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In sexually dimorphic species, males with more exaggerated plumage ornamentation generally have higher body condition, are
preferred by females, and have higher reproductive output. In contrast to the majority of studies, we describe that less orna-
mented males of the monogamous and sexually dimorphic black-tailed godwit Limosa limosa were larger and heavier during late
incubation than more ornamented males and were mated with females that laid larger eggs. In females, we detected no such
correlations. If paler and larger males indeed have higher fitness, this suggests ongoing selection for a reduction in male
ornamentation, leading to a decrease in plumage ornamentation. We found evidence for such a change since 1840: Male
ornamentation in museum specimens became progressively less in all our measured plumage traits. One explanation for this
could be that formerly sexually selected plumage traits are now selected against and that the sexual plumage dimorphism of West-
European breeding black-tailed godwits might be waning. Concomitant with this change in plumage coloration, this species has
experienced enormous human-mediated changes in both breeding and nonbreeding habitat, and we suggest that these might
have led to increased costs or reduced fitness benefits for highly ornamented male godwits. Key words: contemporary evolution,
egg size, Limosa limosa limosa, meadow bird, plumage coloration, sexual selection. [Behav Ecol 20:797–807 (2009)]

Individual birds may signal their reproductive qualities to
prospective mates by conspicuous plumage coloration (Hill

and McGraw 2006). Such ornamentation must be costly to be
reliable as honest signals of the qualities of potential mates
(Zahavi 1975). Indeed, many studies have found that the
plumage ornamentation of males is positively correlated with
body condition variables, female preference, and reproduc-
tive success (for overviews, see Andersson 1994; Hill 2002; Hill
and McGraw 2006). If such selection pressures are less pro-
nounced for females, this should lead to sexual plumage
dimorphism (Andersson 1994; Ryan 1997). The degree of
sexual dimorphism thus represents the outcome of the oppos-
ing pressures of natural and sexual selection (Darwin 1871),
with natural selection representing the costs of a trait and
sexual selection the benefits. However, costs and benefits
may change over time, varying with environmental changes,
and this may lead to sexually selected extravagant traits re-
ceding or even getting lost (Wiens 2001). Loss of sexually
selected traits can be due to either variation in gene frequen-
cies caused by directional selection or phenotypes changing
flexibly in response to environmental changes. Directional
changes in sexually selected phenotypes in populations have
been rarely observed (e.g., see Phillips and Furness 1998), and
few studies of sexually dimorphic bird species have shown that
less ornamented males have higher fitness (but see Sætre
et al. 1997; Griffith et al. 1999).
The aim of this study is 2-fold. 1) Present a correlational anal-

ysis of sexually selected plumage coloration, body size, body

condition, and female reproductive investment (egg volume)
in the sexually dimorphic black-tailed godwit Limosa limosa,
breeding in the Netherlands. As we find that male black-
tailed godwits with less colorful and more female-like plumage
were larger, in better condition and paired to females laying
larger eggs than more colorful godwits, we set out 2) to find
circumstantial support for any changes in male plumage
coloration over the last one and a half century. To do so,
we examined historical museum skins over the time span be-
tween 1840 and 2007 for changes in plumage ornamentation
and size.

METHODS

Study species

Black-tailed godwits are ground-breeding waders of temperate
areas in Europe and West-Asia (Beintema et al. 1995). The
nominate subspecies Limosa limosa limosa migrates to West
Africa in late summer. From December, they stage in rice
fields on the Iberian Peninsula for 2–3 months (Lourencxo
and Piersma 2008) where they undergo prealternate molt.
Black-tailed godwits are socially monogamous (Cramp and
Simmons 1983; Beintema et al. 1995). Similar Charadrii spe-
cies show low to no extrapair paternity (Wallander et al. 2001;
Blomqvist et al. 2002). Both parents incubate the clutch of 4
eggs in a nest scrape in open grassland. The chicks are pre-
cocial and nidifugous, foraging mainly on above ground in-
vertebrates until fledging (Beintema et al. 1995; Schekkerman
and Beintema 2007).
Black-tailed godwits are sexually dimorphic with respect to

body size and plumage: Females are larger and have a paler
alternate plumage than males (Cramp and Simmons 1983;
Groen and Yurlov 1999; Gunnarsson et al. 2006; Schroeder
et al. 2008). Males have more black bars on their belly, more
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intense orange coloration on neck and breast, more breeding
feathers on their back, and less white in their head and neck
plumage than female godwits (Schroeder et al. 2008). The
orange and black plumage coloration of godwits is melanin
based (Toral et al. 2008). Recent studies indicate that melanin
plumage ornamentation can be physiologically and energeti-
cally costly (Jawor and Breitwisch 2003; Niecke et al. 2003;
Griffith et al. 2006) and may therefore represent an honest
signal of male quality.

