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Abstract

Adaptive phenotypic plasticity may respond to present ambient conditions. Sexual and
social signals in both sexes may express phenotype performance. Plumage signals that
change discontinuously allow relating discrete variation to previous performance. Both
sexes of the Pied flycatcher Ficedula hypoleuca present white patches on the wings and
on the forehead, which constitute sexual and social signals. Forehead patches are
moulted together with body plumage in Africa, while wing patches are partly moulted
in Africa and partly in the breeding area soon after breeding. We studied individual
inter-year changes (corrected for regression to the mean) in the size of forehead and
wing patches of both sexes in 7 years for females or 6 years for males in two nearby
study areas in central Spain. We found that initial signal extent strongly delimits the
possible subsequent changes negatively. There is a negative association of male age
with forehead patch changes. Cold and rainy springs are associated in females with
decreases in both patch areas and vice versa, while no association with climate is
observed in male wing patch changes. Cold pre-breeding conditions predict positive
changes in female wing and male forehead patches. Breeding success is positively
associated with forehead patch changes in females. Late-breeding males experience
more positive changes in forehead patch size than early-breeding males. Some of these
trends can be explained by variable costs of breeding in certain conditions for
subsequent signal production and/or maintenance, while absence of trends in some
cases may be explained by sex differences in costs of breeding and interactions with

phenotypic quality of breeders.
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Introduction

The widespread variability in phenotypes found within most populations studied is a
result of genetic differences but also of phenotypic plasticity (Pigliucci 2001).
Morphological, physiological or behavioural traits may vary within individuals across
their lifetime as a function of environmental factors affecting the optimal phenotype
(Piersma and Drent 2003, Bertossa 2011, Westneat et al. 2015). Thus, phenotypes may
directly respond to information derived from factors like climate, food availability or
social pressures (Milligan et al. 2009, Crozier and Hutchings 2014). However, this
information may be filtered by changing performance in relation to environmental
variation (Dreiss and Roulin 2010). Accordingly, reproductive performance in relation
to phenotypic expression may be key in determining an optimal adjustment of traits to
environmental conditions (Stamps 2007). Readjustments of the phenotype may occur
continuously or in relation to important seasonal events or processes (Zimova et al.
2014).

Sexual and social signaling traits are ideal for studying phenotypic variation as
they tend to be condition dependent and thereby express important performance
attributes of phenotypes (Andersson 1994, Jennions et al. 2001). These traits have been
intensely studied mainly in males due to their stronger expression in this sex (Garant et
al. 2004, Saino et al. 2004). However, there is increasing evidence that social and sexual
selection is also promoting the evolution of signals in females given the widespread
social constraints operating also on successful female reproduction (Lyon and
Montgomerie 2012). Sexual selection according to influential models is based on costs
of producing or maintaining signals (Andersson 1994, Cotton et al. 2004). Plasticity in
these signals could thus be based on changes in the impact of these costs on fitness.

Adjustments could be based on costs of the present breeding effort. Thus, harsh
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environmental conditions could increase the costs of signal production leading to
downward adjustments in signal expression (Veiga and Puerta 1996). Moreover,
reproductive costs could also deleteriously impact on subsequent trait expression
(Gustafsson et al. 1995, Griffith 2000, Siefferman and Hill 2005). An indication of
costly breeding could be breeding success, successful individuals having invested more
resources in the current reproductive attempt. This should be especially important if
signals reflect mainly production costs (Delhey et al. 2017).

Although continuous phenotypic change may be difficult to monitor, traits that
change discontinuously may allow studying the association of discrete variation with
previous performance of phenotypes. Plumage signals in birds are molted
discontinuously after or before breeding and can be studied as plastic traits (Jarvisto et
al. 2016). Changes in expression are thus lasting and can be accurately estimated and
subsequently compared for inter-year or inter-seasonal differences. The discontinuous
yearly cycles of long-distance migrants may furthermore enhance the capacity to relate
plasticity to environmental circumstances either on the breeding territories or on the
winter quarters (e.g. Webster et al. 2002). Many signals are present in both sexes,
although females may present less intense manifestations than males as a consequence
of lower sexual selection pressures (Tobias et al. 2012). The limits of plasticity may be
gauged by relating changes to initial values. A negative association of changes with
initial expression may indicate that plasticity is constrained by presumed genetic limits.

The Pied flycatcher Ficedula hypoleuca has become a model organism for
ecological and behavioral studies thanks to its adaptability to the conditions imposed by
scientific studies (Lobato et al. 2008, Lehtonen et al. 2009a, b, Moreno et al. 2010,
Cantarero et al. 2013, Moreno et al. 2013, Cantarero et al. 2014, Jarvisto et al. 2015,

Lopez-Arrabe et al. 2015, Moreno 2015, Lopez-Arrabé et al. 2018). It is a long-distance
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migrant between its Western Palearctic breeding distribution and its African wintering
range (Lundberg and Alatalo 1992). Both sexes present white patches on the wings and
on the forehead, although female forehead patches are almost nonexistent in Northern
populations (Morales et al. 2007, Morales et al. 2014, Cantarero et al. 2017). There is a
large literature showing that these patches constitute sexual and social signals of
differing importance according to the population being studied (Dale et al. 1999,
Morales et al. 2007, Galvan and Moreno 2009, Lehtonen et al. 2009a, Sirki& and
Laaksonen 2009, Lobato et al. 2010, Moreno et al. 2011, 2012, Jarvisto et al. 2013,
Moreno et al. 2014, Cantarero et al. 2015, Sirki& et al. 2015, Cantarero et al. 2017, Plaza
et al. 2018, Teerikorpi et al. 2018). Forehead patches are moulted together with body
plumage in Africa, while wing patches are constituted by white patches on tertials, also
moulted in Africa, and white bands on flight feathers, moulted in the breeding range
during or soon after breeding (Lundberg and Alatalo 1992). The parts of wing patches
moulted in the breeding respectively to wintering areas constitute roughly half of the
total wing patch each (Cantarero et al. 2017). The expression of achromatic plumage in
males varies across the breeding distribution, with males of Spanish populations
exhibiting the largest white forehead and wing patches (Lehtonen et al. 2009a,
Laaksonen et al. 2015).

Plastic changes in plumage signals can be considered as carry-over effects of
environmental conditions experienced while breeding or during the winter (Jarvisto et
al. 2006, Hegyi et al. 2007b). Although costs of production of unmelanized plumage
patches have not been studied and may be relatively small, costs of maintaining these
signals in the presence of direct environmental insults like abrasion (Bonser 1995) or
bacterial degradation (Burtt et al. 2010), or in facing social pressures (Morales et al.

