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Summary

1. Although the phenology of numerous organisms has advanced significantly in response to
recent climate change, the life-history and population consequences of earlier reproduction
remain poorly understood.

2. We analysed extensive data on temporal change in laying date and clutch size of birds
from Europe and North America to test whether these changes were related to recent trends
in population size.

3. Across studies, laying date advanced significantly, while clutch size did not change. How-
ever, within populations, changes in laying date and clutch size were positively correlated,
implying that species which advanced their laying date the most were also those that
increased their clutch size the most.

4. Greater advances in laying date were associated with species that had multiple broods per
season, lived in nonagricultural habitats and were herbivorous or predatory. The duration of
the breeding season increased for multibrooded species and decreased for single-brooded spe-
cies. Changes in laying date and clutch size were not related to changes in population size
(for resident or migratory species).

5. This suggests that, across a wide variety of species, mismatches in the timing of egg laying
or numbers of offspring have had relatively little influence on population size compared with
other aspects of phenology and life history.
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Introduction

The life history of organisms is composed of parts that
interact in ways that have been moulded by natural selec-
tion to maximize reproductive success and survival under
given environmental conditions (Roff 2002). Changes in
climate not only alter the phenology of numerous organ-
isms, but also affect life-history components such as the
number of offspring and breeding attempts per season
(Parmesan & Yohe 2003; Root er al. 2003; Parmesan
2007; Dunn & Winkler 2010; Lehikoinen & Sparks 2010).
For example, laying (or flowering) date often influences
reproductive success, which has significant consequences
for recruitment. Both laying date and clutch size are so
integrated that some theoretical work treat these as prop-
erties of the same life-history character (Rowe, Ludwig &
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Schluter 1994). Although many studies have examined the
effects of climate change on timing of arrival (for migra-
tory species) or timing of egg laying (laying date), few
interspecific studies have investigated the consequences of
timing of breeding on subsequent aspects of reproduction
and life history. These relationships are important because
changes in laying date and clutch size are likely to influ-
ence fitness and ultimately population trends.

Using intra- and interspecific variation in birds, we
address three general questions about long-term changes
in laying date and clutch size, and their subsequent
effects on population size. First, are responses at different
stages of the reproductive cycle independent, or do effects
at early stages feed into subsequent stages? The argument
for such an effect is obvious for the timing of migration
and timing of breeding, simply because breeding cannot
start until breeders have arrived, although early ‘delays’
in migration may partly be compensated by catching up
at later stages. For example, in long-distance migrants,
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the timing of arrival may not change in response to cli-
mate change because of lack of cues during winter, which
may be spent in tropical regions far away from the
breeding grounds (Both & Visser 2001). To compensate
for ‘late’ arrival, selection may favour greater advances
in timing of laying or the number of breeding attempts
(brood number), which can influence the duration of the
breeding season and subsequent autumn migration (Mol-
ler et al. 2010b). To date, however, it is not known if
change in timing of spring arrival is associated with
change in timing of laying, and if changes in laying date
are associated with changes in clutch size and the dura-
tion of the breeding season. Second, what ecological and
life-history factors are related to changes in laying date?
Several studies have examined ecological correlates of
arrival date (Moller, Rubolini & Lehikoinen 2008) and
duration of the breeding season (Mpller et al. 2010b),
but to date, there has not been any large-scale compara-
tive study of the timing of laying. Lastly, is population
size affected by changes in timing of laying and fecundity
(clutch size)? If individuals are unable to track temporal
change in the environment caused by climate change,
then they may become mismatched with seasonal peaks
in food supply or other resources needed for reproduc-
tion (Both e al. 2006; Saino et al. 2011), with negative
consequences for changes in population size as reported
for breeding birds in Europe (Meller, Rubolini & Le-
hikoinen 2008; Both et al. 2010). Thus, trends in popula-
tion size (‘threat status’) of bird species may reflect poor
underlying ability to cope with environmental challenges
including climate change. Indeed, European species that
have shifted their arrival dates the least in response to
climate change have declined the most severely in popula-
tion size during the decade 1990-2000 (Moller, Rubolini
& Lehikoinen 2008).

Here, we examine four specific questions. First, are
birds that are arriving earlier also starting to lay eggs
earlier? If arrival date of migrants constrains the timing
of reproduction, then populations that have advanced
their spring arrival date the most should also show the
greatest advancement in laying date. Similarly, if migra-
tion distance constrains the timing of reproduction, then
residents (or short-distance migrants) should lay earlier
than long-distance migrants. Second, are advances in lay-
ing date correlated with increases in clutch size (across
populations)? Clutch size is often larger among early
breeders, and most species advance their date of laying
in warmer springs (reviewed by Dunn 2004), so we might
predict that warmer temperatures will lead to both earlier
laying and larger clutches. On the other hand, there are a
variety of constraints such as the cost of producing more
eggs or caring for the young that may limit clutch size
increases in warmer springs (Dunn & Winkler 2010). Our
third question is what ecological and life-history factors
influence the timing of laying? For example, long-distance
migration may constrain timing of laying, because it

