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Abstract. Climate change has affected the seasonal phenology of a variety of taxa, including
that of migratory birds and their critical food resources. However, whether climate-induced
changes in breeding phenology affect individual fitness, and how these changes might therefore
influence selection on breeding date remain unresolved. Here, we use a 36-yr dataset from a
long-term, individual-based study of House Wrens (Troglodytes aedon) to test whether the tim-
ing of avian breeding seasons is associated with annual changes in temperature, which have
increased to a small but significant extent locally since the onset of the study in 1980. Increasing
temperature was associated with an advancement of breeding date in the population, as the
onset of breeding within years was closely associated with daily spring temperatures. Warmer
springs were also associated with a reduced incubation period, but reduced incubation periods
were associated with a prolonged duration of nestling provisioning. Nest productivity, in terms
of fledgling production, was not associated with temperature, but wetter springs reduced fledg-
ing success. Most years were characterized by selection for earlier breeding, but cool and wet
years resulted in stabilizing selection on breeding date. Our results indicate that climate change
and increasing spring temperatures can affect suites of life-history traits, including selection on
breeding date. Increasing temperatures may favor earlier breeding, but the extent to which the
phenology of populations might advance may be constrained by reductions in fitness associated
with early breeding during cool, wet years. Variability in climatic conditions will, therefore,
shape the extent to which seasonal organisms can respond to changes in their environment.
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INTRODUCTION physiological processes may permit adjustments in the
timing of these costly activities (Charmantier et al. 2008,
Dawson 2008, Carey 2009, Vedder et al. 2013), but tran-
sitions between stages of the annual cycle require ana-
tomical and physiological changes (e.g., gonadal
recrudescence, fattening) that must be coordinated in
advance by predictable environmental cues. Predictable
variation in photoperiod is the primary cue used by many
birds to prepare for transitions between stages of the
annual cycle (Dawson 2008). However, birds also use a
range of supplemental cues, including temperature and
food availability, to adjust the timing of activities flexibly
within seasons (reviewed in Dawson 2008), but the rele-
vance of these cues varies among populations because of
differences in the consistency of the environment
(Wingfield 1993, Carey 2009).

Seasonal environments constrain reproduction in
many organisms to times of the year at which resources
for breeding are optimal. In birds, for example, breeding
activity is generally matched to the availability of food
for provisioning young and sustaining high workloads
associated with providing parental care. Moreover, the
close temporal association between migration, breeding,
and molt imposes a tradeoff in energy that must be par-
titioned among these processes, and the timing of
breeding should be optimized to minimize the extent to
which energy is invested in any of these stages simultane-
ously, such as reproduction and molt (Marshall 1961,
Murton and Westwood 1977). Phenotypic plasticity in
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Accumulating evidence has revealed that the onset of
avian breeding seasons varies in response to local temper-
atures (McCleery and Perrins 1998, Dunn and Winkler
1999, Both et al. 2004, Dunn 2004, Visser et al. 2009,
Williams et al. 2015), and the existence of genetic and
phenotypic correlations between various life-history
traits suggests that suites of these traits likely change in
concert with each other as a response to long-term climate
change (Winkler et al. 2002, Sheldon et al. 2003, Both and
Visser 2005). For example, populations of the Pied
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Flycatcher (Ficedula hypoleuca) have recently exhibited
an advance in clutch-initiation dates (Both and Visser
2001, Sanz 2003, Both et al. 2004), an increase in clutch
sizes (Winkel and Hudde 1997, Both et al. 2004), and a
reduction in the incubation period (Both and Visser
2005). However, the phenological changes observed may
not be sufficient to match the change in peak food avail-
ability for nestlings (Both and Visser 2001, Visser et al.
2004, 2006). Indeed, although climate change is known to
have affected the seasonal phenology in a variety of taxa,
the consequences of these changes are poorly understood.
Understanding how selection acts on phenological
responses to environmental cues, such as changing tem-
peratures, are critical to assessing how populations might
be affected by climate change. Here, we assess changes in
climatic conditions that have occurred as part of a
long-term study of House Wrens (Troglodytes aedon),
and how these changes affect life-history traits, indi-
vidual fitness, and the shape and strength of selection
acting on breeding date.

