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ABSTRACT

Pulido F., Coppack T., Berthold P. 2001. Genetic variation and phenotypic plasticity may explain
adaptive changes in the timing of autumn migration. Ring 23, 1: 149-157.
Here, we review recent experiments on the genetic and environmental control of the timing
of autumn migration in the Blackcap (Sylvia atricapilla) with the aim of predicting the poten-
tial for adaptive evolution in response to climatic changes. The environmental variable most
strongly influencing the onset of migratory activity is the photoperiod. Birds born late in the
season develop migratory activity at an earlier age than birds born early. This response of the
age at onset of migratory activity to differences in hatching date can be described as an adap-
tive norm of reaction, which enables all birds to initiate migration before conditions deterio-
rate on the breeding grounds. Significant among-family variation in this reaction norm sug-
gests that there is a potential for responding to natural selection. In a split-brood experiment,
in which we exposed nestlings to daylength simulating photoperiodic conditions six weeks be-
fore their actual hatching date, we found that although experimental birds initiated migra-
tory activity at a significantly earlier age, it was interrupted as daylength increased, thus initi-
ating migratory activity at the same age as control birds. Consequently, if we take into ac-
count the trend for earlier breeding, the delay in the timing of autumn migration currently
observed in a number of bird species cannot be due to plasticity of the phenotype. As an im-
mediate adaptive response to improved conditions on the breeding grounds, we expect a dif-
ferential delay of the onset of migration and a flattening of the population reaction norm due
to relaxation of selection for fast development in late-hatched birds.
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INTRODUCTION

To migratory birds, the onset of autumn migration is an important trait, strongly
correlated to fitness. It not only determines how long a bird stays on the breeding
grounds, and which conditions it encounters when it prepares for migration (i.e. for
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moulting and building up fat reserves), but also determines, as we have recently
shown, how far a bird migrates (Pulido 1998, Pulido and Berthold 1998). We there-
fore expect that each species has an optimal departure date under particular envi-
ronmental conditions. Indeed, in many bird species there is only little among-year
variation in autumn departure date (see, for instance, Berthold 1993). However, as
environmental conditions change, the optimal departure date also changes. We are
currently witnessing an increase in global temperature, and are therefore interested
in predicting to what extent and in which way birds can alter the timing of autumn
migration in response to these changing conditions on the breeding grounds
(cf. Berthold 1991, 1996).

The photoperiodic cycle has been identified as the most important environ-
mental factor influencing the timing of migration in birds (Gwinner 1986, 1996;
Berthold 1996), thus synchronising their annual activities with seasonal processes.
The influence of the photoperiod on bird migration has predominantly been stud-
ied with the aims of identifying the conditions under which photorefractoriness is
broken in autumn (e.g. Gwinner 1987, 1989), and the conditions under which the
photoperiod functions as a �zeitgeber� of circannual rhythms (Gwinner 1986).
Moreover, it has been investigated to what extent interspecific and interpopula-
tional differences in the development of migratory disposition, and in the timing
and course of migratory activity, are due to different genetic programs, differences
in the photoperiodic conditions experienced, or genetic differences in the response
to photoperiodic conditions (see, for instance, Gwinner et al. 1971, 1972; Berthold
et al. 1972; Berthold 1977; Widmer 1999). In these studies, differences in endoge-
nous programs were identified as the major cause for differences in juvenile devel-
opment and migratory behaviour.

Recently, there have been a number of studies showing that among-population
differences in the timing of breeding (Lambrechts et al. 1996, 1997, 1999; Visser and
Lambrechts 1999), moulting (Helm and Gwinner 1999), autumn (Pulido 1998, Wid-
mer 1999, Pulido and Berthold in prep.) and spring migration (Widmer 1999) are to
a large extent due to differences in the response to environmental cues, i.e. the pho-
toperiod. In these studies, the relationship between daylength variation and the
timing of seasonal events has been studied using a reaction-norm approach (see, for
instance, van Noordwijk 1989, Via et al. 1995, Schlichting and Pigliucci 1998). The
reaction norm is �the set of phenotypes produced by a single genotype across
a range of environmental conditions� (Stearns 1992). By using this quantitative ge-
netic approach, we may be able to elucidate the evolutionary processes leading to
adaptive changes in the timing of migration. In addition, the assessment of the
amount of additive genetic variation in reaction norms may enable us to predict the
rates of evolutionary change in this trait.

