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The Microevolution of Migratory Behaviour in the
Blackcap: Effects of Genetic Covariances
on Evolutionary Trajectories

Francisco PuLIDO, PETER BERTHOLD

SUMMARY - Phenotypic evolution may be constrained by the lack of genetic variation or by unfavourable genetic correlations.
While the amount of additive genetic variance determines the rate of evolutionary change, genetic covariances may influence
the evolution of a suite of characters by counteracting selection, thus retarding adaptive changes, or by reinforcing selection
responses. We studied the quantitative genetics of incidence, amount, onset, intensity, and termination of autumn migratory
restlessness in the Blackcap (Sylvia atricapilla) with the aim of identifying potential genetic constraints on the direction and
rate of evolutionary change in migratory behaviour. Drawing on data from two Blackcap populations, one a completely and the
other a partially migratory population, we assessed genetic variances and covariances using midparent-offspring regressions,
or from responses to artificial selection. We found high phenotypic variation and significant heritabilities for incidence, onset,
intensity and amount of migratory activity, demonstrating high evolvability of these traits. Termination of autumn migration,
however, has a low heritability. Moreover, we found a genetic correlation not significantly different from 1 between incidence
and amount of migratory activity, suggesting that both characters are different aspects of the same trait. The proportion of mi-
grants in a population thus is determined by the distribution of migratory activities in the population and a population specif-
ic threshold. High genetic correlations among all behavioural traits indicate that migratory traits in the Blackcap are ex-
pressed as a genetically integrated syndrome. Selection on any of these traits will induce changes in all other traits. The signs
of the genetic correlations among migratory traits are in accord with interspecific correlation patterns, and may reinforce the
response to selection imposed by global warming.

RIASSUNTO - La microevoluzione del comportamento migratorio nella Capinera: effetti delle covarianti genetiche sulle
traiettorie evolutive. L'evoluzione del fenotipo puo essere limitata dalla mancanza di variabilita genetica o da correlazioni ge-
netiche sfavorevoli. Se la quantita di varianza genetica additiva determina il tasso di mutamenti evolutivi, le covarianti genetiche
possono influenzare 'evoluzione di una serie di caratteri contrastando la selezione, e quindi ritartando i mutamenti adattativi, o
reinforzando i processi selettivi. Abbiamo studiato la genetica quantitativa dell'incidenza, quantita, inizio, intensita e termine
delllirrequietezza migratoria autunnale nella Capinera (Sylvia atricapilla) al fine di identificare potenziali limiti nella direzione e
nel tasso dei mutamenti evolutivi nel comportamento migratorio. Sulla base di dati relativi a due popolazioni di Capinera, una
completamente e laltra parzialmente migratrici, abbiamo valutato varianti e covarianti genetiche utilizzando relazioni genitori-
prole, o in base a risposte a selezione artificiale. Abbiamo riscontrato un’alta variabilita fenotipica e tassi significativi di eredita-
bilita per quanto concerne lincidenza, l'inizio, I'intensita e la quantita di attivita migratoria, dimostrando l'alto potenziale evolu-
tivo di questi tratti. La conclusione della migrazione autunnale mostra pero bassi tassi di ereditabilita. Abbiamo inoltre riscon-
trato una correlazione genetica non significativamente diversa da 1 tra incidenza e quantita di attivita migratoria, il che suggeri-
sce che i due caratteri siano aspetti diversi dello stesso carattere. La proporzione di individui migratori in una popolazione ¢
quindi determinata dalla distribuzione delle attivita migratorie nella popolazione e da un livello di soglia specifico per la popola-
zione stessa. Alte correlazioni genetiche tra tutti i tratti comportamentali indicano che le caratteristiche migratorie della
Capinera sono espresse quali sindrome integrata su base genetica. La selezione a carico di qualunque di questi tratti indurra
mutamenti anche in tutti gli altri. I segnali delle correlazioni genetiche tra le caratteristiche migratorie sono in accordo con gli
schemi di correlazione interspecifica e possono rinforzare la risposta alla selezione imposta dal riscaldamento globale.

