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Abstract

Climate change-induced shifts in phenology have important demographic con-

sequences, and are frequently used to assess species’ sensitivity to climate

change. Therefore, developing accurate phenological predictions is an important

step in modeling species’ responses to climate change. The ability of such

phenological models to predict effects at larger spatial and temporal scales has

rarely been assessed. It is also not clear whether the most frequently used

phenological index, namely the average date of a phenological event across a

population, adequately captures phenological shifts in the distribution of events

across the season. We use the long-tailed tit Aegithalos caudatus (Fig. 1) as a

case study to explore these issues. We use an intensive 17-year local study to

model mean breeding date and test the capacity of this local model to predict

phenology at larger spatial and temporal scales. We assess whether local models

of breeding initiation, termination, and renesting reveal phenological shifts and

responses to climate not detected by a standard phenological index, that is,

population average lay date. These models take predation timing/intensity into

account. The locally-derived model performs well at predicting phenology at

the national scale over several decades, at both high and low temperatures. In

the local model, a trend toward warmer Aprils is associated with a significant

advance in termination dates, probably in response to phenological shifts in

food supply. This results in a 33% reduction in breeding season length over

17 years – a substantial loss of reproductive opportunity that is not detected by

the index of population average lay date. We show that standard phenological

indices can fail to detect patterns indicative of negative climatic effects, poten-

tially biasing assessments of species’ vulnerability to climate change. More posi-

tively, we demonstrate the potential of detailed local studies for developing

broader-scale predictive models of future phenological shifts.

Introduction

Phenology plays a key role in regulating species interac-

tions that can determine population dynamics (Miller-

Rushing et al. 2010). Recent climate change has brought

about phenological shifts in a wide range of species (Wal-

ther et al. 2002; Thackeray et al. 2010), with a particularly

well-studied example being the earlier onset of breeding in

temperate bird populations in years with warmer spring

conditions (Thomas et al. 2001; Charmantier et al. 2008;

Both et al. 2009). Species exhibiting larger phenological

shifts are typically more resilient to the negative impacts

of climate change than those exhibiting more limited phe-

nological advance (Møller et al. 2008; Jones and Cresswell

2010), and predicting future phenological trends would

therefore facilitate assessment of species’ sensitivity to cli-

mate change (Diez et al. 2012). Predictive capacity could

be limited by non-linearity in climatic responses, local

adaptation, and variation in the capacity to exhibit plastic

phenological responses (Primack et al. 2009; Perfito et al.

2012; Porlier et al. 2012), but empirical assessments of the

ability of phenological models to predict responses at
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different spatial or temporal scales are very rare (but see

Hodgson et al. 2011) and urgently needed (Diez et al.

2012).

Some of the assumptions underlying the use of pheno-

logical indices in the assessment of species’ vulnerability

to climate change also warrant more detailed empirical

testing. Many phenological indices in frequent use are cal-

culated as the mean timing of an event across the focal

population. These ‘population mean indices’ are certainly

preferable to indices of the timing of first events (Miller-

Rushing et al. 2008), which only capture responses of a

very limited proportion of the focal population. However,

indices of a population’s mean timing assume that

climate change does not alter the distribution of events

within a season. This is not always true; for instance, the

mean timing of avian breeding is sensitive to climatic

influences on the frequency of second broods (Visser

et al. 2003; Husby et al. 2009). There has, however, been

insufficient exploration of how climate change alters the

distribution of breeding attempts in single-brooded spe-

cies, and the consequences of this for using phenological

indices as indicators of species’ sensitivity to climate

change. If climate change has equivalent impacts on the

timing of breeding initiation and termination then phe-

nological indices of the mean timing of reproduction are

robust (Fig. 2A). Different months of the breeding season

can, however, exhibit divergent climatic trends that may

result in different impacts on initiation and termination

(Houghton et al. 2001; Halupka et al. 2008). Conse-

quently, an advance in the population mean lay date

could be observed even if the onset of reproduction has

not advanced, due to earlier termination of breeding

attempts (Dawson 2005; Fig. 2B). In contrast, mean

breeding date will not advance, even if onset of breeding

has advanced, if the end of the breeding season is delayed

by a similar amount (Fig 2C); such lengthening of the

breeding season could arise if longer growing seasons

(Menzel and Fabian 1999) increase food availability both

early and late in the season. Finally, a shift in predation

regime could alter the proportion of pairs building repeat

nests, thus driving a change in a population’s mean lay

date that is unrelated to climate change; for example, an

increase in nest predation rates is likely to generate more

replacement nests later in the season, thus delaying mean

breeding dates (Fig. 1D).

Here, we extend previous work that has determined

how climate change alters the distribution of breeding

attempts in multiple-brooded species by focusing on a

single-brooded species. We assess whether population

average lay date is a reliable indicator of the distribution

(A)

(B)

(C)

(D)

Figure 2. Hypothetical distributions of population lay dates prior to

(solid line) and following (dotted line) climate change, showing

resultant changes in mean lay date. Numerous responses are possible,

but this subset illustrates the problem with using population mean

breeding date as a phenological indicator of species’ responses to

climate change. Mean breeding date can advance when populations:

(A) start and end breeding earlier or (B) start at the same time, but

end breeding earlier. Mean breeding date may also (C) exhibit no

advance when breeding commences earlier if breeding continues for

longer, and (D) exhibit changes that are unrelated to climate change,

such as a later mean breeding date due to increased predation rates

that increase the proportion of renests.

Figure 1. A long-tailed tit Aegithalos caudatus in the Rivelin Valley,

Sheffield.
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of breeding events, and hence of phenological shifts and

sensitivity to climate change. We use high-resolution data

from an intensive 17-year study of the long-tailed tit Aeg-

ithalos caudatus in central England, and extensive national

scale data collected over a 43-year period. This single-

brooded species provides an ideal case study as it exhibits

one of the most rapid advances in mean annual lay date

among British birds (Baillie et al. 2012). Moreover, in

contrast to almost all other avian species subject to inten-

sive phenological studies, the long-tailed tit does not use

nest boxes, and thus experiences high rates of nest preda-

tion (~70%), resulting in renests accounting for approxi-

mately 40% of nesting attempts per year (Hatchwell et al.

1999). This allows us to determine the nature of associa-

tions between the timing and intensity of predation

regimes, and phenological indices of the timing of repro-

duction. We also provide the first empirical assessment of

whether locally derived models of avian phenology can be

scaled up to predict phenological trends at larger spatial

scales and in different time periods. This is an essential

first step toward predicting phenological trends under

future climate change scenarios.

Materials and Methods

Study system

We studied a population of 25–72 pairs (mean 46 pairs)

of long-tailed tits in the Rivelin Valley, Sheffield, U.K.