Here, we summarise recent experimental results on the control and the adapt-
ability of the onset of autumn migratory activity in a southern German Blackcap
population using a reaction-norm approach.
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MATERIAL AND METHODS

All experiments reviewed in this paper were conducted at Vogelwarte Ra-
dolfzell. The results presented are based on data on migratory restlessness of al-
most 700 first-year Blackcaps from a southern German population collected in the
past 12 years. All birds were either bred in aviaries or collected in the wild. They
were hand-raised, and kept under standardised, controlled conditions. Migratory
activity was measured in registration cages with movable perches throughout the
migratory season (for methods and a description of the population, see, for in-
stance, Berthold and Pulido 1994).

RESULTS

Within-environment genetic variation

Genetic variation is the prerequisite for adaptive evolution, and a measure of
the amount of genetic variation available to selection in a population is the herita-
bility. The most straightforward way of estimating heritability is to plot mid-
offspring trait values on mid-parental values. The slope of the regression line fitted
to these data points gives an unbiased estimate of the heritability (Falconer and
Mackay 1996). If we remove the effect of hatching date, the heritability of the resid-
ual onset of migratory restlessness obtained by this method was 0.36. Heritabilities
estimated using the resemblances among full sibs were on average a little higher
(h² = 0.42). We should thus expect that in this Blackcap population about 40% of
the phenotypic variance is caused by genes with additive effects (Pulido 1998, Pu-
lido and Berthold in prep.).

In an artificial selection experiment, we tested the prediction of rapid evolution-
ary change in this trait. We selectively bred birds with the latest onset of activities
for two generations (Pulido and Berthold in prep.). Surprisingly, the response to
this truncation selection was much higher than we anticipated. The mean onset of
migration of the population was delayed by about two weeks in only two genera-
tions, yielding a realised heritability of about 0.8. This unexpected result was proba-
bly due to correlated responses to selection on other migratory traits we did not
control for in our experiment, as a consequence of reinforcing genetic correlations
(see Pulido and Berthold 1998).

All these experiments suggest that there is a relatively high amount of additive
genetic variation present in this population, and that we should expect rapid re-
sponses of within-environment trait means to selection.

Phenotypic plasticity

It is well established that the photoperiod is the environmental variable having
the strongest influence on the timing of migration in most birds (Gwinner 1986,
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1996; Berthold 1996). Variation in photoperiodic conditions within a population is a
consequence of variation in the timing of breeding. Birds hatching late in the season
experience shorter daylengths during their development than birds hatching earlier
in the season.

There is a strong positive correlation between hatching date and date of onset of
migratory activity: the later a bird hatches, the later it starts migration (Pulido 1998,
Pulido and Berthold in prep.). However, even though we expect selection on the
date of onset of migration, it is not the trait selected for. For understanding the se-
lection process leading to changes in the date of onset of migratory activity, we have
to gain insight into the mechanisms causing the photoperiodic response. Differ-
ences in the onset of migration in birds hatched at different times are caused by dif-
ferences in developmental time, i.e. the time a bird needs to moult and acquire mi-
gratory disposition. Birds hatched late in the season do start migration later, but not
as late as we would expect if all birds needed the same time to develop (see Gwin-
ner 1986, 1996; Berthold 1988, 1996).

If we plot the age at onset of migratory activity against hatching date of each in-
dividual southern German Blackcap, we find a strong linear relationship between
these two variables (Fig. 1). The later a bird hatches the faster it develops, and the
younger it is when it leaves the breeding grounds. This function can be described as
a population reaction norm, i.e. the set of phenotypes that on average is produced
within a population exposed to different environmental conditions (van Noordwijk
1989). For studying individual reaction norms, we looked at the performance of the
offspring of one breeding pair hatched at different times of the season. Even though
full sibs are not genetically identical (unless they were monozygotic twins), they are
the most genetically homogeneous group available in birds. Figure 2 shows the re-
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Fig. 1. The effect of hatching date on age at onset of migratory activity (MA, in days after hatching). The
regression line gives the mean population reaction norm (cf. van Noordwijk 1989). The linear
regression coefficient (b = -0.440) is highly significantly different from zero (from Pulido 1998;
Pulido and Berthold, in prep.).



action norms of 20 full-sib groups. On average the relationship is similar to the one
found for the total population. The slopes of most family reaction norms are close
to the mean slope of the population. However, there is also some heterogeneity: in
some families, there is practically no response to the photoperiod; in other families,
the compensatory effect is much stronger. This heterogeneity in slopes (which
mathematically is identical to the genotype-by-environment interaction) is impor-
tant, as it is a prerequisite for reaction norms to respond to natural selection.

