
Abstract A considerable number of bird species of the
northern hemisphere have been breeding earlier over the
last few decades, most probably in response to global
warming. In migratory birds, there is also a trend to-
wards later departure from the breeding grounds in au-
tumn. Yet it is not known whether this trend in the tim-
ing of migration reflects an evolutionary process or is
just an immediate phenotypic response to global envi-
ronmental change. We conducted an experiment with mi-
gratory blackcaps (Sylvia atricapilla) to investigate how
the photoperiodic conditions experienced by birds hatch-
ing earlier in the season affect the timing of post-juvenile
moult and the onset of autumn migration. In a split-
brood experiment, we reared 30 nestlings from six dif-
ferent families and kept them either under a photoperiod-
ic regime simulating conditions 6 weeks before their ac-
tual hatching date or under simulated natural photoperi-
ods. Time-shifted birds started moulting at an earlier age
compared to controls and showed an early phase of noc-
turnal migratory activity. Under the influence of long
day lengths moult was prolonged and migratory activity
was interrupted. However, the termination of moult and
the reinitiation of migratory activity were not delayed to
the extent that birds compensated for the simulated early
hatching date. Thus, we suggest that extant physiological
responses to the photoperiod are maladaptive under the
novel environmental conditions imposed by a global in-
crease in temperature, leading to earlier autumn migra-
tion in juvenile birds with earlier breeding.
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Introduction

In the last few decades, a large number of bird species
breeding in central and northern Europe and North
America have started breeding earlier (Crick et al. 1997;
Winkel and Hudde 1997; Crick and Sparks 1999; Brown
et al. 1999; Dunn and Winkler 1999). At the same time,
there is a trend in many migratory bird species to initiate
autumn migration later in the season (Enquist and
Petterson 1986; Gatter 1992; Bezzel and Jetz 1995;
Moritz and Vogel 1995) or at an older age (Bergmann
1998). These opposite trends in the timing of breeding
and migration have been attributed to improved condi-
tions on the breeding grounds in spring and autumn,
caused by an increase in mean surface air temperature
(reviewed in Berthold 1991, 1998). Although field stud-
ies provide compelling evidence for shifts in the timing
of breeding and migration, it remains unresolved wheth-
er these changes are merely phenotypic responses to
changes in the environment or whether they reflect adap-
tive changes in the genetic composition of populations.
This question, however, is decisive for assessing the po-
tential of migratory bird species to adapt to global envi-
ronmental changes (Berthold 1995; Pulido 2000).

In passerine bird species of the temperate zone, the
seasonal change in day length is the primary environ-
mental factor controlling endogenous circannual cycles,
comprising reproduction, moult, and migration (see,
for instance, Gwinner 1986, 1989a; Berthold 1996;
Lambrechts et al. 1997). In addition, a number of other
environmental factors like local climate, food availabili-
ty and social stimuli may fine-tune the timing of life-his-
tory stages with local conditions (Wingfield et al. 1993;
Wingfield and Jacobs 1999). The spatio-temporal pro-
gramme controlling migratory behaviour, however, is to
a large extent genetically determined (Berthold 1996;
Pulido 2000) and the photoperiod is the only environ-
mental factor known to be capable of synchronising the
migration programme with the season (Gwinner 1996).
Blackcaps (Sylvia atricapilla) and several other noctur-
nal passerine migrants complete post-juvenile moult and
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start autumn migratory activity at a younger age if held
under short photoperiods (Jenni and Winkler 1994;
Berthold 1996). The acceleration of juvenile develop-
ment by short day lengths, known as “calendar effect”
(Berthold 1993), is of functional significance to birds
hatched late in the season, enabling them to moult and
initiate migration before conditions deteriorate on the
breeding grounds. The response in the timing of moult
and migration to the photoperiodic environment can be
expressed as a reaction norm across a set of hatching
dates (Pulido 2000; Pulido et al. 2001). The reaction
norm is the full set of phenotypes that a genotype will
express in interaction with the full set of environments in
which it can survive (Stearns 1992).