affects arrival date (Both & Visser 2001; Meller, Rubolini
& Lehikoinen 2008). Furthermore, species may differ in
timing of laying as a consequence of differences in breed-
ing location (e.g. latitude and habitat), diet and body
mass, which affects energy balance and the cost of pro-
ducing eggs (Stevenson & Bryant 2000). There is also
increasing evidence that the response to climate change is
influenced by the number of broods laid in a season
(Visser et al. 2003; Jiguet et al. 2007; Moller, Rubolini &
Lehikoinen 2008; Moller er al. 2010b). Species with two
or more clutches per season show a greater advancement
in laying date than species with single clutches, and this
may allow them more time between clutches (greater
interclutch interval), which enhances adult survival (Mol-
ler 2007; Moller et al. 2010b). Lastly, we ask whether
there is an association between changes in laying date or
clutch size and recent (1990-2000) population trends.
Relatively few intraspecific studies have examined
changes in timing of laying and their consequences for
population size (Wilson & Arcese 2003; Both et al. 2006;
Reed ef al. 2013a,b), so, to date, the broader patterns
across species remain unknown. To examine these ques-
tions, we made a literature search combined with per-
sonal contacts with scientists to establish a data base
with information on changes in both laying date and
clutch size. We also constructed empirical models to
explore possible mechanisms linking changes in laying
date to population trends.

Materials and methods

DATA SETS

We made an exhaustive literature search for publications on cli-
mate change, laying date and clutch size in birds using Web of
Science and Google Scholar combined with our own references
on this subject reported in Moller, Fiedler & Berthold (2010a),
especially by Dunn & Winkler (2010). When we located publica-
tions that had reported change in laying date over time and/or in
response to changes in temperature during breeding, we sent the
corresponding author an email asking for information on change
in mean clutch size over time and/or in response to changes in
temperature during breeding. This first request for information
was sent out 13 April 2011. If we had not received a response, we
sent out a second email on 27 September 2011, followed by a
final request on 27 October 2011. Overall, we obtained data from
196 studies (see Data S1 in Supporting information).

PHENOLOGY AND REPRODUCTIVE VARIABLES

Spring arrival date was defined as the first arrival date from time
series of arrival dates from Europe (Rubolini ez al. 2007). For
each species, we used mean estimates of change in arrival date
per year from a large number of populations as estimates of phe-
nological change, ensuring that most estimates of change were
based on multiple estimates, thereby reducing the sampling error
in single estimates.
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Laying date for each population was estimated as the mean,
and change in laying date was estimated as the regression slope
of mean laying date for each year against year or mean tempera-
ture during the main month of reproduction, respectively. If this
information was included in a publication, we extracted this
information as reported in the paper. Changes in laying date and
clutch size were estimated in the same way. For all estimates of
changes in laying date and clutch size, we recorded the number
of years for which information was available because a longer
time series would be more likely to reveal a significant change in
laying date or clutch size.

We estimated change in the duration of the breeding season
using information for 20 European species reported by Moller
et al. (2010b) and seven North American species studied by Dunn
et al. (2000) and Torti & Dunn (2005). In brief, we estimated
duration of the breeding season as the number of days between
the 10th and 90th percentiles of breeding dates each year. Then,
we regressed this annual estimate against year to obtain a regres-
sion slope that represented linear change in the duration of the
breeding season per year.

ECOLOGICAL AND LIFE-HISTORY VARIABLES

We examined a variety of ecological and life-history variables
that have been associated with changes in breeding phenology or
population trends. These included migration distance, northern-
most breeding latitude, the number of broods per season, body
mass, farmland habitat (coded as agricultural or nonagricultural)
and trophic level (primary, secondary or tertiary consumer).
Migration distance (in degrees of latitude) was estimated as the
difference between the centers of the breeding and wintering
ranges (mean of the northernmost and southernmost latitudes of
each range) presented in standard references, primarily Cramp &
Perrins (1977-1994) for European species and Birds of North
America (Poole 2005) for North America. The northernmost lati-
tude of the breeding range was also included in analyses because
climate warming is more extreme in northern latitudes (Parmesan
& Yohe 2003; TPCC 2007). We excluded three Australian species
in these analyses, because it remains unclear whether we should
expect similar responses as in northern hemisphere species. Infor-
mation on the typical number of broods per season (coded as sin-
gle or multiple), body mass, farmland habitat and trophic level
was extracted from standard references.

