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Department of Animal and Plant Sciences, University of Sheffield, Sheffield, United Kingdom

The timing of breeding often has a profound influence on the reproductive success

of birds living in seasonal environments with rapidly changing nestling food availability.

Timing is typically investigated with reference to lay dates, but it is the time of hatching

that determines the ambient conditions and food availability that nestlings experience.

Thus, in addition to lay date, phenological studies may also have to take account

of variation in the length of the incubation period, which is likely to depend on both

environmental conditions and parental traits. The primary aim of this study was to

use a 24-year dataset to investigate the abiotic and biotic factors influencing variation

in incubation duration in long-tailed tits (Aegithalos caudatus), a species in which

incubation duration varies substantially (range: 12–26 days). We found support for

our predictions that drier conditions, later breeding attempts and larger clutches were

associated with shorter incubation periods. Larger clutches were also more resilient to

increases in incubation duration associated with wet conditions. Surprisingly, warmer

ambient conditions were associated with longer incubation periods. Secondly, we

assessed the consequences of variation in the length of incubation periods for the risk

of nest predation and the hatching success of surviving clutches. We show that longer

incubation periods are likely to be costly due to increased exposure to nest predators.

In contrast, we found only marginal effects of environmental conditions or incubation

duration on hatching success, implying that wet conditions cause slower embryo growth

and hence longer incubation periods, rather than causing embryo fatality. We suggest

that long-tailed tits’ nests and parental behavior protect eggs from mortality arising

directly from adverse weather conditions.

Keywords: climate, incubation length, microclimate, parental investment, thermal environment, seasonal

variation

INTRODUCTION

Reproductive success of birds is often dependent upon timing of breeding (Daan et al., 1997;
Houston and McNamara, 1999), with individuals that breed earlier in the season typically
having higher fitness (Perrins, 1970; Both, 2010). For many bird species living in seasonal
environments, it is critical for reproduction to be timed to match temporally ephemeral food
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resources, with hatching expected to coincide with the peak
of food abundance (Perrins, 1970; Monros et al., 1998; Naef-
Daenzer et al., 2004; Simmonds et al., 2017). A large number
of studies have focused on variation in clutch initiation date
(e.g., Visser et al., 1998; Charmantier et al., 2008; Schaper et al.,
2012), but other mechanisms for altering the timing of hatching
exist. Females may adjust the length of the egg-laying period by
altering clutch size, or by increasing the intervals between laying
(Haftorn, 1981; Nilsson and Svensson, 1993; Simmonds et al.,
2017). Alternatively, the length of the incubation period could
be adjusted by starting incubation prior to clutch completion or
by delaying the start of incubation (Haftorn, 1981; García-Navas
and Sanz, 2011; Nord andNilsson, 2011; Álvarez and Barba, 2014;
Simmonds et al., 2017), and by changing nest attentiveness once
incubation has started (Martin et al., 2007; MacDonald et al.,
2013; Coe et al., 2015).

Incubation is typically an energy- and time-consuming
component of avian reproduction (Tatner and Bryant, 1993;
Williams, 1996; DuRant et al., 2013a; Nord and Williams, 2015)
due to the relatively high temperatures (34–40◦C) at which eggs
must be maintained to ensure optimal embryonic development
(Webb, 1987; DuRant et al., 2013b). Investment in incubation
reduces the energy and time available for parents to spend on
self-maintenance (Stearns, 1989; Reznick et al., 2000; Zera and
Harshman, 2001), especially in species in which one parent is
solely responsible for incubation (Deeming, 2002). Consequently,
incubation can reduce parental body condition (Tombre and
Erikstad, 1996; Hanssen et al., 2005) and immune function
(Knowles et al., 2009), thereby lowering fitness by reducing
adult survival (Visser and Lessells, 2001) and future reproductive
success (Reid et al., 2000a; Hanssen et al., 2005).