Selection for early breeding is strong in the House
Wren, a short-distance migratory bird. House Wrens are
common throughout much of the Americas from southern
to northern temperate latitudes. In a population in central
Illinois, USA, they return from the wintering grounds in
April, typically initiating the nesting cycle at the end of
April and early May, and breed through August (Fig. 3 in
Johnson 2014). Previous work has indicated that birds
that are able to fledge a brood of young early within a
given breeding season are more likely to produce a second
or third brood than those producing their first brood of
the year at a later date (Bowers et al. 2012, Hodges et al.
2015). Because House Wrens are short-lived, with most
adults breeding in only 1 or 2 yr, selection for producing
multiple broods of high-quality young within seasons is
likely strong (Johnson 2014, Bowers et al. 2015).
Moreover, competition for limiting nesting sites for
breeding is intense, and males experience strong intra-
sexual competition to arrive early and secure high-quality
sites with which to attract females (e.g., Muller et al. 1997,
Johnson et al. 2002). Finally, offspring produced earlier
within breeding seasons are consistently more likely to
survive and recruit as adults in the breeding population in
subsequent years than are offspring produced later within
breeding seasons (Bowers et al. 2013, 2014), a result that
is not attributable to differences in natal dispersal between
offspring produced early vs. late within seasons (Drilling
and Thompson 1988). Thus, these birds are under strong
selection for early arrival to the breeding grounds and to
breed early. However, low temperatures early in the
breeding season can directly affect parent or offspring sur-
vival through increased energetic demands imposed both
to parents and their offspring (Stevenson and Bryant
2000, Sanz et al. 2003). Moreover, inclement weather and
storms can reduce the success of nests that are initiated
too early within breeding seasons (e.g., Wingfield et al.
1983), and breeding too early may also impose negative
effects indirectly by creating a phenological mismatch
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between prey availability and the demands of rearing
altricial young (e.g., Thomas et al. 2001, Both et al. 2009,
2010, Jones and Cresswell 2010, Reed et al. 2013, Dunn
and Moller 2014). Therefore, the timing of reproduction
is subject to opposing selective forces that act, in one
direction, to advance the timing of breeding, and, in the
other, to delay it.

In this study, we use a long-term dataset collected over
36 breeding seasons from an individual-based study to test
whether climatic variation predicts breeding date and
components of the avian breeding cycle, including the
duration of the incubation and nestling-provisioning
stages and fledging success. We predicted that average
daily temperature following spring migration and at the
onset of the breeding season would be negatively asso-
ciated with clutch-initiation dates (i.e., warmer springs
characterized by earlier breeding) and with the duration of
incubation periods. We also monitored the recruitment of
offspring from nests, and we expected that broods pro-
duced earlier within breeding seasons would produce more
recruits than those produced later. However, we also pre-
dicted that the effect of breeding date on offspring
recruitment would differ among years, such that selection
for earlier breeding would increase the risk of a pheno-
logical mismatch for the earliest breeders in cooler years.
Thus, we predicted a hump-shaped relationship between
breeding date and recruitment within cooler years.