POPULATION TRENDS

We analysed population trends of breeding birds in Europe dur-
ing the period 1990-2000, because population trends during this
time period were correlated with changes in arrival date (Moller,
Rubolini & Lehikoinen 2008). Estimates of population trends
were made by Birdlife International (2004) on a seven-point scale
ranging from a large decline (—3), a moderate decline (—2), small
decline (—1), stable (0), small increase (+1), moderate increase
(+2) to a large increase (+3). We estimated a similar breeding
population trend for eight of the 15 North American species that
were adequately covered by the Breeding Bird Survey for the
same time period (1990-2000; Sauer & Link 2011). To make esti-
mates for the North American species comparable with the Euro-
pean estimates, we standardized the per cent change per year
estimates in Sauer & Link (2011) and divided them evenly into 7
scores (—3 to +3).
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POPULATION MODELS

To explore the mechanisms linking changes in laying date and
clutch size with population trends, we constructed models based
partly on empirical data from great tits (Reed ez al. 2013b) and
tree swallows (Dunn ef al. 2011). These two species illustrate the
extremes in terms of the effects of mismatching: great tits show
reduced reproductive success when most nestlings hatch after the
peak of caterpillar abundance (Reed ef al. 2013a,b), whereas tree
swallows show little effect of mismatching on reproductive suc-
cess, presumably because their food supply is often superabun-
dant and does not have a distinct or predictable seasonal peak
(Dunn et al. 2011).

For these models, population size (N) in year ¢+ 1 was the
sum of recruitment and adult survival in year t. Recruitment in
year t + 1 was the sum of the number of surviving fledglings pro-
duced in year ¢ and new immigrants (5% of fledgings). Number
of fledglings produced each year was the mean number of eggs
hatched minus nestlings lost due to mismatching multiplied by
the number of females (0-5N). The proportion of nestlings lost
due to mismatching (m) was described by: —0-001 m? —0-001 m,
where m is the number of days between the peak energy demands
of nestlings and the peak of food abundance. The shape of this
equation was based on data from great tits (Reed er al. 2013a)
and adjusted so relative fledging success peaked at zero mismatch
(i.e. peak food abundance occurred on the same day as the aver-
age date of peak nestling energy demand). Thus, fledging success
was lower when the peak date of nestling food demand occurred
before or after the date of peak food abundance. Other parame-
ters, such as clutch size (six eggs) and per cent hatching success
(95%), were constant or chosen randomly from a range of values
(fledgling survival varied between 5 and 15%, and adult survival
varied between 50 and 65%) to represent stable populations of a
typical passerine (Faaborg et al. 2010). To model species that
showed no effect of mismatching on fledging success, we used a
randomly chosen level of nestling mortality from the observed
range in tree swallows (14-4-21-8%) to calculate fledging success
each year. For both types of models, we estimated the finite rate
of population increase (lambda) over 1 year for 100 simulated
populations and plotted the mean lambda in relation to the level
of mismatch (m). We considered these our base models.

Next, we examined how population growth rates are changing
over the long term in response to changes in laying date and food
abundance. In these models, we advanced laying date (using a
range of values) and allowed clutch size to respond accordingly for
a simulation of 75 years. Change in clutch size was modelled using
the observed relationship between clutch size and laying date in
tree swallows (CS = 6-18 + —0-0363*laying date, where 1 =1
May; Dunn et al. 2011). The extent of mismatching between birds
and their food supply will also depend on the rate at which the food
peak advances. Here, we assumed the date of peak food supply is
advancing at the same rate as the caterpillars studied by Reed et al.
(2013a; 0-5779 days year '). Other than advancing the food supply
and laying date, which affects clutch size, these models were the
same as the base models described in the previous paragraph. As
above, we modelled two situations, one in which there was a cost
of mismatching and the other without a cost (same as above). Each
simulation was run 100 times, and lambda was calculated from the
slope of the regression of population size on time (over the 75 year
simulation). The model may be obtained from the Dryad Digital
Repository: http://dx.doi.org/10.5061/dryad.bp3g0.
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STATISTICAL ANALYSES

The entire data set included 196 studies from 89 species. The
modal number of studies was one for each species, but 23 species
had more than one study (10 species had >2 studies; range: 1-28
studies). Pied flycatchers Ficedula hypoleuca (N = 28), great tits
Parus major (N = 26) and blue tits Cyanistes caeruleus (N = 20)
had the most studies. Thus, data in the analyses were not inde-
pendent in terms of phylogenetic history and intraspecific varia-
tion. To control for these sources of nonindependence (between
and within species), we analysed the data using mixed effects
models in the R package MCMCglmm (R Development Core
Team 2008; Hadfield 2010). MCMCglmm fits linear models using
Monte Carlo methods and Bayesian Markov Chain sampling,
and it can use phylogenetic trees to account for nonindependence
among populations or species due to evolutionary history. These
analyses also included species identity as a random factor to
account for the nonindependence of data from different studies
of the same species. Most models were analysed with a normal
trait distribution (Hadfield 2010), but a Poisson distribution pro-
vided a better fit in some analyses of population trend. More
details of the MCMCglmm analyses and the phylogenetic tree
(Fig. S1 in Supporting Information) we used are presented in the
supporting information. All other analyses were conducted in
JMP version 10 (SAS 2012).

We made repeatability analyses by using species as a factor for
all species with at least two estimates of change in laying date or
clutch size (Falconer & Mackay 1996). We found little or no evi-
dence of statistically significant repeatability for different popula-
tions of the same species (see Results), implying that there was little
phylogenetic signal in the data. This was also verified by the small
differences in results between MCMCglmm models that were run
with and without phylogenetic effects (see supporting information).

