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abstract

The predicted effects of recent climate warming on egg size in birds are controversial, as
only two long-term studies have been reported, with contrasting results. Long-term data
on egg size variation are analyzed in relation to ambient temperatures in a southern Euro-
pean population of pied flycatchers where breeding phenology has not matched the spring
advancement in the last decades. Cross-sectional, population analyses indicated that egg
breadth, but not egg length, has decreased significantly along the 16-year period, leading
to marginally non-significant decreases in egg volume. Longitudinal, individual analyses
revealed that despite females consistently laying larger eggs when they experienced
warmer temperatures during the prelaying and laying periods, there was an overall nega-
tive response - i.e. decreasing egg volume and breadth with increasing spring (May) aver-
age temperatures — across individuals. This trend is hypothesised to be caused by the
mismatched breeding phenology, in relation to climate warming, of this population. Except
in the unlikely cases of populations capable of perfectly synchronising their phenology to
changes in their environment, maladjustments are likely for traits such as egg size, which
depend strongly on female condition. Slight changes or absence thereof in breeding dates
may be followed by mismatched dates, in terms of food abundance, for optimal egg forma-
tion, which would be reflected in smaller average egg size, contrary to early predictions on
the effects of climate warming on bird egg size.
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of the studies by Jarvinen (1987) and Tryjanowski et al.
(2004). Both these authors examined long-term patterns of

1. Introduction

Evidence has accumulated in the last few years that recent
climate warming has affected the breeding date of some
bird populations in North America and Europe, to variable
degrees depending on species and geographical location
(Parmesan and Yohe, 2003; Visser et al., 2003; Both et al.,
2004). For logistic reasons, there are fewer studies examin-
ing effects of climate warming on traits other than breeding
date or clutch size (Sanz, 2002), with the notable exceptions
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population variation in egg size aiming to reveal correla-
tions with increasingly warmer ambient temperatures in
their study areas. Jarvinen (1987) found an increase of
average egg size with warmer temperatures in northern
Finnish populations of pied flycatchers (Ficedula hypoleuca),
while Tryjanowski et al. (2004) found exactly the opposite
trend in a red-backed shrike (Lanius collurio) population in
Poland.
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Jarvinen (1987) predicted, on the basis of the positive rela-
tionship between ambient temperatures and average egg sizes
he observed in a 19-year study, that climate warming could
play a positive effect on some traits such as egg size, ‘benefi-
cial’ in the sense that a large egg size usually enhances hatch-
ing success (Potti and Merino, 1996; Sainoet al., 2004). At least
in some species larger eggs also result in larger hatchlings, in-
creased growth and development and, ultimately, increased
fledging success (Williams, 1994). The pioneer study of Jarvi-
nen (1987), based on a cross-sectional population analysis,
may nowadays be criticized for a lack of control for other fac-
tors in a design that, furthermore, has very low statistical
power (Przybylo et al., 2000). Further, as noted by Tryjanowski
et al. (2004), predictions about the consequences of climate
warming on egg size are not straightforward. This is because
egg size is only one of the traits that may be affected by cli-
mate warming (Both and Visser, 2005), among many others
that may be phenotypically and genetically correlated with it
(e.g. individual size or condition; see Potti, 1993; Smith et al.,
1993; Williams, 1994; Christians, 2002; Yom-Tov, 2001; Lifjeld
et al., 2005). Furthermore, adjustment of egg size to changes
in environmental phenology, if any, will depend to a certain
degree on a previous adjustment of bird phenology to the phe-
nology of the changing environment. There is evidence that
some bird populations, including that studied here, have not
substantially advanced their breeding dates in spite of their
habitats having experienced increasingly earlier onsets of
the springs in the last few decades. In some populations,
this has led to mismatches between the timing of peak food
supply and nestling demands (Sanz et al.,, 2003; Both et al.,
2004, 2006). Changes in egg size could be further proof of
such a mismatch, given its usually strong relationship with
female mass or indices of body condition (Christians, 2002).