METHODS

Study population

Northern House Wrens are secondary-cavity-nesting
songbirds and readily accept nestboxes (Johnson 2014).
We studied a population breeding in secondary deciduous
forest (dominated by Quercus, Carya, and Acer spp.) in
central Illinois, USA (40.665° N, 88.89° W) from 1980
2015. The study area was established in 1980 with 327 nest-
boxes. An additional 148 boxes were added in 1981, and
110 more in 1982, totaling 585 nestboxes from 1982-2003
(Fig. 1 in Eckerle and Thompson 2006). In 2004 the study
area was expanded by an additional 115 boxes, bringing
the total to 700 (Fig. 1 in DeMory et al. 2010). Nestboxes
are spaced 30 m apart along north-south-oriented tran-
sects that are 60 m apart. The density of nestboxes has
remained constant at 5.4 boxes/ha during the study, as has
the size of nestboxes (Lambrechts et al. 2010 provide
further details on nestboxes). Nestboxes were mounted on
tree trunks in 1980, and since 1981 all have been mounted
on 1.5-m metal poles to which axle grease was regularly
applied to discourage terrestrial predators. Beginning in
2004, 48.3-cm-diameter predator baffles were mounted
directly beneath the boxes until all were mounted atop
baffles by the end of the 2010 field season, and the appli-
cation of grease as a deterrent had ceased by 2010. Despite
efforts to reduce nest depredation, rates of nest failure vary
among years from ca. 31-52% of all nests, even in
the presence of predator baffles (Bowers et al. 2016).
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Approximately 95% of the nests in any given year are
produced in the nestboxes (Drilling and Thompson 1988,
data for nests produced in natural tree cavities are not
included here), and the sexes do not show pronounced dif-
ferences in return rate as recruits (average return rate
+ SE: females = 4.1% % 0.6%, males = 5.2% % 0.6%;
Bowers et al. 2014), or in natal dispersal distances in the
population (median distances = SD: females = 674 £ 469 m,
males = 608 * 467 m; Drilling and Thompson 1988). Birds
in the study population winter along the northern coast of
the Gulf of Mexico. Johnson and Wise (2000) provide
details on the overwintering locations and migratory
routes of northern House Wrens. The breeding season
extends from late April to August, and 50-70% of the
females in the study population produce a second clutch
after fledging a brood of young earlier that season (Johnson
2014), but breeding success generally declines over the
course of the season (Drilling and Thompson 1991). For
early-season nests (Fig. 1), females in the current study
produced an average clutch size of 6.8 eggs, and, for
late-season clutches, 5.7 eggs. For nests that fledged at
least one young, early-season nests produced an average of
5.7 fledglings and late-season nests an average of 4.7
fledglings.

General field procedures

Each year, nestboxes were checked at least twice
weekly from the start of the breeding season through
August to determine clutch-initiation date and clutch
size. Females lay one egg per day; thus, when clutches
were newly discovered and contained more than one egg,
we estimated the date of clutch initiation assuming the
female had laid one egg per day. Clutch sizes were
recorded only when the same number of eggs was present
on two nest visits and there was evidence of incubation
(eggs warm to the touch); only the female incubates and
broods. After egg laying was complete and females com-
menced full incubation, we captured, measured, and
banded females with a numbered, aluminum U.S.
Geological Survey leg band. Capturing females too early
during the nesting cycle (i.e., during egg production and
early incubation) dramatically increases rates of nest
abandonment; thus, the capture of adults at nests was
typically delayed until half-way through the incubation
period, at which time females can be handled with a low
risk of abandonment. We captured females and males
either by capturing them inside their nestbox or using
mist nets outside the nestbox. Males received three addi-
tional colored leg bands arranged in a unique combi-
nation so they could be identified visually without being
recaptured. We then visited nests daily when hatching
was expected to determine the day of the year on which
hatching within a nest began. We visited nests periodi-
cally during the nestling stage to monitor their progress,
and nestlings were weighed and banded 11-13 d post-
hatching. We subsequently visited nests daily to determine
fledging dates (13-17 d posthatching).
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half of the nests initiated in the second peak were produced by
females new to the study area.