The ability of incubating parents to maintain suitable
conditions for embryo development may also be affected by
environmental factors. For example, lower ambient temperatures
can alter the nest microclimate, causing eggs to cool at a faster
rate and reach lower temperatures when left unattended (Reid
et al., 2000b). This means that an incubating parent must
expend more energy re-heating cooled eggs and maintaining
eggs at the optimal temperature (Jarvinen, 1993; Sheaffer and
Malecki, 1996; Skinner et al., 1998). Eggs that experience low or
fluctuating temperatures not only suffer from reduced hatching
success, but also from slower embryonic growth (Olson et al.,
2006), production of poorer quality offspring (Nord and Nilsson,
2011; DuRant et al., 2013a) and reduced long-term survival of
offspring (Berntsen and Bech, 2016). In addition, heavy rain
also leads to reduced hatching success and nest failure in some
passerine species (Wesołowski et al., 2002; Martin et al., 2017),
an effect that has been attributed to enhanced heat loss from eggs
via increased conductance and reduced insulating properties of
damp nest materials (Reid et al., 2002; Hilton et al., 2004; Heenan,
2013). Thus adverse weather conditions can have profound
consequences for both the length of the incubation period and
hatching success.

However, there are ways in which negative environmental
impacts may be mitigated, such as by building well-insulated
nests (Deeming and Gray, 2016), or by increasing incubation
attendance when temperatures are lower (Conway and Martin,

2000; Amininasab et al., 2016). In addition, clutches of different
sizes have different thermal properties; the thermal inertia
hypothesis predicting that larger clutches should cool more
slowly, while also taking longer to re-heat (Reid et al., 2000b;
Cooper, 2005). This hypothesis is supported by the observation
that large clutches in tree swallows Tachycineta bicolor have
shorter incubation periods (Ardia et al., 2006), although most
studies have found no effect of clutch size on the length of
the incubation period (Székely et al., 1994; Siikamiiki, 1995;
Sandercock, 1997; Reid et al., 2000a; Wiebe and Martin, 2000),
suggesting that, in general, the thermal properties of the
clutch do not have a significant effect on the duration of the
incubation period.

The extent to which females can mitigate the negative impacts
of climatemay depend on their age (e.g., female age was positively
correlated with nest temperature in blue tits Cyanistes caeruleus;
Amininasab et al., 2016), or their own quality or body condition.
For example, Ardia and Clotfelter (2007) found that young
female tree swallows that had their feathers clipped to induce
poor condition passed the costs of this on to their offspring
through lower egg temperatures. Older females also suffered self-
maintenance costs from this experimental treatment, but were
able to maintain higher egg temperatures and produce higher
quality offspring. These studies indicate that older females may
be more willing to bear self-maintenance costs and not pass these
on to their offspring.

We investigated the effects of timing of breeding and
environmental conditions on incubation periods and hatching
success in the long-tailed tit Aegithalos caudatus. Long-tailed
tits build domed nests that require a large investment of time
and energy (McGowan et al., 2004). The nest is constructed of
moss and fibers bound together with spiders’ silk, covered on the
outside with flakes of lichen and lined with up to 2,500 feathers,
with a small entrance hole (Hansell, 1996; McGowan et al., 2004).
Only females incubate the eggs, spending about 65% of daylight
hours on the nest, while males bring food to incubating females
on average twice an hour (Hatchwell et al., 1999). Long-tailed
tits are facultative cooperative breeders, but helpers assist only in
the feeding of nestlings and fledglings (Gaston, 1973; Hatchwell
et al., 2004) and are not present during incubation. Long-tailed
tits are well suited to this study because there is much natural
variation in the length of time between their last egg being
laid and the hatching of their eggs, henceforth referred to as
the incubation period (range: 12 to 26 days), the causes and
consequences of which are unknown. Also, there is a high rate of
nest predation (72%; Gullett et al., 2013; Hatchwell et al., 2013),
so longer incubation periods could significantly increase the risk
of nest failure.

