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ABSTRACT: In the course of the 20th century, migratory birds have shown rapid phenological
changes in response to climate change. However, the spatial variability of phenological changes, as
well as their intraspecific consistency, remains largely unexplored. Here we analysed 672 estimates
of change in first arrival dates of migratory birds and 289 estimates of mean/median arrival dates,
based on time series with a minimum duration of 15 yr, collected across Europe from 1960 to 2006.
There were highly significant advances in arrival date, significantly more so for first than mean
arrival date. Change in arrival dates significantly varied among species, implying that response to climate change is a species-specific feature, and showed substantial phylogenetic effects, since ca. 50%
of the variation in the observed trends was attributable to differences among species. The advance in
first arrival date was weaker at extreme latitudes and stronger at intermediate latitudes, while geographic variation in mean arrival dates was less pronounced. Both first and mean arrival dates
advanced the most for short- compared to long-distance migrants. These findings emphasize the reliability of estimates of phenological trends of avian species, which are therefore suitable to be
included in comparative analyses aimed at identifying species-specific traits that favour adaptation to
climatic changes. In addition, our results suggest that analyses of factors that have affected phenological responses to climate change should take into account spatial variation in the response, which
could be due to spatial differences in the strength of climate change.
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The changing global climate is having strong effects
on the phenology of seasonal events (Walther et
al. 2002, Parmesan & Yohe 2003, Root et al. 2003,
Lehikoinen et al. 2004, Ahas & Aasa 2006, Menzel et al.
2006). The rising temperatures of the northern hemisphere led to an increase in the duration of the growing
season in the course of the 20th century, thanks to
milder winters and earlier onset of spring (Menzel &
Fabian 1999, Klein Tank et al. 2002, Stöckli & Vidale
2004, Schwartz et al. 2006). An earlier onset of spring,

with consequent advances in peak food sources, has
been regarded as the main determinant of earlier timing of arrival and reproduction recorded among several
populations of migratory birds (Both et al. 2004, Dunn
2004, Lehikoinen et al. 2004). Indeed, many studies
have documented long-term shifts towards earlier migration, arrival, or breeding dates (reviewed in Dunn
2004, Lehikoinen et al. 2004, Gordo 2007, this issue),
while changes in autumnal departure or migration timing have been less intensively investigated, and have
been shown to depend on species-specific migration
strategies (e.g. Jenni & Kéry 2003).
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Changes in phenology could either be due to evolutionary changes, gene flow, or phenotypically plastic
responses, although there are very few studies that
have attempted to discriminate among these possibilities (Møller & Merilä 2004, Gienapp et al. 2007, this
issue, Pulido 2007, this issue). Unfortunately, simple
phenological data do not allow a clear-cut discrimination among these hypotheses, which are, however, not
mutually exclusive (see discussion in Jonzén et al.
2006, 2007a, Both 2007, Pulido 2007), since phenotypic
plasticity may also have a genetic basis, so it can actually evolve (Nussey et al. 2005, Pigliucci 2005). Whatever the mechanism behind the observed changes,
empirical data from prolonged time series extending
well into the past suggest that migration and arrival
dates show considerable variability, as reflected by
several periods of constant directions of changes and
subsequent shifts (Lehikoinen et al. 2004) that can
often be related to short- or medium-term climatic
oscillations (Ahola et al. 2004, Lehikoinen et al. 2004).
Such adjustments do likely occur because of temporal
variation in the intensity of selective pressures on optimal early arrival (Kokko 1999, Jonzén et al. 2007b,
Møller 2007).
The most recent comprehensive review of the topic
showed remarkable changes in migration/arrival dates
in the course of the second half of the 20th century
among Eurasian birds (Lehikoinen et al. 2004). It
appears that, from the end of the 1960s, there has been
a strong advance of arrival dates of several species of
migratory birds, which seems to be unprecedented in
historical time series dating back to 1750 (Lehikoinen
et al. 2004). The overall rate of change in migration/
arrival dates during this period ranged between 2 and
4 d decade–1, depending on the phenological measure
adopted (Lehikoinen et al. 2004). Therefore, recent
climatic changes are likely to pose serious challenges
to the plasticity of migratory behaviour (Coppack &
Both 2002). Moreover, not all populations or species
may show the same degree of plasticity in response
to warming patterns, and failure to track climatic
changes may ultimately result in severe population
declines (Both et al. 2006). Furthermore, Lehikoinen
et al. (2004) suggested that long-distance migrants,
spending the boreal winter in tropical areas, have
advanced their migration to a lesser extent than shortdistance migrants, wintering in continental Europe or
in the Mediterranean. This pattern could be expected
because the consequences of global warming may be
stronger in temperate rather than tropical areas, and
because short-distance migrants are exposed to temperate climate all year round. A recent study, however,
questioned its generality, by showing that in Fennoscandia long-distance passerine migrants have advanced arrival more consistently than short-distance