We investigated time series that differed considerably in dura-
tion ranging from seven to 103 years with a median of 30 years.
It is easier to detect a linear trend in long time series, everything
else being equal, so we also included the duration of each study
as a covariate in the models. Variables were excluded from final
reduced models if they increased DIC (Deviance Information Cri-
terion, Spiegelhalter e al. 2002) values >2. Values reported are
means or least squares means (LSM) and their SE. The entire
data set is reported in the supporting information, and data files,
including the models, are also available from the Dryad Digital
Repository: http://dx.doi.org/10.5061/dryad.bpg30.

Results

CHANGING LAYING DATE AND CLUTCH SIZE

There was no indication that different populations of the
same species showed consistent changes in laying date or
clutch size. Estimates of repeatability (R) among species
(each with at least two estimates) were not significant for
mean change in laying date per year (F=1.53, d.f. =
16,80, P =0-11, R=0-21), or mean change per degree
Celsius (F = 1-82, d.f. = 14,52, P = 0-06, R = 0-29). Mean
change in clutch size per year was also not significantly
repeatable among species (F = 0-29, d.f. = 4,15, P = 0-88,
R = —0-55), nor was mean change per degree Celsius
(F =040, d.f. = 2,13, P = 0-68, R = —0-43).

Although laying date has advanced, clutch size has not
shown any significant change (Table 1). Laying date
advanced by an average of 0-23 days per year when we
analysed individual studies (‘populations’), and 0-19 days
per year when we analysed averages for each species
(Table 1). For the median study duration of 30 years, this
amounts to an advance of about 6 days. Change in laying
date in relation to change in temperature advanced by
more than 2 days per degree Celsius (Table 1). In con-
trast, clutch size has not changed over time or in relation
to changes in temperature, for either populations or spe-
cies (Table 1). If we restricted the analyses to populations
or species with information on both change in laying date
and change in clutch size, the results were qualitatively
similar (results not shown).

QUESTION 1: IS EARLIER SPRING ARRIVAL LEADING
TO EARLIER LAYING OR LARGER CLUTCHES?

First arrival dates in spring advanced an average (SE) of
0-42 days per year (0-053) in our sample (N = 49 species
averages). Change in laying date was not significantly
related to change in arrival date when change in laying
date was estimated as change per year or change per
degree Celsius in models that adjusted for phylogeny,
duration of the study (in years) and migratory distance
(Table 2). Similarly, change in clutch size was not related
to change in arrival date when change in clutch size was
estimated as change per year or change per degree Celsius
(Table 2). Therefore, there was no indication that change
in timing of migration affected laying date or clutch size.

QUESTION 2: IS EARLIER LAYING ASSOCIATED WITH
INCREASING CLUTCH SIZE?

Across populations and species, laying date is advancing
over time (per year) and in relation to temperature change
(Table 1). Thus, we tested if change in the timing of lay-
ing was also related to change in clutch size. Indeed, spe-
cies showing a greater increase in clutch size per year
were also those that showed a greater advancement in
laying date per year (Fig. 1; P = 0-044 from phylogenetic
MCMCglmm, P =10-018 from nonphylogenetic
MCMCglmm; Table 3). However, change in clutch size
per degree Celsius was not related to change in laying
date per degree Celsius (Table 3).

QUESTION 3: WHAT ECOLOGICAL AND LIFE-HISTORY
FACTORS INFLUENCE CHANGES IN THE TIMING OF
LAYING?

Larger advances in laying date per year were associated
with the number of broods, trophic level and habitat
(Table 4). Species with multiple broods per season were
advancing laying date [LSM (SE) = —0-352 (0-047) days
per year] more than single [—0-216 (0-046)]) brooded spe-
cies (LSM from analyses in JMP controlling for species
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Table 1. Change in laying date and clutch size of birds based on estimates for populations or species. Species estimates are based on
averages for each species, whereas population estimates are based on individual studies (i.e. there may be more than one study per spe-
cies). Statistical tests are one-sample z-tests for an estimate differing significantly from zero

Population mean (SE) N P Species mean (SE) N t P
Change in laying date year™ —0-231 (0-0244) 157 9-46 <0-0001 —0-188 (0-0344) 71 548 <0-0001
Change in clutch size year ! 0-003 (0-0047) 54 0-56 0-57 0-004 (0-0058) 39 0-67 0-51
Change in laying date (°C)~" —1-937 (0-1459) 128 13-28 <0-0001 —2-047 (0-2214) 75 9-24 <0-0001
Change in clutch size (°C) ™" —0-026 (0-0435) 53 0-59 0-56 —0-036 (0-0585) 39 0-61 0-54

Table 2. Change in laying date per year and per °C in relation to first arrival date (FAD), log-transformed migration distance (Migr
Dist) and duration of the study (N years). Analyses were conducted with MCMCglmm and included species as a random effect to con-
trol for the nonindependence of repeated studies of the same species. Analyses ‘with phylogeny’ adjusted for phylogenetic effects. P
MCMC is the probability from linear models using Monte Carlo methods and Bayesian Markov Chain sampling. DIC is the Deviance
Information Criterion for each model. See Materials and Methods for further details