In this study, first we used a 24-year dataset to test
whether incubation period was associated with weather variables
(temperature and precipitation), timing of breeding (clutch
completion date and attempt number), clutch size and female
age. We predicted that incubation periods would: (i) be longer
in cold and wet weather conditions; (ii) decrease later in the
season and in replacement nests; and (iii) that clutch size would
influence incubation duration – either increasing it for larger
clutches because more energy is required for incubation, or
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decreasing it for larger clutch sizes because eggs retain more
heat during female foraging bouts, as predicted by the thermal
inertia hypothesis. We also predicted: (iv) that older females
would be better incubators, thus reducing incubation period
duration. Secondly, we tested whether environmental conditions
or incubation period duration influenced hatching success. We
predicted that cooler, wetter conditions and longer incubation
periods would increase hatching failure rates because they were
likely to be associated with lower egg temperatures that reduce
embryo viability. Finally, we calculated the daily predation risk
of nests during incubation to determine the consequences of
variation in the length of the incubation period for the probability
of nest failure.

MATERIALS AND METHODS

Study System
Long-tailed tits were studied between 1995 and 2018 in the
Rivelin Valley, Sheffield (53◦23′N, 1◦34′W). Each year the study
site contained 25–72 pairs that had 33–114 monitored breeding
attempts; c. 95% of breeders were ringed with a British Trust
for Ornithology (BTO) ring and a unique combination of two
color rings (under BTO license). Nestlings were ringed 11 days
after hatching and unringed immigrants to the study site were
captured using mist nets and ringed at the beginning of the
breeding season.

Long-tailed tits are single-brooded, but breeding attempts
frequently fail prior to fledging and if there is sufficient time
remaining in the breeding season pairs will initiate another
breeding attempt (MacColl and Hatchwell, 2002). The major
reason for these failures is predation by both avian and
mammalian predators (Hatchwell et al., 1999). Due to the high
rate of breeding failure and to maximize the sample size for
each analysis the sample sizes vary as follows. For this study,
540 breeding attempts that reached the incubation stage were
monitored; of these, 372 clutches hatched and 230 broods
survived until day 11 when nestlings were counted. Nests were
routinely monitored every 2 days, and daily around the time of
hatching, to obtain accurate reproductive parameters, i.e., first
egg date, clutch size, hatching date, and either fledging or failure
date. A very small percentage of nests, estimated to be <5%, are
not found in each year but these undetected nesting attempts
typically fail early in the breeding cycle (Sharp et al., 2008).

Measuring Incubation Period

We followed many previous studies by measuring incubation
period as the number of days between clutch completion and
hatching (Nilsson and Smith, 1988; Wiebe and Martin, 2000;
Martin, 2002; Martin et al., 2007; Rohwer et al., 2015; Bueno-
Enciso et al., 2017). Our procedure for determining incubation
period was as follows. The date the first egg of each clutch was
laid (hereafter referred to as first egg date) was recorded as a date
within the year, where 1st March is set as day 1. Long-tailed tits lay
a single egg per day, around dawn, and we counted the number
of eggs in a clutch on or around the day the 12th egg would have
been laid; this is the largest clutch size recorded in the 26 years of

our study. From this we calculated the date of clutch completion.
The assumption that females commenced incubation only after
clutch completion is justified by observations that females do not
start incubation until their last egg was laid (Glen, 1985; B. J.
Hatchwell personal observation) and also by the observation that
hatching is synchronous. We confirmed that short incubation
periods were not a consequence of incubation starting prior to
clutch completion by examining whether nestling size hierarchies
were greater in broods with shorter incubation periods, which
would be the expected result of early incubation and hence
asynchronous hatching (Slagsvold et al., 1995; Stenning, 2008).
We calculated asynchrony as the mass of the heaviest nestling in
a broodminus themass of the lightest nestling in a brood, divided
by the mean mass of the brood (Kluen et al., 2011). There was no
significant difference in the degree of asynchrony of broods in
the lower (range: 12 to 15 days) and upper (range: 17 to 26 days)
quartiles of incubation period (F(1,73) = 0.03, P = 0.20). Hatching
date was recorded by checking nests at daily intervals from the
earliest expected date of hatching; given that eggs could hatch
shortly after one nest-check and hence up to 1 day before being
checked again, hatch dates were accurate to within 1 day.