Study site and general methods

We did the contemporary part of this study in 2004–2007 in
the Workumerwaard, Friesland, the Netherlands (52�59#N,
5�24#E), which consists of 214 ha of grassland used for silage
making and of 39 ha of freshwater marshland (Schroeder
et al. 2008; van den Brink et al. 2008). We caught adult birds
at 132 nests, and these nests were monitored from the be-
ginning of the incubation period and we measured the
length and width of eggs. We calculated the date of hatching
by estimating the incubation stage by the inclination of float-
ing eggs in water (van Paassen et al. 1984; Liebezeit et al.
2007).
We caught 80 female and 78 male birds with walk-in traps

on the nests shortly before the estimated hatching date.
We weighed the birds to the nearest gram and the following
body dimensions were measured: wing length (flattened and
straightened, 61 mm), bill length (exposed culmen, 60.1
mm), and tarsus length (60.1 mm). Tomeasure plumage char-
acteristics, we took digital pictures of each bird with Nikon
Cool Pix 4500 digital cameras. We took photos of the backside,
the breast, and the head in side view (Schroeder et al. 2008). A
blood sample of 20 ll was taken from the brachial wing vein
and stored in 96% ethanol for genetic sex assignment. We
used data taken at first capture or the most complete data
set of each individual, this resulted in plumage data on 74
female and 72 male godwits of 122 nests (of 24 nests, both
partners were caught, and of 19 of those nests, all data of both
parents were known).
Fitness measures are difficult to obtain in this study system

because fledglings were not detectable in the high vegetation
of their preferred habitat, and hence fledging success could
not be measured for individual birds. Instead, we used average
egg volume per nest as a measure of female reproductive in-
vestment. Variation in female reproductive investment is
mostly in egg volume because black-tailed godwits have a rela-
tively invariant clutch size of 4 eggs. Accounting for records of
incomplete nests during the laying phase and partial egg loss
during late incubation, more than 90% of all our nests con-
tained 4 eggs at some point in time. Due to the high occur-
rence of partial egg loss (we recorded partial egg loss due to
predation in .25% of all nests), we were unable to record var-
iation in original clutch size, and therefore, we did not use
clutch size in our analyses.

Egg volume is likely an important reproductive trait in this
species because it is directly related to chick mass at hatching
(own data). The precocial chicks are vulnerable to adverse
weather conditions and nutritionally challenging periods espe-
cially during the first few days of their lives (Beintema and
Visser 1988b; Schekkerman and Visser 2001). Energy stores at
hatching increase chick survival (own data; Beintema and
Visser 1988a), whereas most other factors responsible for
low fledging success are of stochastic nature: agricultural ac-
tivities, adverse weather conditions, and predation (Gill et al.
2007; Schekkerman and Beintema 2007; Schekkerman et al.
2008). Apart from pelvic bone size, egg volume is mainly af-
fected by female nutritional status at laying (Amat et al. 2001;
Sanchez-Lafuente 2004; Karell et al. 2008). Female godwits
that lay relatively bigger eggs are heavier and are likely of
better quality than females that lay relatively small eggs (this
study), and thus, egg volume may indicate female quality (van
de Pol et al. 2006). Females may invest more in reproduction
if mated with a high-quality mate (Cunningham and Russell
2000; Loyau et al. 2007). Thus, short of a better fitness mea-
sure, we considered average egg volume per nest to indicate
female reproductive investment.

Molecular sex assignment

DNA was extracted by the chelex extraction (Walsh et al.
1991). We sexed birds following Griffiths et al. (1998), but
instead of using an agarose gel, we separated the fluorescently
labeled polymerase chain reaction products on an ABI 377
automatic sequencer and determined their exact base pair
length with Genescan 3.1 software (Schroeder et al. 2008).
We used this method because black-tailed godwits exhibit a
genetic polymorphism on the Z-amplicon of Griffiths et al.
(1998), which makes this method in this species prone to
sexing errors (Dawson et al. 2001; Schroeder et al. 2008). Our
results have, with the exceptionof the birds caught in 2007, been
verified with the method of Fridolfsson and Ellegren (1999;
Schroeder et al. 2008).

Historic data

We used museum skins collected in breeding areas in the
Netherlands and Denmark (51�12#–57�44#N and 03�33#
212�44#E) of adult black-tailed godwits of the nominate race
in alternate plumage only (Table 1). We excluded all museum
skins collected before 1 April and after 31 June. Curators
sexed birds on dissection by the presence of male or female
internal sexual organs. Ambiguously or unsexed skins were
excluded from the analysis. We took dorsal and ventral photos
of the skins under standardized conditions. In total, we scored
plumage of 61 female and 79 male black-tailed godwit skins
from 1840 to 1997 (Figure 1, Table 1). We measured wing
length (flattened and straightened, 61 mm), bill length (ex-
posed culmen, 60.1 mm), and tarsus length (60.1 mm)

Table 1

Sample size and period of collected black-tailed godwit museum skins

Female Male

N Period N Period

Fries Natuurmuseum, Leeuwarden, the Netherlands 3 1959–1997 2 1995–1997
National Natural History Museum Naturalis, Leiden, the Netherlands 30 1840–1997 34 1840–1981
Zoological Museum Copenhagen, Denmark 18 1901–1931 24 1901–1929
Zoologisch Museum Amsterdam, the Netherlands 10 1932–1986 19 1929–1982
Total 61 1840–1997 79 1840–1997
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where possible (Figure 1). For the analysis, we pooled the data
gathered from these skins with the contemporary data set.