For adapting to a global increase in temperature, it is not sufficient to delay the
departure from the breeding grounds, but also the response of the onset of migra-
tion to differences in hatching date has to change. There is now growing evidence
from field studies that not only autumn migration is delayed but also that breeding
is considerably advanced (see, for instance, Crick and Sparks 1999). Because condi-
tions in early spring have improved on the breeding grounds, birds return earlier in
spring and start breeding earlier. On the other hand, conditions in autumn have
also improved and allow birds to stay longer on the breeding grounds. However, as
there is a strong positive correlation between timing of breeding and timing of mi-
gration, an advancement of laying date should cause an advancement of autumn
migration. So, how could both laying date and onset of migration adapt to these
new environmental conditions? One solution to this problem would be the modifi-
cation of the population reaction norm. This may be possible as there is some evi-
dence for additive genetic variation in the slope of reaction norms (see above).
However, first estimates of the heritability of the slope of the reaction norm in this
population (h² lies between 0.04 and 0.14 and is not significantly different from zero
� Pulido and Berthold unpubl.) suggest that the amount of additive genetic varia-

THE RING 23, 1 (2001) 153

A
ge

at
on

se
to

fM
A

[d
]

160

140

120

100

80

60

40
140 160 180 200 220

Hatching date

Fig. 2. Among-family variation in reaction norms of the age at onset of migratory activity (MA) in response
to differences in hatching date. Each line gives the linear regression fitted to the data on the onset
of migratory activity of one of 20 full-sib groups (F1 generation) with variation in hatching dates.
The among-family variation of regression coefficients (i.e. the family-by-hatching-date interaction
term) is significantly different from zero (from Pulido 1998; Pulido and Berthold, in prep.).



tion in phenotypic plasticity is too low to adapt to a rapidly changing environment.
Moreover, it is not enough to have a different slope of a linear reaction norm, but
its shape has to change � it has to become curvilinear. We have good evidence that
in the range of current hatching dates the reaction norm is linear (see Fig. 1; Pulido
1998). However, what would happen if a bird hatched much earlier, at a time when
daylength is relatively short, and still increasing? This is a scenario to be expected if
the trend for earlier breeding in the Blackcap continues. It is possible that the mean
reaction norm in this population is already adapted to very early hatching. If the re-
action norm was curvilinear outside the range of studied hatching dates, then a de-
layed onset of migration could be induced by the photoperiodic conditions experi-
enced during development in very early-hatched birds.

We conducted a photoperiodic experiment with Blackcaps from southern Ger-
many to investigate whether a delayed onset of migration could be induced by the
photoperiodic conditions experienced by birds hatching very early in the season
(Coppack 1998, Coppack et al. in prep.). Nestlings were reared under a time-shifted
light-dark regime simulating conditions six weeks before their actual hatching date.
Experimental birds started migratory restlessness at a significantly earlier age com-
pared to siblings held under photoperiods similar to natural conditions. However,
this early migratory activity was interrupted as daylength subsequently increased
(Fig. 3). This experiment shows that the photoperiodic response alone cannot ex-
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Fig. 3. Results from a split-brood experiment testing the shape and variation of reaction norms in very
early-hatched birds. Patterns of migratory restlessness of 30 individual juvenile Blackcaps derived
from 6 families (I-VI) hatched around May 15. In A, migratory activities in birds from the control
group � held in natural photoperiodic conditions � are given. In B, migratory activities for the
experimental group � held in photoperiodic conditions simulating a hatching date 6 weeks earlier,
i.e. around April 6 � are given. Birds within each treatment are sorted by the age at onset of
migratory activity (from Coppack 1998; Coppack et al., in prep.).



plain current changes in the timing of migration. Moreover, some individuals from
single families did not respond to the photoperiodic shift, indicating that there is
variation of reaction norms within this population. This may suggest that adaptive
responses to very early hatching may already be present in this population, and that
we can expect reaction norms to adapt to the expected environmental changes.

DISCUSSION

The studies reviewed here clearly demonstrate the presence of additive genetic
variation in the onset of migratory activity in autumn, thus the potential for evolu-
tionary change. However, adaptive changes in the onset of migratory activity cannot
be understood if the tight correlation between the age at onset of migratory activity
and hatching date is disregarded. The timing of the onset of migration is controlled
by the speed of development of juvenile birds. Thus, it is this trait that may be modi-
fied by natural selection for earlier or later autumn migration. The later a bird
hatches the faster it develops, and the earlier it starts migration. This response of
developmental time to differences in hatching date can be regarded as a reaction
norm, where the photoperiod (i.e. daylength or changes in daylength) is the envi-
ronmental variable modifying the expression of developmental rate. The reaction-
norm approach has previously been successfully applied to studying the adaptation
and evolution of laying dates (e.g. Nager and van Noordwijk 1995; Lambrechts et al.
1997, 1998, 1999; Visser and Lambrechts 1999) and the timing of moult (Helm and
Gwinner 1999). Here, we show that this approach can successfully be used to pre-
dict adaptive evolution in the timing of autumn migration.