2014), could be considerable. White patches on flight feathers have probably stronger
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implications for survival than white patches on foreheads due to their association with
flight capability (Ruiz-de-Castafieda et al. 2012). On the other hand, contrasting dark
and white plumage may affect detectability in the field in males (Slagsvold et al. 1995).
Breeding in harsh climatic conditions positively affect reproductive costs and thereby
positively affect subsequent signal production costs (Gustafsson et al. 1995), and the
opposite could be true in benign climatic conditions. Breeding success could also affect
future signaling either through the increased costs induced by a higher reproductive
output or by affecting the cost/benefit balance of future breeding attempts.

Some studies have looked at plasticity of these patches in males in relation to
environmental conditions during the winter or the breeding season both in the Pied
flycatcher (Jarvistd et al. 2016), and in its sibling species, the Collared flycatcher
Ficedula albicollis (Hegyi et al. 2007a, Hegyi et al. 2007b), and in females in Collared
flycatchers (Hegyi et al. 2008). However, no study has dealt with joint analyses of both
forehead and wing patches in the two sexes in the same population (but see for age-
dependence Evans et al. 2011). Here we have studied individual inter-year changes in
the size of forehead and wing patches of both sexes in 7 (females) or 6 (males) years in
two nearby study areas in central Spain where long-term studies of the species are being
conducted (Moreno 2015, Gonzélez-Braojos et al. 2017). Although other studies of
plasticity in these traits have focused mainly on climatic conditions in the wintering
range (Hegyi et al. 2007b, Jarvistd et al. 2016), we are here mainly interested in
potential carry-over effects of climate in the breeding area given the posited long-term
impacts of prior breeding conditions for the subsequent development of these traits. We
have previously shown with 25 years of data from one of the study populations
(including most of the years covered by the present study) that laying date and breeding

success were negatively affected by local temperatures while breeding, recruitment rate
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likewise by minimum temperature prior to breeding in April (Gonzélez-Braojos et al.
2017). Furthermore, temperatures during the nestling period affected male condition
negatively (Gonzélez-Braojos et al. 2017). Thus local climate during April (arrival and
courtship), May (laying, incubation) and June (brood rearing) could affect condition and
breeding output and thereby affect production costs of signals or reflect the potential
costs and benefits of breeding in the area. On the other hand, reproductive success may
reflect the costs of successfully raising broods to fledging.

We only consider the area of the patches as estimated from photographs as we
have not used reflectance measurement equipment in the field. UV reflectance of white
patches has been analyzed in other studies of the species (Lehtonen et al. 2009b, Sirki&
and Laaksonen 2009). In this study we focus on the area of these plumage patches as in
other studies of the species (Galvan and Moreno 2009, Lehtonen et al. 2009a, Lobato et
al. 2010, Moreno et al. 2011, 2012, 2014, Cantarero et al. 2015, Laaksonen et al. 2015,
Sirkid et al. 2015, Cantarero et al. 2017, Plaza et al. 2018). Moreover, we have
previously shown that area and UV reflectance of wing patches are positively
correlated, at least in females (Cantarero et al. 2017). More than half of the females
(56% in the study years) exhibit no measurable forehead patch in our populations.

In the present study, (1) we predict a negative association of patch size with
subsequent changes as plasticity should be bounded. Furthermore (2), we explore the
role of sex and age in determining constraints or adaptive value of signalling. We
predict (3) that if breeding costs affect changes in signal extent to the next season, harsh
climatic conditions while breeding should lead to patch decreases and vice versa.
Furthermore (4), we expect that a high relative reproductive success and late breeding

should lead to higher costs and therefore patch decreases.
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Methods

General methods

The study was conducted during 2011-2017 for females and 2012-2017 for males in two
nearby study areas in central Spain where long-term studies of pied flycatchers are
being conducted (Moreno 2015, Gonzélez-Braojos et al. 2017). Both the study areas in
Lozoya (40° 58° N, 3° 48" W, 1400-1500 m altitude) and Valsain (40° 54’ N, 4° 01’ W,
1100-1200 m altitude) are montane Pyrenean oak Quercus pyrenaica forests where 100
and 300 nest-boxes, respectively, have been erected (in 2001 in Lozoya, in 1991 in
Valsain). The two areas are separated by a mountain range reaching up to 2400 m so no
individual has been recorded breeding in both areas in different years. Laying dates,
hatching dates, clutch sizes and reproductive performance (hatching success, breeding
success) are recorded and nestlings are measured and weighed 13 days post-hatch every
year (for routine procedures in both study areas see Gonzélez-Braojos et al. 2017).
Breeding success is calculated as the proportion of eggs laid that result in fledged
young.

Trait measurements

Most adults breeding in nest-boxes are captured with traps when nestlings attain 7-13
days of age, identified by their ring and measured (tarsus and wing lengths and mass
according to standard procedures). In the years of the study, we took digital photographs
of captured individuals from above of their forehead patch and of their extended right
wing at a distance of approximately 10 cm and placing a ruler in contact with the head
or wing for reference (see Lehtonen et al. 2009a for standardized procedures, Sirkié and
Laaksonen 2009, Laaksonen et al. 2015). Then, we determined the area of the wing and
forehead patches by analyzing photographs with PhotoShop CS4 (version 11.0)

according to Moreno et al. (2014). We did not measure patches when there was physical
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damage or ongoing moult affecting their condition. We measured the whole wing patch
as it is used as a single signal while wing-flicking (Curio 1960). Individual
repeatabilities of traits among years were highly significant and of variable magnitude
(Females, wing: r=0.39, P<0.0001; Females, forehead: r=0.53, P<0.0001; Males, wing:
r=0.53, P<0.0001; Males, forehead: r=0.64, P<0.0001, see also Jarvisto et al. 2016 for a
northern population). Minimum age is estimated directly from rings if ringed as
nestling, or indirectly by assuming that males older than 1 year (males of 1 year can be
recognized by plumage) and females are two years old when first captured as breeders.
This is based on the fact that 48% of local recruits in Valsain and 40% in Lozoya are
captured for the first time as breeders at two years, more than 20% at 3 years and less
than 10% at one year (only 1.5% of male recruits in Lozoya).

The study deals with the absolute differences in patch size between successive
years for individuals captured in more than one year. As experiments potentially
affecting inter-year changes were conducted in both study areas in these years, only
control individuals will be included. Thus, analyses include only inter-year changes
when the individual in the year previous to the change was unmanipulated. As some
individuals were captured more than twice, there are up to 5 measurements of the same
individual leading to a maximum of 4 inter-year changes if all years are in a continuous
sequence. The study is thus based on changes between subsequent years for 111 females
(62 in Lozoya, 49 in Valsain) and 74 males (38 in Lozoya, 36 in Valsain). The numbers
of individuals sampled twice, three, four or five times were 91, 16, 3 and 1 for females
and 54, 12, 6 and 2 for males Sample sizes may differ between traits due to ongoing
wing moult in males.