Our measure of incubation duration is thus dominated by the
period during which females incubated eggs, but it also includes
any delay in the start of incubation after laying the final egg.
Such delays do sometimes occur in long-tailed tits, but it was not
logistically feasible to routinely record the date on which females
started incubation for all nests. However, we were able to estimate
how frequent a delayed start to incubation was by noting whether
the eggs were warm to the touch when eggs were counted 12
(n = 103), 11 (n = 35) or 10 (n = 22) days after the first egg
date. For this sub-sample of breeding attempts, 8.1% (n = 160) of
females had not begun incubation when the nest was checked. Of
the remaining 147 breeding attempts we calculated the maximum
potential delay in starting incubation as the difference between
the day the last egg was laid and the day the eggs were counted.
We then compared this to the delay in hatching (number of days
beyond the shortest incubation in our study) and found that
87.1% of them had a greater delay in hatching than could be
accounted for by simply delaying the start of incubation. This
indicates that while some of the longer incubation periods may
be due to delays in the start of incubation, most are indeed due
to active incubation by females lasting longer. Moreover, given
that any delay in the start of incubation may be attributable to
poor weather (Rowe and Weatherhead, 2009), any effect would
be consistent with our hypothesis that adverse environmental
conditions prolong the incubation period and extend the period
of predation risk.

To account for the considerable inter-annual variation in the
timing of breeding caused by variable early spring temperatures
(Gullett et al., 2013), we calculated relative first egg date and
relative clutch completion date. For each breeding attempt,
we calculated the number of days between the dates of these
events for a given nest and the earliest first egg and earliest
incubation start dates recorded in that year. Only breeding
attempts for which first egg date, clutch size and hatch date
information was available were used in analyses, leaving 372
breeding attempts by 289 females remaining in our dataset. The
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incubation period for these breeding attempts ranged from 12 to
26 days (mean ± SD = 16.4 days ± 1.56, median = 16 days). The
dataset contained two outliers (incubation durations of 23 and
26 days) and analyses were conducted with and without outliers.
We report analyses including outliers in the main text, but the
results from analyses with and without outliers are reported in
Supplementary Tables S1 and S2, respectively.

Measuring Hatching Success

Brood size when nestlings were 11 days old was used to estimate
the number of eggs that had successfully hatched. Long-tailed
tits have a low nestling mortality rate due to starvation between
hatching and day 11 (2.3% of nestlings; Hatchwell et al., 2004),
and partial nest predation is also rare. Thus, it is very likely that
a small brood size on day 11 is due to hatching failure rather
than nestling mortality; and this was confirmed in the majority
of cases by the presence of unhatched but intact eggs in the nest
on day 11. Hatching success was variable (range = 12.5–100%)
but high on average (mean = 81.8%; median = 88.9%). Note that
since some broods were completely depredated between hatching
and day 11 our sample size for this analysis was smaller than for
the incubation period study (n = 230).

Weather Data
Weather data for 1995–2018 were obtained from Weston Park
Meteorological Station (Museums Sheffield, 2019), located 5 km
east of the center of the study site and at a similar elevation
(131 m above sea level compared with mean field site altitude
of 168 m). Temperatures at the weather station are significantly
positively correlated with those recorded at the field site (Gullett
et al., 2014), and were used because on-site temperature data were
not available for all years. Given strong spatial autocorrelation in
precipitation patterns (Burton et al., 2013) the close proximity
of the weather station to the study site also means that the
difference in precipitation between the weather station and field
site is minor (Gullett et al., 2014), although we have no direct
measurements of precipitation from the field site to compare to
the weather station data.