Within the range of hatching dates found in southern
German blackcaps (3 May–14 August, median: 29 May;
Bairlein et al. 1980), the population reaction norm is
close to linear (Pulido 2000). Early-hatched birds devel-
op more slowly and thus initiate migration at a relatively
older age. However, differences in hatching date are only
partially compensated: for every 2 days a blackcap
hatches earlier it is only about 1 day older when it initi-
ates migration (Pulido 2000). Earlier hatching would
thus lead to earlier migration in autumn, which under the
currently improving conditions on the breeding grounds
would be maladaptive. Yet we do not know how birds re-
spond to the photoperiodic conditions outside the cur-
rently observed range of hatching dates. As fluctuations
of global climate have most probably occurred through-
out the evolutionary history of blackcap populations
(Pulido and Berthold 1998), we may expect very early-
hatched birds to respond to their photoperiodic environ-
ment in an adaptive way, slowing down the speed of
moult during the long days of summer and initiating mi-
gration later. However, if blackcaps are not adapted to
very early breeding, the short photoperiods experienced
by birds hatched before the summer solstice could lead
to an acceleration of juvenile development, with the re-
sult that moult and migration would occur unseasonably
early.

Here we study the reaction norm of the onset of mi-
gration in relation to hatching date in the blackcap with
the aim of assessing (1) whether a shift towards later au-
tumn migration could be caused by earlier laying dates,
and (2) if physiological responses to the photoperiod are
adaptive in the range of very early hatching dates. We
show that a delay of autumn migration cannot be attrib-
uted to phenotypic plasticity in response to the photope-
riodic conditions experienced by birds hatching earlier in
the season. Furthermore, we suggest that extant reaction
norms are possibly maladaptive in conditions favouring
very early breeding.

Material and methods

We collected 30 blackcaps from six nests hatched in the environs
of Radolfzell (at 47°46′N, 9°E) between 14 and 18 May 1998, and
transferred them at an age of 5–7 days to our institute. Each brood
was split into two groups, so that each family was represented

with at least two nestlings both in the treatment and in the control
group. The treatment group (n=15) was exposed to a time-shifted
light-dark regime simulating conditions 6 weeks before the actual
hatching date (2–6 April) which is approximately 2 weeks earlier
than the earliest hatching date recorded since Bairlein et al. (1980)
(19 April, U. Querner, personal communication). We chose this
treatment in order to obtain a high experimental effect. The con-
trol group (n=15) was kept under light regimes similar to those ex-
perienced by birds of this population in the wild (Fig. 1a). The ef-
fective day length was defined as the time between the beginning
of civil twilight in the morning and the end of civil twilight in the
evening. Light intensity was kept constant at 400 lx during day-
time and at 0.01 lx at night. Birds were hand-raised as described
by Berthold et al. (1970) and kept in temperature-controlled cham-
bers at 22°C with food and water ad libitum (for details, see Bert-
hold et al. 1990). At the age of 30 days, birds were transferred to
individual experimental cages with movable perches which al-
lowed continuous recording of locomotory activity.

The onset of migration was defined as the age at which at least
five half-hour intervals of nocturnal activity (migratory restless-
ness or Zugunruhe) were recorded for the first time. There were
two bouts of nocturnal activity in most of the treatment birds. We
focused our analysis on the second (i.e. the main) phase of migra-
tory activity, as the amount of activity displayed in the first bout
was low. We assessed the progress of juvenile moult in each indi-
vidual bird by weekly inspecting 21 different body feather tracts
(described by Berthold et al. 1970). For comparison of the timing
of moult and migration we considered not absolute dates but the
bird's age relative to its true (control group) or simulated (treat-
ment group) hatching date, because we expected duration of moult
and age at onset of autumn migration to be the targets of selection
on the timing of migration (Pulido 2000; Pulido et al. 2001).

We used the GLM (generalized linear model) procedure in
SAS using type III sums of squares for testing statistical signifi-
cance of the effects of the experiment (fixed effect), sex (fixed ef-
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Fig. 1 a Simulated day lengths at 47°50′N latitude experienced by
the treatment and the control group, and b the duration of post-ju-
venile moult and onset of migratory activity in both groups of
blackcaps. Solid bars represent the duration of moult (mean±SD
for onset and termination of moult, n=15). Open and filled trian-
gles give mean values (±SD) for the onset of two phases of noc-
turnal activity. Sample sizes are 10 (treatment) and 3 (control) for
the onset of early activity (open triangles), and 14 for the main
phase of migratory activity (filled triangles). The vertical dashed
lines indicate the beginning of the experiment



fect) and of family (random effect), and their interactions. As we
found no statistically significant effect of sex, this variable was
subsequently omitted. The power of this analysis of variance was
estimated using JMP (SAS Institute), using the observed effect
and sample sizes.