(53°23′N, 1°34′W). Long-tailed tits are single brooded,

but nest predation rates are high and pairs that fail fre-

quently initiate a second or third renest attempt if there is

sufficient time to raise a brood. Renests thus account for

around 32% of nests per year (range = 0.26–0.40), and

the proportion of renesting showed no temporal trend

over the course of the study (r21,13 = 0.05, P = 0.43). The

long-tailed tit is a facultative cooperative breeder and

some failed breeders help other pairs rather than renesting

themselves, particularly if they fail later in the season

(MacColl and Hatchwell 2002; Hatchwell et al. 2004). At

least 95% of adult birds in the study site are uniquely

marked with color-rings each breeding season and all

pairs within the study site are monitored and their nests

located by observation. A very small proportion (esti-

mated to be <5%) of nesting attempts are not found each

year, but through monitoring parental activity it is known

that the vast majority of these are short-lived attempts

that rapidly fail (Sharp et al. 2008). Nests are monitored

approximately every 2 days. In the case of nest failure, the

study site is searched intensively for renesting attempts.

The date on which the first egg of each clutch is laid

(hereafter referred to as first egg date) is recorded so that

day 1 corresponds to 1 March, and is accurate to within

1 day for all accessible nests. Inaccessible nests comprise

approximately 10% of the data, and their first egg date is

estimated by observing the time at which parents stop lin-

ing nests, which typically occurs when laying starts, and/

or by recording the date when females commence incuba-

tion (the last day of egg laying) and assuming a clutch of

10 eggs (the modal clutch size in the study population;

Hatchwell et al. 2004). Observations of nestling provision-

ing and fledging dates suggest that these lay dates for

inaccessible nests are generally accurate to � 2 days.

Datasets

Data were collected from the local Rivelin population of

long-tailed tits during 1995–2011, including first egg dates

for 824 nests (559 first nesting attempts and 265 renests)

and failure dates for 590 nests (410 first attempts and 180

renests). Data from 2001 were omitted from all analyses

because access to the field site was limited by an outbreak

of foot and mouth disease, and data from 2003 were

excluded in analyses regarding the timing of renesting

and termination of breeding due to limited search effort

for renests at the very end of the field season in that year.

Weather data were obtained for the period 1968–2011
from the Weston Park Meteorological Station, located

5 km from the center of the Rivelin study site. Monthly

mean temperature and monthly total precipitation were

calculated. These data were very strongly correlated with

UK Climate Projections (UKCP) interpolated data (avail-

able until 2006, Jenkins et al. 2008) for the 5 km 9 5 km

grid cell containing the study site (Pearson’s correlations

with n = 11; May precipitation: rp = 0.84; all other com-

parisons: rp > 0.96). Food abundance data were also col-

lected at four locations, from a total of 16 trees, within

the Rivelin study site by collecting caterpillar frass sam-

ples throughout the spring for the period 2009–2012, as
caterpillars are the primary food source of long-tailed tits

provisioning nestlings. We hence calculated the annual

date of peak caterpillar abundance, and assessed the asso-

ciation between peak date and spring weather variables to

test the hypothesis that food abundance declines earlier in

years with warmer spring temperatures (see Appendix S1

for full methods).

National data were obtained for the period 1968–2010
from the British Trust for Ornithology’s (BTO) Nest

Record Scheme (NRS; Crick et al. 2003). These nest

records include an unknown proportion of first nesting

attempts and renests, from various locations throughout

the U.K. (mainly England) excluding the Rivelin Valley

area. The mean annual lay date was calculated across all

records within each year (mean annual sample size = 50;

range = 18–123). For weather data, we used Central

England Temperature from the HadCET database (Parker
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et al. 1992), as used in previous analyses of climatic influ-

ences on lay dates using nest record card data (Crick

et al. 1997; Crick and Sparks 1999).

Constructing phenological indices

Initiation date, renesting date, average lay date

The distribution of first egg dates within each year devi-

ated from a normal distribution so we used median first

egg dates as a phenological indicator, although there was

a strong correlation between mean and median first egg

dates (all attempts: rp14 = 0.944, P < 0.001; first attempts:

rp14 = 0.996, P < 0.001; renests: rp13 = 0.921, P < 0.001).

Within each year, initiation date was the median of first

egg dates from first attempts; renesting date was the med-

ian of first egg dates from renesting attempts; average lay

date was the median of first egg dates from all attempts –
thus corresponding to the standard phenological index

used in most studies.

Termination date index

The time when pairs cease to initiate renests following

nesting failure provides an index of the end of the breed-

ing season. In each year we modeled the probability of a

failed pair renesting rather than terminating breeding

activity, as a function of failure date, using a series of

generalized linear models with logit link function and

binomial error structure. Data were excluded from nests

in which: (a) pair bonds were disrupted by divorce or

mortality; (b) failure date was before the median lay date

of first attempts; and (c) the failed attempt was located

close to the field site boundary and pairs were suspected

to be renesting outside the study area. All of these annual

models of termination date had high explanatory power

(mean McFadden’s r2 = 59%) and were statistically signif-

icant (P < 0.05) in all but 1 year in which r2 = 85%

(Table S1). Within each year, we used the predicted date

at which 75% of breeding pairs did not renest as an index

of annual termination date as this reflected the time when

a large proportion of birds had stopped breeding and was

robust to the inclusion of very late-terminating outliers,

which only occur in some years. The 75% threshold ter-

mination date (henceforth ‘termination index’) was

strongly correlated with the alternative termination

thresholds of 50% (rp13 = 0.860, P < 0.001) and 90%

(rp13 = 0.957, P < 0.001).

Breeding season length index

We calculated two indices of breeding season length. The

first was the interval between the median initiation date

and termination index for each year, which were not cor-

related with each other (rp13 = 0.16, P > 0.1); the second

was the interval between the 10th and 90th percentile of

all known first egg dates within each year. These two

indices were strongly correlated with each other

(rp13 = 0.83, P < 0.001) and we used the latter in subse-

quent analyses because it is more routinely used (e.g.,

Evans et al. 2005; Møller et al. 2010).

Predation indices

The timing and intensity of nest predation may influence

the timing of renesting and termination, and conse-

quently breeding season length (Fig. 1D). We therefore

calculated two measures of predation timing to test for

trends in predation patterns: (i) the annual time of preda-

tion, as the median date of all nest predation events; (ii)

the annual time of predation of first nesting attempts, as

the median date of predation events of first nesting

attempts; these two indices of predation timing were

highly correlated (rp14 = 0.96, P < 0.0001) and we used

the former index in subsequent analyses as it offered a

more complete picture of predation timing. We also cal-

culated two indices of predation intensity: (i) annual pro-

portion of nests predated, which was the annual

proportion of nests predated among nests known to have

been predated or fledged; (ii) annual Mayfield predation

estimate, which was the annual Mayfield estimate of pre-

dation risk throughout the nesting cycle; these two indices

of predation intensity were highly correlated (rp14 = 0.98,

P < 0.0001) and we used the latter in subsequent analyses

because it offers a more comprehensive measure of preda-

tion rates (Mayfield 1975). Annual Mayfield estimates

were calculated via a three-part process: (i) we calculated

daily nest survival rates at the egg laying, incubation, and

chick-rearing stages using the Mayfield method (Mayfield

1975); (ii) we used these daily survival rates to calculate

the probability of a nest surviving the entire duration of

each stage by raising the daily rates to the power of the

stage duration in days, assuming stage durations of 9 days

for egg laying, 15 days for incubation, and 16 days for

chick rearing (the typical durations of these stages in the

focal population; Hatchwell et al. 2004); (iii) we calcu-

lated annual nest predation risk as the product of the

three annual stage-specific survival probabilities, sub-

tracted from one.