INTRODUCTION

Migration in birds involves a number of physio-
logical, morphological, behavioural and life history
adaptations to cover the migratory journey and to
organise the different annual activities, i.e. breeding,
moult, and migration (see, for instance, Berthold
1993, Dingle 1996). Most of these adaptations are
not distributed in an all-or-none fashion among mi-
gratory and nonmigratory birds, but show consider-
able variation within and among avian populations.
Weismann (1878) already remarked that within one
species we may find a graded series of different mi-
gratory habits, from completely sedentary to dis-
tinctly migratory (cf. Lack 1968). He further outlined
how migration may have evolved by gradually in-
creasing the distance and regularity of migratory
movements (cf. Terrill 1990). Moreover, the expres-

sion of migratory traits is not independent from one
another, as many traits covary within and among
populations. In among-species comparisons in the
wild and under experimental conditions in the lab, it
has been found that birds migrating short or middle
distances migrate later than long-distance migrants
(cf. Berthold 1990 & 1993). This suggests that the
timing of the onset of autumn migration and the mi-
gration distance are negatively correlated, i.e. the
longer the migration distance the earlier a bird
species leaves the breeding grounds. Moreover, mi-
gratory activity in long-distance migrants lasts
longer and is more intensive than in short-distance
migrants (Berthold 1988, Gwinner 1996). In partially
migratory bird species, migration distances in the
migratory fraction of the population are lower than
in species where apparently all individuals migrate.
This relation was confirmed in a common garden ex-
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periment with Blackcaps from populations with dif-
ferent migratory habits: migratory activities in mi-
grants decrease with increasing proportion of mi-
grants in the population (Berthold & Querner 1981).
Among-population covariation can have a number of
causes, of which genetic correlation, caused by
pleiotropy, epistasis, or linkage, is the only mecha-
nism which influences evolutionary trajectories with-
in populations directly and consistently (Armbruster
& Schwaegerle 1996).

Since the landmark papers by Lande (1979,
1982), the role of genetic correlations in the evolu-
tion of character complexes has gained considerable
attention (see reviews by Price & Langen 1992,
Arnold 1992, 1994, and chapter 5 in Roff 1997).
Genetic correlations among traits may constrain evo-
lution, i.e. selection for a certain combination of
traits is prevented or retarded if selection on one
trait cancels selection on another trait (see, for in-
stance, Scheiner & Istock 1991, Arnold 1992,
Bjorklund 1996), or may maintain maladaptive traits
(Price & Langen 1992). Drawing on morphological
data on two flycatcher species, Merild et al. (1994)
demonstrated that even relatively low genetic correla-
tions of approximately 0.2 can considerably con-
strain short-term selection responses in natural pop-
ulations. Furthermore, Schluter’s (1996) analyses of
morphological evolution in sticklebacks and other
vertebrate species (including data on different bird
groups) suggest that genetic covariances may con-
strain adaptive evolution over fairly long time spans.
However, correlations may also increase the rate of
adaptive evolution: if genetic correlations are in the
direction of the selection vectors, the net selection
responses for all traits will be higher and evolution-
ary change of all correlated characters will be accel-
erated (reinforcing correlations). It has been predict-
ed on theoretical and empirical grounds that if corre-
lational selection persists over an extended period of
time, concurrent genetic correlations may evolve
(Cheverud 1984, Jernigan et al. 1994, Endler 1995,
Armbruster & Schwaegerle 1996). Therefore, the sign
and magnitude of genetic correlations may not only
provide information on the direction and rate at
which suites of traits will evolve, but will also help to
identify periods of correlational selection in the past.

