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Global warming has led to earlier spring arrival of migratory birds, but the extent of this advancement

varies greatly among species, and it remains uncertain to what degree these changes are phenotypically

plastic responses or microevolutionary adaptations to changing environmental conditions. We suggest that

sexual selection could help to understand this variation, since early spring arrival of males is favoured by

female choice. Climate change could weaken the strength of natural selection opposing sexual selection for

early migration, which would predict greatest advancement in species with stronger female choice. We test

this hypothesis comparatively by investigating the degree of long-term change in spring passage at two

ringing stations in northern Europe in relation to a synthetic estimate of the strength of female choice,

composed of degree of extra-pair paternity, relative testes size and degree of sexually dichromatic plumage

colouration. We found that species with a stronger index of sexual selection have indeed advanced their

date of spring passage to a greater extent. This relationship was stronger for the changes in the median

passage date of the whole population than for changes in the timing of first-arriving individuals, suggesting

that selection has not only acted on protandrous males. These results suggest that sexual selection may

have an impact on the responses of organisms to climate change, and knowledge of a species’ mating

system might help to inform attempts at predicting these.
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1. INTRODUCTION
Long-term changes in the timing of seasonal activities are

being observed in many animal and plant taxa, including

widespread shifts in the phenology of migration and the

onset of reproduction (reviewed by Walther et al. 2002;

Root et al. 2003). In birds, this has been documented both

in analyses of long-term, multi-species datasets of timing

of spring arrival (reviewed by Lehikoinen et al. 2004) and

of egg laying (Crick & Sparks 1999), as well as in intensive

studies of single species or genera (e.g. Sheldon et al. 2003;

Both et al. 2004). However, species appear to have

responded to climate change to different degrees (Walther

et al. 2002). For example, one recent analysis showed that

over a 22-year period, changes in median passage date

through Denmark of migrant warblers with comparable

ecologies and non-breeding grounds varied from an earlier

migration by 7 days in blackcaps Sylvia atricapilla, to a

later migration by 2 days in wood warblers Phylloscopus

sibilatrix (Tøttrup et al. 2006). Similar or greater variation

has been revealed by other interspecific studies cited

earlier; yet we lack general explanations for this variation.

Furthermore, it is still uncertain to what degree these

changes are phenotypically plastic responses or
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microevolutionary adaptations to changing environmental

conditions (Pulido & Berthold 2004). This remains a

critical question in attempting to predict whether species

and populations will be able to adapt ongoing human-

caused environmental changes.

The changes in migration date have hitherto been

investigated largely with respect to changes in climatic

variables, migration distance and selection on breeding

date in relation to environmental productivity (e.g.

Coppack & Both 2002; Hüppop & Hüppop 2003).

However, other forces may also affect the evolution of

migration date in birds. As well as being shaped by

stabilizing selection on breeding date, early spring arrival

of males may be under directional selection by female

choice. Earliest-arriving individuals are typically males

(Møller 1994; Morbey & Ydenberg 2001; Møller 2004;

Rubolini et al. 2004), and the considerable costs incurred

during migration generate individual variation in arrival

time, potentially providing a reliable cue of phenotypic

quality for females. This is because early arrival is

associated with occupation of superior territories and

improved recovery of condition by the time of female

arrival (Møller 1994; Kokko 1999; Ninni et al. 2004).

Consistent with this idea, correlational studies at the

population level suggest that earlier-arriving males often

display more attractive sexual signals, such as song

(Arvidsson & Neergaard 1991; Hoi-Leitner et al. 1993;

Lampe & Epsmark 1994; Nyström 1997) and plumage
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characters (Slagsvold & Lifjeld 1988; Ninni et al. 2004),

and have a higher probability of obtaining extra-pair

fertilizations (Langefors et al. 1998; Møller et al. 2003) or

of breeding polygynously (Hasselquist 1998). For arrival

time honestly to reflect individual quality, the marginal

costs of early arrival must be greater for low-quality

individuals than high-quality individuals (Kokko 1999),

and this is supported by two studies of barn swallows

Hirundo rustica (Møller 1994; Ninni et al. 2004).