Climate data

We obtained daily temperature (the average of the
minimum and maximum temperature on a given day) and
rainfall data from the National Climatic Data Center
(National Oceanographic and Atmospheric Association)
for the weather station at Chenoa, McLean County,
Illinois, USA (40.733° N, 88.717° W). This station is ca.
16 km east-northeast of the study area, with a similar
altitude, and was the closest weather station with nearly
complete coverage during the study period. Measures at
this station are unlikely to have been affected by heat-island
effects associated with urbanization during the study,
because the population size of Chenoa was less than 2000
and did not change substantially between 1980 (N = 1,847)
and 2010 (N = 1,785) (United States Census Bureau 1982,
2012). The second-closest weather station to our study site
that would have provided useable data was ca. 38 km north
of the study site (Minonk, Illinois, USA), and had larger
gaps in coverage. Data obtained from the two stations were
strongly correlated for both temperature (115455 = 0.975,
P <0.001) and rainfall (r]5359 = 0.543, P < 0.001).

Data analysis

All analyses were performed in SAS (version 9.4;
SAS Institute; Cary, NC, USA), all tests are two-tailed
(o = 0.05), and we centered and standardized variables
following Schielzeth (2010). Nests in which experi-
mental manipulations altered clutch or brood size were
excluded. We analyzed effects of climate on breeding
phenology in all years; however, in some years we failed
to detect any recruited offspring as breeders because a
lack of financial resources reduced the number of adults
we were able to capture (see below). Because we could
not capture females early during the nesting cycle, some
nests failed at early stages before we could identify the
female producing the clutch. Thus, to limit the risk of
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pseudoreplication in our analysis of clutch size and
breeding date, we excluded those nests at which the
identity of the female producing the clutch was unknown,
but analyzing the larger set of data (total N = 11,412
nests with known clutch-initiation dates, 8,185 of which
were produced by females of known identity) that
includes failed nests of unidentified females produces
qualitatively similar results (data not shown). To assess
changes in spring temperature, and its effect on the
onset of breeding, we used daily temperature and rainfall
averaged across the month of April, as conditions at this
time reflect conditions that the birds experience upon
their arrival to the study area while preparing to produce
their first clutch of the season. The first egg of the
breeding season at our site is generally laid ca. the 5th
of May. Thus, we used 01-30 April to reflect spring tem-
peratures because this window covers an approximately
2-week period prior to and after the birds’ arrival before
the onset of egg laying. Using temperature and rainfall
from other windows of time during this period produces
qualitatively similar results (data not shown).

We first used linear mixed models (LMMs; PROC
GLIMMIX in SAS) that included year as a random effect
to analyze variation in the daily temperature and rainfall
during the month of April. We then used LMMs that
included year and maternal identity as random effects to
analyze variation in clutch-initiation dates and clutch
size. We analyzed the date of clutch initiation for all nests
that were produced by females of known identity (Fig. 1),
as the effect of spring temperature on clutch-initiation
date was identical across the full length of the breeding
season. For clutch size, we analyzed effects on the number
of eggs per clutch within the first peak of activity (Fig. 1)
to assess effects on females’ first clutches (clutch sizes
later within years may be reduced because of investment
in early-season nests), and we also analyzed all nests to
observe patterns in clutch size for the whole population.
The trough between the two peaks in Fig. 1 occurred on
day 156 (05 June in non-leap years); thus, to analyze
effects on early-season clutch sizes, we included a female’s
first clutch of the season, provided that it was produced
before this date. We analyzed the length of the incubation
and nestling periods as the time elapsed from clutch com-
pletion to hatching, and from hatching to fledging, using
a Cox regression (survival analysis; PROC PHREG) with
broods that failed prior to fledging as censored values. As
the time until hatching and fledging represent time to an
event occurring, we analyzed these data using survival
analysis, in which failed broods included as censored
values contribute to the analysis until the point at which
they failed. For our analysis of incubation duration, we
assessed effects of temperature and rainfall on the day
clutches were completed, and we analyzed the time until
fledging in relation to temperature and rainfall on the day
hatching began within a nest. We included clutch size,
clutch-initiation date, and year as covariates in the two
analyses, and we also included the incubation duration of
a given nest in our analysis of the time until fledging to
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test for a correlation between the duration of incubation
and the length of the nestling stage. We accounted for
non-independence of nests within the same year and nests
that were produced by the same female in these survival
analyses, similar to the use of random effects in a LMM,
following Allison (2010). We also analyzed the length of
each breeding season, quantified as the interval between
the laying of the first egg of a year until the laying of the
last egg of the last clutch of that year, as increases in
spring temperatures and an advance in breeding dates
may increase the length of the season overall. We ana-
lyzed this as a LMM with year, average April temper-
ature, and average April precipitation per day as fixed
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TaBLE 1.  Effects on clutch-initiation date.
Estimate + SE F df P
April -0.109 £0.030 12.76 1,33.1  0.001
temperature
April rainfall 0.052 £ 0.031 2.76 1,333  0.106
Year -0.073 £ 0.030 5.92 1,29.8  0.021
Intercept =0.003 = 0.030