Here | examine long-term trends of egg size in a population
of pied flycatchers studied during 16 years to document pat-
terns of its temporal variation and relationships to ambient
temperatures. First, | use detailed data on ambient tempera-
tures experienced by individual females during their laying
and immediate prelaying periods, to test whether the varia-
tionin egg size in this population has any component attribut-
able to an environmental factor that, for an insectivorous bird,
is a strong indicator of resource conditions at the start of
breeding. Previous work has centred on genetic and maternal
effects on egg size (Potti, 1993, 1999a), on maternal effects due
to egg size (Potti and Merino, 1994), and on the consequences
of egg size on hatching success (Potti and Merino, 1996). Some
purely environmental influenceson egg size in this population
have also previously been suggested (Potti, 2007), for instance
larger eggs were laid in nestboxes of high quality (as measured
by rates of nestbox occupancy; Potti, 1993). Increased temper-
atures experienced by females during laying have been
reported to affect positively the egg size of pied flycatchers
and other insectivorous passerines (Ojanen et al., 1981; Nager
and Zandt, 1994; Perrins, 1996; Stevenson and Bryant, 2000;
Hargitai et al., 2005). However, there has been little previous
long-term work - as opposed to short-term or experimental
studies, which abound (Williams, 1994; Christians, 2002) - on
the influence of ambient temperature on the egg size of any al-
tricial bird species that has simultaneously controlled for a set
of important factors that may independently affect egg size,

such as study year (Hargitai et al., 2005), female mass (Jarvi-
nen, 1991; Potti, 1993) or the already mentioned identity
effects. Using general linear models (GLM), | test simulta-
neously for the importance of effects related to ambient tem-
peratures on the egg volume produced by female pied
flycatchers, once these relevant influences are taken into ac-
count. The longitudinal analysis also examines whether the
increased spring warming across the study period, as
expressed by decadal variation in average May temperatures
(Sanz et al., 2003) has affected egg size. Finally, | explore the
fitness consequences of egg size variation and place it in the
wider context of long-term breeding patterns by examining
its relationship with hatching success and recruitment to
the breeding population.

2. Methods

| studied the egg size of pied flycatchers breeding in nest boxes
in a deciduous (Quercus pyrenaica) forest in La Hiruela, central
Spain, during 16 years (1987-2006, with no egg data for the
years 1996, 2002 and 2003). All eggs in clutches (range 3-8)
were measured during around the sixth day of incubation
with callipers to the nearest 0.1 mm for maximum length (L)
and breadth (B) and a mean egg volume (V, in cm?®) was calcu-
lated for each clutch using Hoyt’s (1979) formula (V ¥4 0.51LB?).
The greatest component of variation in egg volume occurs be-
tween females, while within-clutch and yearly variation are
small (Potti, 1993, 1999a). Egg volume is highly consistent
both within clutches and across years and does not vary
across the range of female ages (Potti, 1993). Therefore, unique
values of egg volumes were obtained by averaging egg volume
within a clutch and then across all clutches of individual
females.

Females were captured either on the sixth to tenth day of
incubation or while feeding nestlings 8-13 days old by means
of a trap put within their nest. They were measured for tarsus
length (to the nearest 0.05 mm; Potti and Merino, 1994) and
weighed with a spring balance (to the nearest 0.1 g). In almost
all years, masses recorded in the field significantly increased
linearly with the time of capture during the day (Potti and Me-
rino, 1995). To adjust for these differences, | transformed field
masses to those predicted at noon by using the slopes of
yearly linear regressions of mass on time of capture (Potti
and Merino, 1995). Female masses recorded during the incuba-
tion and the nestling periods differ significantly, precluding
lumping of both. As data were limited in many years to only
one of those masses, correlations for both are presented in
the cross-sectional analysis. For the longitudinal analyses, |
used the mass recorded at incubation, for which sample sizes
were larger.

For the analyses concerning egg size and temperature dur-
ing the period of egg formation | computed a ‘temperature-
during-prelaying-and-laying’ index for each female tailored
as a function of her breeding date and clutch size, using the
mean daily temperatures experienced by individual females
during part of those periods (e.g. Hargitai et al., 2005). To cap-
ture most of the temperature range experienced by each
female during the period of egg formation in the oviduct
(King, 1973), | used the mean of average daily temperatures



from 4 days before the laying of the firstegg up to and includ-
ing the day before clutch completion (e.g., for a clutch of 6 eggs
whose first egg was laid on 15 May, the mean of average daily
temperatures from 11 May to 19 May), assuming one egg is laid
each day (Lundberg and Alatalo, 1992; Potti, 1993; Potti and
Merino, 1996). Meteorological data were supplied by the sta-
tion of El Vado (Guadalajara), about 17 km from the study
area. In the analysis of temporal trends in egg size only aver-
age temperatures in May are analyzed, after checking that
trends earlier reported for the period 1980-2001 (Sanz et al.,
2003) held until the year 2006. The extended data set showed
that temperature in May has indeed significantly increased
from 1980 to 2006 (Fig. 1), while neither temperature in April
or June nor precipitation in May, April or June have changed
in any significant way (Sanz et al., 2003; J. Potti, unpublished
data).