Evidence for the genetic integration of migratory
traits has been found in a variety of organisms, pre-
dominantly insects (Dingle 1996). Integration is
measurable as the genetic correlation among traits.
In several model systems, for instance the Milkweed
Bug and the Sand Cricket, significant genetic correla-
tions among life history, behavioural, physiological or
morphological traits involved in the migratory syn-
drome have been found (Hegmannn & Dingle 1982,
Palmer & Dingle 1986 & 1989, Fairbairn & Roff
1990). In some of these species, genetic integration of
migratory traits could be ascribed to the pervasive in-
fluence of juvenile hormone during individual devel-
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opment (see, for instance, Zera & Zhang 1995,
Fairbairn & Yadlowski 1996, Dingle & Winchell
1997). In birds, however, information on the genetic
correlation among migratory traits and their potential
causes is still completely lacking.

Here we review published and unpublished pre-
liminary results on the genetic variances and genetic
correlations among migratory traits, and discuss
them in view of their influence on evolutionary trajec-
tories. The work presented here is part of a compre-
hensive study on the evolutionary quantitative genet-
ics of migratory behaviour in the Blackcap (Berthold
& Pulido 1994, Pulido et al. 1996, Pulide 1998,
Pulido & Berthold, unpublished). The aim of this
study is to assess quantitative genetic parameters of
diverse migratory traits in the Blackcap in order to
predict evolutionary changes in the wild, and to elab-
orate models of the microevolution of migratory be-
haviour in birds.

MATERIALS AND METHODS

For studying the genetic correlation between the
incidence and amount of migratory activity we used
the data on migratory activities of 775 Blackcaps
from the partially migratory population of southern
France (see Berthold 1986, Pulido et al. 1996).
Details of the methods, the analyses and the results
are found in Pulido et al. (1996) and Pulido (1998).
Phenotypic correlations in southern German
Blackcaps were estimated using 385 individuals tak-
en as nestlings from the wild, and reared and kept
under controlled conditions (for details, see Berthold
& Pulido 1994). Heritabilities and genetic correlations
were assessed using data on migratory restlessness
of 127 F-offspring, and their respective parents
(from 30 families). Heritability estimates were ob-
tained by midparent-offspring regression. Genetic
correlations were estimated by offspring on midpar-
ent correlation across pairs of traits. This approach
yielded two different estimates which we used to ob-
tain an overall genetic correlation by calculating the
arithmetic and geometric mean (cf. Becker 1992,
Falconer & Mackay 1996, Roff 1997). The consisten-
cy among these estimates was an indicator of the re-
liability of the overall estimate.

RESULTS

Heritabilities

Heritabilities of the amount, the onset and the in-
tensity of migratory activity were all moderate to high
(0.45, 0.37, 0.54), and highly significant (see Table
1). The heritability for the termination of migratory
activity was low (0.12) and not significantly different
form zero (Berthold & Pulido 1994, Pulido 1998,
Pulido & Berthold, in prep.).



Pulido & Berthold

Biol. Cons. Fauna 102

AMA OMA TMA IMA
Amount of MA (AMA) 0.45 - (+++) +++
Onset of MA (OMA) -- 0.37 (---) .
Termination of MA (TMA) ++ - (0.12) (++4)
Intensity of MA (IMA) +++ - (+) 0.54

Table 1 - Heritabilities (on the diagonal), phenotypic correlations (below diagonal) and genetic correlations (above diagonal) between
migratory traits (MA = autumn migratory activity). The sign and the approximate magnitude of the correlations are given (+++: 1r > 0.6;
++:062r>0.3;+:032r>0;-:0>r>-0.3;--:-0.3>r>-0.6; -—-: -0.6 = r ). Brackets indicate heritability estimates and phenotypic
correlations not statistically different from zero, or inconsistent genetic correlations.

Genetic correlations

Both the results from a bi-directional selection ex-
periment for lower and higher proportion of migrants
(Figure 1) and a logistic regression analysis of the
probability for migratory Blackcaps having nonmigra-
tory offspring (results not shown, see Pulido et al.
1996) indicate that there is a high genetic correlation
between the incidence and the amount of migratory
activity. The estimate of the realised genetic correla-
tion derived from the selection experiment is not sig-
nificantly different from one (Figure 1).