At the species level, if early arrival honestly reflects male

quality and this is subject to sexual selection by female

choice, then species with longer and hence presumably

costlier migrations should experience stronger sexual

selection. In support of this prediction, several traits

considered to be generally associated with more intense

female choice have been shown to be correlated with

migratory behaviour. Migration distance is associated with

elevated levels of extra-pair paternity (EPP; Spottiswoode &

Møller 2004) and degree of sexually dichromatic plumage

colouration (Fitzpatrick 1994; Spottiswoode & Møller

2004), and both the occurrence (Read & Weary 1992) and

distance (Mountjoy & Leger 2001) of migration are

positively associated with song complexity. Given that

males may benefit from early arrival through increased

mating success, they generally arrive on the breeding

grounds earlier than females (‘mate opportunity

hypothesis’, Morbey & Ydenberg 2001), and it might

further be expected that males arrive relatively more in

advance of females in species subject to more intense sexual

selection. A greater degree of protandry is indeed observed

in species that are more sexually dimorphic with respect to

both body size (Kissner et al. 2003) and plumage

dichromatism (Rubolini et al. 2004), and which show higher

levels of EPP (Coppack et al. 2006). Thus, interspecific

studies showing a general association between migration

behaviour and indices of the intensity of sexual selection are

consistent with intraspecific evidence that early male

migration is a sexually selected trait.

Sexually selected traits reflect a balance between the

typically opposing forces of sexual and natural selection,

whereby the survival disadvantage they confer eventually

prevents their development to ever-greater extremes

(Darwin 1871). Thus, migrants may arrive at a date that

is earlier than the naturally selected optimum with respect

to climate or food availability (e.g. Brown & Brown 2000),

but which is nonetheless favoured by benefits conferred

through sexual selection. As global climate change renders

spring environmental conditions more benign at northern

latitudes, natural selection opposing ever-earlier migration

should have relaxed. There is evidence from the

population level that such a process has taken place,

since the degree of protandry of a barn swallow population

has significantly increased over the last three decades, as

warmer springs make early arrival less costly for males

(Møller 2004). Similarly, at the species level, one would

expect species experiencing the strongest selection for

early arrival to have most rapidly shifted their migration

dates as natural selection against early migration weakens.

If female choice is primarily responsible for early spring

arrival of males, species experiencing the most intense

sexual selection should have advanced their average spring

migration dates to the greatest extent as conditions

ameliorate earlier.
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We test this prediction using a comparative approach to

relate rates of change in timing of migration to a synthetic

measure of three indices of the strength of sperm

competition and selection by female choice: (i) molecular

estimates of rates of EPP, (ii) testes mass relative to body

mass and (iii) visual scores of sexual dichromatism. EPP

reflects variance in male mating success (Møller & Ninni

1998), and has been shown to affect the strength of sexual

selection intraspecifically (Sheldon & Ellegren 1999).

Relative testes size and sexual dichromatism are both

known to be interspecifically positively correlated with

rates of EPP (Møller & Birkhead 1994; Møller & Briskie

1995; Owens & Hartley 1998) as well as with each other

(Dunn et al. 2001), and are predictors of other sexually

selected phenomena, such as sexual size dimorphism and

social mating system (Dunn et al. 2001; Pitcher et al. 2005).

We predict that species with greater indices of intensity

of sexual selection (i.e. higher EPP, larger relative testes

mass and greater sexual dichromatism) will have advanced

their migration dates to a greater degree. We estimate rates

of change in timing of migration from two long-term

datasets from Christiansø and Heligoland bird observa-

tories in northern Europe.
2. MATERIAL AND METHODS
(a) Migration data

Phenological data were drawn from two long-term ringing

schemes in northern Europe where spring migrants breeding

in Nordic countries have been captured using standardized

trapping protocols. These were the islands of: (i) Christiansø

(55819 0 N, 15811 0 E), in the Baltic Sea 18 km northeast of

Bornholm, Denmark and (ii) Heligoland (54812 0 N,

07856 0 E), in the North Sea about 50 km from the German

mainland (see also Hüppop & Hüppop 2003; Tøttrup et al.

2006, respectively, for detailed descriptions of capture

methods). Both sites have a negligible proportion of

terrestrial-breeding birds. Ringing recoveries from both sites

indicate that their migrant populations breed principally in

Sweden and Finland (Rabøl & Rahbek 2002; e.g. Zink

1973–1985; Zink & Bairlein 1995), and those from Heligoland

also farther west in Norway (Zink & Bairlein 1995), implying

that they form a part of the same overall population. Pooling

data from the two sites hence appears biologically justifiable.

We reanalysed raw data from the two sites to calculate

rates of change in passage date during the overlapping years in

the two datasets (1976–1997). In keeping with recent studies

of migration phenology (e.g. Vähätalo et al. 2004; Sparks et al.