95% credibility

interval
Dependent variable Predictors Posterior mean Lower Upper P MCMC DIC
Change in laying date year™'
Without phylogeny FAD 0-125 —0-069 0-348 0-262 3133
N years 0-003 —0-001 0-007 0-144
Migr Dist —0-026 —0-201 0-141 0-796
With phylogeny FAD 0-116 —0-088 0-348 0-310 32-46
N years 0-003 —0-001 0-007 0-132
Migr Dist —0-023 —0-196 0-179 0-806
Change in laying date (°C)~!
Without phylogeny FAD —0-258 —1-533 0-771 0-654 20891
N years —0-010 —0-028 0-008 0-266
Migr Dist 0-756 —0-122 1-629 0-098
With phylogeny FAD —0:066 —1238 1-159 0928 210-23
N years —0-010 —0-030 0-009 0-266
Migr Dist 0-758 —0-281 1-649 0-122
2 02 Table 4; supporting information). Larger advances in
2. 01 @ laying date per degree Celsius were also associated with
:3 § ®e o° species that had multiple broods per season (P = 0-04,
2 *g 00 M Table 4). Species with multiple broods advanced their lay-
§§ —0-1 po ing date by 2-48 days per C (4-00 - 0-99 95% CI), com-
8 pared with 1-60 days per C (2:25 - 097 95% CI) for
(6] =02 + T T T T | : 5 3 p :
"50 B =0 ik 0D 0F species with single broods (Table 4). No other variables

Change in laying date (days/year)

Fig. 1. Change in clutch size per year in relation to change in
laying date per year for birds. The line is the linear regression line
(Clutch size change/year = —0-0057 + —0-0292* mean laying date
change/year; =010, SE of slope = 0-0125, F) 49 = 545,
P =0-024).

identity). Laying date was also advancing at a slower rate
among secondary consumers [—0-134 (—0-033) days per
year] than primary [—0-403 (0-096)] or tertiary [—0-315
(0-073)] consumers (Tukey’s HSD test, P < 0-05). The
type of habitat (agricultural or not), northernmost breed-
ing latitude and duration of the study were included in
the final model, but individually they had nonsignificant
effects on laying date (P = 0-07 and 0-182, respectively,

were related to change in laying date per degree Celsius
(Table S1, Supporting information).

Species with multiple broods per season may be
advancing their laying dates more than single-brooded
species because the duration of the breeding season is
increasing. Consistent with this hypothesis, the breeding
season has been increasing in length for multibrooded
species [LSM (SE) = 0-320 (0-085)] days per year, N =17
species), and shortening for single-brooded species [LSM
(SE) = —0-146 (0-115) days per year, N = 10 species;
Fy, 24 =972, P=0-005]. This model controlled for the
duration of the study (longer studies show a greater short-
ening of the breeding season; Fj .4 =642, P =0-019)
and northernmost breeding latitude (seasons are lengthen-
ing more at northern latitudes, F; ,4 = 5-33, P = 0-030).
The other ecological and life-history variables (Table 4)
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Table 3. Change in clutch size per year and per °C in relation to change in laying date (per year and per °C), and duration of the study
(N years). Analyses used MCMCglmm to control for the nonindependence of repeated studies of the same species and to adjust for phy-

logenetic effects. See Table 2 legend for more details

95% credibility interval

Dependent variable Predictors Posterior mean Lower Upper P MCMC DIC
Change in clutch size year™!
Without phylogeny Laydate year ! —0-033 —0-059 —0-008 0-018 —21043
N years 0-000 0-000 0-001 0-330
With phylogeny Laydate year™! —0-031 —0-059 <—0-001 0-044 —208-71
N years <0-001 <—0-001 0-001 0-378
Change in clutch size (°C) "
Without phylogeny Laydate °C ~! 0-006 —0-027 0-034 0-688 —46-73
N years —0-002 —0-005 0-001 0-294
With phylogeny Laydate °C ~! 0-002 —0-026 0-035 0-874 —46-16
N years —0-002 —0-005 0-002 0-294

Table 4. Change in laying date per year and per °C in relation to ecological and life-history variables. Variables in the initial full model
included duration of the study (N years), number of broods per season (N Broods; one or at least two), northernmost latitude of breed-
ing range (Latitude), trophic level (Trophic; three levels), habitat (farm or other), body mass and log-transformed migration distance
(Migr Dist). Shown is the best reduced MCMCglmm for each dependent variable based on DIC values without adjustment for phyloge-
netic effects. See the supplementary information for additional analyses, including those adjusting for phylogeny. Analyses included spe-
cies as a random effect to control for the nonindependence of repeated studies of the same species

95% credibility interval

Dependent variables Predictors Posterior mean lower upper P MCMC
Change in laying date year '
DIC = 34.23 Intercept 18-593 6-486 32-069 0-004
N years —0-005 —0-012 0-003 0-182
N Broods (two +) —0-121 —0-236 —0-017 0-044
Latitude 0-008 0-000 0-017 0-080
Trophic (secondary) 0-263 0-057 0-467 0-018
Trophic (tertiary) 0-074 —0-185 0-324 0-566
Habitat (other) —0-136 —0-284 0-006 0-072
First year of study —0-010 —0-017 —0-004 0-002
Change in laying date (°C)~'
DIC = 42152 Intercept —1-599 —2:252 —0-972 <0-001
N Broods (two +) —0-880 —1.752 —0-027 0-041

did not provide an improvement in explanatory ability
(delta AICc > 2) when added to this model. In this analy-
sis, we only had one estimate of the duration of the
breeding season for each species (N = 27 species).