Climate
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Local climatic information was provided by the Spanish Meteorological Agency
(AEMET). The station used is 9 km from the Valsain study area (station at Segovia:
2465). Data from this station have been used previously the effects of weather on
reproductive performance and local survival in the Valsain population (Gonzélez-
Braojos et al. 2017). We assume that conditions in Lozoya are strongly correlated with
those at Valsain given the distance between both areas (20 km straight distance) and the
habitat similarity between them. We have used as indicators of local climate the
monthly averages for mean, maximum and minimum daily temperatures and mean daily
precipitation for April, May and June. Adults arrive in the study area in the second half
of April, lay eggs in the middle of May and nestlings fledge in the second half of June.
Given the generally strong associations between climatic variables (more than 70% of
correlations were higher than 0.50), they have been summarized through Principal
Components analyses into two PCs. As the data set for females included one more year
than for males, we have conducted separate PC analyses for females and males. For
both data sets, PC1 was highly positively (r>0.80) correlated with maximum
temperature in April and May precipitation and negatively with May and June
temperatures. High values of PC1 denote cold and rainy springs after a warm April.
PC2 was negatively associated with minimum April temperatures and denotes cold
conditions on arrival to the breeding grounds. PC1 and PC2 explained 89% (67 and
22% respectively) of variation in climatic variables for females and 92% (67 and 25%
respectively) for males.

Statistical analyses

Given the important effect of regression-to-mean (RTM) effects when analyzing
absolute changes in traits between sequential measurements (Kelly and Price 2005), we

have corrected all changes following the method proposed by Berry et al. (Berry et al.
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1984) as applied recently by Verhulst et al. (2013). The change from the baseline
measure X; to follow up measure X; is adjusted for the regression to the mean effect to
yield a corrected value D as follows:

D = p (Xi_-_meanX;) - _ (X2 -_meanX,)
where p=2r (8182/812+822)
in which r is the correlation between X; and X; and S; and S, are standard deviations of
the distribution of X; and X,. Thus, we will only describe effects on RTM-corrected
changes between successive years. RTM-corrected changes are only a fraction of raw
changes (0.50 and 0.55 on average for female wing and forehead patches respectively
and 0.30 and 0.74 for male wing and forehead patches respectively).

Relative breeding date with respect to the population instead of absolute laying
date was used to reflect the earliness-lateness in breeding which has been shown to have
important associations with the breeding capacity of temperate birds. To that end we
classified both females and males according to quartiles for each sex and year and for
both areas pooled (area did not affect laying date when controlling for the strong effect
of year), with the first quartile representing early birds, the two intermediate quartiles
average birds and the last quartile late-breeding individuals. This factor was included in
analyses. For breeding phenology in relation to environmental variables we analyzed
climatic variables. We preferred a relative measure of breeding success to the absolute
number of fledglings raised as there may exist individual optimization of clutch size, so
absolute numbers do not reflect output with respect to capacity. Breeding success
showed a highly skewed distribution towards high breeding success variables (more
than 70% of individuals showing a success of 0.80 or higher). Thus a categorization was

introduced whereby successful individuals were those with a breeding success of 0.80
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or higher and unsuccessful individuals those with less than 0.80 success (a loss of one
egg/chick or no loss).

We have conducted GLM analyses with the SAS statistical package (SAS Institute Inc.,
Cary, North Carolina, ) of changes in both patches separately for females and males.
Both patch sizes and their changes were normally distributed. We have included
individual as random factor and degrees of freedom have been calculated according to
the Satterthwaite method. As possible independent categorical factors affecting changes
in trait expression we have considered study area, earliness in breeding (early, average,
late) and breeding success category (successful/unsuccessful), and as independent
covariables climatic factors for the initial season (PC1 and PC2), clutch size (unrelated
to success), estimated age in the first year, wing length as an index of body size, initial
trait expression and change in the other trait between the same years.

Results

Female wing patch

In small-patched females there was a tendency to show increases in the next year while
the opposite was true in large-patched females (Table 1, Fig. 1a). There were significant
effects of both climate PCs (Table 1). Cool and rainy conditions in May and June after a
warm April were associated with patch reductions (Fig. 1b), while cold April conditions
were linked to patch increments (Table 1).

Female forehead patch

In small-patched females there was a tendency to show increases in the next year while
the opposite was true in large-patched females (Table 2, Fig. 2a). There was a
significant negative association with climate PC1, with cold and rainy springs being
associated with forehead patch decreases (Table 2). There was a significant effect of

study area (Table 2), with a tendency for females in Valsain to decrease their forehead
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patches and for females in Lozoya to increase theirs (Fig. 2c). This effect was
significant (F1110=7.87, P=0.006, Table 2) despite the fact that females in Lozoya
showed significantly larger patches than those in Valsain (0.17+£0.01 versus 0.10+£0.01
cm?, F1216=14.9, p<0.001), and should therefore increase less their forehead patches
(Fig. 2a). Finally, successful females tended to increase their forehead patches more

than unsuccessful females (Table 2, Fig. 2c).

Male wing patch

Small-patched males tended to show increases in the next year while the opposite was
true in large-patched males (Table 3, Fig. 3). No other factor was significant (Table 3).

Male forehead patch

Small-patched males tended to show increases in the next year while the opposite was
true in large-patched males (Table 4, Fig. 4a). There were significant effects of climate
PC2, age and relative timing on changes in male forehead patch (Table 4). Cold
conditions in April were associated with patch increments (Table 4). Older males
showed a decrease in patch size (Table 4). Relative lateness in breeding was associated

with patch increases and earliness with reductions (Fig. 4b).

Discussion

We have found a strong phenotypic constraint on expression of both patches in both
sexes, so that initial signal extent delimits the possible subsequent changes negatively.
We also found a marked effect of locality on forehead patch changes in females, with
the study area showing a population decline predicting patch reductions and vice versa.
Old males tend to reduce their forehead patches compared with young males. The most

interesting associations of patch changes were with climate and with breeding
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performance. In females cold and rainy springs (May and June) were linked to
reductions in wing patch area . Cold conditions on arrival to the breeding grounds
(April) were also related to wing patch increases in females and with forehead patch
increases in males. With respect to reproductive performance, females with high
breeding success experienced positive changes in forehead patch size more than
unsuccessful females. Late-breeding males experienced forehead patch increases to the
next year rather than early-breeding males. We will discuss these results in turn.

Several studies have previously shown that phenotypic plasticity is bounded for
many continuous traits (Briffa et al. 2008, Schoeppner and Relyea 2008, Kulkarni et al.
2009). Also for sexually selected traits phenotypic plasticity has been shown to be
constrained (Nonaka et al. 2014, Pitchers et al. 2014, Wright et al. 2018), so that very
large signals cannot increase further while very small signals cannot decrease
incessantly. Thus, there is no point in studying within-individual phenotypic changes
without taking into consideration potential limits on expression. A conclusion is that
changes in continuous traits should preferably be statistically controlled for initial level
of expression, even after correcting for RTM. This is supported by the fact that a large
part of the changes experienced by individuals in signal expression in our study were
linked to initial levels. Constraints on plasticity are due to the genetic architecture of
traits which in turn has been selected by the ecological and social environment
(Scheiner 2002, Foster et al. 2015).