ones in the period from 1980 to 2004, particularly in the
early phase of migration (Jonzén et al. 2006; see also
Gienapp et al. 2007). The overall picture of earlier
spring arrival also shows geographic variability, which
still has to be systematically explored (Lehikoinen et
al. 2004).
The main aim of the present study was to assess the
degree of intraspecific consistency of the response to
recent climatic changes, by analysing trends in spring
migration/arrival dates of European bird species, and
to explore its phylogenetic and spatial variability. To
this end, we collated information on changes in migration dates, expressed as days per year, from time series
spanning between 1960 and 2006. Changes in migration dates were then analysed in relation to phylogenetic information and geographic location by means
of mixed models. In addition, species were characterised as short- or long-distance migrants, in order to
test whether there were consistent differences in the
response to climate change according to migration
strategy.
Assessing the degree of intraspecific consistency has
important implications for predicting how different
species will be able to cope with climatic changes. The
existence of larger among- than within-species variation in long-term trends in spring phenology is in fact a
basic prerequisite for considering the response to climate as a species-specific trait, which can be subsequently related to other traits in comparative analyses
(see Spottiswoode et al. 2006). Such analyses may then
unravel life-history traits that predict plasticity in
migratory behaviour, which may thus provide a measure of the ability of a different species to face rapid
climatic changes. To our knowledge, the assumption
that intraspecific variation in the response to climate
change is smaller than interspecific variation has never
been empirically tested.
Moreover, spatial variability in the response to climate change may indicate that selective pressures
towards earlier arrival vary among regions (e.g. Both
et al. 2004, Both & te Marvelde 2007, this issue). This
may occur because warming patterns, which may
ultimately affect migration/arrival dates, show geographical variation, and have been stronger in Central
Europe compared to north-eastern Europe (Klein Tank
et al. 2002, Schwartz et al. 2006, Both & te Marvelde
2007).
In the present study, we did not separate arrival from
migration data, though each reflects a different phenomenon (Gordo 2007), since there is no way (except
in a few cases) to separate transient migrants from
newly arriving individuals that would subsequently
breed in the study area. Our dataset thus contained
time series concerning both first arrival/migration dates
(FADs) and mean/median arrival/migration dates
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(MEDs), which represent the 2 most commonly
adopted measures of timing of migration or arrival
dates in studies of birds (Lehikoinen et al. 2004, Sparks
et al. 2005). FADs represent the day of the year of the
first observation of a given species at a given site or
region, while MEDs represent the mean/median day
of passage or arrival of all the individuals of a given
population. There are pros and cons for each of these 2
phenological traits, which are usually (though rather
weakly) positively correlated (see Forchhammer et
al. 2002, Møller & Merilä 2004, Sparks et al. 2005).
FADs are easily collected, and most of the time series
analysed here refer to this measure. Moreover, FADs
show a stronger dependence on climatic conditions
than later phases of migration, and therefore temporal
trends concerning FADs are generally stronger than
trends concerning MEDs (Lehikoinen et al. 2004).
On the other hand, FADs are sensitive to anomalous
behaviour, may be based on male singing activity
only (which is temperature sensitive; Gottlander 1987),
and may be influenced by variation in, e.g., sampling
effort or population size (see Sparks et al. 2001, 2005,
Lehikoinen et al. 2004). MEDs are instead robust estimations of the response to climate change of a whole
population of migrants. However, their main drawback
is that they are usually collected at bird observatories only, where different geographical populations
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of migratory birds are intermixed (Lehikoinen et al.
2004, Knudsen et al. 2007, this issue). Moreover, temporal trends based on MED estimates usually refer to
pooled samples of individuals of both sexes, which
may differ in their response to climate change (e.g.
Møller 2004; but see Rainio et al. 2007, this issue). The
time series referring to MEDs are also quantitatively
scarcer compared to those of FADs, due to the huge
sampling efforts necessary for data collection, and may
refer to a much reduced spectrum of species (usually
passerines or near-passerines).

2. METHODS
2.1. Data selection and species characteristics
We retrieved as many observations as possible concerning time series of first spring arrival dates or
mean/median arrival dates of European (west of the
Ural Mountains and south to the Mediterranean)
migratory bird species, both from published or unpublished sources (see Table 1, Fig. 1). This was done by
making an extensive search of the ISI Web of Science
combined with a search of all reference lists of all
papers. For a given time series to be included in the
analyses, we relied on the following criteria: (1) it had

Fig. 1. Geographical location of sites for which time series of first arrival dates (d), mean/median arrival dates (m) or both (s)
were retrieved. The exact coordinates, site names and number of time series are reported in Table 1
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Table 1. Number of time series for each site. Coordinates are decimal degrees north (latitude) or east (longitude; negative values
corresponding to degrees west). Data type is coded as 0 (regional time series) or 1 (data collected by means of standardized routines) (see Section 2). Sites are sorted from south to north. FAD: first arrival date; MED: mean/median arrival date; superscripted references give details of data collection methods. aJonzén et al. (2006), Saino et al. (2007, this issue); b Zalakevicius & Zalakeviciute
(2001); c Møller et al. (2004); d Rainio et al. (2006); e Lehikoinen et al. (2004); fRauhala (1994); g recalculated from published data
Site

Lat.