For testing the slope of the regression of the age at onset of mi-
gratory activity on hatching date obtained in this experiment
against regression coefficients derived from different hypotheses
(e.g. b=0, b=–1), we generated a bootstrap distribution of regres-
sion coefficients by bootstrapping 10,000 times (1) over individu-
als and (2) over family means. As the distributions differed only
little from each other and family effects were non-significant, we
estimated 95% confidence intervals for the regression coefficient
by the percentile method (Efron and Tibshirani 1993) using indi-
vidual values.

Results

Blackcaps reared under the time-shifted photoperiodic
regime showed significant differences in the timing of
juvenile moult and nocturnal activity compared with
birds of the control group (Fig. 1, Table 1). In the treat-
ment group, moult started on average when birds were
only 33.8±19.5 (mean±SD) days old, while the mean age
at onset of moult was 58.1±11.7 days in the control
group. The two groups differed in the termination of
moult by 12 days (control group: 119.0±8.7 days; treat-
ment group: 131.1±13.0 days), whereby early-hatched
birds terminated moult later. As experimental birds started
moult at an earlier age and completed it when they were
older than control birds, the duration of moult was mark-
edly prolonged (control group: 60.9±13.3 days; treat-
ment group: 96.6±26.1 days). The mean age difference
in the initiation of autumn migratory activity was small
(control group: 111.0±8.8 days; treatment group:
122.1±9.9 days), but significantly different from zero
(Table 1).

In all variables except the age at onset of migration
we found significant family effects (Table 1), indicating
that there was additive genetic variation to these traits
(see also Pulido 2000; Pulido and Berthold 1998). The
failure to find significant between-family variance com-
ponents in the onset of migratory activity was probably
due to the low power of the experimental design. Low
sample sizes in combination with large variance resulted
in low statistical power of the test for family-by-treat-
ment interaction effects (Table 1). Thus, none of the in-
teraction effects were significant at the 5% α-level even
though there was considerable variation in the response
to the photo-shift treatment among families (for the age
at onset of migratory activity, see Fig. 2).

We tested the slope of the mean reaction norm relat-
ing the onset of the main phase of migratory activity to
hatching date by taking 10,000 random samples (of
equal size as the original sample) from the control and
the treatment group. For each of these replicate samples,
we estimated the linear regression of age at onset of mi-
gratory activity on hatching date, obtaining a distribution
of 10,000 regression coefficients. The mean regression
coefficient of this bootstrap distribution was –0.268
(SD=0.084, CI95%=–0.434 to 0.111, range=–0.582 to
0.025). The results from the bootstrap analysis of regres-
sion coefficients clearly indicate that the slope of the re-
action norm was different from 0 and –1 (Fig. 3). How-
ever, the mean regression coefficient obtained for very
early-hatched birds did not deviate from the mean popu-
lation reaction norms for southern German blackcaps
hatched and reared under natural photoperiodic condi-
tions in 1997–1998 (n=94, b=–0.338; F. Pulido and P.
Berthold, unpublished work) or from the mean slope in
the 3 preceding years (b1995–1997=–0.341, SE=0.039,
n=158).

In addition, we found differences in the pattern of mi-
gratory activity (Fig. 1). Out of 15 birds of the experi-
mental group 10 had two distinct phases of migratory ac-
tivity, while only 3 birds of the control group displayed
such early nocturnal activity (Fisher's exact test, two-
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Table 1 Analysis of variance of age at onset, termination and du-
ration of moult, and age at onset of the main phase of migratory
activity

Source of variation df SS F P Power

Onset of moult
Treatment 1 4,128 23.0 <0.001 0.995
Family 5 2,703 3.02 0.037 0.737
Family×Treatment 5 1,048 1.17 0.361 0.320

Termination of moult
Treatment 1 1,378 14.8 0.001 0.953
Family 5 1,600 3.45 0.023 0.799
Family×Treatment 5 136 0.29 0.910 0.105