Assessing temporal trends

All statistical analyses were conducted in R, version 2.11.1

(R Development Core Team 2010). We first assessed

trends in local mean monthly spring temperature and

precipitation, using year as a predictor (both linear and
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squared terms); trends were assessed over two time peri-

ods: 1995–2011, that is, the duration of the focal study,

and 1968–2010, that is, the period over which long-tailed

tit phenology was analyzed at the national scale. We then

investigated temporal trends in breeding events and pre-

dation, again using the linear and squared year terms as

predictors and regressing them against each separate phe-

nological index (initiation date, renesting date, average

lay date, termination date index, and breeding season

length index) and against each predation index (predation

timing and predation intensity).

Mechanisms of phenological change:
climate, predation, food, adaptation

At the study site, long-tailed tit pairs typically start nest-

building in February/March and egg laying in March/

April; renesting attempts occur between March and May

and pairs finish breeding by early June (MacColl and

Hatchwell 2002). Therefore, to investigate the effects of

climate on reproductive phenology we modeled: (a) initi-

ation date in response to temperature and precipitation

during February, March, and April; (b) renesting date in

response to temperature and precipitation during March,

April, and May, and the timing and intensity of preda-

tion; (c) termination index in response to temperature

and precipitation during March, April, and May, and the

timing and intensity of predation; and (d) breeding sea-

son length in response to temperature and precipitation

during February, March, April, and May, and the timing

and intensity of predation. We constructed multiple linear

regression models with normal error structure (Shapiro–
Wilk normality tests: P > 0.3 for all response variables).

We used an information-theoretic approach to model

selection in which all possible models were constructed

given the set of predictors; model fit was assessed using

Akaike’s Information Criterion corrected for small sample

size (AICc) and model averaging was conducted over the

95% confidence set of models (Burnham and Anderson

2002). Collinearity between climatic predictors was within

the tolerance levels to which Information Theoretic

methods are robust (Variance Inflation Factor <3.9 for all

variables; Freckleton 2010; Table S2).

In order to test the hypothesis that the timing of breed-

ing termination is influenced by the seasonal decline in

caterpillar availability, we estimated the timing of peak

caterpillar abundance in the Rivelin study site for the per-

iod 2009–2012, and determined the correlation between

annual peak date and mean temperature during March

and April. Full methods are described in Appendix S1.

Finally, we tested the hypothesis that local genetic adap-

tation may contribute to the observed changes in breeding

phenology in the study population, because selection may

act on the focal phenological traits (initiation and

termination). Following the results of the climatic analysis,

we modeled initiation date in response to March tempera-

ture and termination index in response to April tempera-

ture, comparing models in which year was included as an

additive or interactive effect, in order to assess whether

the observed temperature-phenology reaction norms have

changed significantly over time. Such a temporal change

in reaction norms would be compatible with the hypothe-

sis that selection is driving evolutionary change in the

form of phenological responses.

Predicting phenology at larger spatial and
temporal scales

Comparisons between local (i.e., Rivelin Valley) and

national (i.e., U.K.) phenological responses could only be

conducted using population average lay date calculated

across all attempts, as other phenological indices are

unavailable at the national scale. We first compared

climatic models of long-tailed tit average lay date at the

national and local scales, using data from 1995 to 2010,

that is, the duration over which both local and national

data were available. Second, we used the local climatic

model of phenology to predict phenology at the national

scale across a much larger time scale, that is, from 1968

to 2010, and regressed these predicted national annual lay

dates against the national annual mean lay dates observed

in the BTO dataset. If local climatic models of avian phe-

nological responses can be scaled up to larger spatial and

temporal scales we predict that the slope of this relation-

ship will approximate unity. We assessed whether the per-

formance of the model deteriorates further back in time,

by calculating the square of the difference between pre-

dicted and observed values and regressing this against

year (linear and quadratic terms; Pi~neiro et al. 2008). We

also assessed the performance of the locally derived model

over years entirely outside the temporal span of the

locally derived model (i.e., 1968–1994). In order to

conduct a conservative test, March temperature was the

only climatic variable used in these analyses as all other

climatic variables had little influence on the average lay

date of the Rivelin population (see Results).

Results

Extent of climatic change

Although spring mean monthly temperature and precipi-

tation variables within the study region varied substan-

tially between years, temporal trends within the study

period (1995–2011, excluding 2001) were limited. The

exception was April temperature which increased linearly
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(+0.12°C per year, r21,14 = 0.22, P = 0.06; Table S3).

From 1968 to 2010 all spring mean monthly temperatures

increased linearly; the increase was most marked in April

(+0.05°C per year, r21,40 = 0.30, P < 0.001; Table S3).

Temporal trends in spring mean monthly precipitation

between 1968 and 2010 were negligible (Table S3).

Temporal trends in phenological indices and
predation

The range of annual median lay dates across all nesting

attempts was from 2 to 21 April (mean 10 April � 1.2 SE

days), across first attempts it was from 29 March to 20

April (mean 8 April � 1.4 days), and across renests it

was from 17 April to 3 May (mean 25 April � 1.4 days).

The range of the annual termination index was from 22

April to 10 May (mean 30 April � 1.5 days), and the

breeding season length index, measured as the interval

between the 10th and 90th percentile of all first egg lay

dates, was from 13 to 33 days (mean 24 � 1.3 days).

There was a linear trend toward advancing lay date

over the period 1995–2011 for all three nesting categories

(i.e., all attempts, first attempts, and renests), but this was

significant only for renests, with the fitted model predict-

ing an advance of 0.66 days per annum (r21,13 = 0.44,

P < 0.01; Fig. 3A, Table 1). Termination date showed a

significant linear advance from 1995 to 2011 of 0.97 days

per annum (r21,13 = 0.77, P < 0.0001; Fig. 3B, Table 1).

The breeding season length index exhibited a linear

reduction of 0.51 days per annum (r21,13 = 0.30,

P < 0.05; Fig. 3C, Table 1), equating to a 33% reduction

in the average length of the reproductive window.

Predation showed no temporal trend, whether calcu-

lated over all predation events or just predation of first

nesting attempts (Table 1). Similarly, neither index of

predation intensity showed a temporal trend (Table 1),

despite substantial variation between years (annual pro-

portion of predations ranged from 0.52 to 0.85,

mean � 1SE = 0.72 � 0.10; annual Mayfield estimates

ranged from 0.47 to 0.80, mean � 1SE = 0.67 � 0.10;

Table S4).