Long.

Data type

Capri
Borgo S. Giacomo
Lindau
Konstanz
Radolfzell
Bad Buchau
Sigmaringen
St.Georgen/Schwarzwald
Gingen/Fils
Eningen/Reutlingen
Tübingen
Göppingen
Remstal
Ellwangen
Stutensee/Karlsruhe
Portland
Dungeness

40.55
45.33
47.55
47.65
47.73
48.08
48.08
48.12
48.39
48.48
48.52
48.70
48.78
48.96
49.08
50.57
50.93

14.25
10.00
9.53
9.17
8.92
9.62
9.22
8.33
9.77
9.25
9.05
9.65
9.73
10.13
8.48
–2.47
0.93

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

–
4
11
2
9
10
3
12
12
5
9
3
15
1
11
1
3

9
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
2

Essex
Sussex
Sandwich Bay
Oxfordshire region
Wielkopolska region
Landguard
Holme
Leicestershire
Bialowieza
Gibraltar Point
Helgoland
Zuvintas
Vilnius
Rybachiy
Christiansø
Falsterbo
Ottenby

51.00
51.00
51.32
51.75
51.85
51.93
52.45
52.63
52.70
53.10
54.33
54.43
54.60
55.17
55.32
55.38
56.20

0.00
–0.17
1.35
–1.25
16.58
1.32
0.52
–1.13
23.87
0.32
7.92
23.58
25.30
20.85
15.18
12.83
16.40

0
0
1
0
1
1
1
0
1
1
1
1
1
1
1
1
1

5
14
1
20
16
1
1
8
1
1
–
56
39
–
–
–
–

–
–
–
–
–
–
–
–
–
–
24
–
–
27
25
23
35

Kraghede
Northern Denmark
Matsalu
Jomfruland
Hanko
Jurmo
Turku
Ladoga
Kemi
Tromsø

57.20
57.20
58.83
58.88
59.80
59.83
60.43
60.68
65.75
69.70

10.00
9.97
23.48
9.62
22.88
21.62
22.20
32.93
24.53
18.90

1
1
1
1
1
1
1
1
1
0

1
1
8
–
–
106
162
–
118
2

1
1
–
19
16
106
–
1
–
–

to start no earlier than 1960, (2) span over at least 15 yr,
and (3) report the slope of the phenological variable
over time, expressed in days per year, from a simple
linear regression analysis. Slopes from analyses of
non-linear trends or from multiple regression analyses
are thus not considered in this paper. In a few instances, trends were recalculated based on published
data (see Table 1). Time series starting earlier than
1960 were discarded to limit the potentially confounding effects of non-linear temporal trends in

Time series
FAD
MED

Source
F. Spina et al. (unpubl. data)a
Rubolini et al. (2007)
Peintinger & Shuster (2005)
Peintinger & Shuster (2005)
Peintinger & Shuster (2005)
Peintinger & Shuster (2005)
Peintinger & Shuster (2005)
Peintinger & Shuster (2005)
Peintinger & Shuster (2005)
Peintinger & Shuster (2005)
Peintinger & Shuster (2005)
Peintinger & Shuster (2005)
Peintinger & Shuster (2005)
Peintinger & Shuster (2005)
Peintinger & Shuster (2005)
Browne & Aebischer (2003)
Sparks et al. (2005),
Browne & Aebischer (2003)
Sparks & Mason (2001)
Loxton et al. (1998)
Browne & Aebischer (2003)
Cotton (2003)
Tryjanowski et al. (2002)
Browne & Aebischer (2003)
Browne & Aebischer (2003)
Loxton et al. (1998)
Mitrus et al. (2005)
Browne & Aebischer (2003)
Hüppop & Hüppop (2003)
M. Zalakevicius (unpubl. data)b
Zalakevicius et al. (2006)
Sokolov et al. (1998)g
Tøttrup et al. (2006)
E. Knudsen et al. (unpubl. data)a
Stervander et al. (2005),
E. Knudsen et al. (unpubl. data)a
A. P. Møller (unpubl. data)c
A. P. Møller (unpubl. data)
Sokolov et al. (1998)g
E. Knudsen et al. (unpubl. data)a
E. Knudsen et al. (unpubl. data)a
E. Lehikoinen et al. (unpubl. data)d,e
E. Lehikoinen et al. (unpubl. data)e
Sparks et al. (2005)
P. Suopajärvi et al. (unpubl. data)f
Barrett (2002)

