. Proc Biol Sci 266:2487−2490
Eddowes MJ (2011) Longer term trends in arrival timing of
long distance migrants: the influence of abundance and
population change. Ring Migr 26:56–63
Forchhammer MC, Post E, Stenseth NC (2002) North Atlantic
Oscillation timing of long- and short-distance migration.
J Anim Ecol 71:1002−1014
Gordo O (2007a) Does climate change affect common swift
Apus apus migratory phenology? APUSlist 3237. www.
commonswift.org/3237Gordo.html
Gordo O (2007b) Why are bird migration dates shifting? A
review of weather and climate effects on avian migratory
phenology. Clim Res 35:37−58

➤

➤
➤
➤

➤

➤

➤
➤
➤

➤

➤
➤

logy: a long-term study in the Iberian Peninsula. Glob
Change Biol 12:1993−2004
Gordo O, Sanz JJ (2008) The relative importance of conditions in wintering and passage areas on spring arrival
dates: the case of long-distance Iberian migrants.
J Ornithol 149:199−210
Gordo O, Sanz JJ (2009) Long-term temporal changes of
plant phenology in the Western Mediterranean. Glob
Change Biol 15:1930−1948
Gordo O, Sanz JJ (2010) Impact of climate change on plant
phenology in Mediterranean ecosystems. Glob Change
Biol 16:1082−1106
Gordo O, Brotons L, Ferrer X, Comas P (2005) Do changes in
climate patterns in wintering areas affect the timing of
the spring arrival of trans-Saharan migrant birds? Glob
Change Biol 11:12−21
Harris CD (1982) The urban and industrial transformation of
Japan. Geogr Rev 72:50−89
Higuchi H, Morishita E (1999) Population declines of tropical migratory birds in Japan. Actinia 12:51−59
Hirano T (1996) Changes in breeding avifauna during the
past 25 years at Tomatsuriyama in Utsunomiya City,
central Japan. Strix 14:25−31 [in Japanese]
Hua LJ, Ma ZG, Guo WD (2008) The impact of urbanization
on air temperature across China. Theor Appl Climatol
93:179−194
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