Plumage scores

We used 4 plumage scores that could be scored in both, the
contemporary and the historical data set. 1) ‘‘Bars’’ describes
on a scale from 1 to 5 how far the black barring extends on
a birds’ breast and belly. 2) ‘‘Orange’’ describes the intensity
of orange on its breast on a scale from 1 to 5. 3) ‘‘White on
head’’ is the percentage of white plumage in the head when
seen in profile. 4) ‘‘Back’’ describes how much of the back
of a bird is covered by breeding feathers in relation to retained
winter feathers on a scale from 1 to 5. We chose for these
4 scores because they have been shown to exhibit sexual dimor-
phism in black-tailed godwits, which suggests that these traits
have been sexually selected for (Schroeder et al. 2008). In
addition, we know that some of these traits may have a genetic
basis (Schroeder et al. 2008).
All photos were scored blindly by J.S. and as a control by

P.M.L. We showed earlier that this method of plumage assess-
ment in godwits has a high repeatability within and between
different observes (for more details, see Schroeder et al.
2008). Although a more precise quantitative method of plum-
age assessment may seem preferable, the spotted and some-
times irregular plumage of godwits makes it difficult to
reliably assess color with a spectrophotometer. In addition,
depending on how museum skins are mounted or not pre-
vents taking pictures in a standardized position corresponding
to living birds. If taken by a trained observer, the scores we use
here are highly repeatable independent of the birds position
and, thus, enhance our confidence in a valid comparison of
museum skins and living birds.

Data preparation

We collapsed bill length and tarsus length in a principal com-
ponent analysis (PCA) of body size. Wing length was not used

because it is known to change its value postmortem, and there-
fore, the correlation between bill and tarsus and wing is sup-
posed to differ between museum skins and living birds
(Engelmoer et al. 1983). The first principal component
(PC1) explained 87% of the variation in tarsus and bill length,
which load positively on PC1. In the following, this variable is
used as an index of body size.
Variation in bodymass can be the result of variation in size or

variation in stores (van der Meer and Piersma 1994) and may
vary over the course of the season. To estimate size-corrected
body mass (hereafter called ‘‘condition’’), we carried out
a stepwise linear regression with body mass as dependent vari-
able and the above-mentioned size and date of season as pre-
dictor variable. Body mass was highly correlated with body size
(linear regression: F1,175 ¼ 198.16, r2 ¼ 0.53, P , 0.001) but
not with date of season (F2,174 ¼ 0.01, r2 ¼ 0.001, P ¼ 0.91).
We used the standardized residuals of this analysis as an index
of condition.
We aggregated all plumage variables in a PCA due to strong

multicollinearity between the scores (Schroeder et al. 2008).
PC1 and PC2 explained 74% of the variation in plumage
traits. Because we only found significant correlations with
PC1, in the rest of the text, we do not mention PC2. We refer
to PC1 as plumage coloration, and high values stand for more
orange and bars on the belly, more breeding feathers on the
back, and less white on the head (loadings—bars: 0.78,
orange: 0.72, white head: 20.57, back: 0.79). PC2 positively
covaried with white in head (bars: 0.49, orange: 20.28, white
head: 0.71, back: 0.30). To give more insights about changes
in each separate trait for both sexes, we present General
Linear Model (GLM) analyses of individual plumage scores
for both sexes together and correlations separately per sex.

Statistics

Plumage scores consisted of noncontinuous data, therefore,
where necessary, appropriate transformations were identified

Figure 1
Numbers of male and female
black-tailed godwit museum
skins measured for plumage
ornamentation (A, B) and size
(C, D) per 20-year period.
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and applied prior to statistical tests. For all GLMs, we tested for
the equality of variances and no assumptions were violated. In
analyses of the contemporary data set, we used only one data
point per individual. We performedGLMs with a factor for year
to account for differences in annual means and always in-
cluded interactions with sex to test whether effects of plumage
differed between the sexes. We assigned males a 1 and females
a 0. In analyses including size as a covariate, we used relative
size for each sex separately (size-mean per sex) because we
were not interested in the sexual size dimorphism. We cen-
tered wing length by subtracting the mean from each data
point and dividing by 1 standard deviation (SD). Heavier
and larger female godwits lay larger eggs (this study) and we
therefore added condition, size, and the 2-way interactions be-
tween condition, size, and sex as additional explanatory varia-
bles to the analysis of egg volume. Laying date was tested as
a covariate in all contemporary models because reproductive
components may change over the season, as well as plumage
characteristics. We randomly deleted one sex of each nest
where both birds were caught and used only the remaining
birds in the analysis with egg volume as response variable to
avoid pseudoreplication.
The historical data set has the potential problem of selective