Duration of moult
Treatment 1 9,976 31.2 <0.001 >0.999
Family 5 4,462 2.79 0.049 0.697
Family×treatment 5 1,296 0.81 0.557 0.226

Onset of migratory activity
Treatment 1 634 6.69 0.020 0.681
Family 5 572 1.21 0.350 0.319
Family×Treatment 5 270 0.57 0.722 0.162

Fig. 2 Reaction norms of the age at onset of the main phase of au-
tumn migratory activity based on the results of the treatment and
control in 6 blackcap families. Each family is represented by one
symbol and one regression line. Sample size for each family is 5.
Regression coefficients vary from b=–0.50 to 0.04



tailed: P=0.0139). This activity was on average initiated
at an age of 50 days and terminated at an age of 75 days.

Discussion

The effects of early breeding on the timing
of moult and migration

Here, for the first time, we experimentally studied the ef-
fects of early breeding on the timing of avian moult and
migration. By shifting the phase of the photoperiodic re-
gime, we simulated very early hatching dates that have
not yet been found in the blackcap population studied,
but which may occur if global warming persists and
spring temperatures increase on the breeding grounds.
Blackcaps kept under daylengths simulating a hatching
date 6 weeks before that of controls started juvenile
moult at an earlier age and completed it when they were
older; thus the duration of moult was considerably pro-
longed. The initiation of migration was delayed on aver-
age by 11 days in time-shifted birds. If birds had actually
hatched on 4 April (simulated hatching date), migration
would have started on August 4 – 1 month before the
mean onset of migration in birds hatched in mid-May,
i.e. in control birds. Thus, taking into account the trend
towards earlier breeding caused by global warming (for
the blackcap see, for instance, Crick et al. 1997; Crick
and Sparks 1999) we should expect an advancement of
migration, and can exclude the possibility that in the
blackcap a delay in the timing of autumn migration is
caused by phenotypic plasticity in response to the photo-
period.

We did not consider the early phase of nocturnal ac-
tivity which most of the treatment birds exhibited be-
cause the amount of activity displayed in this phase was

insignificantly low. Moreover, we do not know whether
this early phase of nocturnal activity was just the result
of disrupted circannual organisation or reflects true mi-
gratory activity, as found, for instance, in 1st-year pied
flycatchers and collared flycatchers, Ficedula hypoleuca
and F. albicollis (Gwinner 1989b) and has an adaptive
value (Berthold 1988a). However, if we define this activ-
ity phase as migratory behaviour we would expect birds
that hatch in early April to start migration in mid-June –
about 3 months before the actual migration period.

Birds of the treatment group showed a considerable
prolongation of juvenile moult and an overlap of moult
and the early phase of nocturnal activity. This may seem
maladaptive considering that in birds energetically de-
manding events such as moult and migration are usually
separated (cf. Berthold 1996; for an evaluation of the en-
ergetic costs of moult see, for instance, Lindström et al.
1993; Murphy 1996). On the other hand, a reduction of
moult intensity during the long days around summer sol-
stice – as observed in birds of the treatment group in our
experiment – may be advantageous in view of the high
costs of intensive moult (see, for instance, Murphy 1996;
Hedenström 1999). Under conditions favouring a longer
stay on the breeding grounds moult does not need to be
completed rapidly, as has been demonstrated in inter-
and intra-specific comparative studies in Sylvia species
where the duration of moult correlates with the degree of
migratoriness (Berthold 1988b).