2005; Tøttrup et al. 2006), we defined change as the slope of a

linear regression of an annual value of Julian day against year.

This provides an estimate of the average annual change in

migration date, measured in days, in which negative slopes

indicate earlier migration, and positive slopes later migration.

Two different annual values of Julian day were used as

dependent variables, reflecting change in different segments

of the population: (i) the day on which 50% of the total

annual passage had been captured, providing an estimate of

the median passage date of the entire annual population, and

(ii) the day on which 5% of the total annual passage had been

captured, providing an estimate of the passage date of the

earliest-arriving individuals in the population. We used this

percentage rather than the day of the first individual of the

season (e.g. Tryjanowski et al. 2002) because it is much less

susceptible to stochastic and sampling effects (see also Sparks
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et al. 2005; Tøttrup et al. 2006 for discussion). Owing to the

predominance of protandry, this segment is likely to comprise

largely males. Ideally, analyses would be conducted for each

sex separately, but these cannot be distinguished on the basis

of external morphology for the majority of the species in our

dataset.

We included all species for which adequate phenological

data were available from one or both sites, as well as published

data on indices of sexual selection (described later). Two

species occurring at Heligoland (great tit Parus major and

chaffinch Fringilla coelebs, see Hüppop & Hüppop 2003) had

to be excluded as they showed extreme among-year variation

in trapping totals, indicative of irregular eruptive migration.

All comparative data are summarized in electronic supple-

mentary material 1, and scatterplots showing the raw arrival

data as a function of year are illustrated in electronic

supplementary material 2. We pooled data for those species

occurring at both sites (NZ5), thus improving the accuracy

of individual estimates and permitting an overall analysis

maximizing the sample size of species. For these species, we

calculated phenological slopes for each site separately, and

then pooled them subsequently. We did not pool data before

phenological analysis because within a season some species

(especially those migrating in an easterly or northeasterly

direction, e.g. blackbird Turdus merula and pied flycatcher

Ficedula hypoleuca) consistently reach Heligoland before

Christiansø, as a consequence of the islands’ geographical

positions. Hence, slopes calculated from pooled data would

provide an accurate estimate of neither site, whereas pooling

slopes after calculation is appropriate because the rate of

change of days per year is independent of timing within a

season. Since there was variation among species and sites in

the degree of confidence, with which the slopes reflecting

changes in passage time were calculated we sought to

minimize the error introduced by poorer estimates by

weighting the mean of the two slopes for each site by the

inverse of their variance (i.e. the inverse of the square of

the standard error of the slope). Thus, the pooled values

place more emphasis on the slope estimated with greater

statistical confidence.

(b) Indices of sexual selection

We used linear models to examine species-specific rates of

change as a function of a synthetic estimate of the strength of

sexual selection. The three different estimates this comprised

were obtained as follows: (i) rates of EPP were drawn from a

variety of published sources, largely those synthesized by

Spottiswoode & Møller (2004), supplemented with sub-

sequent studies, listed in electronic supplementary material

1, and were arcsine-squareroot transformed before analysis,

(ii) relative testes masses were extracted from the electronic

supplementary material of Pitcher et al. (2005), who obtained

and analysed a relative measure of testes mass by taking the

residuals of a regression of log testes mass on log body mass

across 1010 bird species, and (iii) degree of sexual dichroma-

tism was scored by an ornithologist ignorant of the hypothesis

under test, using Owens & Bennett’s (1994) standard method.

This generates an aggregate score of sexual differences in

plumage colouration across five body regions, on a scale of 0

(sexes identical) to 10 (maximum dichromatism). We derived

the synthetic measure from these three independent estimates

using principal components analysis. All three variables

loaded positively (eigenvectors: EPPZ0.714, testes massZ
0.241 and dichromatismZ0.657) on the first principal
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component, which explained 50.1% of their variance

(eigenvalueZ1.50) and was hence used as the predictor

variable in subsequent analyses.

(c) Comparative analyses

We performed cross-species analyses in two ways: (i) using

species as independent data points, ignoring phylogenetic

non-independence, and (ii) using phylogenetically indepen-

dent contrasts generated by the CAIC v. 2.6.9 software

(Purvis & Rambaut 1995). The tree and sources of

phylogenetic information are given in electronic supple-

mentary material 3. We report the results using branch

lengths estimated using a gradual model of evolution (Grafen

1989), because the contrasts thus generated better con-

formed to the assumptions of the comparative procedure.