The study of family reaction norms revealed some additive genetic variation in
the slope of the reaction norm. This variation, however, seems to be too small to fa-
cilitate rapid adaptive changes. Similarly, experimental results in Drosophila (Hille-
sheim and Stearns 1991, Scheiner and Lymann 1991) and Daphnia (Scheiner and
Yampolsky 1998) suggest that although selection may result in significant changes
of reaction norms, direct selection responses are small compared to correlated re-
sponses to selection on within-environment trait means (see Via 1993, Scheiner
1993, Scheiner and Yampolsky 1998). In our proposed model for adaptive changes
in the timing of autumn migration in response to global warming, the change in the
reaction norm is primarily achieved by relaxed selection for fast development in
birds born late in the season (Fig. 4). As rapid development is costly (for an evalua-
tion of the costs of rapid moult in birds, see Murphy 1996, Hedenström 1999, He-
denström and Sunada 1999), we expect strong selection for a longer developmental
time in late-hatched birds as a first, immediate evolutionary response to improved
conditions on the breeding grounds. Because of this selection process, a flattening
of the reaction norm should follow as a correlated response (see Fig. 4). However,
as selection proceeds, both late-hatched birds and birds hatched early in the season
will be affected. As laying dates are becoming progressively earlier, birds will hatch
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earlier and should, therefore, be initiating migration earlier. Thus, if selection per-
sists for a long enough period, we not only expect changes in within-hatching-date
means and in the slope of the reaction norm, but also in its shape.

ACKNOWLEDGMENTS

We thank Thomas Städler for critically reading the manuscript.

REFERENCES

Berthold P. 1977. Steuerung der Jugendentwicklung bei verschiedenen Populationen derselben Art: Unter-
suchungen an südfinnischen und südwestdeutschen Gartengrasmücken Sylvia borin. Vogelwarte
29: 38-44.

Berthold P. 1988. The control of migration in European warblers. Acta XIX Congr. Int. Orn.: 215-249.
Berthold P. 1991. Patterns of avian migration in light of current global �greenhouse� effects: A central Euro-

pean perspective. Acta XX Congr. Int. Orn.: 780-786.
Berthold P. 1993. Bird migration: A general survey. Oxford.
Berthold P. 1996. Control of bird migration. London.
Berthold P., Pulido F. 1994. Heritability of migratory activity in a natural bird population. Proc. R. Soc. Lon-

don B. 257: 311-315.
Berthold P., Gwinner E., Klein H., Westrich P. 1972. Beziehungen zwischen Zugunruhe und Zugablauf bei

Garten- und Mönchsgrasmücke (Sylvia borin und S. atricapilla). Z. Tierpsychol. 30: 26-35.
Coppack T. 1998. Die Unteruchung photoperiodischer Effekte auf den Zugbeginn der Mönchsgrasmücke

(Sylvia atricapilla). Diplomarbeit, Universität Konstanz.
Crick H. Q. P., Sparks T. H. 1999. Climate change related to egg-laying trends. Nature 399: 423-424.
Falconer D. S., Mackay T. F. C. 1996. Introduction to quantitative genetics. Harlow.
Gwinner E. 1986. Circannual rhythms. Berlin.

156 THE RING 23, 1 (2001)

ag
e

at
on

se
to

fM
A

hatching date

longer
development

Fig. 4. Model predicting changes in the age at onset of migratory activity in response to global warming.
Filled circles represent the current population mean for the age at onset of migratory activity (MA)
for two different hatching dates. The solid line gives the present reaction norm. Open squares and
broken lines represent expected population means for two hatching dates, and the respective
reaction norm after selection. The arrow indicates the predicted direction of selection.



Gwinner E. 1987. Annual rhythms of gonadal size, migratory disposition and moult in Garden Warblers Syl-
via borin exposed in winter to an equatorial or a southern hemisphere photoperiod. Orn. Scand.
18: 251-256.

Gwinner E. 1989. Photoperiod as a modifying and limiting factor in the expression of avian circannual
rhythms. J. Biol. Rhythms 4: 237-250.

Gwinner E. 1996. Circadian and circannual programmes in avian migration. J. Exp. Biol. 199: 39-48.
Gwinner E., Berthold P., Klein H. 1971. Untersuchungen zur Jahresperiodik von Laubsängern. II. Einfluß

der Tageslichtdauer auf die Entwicklung des Gefieders, des Gewichts und der Zugunruhe bei Phylloscopus
trochilus und Ph. collybita. J. Orn. 112: 253-265.