Despite a similar climate, the two study areas differ with respect to conditions
for breeding, with the population in Valsain having experienced a protracted decline in
breeding success in the last 25 years (Gonzélez-Braojos et al. 2017). Conditions in
Lozoya have not deteriorated in the last 18 years possibly because of the higher altitude

at this locality (J. Moreno, unpubl. information). Lower population densities in Valsain
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means that competition for nest-boxes is much stronger at Lozoya (Moreno 2015). This
in turn implies that signaling social dominance may be more important for both male
and female fitness in Lozoya, as shown by the larger patches in Lozoya in both sexes.
Despite females in Lozoya showing larger patches which should lead to negative rather
than positive changes according to the strong negative association between initial
expression and subsequent change, they still augmented more their patches than females
in Valsain. For males, there were no differences in trait changes between areas. This is
difficult to explain if competition for cavities is stronger for males.

Sexual signals may experience a senescent decline along with other traits related
to reproductive performance (Williams et al. 2006). On the other hand, terminal
investment predicts that investment in sexual signals may increase over the lifetime
(Kokko 1997). There is evidence both for age-dependent increases and declines in
sexually selected traits (Velando et al. 2006, Galvan and Mgller 2009, Freeman-Gallant
et al. 2010). In some cases, quadratic associations indicate that both increases of
investment and senescent declines operate across the lifetime (Edler et al. 2012, Simons
et al. 2016). In the closely related collared flycatchers, increases with age in ornamental
plumage patches in both sexes have been shown (Hegyi et al. 2007,b, 2008, Evans et al.
2011), although female forehead patches were not considered in that study (probably
because of its small extent). There is also evidence for age-dependent increases of the
white forehead patch in male Iberian pied flycatchers (Galvan and Moreno 2009). In
our study, only males showed an indication of age-dependent changes in sexual signal
expression and only with respect to forehead patches. Old males (more than 4 years)
tended to reduce their forehead patches, while young males (1-2 years) tended to
increase their expression. This result agrees with predictions from life-history theory,

and indicates that forehead patch expression is affected by a general deterioration of
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physical condition after 4 years in females (Sanz and Moreno 2000). Changes in both
patches could be linked in relation with a common regulation of melanisation processes.
However, no association between changes in the two patches was found in either sex
(this study, see also Jarvisto et al. 2016).

Two other studies have related within-individual changes in sexual signals to
climatic conditions in Ficedula flycatchers. Hegyi et al. (2007b) found in collared
flycatcher males that within-individual changes in forehead and wing patch size were
predicted by the climate of their moulting season (winter and summer, respectively).
Change in wing patch size was highest after summers with intermediate amounts of
precipitation, while it was lower after very dry or very rainy years. There was also an
indirect effect of previous winter climate on changes in wing patch size. Jarvisto et al.
(2016) focused on climate in Africa during the prenuptial moult of pied flycatcher males
and did not consider conditions while breeding. None of these studies included females
nor introduced breeding performance measurements taken prior to moult. Climate in the
breeding range has been shown to affect reproductive performance in Valsain
(Gonzélez-Braojos et al. 2017) and in Lozoya (unpubl. information). Warm conditions
during incubation are associated with reductions in breeding success while during the
nestling period they are linked to increases in breeding success (Gonzélez-Braojos et al.
2017). The weather in April is also related to breeding success, with warm conditions at
that time being followed by poor reproductive performance (Gonzalez-Braojos et al.
2017). This is probably due to the fact that cold weather in April may mean a delayed
caterpillar season and thus a better adjustment of the breeding schedule of pied
flycatchers to the caterpillar peak (Sanz et al. 2003, Gonzalez-Braojos et al. 2017). Thus
a high winter NAO is linked to good nestling growth while high April temperatures

predict poor recruit production (Sanz et al. 2003, Gonzélez-Braojos et al. 2017). On the
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other hand rainy conditions during incubation and nestling rearing and cold weather
during nestling rearing are linked to reduced breeding success (Gonzalez-Braojos et al.
2017).

Thus, warm conditions in April followed by rainy conditions in May and cold
conditions in June represent mostly poor conditions for breeding. On the other hand,
low April temperatures represent good conditions for breeding. Females respond to poor
conditions for breeding (high PC1 meaning warm April weather followed by rainy
conditions in May and cold conditions in June) by decreasing their white wing and
forehead patches to the next year as carry-over effects. Warm conditions in April (low
PC2 meaning unfavourable conditions for breeding output) are also followed by wing
patch decreases in females and forehead patch decrements in males. This evidence
accords well with the hypothesis of costs which predicts patch decrements after higher
levels of breeding exertion (Gustafsson et al. 1995). Early breeding males are probably
those suffering higher reproductive costs due to the costs of migrating early (Ruiz-de-
Castarieda et al. 2009) and the stiffer competition for nest cavities at the beginning of
the breeding season (Lobato et al. 2010). According to the cost hypothesis, we should
expect these males to show patch decreases compared with late breeders as found for
forehead patches. Moreover, this effect of relative timing of breeding should not be so
strong in females which arrive later and show presumably lower levels of competition.
No effect of timing was accordingly found in females.

Although some carry-over effects of climate can be explained by reproductive
costs affecting subsequent patch moult, the absence of associations in some cases
cannot be easily explained by costs. Thus, males show no trend of PC1 with respect to
wing patches,. Furthermore, male wing patches show no significant carry-over effects

related to breeding success. An alternative explanation for these absent trends is that
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males are differently affected by climate than females. Males exert more effort early in
the season (territoriality and courtship, where high PC1 indicates warm conditions)
while females relatively more effort later on (where high PC1 indicates cold
conditions). Thus, males may not be so strongly affected by poor conditions during
incubation and nestling rearing as females.

If costs were to explain changes according to prior success, we should expect
reproductively successful individuals to have spent more effort throughout the season
by having raised a higher proportion of intended offspring. Thus, they should show
decrements rather than increments in patches, contrary to our results for female
forehead patches. However, this association may not be directly linked to an effect of
reproductive effort as absolute clutch size has no significant effect on patch changes.
Therefore, the positive success “effect” may be an effect of an unmeasured background
variable related to individual female quality or condition. That is, unsuccessful females
are those which are of poor quality, ill or in bad condition, and this background may
also impinge on the future changes of patch sizes.