Although for the analysis of median passage date there were

minor violations of the statistical assumptions of the

comparative procedure (Garland et al. 1992), any consequent

heterogeneity of variance did not influence our results; there

were no outliers with standardized residuals greater than

three ( Jones & Purvis 1997), and results were extremely

similar if the analysis was repeated with the independent

variable expressed in ranks. Linear regressions of indepen-

dent contrasts were forced through the origin (Grafen 1989).
3. RESULTS
Most species migrating through Christansø and Heligo-

land advanced their passage dates over the 22-year study

period (negative slopes in electronic supplementary

material 1). Species with a greater index of the strength

of sexual selection advanced their median date of

population passage more rapidly than did less strongly

sexually selected species. This was the case irrespective of

whether independent data points were taken to be species

(figure 1a; R2Z0.643, slopeGs.e.ZK0.124G0.036,

F1,7Z12.59, pZ0.009) or phylogenetically independent

contrasts (figure 1b; R2Z0.790, slopeGs.e.ZK0.157G
0.031, F1,7Z26.40, pZ0.001). All linear contrasts in the

latter analysis fell below the x-axis (figure 1b), indicating

that for every paired comparison the more strongly

sexually selected species had advanced its arrival date to

a greater extent than the less sexually selected species.

When rates of change in passage date of the first 5% of the

population’s annual passage were examined, the negative

trend was still apparent (figure 2) but smaller proportions

of the variance were explained, and the pattern was not

statistically significant, albeit marginally not so for

independent contrasts (species: R2Z0.341, slopeG
s.e.ZK0.248G0.037, F1,7Z3.62, pZ0.099; phylogen-

etically independent contrasts: R2Z0.436, slopeG
s.e.ZK0.087G0.038, F1,7Z5.41, pZ0.053).
4. DISCUSSION
In this study, we have presented a sexual selection

hypothesis that attempts to explain variation in the

responses of migratory birds to climate change, and have

provided some empirical support for our predictions. By

necessity, the sample size of our interspecific analysis is

small, and we make no claim that other ecological factors

may not be of equal or greater importance than sexual

selection. However, these results provide some indication

that sexual selection is a force deserving further investi-

gation in studies of phenology and climate change.
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Figure 2. The annual change (measured in days per year) in the
date at which 5% of the annual passage of migratory birds had
been trapped on Christiansø and Heligoland in relation to their
degree of sexual selection, with independent data points as (a)
species and (b) phylogenetically independent contrasts. Data
point labels are as for figure 1a. In (b), the x-axis is shown as a
dotted line to assist interpretation of the contrasts.
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Figure 1. The annual change (measured in days per year) in
the date at which 50% of the annual passage of migratory
birds had been trapped on Christiansø and Heligoland in
relation to their degree of sexual selection, with independent
data points as (a) species and (b) phylogenetically indepen-
dent contrasts. Data point labels on (a) refer to the following
species: 1, Acrocephalus palustris (Christiansø only); 2,
Acrocephalus schoenobaenus (Heligoland only); 3, Acrocephalus
scirpaceus; 4, Emberiza schoeniclus (Christiansø only); 5,
Ficedula hypoleuca; 6, Phylloscopus sibilatrix (Christiansø
only); 7, Phylloscopus trochilus; 8, Prunella modularis and 9,
Turdus merula. In (b), the x-axis is shown as a dotted line to
assist interpretation of the contrasts.
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Species with a greater estimate of the strength of sexual

selection by female choice advanced their passage dates to

a greater extent than species with weaker sexual selection,

although this association was strong and statistically

significant only for the median passage date of the annual

population, whereas only a strong trend was apparent for

the timing of the earliest-arriving 5% of the population,

which should largely comprise males. This suggests that

sexual selection may drive advancements in the population

arrival date at least as much as that of protandrous males.

Nonetheless, within a single species the degree of

protandry has increased over the past 30 years (Møller

2004), and across species protandry is associated with

indices of sexual selection (Rubolini et al. 2004; Coppack

et al. 2006). Long-term changes in the degree of protandry

might therefore be expected to be related to sexual

selection across species, but unfortunately protandry is
Proc. R. Soc. B (2006)
difficult to calculate on a large scale, as most species

cannot easily be sexed on morphological characters.