effects. We then analyzed hatching success based on the
proportion of a clutch that failed to hatch with the
number of unhatched eggs as the numerator and the
number of eggs laid as the denominator (i.e., events/trials
syntax) using a generalized linear mixed model (GLMM;
PROC GLIMMIX) with a binomial distribution and year
as a random effect. We analyzed fledging success with a
similar approach but analyzed the total number of young
fledged by a female across the breeding season (i.e., the
sum of their first and second broods) instead of including
each brood separately, using a GLMM with a Poisson
distribution. Finally, we analyzed the number of recruits
from all broods, though recruits were produced from a
subset of all years (1981-1983, 1985-1992, 1994, 1998,
2001-2014; we failed to detect any recruits from some
years because a lack of financial resources reduced cap-
turing effort) using a GLMM with a Poisson distribution
and year as a random effect. We used breeding date as
both linear and quadratic terms in this analysis to obtain
non-linear selection gradients for each year as the coeffi-
cient of the quadratic term (sensu Lande and Arnold
1983, Brodie et al. 1995, see also Charmantier et al. 2008,
Visser et al. 2015).

REsuLTs

Climate in central Illinois

From 1980-2015, the average daily temperature during
the month of April increased significantly (LMM with
year as a random effect: estimate + SE = 0.039 + 0.014,
Fy 1073 = 7.43, P = 0.007; Figs. 2A and 3). There was no
change in daily precipitation during this time
(estimate = SE =0.022 +0.026, F} 1977 =0.68, P =0.408),

TaBLE 2. Effects on clutch size.
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and average daily temperature and rainfall were not asso-
ciated with each other (estimate £ SE = 0.090 % 0.055,
Fl, 1074 = 269, P= 0101)

Breeding date and clutch size

In association with the increases in spring tempera-
tures, the average date of clutch initiation has advanced
significantly since 1980 (Figs. 2 and 3, Table 1), and this
has been accompanied by an increase in the temporal syn-
chrony of clutch initiation early within breeding seasons
(Fig. 3). April temperatures did not predict the number
of eggs per clutch for early-season nests, but the sizes of
these clutches have declined since the onset of the study,
and April temperatures were negatively correlated with
the number of eggs per clutch when all nests were ana-
lyzed (Table 2). Thus, the decline in clutch size for early
season nests appears to be attributable, at least in part, to
increasing temperature. Neither clutch-initiation dates
nor clutch sizes varied significantly with daily rainfall in
April (Tables 1 and 2).

Length of the incubation and nestling periods, and
duration of the laying season

As expected, the length of the incubation period varied
negatively with average daily temperature on the day of
clutch completion, while controlling for variation in
clutch-initiation date and clutch size (Table 3A).
Parameter estimates produced by the Cox regression
implemented in PROC PHREG represent the probability
of “failure” (i.e., hatching or fledging) at any point in
time. Thus, a positive parameter estimate reflects a neg-
ative correlation between temperature and incubation
duration, and vice versa. Consistent with the negative
relationship between temperature and incubation
duration, and with the increase in average daily temper-
ature since 1980, there was also a trend for incubation
duration to decline from 1980 to 2015 (Fig. 4A, Table 3A).
The effect of year on incubation duration is statistically
significant if temperature is omitted from the model
(estimate £ SE = 0.023 + 0.011, X% =492, P =0.027;
Fig. 4A), suggesting that the decline in incubation
duration over time is primarily attributable to changes in