QUESTION 4: ARE CHANGES IN LAYING DATE OR
CLUTCH SIZE ASSOCIATED WITH RECENT
POPULATION TRENDS?

Temporal changes in laying date (Table S2, Supporting
information) and clutch size (Table S3, Supporting infor-
mation) were not related to changes in population size
during 1990-2000 (P > 0-96). Migration distance was also
not related to population trends in either the full model
or a reduced model (Table S4, Supporting information).
Thus, we removed these variables from the analysis and
used a reduced data set to investigate other ecological
variables that might be related to recent population trends

(Table 5). Here, we found that single brooded and smaller
(lower mass) species were more likely to be declining in
the 1990s. Single-brooded species had a median popula-
tion trend of —2 (i.e. ‘moderately declining’; N = 73 stud-
ies), whereas double-brooded species had a median trend
of 0 (‘stable’; N = 109 studies). The reduced model also
suggested that more northern species and those in agricul-
tural habitat were more likely to be declining, but these
effects were not significant on their own (Table 5).

POPULATION MODELS

Using our simulation model, we explored several possible
explanations for the lack of relationship between changes
in laying date and population size in published studies. In
our base models, when mismatching was costly, popula-
tion growth (lambda) decreased with increasing mismatch,
as expected (Fig. 2a; dashed line). However, even when
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Table 5. Population trends of birds (1990-2000) in relation to
ecological and life-history variables. The data set contained 78
species (one value per species). Shown are the best reduced
MCMCglmms with (DIC = 268-52) and without (DIC = 267-70)
adjustment for phylogenetic effects. A Poisson trait distribution
was used in these analyses. See the supplementary information
for analyses with laying date (Table S2, Supporting information)
and clutch size (Table S3, Supporting information) change per
year. Trophic level was not included in this model because there
were too few data across all other categorical variables

95% credibility
interval
Posterior
mean Lower

Upper P MCMC

Model without phylogeny
Intercept 1-310 —0-344 2862  0-128
Broods 1 or 2 (two+) 0321 0-006 0-683  0-046

Latitude —0-014 —0-036 0012  0-260
Habitat (nonfarm) 0-304 —0-067 0-694  0-120
Body mass 0-000 0-000 0-001 0-034
Model with phylogeny
Intercept 1-376 —0-196 2:946  0-100
Broods 1 or 2 (two+)  0-318 —0-028 0-679  0-088
Latitude —0-014 —0-037 0-010 0-224
Habitat (nonfarm) 0-296 —0-093 0720 0-164
Body mass 0-000 0-000 0-001  0-068

there was substantial nestling mortality (14-22%) that
was unrelated to the timing of peaks in food abundance
(i.e. mismatching per se was not costly), then lambda was
not related to the level of mismatch (Fig. 2a; solid line).
Using these models as a base, we next examined changes
in population growth in relation to long-term changes in
the timing of laying and food supply.

We modified the base models above by assuming a
range in advancement of laying date (from 0-1 to 1 day
per year) over a 75-year simulation. Based on data from a
great tit population, we also assumed that the date of
peak food abundance was advancing 0-5779 days year !
(Reed et al. 2013b). Under these conditions, if mismatch-
ing was costly, then populations were only stable when
they were advancing laying date at about the same rate as
the food supply (0-5-0-7 days per year; Fig. 2b — dashed
line). At lower rates of advancement (<0-5), lambda was
lower because of both the greater nestling mortality from
producing young after the peak of food abundance and
the slower rate of increase in clutch size over the 75-year
simulation. At higher rates of advancement (>0-7), clutch
size increased with earlier laying dates, but here there was
also an increased nestling mortality cost from producing
young before the peak of food abudance. In our second
model, we did not include significant costs of mismatching
(Fig. 2b, solid line), as in tree swallows. In this case,
lambda increased linearly with advancing laying date, pri-
marily because of increases in clutch size (nestling mortal-
ity did not change). Note that these models were not
designed to be predictive of any particular species, but
rather to simply illustrate the potential effects of
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Fig. 2. Predicted rates of population increase (lambda) of model
species under varying levels of mismatch between timing of laying
and food supply (a) and advancement in laying date (b). Lines
are from quadratic (dashed) and linear (solid) regressions through
simulated lambda values for model species with (dashed) and
without (solid) a cost of mismatching. For clarity, only individual
lambda values (points) are shown for the mismatch model
(dashed line) in panel a. See Methods and Supplemental Material
for the models and additional explanation.

mismatching and changes in laying date using realistic
parameters. As a consequence, we only interpret their
general patterns.