To examine sources of environmental variation in egg size
while controlling for yearly and individual variation | used re-
stricted maximum likelihood, linear mixed models (GLIMs) as
implemented in SAS 9.1 (SAS Institute Inc., 2004). Including fe-
male identity as a random factor in the models allows for the
presumably operating long-term effects of environmental, ge-
netic and maternal originon egg size previously suggested for
this population (Potti, 1993, 1999a). In these models restricted
to females with repeated records of egg size, year and female
identity were entered as random factors. Female mass was
entered as a fixed covariate on the basis of previous published
evidence on its importance in determining an individual’s egg
size (Potti, 1993, 1999a). Finally, the temperature the female
experienced while laying eggs and the yearly means of aver-
age May temperatures were also entered as fixed covariates
(e.g. Przybyloet al., 2000). Both temperature indices were not
strongly correlated (r ¥20.47, n %16, P %0.07) and neither was
there a significanttime trend in the temperatures experienced
by females in their prelaying and laying periods (r %2 0.43,
n ¥, 16, P%.0.09).
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Fig. 1 — Increase in the average temperature in May from
1980to 2006 near the study area of pied flycatchers in La
Hiruela (Madrid). Data supplied by meteorological station
of El Vado. The least-squares regression line (average May
temperature [ LL212.9 D 0.11 8C 3 year) is shown.

To gaininsight on the significance of egg size variation, | re-
lated the nest’s average egg volume to breeding success, in
turn decomposed into an (arcsine-transformed) hatching suc-
cess and the log-transformed numbers of recruits from that
nest in the following years. Analyses of recruitment were re-
stricted to the period 1988-2002, when field work was more ex-
tensive, making recruitment rates comparable among years. |
used GLM models with year as a random factor and egg vol-
ume as a predictor variable. Hatching date was also included
as a covariate to control for its influence in determining the
likelihood of offspringrecruitment (Potti et al., 2002).

Repeatabilities were computed by means of the intra-class
(within-individual) correlation (r), using variance components
from one-way ANOVAs with an individual’s identity as factor
(Lessells and Boag, 1987). Residuals were tested for normality
to meet the assumptions of ANOVAs, which were met in all
cases (P > 0.20, Kolmogorov—-Smirnov tests). Models were run
in SAS 9.1 (SAS Institute Inc., 2004) and additional statistics
were computed in Statistica 6.1 (StatSoft, 2002). Sample sizes
differ because not all data were taken for all nests in all years.

3. Results

Analyses are based on 1244 clutches containing 6350 eggs.
Means (SD) of clutch averages were 17.41 (0.66) mm for egg
length, 13.26 (0.35) mm for egg breadth and 1.56 (0.12) cm? for
egg volume. The egg size of female pied flycatchers is rather
consistent within females (Potti, 1993, 2007), the updated esti-
mates of repeatability being 0.72 for egg length (Fog4 444 ¥4 7.43,
P < 0.0001), 0.60 for egg breadth (Fag4 444 ¥44.69, P < 0.0001), and

0.62 for egg volume (Fzo4,444 ¥45.16, P < 0.0001). Giventhe sig-

nificant consistency of egg volume and dimensions and the
large numbers of repeated records for individual females
(n %2295 females with data from two or more years), it is
clear that female identity should be controlled for in longitu-
dinal analyses. The temperatures experienced by laying
females across their breeding attempts were not repeatable
(Fa10.576 ¥40.90, P ¥4 0.85), meaning that individual females laid
their eggs under a highly variable range of mean ambient
temperatures.