To conclude, conditions during breeding as expressed by local climate, relative
timing of breeding and reproductive performance partly affect the moult of signals in
both sexes occurring soon or months after the cessation of breeding activities. Our
results do not suggest that conditions in the wintering areas are unimportant (see
Jarvist0 et al. 2016 for evidence of their role), but rather that phenotypic plasticity also
responds to conditions in the breeding areas Higher costs of breeding stimulate patch
size decrements and vice versa, but patches seem also to be linked to sex differences in
the temporal distribution of costs across the season and in the strength of the effects of

individual quality.

“This article is protected by copyright. All rights reserved.’



Acknowledgements

Data collection was supported by projects CGL2010-19233-C03-02, CGL2013-48193-
C3-3-P and CGL2017-83843-C2-1 to JM from Ministerio de Economia, Industria y
Competitividad (MINECO, Spanish Government). AC was funded by a Juan de la
Cierva-formacion postdoctoral grant (FJCI-2015-23536) from MINECO. JLA and MP
were supported by FPI grants from MINECO. We are grateful to Sonia Gonzélez-
Braojos for helping with Photoshop measurements.

Ethical approval

Permissions for capturing and handling birds were provided by “Consejeria de Medio
Ambiente de Castilla y Leon” and “Consejeria de Medio Ambiente de Comunidad de
Madrid” for the Valsain and Lozoya areas respectively. “Centro Montes de Valsain”
allowed us to work in Valsain. The study was ethically approved by the Ethical

Committee of CSIC.

References

Andersson, M. 1994. Sexual Selection, Princeton University Press, Princeton, NJ.

Berry, D. A, Eaton, M. L., Ekholm, B. P. and Fox, T. L. 1984. Assessing Differential
Drug Effect. -Biometrics, 40: 1109-1115.

Bertossa, R. C. 2011. Morphology and behaviour: functional links in development and
evolution. -Philosophical Transactions of the Royal Society B: Biological
Sciences, 366: 2056-2068.

Bonser, R. H. 1995. Melanin and the abrasion resistance of feathers. -Condor, 97: 590-
591.

Briffa, M., Rundle, S. D. and Fryer, A. 2008. Comparing the strength of behavioural

plasticity and consistency across situations: animal personalities in the hermit

“This article is protected by copyright. All rights reserved.’



crab Pagurus bernhardus. -Proceedings of the Royal Society B: Biological
Sciences, 275: 1305-1311.

Burtt, E. H., Schroeder, M. R., Smith, L. A., Sroka, J. E. and McGraw, K. J. 2010.
Colourful parrot feathers resist bacterial degradation. -Biology Letters, 7: 214-
216.

Cantarero, A., Lopez-Arrabé, J., Redondo, A. J. and Moreno, J. 2013. Behavioural
responses to ectoparasites in Pied Flycatchers Ficedula hypoleuca: an
experimental study. -Journal of Avian Biology, 44: 591-5909.

Cantarero, A., Lopez-Arrabé, J., Palma, A., Redondo, A. J. and Moreno, J. 2014. Males
respond to female begging signals of need: a handicapping experiment in the
Pied flycatcher Ficedula hypoleuca. -Animal Behaviour, 94: 167-173.

Cantarero, A., Laaksonen, T., Jarvisto, P. E., Gil, D., Lopez-Arrabé, J., Redondo, A. J.
and Moreno, J. 2015. Nest defense behaviour and testosterone levels in female
Pied Flycatchers. -Ethology, 121: 946-957.

Cantarero, A., Laaksonen, T., Jarvistd, P. E., Lépez-Arrabé, J., Gil, D. and Moreno, J.
2017. Testosterone levels in relation to size and UV reflectance of achromatic
plumage traits of female pied flycatchers. -Journal of Avian Biology, 48: 243-
254.

Cotton, S., Fowler, K. and Pomiankowski, A. 2004. Do sexual ornaments demonstrate
heightened condition-dependent expression as predicted by the handicap
hypothesis? -Proceedings of the Royal Society B-Biological Sciences, 271: 771-
783.

Crozier, L. G. and Hutchings, J. A. 2014. Plastic and evolutionary responses to climate

change in fish. -Evolutionary Applications, 7: 68-87.

“This article is protected by copyright. All rights reserved.’



Curio, E. 1960. Die systematische Stellung des spanischen Trauerschnappers. -
Vogelwelt, 81: 113-121.

Dale, S., Slagsvold, T., Lampe, H. M. and Satre, G. P. 1999. Population divergence in
sexual ornaments: The white forehead patch of Norwegian pied flycatchers is
small and unsexy. -Evolution, 53: 1235-1246.

Delhey, K., Szecsenyi, B., Nakagawa, S. and Peters, A. 2017. Conspicuous plumage
colours are highly variable. -Proceedings of the Royal Society B: Biological
Sciences, 284.

Dreiss, A. N. and Roulin, A. 2010. Age-related change in melanin-based coloration of
Barn owls (Tyto alba): females that become more female-like and males that
become more male-like perform better. -Biological Journal of the Linnean
Society, 101: 689-704.

Edler, A.U. and Friedl, TW.P. 2012. Age-related variation in carotenoid-based
plumage ornaments of male Red Bishops Euplectes orix. -Journal of
Ornithology 153, 413-420.

Evans, S. R., Gustafsson, L. and Sheldon, B. C. 2011. Divergent patterns of age-
dependence in ornamental and reproductive traits in the collared flycatcher. -
Evolution, 65: 1623-1636.

Foster, S. A., Wund, M. A., Graham, M. A,, Earley, R. L., Gardiner, R., Kearns, T. and
Baker, J. A. 2015. Iterative development and the scope for plasticity: contrasts
among trait categories in an adaptive radiation. -Heredity, 115: 335.

Freeman-Gallant, C. R., Taff, C. C., Morin, D. F., Dunn, P. O., Whittingham, L. A. and
Tsang, S. M. 2010. Sexual selection, multiple male ornaments, and age- and
condition-dependent signaling in the common yellowthroat. -Evolution, 64:

1007-1017.

“This article is protected by copyright. All rights reserved.’



Galvan, I. and Mdller, A.P. 2009. Different roles of natural and sexual selection on
senescence of plumage colour in the barn swallow. - Functional Ecology, 23:
302-3009.

Galvéan, . and Moreno, J. 2009. Variation in effects of male plumage ornaments: the
case of Iberian Pied Flycatchers. -1bis, 151: 541-546.

Garant, D., Sheldon, B. C. and Gustafsson, L. 2004. Climatic and temporal effects on
the expression of secondary sexual characters: genetic and environmental
components. -Evolution, 58: 634-44.

Gonzélez-Braojos, S., Sanz, J. J. and Moreno, J. 2017. Decline of a montane
Mediterranean pied flycatcher Ficedula hypoleuca population in relation to
climate. -Journal of Avian Biology, 48: 1383-1393.

Griffith, S. C. 2000. A trade-off between reproduction and a condition-dependent
sexually selected ornament in the house sparrow Passer domesticus. -
Proceedings of the Royal Society B: Biological Sciences, 267: 1115-9.