Table 1 gives preliminary estimates of the pheno-
typic and genetic correlations among different migra-
tory traits in the southern German Blackcap popula-
tion. The results reveal three striking features: (1)
Genetic and phenotypic correlations are of the same
sign; (2) Genetic correlations are very high, and are
consistent when estimated by different methods (ex-
cept correlations with the termination of migration);
(3) Genetic and phenotypic correlations are in the di-
rection expected from among-population phenotypic
correlations.

Di1scUsSION

Heritabilities

We found relatively high heritabilities (¢f. Mous-
seau & Roff 1987) for all migratory traits except for
the termination of autumn activity, suggesting that
the evolution of migratory behaviour will not be con-
strained by the lack of additive genetic variance (see
Berthold et al. 1990, Berthold & Helbig 1992, Ber-
thold et al. 1992). Berthold & Pulido (1994) showed
that mean migratory activity in the southern German
Blackcap population, a trait with a mean heritability
of 0.4, could change considerably after only short
periods (< 30 generations) of moderate directional
selection. This change in mean activity could either
be achieved by changing the duration of migratory
activity (by selecting for earlier or later onset), or by
changing the intensity of migration. However, par-
ent-offspring resemblances in the termination of mi-
gratory activity are low and not significantly different
from zero. This result is in accord with a number of
other studies showing that under unfavourable con-
ditions the end of activity may be experimentally de-
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layed in the lab (see Terrill 1987, Gwinner et al
1988) or in the field (Perdeck 1964, Terrill & Ohmart
1984), indicating the sensitivity of this trait to envi-
ronmental variation.

Genetic Correlations

Our preliminary characterisation of the genetic ar-
chitecture of migratory traits in the Blackcap demon-
strates for the first time that migratory traits in birds
are tightly linked by genetic correlations, and thus
can be expected to evolve in a concerted fashion as a
migratory syndrome.

The strong correlated response of migratory activ-
ity to selection for lower and higher proportions of
migrants in the southern French Blackcap popula-
tion, yielding a genetic correlation close to one, sug-
gests that both traits are controlled by the same set
of genes. This “one-trait hypothesis® is further cor-
roborated by a significant logistic regression of fre-
quency of migrants among the offspring on mid-
parental migratory activity, and by the distributions
of migratory activities in different cohorts which are
best fitted by a censored normal distribution (Pulido
et al. 1996). Therefore, incidence and amount of mi-
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Figure 1 - Correlated response of the amount of migratory activ-
ity to selection on the frequency of migrants and nonmigrants.
Correlated selection responses (CR) and selection intensities (I)
are given in standard deviations of the population mean of the
respective parental generation. Points give single-generation cu-
mulative selection responses and intensities. A linear regres-
sion line was fitted to all single generation cumulative selection
responses and intensities (CR = 0.472 1 + 0.042). The resultant
realised genetic correlation lies between 0.96-1.11. (From
Pulido et al. 1996).
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Figure 2 - “One-trait-model” (threshold model) of the relation-
ship between incidence (frequency) and amount of migratory ac-
tivity. Nonmigrants (in black) are individuals with an (unex-
pressed) amount of activity below a threshold value (T). (From
Pulido et al. 1996).

migratory activity

gratory activity should best be viewed as two differ-
ent aspects of a single trait. Migratory activity is the
continuous variable underlying a threshold trait (see
Falconer & Mackay 1996, Roff 1996), the incidence
of activity. Nonmigratory individuals would thus be
those individuals which have activities below a cer-
tain threshold value (see Figure 2). The position of
the threshold may also be amenable to natural selec-
tion (Fairbairn 1994, Fairbairn & Yadlowski 1996,
Pulido et al. 1996). The frequency of migrants may
thus either be changed (1) by directly selecting for or
against migrants, (2) by selecting for lower or higher
amount of migratory activity in migrants, or (3} by
lowering or increasing the threshold for the expres-
sion of activity. This genetic “build-up“ of migratory
activity in the Blackcap has profound implications
for the evolution of migration: partial migration
should be ubiquitous, and adaptive changes from
sedentariness to migratoriness or from migratoriness
to residency should be possible by “simply“ selecting
for shorter or longer migration distances, or by
changing the migration threshold, without any need
for introducing new genes for “residency“ or “migra-
toriness® (Pulido et al. 1996).