3.1 Cross-sectional analysis

During the period 1980-2006, average temperatures in May
have increased significantly (r ¥20.50, n %27, b % 0.11 °Clyear,
P %.0.008; Fig. 1), with temperatures in 2006 almost doubling
those in the year (1984) the study of pied flycatchers began.
During part of this period, average egg dimensions have
tended to decrease, significantly so for egg breadth
(b ¥2—0.01 mm/year, SE ¥%:0.004, n %16, P¥0.03; Fig. 2) and
not significantly for egg length (b % —0.002 mm/year,
SE %0.005, n %16, P¥0.69; Fig. 2), resulting in a marginally
non-significant  decrease in average  egg volume
(b ¥%4—0.03 cm®/year, SE¥0.01, n¥16, P¥.0.08). Although
mean female size (tarsus length) did not change across the
study period (b%—0.004 mm/year, SE%0.005, P ¥10.44,
n ¥%16), the mass of females has tended to decrease, in
a non-significant way for that recorded during the incubation
period (b ¥—0.049 g/year, SE %0.029, n¥11, P%0.13; Fig. 3)
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Fig. 2 — Average egg length (open circles, dotted line) and breadth (closed symbols, continuous line) and egg volume from
1988 to 2006. Lines are from linear regressions. Average egg breadth has decreased significantly while declines in average

egg length and egg volume are not significant.

and significantly for female mass sampled at the nestling
stage (b ¥2—0.042 g/year, SE ¥:0.012, P¥40.005, n ¥%13; Fig. 3).

3.2. Longitudinal analyses

The linear mixed models revealed significant positive influ-
ences of temperatures experienced by females during the
prelaying and laying times, so that clutches contained eggs
of a larger volume when they were laid at warmer average
temperatures (Table 1). In addition, eggs were smaller with in-
creasing average temperatures in May and the analysis also
confirmed the significant influence of female mass on egg
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Fig. 3 — Average female mass at incubation (open circles,
continuous line) and while feeding nestlings (closed
symbols, dashed line) from 1987 to 2006.

size (Table 1). As in the cross-sectional analyses, individual
decreases in egg volume were due to changes in egg breadth,
not in egg length (Table 1).

3.3. Consequences of variation in egg size

Females laying larger eggs also enjoyed higher hatching suc-
cess in their nests (GLM with year as a random factor and
egg volume and hatching dates as covariates: year effect
(Fis5,832 ¥41.95, P ¥ 0.016; effect of hatching date: F; g3, ¥ 4.07,
P %.0.044; effect of egg volume; Fj g3, ¥46.93, P %40.0086). In
turn, although the influence of egg size on recruitment van-
ished after hatching, an increased hatching success resulted
in more offspring recruited to the breeding population (GLM
of number of recruits with year as a random factor and egg
volume, hatching date and hatching success as fixed covari-
ates; effect of year: Fy; 5, ¥45.75, P <0.0001; egg size effect:
Fis20 ¥40.63, P%:0.423; effect of hatching date: F; g, ¥437.48,
P < 0.0001; effectof hatching success: F; 55, ¥46.502, P %40.001).

4, Discussion

I have shown in this study that the egg size of pied flycatchers
has tended to decrease across a 16-year period included
within a larger one where climate warming, evidenced in large
increases in the average temperatures in May, has negatively
affected the reproductive success of the population (Sanz
et al., 2003). We attributed this to a mismatch between the
advancement of spring (as shown by average May tempera-
tures and the normalized difference vegetation index (NDVI)
reflecting tree photosynthetic activity (Myneni et al., 1995;



Table 1 - Results of type Ill linear mixed models

explaining variation in the egg volume of pied flycatchers

Effect d.f. F P Estimate  SE
Egg volume

Female mass 1,198 27.84 <0.0001 0.030 0.006
Laying temperature 1,198 28.94 <0.0001 0.014 0.003
May temperature 1,198 4.12 0.0437 —0.019 0.009
Egg length

Female mass 1,198 10.67 0.0013 0.106 0.032
Laying temperature 1,198 8.41 0.0042 0.029 0.012
May temperature 1,198 1.75 0.1879

Egg breadth

Female mass 1,198 26.29 0.0001 0.085 0.018
Laying temperature 1,198 30.43 <0.0001 0.041 0.008
May temperature 1,198 4.08 0.0448 —0.056 0.027

Year and female identity were entered as random factors and
female mass during the incubation stage, average temperature
experienced by females during egg laying and average temperature
in May were entered as fixed effects. Shown are tests of fixed effects
and estimators and their standard errors for significant effects.