arrival dates, and because most global warming is
believed to have occurred after 1970 (IPCC 2001).
When >1 time series for a given species was available
for a given site, we considered only the one spanning
the greatest number of years. In assembling the
dataset, we have tried to minimise the effect of publication bias by including all the available time series
for a given location (irrespective of the sign of the
trend), and by including data from several unpublished sources (Table 1).
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Overall, 672 FAD time series, derived from 184 species, and 289 MED time series, from 113 species, satisfied these criteria. Most time series were from Finland
(FAD: 57%; MED: 42%) (Table 1). The mean start year
of the FAD time series was 1968 (range: 1963 to 1983)
and the mean final year was 2000 (1992 to 2006). These
statistics for MED time series were similar (mean start
year: 1973, range: 1960 to 1983; mean final year: 2000,
range: 1990 to 2005). The mean (± SE) duration of FAD
time series was 30.6 ± 0.2 yr (range: 16 to 38 yr), while
the mean (± SE) duration of MED time series was 26.5 ±
0.4 yr (range: 16 to 42 yr).
For each time series, we coded latitude and longitude
of the site of data collection (Table 1, Fig. 1). Where the
data were collected over a wide geographical region
(e.g. Loxton et al. 1998, Cotton 2003), we reported the
midpoint coordinates of that region. Hereafter, the term
‘site’ may either refer to a specific and clearly identifiable geographic location, or to a wider geographical
area, depending on the scale of data collection in the
original source. In an attempt to control for sampling effort, we recorded whether data were collected using
standardized sampling routines (e.g. data from bird observatories, ringing data), or by casual observations
within wider areas (regional time series).
For each species, we coded the phylogenetic information at the above-species level according to the
tapestry phylogeny of Sibley & Ahlquist (1990). We
considered the following above-species taxonomic
groupings: genus, subfamily, family and order. When
no subfamily was available, we used the family code as
well for this category. These levels were then used to
quantify phylogenetic effects on changes in arrival
date (see Section 2.2). Finally, for each species, we
recorded the migratory habit, i.e. whether a species
was a short- or long-distance migrant. Because this
coding was not straightforward for some species, due
to inter-population differences in migratory behaviour
(e.g. the blackcap Sylvia atricapilla; Berthold et al.
1992), we adopted the following simple rule of thumb:
we defined a given species as a long-distance migrant
if most populations migrate to Africa or the Middle
East during winter, while all other species, mainly wintering within Europe or within the Mediterranean
basin, were categorized as short-distance migrants.
Migratory habits were classified based on information
in Cramp (1998).
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nested random-effect factors. Site was included as a
fixed factor to account for any geographic variability.
We carried out different models for FADs and MEDs.
Concerning FAD trends, we also initially tested whether
there was any difference in phenological trends associated with data type (standardized vs. regional data,
see Section 2.1). However, since this factor did not
affect the magnitude of FAD trends (details not
shown), we discarded it from further analyses (based
on raw data, the mean slopes [and 95% confidence
limits, CL] for standard effort time series vs. regional
time series were as follows: –0.371 d yr–1 [95% CL:
–0.399 to –0.342, n = 623] vs. –0.368 d yr–1 [95% CL:
–0.445 to –0.292, n = 49]).
To explore whether the among-species variation in
trends was significantly larger that the within-species
variation, and to assess geographic variability in phenological trends, we analysed trends in FADs or MEDs
by means of mixed models, where latitude, longitude
and their squared terms were the independent variables, while species was included as a fixed factor, and
site as a random factor. The initial year of each time
series and its squared term were also included in the
model as covariates to test for temporal changes in
strength or direction of trends in migration/arrival
dates. We obtained parsimonious models (minimal adequate models; Crawley 1993) by sequentially removing non-significant (p > 0.05) fixed effect terms, until
they contained only significant predictors. To analyse
differences in trends in FADs or MEDs according to
migratory habit (long- vs. short-distance migrant), we
compared the least-square means of the effect of
species (derived from the above-mentioned models) by
means of t-tests.
As the accuracy of the dependent variable (slope in
days per year) could depend on the number of years
over which the trend was calculated, in all models we
also included the number of years for a given slope as
a weighting factor. However, weighted analyses did
not qualitatively differ from unweighted ones in any of
the models (details not reported for brevity), so we
report only results from unweighted analyses.
Mixed model analyses were performed by means of
SAS software (v. 9.0).