sampling, especially if curators have changed selection criteria
for which individuals were collected (e.g., from actively collect-
ing specimens to reliance on birds occasionally found dead).
Another probable source of bias is the difference in sample size
for different years and sexes (Figure 1). To statistically correct
for any such bias, we used linear mixed-effect models, employ-
ing year nested by collection as random effects on the inter-
cept. We did not correct for location as all museum skins from
Dutch museums originated from the Netherlands and all mu-
seum skins from Denmark were collected in Denmark. Breed-
ing plumage may fade over the course of the season.
Therefore, we modeled calendar date as a covariate in all
models with historical plumage data. We ran this model for
each of the 3 data sets: 1) the full data set with both historical

and contemporary data, 2) to account for possible outliers,
a reduced historical data set without the earlier years (1860–
2007), and 3) a data set without the contemporary data and
without the outliers (1860–1997). In addition, we calculated
correlations for the univariate plumage variables per sex over
time. We then tested with a similar linear mixed model
whether size is related to plumage ornamentation in the his-
torical data set.
The covariates date of season and in the contemporary

models year and laying date were not significant in any of
our models; we, however, added them to the final models
to correct for possible bias. Similarly, the random effect terms
(year and collection) were never statistically significant but
we nonetheless left them in the models to account for prob-
able bias.
We used R.2.7.1 statistical software for Mac OS X (R

Development Core Team 2008) for all statistical analysis.
The lme function with the maximum likelihood (ML) pro-
cedure (nlme package) was employed for fitting linear
mixed-effects models (Crawley 2007). The most parsimoni-
ous model calculated with the ML method was selected by
Akaike’s information criterion (AIC; Akaike 1973; Burnham
and Anderson 2002). We report parameter estimates 6
standard error (SE) for and t-tests for the significance of each
parameter coefficient when all other fixed effects are present
in the model, using the restricted ML method (Pinheiro and
Bates 2000). The lme function uses an approximation of the
denominator degrees of freedom according to the number of
observations and the number of groups at each level of random
effects which is, although only an approximation, good enough
to compute reliable probability values for data sets with our
sample sizes and models with relatively simple hierarchical
structure (Pinheiro and Bates 2000). We used the step(lm)
functions (base package) to find the most parsimonious linear
model stepwise selected by AIC. We report the parameter esti-
mates 6 SE and additionally give F-statistics to allow judgment
of the importance of factors. We used the transformed variables

Figure 2
Relationship between plumage
ornamentation (PC1) of male
(A, C) and female (B, D) con-
temporary breeding black-
tailed godwits size (PC1 com-
bining bill and tarsus length)
and condition (regression re-
siduals of body mass on size).
(A): F1,70 ¼ 7.50, r2 ¼ 0.10,
P ¼ 0.008; (B): F1,72 ¼ 1.61, r2

¼ 0.02, P ¼ 0.21; (C): F1,70 ¼
1.93, r2 ¼ 0.03, P ¼ 0.17; and
(D): F1,70 ¼ 0.02, r2 ¼ 0.001,
P ¼ 0.89.
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when calculating model statistics; however, in graphics, raw
data was used to enhance understanding.

RESULTS

Contemporary data—plumage ornaments as quality signals

Less colorful male black-tailed godwits were larger and in bet-
ter condition than more ornamented males (Figure 2A, C,
Table 2). Females showed no correlation between coloration
and size/condition (Figure 2B,D). The interactions size 3 sex
and condition 3 sex remained in the most parsimonious
model, indicating that the differences between the sexes are
significant and the parameter estimates for both variables are
similar (Table 2). When considering single traits, we found
that less intensely orange-colored males were larger and in
a better condition than more colorful males. Also, males with
less breeding feathers on their backs are larger than more
ornamented males (Table 3). The confidence intervals for
the parameter estimates in these models were small. Paler
males seem to be physically superior because they are bigger
and in better condition during incubation compared with
more colorful males.
Paler godwit males with respect to PC1 were paired to part-

ners that laid larger eggs than more ornamented males
(Figure 3A, Table 4). Larger females in a better condition
laid bigger eggs; no effects of size and condition of males
were found (Figure 3C–F, Table 4).
The effect of male plumage on egg size is also supported in

the analysis of single plumage traits: Males with less barring
were mated with females that laid larger eggs (Table 5). In
the most parsimonious model for the univariate plumage
scores, the interactions of bars and orange with sex remained
in the model (Table 5).