The evolution of the timing of breeding and migration

An improvement of conditions on the breeding grounds
due to global warming will lead to earlier breeding and
consequently to earlier hatching dates. This may lead to
a mismatch between migration schedules and environ-
mental conditions in 1st-year birds because extant re-
sponse mechanisms are not adapted to the novel photo-
periodic conditions. Birds will probably be forced to mi-
grate earlier in the season which could be disadvanta-
geous under conditions favouring a longer stay on the
breeding grounds. We assume the timing of autumn mi-
gration to be under stabilizing selection, i.e. not only mi-
grating later but also migrating earlier in the season
would cause a reduction in fitness. Migrating too early in
the season may be disadvantageous with respect to the
availability and predictability of specific food resources
(berries) used for fat accumulation (Bairlein 1998).
Moreover, for juveniles it may be an advantage to stay
on the breeding grounds as long as possible as this may
enable them to explore future breeding sites and help
them find their natal habitat (Baker 1993) and establish
territories the following spring (Weggler 1997). Thus, if
environmental changes due to global warming persist,
the adaptation of both hatching date and date of onset of
migration could be constrained by extant physiological
responses to the photoperiod. We therefore expect selec-
tion on the photoperiodic response mechanism, i.e. the
reaction norm, to occur if populations are exposed to
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Fig. 3 Frequency distribution of 10,000 bootstrap replications of
the regression coefficient (b) for the mean regression of the age at
onset of the main phase of migratory activity on hatching date.
Each replication was obtained by sampling with replacement from
two samples (treatment, and control) of 14 individuals each and
estimating a least-square linear regression. The arrow gives the
mean regression coefficient for birds hatched in 1997 and 1998
and kept under natural photoperiodic conditions



long-term environmental changes (cf. Visser and Lamb-
rechts 1999).

But do we have any evidence for the evolution of re-
action norms? Recently, Visser et al. (1998) found that
the timing of reproduction in a great tit (Parus major)
population in the Netherlands had not changed in a 23-
year period, even though there had been increasing se-
lection for earlier breeding. The lack of response of the
timing of egg laying to selection has led to a mismatch
between the highest need for food and its availability,
causing an overall fitness reduction in this population.
Visser et al. (1998) considered a change in the “relation-
ship between food availability and a cue used for timing
of breeding” as one possible explanation for the lack of
adaptive evolution. They concluded that a change in the
timing of breeding could only be accomplished if reac-
tion norms responded to selection.

For migration-related traits there is some evidence
suggesting that reaction norms may evolve. First, we
found significant family effects for the onset, the termi-
nation and the duration of moult suggesting that there is
additive genetic variation in these traits. Moreover, high
heritabilities of the timing and the duration of moult
have been found in other passerine species, like the
stonechat, Saxicola torquata (Helm and Gwinner 1999)
and the garden warbler, Sylvia borin (Widmer 1999). We
therefore expect that in birds with similar hatching date,
the timing of moult would readily respond to selection.
There is also compelling evidence for the presence of ad-
ditive genetic variation in migratory traits in the black-
cap (Berthold and Pulido 1994; Pulido 2000). For the on-
set of autumn migration, parent-offspring and full-sib
correlations yielded heritability estimates of about 0.4
(Pulido and Berthold 1998; Pulido 2000). We therefore
expect rapid evolutionary changes in the timing of moult
and migration in response to natural selection within the
same “hatching date group”, i.e. a group of birds with
the same hatching date. Rapid evolution of the response
to the photoperiod is probably constrained by the lack of
genetic variation (Pulido et al. 2001). However, reaction
norms for the onset of autumn migration could potential-
ly be changed as a by-product of selection on trait means
within single “hatching date groups” (Pulido 2000;
Pulido et al. 2001).

Moreover, there is experimental evidence for adaptive
evolution of reaction norms. Two studies have recently
revealed marked differences in the response of the annu-
al routine to the photoperiod in avian populations living
in different habitats. Widmer (1999) found differences in
the response of the onset of autumn migratory activity to
variation in hatching date between a mountain and a
lowland population of the garden warbler. Blondel et al.
(1999) and Lambrechts et al. (1999) showed that the re-
sponse of the timing of breeding to day length differed
conspicuously between blue tits (Parus caeruleus) living
in deciduous and evergreen forests on Corsica.

In conclusion, we expect the joint evolution of the
timing of reproduction and the timing of moult and mi-
gration to be constrained by the extant physiological re-

sponses to the photoperiod, which most probably are
maladaptive for birds breeding very early in the season.
However, if the current selection regime imposed by a
global increase in temperature persists over a longer pe-
riod of time, we should expect evolutionary changes in
the response system used for synchronising annual rou-
tines with food availability (see Visser and Lambrechts
1999). We currently do not know whether adaptive evo-
lution of reaction norms will keep track with the rapid
ongoing environmental changes. However, if we gain a
deeper insight into the genetic architecture of migratory
traits and the genetic and environmental control of the
annual organisation of birds, we may be able to predict if
and to what extent migratory bird species will cope with
rapid global environmental changes.
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