3. RESULTS
3.1. Descriptive statistics and general patterns

2.2. Statistical analyses
Phylogenetic variance components were analysed
by mixed models (REML method), where slopes were
considered as the dependent variable and taxonomic
codes (species, genus, subfamily, family, order) as

The mean slope for FAD time series was –0.370 d yr–1
(95% CL: –0.397 to –0.343, n = 672), while that for MED
time series was –0.158 d yr–1 (95% CL: –0.186 to –0.132,
n = 289) (Fig. 2). Therefore, in the past 47 yr FADs have
advanced more than MEDs. Indeed, when species-spe-
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cific mean FAD slopes were compared with mean MED
slopes of the same species in a pairwise test, a highly
significant difference emerged (paired-samples t-test,
mean ± SE difference = –0.28 ± 0.03 d yr–1, t = –9.50, p <
0.0001, n = 112 species for which both measures were
available). This was true both for short- (paired-samples t-test, mean ± SE difference = –0.34 ± 0.04 d yr–1,
t = –8.07, p < 0.0001, n = 72) and long-distance migrants
(paired-samples t-test, mean ± SE difference = –0.19 ±
0.03 d yr–1, t = –5.89, p < 0.0001, n = 40).
Trends in FADs were positively correlated with
trends in MEDs (based on mean species-specific
slopes, r = 0.33, p < 0.001, n = 112 species). This result
was the spurious outcome of a difference in trends between short- and long-distance migrants (see below),
because the correlation disappeared when performed
for each group of species separately (short-distance
migrants, r = 0.14, p = 0.25, n = 72; long-distance
migrants, r = 0.18, p = 0.28, n = 40). We repeated this
analysis by only including species for which we had a
FAD and a MED trend for the same site, to avoid con-

founding effects of pooling time series of a given species originating from different sites (n = 110 species in
total, of which 106 were from Jurmo bird observatory,
Finland; see Table 1). In this restricted dataset, the
overall correlation between trends in FADs and MEDs
was again positive and highly significant (r = 0.36, p <
0.0001). This pattern was due to long-distance migrants
only (r = 0.43, p = 0.005, n = 40), while no significant
correlation was observed among short-distance migrants
(r = 0.07, p = 0.55, n = 70). The difference between the
2 correlation coefficients was marginally non-significant
(z = 1.90, p = 0.057). Thus, it appears that, when geographic variation in species-specific long-term trends
is accounted for by considering only FAD and MED
trends for the same site, there is a correlation between
changes in FAD and MED, at least among long-distance
migrants. The lack of a correlation among short-distance
migrants may be due to the much larger among-year
variability of FADs of such species compared to those
of MEDs. In fact, early arriving, short-distance migrants
may make use of even short early warm spells that
vary greatly in time and space, while later arriving,
long-distance migrants are unable to respond to such
early weather variability (see Section 4).

3.2. Phylogenetic effects

Fig. 2. Frequency distribution of trends in spring (a) first arrival and (b) mean/median migration dates among European
bird species during the period from 1960 to 2006

To estimate phylogenetic effects on changes in FADs
and MEDs, we performed a mixed model analysis. Site
was included as a fixed factor to account for geographical variation in long-term trends.
The mixed model analysis revealed that phylogenetic effects in FAD trends accounted for substantial
amounts of variance at the levels of species within
genera, genus within subfamilies, subfamily within
orders, and order (Table 2), while variance at the level
of family (within orders) could not be estimated due to
the low number of levels. The total variance among
species was equal to 48.4% of the variance in the
observed FAD slopes, and the estimated SD of the
effects of species, when tested alone in the model, was
0.23 (95% CL: 0.20 to 0.28) d yr–1. MED trends showed
phylogenetic effects at the levels of order and species
(within orders), though the latter variance component
had a high degree of uncertainty (Table 2). Variance
components due to genus (within subfamily), subfamily (within family) and family (within order) could not
be estimated due to the low number of levels. Overall,
the total variance among species was equal to 50.5% of
the variance in MED trends (Table 2).
In both models, among-site variation was an important source of variation in changes in migration
dates, thus indicating marked geographic variability
(Table 2; see also Section 3.3).
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Table 2. Mixed model analyses of variance of trends in first
arrival dates (FAD) and mean/median arrival dates (MED)
in relation to phylogeny and site. % variance calculated
within phylogenetic effects (i.e. excluding residual variance).
CL: confidence limits. Degrees of freedom (df) of the fixed
effects are estimated by the Satterthwaite’s approximation
FAD
Random part

SD

95% CL

% variance

Order
Familya
Subfamilyb
Genusc
Speciesd
Residual

0.161
–
0.138
0.107
0.098
0.265

0.090–0.638
–
0.090–0.292
0.072–0.208
0.067–0.179
0.249–0.283

39.2
–
28.9
17.3
14.5

Fixed effect

F

df

p

Site

5.33

34, 498

< 0.0001

MED
Random part

SD

95% CL

% variance

Order
Familya
Subfamilya
Genusa
Speciese
Residual

0.205
–
–
–
0.044
0.208

0.105–1.486
–
–
–
0.018–7.237
0.188–0.233

95.5
–
–
–
4.5

Fixed effect

F

df

p

4.87

12, 267

Site
a

< 0.0001

b

Non-estimable variance components; subfamily(order);
genus(subfamily order); d species(genus subfamily order);
e
species(order)
c