Gustafsson, L., Qvarnstrom, A. and Sheldon, B. C. 1995. Trade-offs between life-
history traits and a secondary sexual character in male collared flycatchers. -
Nature, 375: 311-313.

Hegyi, G., Rosivall, B., Szollosi, E., Hargitai, R., Eens, M. and Torok, J. 2007a. A role
for female ornamentation in the facultatively polygynous mating system of
collared flycatchers. -Behavioral Ecology, 18: 1116-1122.

Hegyi, G., Torok, J., Garamszegi, L. Z., Rosivall, B., Szollosi, E. and Hargitai, R.
2007b. Dynamics of multiple sexual signals in relation to climatic conditions. -

Evolutionary Ecology Research, 9: 905-920.

“This article is protected by copyright. All rights reserved.’



Hegyi, G., Garamszegi, L. Z., Eens, M. and Torok, J. 2008. Female ornamentation and
territorial  conflicts in collared flycatchers (Ficedula albicollis). -
Naturwissenschaften, 95: 993-996.

Jarvisto, P. E., Laaksonen, T. and Calhim, S. 2013. Forehead patch size predicts the
outcome of male-male competition in the pied flycatcher. -Ethology, 119: 662-
670.

Jarvisto, P. E., Calhim, S., Schuett, W., Velmala, W. and Laaksonen, T. 2015. Sex-
dependent responses to increased parental effort in the pied flycatcher. -
Behavioral Ecology and Sociobiology: 1-13.

Jarvisto, P. E., Calhim, S., Schuett, W., Sirkia, P. M., Velmala, W. and Laaksonen, T.
2016. Carry-over effects of conditions at the wintering grounds on breeding
plumage signals in a migratory bird: roles of phenotypic plasticity and selection.
-Journal of Evolutionary Biology, 29: 1569-84.

Jennions, M. D., Mgller, A. P. and Petrie, M. 2001. Sexually selected traits and adult
survival: a meta-analysis. -The Quarterly Review of Biology, 76: 3-36.

Kelly, C. and Price, T.D. 2015. Correcting for regression to the mean in behavior and
ecology. - American Naturalist, 166: 700-707.

Kokko, H. 1997. Evolutionarily stable strategies of age-dependent sexual advertisement.
Behavioral Ecology & Sociobiology, 41: 99-107.

Kulkarni, S., Moskalik, C., Gomez-Mestre, I. and Buchholz, D. 2009. Decreased
phenotypic plasticity in a trait undergoing extreme selection. -Integrative and
Comparative Biology, 49: E257-E257.

Laaksonen, T., Sirkid, P. M., Calhim, S., Brommer, J. E., Leskinen, P. K., Primmer, C.
R., Adamik, P., Artemyev, A. V., Belskii, E., Both, C., Bures, S., Burgess, M.

D., Doligez, B., Forsman, J. T., Grinkov, V., Hoffmann, U., Ivankina, E., Krél,

“This article is protected by copyright. All rights reserved.’



M., Krams, I., Lampe, H. M., Moreno, J., Mégi, M., Nord, A., Potti, J.,
Ravussin, P. A. and Sokolov, L. 2015. Sympatric divergence and clinal variation
in multiple coloration traits of Ficedula flycatchers. -Journal of Evolutionary
Biology, 28: 779-790.

Lehtonen, P. K., Laaksonen, T., Artemyev, A. V., Belskii, E., Both, C., Bures, S.,
Bushuev, A. V., Krams, I., Moreno, J., Magi, M., Nord, A., Potti, J., Ravussin,
P. A, Sirkia, P. M., Satre, G. P. and Primmer, C. R. 2009a. Geographic patterns
of genetic differentiation and plumage colour variation are different in the pied
flycatcher (Ficedula hypoleuca). -Molecular Ecology, 18: 4463-4476.

Lehtonen, P. K., Primmer, C. R. and Laaksonen, T. 2009b. Different traits affect gain of
extrapair paternity and loss of paternity in the pied flycatcher, Ficedula
hypoleuca. -Animal Behaviour, 77: 1103-1110.

Lobato, E., Merino, S., Moreno, J., Morales, J., Tomas, G., Martinez-de la Puente, J.,
Osorno, J. L., Kuchar, A. and Mostl, E. 2008. Corticosterone metabolites in blue
tit and pied flycatcher droppings: effects of brood size, ectoparasites and
temperature. -Hormones and Behavior, 53: 295-305.

Lobato, E., Moreno, J., Merino, S., Morales, J., Tomas, G., Martinez, J., Vasquez, R.
A., Kuchar, A., Mostl, E. and Osorno, J. L. 2010. Arrival date and territorial
behavior are associated with corticosterone metabolite levels in a migratory bird.
-Journal of Ornithology, 151: 587-597.

Lopez-Arrabe, J., Cantarero, A., Pérez-Rodriguez, L., Palma, A., Alonso-Alvarez, C.,
Gonzalez-Braojos, S. and Moreno, J. 2015. Nest-dwelling ectoparasites reduce
antioxidant defences in females and nestlings of a passerine: a field experiment.

-Oecologia, 179: 29-41.

“This article is protected by copyright. All rights reserved.’



Lopez-Arrabe, J., Monaghan, P., Cantarero, A., Boner, W., Pérez-Rodriguez, L. and
Moreno, J. 2018. Sex-specific associations between telomere dynamics and
oxidative status in adult and nestling pied flycatchers. -Physiological and
Biochemical Zoology, 91: 868-877.

Lundberg, A. and Alatalo, R. V. 1992. The pied flycatcher, London, Poyser.

Lyon, B. E. and Montgomerie, R. 2012. Sexual selection is a form of social selection. -
Philosophical Transactions of the Royal Society B-Biological Sciences, 367:
2266-2273.

Milligan, S. R., Holt, W. V. and Lloyd, R. 2009. Impacts of climate change and
environmental factors on reproduction and development in wildlife. -
Philosophical Transactions of the Royal Society B: Biological Sciences, 364:
3313-3319.

Morales, J., Moreno, J., Merino, S., Sanz, J. J., Tomas, G., Arriero, E., Lobato, E. and
Martinez-de la Puente, J. 2007. Female ornaments in the Pied Flycatcher
Ficedula hypoleuca: associations with age, health and reproductive success. -
Ibis, 149: 245-254.

Morales, J., Gordo, O., Lobato, E., Ippi, S., Martinez-de la Puente, J., Tomas, G.,
Merino, S. and Moreno, J. 2014. Female-female competition is influenced by
forehead patch expression in pied flycatcher females. -Behavioral Ecology and
Sociobiology, 68: 1195-1204.

Moreno, J. 2015. The incidence of clutch replacements in the pied flycatcher Ficedula
hypoleuca is related to nest-box availability: evidence of female-female

competition? -Ardeola, 62: 67-80.