Effects of climate, predation, and caterpillar
phenology on avian phenology

Climate explained a consistently large proportion,

between one-third and two-thirds, of the annual variation

in long-tailed tit phenological indices. Warm March tem-

peratures advanced the median lay date of all attempts

(model averaged partial r2 = 0.54, b = �2.93, n = 15)

and the median lay date of first attempts (model averaged

partial r2 = 0.58, b = �3.44, n = 15; Fig. 4A). All other

climatic variables had little influence on these phenologi-

(A)

(B)

(C)

Figure 3. Temporal trends in long-tailed tit phenology in the Rivelin

Valley, Sheffield (1995–2011), showing linear regressions (solid lines)

� 95% CI (dashed lines). (A) annual median lay dates of renests have

advanced (slope = �0.66 � 0.21, r2 = 0.44), while annual median lay

dates of all nesting attempts and first attempts show no significant

change; (B) timing of termination has advanced

(slope = �0.97 � 0.15, r2 = 0.77); and (C) breeding season length

has decreased (slope = �0.50 � 0.22, r2 = 0.30). Day 1 represents 1

March.
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cal indices (Table 2). Median lay dates of renests

advanced in years with warm Aprils (model averaged par-

tial r2 = 0.35, b = �2.74, n = 14; Fig. 4B); there was also

a marginal tendency for wet Aprils to advance the timing

of renests (model averaged partial r2 = 0.06, b = �0.03,

n = 14); all other climate variables, including March tem-

perature, and the timing and intensity of predation had

little influence on renesting dates (Table 2).

The index of termination date advanced in years with

warm Aprils (model averaged partial r2 = 0.32,

b = �2.79, n = 14; Fig. 4C); other climate variables,

including March temperature, and the timing and inten-

sity of predation had little influence (Table 2). Breeding

seasons were longer in years with warm February (model

averaged partial r2 = 0.24, b = +1.32, n = 14) and March

temperatures (model averaged partial r2 = 0.10,

b = +0.76, n = 14), and there was evidence that they were

reduced in years with warm Aprils (model averaged par-

tial r2 = 0.05, b = �0.6, n = 14; Table 2). All other cli-

matic variables and the timing and intensity of predation

had little influence on breeding season length (Table 2).

Caterpillar abundance peaked earlier in years with war-

mer April temperatures over the period 2009–2012
(rp = �0.72); data were insufficient to estimate reliably

the slope and statistical significance of this relationship

(n = 4), but the observed relationship equates to a strong

effect size (Cohen 1988). Peak caterpillar date showed no

relationship with March temperature (rp = 0.05, n = 4).

Microevolution versus phenotypic plasticity

There was a slight tendency for the relationship between

March temperature and timing of initiation to become

weaker over time, and for the relationship between April

temperature and timing of termination to become stronger

over time, but neither of these trends were significant

(2-way ANOVA comparing additive ‘temperature + year’

with interactive ‘temperature 9 year’ models: Initiation:

F1 = 0.172, SS = 2.00, P = 0.69; Termination: F1 = 0.002,

SS = 0.017, P = 0.97).

Predicting phenology at larger spatial and
temporal scales

The form of bivariate relationships between long-tailed tit

phenology and March temperature during 1995–2010 at

the local scale (b = �2.94; 95% confidence intervals

�4.29 to �1.58) was similar to that at the national scale

(b = �3.62; 95% CIs �4.94 to �2.31). Moreover, predic-

tions of national mean lay date from 1968 to 2010,

derived from the climatic (March temperature) model of

the local Rivelin population’s phenological response dur-

ing 1995–2011, were strongly correlated with the observed

values of the national population’s mean lay date

(P < 0.001; r40 = 0.678), and the slope of the relationship

between predicted and observed values was very close to

unity (b = 1.17; 95% CIs 0.76–1.57; Fig. 5). Predictive

capacity was still high when using the local phenology

model to predict national phenology in years entirely out-

side the range of years during which local data were col-

lected, that is, from 1968 to 1994 (P < 0.001;

r25 = 0.629), and the slope between predicted and

observed values in this period was lower, but again not

significantly different from unity (b = 0.76; 95% CIs

0.37–1.14; Fig. 5). Predictive capacity does not deteriorate

over time (linear model of the squared difference between

predicted and observed values, regressed against year:

F1,40 = 1.48, r2 = 0.04, P = 0.23; quadratic model:

Table 1. Temporal trends in phenological indices (initiation date i.e., average lay date of first attempts, renesting date, average lay date, termina-

tion index, and breeding season length index), indices of predation timing (median predation date, median predation date of first attempts) and

indices of predation intensity (proportion of nests predated, Mayfield estimate of predation risk), in the Rivelin Valley, Sheffield (1995–2011).

Index

Linear trend

(days � 1SE) r2 Fdf P-value

Linear model

DAICcnull

Initiation date �0.10 � 0.28 0.01 0.141,14 0.72 +3.02

Renesting date* �0.66 � 0.21 0.44 10.071,13 0.007 �5.42

Average lay date �0.12 � 0.24 0.02 0.261,14 0.62 +2.89

Termination index* �0.97 � 0.15 0.77 42.501,13 <0.0001 �18.59

Breeding season length index* �0.51 � 0.22 0.30 5.471,13 0.04 �2.09

Predation date 0.03 � 0.37 <0.01 0.011,14 0.93 +3.17

Predation date of 1st attempts 0.07 � 0.46 <0.01 0.021,14 0.88 +3.16

Proportion of nests predated �0.007 � 0.005 0.14 2.281,14 0.15 +0.77

Mayfield estimate of predation 0.008 � 0.005 0.15 2.481,14 0.14 +0.58

Linear and quadratic models were compared for each response variable by assessing the change in Akaike’s Information Criterion corrected for

small sample size (AICc) with respect to the null model, where a negative DAICcnull indicates evidence of a temporal trend; linear models were

always more parsimonious than quadratic ones, and linear trends are therefore displayed with associated statistics. *denotes variables showing

evidence of a temporal trend (P < 0.05 and negative DAICcnull).
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F2,39 = 0.88, r2 = 0.04, P = 0.42), although, the extent of

advance in mean lay dates tends to be under predicted

from the March temperature model in recent years

(1995–2011; Fig. 5). The range of March temperatures

used when constructing the local model (1995–2011:
3.80–8.6°C) was similar to the range of March tempera-

tures experienced by the national population over both

time periods (1968–2010: 3.3–8.4 °C; 1968–1994: 3.3–
8.3°C). The residuals of the relationship between observed

and predicted national annual mean lay dates were not

associated with temperature (1968–2010: P > 0.05,

r40 < 0.0001; 1968–1994: P > 0.05, r25 < 0.0001).

Discussion

This study shows that the standard phenological index of

mean population lay date does not pick up key phenolog-

ical responses that could have important demographic

impacts, such as the 33% reduction in breeding season

length observed here. More positively, we show that local

phenological models can be successfully applied at larger

spatial and temporal scales. This ability to scale up from

local phenological models has rarely been demonstrated

previously (but see Hodgson et al. 2011), and we are not

aware of any such avian studies. We thus offer novel

insight into an approach through which detailed informa-

tion from intensive local studies can be used to develop

broader scale predictive models of climate change

impacts.

Scaling up from local to national, short-
term to long-term

The local and national models of lay date as a function

of March temperature are statistically indistinguishable,

and the locally derived phenology model performs rea-

sonably well in predicting previous mean lay dates at the

national scale. We thereby show that intensive local stud-

ies that capture a broad range of phenological responses

can provide useful inference at much larger spatial scales.