3.3. Intraspecific consistency, geographic
variation and migratory habits
In the following analyses, we explored
inter-specific and geographic variation in
long-term trends, and the effect of migratory habit (see Section 2). In initial models
that were subjected to a step-down simplification procedure, we thus included species, latitude, longitude and their squared
terms as fixed effects, and site as a random
effect.
The model concerning FAD trends
showed significant differences among species, as well as non-linear latitudinal patterns, the advancement being weaker
towards both southern and northern latitudes, with stronger effects at intermediate
latitudes (Table 3, Fig. 3). No significant
longitudinal variation in FAD trends was
detected, and there was no significant
effect of the initial year of each time series
(details not shown). Among-site variation
amounted to 14.2% of the total variance in

the slopes, with a relatively low level of uncertainty
(SD = 0.105 d yr–1, 95% CL: 0.074 to 0.182; Table 3).
These results were unaffected by including either latitude or longitude (which were positively correlated in
the present sample of FAD sites, r = 0.73) separately in
the model (details not shown).
Short-distance migrants advanced FADs more than
long-distance migrants (model-derived least-squares
means ± SE, –0.56 ± 0.03 d yr–1, n = 104 species vs.
–0.22 ± 0.02 d yr–1, n = 80 species, respectively; t-test
for unequal variances, t174.8 = 8.67, p < 0.001). The variance in FAD trends was greater among short-compared to long-distance migrants (variance estimates:
0.11 vs. 0.05, F79,103 = 0.39, p < 0.001).
The model concerning MED trends confirmed the
existence of significant differences among species, and
indicated that trends showed some geographic variability, which however differed from that observed
among FAD time series (Table 3). In fact, there was
non-linear longitudinal variation, with a stronger
advance towards eastern and western longitudes, and
less pronounced advances in Central Europe (Fig. 3,
Table 3). Moreover, there was a significant tendency
towards increasing earliness in MED trends in more
recent years (Table 3), while the effect of the squared
term of initial year was not significant (details not
shown). The non-linear longitudinal trend was, however, entirely due to the 3 extreme data points (2 in the
east and 1 in the west; see Fig. 3), because their
removal considerably increased the uncertainty of

Table 3. Test statistics and estimates of effects on trends in first arrival dates
(FAD) and mean/median arrival dates (MED) in relation to species, latitude
and longitude, and initial year of time series, while taking among-site variation into account. CL: confidence limits. Degrees of freedom (df) of the fixed
effects are estimated by the Satterthwaite’s approximation
FAD
Random part

SD

95% CL

% variance

0.105
0.257

0.074–0.182
0.242–0.275

14.2

F

df

p

Estimate (SE)

Species
Latitude
Latitude2

3.42
6.49
7.06

183, 469
1, 35.6
1, 35.3

< 0.0010
0.015
0.012

–
–0.226 (0.089)
0.002 (0.001)

MED
Random part

SD

95% CL

% variance

0.117
0.191

0.073–0.287
0.172–0.214

38.1

F

df

p

Estimate (SE)

1.72
8.12
6.02
8.15

112, 164
1, 23.8
1, 30
1, 44.2

< 0.0010
0.009
0.020
0.007

–
0.060 (0.020)
–0.002 (0.0006)
–0.011 (0.004)

Site
Residual
Fixed effects

Site
Residual
Fixed effects
Species
Longitude
Longitude2
Initial year
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1.00

(SD = 0.117 d yr–1, 95% CL: 0.073 to 0.287; Table 3).
These results were unaffected by including either latitude or longitude (which were positively correlated in
the present sample of MED sites, r = 0.49) separately in
the model (details not shown).
Similarly to FADs, short-distance migrants advanced
MEDs more than long-distance migrants (modelderived least-squares means ± SE, –0.21 ± 0.03 d yr–1,
n = 73 species vs. –0.01 ± 0.03 d yr–1, n = 40 species,
respectively; t111 = 4.97, p < 0.001). The variance in
MED trends did not significantly vary according to
migratory habit (F39,72 = 0.58, p = 0.07), though there
was a tendency towards larger variance in short-compared to long-distance migrants (variance estimates:
0.05 vs. 0.03).
Finally, a significant degree of intraspecific consistency in phenological trends was further confirmed
by simple mixed models with site as a random effect
and species as a fixed factor (effect of species, FADs:
F183,469 = 3.39, p < 0.001; MEDs: F112,155 = 1.57, p =
0.005).