Pettorelli et al., 2005) and the average breeding date of the pop-
ulation, that has not ‘caughtup’ to the earlier development of
plant productivity in the area (Sanz et al., 2003). Further, that
mismatch was reflected by an increasingly deteriorated body
condition in both adults and nestlings. The present study
adds further evidence that another potentially important fit-
ness component, average egg size, has decreased across the
study period in one of those pied flycatcher populations stud-
ied on a long-term basis. However, the nature of the decrease
in breeding success reported in our earlier work (Sanz et al.,
2003) was not attributable to a deteriorated hatching success
but to increases in fledgling mortality. The present study con-
firms that reduced egg size is not responsible for a decreased
breeding success, but may instead be reflecting an overall de-
terioration of breeding conditions that impinges far beyond
the effects that egg size may initially have on variation in
hatching success.

The longitudinal analyses revealed, first, that the overall
response of female pied flycatchers to increases in ambient
temperature during egg laying is to increase the size of eggs
they lay, as also seen elsewhere (Ojanen et al., 1981; Saino
et al., 2004; Hargitai et al., 2005). This has occurred within
the context of an increasingly diminishing average female
mass, and thus a presumably worsened overall condition,
across the study period (Sanz et al., 2003; this study), pointing
to the importance of investing in egg size under probably sub-
optimal conditions. Though | lack data on the availability and
abundance of insects in the area, increases in ambient tem-
perature in fresh, montane environments are no doubt ac-
companied by increases in insect abundance, diversity and
activity, enhancing the availability of prey for insectivorous
pied flycatchers, and likely translating into the egg—tempera-
ture relationship found here. As laying large eggs at low tem-
peratures pushes the females’ energetic demands beyond the
level at which fitness costs become evident (Stevenson and
Bryant, 2000), the correlation between temperature and egg
size indicates that females forming eggs probably manage
variation in ambient temperatures during this crucial period

by allocating more of the resources they gainto their eggsin
periods of warmer temperatures and higher prey abundances
(Stevenson and Bryant, 2000; Ward and Bryant, 2006). How-
ever, temperature during egg formation usually explains
a low percentage of the variationin egg size in most studies
(Christians, 2002) and my study is no exception, as the vari-
ance in egg size explained (the R? from univariate linear re-
gressions) by ambient temperature during laying time
ranged from 0 to 48% depending on year, with a mean (SD)
of 7.0% (13.6).

In spite of increasingly warmer temperatures in May
during the last two and a half decades, which would make pre-
dictable larger eggs under Jarvinen’s (1987) view, and also
under the view of decreased thermostatic requirements for fe-
males or temperature-dependent food availability (Stevenson
and Bryant, 2000) the opposite trend was found. Furthermore,
overall decreases in egg size were both concurrent with the in-
creased egg size with warmer daily temperatures during lay-
ing and independent of an also increasingly worsening
female condition during this period (Sanz et al., 2003). The ap-
parent puzzle, i.e. increasingly warmer temperatures in May
being associated to smaller egg sizes despite females laying
larger eggs with warmer temperatures during their prelaying
and laying periods, is resolved by taking into accountthat
both temperature indices reflect different thermal factors
affecting females. While temperatures in the prelaying and
laying stages reflect those of specific time intervals experi-
enced by individual females, (average) May temperatures are
experienced by almost all females in the population (mean
(SD) laying date is 21 (6.9) May (n ¥ 1079), with females arriving
on average about 10-12 May (Potti, 1999b) and almost never
before 20 April; J. Potti, unpublished data). Thus, the increases
in May temperatures have affected almost all females in a sim-
ilar way, which points to phenotypic plasticity at the individ-
ual level. This is also suggested by the similarity in patterns in
at least one of the egg dimensions and overall egg size found
at both the population (cross-sectional) and individual (longi-
tudinal) levels (see Przybylo et al., 2000). Increasingly smaller
eggs with increasingly warmer springs may be reflecting the
fact that females are breeding later than optimal under a cli-
mate warming scenario, as previously noted for this popula-
tion (Sanz et al., 2003; Both et al., 2004). As Przybylo et al.
(2000) remark, my results also point to the low power of
cross-sectional analyses, which collapse widespread individ-
ual variation making it hard to detect subtle environment-
related trends in traits with high levels of genetic and
maternal determination, as the one here analyzed (Potti,
1999a; Christians, 2002). Subtle thermal-related trends are in
fact clearly shown in this study, as the trends of opposing
sign in both temperature indices make manifest.