Discussion

Global mean temperature has increased by more than
0-75 °C during the last century (IPCC 2007), and this gen-
eral increase in temperature has advanced the phenology
of a diverse array of organisms (Parmesan & Yohe 2003;
Root et al. 2003; Parmesan 2007; Dunn & Winkler 2010;
Lehikoinen & Sparks 2010; Thackeray et al. 2010). Our
survey of the literature attempted to find linkages between
changes in phenology and population trends. Although
arrival date has been linked to population trends (Jiguet
et al. 2007; Meller, Rubolini & Lehikoinen 2008), we did
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not find correlations between arrival date and laying date
or clutch size, which might lead to changes in productivity
and, ultimately, population trends. We did, however, find
that laying date has advanced over time in response to
increasing temperatures, and change in laying date was
greater in species that had multiple broods per season,
lived in nonagricultural habitats and were herbivorous or
predatory (primary and tertiary consumers, respectively).
Change in laying date was also negatively associated with
change in clutch size, but neither of these variables was
related to population trends. Thus, our comparative
approach suggests that in most species mismatches in the
timing of egg laying or the number of offspring have rela-
tively little influence on population size compared with
other aspects of phenology, ecology and life history.

On average, laying date in birds has advanced by
0-16 days per year (SE = 0-03) in our survey (N = 71 spe-
cies; Table 1), but across all species, there was no consis-
tent change in clutch size (Table 1). It may seem
inconsistent, then, that there was a negative relationship
between change in clutch size and change in laying date
(Fig. 1). However, this relationship occurred because spe-
cies with relatively large advances in laying date
(>0-5 days per year) increased their clutch size, whereas
most species have shown relatively little change in both
laying date and clutch size (Fig. 1). Birds generally lay
earlier in warmer springs (Dunn 2004), so if temperatures
continue to warm, then we predict that more species will
advance their laying dates and the average clutch size will
start to increase for those species.

Although migratory birds are arriving earlier on the
breeding grounds from their winter quarters, it does not
seem to be affecting laying date (Table 2). Likewise, Rub-
olini, Saino & Moller (2010) showed that first song date
(and hence the date when the reproductive season started
as reflected by attempts of males to attract a mate) was
responding more strongly to local change in temperature
than migration distance. Change in laying date seems to
be influenced more by other life history and ecological
factors, such as diet and the number of broods, after con-
trolling for when the study started (older studies have
shown more change, Table 4). Laying date was advancing
more for species that were herbivorous or predatory
(primary and tertiary consumers) rather than insectivo-
rous (secondary consumers). The implication is that spe-
cies that eat insects (all of our secondary consumer
species) are not experiencing as strong shifts in breeding
resources or are less responsive to those shifts. A recent
review of phenological change in 726 plant and animal
taxa in the United Kingdom (between 1976 and 2005)
also found that secondary consumers were advancing
more slowly than primary producers or primary consum-
ers (Thackeray et al. 2010). Other studies of phenological
changes across trophic levels have been more variable
with different rates of change at different trophic levels
depending on the location (Visser & Both 2005; Primack
et al. 2009). In terms of tertiary consumers (predators),

some previous single-population studies of sparrowhawks
Accipiter nisus indicate that they are shifting their breeding
dates more slowly than the insectivorous birds that they eat
(Nielsen & Moller 2006; Both et al. 2009), which might be
interpreted as an insufficient response by higher trophic lev-
els to changing phenology of lower levels. However, we
found the opposite; it was the higher trophic levels that
were responding faster. In our sample, sparrowhawks had a
relatively slow response (—0-049 days year™') compared
with the average predatory species (—0-232 days year ).

Previous studies have found that double-brooded spe-
cies differ from single-brooded species, particularly in
terms of early arrival (Moller, Rubolini & Lehikoinen
2008; Vegvari et al. 2010; but see Van Buskirk, Mulvihill
& Leberman 2009), earlier start of song activity (Rubolini,
Saino & Moller 2010), laying earlier (in tit populations;
Visser et al. 2003) and exhibiting positive population
trends (Jiguet ez al. 2007). We found that both laying date
(Table 4) and duration of the breeding season have chan-
ged the most in species with a larger number of clutches.
It is thought that double-brooded species advance their
laying dates more than single-brooded species, because
their reproductive success depends more on the duration
of the entire season, rather than synchronizing their laying
date with the peak of insect abundance, which is more
important to single-brooded species (Crick, Gibbons &
Magrath 1993; Moller, Rubolini & Lehikoinen 2008; Mol-
ler et al. 2010b). Indeed, in recent years, barn swallows
Hirundo rustica have advanced the laying date of first
clutches and the interval between first and second clutches
has increased (Meller 2007). As a consequence, parents
with longer intervals between clutches were able to rear
more offspring, and females with two clutches per year
survived better when the interval between clutches was
long, while males survived less well (Meller 2007). Thus, a
longer breeding season should benefit double-brooded
species more than single-brooded species. Consistent with
this hypothesis, Jiguet et al. (2007) found that population
trends of 71 terrestrial species in France (based on field
surveys) were positively associated with the number of
broods per year. We found the same pattern, even though
our analysis used a different method of estimating popula-
tion trends (Birdlife International 2004) and combined
data from 71 terrestrial and aquatic species from through-
out Europe and 8 species from North America.