The signs of the correlations among migratory
traits are in accord with among-species correlations
suggesting that they are caused either by develop-

earlier arrival at the breeding area

}

earlier breeding

longer breeding
season

later departure from the breeding area

shorter stay on

shorter migration distance o Sk '
the wintering site

earlier departure from the wintering site

Figure 3 - Expected changes in the timing of breeding and mi-
gration of northern Palaearctic birds as a consequence of global
warming. Arrows indicate causal links (for instance, earlier de-
parture from the wintering site causes an earlier arrival at the
breeding grounds).
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mental or physical constraints, or similar selection
regimes act on different species in the same way (see,
for instance, Sokal 1978, Maynard Smith et al. 1985,
Armbruster & Schwaegerle 1996). Furthermore, the
signs of the correlations match the signs of the multi-
variate correlational selection caused by global tem-
perature changes (Figure 3). Thus, they will “act” syn-
ergistically with this selection regime, reinforcing
adaptive changes in all of these traits. Berthold
(1991) predicted that “warmer autumn, winter, and
spring periods should thus (1) rapidly shift the pro-
portions of obligate partially migratory species to-
wards sedentariness, and (2) individuals of middle to
short distance migrants should continuously be se-
lected for shorter migration distances.” These selec-
tion processes will not operate independently but will
reinforce each other, thus increasing the rate of adap-
tive evolution {correlational selection). We thus expect
concerted adaptive responses of migratory traits to
selection imposed by global warming. Populations of
short and middle distance migrants will very rapidly
change their behaviour in response to milder winters
by delaying their departure in autumn, by migrating
shorter distances (or not at all), and by anticipating
their return to the breeding grounds in spring. In
long-distance migrants crossing large areas of unsuit-
able habitat (for instance desert or sea), however, the
potential for concerted evolution towards increasing
residency (i.e. shorter migration distance and a longer
stay on the breeding grounds) is very restricted as a
gradual shift of the wintering area towards the breed-
ing grounds is not possible. If, for instance, selection
on the breeding ground favours birds departing late
in autumn, a shortening of the migration distance
will be selected for as a correlated response - this,
however, is only possible within the range of suitable
overwintering habitats. Selection against migration to
unsuitable wintering grounds (for instance deserts)
would oppose selection for increased residency. Thus,
the same correlation structure which is reinforcing
for one population under a specific selection regime
can hinder another population from adapting to
changing environmental conditions.

Endler (1995) stated that “given enough correla-
tional selection for long enough time, and isolation,...,
the pattern of genetic variation and covariation among
traits in a population will evolve to ‘fit’ the local selec-
tion and correlational selection network...The net ef-
fect will be that traits are genetically, functionally and
selectively correlated,...”. We believe that this holds for
migratory traits in the Blackcap. Throughout their
evolutionary history, Palaearctic birds have been ex-
posed to cycles of global warming and cooling. These
environmental changes have been, and continue to be
accompanied by changes in the winter and summer
distribution of bird species (Gauthreaux 1980, Burton
1995), thus moulding avian migratory habits and the
genetic correlation structure among traits by natural
selection (cf. Dingle 1996).
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We thus expect genetic correlations to have signi-
icant influence on evolutionary trajectories of migrato-
ry behaviour. They may either slow down or increase
selection responses, depending on the extant multi-
variate fitness landscapes. In the Blackcap, selection
for decreased migratoriness, currently favoured by a
temperature rise in the Western Palaearctic, should
be reinforced by the genetic architecture of migratory
traits. However, in some populations (for instance in
the northern and eastern part of the range; cf. Klein
et al. 1973) unfavourable geographic distribution of
wintering areas may prevent adaptive evolution.
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