We calculated mean daily temperature, mean daily minimum
temperature, mean daily maximum temperature, mean daily
rainfall, and the proportion of rainy days during the incubation
period of each nest (n = 372). Initially, we defined the proportion
of rainy days in three ways: (i) the proportion of days with
any rain (>0 mm), (ii) the proportion of days with >0.35 mm
of rain (which excludes the least rainy 10% of days), and (iii)
the proportion of days with >3 mm of rain (which excludes
the least rainy 75% of days). However, mean daily rainfall
during the incubation period, and all three measures of the
proportion of rainy days were closely positively correlated
(Pearson’s correlation: r ≥ 0.78, df = 370, P < 0.001 in all
cases). Similarly, minimum and maximum temperatures were
highly positively correlated with mean temperature (Pearson’s
correlation: r ≥ 0.87, df = 370, P < 0.001 in both cases).
Therefore, we used only the mean temperature and the
proportion of rainy days (>0 mm) in our main statistical
models. These variables were significantly negatively correlated
(Pearson’s correlation: r = −0.47, df = 370, P < 0.001), but this

collinearity was well within the threshold to which information
theoretic approaches are robust (VIF < 2; Freckleton, 2011).
The proportion of rainy days variable was used instead of
mean rainfall because it provides a better indicator of daily
rainfall patterns, which we considered more likely to affect
the nest’s insulation quality throughout the incubation period
than total rainfall. However, the analysis was also conducted
using mean daily maximum temperature, mean daily minimum
temperature, mean daily rainfall and the proportion of days
with >3 mm of rain and the results were qualitatively similar
(Supplementary Tables S3–S5).

Statistical Analysis
All statistical analyses were conducted in R 3.3.1 (R Core Team,
2016). We used an information theoretic approach to model
selection and constructed all possible models given our predictor
variables but retained year (as a random effect) in all models. We
used Akaike’s Information Criterion corrected for small sample
size (AICc) to comparemodel fit (Burnham and Anderson, 2002).
We report the results of all models within 2 AICc points of the
model with the lowest AICc value. This methodology allows us to
compare all possible models and identify competing models that
could equally well describe our data. To test how well the models
fit our data, we used the MuMIn package (Barton, 2018) to
calculate marginal and conditional pseudo-R2 using the methods
described by Nakagawa and Schielzeth (2013). The model-
averaged estimates (mean and 95% confidence intervals) were
also calculated. Effects were considered statistically significant
when the 95% confidence intervals for a parameter estimate did
not span zero (Burnham and Anderson, 2002).

Factors Affecting Incubation Period

To investigate factors affecting incubation period we constructed
restricted maximum likelihood linear mixed models using the
lmer function in the lme4 package (Bates et al., 2015). Incubation
period was modeled as a function of the proportion of rainy days,
mean daily temperature, relative incubation start date, clutch size,
attempt (whether it was a first or replacement nest as a binary
factor) and female age (in years from ringing as a nestling for
philopatric recruits and assuming that immigrant recruits were
yearlings when first ringed (McGowan et al., 2003); year was
included as a random factor. We also included six interactions,
although only one interaction was ever present in any single
model. The six interactions were betweenmean daily temperature
and the proportion of rainy days, mean daily temperature
and relative incubation start date, mean daily temperature and
clutch size, proportion of rainy days and incubation period
start date, proportion of rainy days and clutch size, and clutch
size and incubation period start date. All continuous variables
were scaled and centered. Female identity was not included
in the models because 77.7% of the data points came from
unique females and no single female contributed more than
1.36% of the data to the analysis. In addition, we separately
investigated the repeatability of incubation period in females
using the rptR package (Nakagawa and Schielzeth, 2010) and
found that it was not repeatable (R ± SE = 0.00 ± 0.03, P = 1.00).
Likewise, neither lay date (R ± SE = 0.02 ± 0.07, P = 0.41)
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nor clutch size (R ± SE = 0 ± 0.03, P = 1) were significantly
repeatable for females.