A longer breeding season and increased productivity
for double-brooded species might ultimately result in lar-
ger or more stable populations, and, indeed, we found
that most populations of double-brooded species were sta-
ble in recent years (1990-2000), whereas most populations
of single-brooded species were declining. Previous studies
of migratory birds in Europe have found that declining
species have not been advancing their spring arrival date
as much as species that are stable or increasing in size
(Moller, Rubolini & Lehikoinen 2008). Declining species
have also been arriving on the breeding grounds later
in the season when it is warmer (more accumulated
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degree-days; Saino er al. 2011). If arrival date is tied to
ecological mismatching and population declines, then we
would also expect to see mismatching in terms of laying
date and, possibly, clutch size. Indeed, it is the timing of
egg laying that is most often discussed in terms of syn-
chronizing the energetic needs of growing nestlings with
the food supply. However, we did not find any association
between changes in arrival date and changes in laying
date (or clutch size), nor any association between them
and population trend.

One notable difference between this study and previous
surveys is that we included both migratory and resident
species in the analysis of population trends [we analysed
19 resident species (N = 79) compared with four in the
study of Meller, Rubolini & Lehikoinen 2008 and none in
Saino et al. 2011]. However, migration distance was not a
significant predictor of population size trend when added
to our final model (Table S4, Supporting information),
and it is possible for both resident and migratory species
to mistime their reproduction in a changing environment
(reviewed by Both 2010). Our population trend estimates
primarily came from the same source as previous studies
(Birdlife International 2004) and our sample sizes were
also similar to previous studies (N = 148 for change in
laying date and population trends).

There was little evidence of phylogenetic effects in our
analyses of phenology or population trends. MCMCglmm
models that did not include phylogenetic effects, based on
DIC values, were as informative, if not more so, than
models that did include phylogenetic effects, and the
repeatability of estimates among species was weak and
nonsignificant. Thus, species and populations appear to
respond to climate change independently of phylogenetic
history. Previous studies of arrival dates (Van Buskirk,
Mulvihill & Leberman 2009) and population trends (Mol-
ler, Rubolini & Lehikoinen 2008) have also found weak
phylogenetic effects.

Mismatches between the timing of breeding and the
resources needed to produce offspring have become widely
cited as one of the negative consequences of climate change,
because they should lead to lower productivity and smaller
population size. However, most of the evidence comes from
long-term studies of just a few species: pied flycatchers
(Both et al. 2006; Both 2010) and great tits (Reed et al.
2013b; Vedder, Bouwhuis & Sheldon 2013). In great tits,
mismatches can lead to lower reproductive success, but this
appears to lead to lower density in the autumn and
increased survival overwinter, and, as a consequence, subse-
quent breeding population size remains stable (Reed ez al.
2013b). Thus, our comparative study draws attention to an
important question: why is phenological mismatch appar-
ently detrimental to reproductive success and population
size in some populations but not in others?

Variation between populations may be related to the
assumptions of the mismatch hypothesis (Durant et al.
2007), including strong seasonality of resources and
‘bottom-up’ control of population size (i.e., food
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resources limit population size, rather than predators
[top-down] or weather). As a consequence, the mismatch
hypothesis predicts that when broods are mistimed, there
will be less food available and, as a consequence, repro-
ductive success will be lower. However, this focus on tim-
ing ignores the abundance of food, which also affects
reproductive success. For example, it is possible for even
a mistimed brood to be successful if food is superabun-
dant during most of the breeding season (Dunn et al.
2011). Thus, the lack of relationship between changes in
laying date or clutch size and population trend could be
due to: (1) little cost of mismatching (as in tree swallows;
Dunn et al. 2011), or (2) a cost of mismatching, but com-
pensatory demographic mechanisms, such as density-
dependent survival that buffer changes in population size
(as in great tits; Reed ez al. 2013b). Our models (Fig. 2)
and the model of Reed et al. (2013b) show that stable
populations can occur under both of these scenarios.
Interestingly, there is considerable variation in the extent
of mismatching between species (Review in Table 3 in
Dunn ez al. 2011), and even populations, implying that
there is scope for further comparative analyses.

Our results for a variety of species suggest that mistiming
of laying (and potentially nonoptimal clutch sizes, as a con-
sequence) are not related to recent population trends. This
suggests that recent correlations between population trends
and arrival dates (Moller, Rubolini & Lehikoinen 2008) or
spring degree-days (Saino et al. 2011) are not operating
through changes in laying date or clutch size as assumed by
the mismatch hypothesis. Instead, these correlations could
occur as a consequence of warmer weather during other
times of the year that affect survival or reproduction. In
any case, our results caution that changes in population size
caused by climate change are complex (reviewed by Adahl,
Lundberg & Jonzen 2006) and may require different
hypotheses for different types of species (e.g. single vs. dou-
ble-brooded).
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