Some studies of migrant phenology have previously

found a greater response to climate change in short- rather

than long-distance migrants (e.g. on Christiansø, Tøttrup

et al. 2006), as expected if they are exposed to different

environmental conditions en route. If species with longer

migrations experience more intense sexual selection

(see §1), then for purely geographical reasons an association

with sexual selection might result. Although multivariate

analyses incorporating migration distance were precluded

by our small sample size, consideration of only sub-Saharan

African migrants (see electronic supplementary material 1)

resulted in similarly negative trends (results not shown),

suggesting that this is unlikely to have confounded our

findings. Moreover, a confounding effect of migration

distance would predict an association in a contrasting

direction to that of our hypothesis.

It remains unclear whether phenological changes

reported by recent studies are predominantly microevolu-

tionary or purely phenotypically plastic (reviewed by
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Pulido & Berthold 2004), although these are not mutually

exclusive. For example, additive genetic variation in

timing of migration has been demonstrated in quantitative

genetic studies of autumn migration in blackcaps (Pulido

et al. 2001), and of spring migration in barn swallows

(Møller 2001), whereas a study of pied flycatchers has

shown a lack of change in arrival date in spite of strong

selection for it (Both & Visser 2001). Responses in the

breeding date of collared flycatchers Ficedula albicollis to

the North Atlantic Oscillation (NAO) have been shown to

be plausibly explained by phenotypic plasticity alone

(Przybylo et al. 2000). Our hypothesis is independent of

these inconsistencies, however, since sexual selection on

traits exhibiting environment-dependent phenotypic

plasticity is not uncommon (e.g. Garant et al. 2004;

Saino et al. 2004). Degree of change in arrival date could

therefore have a sexually selected component (e.g. on a

reaction norm) even in the absence of any genetic change

in phenology, so long as arrival time remains a condition-

dependent trait that provides honest information about

male quality.

However, might climate change have any effect on the

mechanisms ensuring the condition dependence of early

arrival? The expression of condition-dependent secondary

sexual plumage characters is influenced by large-scale

climatic variation on the African wintering grounds in barn

swallows (Saino et al. 2004). In collared flycatchers, a

condition-dependent, sexually selected plumage character

responded to NAO index in a phenotypically plastic

manner, whereas a sexually selected but condition-

independent plumage character did not (Garant et al.

2004). In both species, the condition-dependent plumage

character is grown on the African wintering quarters.

Similarly, in the sexually selected, condition-dependent

character considered here, arrival date and costs are

determined by conditions on the wintering quarters and

while on migration (see Ninni et al. 2004 for an empirical

example). It therefore seems reasonable to question

whether condition dependence of arrival time will be

preserved in the face of climate change. There is a clear link

between changing climatic conditions and average timing

of migration, but might the variance in arrival time also be

affected? At the individual level, for condition dependence

to be maintained, the physiological mechanisms ensuring

that early arrival remains more costly for low-quality than

high-quality individuals (Kokko 1999) must undergo a

simultaneous temporal shift. Given that not all commu-

nities are expected to respond to climate change at the same

rate (Walther et al. 2002; Root et al. 2003), selection acting

in two regions and at two different times could generate a

maladaptive outcome (e.g. Both et al. 2006). Weakened

natural selection on the breeding grounds may permit early

arrival, but have condition-determining mechanisms on

migration changed at the same rate? If not, the arrival date

could be susceptible to the mismatches between selective

conditions before and during spring migration and those on

the breeding grounds, conceivably leading to an eventual

breakdown in the stability of the condition-dependent

signal. This may be more probable in long-distance

migrants where differences in climatic trends between

breeding and non-breeding grounds are expected to be the

greatest.

If the pattern suggested by our comparative results is

general, then there may be other implications raised by
Proc. R. Soc. B (2006)
what is known of the ecological and genetic factors

promoting sexual selection. Species able to adapt more

quickly to climate change may have shared ecological

attributes, and comparative studies of life history traits in

relation to phenological responses may be informative.

Rapid responses to changing environmental conditions

might also be associated with relatively high genome-wide

levels of genetic variation that also permit the maintenance

of strong sexual selection (Petrie & Lipsitch 1994; Petrie

et al. 1998).

This study has shown an association between the

degree of overall phenological change and the strength of

sexual selection across a small sample of Palearctic-

breeding migratory passerine birds. This suggests that

sexual selection might play a significant role in the way

organisms respond to climate change, and hence that

knowledge of a species’ mating system may be of some

practical predictive value in forecasting such responses. It

remains unanswered whether this association indeed

reflects a causal relationship, and whether it can be

generalized to other taxa and to migration systems on

other continents.
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