“This article is protected by copyright. All rights reserved.’



Moreno, J., Lobato, E., Gonzélez-Braojos, S. and Ruiz-de-Castafieda, R. 2010. Nest
construction costs affect nestling growth: a field experiment in a cavity-nesting
passerine. -Acta Ornithologica, 45: 139-145.

Moreno, J., Velando, A., Ruiz-de-Castafieda, R., Cantarero, A., Gonzalez-Braojos, S.
and Redondo, A. 2011. Plasma antioxidant capacity and oxidative damage in
relation to male plumage ornamental traits in a montane Iberian Pied Flycatcher
Ficedula hypoleuca population. -Acta Ornithologica, 46: 65-70.

Moreno, J., Velando, A., Ruiz-de-Castafieda, R., Gonzélez-Braojos, S. and Cantarero,
A. 2012. Oxidative damage in relation to a female plumage badge: evidence for
signalling costs. -Acta Ethologica, 16: 65-75.

Moreno, J., Velando, A., Gonzalez-Braojos, S., Ruiz-de-Castafieda, R. and Cantarero,
A. 2013. Females paired with more attractive males show reduced oxidative
damage: Possible direct benefits of mate choice in Pied Flycatchers. -Ethology,
119: 727-737.

Moreno, J., Gil, D., Cantarero, A. and LoOpez-Arrabé, J. 2014. Extent of a white
plumage patch covaries with testosterone levels in female pied flycatchers
Ficedula hypoleuca. -Journal of Ornithology, 155: 639-648.

Nonaka, E., Brannstrom, A. and Svanbéack, R. 2014. Assortative mating can limit the
evolution of phenotypic plasticity. -Evolutionary Ecology, 28: 1057-1074.
Piersma, T. and Drent, J. 2003. Phenotypic flexibility and the evolution of organismal

design. -Trends in Ecology & Evolution, 18: 228-233.
Pigliucci, M. 2001. Phenotypic Plasticity: Beyond Nature and Nurture, Johns Hopkins

University Press.

“This article is protected by copyright. All rights reserved.’



Pitchers, W. R., Klingenberg, C. P., Tregenza, T., Hunt, J. and Dworkin, 1. 2014. The
potential influence of morphology on the evolutionary divergence of an acoustic
signal. -Journal of Evolutionary Biology, 27: 2163-2176.

Plaza, M., Cantarero, A., Cuervo, J. J. and Moreno, J. 2018. Female incubation
attendance and nest vigilance reflect social signalling capacity: a field
experiment. -Behavioral Ecology and Sociobiology, 72:24.

Ruiz-de-Castafieda, R., Morales, J., Moreno, J., Lobato, E., Merino, S., Martinez de la
Puente, J. M. and Tomés, G. 2009. Costs and benefits of early reproduction:
Haemoproteus prevalence and reproductive success of infected male pied
flycatchers in a montane habitat in central Spain. -Ardeola, 56: 271-280.

Ruiz-de-Castafieda, R., Burtt, E. H., Gonzalez-Braojos, S. and Moreno, J. 2012.
Bacterial degradability of an intrafeather unmelanized ornament: a role for
feather-degrading bacteria in sexual selection? -Biological Journal of the
Linnean Society, 105: 409-4109.

Saino, N., Szep, T., Ambrosini, R., Romano, M. and Mgller, A. P. 2004. Ecological
conditions during winter affect sexual selection and breeding in a migratory
bird. -Proceedings of the Royal Society of London. Series B: Biological
Sciences, 271: 681-686.

Sanz, J.J. and Moreno, J. 2000. Delayed senescence in a southern population of the pied
flycatcher (Ficedula hypoleuca). -Ecoscience, 7: 25-31.

Sanz, J. J., Potti, J., Moreno, J. and Frias, O. 2003. Climate change and fitness
components of a migratory bird breeding in the Mediterranean region. -Global
Change Biology, 9: 461-472.

Scheiner, S. M. 2002. Selection experiments and the study of phenotypic plasticityl. -

Journal of Evolutionary Biology, 15: 889-898.

“This article is protected by copyright. All rights reserved.’



Schoeppner, N. M. and Relyea, R. A. 2008. Detecting Small Environmental
Differences: Risk-Response Curves for Predator-Induced Behavior and
Morphology. -Oecologia, 154: 743-754.

Siefferman, L. and Hill, G. E. 2005. Blue structural coloration of male eastern bluebirds
Sialia sialis predicts incubation provisioning to females. -Journal of Avian
Biology, 36: 488-493.

Simons, M.J.P., Briga, M. and Verhulst, S. 2016. Stabilizing survival selection on
presenescent expression of a sexual ornament followed by a terminal decline. -
Journal of Evolutionary Biology 29, 1368-1378.

Sirkia, P. M., Adamik, P., Artemyev, A. V., Belskii, E., Both, C., Bures, S., Burgess,
M., Bushuev, A. V., Forsman, J. T., Grinkov, V., Hoffmann, D., Jarvinen, A.,
Kral, M., Krams, I., Lampe, H. M., Moreno, J., Mdgi, M., Nord, A., Potti, J.,
Ravussin, P.-A., Sokolov, L. and Laaksonen, T. 2015. Fecundity selection does
not vary along a large geographical cline of trait means in a passerine bird. -
Biological Journal of the Linnean Society, 114: 808-827.

Sirkig, P. M. and Laaksonen, T. 2009. Distinguishing between male and territory
quality: females choose multiple traits in the pied flycatcher. -Animal
Behaviour, 78: 1051-1060.

Slagsvold, T., Dale, S. and Kruszewicz, A. 1995. Predation favours cryptic coloration in
breeding male pied flycatchers. -Animal Behaviour, 50: 1109-1121.

Stamps, J. A. 2016. Individual differences in behavioural plasticities. -Biological
Reviews of the Cambridge Philosophical Society, 91: 534-67.

Teerikorpi, P.E., Sirki&, P.M. and Laaksonen, T. 2018. Ecological crossovers of sexual

signaling in a migratory bird. - Evolution, 72: 2038-2048.

“This article is protected by copyright. All rights reserved.’



Tobias, J. A., Montgomerie, R. and Lyon, B. E. 2012. The evolution of female
ornaments and weaponry: social selection, sexual selection and ecological
competition. -Philosophical Transactions of the Royal Society B-Biological
Sciences, 367: 2274-2293.

Veiga, J. P. and Puerta, M. 1996. Nutritional constraints determine the expression of a
sexual trait in the house sparrow, Passer domesticus. -Proceedings of the Royal
Society of London. Series B: Biological Sciences, 263: 229-234.

Velando, A., Beamonte-Barrientos, R. and Torres, R. 2006. Pigment-bsed skin colour in
the blue-footed booby: an honest signal of current condition used by females to
adjust reproductive investment. -Oecologia 149: 535-542.