Historical data—change plumage coloration and body size
since 1840

We find that male black-tailed godwits changed to a less color-
ful plumage between 1840 and 2007, in contrast to females that
did not show a change (Figure 4, Table 6). Year squared and
the interaction between year squared and sex were always re-
moved from the model with the lowest AIC. This model con-
tained the interaction between sex and year, confirming that
plumage ornamentation changed only in males but not in
females. However, in more restricted data sets (2 and 3), only
the main effects year and sex remained in the most parsimo-
nious model, without a significant difference in slope between
the sexes (interaction sex 3 year when in the model: (2): t ¼

20.73; P ¼ 0.47; (3): t ¼ 20.04; P ¼ 0.97; Table 6), suggesting
that plumage became paler in both sexes. This may be because
from 1950 to 2003, we had only 11 female skins samples (males
N ¼ 20), which were all relatively pale in comparison to the
average female plumage (mean female PC1 6 SD:
20.5460.89, mean female PC1 1950–1997: 20.75 6 0.84).
To account for this, we ran a model in a 4th data set, in which
we excluded data from after 1950 (Table 6). In this model, the
interaction between year and sex remained in the most parsi-
monious model. The analyses for all 4 data sets imply that
whether or not the interaction between sex and year remains
in the model hinges on contradictory trends in females
(Figure 4B), whereas the change in frequency of colorful males
is pronounced in whatever data selection (Figure 4A, Table 6).
For single plumage traits, we found that bars score, orange

score, and back score decreased over time in males and the
amount of white in head plumage increased (Figure 5). Bars
score and back score in males decreased on average by about
20% over 164 years. White in head increased over time in
females too (Figure 5). Overall, we find strong evidence for
a change in frequency of colorful and ornamented males to-
ward paler males over time.
We also examined changes in size over time. In all data sets,

we found that both males and females increased in size over
time to a similar extent (Table 6). However, when excluding
the contemporary birds, the parameter estimate for year had
a larger confidence interval and the change in size was a mere

Table 2

Results of the final model of model selection of GLMs with the PC1
describing plumage ornamentation of contemporary breeding black-
tailed godwits as dependent variables

y b b 6 SE F P

PC1 Size 20.13 6 0.16 4.96 0.02
Sex 0.84 6 0.14 37.87 ,0.001
Condition 0.01 6 0.13 8.40 0.004
Size 3 sex 20.48 6 0.26 3.59 0.06
Condition 3 sex 20.33 6 0.19 3.11 0.08

A high PC1 score describes a more ornamented bird. Sex, size,
condition, and the interaction of condition and size with sex were
modeled as explanatory variables. Displayed are parameter estimates
(b 6 SE) of variables that were in the most parsimonious model and
F-statistics. Year and laying date were added as covariates to the most
parsimonious model but were not significant and are not displayed.
r2 ¼ 0.31, F7,136 ¼ 8.73, P, 0.001. The parameter estimate for males is
given relative to females.

Table 3

Results of the most parsimonious model of model selection of GLMs with the univariate plumage scores of contemporary breeding black-tailed
godwits as dependent variables

Bars Orange White head Back

b 6 SE F P b 6 SE F P b 6 SE F P b 6 SE F P

Sex 0.72 6 0.19 16.34 ,0.001 0.36 6 0.11 13.56 ,0.001 20.96 6 0.36 7.54 0.006 0.71 6 0.15 24.6 ,0.001
Size 20.29 6 0.16 3.41 0.07 0.15 6 0.14 2.26 0.13 0.05 6 0.17 2.30 0.07
Conditon 20.18 6 0.13 4.80 0.03 0.09 6 0.13 2.75 0.10 20.22 6 0.11 4.07 0.05
Size 3 sex 20.61 6 0.22 7.47 0.007 20.63 6 0.27 5.54 0.02
Size 3 condition 20.51 6 0.17 5.47 0.02

Sex, size, condition, and the interaction of condition and size with sex were modeled as covariates. Displayed are parameter estimates and
F-statistics. Year and laying date were added as covariates to the most parsimonious model but were not significant and are not displayed. Bars:
r2 ¼ 0.16, F5,136 ¼ 5.13, P , 0.001; orange: r2 ¼ 0.29, F7,134 ¼ 7.78, P , 0.001; white head: r2 ¼ 0.07, F3,138 ¼ 3.38, P ¼ 0.02; and back: r2 ¼ 0.22,
F6,135 ¼ 6.33, P , 0.001. The parameter estimate for males is given relative to females.
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trend, suggesting that the difference is mainly between mu-
seum specimens and living birds (Table 6), which most likely
is a storage effect. Year squared and the interaction between
year squared and sex never remained in the most parsimo-
nious model. A similar analysis on the full data set revealed
that wing length also increased over the years in both sexes
and the interaction was removed from the most parsimonious
model (full data set, b 6 SE—year: 0.0046 0.002, t ¼ 2.41, P ¼
0.02; sex: 21.35 6 0.09, t ¼ 215.37, P , 0.001, N ¼ 216
observations), and in all data sets without the contemporary
birds, year did not remain in the most parsimonious
model. Thus, museum skins were smaller than live birds,
whereas we cannot conclude that the godwits have changed
in size.
In contemporary birds, we found a correlation between

size and plumage coloration, but for the historical material,
we did not find that paler birds were bigger (only sex remained
in the most parsimonious model, b6 SE—sex: 1.106 0.15, t¼
7.59, P , 0.001, N ¼ 140 observations). The 3-way interaction

(year 3 sex 3 size) was rejected, as were all 2-way interaction
of the 3 variables.