Gwinner E., Berthold P., Klein H. 1972. Untersuchungen zur Jahresperiodik von Laubsängern. III. Die En-
twicklug des Gefieders, des Gewichts und der Zugunruhe südwestdeutscher und skandinavischer Fitisse
(Phylloscopus trochilus trochilus und Ph. t. acredula). J. Orn. 113: 1-8.

Hedenström A. 1999. Aerodynamics of moult in birds: Effects of wing gaps on flight performance. In: Ad-
ams N. J., Slotow R. H. (Eds). Proc. 22 Int. Orn. Congr. Durban. Johannesburg: pp. 536-543.

Hedenström A., Sunada S. 1999. On the aerodynamics of moult gaps in birds. J. Exp. Biol. 202: 67-76.
Helm B., Gwinner E. 1999. Timing of postjuvenal molt in African (Saxicola torquata axillaris) and Euro-

pean Stonechats (Saxicola torquata rubicola): Effects of genetic and environmental factors. Auk 116:
589-603.

Hillesheim E., Stearns S. C. 1991. The responses of Drosophila melanogaster to artificial selection on body
weight and its phenotypic plasticity in two larval food environments. Evolution 45: 1909-1923.

Lambrechts M. M., Perret P., Blondel J. 1996. Adaptive differences in the timing of egg laying between dif-
ferent populations of birds result from variation in photoresponsiveness. Proc. R. Soc. London B 263:
19-22.

Lambrechts M. M., Blondel J., Maistre M., Perret P. 1997. A single response mechanism is responsible for
evolutionary adaptive variation in a bird's laying date. Proc. Natl. Acad. Sci. USA 94: 5153-5155.

Lambrechts M. M., Perret P., Maistre M., Blondel J. 1999. Do experiments with captive non-domesticated
animals make sense without population field studies? A case study with Blue Tits' breeding time. Proc.
R. Soc. London B 263: 1311-1315.

Murphy M. E. 1996. Energetics and nutrition of molt. In: Carey C. (Ed.). Avian energetics and nutritional
ecology. New York: pp. 158-198.

Nager R. G., van Noordwijk A. J. 1995. Proximate and ultimate aspects of phenotypic plasticity in timing of
Great Tit breeding in a heterogeneous environment. Am. Nat. 146: 454-474.

Pulido F. 1998. Evolutionary quantitative genetics of migratory restlessness in the Blackcap (Sylvia atricap-
illa). Ph.D. thesis, Universität Konstanz.

Pulido F., Berthold P. 1998. The microevolution of migratory behaviour in the Blackcap: Effects of genetic
covariances on evolutionary trajectories. In: Spina F., Grattarola A. (Eds). Proc. of the 1st Meeting of
the European Ornithologists� Union. Biol. Cons. Fauna 102: 202-207.

Scheiner S. M. 1993. Genetics and evolution of phenotypic plasticity. Ann. Rev. Ecol. Syst. 24: 35-68.
Scheiner S. M., Lyman R. F. 1991. The genetics of phenotypic plasticity. II. Response to selection. J. Evol.

Biol. 4: 23-50.
Scheiner S. M., Yampolsky L. Y. 1998. The evolution of Daphnia pulex in a temporally varying environ-

ment. Genet. Res., Cambridge 72: 25-37.
Schlichting C. D., Pigliucci M. 1998. Phenotypic evolution. A reaction norm perspective. Sunderland, MA.
Stearns S. C. 1992. The evolution of life histories. Oxford.
van Noordwijk A. J. 1989. Reaction norms in genetical ecology. Bioscience 39: 453-459.
Via S. 1993. Adaptive phenotypic plasticity: Target or by-product of selection in a variable environment. Am.

Nat. 142: 352-365.
Via S., Gomulkiewicz R., de Jong G., Scheiner S. M., Schlichting C. D., van Tienderen P. H. 1995. Adap-

tive phenotypic plasticity: consensus and controversy. Trends Ecol. Evol. 10: 212-217.
Visser M. E., Lambrechts M. M. 1999. Information constraints in the timing of reproduction in temperate

zone birds: Great and Blue tits. In: Adams N. J., Slotow R. H. (Eds). Proc. 22 Int. Orn. Congr., Dur-
ban. Johannesburg: pp. 249-264.

Widmer M. 1999. Altitudinal variation of migratory traits in the Garden Warbler Sylvia Borin. Ph.D. thesis,
Universität Zürich.

THE RING 23, 1 (2001) 157