Verhulst, S., Aviv, A., Benetos, A., Berenson, G.S. and Kark, J.D. Do leukocyte
telomere dynamics depend on baseline telomere length? An analysis that
corrects for 'regression to the mean'. - European Journal of Epidemiology, 28:
859-866.

Webster, M. S., Marra, P. P., Haig, S. M., Bensch, S. and Holmes, R. T. 2002. Links
between worlds: unraveling migratory connectivity. -Trends in Ecology &
Evolution, 17: 76-83.

Westneat, D. F., Wright, J. and Dingemanse, N. J. 2015. The biology hidden inside
residual within-individual phenotypic variation. -Biological reviews of the
Cambridge Philosophical Society, 90: 729-43.

Williams, P.D., Day, T., Fletcher, Q. and Rowe, L. 2006. The shaping of senescence in
the wild. - Trends in Ecology & Evolution, 21: 458-463.

Wright, D. S., Rietveld, E. and Maan, M. E. 2018. Developmental effects of
environmental light on male nuptial coloration in Lake Victoria cichlid fish. -

PeerJ, 6: 4209,

“This article is protected by copyright. All rights reserved.’



Zimova, M., Mills, L. S., Lukacs, P. M. and Mitchell, M. S. 2014. Snowshoe hares
display limited phenotypic plasticity to mismatch in seasonal camouflage. -

Proceedings of the Royal Society B: Biological Sciences, 281.

“This article is protected by copyright. All rights reserved.’



Figure Legends
Figure 1. Association of RTM-corrected change in wing patch area in females with (a)

initial wing patch area (r = -0.53, P<0.001) and (b) Climate PC1 (r =-0.22, P=0.023).
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Figure 2. Association of RTM-corrected change in forehead patch area in females with
(@) initial forehead patch area (r = -0.48, P<0.001), (b) study area (Fi119 = 7.87,
P=0.006) and (c) breeding success (F1119 = 5.26, P=0.024). Boxes represent SE and

whiskers represent 95 % CI.
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Figure 3. Association of change in RTM-corrected male wing patch area with initial

wing patch area (r = -0.55, P<0.001).
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Figure 4. Association of RTM-corrected change in forehead patch area in males with (a)
initial forehead patch area (r = -0.44, P<0.001) and (b) relative timing (F,s1 = 4.10,

P=0.020). Boxes represent SE and whiskers represent 95 % CI.
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Table Legends
Table 1. GLM results for independent effects on RTM-corrected female inter-year
change in wing patch with Denominator df computed using the Satterthwaite method

(significant P-values are in bold).

Esimate+SE o' ' F P

PC1 Climate Covariate  -0.062+0.027 1 89 517 0.0254
PC2 Climate Covariate  0.090+0.034 1 89 7.17 0.0088
Clutch size Covariate  0.061+0.046 1 89 179 0.1846
Estimated age Covariate  0.319+0.336 6 89 0.79 0.5809
Wing length Covariate  -0.001+0.017 1 89 0.00 0.9575
Forehead patch change Covariate  0.521+0.458 1 89 130 0.2577
Initial wing patch area  Covariate  -0.262+0.037 1 89 50.72 <0.0001
Study area Fixed -0.137+0.074 1 89 345 0.0665
Relative timing Fixed -0.090+0.079 1 89 0.70 0.4983
Breeding success Fixed 0.002+0.079 2 89 0.00 0.9786
Individual Random 0.000+0.000 1 89 0.00 1.00
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Table 2. GLM results for independent effects on RTM-corrected female inter-year

change in forehead patch with Denominator df computed using the Satterthwaite

method (significant P-values are in bold).

Num

Den

Estimate + SE df of F p
PC1 Climate Covariate  -0.011+0.005 1 83.1 4.88 0.0299
PC2 Climate Covariate  0.006+0.006 1 88.7 0.98 0.3240
Clutch size Covariate  -0.013+0.008 1 87.8 248 0.1186
Estimated age Covariate  -0.101+0.063 6 83.6 141 0.2221
Wing length Covariate  -0.002+0.003 1 85.7 0.87 0.3530
Wing patch change Covariate  0.011+0.015 1 73.3 047 0.4960
Initial forehead patch area Covariate  -0.322+0.045 1 73.7 51.51 <0.0001
Study area Fixed -0.041+0.013 1 64.8 10.31 0.0021
Relative timing Fixed -0.00740.015 2 849 035 0.7048
Breeding success Fixed 0.037+0.014 1 88.9 6.95 0.0099
Individual Random 0.001+0.001 1 89 006 04751
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Table 3. GLM results for independent effects on RTM-corrected male inter-year change

in wing patch area with Denominator df computed using the Satterthwaite method

(significant P-values are in bold).

Num

Den

Estimate + SE df of F p
PC1 Climate Covariate 0.146 + 0.092 1 41 252 0.1199
PC2 Climate Covariate 0.118 +0.089 1 41 177 0.1912
Clutch size Covariate -0.114 £ 0.136 1 41  0.71 0.4058
Estimated age Covariate 0.3443+0.883 4 41 0.21 0.9302
Wing length Covariate 0.006 + 0.057 1 41  0.01 0.9204
Forehead patch change Covariate -0.258 + 1.591 1 41 0.03 0.8719
Initial wing patch area Covariate -0.287 £ 0.077 1 41 13.78 0.0006
Study area Fixed 0.418 £0.214 1 41 3.83 0.0573
Relative timing Fixed -0.375+£0.276 2 41 119 0.3131
Breeding success Fixed 0.045 + 0.329 1 41  0.02 0.8925
Individual Random 0.000 + 0.000 1 41 0.00 1.00
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Table 4. GLM results for independent effects on RTM-corrected male inter-year change

in forehead patch area with Denominator df computed using the Satterthwaite method

(significant P-values are in bold).

Estimate + SE Ngfm D defn F p
PC1 Climate Covariate  0.003+0.005 1 36.4 0.36 0.5532
PC2 Climate Covariate  0.013+0.006 1 62.9 5.18 0.0263
Clutch size Covariate  -0.015+0.008 1 62.6 3.65 0.0606
Estimated age Covariate  -0.189+0.056 4 31.3 296 0.0348
Wing length Covariate  -0.003+0.003 1 63.5 0.66 0.4185
Wing patch change Covariate  0.010+0.008 1 40.8 156 0.2188
Initial forehead patch area Covariate  -0.271+0.054 1 59.1 25.10 <0.0001
Study area Fixed -0.015+0.015 1 48.6 1.02 0.3187
Relative timing Fixed -0.008+0.016 2 56.8 3.60 0.0337
Breeding success Fixed -0.005+0.017 1 46.7 0.08 0.7749
Individual Random 0.001+0.001 1 57 143 0.0759
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