Such spatial extrapolation is likely to be crucial for devel-

oping broad-scale predictive capacity in the face of

climate change, because the inherent patchiness of phe-

nological data at national and regional scales mean that

such broad-scale data offer limited ability to detect pat-

terns such as the divergent trends in breeding initiation

and termination. It is important to note that there are

inevitably limits to such spatial extrapolations, particu-

larly in species with broad geographic ranges, such as the

long-tailed tit. Applying local models to areas experienc-

ing markedly different annual weather regimes would

clearly be inappropriate, and multiple local studies in

areas of contrasting climates are thus required in order

(A)

(B)

(C)

Figure 4. Associations between climate and long-tailed tit phenology

in the Rivelin Valley, Sheffield (1995–2011), showing relationships

from model averaged estimates holding other variables at mean

values. (A) median lay date of first attempts advances with warmer

March temperature (slope = �3.40 � 0.74, partial r2 = 0.58); (B)

median lay date of renest attempts advances with warmer April

temperature (slope = �2.74 � 1.18, partial r2 = 0.35); (C)

termination date advances with warmer April temperature

(slope = �2.79 � 1.21, partial r2 = 0.32). Day 1 represents 1 March.
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to develop predictions across the species’ large geographic

range. However, this study shows that local studies can

be used to develop accurate phenological predictions at

much broader spatial scales within regions experiencing

similar climatic regimes. Given the key role of phenology

in determining species’ responses to climate change

(Miller-Rushing et al. 2010), this is an essential first

step towards the goal of developing mechanistic models

of species’ responses to future climate change (Diez et al.

2012).

Furthermore, the local model’s predictive capacity was

upheld when applied to a much longer and non-

overlapping time period than that used to construct the

model, and predictive capacity did not decrease further

back in time or at higher temperatures. This indicates

that temporal extrapolation from relatively short-term

studies (17 years in this case) is possible. Much caution is

needed when make predictions outside the range of cli-

matic conditions experienced during the reference study.

This is not a major issue in our study, however, as the

range of climatic conditions used in the local model

encompasses most of the predicted range of future cli-

matic conditions across the U.K. over the next 60 years

under a high carbon emissions scenario (March: used in

model 3.8–8.6°C, predicted 6–9°C; April: used in model

7.7–12.3°C, predicted 7–12°C; Jenkins et al. 2008).

Table 2. Model averaging results from multiple regressions of breeding phenology (median lay date of all attempts/first attempts/renest attempts,

termination index, and breeding season length index) in response to monthly spring temperature (temp) and precipitation (prec) during 1995–

2011. Predation (pred) intensity and timing were also included as predictors in the latter three models.

Model

February

temp

March

temp

April

temp

May

temp

February

prec

March

prec

April

prec

May

prec

Pred

intensity

Pred

timing

Model

average r2

All attempts

Estimate �0.03 �2.93 �0.01 �0.16 <0.01 �0.01 <0.01 <0.01 n/a n/a

�1SE 0.22 0.72 0.25 0.54 0.01 0.02 0.01 0.01 n/a n/a

Partial r2 <0.01 0.54 <0.01 <0.01 0.01 0.01 <0.01 <0.01 n/a n/a 0.65

1st attempts

Estimate �0.14 �3.4 �0.01 n/a <0.01 �0.01 �0.01 n/a n/a n/a

�1SE 0.39 0.74 0.26 n/a 0.01 0.02 0.01 n/a n/a n/a

Partial r2 0.01 0.58 <0.01 n/a <0.01 <0.01 0.01 n/a n/a n/a 0.69

Renest attempts

Estimate n/a 0 �2.74 0 n/a 0 �0.03 0 +3.34 0

�1SE n/a 0 1.18 0 n/a 0 0.04 0 8.79 0

Partial r2 n/a 0 0.32 0 n/a 0 0.06 0 0.02 0 0.35

Termination

Estimate n/a 0 �2.79 0 n/a �0.02 0 0 0 0

�1SE n/a 0 1.21 0 n/a 0.05 0 0 0 0

Partial r2 n/a 0 0.32 0 n/a 0.02 0 0 0 0 0.33

Breeding season length

Estimate +1.32 +0.76 �0.60 �0.13 <0.01 �0.01 <0.01 �0.02 +0.02 �0.04

�1SE 1.1 1.21 0.95 0.59 0.01 0.02 0.01 0.04 1.63 0.12

Partial r2 0.24 0.10 0.05 0.01 <0.01 0.01 <0.01 0.04 <0.01 0.02 0.5

Variables not included are indicated by n/a. Variables not retained in the model average are indicated by 0.

Figure 5. Predictions of national average lay date derived from the

local climatic model (average lay date in response to March

temperature), compared with observed national average lay dates,

1968–2010 (filled circles: 1968–1994; open circles: 1995–2010).

Observed and predicted dates are strongly correlated (solid line:

r40 = 0.68; P < 0.001), and the slope of this relationship is close to

unity (1.17 � 0.20); dashed lines represent 95% confidence intervals.

Predictive capacity is similar when restricting prediction to those years

that were not represented in the local model (i.e., 1968–1994; filled

circles; r25 = 0.63; P < 0.001). Day one represents 1 March.
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Although the increasing discrepancy between historic and

future climatic variables further into the future will make

longer-term predictions tricky, our analysis strongly sug-

gests that data from intensive local studies can be used to

predict future phenological shifts over time scales of sev-

eral decades.

Phenological indices and potential
demographic impacts

The standard phenological index of mean population lay

date did not detect key phenological responses that could

have important demographic impacts. The local popula-

tion’s mean lay date and initiation date showed no tem-

poral trend, but timing of renesting and breeding

termination have advanced significantly. This has led to

an 8-day contraction of the breeding season length index,

which equates to a 33% loss of the average reproductive

window. This change may have little effect if late broods

are unproductive, but in long-tailed tits, fledglings from

late broods are as likely to recruit into the breeding popu-

lation as those from broods raised earlier in the season

(Sharp et al. 2008), perhaps partly because later broods

are more likely to gain benefits from helpers in this coop-

eratively breeding species (MacColl and Hatchwell 2004).

In many non-cooperatively breeding species, late broods

have greater fitness in some years (e.g., guillemots Uria

aalge: Harris et al. 1992; great tits Parus major: Monr�os

et al. 2002), or are typically essential for maintaining

positive population growth rates (Green 1988; Farnsworth

and Simons 2001; Grzybowski and Pease 2005; Podolsky

et al. 2007; Wright et al. 2009). A decline in breeding sea-

son length over recent years has been observed in several

single-brooded species across Denmark, despite increases

in the duration of breeding seasons in several multi-

brooded species (Møller et al. 2010). This suggests that

single-brooded species may experience stronger environ-

mental constraints on breeding season length than multi-

brooded species, at least in populations at the lower end

of their thermal optimum. Given the recent observed

decline in the incidence of double brooding in Dutch

great tits (Husby et al. 2009), and the results of this

study, it seems likely though that breeding season dura-

tions in both single and multi-brooded species may

become climatically constrained in the future.