DISCUSSION

We showed that black-tailed godwit males with a paler breeding
plumage were larger, in better condition and paired with
females that laid larger eggs compared with more colorful
males. We found no such effects in females. If pale males in-
deed consistently perform better than colorful males, we ex-
pect the population to change into a paler plumage over
the years. This was supported by the analysis of plumage col-
oration using museum specimens: We found weakening of
male coloration toward a more female-like plumage since
1840 (Figures 4 and 5). One explanation for this may be
negative directional selection on male coloration and relaxa-
tion of selection pressures on sexual dimorphism in plumage.
We will discuss this and other possible explanations in the
next paragraphs.

Figure 3
Correlation between plumage
ornamentation (A, B), size
(C, D), and size-corrected body
mass (E, F) and average egg
volume per nest of contempo-
rary male and female black-
tailed godwits breeding in the
Netherlands. (A): F1,67 ¼ 4.63,
r2 ¼ 0.06, P ¼ 0.04; (B): F1,67 ¼
0.24, r2 ¼ 0.01, P ¼ 0.63; (C):
F1,67 ¼ 0.76, r2 ¼ 0.01, P¼ 0.39;
(D): F1,67 ¼ 5.15, r2 ¼ 0.07, P ¼
0.03; (E): F1,67¼ 0.19, r2¼ 0.01,
P ¼ 0.66; and (F): F1,65 ¼ 3.61,
r2 ¼ 0.05, P ¼ 0.06.
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Pale males could be pale because 1) they molt fewer feathers
from winter to breeding plumage (see, e.g., Jukema and Piersma
2000; Battley et al. 2006) or 2) the feathers are replaced by
alternate but less pigmented feathers. Studies on a related
shorebird in captivity, the red knot Calidris canutus, demon-
strate that during a prealternate molt, birds rarely, if ever,
grow a combination of pigmented and unpigmented feathers
(Piersma T, Brugge M, unpublished data). In addition, in an
unsystematic study, back feathers in active molt of captive
black-tailed godwits during prealternate molt were always or-
namented (Schroeder J, Santiago-Quesada F, unpublished
data). However, in the absence of detailed studies (e.g.,
Reneerkens and Korsten 2004), we presently cannot distin-
guish between an increasing numbers of retained basic feath-
ers and decrease of feather pigmentation without a change in
molt intensity.
We report an increase in frequency of less colorful godwit

museum skins over a period of 164 years, most prominently
in male godwits. This is largely based on museum skins and
relies on the assumption that the observed change in plumage
is independent of storage time and that birds were collected as
random samples of the population. If the first assumption
would be false, we expect older skins to have fadedmore, which

is against the expected trend. The second assumption of ran-
dom sampling of the population is impossible to test: If the
most ornamented individuals in the past were selectively col-
lected, whereas in recent years, museums rely on birds that
are found occasionally dead, this would lead to the observed
trend. We do not find an effect of collection, which, because
skins are divided among themselves roughly by time (Roselaar
C, personal communication; Table 1), would be expected if
collection practice over time were a prominent factor.
Paler contemporary males were also found to be bigger in

body dimensions, giving the possibility that selection may
act also on the correlated size traits. For this, we examined
whether a change in size could be detected using the museum
specimens, but these analyses were ambiguous. Wing length
decreased over time in both sexes as expected from earlier
work on shrinkage of museum skins (Engelmoer et al.
1983), but we found no clear trend in the compound measure
of bill and tarsus length over time. We thus cannot exclude
that the change of size over time is an artifact (Table 6), and
we cannot demonstrate that male godwits are becoming larger
over time.
It has been suggested that breeding plumage of godwits may

fade with age (Groen N, personal communication). Black-
tailed godwits have experienced a strong population decline
during the last 50 years (Beintema et al. 1995), and as this
decline is due to lowered reproductive output and not to
lowered adult survival (Gill et al. 2007; Roodbergen et al.
2008), the average age of the population may well have in-
creased. A pattern of older, paler males mated with females
who lay larger eggs may arise if godwits mate assortatively by
age (Black and Owen 1995) and older and more experienced
females invest more into reproduction (Sæther 1990; Fasola
et al. 2001). However, between-year repeatability of plumage
scores of individuals is relatively high (Schroeder et al. 2008).
There is no systematic study that shows an effect of age on
plumage, and therefore, we cannot reject that aging of the
population may have contributed to the change in plumage
coloration.
Our results suggest that paler and larger males are paired

with, or chosen by, females that are able and willing to invest
more into reproduction and are likely to be of ‘‘high quality’’
themselves. Our data of less ornamentedmales being of higher
quality goes against the traditional view of sexual selection as
a unidirectional process toward ever more elaborate male
plumage traits (Andersson 1994). Two studies have reported
comparable effects of lesser ornamented male birds gaining
reproductive benefits in a contemporary data set. To avoid
hybridization, pied flycatcher Ficedula hypoleuca females prefer
duller brown males in areas where they breed in sympatry with
the collared flycatcher Ficedula albicollis, whereas in areas of
allopatry, more ornate males were preferred (Sætre et al.
1997). This effect was geographically restricted and unlikely
to change the mean population trait over the entire range. In
an island population of house sparrows Passer domesticus, fe-
males preferred to mate with males with a smaller black
badge, as opposed to several mainland populations (Griffith
et al. 1999; but see Nakagawa et al. 2007). On the island, male
parental care was of greater importance and females were
interpreted to maximize reproductive success by choosing
the less ornate males that invested most in paternal care
(Griffith et al. 1999). The proximate mechanism may be that
testosterone levels are positively associated with not only large
bibs and male–male competition but also bad parental care
(Hegener and Wingfield 1987).
Against a background of numerous studies showing fitness

benefits of more elaborate plumage coloration, we explore
further explanations for the apparent reduction in sexual
plumage dimorphism in this subspecies of black-tailed godwits.