Factors Affecting Hatching Success

We built generalized linear mixed-effects models with a binomial
error structure and logit link of hatching success using the glmer
function in the lme4 package (Bates et al., 2015). Hatching success
was modeled as a function of incubation period, proportion
of rainy days, mean daily temperature, incubation period start
date, clutch size, attempt and female age (defined as above),
including year as a random factor. In addition, we included the
same six interactions as in the duration of incubation period
models. All continuous variables were scaled and centered. Again,
female identity was not used as a random factor given the high
percentage of unique individuals in the dataset (81.1%).

Analysis of Predation During the Incubation Period

To assess quantitatively how variation in incubation period
affected predation risk we used the model of incubation period
to predict how focal predictors, such as relative incubation start
date, changed the length of the incubation period and then
used the daily nest predation rate to infer predicted changes
in likelihood of nest predation in a typical year. This approach
assumes that predation risk is uniform through time and space
so that the probability of predation is purely a function of the
time at risk. We calculated the daily nest predation rate during
the incubation period using the Mayfield (1975) method. This
method calculated the daily predation risk facing a nest by taking
the total number of nests predated during the incubation period
and dividing by the total number of active nest days during the
incubation period for all nests. This estimate is based on 540 nests
where clutches were completed and incubation started, of which
27.4% were depredated during incubation.

RESULTS

Factors Affecting Incubation Period
An information theoretic approach to modeling incubation
period identified three well-supported models (Supplementary

Table S1). These models explained a moderate amount of
variation with the random effect of year explaining approximately
half of this variation (conditional R2 = 34.5%; marginal
R2 = 17.2%). The relative incubation period start date was
present in all models, with pairs breeding later in the year having
shorter incubation periods (Table 1 and Figure 1A). Weather
variables were also important because they were present in all
four top models, with incubation periods increasing at higher
temperatures (Table 1 and Figure 1B) and as the proportion of
rainy days increased (Table 1 and Figure 1C). Larger clutch sizes
were associated with shorter incubation periods (Table 1 and
Figure 1D). All of the top models also contained an interaction
term between clutch size and proportion of rainy days, which
indicated that the effect of increased rainfall on incubation
period was lessened by having a larger clutch (Figure 1C).
Breeding attempt and female age were each present in two of
the four top models (Supplementary Table S1), suggesting that

the incubation period was shorter for replacement nests and
younger females, but the confidence intervals for these effects’
parameter estimates overlapped zero suggesting that effects were
negligible (Table 1).

Factors Affecting Hatching Success
Three models were retained in the top subset (Supplementary

Table S6), although these models explained only a small
amount of variation in hatching success (conditional R2 = 7.2%;
marginal R2 = 4.9%). Longer incubation periods had a negative
effect on hatching success (Table 2 and Figure 2A). Greater
hatching success was also associated with larger clutch sizes
(Figure 2B), younger females (Figure 2C) and first breeding
attempts (Table 2), all of which were present in each of the top set
of models. Lower mean temperatures and more rainy days were
associated with greater hatching success, although only in one of
the three models (Supplementary Table S6) and the confidence
intervals for these effects’ parameter estimates overlapped zero
indicating that their effects were negligible (Table 2).

Effects of Incubation Period on Nest
Predation Risk
Through a typical breeding season, the incubation period was
predicted to decrease from 17.0 to 14.1 days (Figure 1a). Given
a Mayfield daily nest predation rate during incubation of 0.02
this reduction in incubation period equates to the probability of
predation reducing from 0.34 to 0.28 (i.e., an 18% reduction in
predation). For the observed range of mean temperatures during
incubation from 5.5 to 13.9◦C, the models predict a change in
the duration of the incubation period from 15.5 to 16.9 days
(Figure 1B), which represents a change in predation risk
probability from 0.31 to 0.34 (i.e., a 10% increase in predation).
Similarly, the proportion of rainy days experienced during the

TABLE 1 | The effects of clutch size, relative incubation start date, mean

temperature, proportion of rainy days, female age, attempt and the interaction

between clutch size and the proportion of rainy days on the duration of the

incubation period in long-tailed tits.