The observed discrepancy between rates of advance in

initiation and termination in the local study probably also

explains the observation that in recent years (1995–2011)
national mean lay dates have advanced more than pre-

dicted from March temperature alone (Fig. 5). The

observed national advance is likely to be due partly to an

advance in termination date due to warmer Aprils, rather

than solely to advancing initiation due to warmer March

temperatures; indeed, between 1995 and 2010 April

temperatures increased nationally, whereas March temper-

atures showed no significant change (HadCET, Parker

et al. 1992). Given that such an advance in timing of ter-

mination at the national scale could have drastic demo-

graphic consequences, we show that assessments of

species’ sensitivity to climate change based on average

population lay date are inadequate. In addition to the

scaling-up approach described above, we suggest that

assessments based on broad-scale phenological data

should incorporate information on the variance in timing

of breeding, as well as simply the average timing. Such

practice is currently rare, but would be straightforward

even with existing data from national nest monitoring

schemes (as demonstrated in North American tree swal-

lows Tachycineta bicolor, Winkler et al. 2002). This study

showed the 10th–90th percentile of first egg dates to be a

good indicator of breeding season length; although

national monitoring data is inevitably less comprehensive

than the data presented here, we suggest that the use of a

similar metric at the national scale would add an impor-

tant dimension to phenological monitoring that could

enable earlier detection of future ecological problems

arising from climate change.

Microevolution versus phenotypic plasticity

There was no change in the form of the reaction norms

between temperature and phenology (initiation and

termination) in the Rivelin population over the 17 years

of our study. This suggests that the majority of observed

phenological change was due to phenotypic plasticity

rather than selection pressure resulting in genetic adapta-

tion. Lay date is a heritable trait, with passerine heritability

estimates typically in the range of 0.16–0.45 (Sheldon et al.

2003), and selection pressures can generate divergence in

breeding time reaction norms across conspecific popula-

tions (Caro et al. 2009; Gienapp et al. 2010). Evidence for

microevolutionary change in breeding data is, however,

very rare (Gienapp et al. 2008); indeed, it is often lacking

even in studies that have clearly demonstrated heritability

of lay dates (Sheldon et al. 2003; Gienapp et al. 2006).

Local adaptation of breeding time in response to climate

may, however, be more prevalent than currently believed

(Gienapp et al. 2008). This could limit the predictive

capacity of local phenological models at broader spatial

scales, given that populations can experience different

selection pressures (Visser et al. 2003; Caro et al. 2009;

Gienapp et al. 2010). Further work is required to quantify

the extent to which microevolutionary change contributes

to phenological shifts, but we provide initial evidence that

phenotypic plasticity is more important than genetic

change in our focal long-tailed tit population.

ª 2013 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 1873

P. Gullett et al. Phenology Predictions and Cryptic Shifts



Mechanisms of phenological change

The climatic model of local long-tailed tit phenology

explains the majority (65%) of the temporal variation in

the population’s mean lay date, with March temperature

being the most important driver. Earlier breeding in years

with warm March temperatures is likely to be driven

largely by the alleviation of energetic and resource

constraints; this topic has received copious attention in the

literature and we therefore do not discuss it further here

(e.g., Crick and Sparks 1999; Visser et al. 2002; Schaper

et al. 2011; Vatka et al. 2011). We have also presented rare

evidence that the termination of breeding is highly sensi-

tive to temperature, with breeding ending earlier in years

with warm April temperatures (Fig. 3C). One plausible

mechanism for this is an influence of April temperature on

food availability. Caterpillars are the dominant component

of long-tailed tit chick diets (Cramp and Perrins 1993;

P. Gullett, pers. obs.) and the optimum nestling food

source in terms of nutrition and energetic value (Visser

et al. 2006; Garc�ıa-Navas and Sanz 2011). Given that tem-

porally matching breeding with the peak in caterpillar

abundance benefits productivity and survival in ecologi-

cally similar species (van Noordwijk et al. 1995; Thomas

et al. 2001), we hypothesized that the timing of the sea-

sonal decline in caterpillar availability may be an important

determinant of the timing of breeding termination. Our

limited data suggest that caterpillar abundance at the study

site peaked earlier in years with warmer April temperature,

but showed no relationship with March temperature. April

temperature thus seems to have a similar influence on the

timing of peak caterpillar abundance at our study site to

that reported in other UK woodlands, in which peak frass

biomass advances by 8.5 days per 1°C increase in spring

temperature (Smith et al. 2011). Applying this relationship

with our study site, in which April temperatures have

increased by 1.9°C over the course of this study, indicates

that if long-tailed tits track caterpillar phenology there

should be a 17-day advance in breeding termination. This

predicted advance in termination date is remarkably close

to the observed advance of 16 days. It thus seems likely

that earlier peaks in caterpillar abundance in years with

warm Aprils contribute to the earlier termination of long-

tailed tit breeding in these years. Earlier seasonal decline in

caterpillar availability in warm years is thought to contrib-

ute to a decline in double brooding of great tits (Husby

et al. 2009), and earlier gonadal regression in warmer years

caused earlier cessation of breeding in an aviary study of

starlings Sturnus vulgaris (Dawson 2005). There is thus

mounting evidence that climate change is driving an

advance in the timing of breeding termination in numer-

ous species, and further study into the mechanisms behind

this should be a priority for research.

Climate explained half the variation in breeding season

length in our study population, primarily due to

increased duration in years with warm February and

March temperatures and shortening in years with warm

Aprils. The effect of February temperature was unex-

pected given that February temperature was not closely

associated with the timing of first breeding attempts. This

pattern could partly arise because February and March

temperatures are positively correlated, but the tolerance

levels were sufficiently low to justify including both vari-

ables in the analysis. We consider it likely that warmer

conditions in the prebreeding period may enhance paren-

tal body condition through reducing energetic expendi-

ture for thermoregulation and food acquisition (e.g.,

Crick and Sparks 1999; Visser et al. 2002; Schaper et al.

2011; Vatka et al. 2011), enabling prolonged investment

in energetically demanding reproductive behavior.

Finally, we found no evidence for a trend in the timing

or intensity of nest predation in this species, and the

breeding phenology was not associated with either preda-

tion parameter. In this study predation patterns are not a

primary driver of breeding phenology, but species in dif-

ferent ecosystems or locations could be more susceptible

to changing predation patterns (Adamik and Kr�al 2008)

and predation effects should therefore be taken into

account in phenological monitoring schemes.

Conclusion

In conclusion, we have shown that climatic models of

phenological responses derived from intensive local stud-

ies can scale-up to predict responses at much larger spa-

tial and temporal scales. We show that current patterns of

climate change promote earlier termination of breeding

(which is associated with earlier declines in food availabil-

ity), despite little change in the timing of breeding initia-

tion. This results in potential reproductive capacity being

significantly reduced. These trends are not detected by the

routinely used phenological indicator of population mean

lay date, demonstrating that the choice of phenological

metric can bias estimates of species’ sensitivity to climate

change. The observed phenological shifts appear to have

arisen primarily from phenotypic plasticity rather than

microevolutionary change. Developing predictive pheno-

logical models using indices that capture a more complete

spectrum of phenological shifts is of fundamental impor-

tance to develop mechanistic models of species’ vulnera-

bility to future climatic change.

Acknowledgments

The Natural Environment Research Council and British

Trust for Ornithology funded this research; K. L. E. was

1874 ª 2013 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Phenology Predictions and Cryptic Shifts P. Gullett et al.



funded by the Leverhulme Trust. We thank all those who

contributed to the Rivelin study, the landowners who

allowed us access to their land, the numerous volunteer

ornithologists for collecting the national nest record card

data, and the British Trust for Ornithology for making

them available. The BTO’s NRS is funded under the

JNCC/BTO partnership that the JNCC undertakes on

behalf of the Council for Nature Conservation and the

Countryside, Countryside Council for Wales, Natural

England and Scottish Natural Heritage. We also thank

two anonymous reviewers who commented on a previous

version of this manuscript, and Dave Leech for useful dis-

cussion.