Table 4

Result of the final model of model selection of GLMs with average
egg volume of Dutch Black-tailed Godwit nest as dependent variable

Variable b 6 SE F P

PC1 0.49 6 0.53 0.86 0.35
Size 1.88 6 0.65 4.89 0.03
Condition 1.77 6 0.58 0.98 0.32
Sex 0.76 6 0.71 0.22 0.64
PC1 3 sex 21.65 6 0.73 5.12 0.02
Size 3 sex 22.96 6 1.11 4.76 0.03
Condition 3 sex 22.53 6 0.81 4.95 0.03

PC1, size, condition, sex, and the 2-way interactions between PC1,
PC2, size, and condition with sex were modeled as explanatory
variables. Year (as a factor) and laying date were added to the most
parsimonious model but were not significant and are not displayed.
N ¼ 57 females, 60 males. r2 ¼ 0.14, F11,103 ¼ 2.74, P ¼ 0.004.
The parameter estimate for males is given relative to females.

Table 5

Result of the final model of model selection of GLMs with average
egg volume per Dutch black-tailed godwit nest as dependent variable

Variable b 6 SE F P

Bars 0.45 6 0.42 0.49 0.48
Orange 0.17 6 0.64 0.59 0.44
Condition 1.83 6 0.61 0.98 0.32
Size 1.99 6 0.68 4.89 0.03
Sex 8.54 6 3.13 0.22 0.64
Bars 3 sex 21.15 6 0.55 4.40 0.04
Orange 3 sex 20.96 6 0.82 3.03 0.08
Size 3 sex 22.90 6 1.11 4.52 0.04
Condition 3 sex 22.58 6 0.84 4.57 0.03

All plumage variables, size, condition, sex, and the 2-way interactions
between the plumage scores, size, and condition with sex were
modeled as covariates. Year (as a factor) and laying date were added to
the most parsimonious model but were not significant and are not
displayed. N ¼ 57 females, 60 males. r2 ¼ 0.14, F13,101 ¼ 2.34, P ¼
0.006. The parameter estimate for males is given relative to females.
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Changes in selection pressures maintaining sexual dimor-
phism can be evoked by environmental changes, and both
breeding and nonbreeding habitat of black-tailed godwits
has changed strongly during the last 2 centuries, attributable
to increased industrialization of agricultural practices (Beintema
et al. 1995). Black-tailed godwits had to rely increasingly on
agricultural—man-made—habitats. Until the start of the 20th
century, the species bred mostly in fen and bog areas, which
were changed into agricultural grasslands concomitant with
the reported change in plumage (Beintema et al. 1995, Figure
4). The godwits first profited from this change, and their
numbers increased because densities on extensive agricultural
land were higher than on the former, more natural habitats,
likely due to the higher food availability in man-made and

nitrogen-enriched grasslands (Beintema et al. 1995). Godwit
males display and defend their territory by aerial displays,
which are assumed more effective when males are smaller,
more agile, and more ornamented (Jönsson and Alerstam
1990). The availability of better quality territories may have
led to a decrease in male–male competition during the first
half of the 20th century. Therefore, visual signals based on
plumage and aerial displays may have become less important.
The black-tailed godwit also experienced a drastic change in

nonbreeding habitat on the spring staging areas where they
molt into breeding plumage, and hence, changes at this phase
could have had a direct effect on plumage. From 1920 onwards,
many natural wetlands on the Iberian Peninsula have dried out
and at the same time, formerly dry land has been remodeled

Table 6

Results of the most parsimonious models of mixed linear model selection where ornamentation and size of Black-tailed godwit museum skins
and contemporary breeding birds were modeled as dependents

Body size Plumage ornamentation (PC1)

b 6 SE t P b 6 SE t P

Full data set (1840–2007), N ¼ 216 Full data set (1840–2007), N ¼ 286

Year 0.003 6 0.001 2.82 0.008 20.001 6 0.002 20.56 0.58
Sex 21.58 6 0.08 220.61 ,0.001 8.42 6 3.40 2.11 0.04
Sex 3 year — — — 20.004 6 0.002 21.96 0.05

Without outliers (1860–2007), N ¼ 215 Without outliers (1860–2007), N ¼ 275

Year 0.003 6 0.001 2.64 0.01 20.006 6 0.002 23.33 0.002
Sex 21.58 6 0.08 220.53 ,0.001 0.95 6 0.10 9.64 ,0.001
Sex 3 year — — — — — —