As stated in Section 1, adjustment of egg size to a changing
climate, if present, inevitably depends to some degree on the
previous adjustment or mismatch of the birds’ phenology to
that of their changing environments. Exceptin the unlikely
cases of populations capable of perfectly synchronizing their
phenology to changes in their habitats, decreases in traits,
such as egg size, dependent to an important degree on female
condition (Christians, 2002) seem almost unavoidable. With
less food around and out of phase, in relation to environmen-
tal phenology, laying females should probably respond by



decreasing the size of their eggs, as seen here. It may be
argued that smaller egg sizes could also be expected for the
opposite reasons, i.e. if laying dates match environmental
change. This is because, all else being equal, an advanced lay-
ing date wouldbe followed by increases in average clutch size
in many species (e.g. Hendricks, 2003), including the pied
flycatcher (Murphy and Haukioja, 1986; Lundbergand Alatalo,
1992; Both and Visser, 2005). This, at least theoretically, could
play arole against increases in egg size due to the possibility of
subtle trade-offs between egg and clutch sizes (Nager et al.,
2000; Christians, 2002; Figuerola and Green, 2006). However,
in addition to the ‘stasis’ of breeding dates in this population,
there has been no indication that clutch size has changed in
a significant way across the study period (Sanz et al., 2003), fal-
sifying the idea that decreases in egg size might be linked to
increases in clutch size concurrent with slight advancements
in breeding date.

What may have been the middle-term consequences of
a continued trend for a decreasing egg size in this population
of pied flycatchers? As noted by earlier workers (Williams,
1994), and also found in this study, a larger than average egg
size enhances hatching success, which is only one of several
fitness components. After hatching, other factors go on to
impose strong selection pressures and egg size seems to lose
importance in the chain of life-history events (fledgling suc-
cess, survival and recruitment to the breeding population) ul-
timately leading to an egg’s recruitment as a breeder. That is,
the importance of egg size for fitness seems to largely vanish
after hatching, when the action of other ecological factors, e.g.
parental and territory quality, sibling competition, parasitism,
predation, etc., may override the initial fitness advantages of
laying large eggs (reviewed in Christians, 2002). For instance,
although fledgling numbers in my population of pied fly-
catchers were reduced during the (increasingly warmer) pe-
riod from 1987 to 2001, hatching success did not change
across that interval. This implied that nestling mortality —
probably caused, as stated above, by a mismatching of breed-
ing datesto the phenological advancement of the spring - was
mainly responsible for the observed decrease in breeding suc-
cess (Sanz et al., 2003). A decreased egg size (this study) may
then ultimately represent an added sign of environmental de-
terioration, but one that pied flycatchers have faced without
suffering large fitness losses. Egg size is probably constrained
and canalized by genetic and environmental factors, and sub-
jected to selection leaving relatively small margins of individ-
ual variation to be detected (Christians, 2002). In a scenario of
lasting mismatch to phenological changes, a reduced egg size
would not make but reinforce the trend for an increasingly
worsened breeding success, by summing up breeding failures
at both the egg and the nestling stages. However, in the stud-
ied population of pied flycatchers that toll has not yet been
paid.

In conclusion, climate warming may generate an intricate
pattern of change in reproductive traits of birds (Both and
Visser, 2005), depending on the response of bird populations
to the changing phenology of their breeding habitats. Slight
changes or absence thereof in breeding dates in the face of
spring advancements may in turn be followed by mismatched
dates, in terms of food abundance, for optimal egg formation.
This could be reflected in lower average egg size, contrary to

Jarvinen’s (1987) prediction and, maybe more importantly for
fitness, in lower average egg quality (see Badzinski et al.,

2002). More long-term studies are needed to ascertain whether
the slight decreases observed herein in pied flycatchers, and
by Tryjanowski et al. (2004) in red-backed shrikes, rather
than the increase predicted by Jarvinen (1987), are the most
commonly expected outcomes of recent climate change on
egg size in bird populations, and also on the overall across-
species importance of egg size variation in relation to
individual fitness.
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