Conflict of Interest

None declared.

References

Adamik, P., and M. Kr�al. 2008. Climate- and resource-driven

long-term changes in dormice populations negatively affect

hole-nesting songbirds. J. Zool. 275:209–215.

Baillie, S. R., J. H. Marchant, D. I. Leech, A. R. Renwick,

S. M. Eglington, A. C. Joys, et al. 2012. BirdTrends 2011.

BTO Research Report No. 609. British Trust for

Ornithology, Thetford, U.K.

Both, C., M. van Asch, R. G. Bijlsma, A. B. van den Burg, and

M. E. Visser. 2009. Climate change and unequal

phenological changes across four trophic levels: constraints

or adaptations? J. Anim. Ecol. 78:73–83.

Burnham, K. P., and D. R. Anderson. 2002. Model Selection

and Multimodel Inference: A Practical Information-

Theoretic Approach. 2nd ed. Springer-Verlag New York,

Inc., New York.

Caro, S. P., A. Charmantier, M. M. Lambrechts, J. Blondel,

J. Balthazart, and T. D. Williams. 2009. Local adaptation of

timing of reproduction: females are in the driver’s seat.

Funct. Ecol. 23:172–179.

Charmantier, A., R. H. McCleery, L. R. Cole, C. Perrins,

L. E. Kruuk, and B. C. Sheldon. 2008. Adaptive phenotypic

plasticity in response to climate change in a wild bird

population. Science 320:800.

Cohen, J. 1988. Statistical power analysis for the behavioral

sciences. 2nd ed. Lawrence Erlbaum Associates, Hillsdale, NJ.

Cramp, S., and C. M. Perrins. 1993. Handbook of the birds of

Europe, the Middle East, and North Africa. The birds of the

western Palearctic. Volume VII: Flycatchers to shrikes. Oxford

Univ. Press, Oxford, U.K.

Crick, H. Q. P., and T. H. Sparks. 1999. Climate change

related to egg-laying trends. Nature 399:423.

Crick, H. Q. P., C. Dudley, D. E. Glue, and D. L. Thomson.

1997. UK birds are laying eggs earlier. Funct. Ecol. 9:

55–60.

Crick, H. Q. P., S. R. Baillie, and D. I. Leech. 2003. The UK

Nest Record Scheme: its value for science and conservation:

a review of its methodology, analytical procedures and uses.

Bird Study 50:254–270.

Dawson, A. 2005. The effect of temperature on

photoperiodically regulated gonadal maturation, regression

and moult in starlings: potential consequences of climate

change. Funct. Ecol. 19:995–1000.

Diez, J. M., I. Ibanez, A. J. Miller-Rushing, S. J. Mazer,

M. A. Crimmins, C. D. Bertelsen, et al. 2012. Forecasting

phenology: from species variability to community patterns.

Ecol. Lett. 15:545–553.

Evans, K. L., R. P. Duncan, T. M. Blackburn, and H. Q. P.

Crick. 2005. Investigating geographic variation in clutch size

using a natural experiment. Funct. Ecol. 19:616–624.

Farnsworth, G. L., and T. R. Simons. 2001. How many

baskets? Clutch sizes that maximize annual fecundity of

multiple-brooded birds. Auk 118:973–982.

Freckleton, R. P. 2010. Dealing with collinearity in behavioural

and ecological data: model averaging and the problems of

measurement error. Behav. Ecol. Sociobiol. 65:91–101.

Garc�ıa-Navas, V., and J. J. Sanz. 2011. Seasonal decline in

provisioning effort and nestling mass of Blue Tits Cyanistes

caeruleus: experimental support for the parent quality

hypothesis. Ibis 153:59–69.

Gienapp, P., E. Postma, and M. E. Visser. 2006. Why breeding

time has not responded to selection for earlier breeding in a

songbird population. Evolution 60:2381–2388.

Gienapp, P., C. Teplitsky, J. S. Alho, J. A. Mills, and J. Meril€a.

2008. Climate change and evolution: disentangling

environmental and genetic responses. Mol. Ecol. 17:167–178.

Gienapp, P., R. A. V€ais€anen, and J. E. Brommer. 2010.

Latitudinal variation in breeding time reaction norms in a

passerine bird. J. Anim. Ecol. 79:836–842.

Green, R. E. 1988. Effects of environmental factors on the

timing and success of breeding of common snipe Gallinago

gallinago (Aves, Scolopacidae). J. Appl. Ecol. 36:59–74.

Grzybowski, J. A., and C. M. Pease. 2005. re-nesting

determines seasonal fecundity in songbirds: What do we

know? What should we assume? Auk 122:280–291.

Halupka, L., A. Dyrcz, and M. Borowiec. 2008. Climate change

affects breeding of reed warblers Acrocephalus scirpaceus.

J. Avian Biol. 39:95–100.

Harris, M. P., D. J. Halley, and S. Wanless. 1992. The post-

fledging survival of young guillemots Uria aalge in relation

to hatching date and growth. Ibis 134:335–339.

Hatchwell, B. J., A. F. Russell, M. K. Fowlie, and D. J. Ross.

1999. Reproductive success and nest-site selection in a

cooperative breeder: effect of experience and a direct benefit

of helping. Auk 116:355–363.

Hatchwell, B. J., A. F. Russell, A. D. C. MacColl, D. J. Ross,

M. K. Fowlie, and A. McGowan. 2004. Helpers increase

long-term but not short-term productivity in cooperatively

breeding long-tailed tits. Behaviour. Ecol. 15:1–10.

ª 2013 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 1875

P. Gullett et al. Phenology Predictions and Cryptic Shifts



Hodgson, J. A., C. D. Thomas, T. H. Oliver, B. J. Anderson,

T. M. Brereton, and E. E. Crone. 2011. Predicting insect

phenology across space and time. Glob. Change Biol.

17:1289–1300.

Houghton, J. T., Y. Ding, D. J. Griggs, M. Noguer, P. J. van

der Linden, and D. Xiasou. 2001. Climate Change 2001.

Cambridge Univ. Press, Cambridge, U.K.

Husby, A., L. E. B. Kruuk, and M. E. Visser. 2009. Decline in

the frequency and benefits of multiple brooding in great tits

as a consequence of a changing climate. Proc. Biol. Sci.

276:1845–1854.

Jenkins, G.J, Perry , M.C. , Prior , and M. J. (2008) The

climate of the United Kingdom and recent trends. Met Office

Hadley Centre, Exeter, UK. Available at: http://www.

metoffice.gov.uk/climatechange/science/monitoring/ukcp09/

(accessed 27 January 2012).

Jones, T., and W. Cresswell. 2010. The phenology mismatch

hypothesis: are declines of migrant birds linked to uneven

global climate change? J. Anim. Ecol. 79:98–108.

MacColl, A. D. C., and B. J. Hatchwell. 2002. Temporal

variation in fitness payoffs promotes cooperative breeding in

long-tailed tits Aegithalos caudatus. Am. Nat. 160:186–194.