Historical only (1860–1997), N ¼ 69 Historical only (1860–1997), N ¼ 129

Year 20.005 6 0.002 21.79 0.08 20.006 6 0.003 22.37 0.02
Sex 21.66 6 0.13 213.02 ,0.001 1.03 6 0.14 7.36 ,0.001
Sex 3 year — — — — — —

(1840–1950), N ¼ 109
Year 0.01 6 0.005 2.45 0.02
Sex 29.52 6 13.07 2.26 0.03
Sex 3 year 20.01 6 0.007 22.17 0.03

For each model, we modeled year nested in museum collection as random effects. Year, sex, and the interaction of year 3 sex were modeled as
explanatory variables. Date of capture was modeled as covariate in the models on plumage ornamentation. It was never significant. The parameter
estimate for males is given relative to females.

Figure 4
Plot of the historical develop-
ment of black-tailed godwit
plumage ornamentation in
museum skins and contempo-
rary breeding birds. Year is the
year or capture for the contem-
porary data (2004–2007) or the
year of death in the historical
data. Straight lines are regres-
sion lines for the full data set
(1840–2007), dashed lines are
data from1860 to 2007, anddot-
ted lines are data from 1860 to
1997. (A): Males, 1840–2007:
F1,149 ¼ 14.22, r2 ¼ 0.09, P ,
0.001; 1860–2007: F1,145 ¼
13.95, r2 ¼ 0.09, P , 0.001;
1860–1997: F1,77 ¼ 5.88, r2 ¼
0.07, P ¼ 0.02. (B): Females,
1840–2007: F1,133 ¼ 0.85, r2 ¼
0.01, P ¼ 0.36; 1860–2007:
F1,126 ¼ 5.97, r2 ¼ 0.05, P ¼
0.02; 1860–1997: F1,59 ¼ 0.11, r2

¼ 0.01, P ¼ 0.74.
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into rice cultivations (Lains and Sousa 1998; Sánchez-Guzmán
et al. 2007). Historically, godwits staged in natural freshwater
wetlands where they probably ate a large proportion of animal
food. In contrast, at present during spring stopover they for-
age mainly on spilled, and sometimes burned, rice grains in
large rice fields (Sánchez-Guzmán et al. 2007). Maybe the
change from a carnivorous to a granivorous diet made molt
more costly (Lindström et al. 1993). If the acquisition of a full,
bright alternate plumage on a rice diet is indeed costly, males
who trade plumage ornamentation for body condition may
gain an advantage with respect to timing of migration and
prevent the concurrent costs of late reproduction (Roodbergen
and Klok 2008). Irrespective of quality, quantity of food avail-
able to godwits at agricultural staging sites may be higher than
in natural wetlands, and it may be that also here interspecific
competition for food decreased with the higher abundance of
rice fields.

A potential proximate explanation is the positive correlation
between melanin plumage ornamentation and testosterone
levels between species (Bókony et al. 2008). If this correlation
also exists intraspecifically, a decrease in general and male–
male competition may be linked to a decrease in overall
testosterone levels (Jawor 2007) and could be a proximate
mechanism for a phenotypic reduction of male melanin or-
namentation (Ducrest et al. 2008; Rubenstein and Hauber
2008). This phenotypic change could be accompanied by a ge-
netic change, especially if size and plumage traits are geneti-
cally correlated, which may be expected in species with a size
and plumage sexual dimorphism. This could over time lead to
a loss of sexual plumage dimorphism if changes in selection
pressures for less ornamented males lead ultimately to
a change in the slope of the reaction norm of melanin color-
ation on competition intensity. The strong decrease in popu-
lation size in the last decades due to lowered reproductive

Figure 5
The historical development of
univariate plumage scores of
black-tailed godwit museum
skins and contemporary breed-
ing birds. Year is the year or
capture for the contempo-
rary data (2004–2007) or the
year of death. Data points with
the same value were jittered. N
¼ 135 females, 151 males.
Spearman correlations (A): q ¼
20.22, P ¼ 0.008; (B): q ¼
20.13, P¼ 0.15; (C): q ¼ 20.27,
P , 0.001; (D): q ¼ 20.05, P ¼
0.54; (E): q ¼ 0.28, P � 0.001;
(F): q ¼ 0.18, P ¼ 0.03; (G): q ¼
20.24, P ¼ 0.002; and (H): q ¼
20.01, P¼ 0.88.
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success may have enhanced the selection pressure and facili-
tated microevolutionary processes.
This correlational study shows an increase of paler male

black-tailed godwits, which may be due to an aging population,
but more likely represents a change of sexual plumage dimor-
phism over 167 years. That egg volumes is greater in pairs with
paler males and that females do not seem to pale over time
provides supporting, yet circumstantial, evidence for this pos-
sibility. Changes in selection pressures that affect male godwit
ornamentation may be due to large-scale anthropogenic land
use changes throughout the range of black-tailed godwits.
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