a
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–0.50
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50
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70
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4. DISCUSSION
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Longitude (°E)
Fig. 3. Trends in (a) first arrival date (FAD) in relation to latitude and (b) mean/median migration date (MED) in relation
to longitude. The lines represent second-order polynomial regressions with the following equations (SE in parentheses):
(a) FAD slope = 6.978(1.324) – 0.267(0.047) × latitude +
0.002(0.001) × latitude2 (F2, 669 = 19.5, p < 0.0001) and (b) MED
slope = –0.497(0.111) + 0.048(0.015) × longitude – 0.002(0.001)
× longitude2 (F2, 286 = 5.25, p = 0.006). The estimates of the
non-linear longitudinal trend reported in (b) were heavily
dependent on the 3 extreme data points (2 east and 1 west,
see Section 3.3)

longitude estimates (statistics at removal from the
model: longitude2, estimate ± SE = –0.002 ± 0.002 d
yr–1, F1,6.23 = 0.98, p = 0.36; longitude, estimate = 0.002
± 0.008 d yr–1, F1,6.33 = 0.04, p = 0.84). The results concerning the other variables in the model were qualitatively unaffected by removal of the extreme data
(details not shown). The among-site variation accounted for 38.1% of the total variance in MED trends,
though with a substantial degree of uncertainty