Early-season nests All nests
Estimate £ SE F df Estimate £ SE F df P

April —0.002 £ 0.019 0.02 1, 30.1 0.896 —0.054 £ 0.024 5.14 1,327 0.030

temperature
April rainfall —0.019 £ 0.019 0.93 1,332 0.343 0.008 £ 0.024 0.1 1,327 0.756
Clutch- —0.396 £0.035 125.14 1, 3,399 <0.001 —0.584 + 0.008 6,006.24 1,6,486  <0.001

initiation

date
Year —0.049 £ 0.018 7.22 1,27.4 0.012 —0.018 £ 0.024 0.57 1,30.7 0.454
Intercept 0.169 £ 0.039 0.035 £ 0.023
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TaBLE 3. Effects on the duration of incubation and nestling

stages.

Estimate £ SE X2 dat P

A. Incubation duration

Temperature 0.216 £0.012 340.79 1 <0.001
Precipitation —0.003 £0.010 0.10 1 0.750
Clutch-initiation date  0.366 £ 0.017  456.99 1 <0.001
Clutch size 0.381 £0.019 40290 1 <0.001
Year 0.018 £0.011 257 1 0.109
B. Length of the nestling

stage

Temperature 0.060 £ 0.013 22.74 1 <0.001
Precipitation —0.002 £ 0.012 003 I 0.869
Clutch-initiation date —0.003 £ 0.019 002 1 0.882
Clutch size 0.007 £ 0.022 0.10 1 0.757
Incubation duration  0.151 £0.023 43.68 1 <0.001
Year —0.082 £ 0.011 51.79 1 <0.001
Note: Temperature and precipitation represent values

observed on the day of clutch completion and hatching for
individual nests in analyses of incubation duration and length
of the nestling stage, respectively. Positive parameter estimates
(not standardized) reflect a negative relationship between the
independent variable and the duration of the incubation and
nestling periods.

temperature. Incubation duration also declined over the
course of the breeding season, and with increasing clutch
size (Table 3A). The length of the nestling period was also
negatively correlated with daily temperatures during the
nestling stage (Table 3B), indicating that warmer condi-
tions were associated with earlier fledging. The length of
the nestling period was also strongly negatively corre-
lated with the duration of incubation (Table 3B), and
increased from 1980 to 2015 (Fig. 4B, Table 3B).

The length of the laying season varied among years
(overall mean = SD = 92.4 + 6.2 d), and spring tempera-
tures had a strong effect on the length of the season
(estimate + SE=2.36+0.92, | 3,=6.55, P=0.015), but
season length was not associated with spring rainfall
(estimate = SE=0.74 £ 0.91, F| 3, =0.67, P=0.420), nor
has it changed in a discernible direction since the onset of
the study in 1980 (effect of year: estimate = SE = —1.25
10.96, Fy 3, = 1.71, P = 0.200).

Hatching and fledging success

Hatching success was unaffected by the variables con-
sidered here, and did not change significantly from 1980
2015(Table4A). However, fledging success was negatively
correlated with daily rainfall in spring (Table 4B). The
number of fledglings also declined over the course of the
breeding season, while controlling for variation in clutch
size (Table 4B).