MacColl, A. D. C., and B. J. Hatchwell. 2004. Determinants of

lifetime fitness in a cooperative breeder, the long-tailed tit

Aegithalos caudatus. J. Anim. Ecol. 73:1137–1148.

Mayfield, H. F. 1975. Suggestions for calculating nest success.

Wilson Bull. 87:456–466.

Menzel, A., and P. Fabian. 1999. Growing season extended in

Europe. Nature 397:659–659.

Miller-Rushing, A. J., T. L. Lloyd-Evans, R. B. Primack, and

P. Satzinger. 2008. Bird migration times, climate change,

and changing population sizes. Glob. Change Biol. 14:1959–

1972.

Miller-Rushing, A. J., T. T. Hoye, D. W. Inouye, and E. Post.

2010. The effects of phenological mismatches on

demography. Philos. Trans. R. Soc. Lond. B Biol. Sci.

365:3177–3186.

Møller, A. P., D. Rubolini, and E. Lehikoinen. 2008.

Populations of migratory bird species that did not show a

phenological response to climate change are declining. Proc.

Natl. Acad. Sci. 105:16195.

Møller, A., E. Flensted-Jensen, K. Klarborg, W. Mardal, and

J. Nielsen. 2010. Climate change affects the duration of the

reproductive season in birds. J. Anim. Ecol. 79:777–784.

Monr�os, J. S., E. J. Belda, and E. Barba. 2002. Post-fledging

survival of individual great tits: the effect of hatching date

and fledging mass. Oikos 99:481–488.

van Noordwijk, A. J., R. H. McCleery, and C. M. Perrins. 1995.

Selection for the timing of great tit breeding in relation to

caterpillar growth and temperature. J. Anim. Ecol. 64:451–458.

Parker, D. E., T. P. Legg, and C. K. Folland. 1992. A new daily

Central England Temperature Series, 772-1991. Int. J.

Climatol., 12:317–342. Available at http://www.metoffice.

gov.uk/hadobs/hadcet/ (accessed 22 February 2012).

Perfito, N., S. Y. Jeong, B. Silverin, R. M. Calisi, G. E. Bentley,

and M. Hau. 2012. Anticipating spring: wild populations of

great tits Parus major differ in expression of key genes for

photoperiodic time measurement. PLoS ONE 7:e34997.

Pi~neiro, G., S. Perelman, J. P. Guerschman, and J. M. Paruelo.

2008. How to evaluate models: observed vs. predicted or

predicted vs. observed? Ecol. Model. 216:316–322.

Podolsky, A. L., T. R. Simons, and J. A. Collazo. 2007.

Modeling population growth of the ovenbird (Seiurus

aurocapilla) in the southern Appalachians. Auk 124:

1359–1372.

Porlier, M., A. Charmantier, P. Bourgault, P. Perret,

J. Blondel, and D. Garant. 2012. Variation in phenotypic

plasticity and selection patterns in blue tit breeding time:

between and within population comparisons. J. Anim. Ecol.

81:1041–1051.

Primack, R. B., I. Ib�a~nez, H. Higuchi, S. D. Lee, A. J. Miller-

Rushing, A. M. Wilson, et al. 2009. Spatial and interspecific

variability in phenological responses to warming

temperatures. Biol. Conserv. 12:716–728.

R Development Core Team. 2010. R: a language and

environment for statistical computing. R Foundation for

Statistical Computing, Vienna, Austria. Available at: http://

www.R-project.org.

Schaper, S. V., C. Rueda, P. J. Sharp, A. Dawson, and

M. E. Visser. 2011. Spring phenology does not affect timing

of reproduction in the great tit (Parus major). J. Exp. Biol.

214:3664–3671.

Sharp, S. P., M. B. Baker, J. D. Hadfield, M. Simeoni, and

B. J. Hatchwell. 2008. Natal dispersal and recruitment in a

cooperatively breeding bird. Oikos 117:1371–1379.

Sheldon, B. C., L. E. B. Kruuk, and J. Meril€a. 2003. Natural

selection and inheritance of breeding time and clutch size in

the collared flycatcher. Evolution 57:406–420.

Smith, K. W., L. Smith, E. Charman, K. Briggs, M. Burgess,

A. Dennis, et al. 2011. Large-scale variation in the temporal

patterns of the frass fall of defoliating caterpillars in oak

woodlands in Britain: implications for nesting woodland

birds. Bird Study 58:506–511.

Thackeray, S. J., T. H. Sparks, M. Frederiksen, S. Burthe,

P. J. Bacon, J. R. Bell, et al. 2010. Trophic level

asynchrony in rates of phenological change for marine,

freshwater and terrestrial environments. Glob. Change Biol.

16:3304–3313.

Thomas, D. W., J. Blondel, P. Perret, M. M. Lambrechts, and

J. R. Speakman. 2001. Energetic and fitness costs of

mismatching resource supply and demand in seasonally

breeding birds. Science 291:2598–2600.

Vatka, E., M. Orell, and S. Rytkonen. 2011. Warming climate

advances breeding and improves synchrony of food demand

and food availability in a boreal passerine. Glob. Change

Biol. 17:3002–3009.

Visser, M. E., B. Silverin, M. M. Lambrechts, and J. M.

Tinbergen. 2002. No evidence for tree phenology as a cue

1876 ª 2013 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Phenology Predictions and Cryptic Shifts P. Gullett et al.



for the timing of reproduction in tits Parus spp. Avian Sci.

2:77–86.

Visser, M. E., F. Adriaensen, J. H. van Balen, J. Blondel,

A. A. Dhondt, S. van Dongen, et al. 2003. Variable

responses to large-scale climate change in European Parus

populations. Proc. Biol. Sci. 270:367–372.

Visser, M. E., L. J. Holleman, and P. Gienapp. 2006. Shifts in

caterpillar biomass phenology due to climate change and its

impact on the breeding biology of an insectivorous bird.

Oecologia 147:164–172.

Walther, G.-R., E. Post, P. Convey, A. Menzel, C. Parmesan,

T. J. C. Beebee, et al. 2002. Ecological responses to recent

climate change. Nature 416:389–395.

Winkler, D. W., P. O. Dunn, and C. E. McCulloch. 2002.

Predicting the effects of climate change on avian life-history

traits. Proc. Natl. Acad. Sci. 99:13595–13599.

Wright, L. J., R. A. Hoblyn, R. E. Green, C. G. R. Bowden,

J. W. Mallord, W. J. Sutherland, et al. 2009. Importance of

climatic and environmental change in the demography of a

multi-brooded passerine, the woodlark Lullula arborea. J.

Anim. Ecol. 78:1191–1202.

Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Table S1. Annual models of renesting probability (1995–
2011).

Table S2. Correlation coefficients between weather vari-

ables (1995–2011).
Table S3. Range and temporal trends in weather variables

(1968–2011).
Table S4. Estimates of annual and stage-specific predation

intensity (1995–2011).
Appendix S1. Methods used to assess the seasonal pattern

of caterpillar abundance (2009–2012).

ª 2013 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 1877

P. Gullett et al. Phenology Predictions and Cryptic Shifts