We analysed the most extensive dataset so far of
changes in spring arrival dates of migratory birds in
order to quantify sources of variation in phenological
data due to climate change. There were rapid advances in arrival date, especially for FADs, that are
likely to be most influenced by climatic amelioration
(e.g. Lehikoinen et al. 2004, Vähätalo et al. 2004). The
overall advances we documented (0.37 and 0.16 d yr–1
for FADs and MEDs, respectively) were similar to those
reported in Lehikoinen et al. (2004), which is not surprising given the extensive overlap between the sets of
data used in the 2 studies. There were clear differences
in response among species, after accounting for differences among study sites, implying that the response to
climate change was species specific. Furthermore, we
found evidence of significant effects of geographic
location and migratory habits, with short-distance
migrants advancing arrival/migration dates more
than long-distance migrants, and trends in MED dates
showed a tendency towards increasing earliness in
more recent years. We will briefly discuss these results.
The main novel finding of the present study was that
change in spring arrival date (either first or mean date)
was significantly repeatable among species. This
implies that if we sample 2 populations of the same
species, we are likely to have a more similar phenological response to climate change than if we sampled
2 random populations from different species. Thus,
there is reason to believe that species-specific characteristics related to general ecology (such as variation in
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distribution range or timing of spring migration) or life
history account for such interspecific differences in
response to climate change. Such repeatability is an
important prerequisite for reliable comparative analyses, because an absence of repeatability would imply
that there are little or no interspecific differences
among species to explain (Møller & Birkhead 1994).
Phylogenetic effects on the response to climate
change were investigated by means of mixed models.
We documented substantial phylogenetic effects on
trends in both FADs and MEDs, since ca. 50% of the
variance in observed trends could be attributed to
differences among species. Furthermore, estimates of
variance components at the above-species levels
suggest that future studies analysing multi-species
responses to climate change should consider the
opportunity of taking into account shared phylogenetic
history, because species that are more closely related
would tend to show more similar responses compared
to distantly related ones (Felsenstein 1985, Harvey &
Pagel 1991).
We found evidence of geographical and temporal
variation in the changes in timing of migration/arrival,
as shown by effects of latitude and longitude on the
magnitude of the effect, and by the tendency towards
a stronger advancement of MED in recent years. Climate change is far from evenly distributed around the
year, and different geographic locations have experienced considerable heterogeneity in climatic amelioration (Klein Tank et al. 2002, Moberg et al. 2006,
Schwartz et al. 2006, Both & te Marvelde 2007). For
example, it is mainly spring temperatures and thus the
start of the growing season that have advanced in
Europe, an effect which is most pronounced at intermediate latitudes (Klein Tank et al. 2002, Schwartz et
al. 2006). Although we did not match climate change at
specific geographic locations with changes in phenology (Both et al. 2004, Both & te Marvelde 2007), our
results suggest that the spatial distribution of change
in FADs may parallel the spatial distribution of
changes in weather conditions during spring. On the
other hand, results concerning geographical variation
of MED trends are more difficult to interpret due to the
existence of wider gaps in geographical coverage compared to FAD trends, and because of the heavy dependence of the longitudinal variation on a few extreme
data points (see Fig. 3). In this context, further analyses
at the intraspecific level may tackle the issue of the
spatial correlation of the changes in timing of migration/arrival. Indeed, it could be predicted that, if local
weather conditions are the main determinants of
phenological changes of a given species, the correlation between phenological trends recorded at different
sites should decrease with increasing distance among
sites. Finally, the observed tendency towards in-
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creasing earliness in MED (but not in FAD) trends in
recent years, independently of geographic variability
in trends, is consistent with the reported stronger temperature increase in Europe from 1976 onwards (IPCC
2001), thus corroborating the link between temperature increase and advances in arrival dates of birds.
A number of different studies have investigated
whether migration distance affects response to climate
change. Originally, it was proposed that long-distance
migrants that often winter 1000s of kilometres away
from their breeding locations would be unable to
adjust their migration phenology to climate change
(Berthold 1991). This may not hold if different major
weather patterns show significant covariation between
wintering and breeding areas, as had been advocated
earlier (e.g. Forchhammer et al. 2002; see also Saino &
Ambrosini 2007). The recent review by Lehikoinen
et al. (2004) suggested that long-distance migrants
had shown a weaker response to climate change than
short-distance migrants. This was questioned by a
recent study based on standardized time series from 4
Fennoscandian bird observatories over the period from
1980 to 2004, the results showing that long-distance
passerine migrants had in fact advanced their arrival
date the most, regardless of the trend in a major climate pattern, the North Atlantic Oscillation (NAO)
(Jonzén et al. 2006), which is well known to affect the
timing of spring arrival in birds (Hüppop & Hüppop
2003, Vähätalo et al. 2004, Stervander et al. 2005). It is
thus possible that the discrepancy between our findings, showing clear evidence of a stronger advance
among short- compared to long-distance migrants, and
those reported in Jonzén et al. (2006) could be due to
the many differences between the 2 studies, such as a
different temporal extent of the time series, showing
different temporal trends in environmental variables
(like the NAO), a different geographical coverage, as
well as differences in the taxonomic composition of the
samples, since the Jonzén et al. (2006) study considered only small passerine species, whereas our study
included data from both passerines and non-passerines
showing a huge variation in body size, habitat (landbirds and waterbirds) and ecological attributes. In any
case, it seems obvious that any generalization of the
results reported in Jonzén et al. (2006) appears premature.
We speculate that differences in timing of arrival
between short- and long-distance migrants could contribute to the observed pattern. All else being equal,
long-distance migrants reach the breeding grounds
considerably later than short-distance migrants (Cramp
1998, Lehikoinen et al. 2004), and thus encounter more
benign conditions along the migration route due to the
advancement of spring and consequent improvement
of meteorological conditions. It is therefore likely that
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long-distance migrants have shown a weaker response
to earlier onset of spring compared to short-distance
migrants, as the latter may adopt a ‘hopeful strategy’,
whereby some individuals, especially in the earlier
phases of migration, try to reach the breeding grounds
as soon as they perceive signs that late winter–early
spring weather is improving. This may also partly
apply to some earlier arriving, long-distance migrants,
and may explain the stronger response in FADs compared to MEDs observed among both short- and
long-distance migrants (Lehikoinen et al. 2004, present
study).
Although our analyses were based on the most extensive datasets available, some methodological issues
have to be addressed. For example, first arrival dates
are subject to the influence of sampling effort to a
much higher degree than mean arrival dates (Sparks et
al. 2001, 2005, Lehikoinen et al. 2004). Such problems
of sampling effort may seem less important than previously thought, because we did not find any effect of the
degree of standardization in data collection on estimates of change, i.e. the rate of change in migration
dates was similar between data collected by means of
standardized routines and non-standardized data collected over wider regions. Moreover, first arrival dates
showed a high degree of intraspecific consistency,
which may indicate that this measure appropriately
describes species-specific responses to climate changes.
A second problem that is rarely considered is that
the actual shape of the frequency distributions may
change in response to climate change (Lehikoinen et
al. 2004, Sparks et al. 2005). Such changes could be
important for analyses of phenological data if first or
mean arrival dates are extracted, or if specific frequency distributions are fitted to the data under the
assumption of a normally distributed variable (see discussion in Knudsen et al. 2007). Analysing shapes of
frequency distributions of phenological data cannot
readily be done, because data derived from bird observatories may be biased for other reasons, such as
the number and relative size of the different breeding
populations contributing to overall frequency distributions (see discussion in Knudsen et al. 2007). Finally,
the data that could be included in the present study
were not homogeneously available across all latitudes
and longitudes, which may have biased our analyses
concerning spatial variability. Future analyses filling
such gaps may thus reveal different patterns of geographic variation, which could perhaps be related to
warming patterns at different spatial scales.
In conclusion, we have shown a strong speciesspecific component to the response to climate change,
especially for first arrival dates, suggesting that different populations of the same species respond consistently. This important conclusion represents the basis

for comparative studies attempting to identify ecological or life-history attributes of species that are associated with a rapid response to climatic changes. Moreover, our results clearly indicate that the geographic
setting, which ultimately determines the rate of
change in climatic conditions, has to be taken into
account when analysing phenological responses at
wide geographical scales.
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