Offspring recruitment and selection for breeding date

Overall, there was a consistent decline over the course
of the breeding season in the number of recruits produced
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by a given brood (effect of clutch-initiation date: linear
term estimate £ SE = —0.902 £ 0.146, F| 19346 = 261.34,
P <0.001; quadratic term estimate + SE = —0.055+ 0.057,
F| 10346 =0.93, P=0.336; Fig. 5A). However, the strength
and direction of this effect varied among years (Fig. 5B).
In some years, there was a sharp decline in the number of
recruits produced with clutch-initiation date, while in
other years there was a hump-shaped relationship
between the number of recruits and clutch-initiation date
(Fig. 5B). We obtained linear and non-linear selection
differentials for each year, predicting that those years in
which the earliest of broods suffered a reduction in the
number of recruits would more likely be colder and
wetter than average. This was indeed the case, as stabi-
lizing selection for breeding date was strongest in colder
years (15 = 0.402, P = 0.038; Fig. 5C) and also in wetter
years, although this latter effect was marginally non-
significant (1,5 = —0.334, P = 0.089; Fig. SD). Moreover,
these cooler years were associated with an overall
reduction in recruitment relative to warmer years overall
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TaBLE 4. Effects on hatching and fledging success.
Estimate + SE F df P
A. Number of unhatched eggs
April temperature —0.055 £ 0.056 0.97 1,21.46 0.336
April rainfall 0.001 £ 0.051 0.00 1, 19.51 0.993
Year —0.032 £ 0.058 0.31 1,16.87 0.587
Clutch-initiation date —0.025 £ 0.028 0.84 1, 4,844 0.360
Intercept —2.839 £ 0.049
B. Fledging success
April temperature 0.003 £ 0.025 0.01 1, 30.76 0.919
April rainfall —0.052 £ 0.025 4.24 1,31.02 0.048
Year 0.013 £0.025 0.26 1, 28.96 0.614
Clutch-initiation date =0.173 £ 0.009 386.98 1, 6,057 <0.001
Total eggs produced 0.239 + 0.006 1,419.60 1, 6,057 <0.001
Intercept 1.420 £ 0.024

Note: Hatching success is analyzed at the level of the nest, whereas fledging success represents the total number of offspring

fledged across all broods within a year for individual females.

(effect of spring temperature: estimate £ SE = 0.357
* 0.138, Fy 2373 = 6.72, P = 0.016). Recruitment was
unrelated to rainfall (estimate = SE = —0.105 + 0.145,
F| 2357=0.52, P =0.479).

DiscussioN

Average daily temperature during the early stages of
the breeding season has increased to a small but signif-
icant extent since 1980, and changes in temperature
strongly predict breeding date in the population. The
advance of laying date since 1980 in relation to spring
temperatures has also been accompanied by an increase
in the temporal synchrony with which clutches are ini-
tiated at the onset of breeding seasons. Clutch sizes early
within breeding seasons have also declined, on average,
since the onset of the study in 1980, a decline that appears
to be attributable, in part, to increasing temperature.
Although spring rainfall has not changed in a dis-
cernible direction since the onset of the study, changes in
rainfall associated with global climate change may not be
without costs. While rainfall is often an important pre-
dictor of breeding date, particularly for tropical birds
(e.g., Styrsky and Brawn 2011, Oppel et al. 2013), its
effects on nest success are complex, and have been shown
to be both positive (Rotenberry and Wiens 1991) and
negative (Rodriguez and Bustamante 2003), perhaps by
reducing the ability of parents to forage for themselves or
their nestlings. In the current study, wetter springs were
associated with a reduction in the total number of oft-
spring fledged within years and also tended to reduce
recruitment from early-season nests.

In addition to advancing the timing of breeding, warmer
springs were also associated with a reduction in the
duration of the incubation period. This could have been
brought about in a number of ways. For example, warmer
temperatures may have directly increased the rate of
embryonic development (e.g., Hepp et al. 2006, Olson

et al. 2006, Nilsson et al. 2008), but may also have affected
maternal incubation behavior, including the constancy
with which heat was applied to eggs (Bryan and Bryant
1999, Ardia et al. 2009). Warmer temperatures were also
associated with early onset of incubation relative to clutch
completion in Tree Swallows (Tachycineta bicolor; Ardia
et al. 2006), and such a process may have contributed to
the reduction in the time between clutch completion
and hatching in the current study. Regardless of the
mechanism relating ambient temperature to incubation
duration, the decline in incubation duration with increasing
temperature and year was associated with an increase in
the length of the nestling period, indicating that changing
spring temperatures can affect a suite of life-history traits
in addition to the timing of breeding.

Although a number of studies have documented tem-
perature effects on the timing of breeding, few have inves-
tigated consequences for incubation duration. In a Dutch
population of Great Tits (Parus major), spring tempera-
tures have increased, and peak food availability has
advanced, and, although egg-laying dates in early spring
have not advanced in parallel with these conditions, the
interval between laying and hatching has decreased over
time (Visser et al. 1998). In our study population, the
increase in spring temperatures was associated with both
an advance in egg-laying dates and a similar reduction in
the duration of incubation. In contrast, the incubation
period has actually increased in a British population of
Great Tits since 1960 (Cresswell and McCleery 2003).
Thus, the length of the incubation period in these popu-
lations has changed, but in different ways, in response to
changes in spring temperatures. In our study population,
increasing temperatures were associated with a reduction
in the duration of incubation and also a reduction in the
length of the nestling stage. The effect of temperature on
the duration of the nestling stage is consistent with a
potential increase in food availability and growth rates of
ectothermic young with increased temperature. However,
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stabilizing selection on breeding date.

a negative correlation between the duration of the incu-
bation and nestling stages, and the decline in incubation
duration since 1980, has led to a concomitant increase in
the length of the nestling stage over this time. These
changes may reflect a change in life history, whereby
rapid embryonic development and earlier hatching neces-
sitates a prolonged period of posthatching parental care
before nestlings are able to fledge (see also Bowers et al.
2013). The reduction in incubation duration may not be
without costs, particularly if it results in an increase in the
duration of posthatching parental care. Moreover, exper-
imentally increased incubation temperatures were
recently shown to induce persistent effects on offspring
survival and adult body mass (Nord and Nilsson 2016).
Thus, increasing temperatures per se not only impose
immediate consequences for the duration of incubation
and the nestling period (e.g., costs of reproduction on
parents’ reproductive value, increased risk of predation

or parasitism to parents and their offspring), but can also
carry long-term effects on offspring phenotype and
fitness after they have left the nest.

The production of fledglings and recruits into local
breeding populations has long been known to vary with
date in a number of species, generally resulting in strong
selection for earlier breeding within seasons (e.g., van
Noordwijk et al. 1995, Visser et al. 2015, reviewed in
Williams 2012). We also observed a pronounced decline
in the number of recruits over the course of the breeding
season, a decline that is not attributable to seasonal var-
iation in natal dispersal (Drilling and Thompson 1988).
However, the strength of this selection varied widely
among years, with certain years, particularly cooler and
wetter ones, resulting in stabilizing selection on breeding
date and, in the case of cooler years, reduced recruitment
overall. Although temperature is expected to continue
to increase in future years, inter-annual variability in
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environmental conditions among years may constrain
the degree to which breeding birds can respond, plasti-
cally or adaptively, to a changing climate.

In conclusion, temperature in central Illinois has
increased since 1980, and this slight but significant increase
is associated with an advancement of breeding date overall
in the population. Warmer temperatures were associated
with a reduction in the duration of the incubation and
nestling stages, but a negative correlation between these
stages overall has led to a decline in the duration of the
incubation period and a concomitant increase in the
duration of the nestling period since the onset of the study
in 1980. Wetter springs were associated with a reduction in
the number of fledglings produced. Whereas spring tem-
peratures did not affect fledging success, temperature was
positively associated with the number of recruits produced
by a given brood, and cooler springs were associated with
stabilizing selection on breeding date. Our results indicate
that climate change and increasing spring temperatures
can affect a suite of interrelated life-history traits, including
the shape and strength of selection acting on breeding date.
Although climate predictions indicate a general increase in
temperature, variability in future climatic conditions will
shape the accuracy with which seasonal organisms can
respond to changes in their environment.
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