Fixed effects Slope ± 1 SE 95% Confidence

intervals

Intercept 16.35 ± 0.16 –

Clutch size −0.49 ± 0.08 −0.63; −0.34

Relative incubation start date −0.59 ± 0.12 −0.83; −0.36

Mean temperature 0.30 ± 0.13 0.03; 0.56

Proportion of rainy days 0.26 ± 0.11 0.04; 0.48

Clutch size × proportion of rainy days −0.21 ± 0.08 −0.36; −0.06

Female age 0.02 ± 0.05 −0.08; 0.12

Attempt −0.04 ± 0.13 −0.29; 0.21

Random effect Variance ± 1 SE

Year 0.47 ± 0.68 –

Shown are model-averaged parameter estimates and 95% confidence intervals for

each fixed effect, and variance for the random effect from the three best fitting

models. Confidence intervals that do not overlap zero are indicated in bold. The

model-averaged R2
LMM(m) and R2

LMM(c) were 17.4 and 35.1%, respectively.
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FIGURE 1 | Duration of the incubation period (days) in relation to (A) relative incubation start date, (B) mean temperature, (C) proportion of rainy days and (D) clutch

size. Points have been offset so that overlapping points can be better seen. The solid lines indicate the predicted values from model-averaged parameters and

dashed lines indicate the standard error. In (C) due to an interaction between proportion of rainy days and clutch size lines represent the model-averaged parameters

when the clutch size was set to the lower quartile value (nine eggs; blue), to the upper quartile value (10 eggs; red), to the minimum value (four eggs; black) and to

the maximum value (12 eggs; gray).

TABLE 2 | The effects of incubation period, clutch size, female age, attempt, mean

temperature and proportion of rainy days on hatching success in long-tailed tits.

Fixed Effects Slope ± 1 SE 95% Confidence intervals

Intercept 1.66 ± 0.09 –

Incubation period −0.26 ± 0.06 −0.39; −0.14

Clutch size 0.19 ± 0.07 0.06; 0.32

Female age −0.15 ± 0.05 −0.26; −0.05

Attempt −0.32 ± 0.15 −0.61; −0.03

Mean temperature −0.01 ± 0.04 −0.10; 0.07

Proportion of rainy days 0.01 ± 0.04 −0.06; 0.08

Random effect Variance ± 1 SE

Year 0.08 ± 0.28 –

Shown are model-averaged parameter estimates and 95% confidence intervals for

each fixed effect, and variance for the random effect from the three best fitting

models. Confidence intervals that do not overlap zero are indicated in bold. The

model-averaged R2
LMM(m) and R2

LMM(c) were 4.90 and 7.20%, respectively.

incubation period ranged from 0 to 1, resulting in a change of
incubation period from 15.7 to 16.8 days and an increase in
predation risk probability from 0.31 to 0.34 (i.e., a 10% increase in

predation). Clutch size ranged from 4 to 12 eggs in our sample of
nests, which corresponds to a reduction in the incubation period
from 18.7 to 15.3 days, under mean precipitation levels, with each
additional egg resulting in the incubation period being shortened
by 0.43 days and the probability of predation risk decreasing from
0.37 for 4 egg clutches to 0.31 for 12 egg clutches (i.e., a 16%
reduction in predation).

DISCUSSION

Variation in the incubation period of long-tailed tits over this
24-year study was influenced by clutch size, clutch completion
date, mean daily temperature, and proportion of rainy days.
Incubation period was longer for smaller clutches, for breeding
attempts initiated earlier in the breeding season, under warmer
temperatures, and when the proportion of rainy days was
higher. However, the effect of rainy days varied with clutch size
because larger clutch sizes were less affected by increases in
the proportion of rainy days. In addition, incubation periods
were shorter in replacement nesting attempts and when females
were younger, although these effects were negligible. Changes in
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FIGURE 2 | Hatching success (proportion) in relation to (A) the length of the incubation period, (B) clutch size and (C) female age. Points have been offset so that

overlapping points can be better seen. The solid lines indicate the predicted values from model-averaged parameters and dashed lines indicate the standard error.

incubation duration influenced the risk of nest predation during
incubation with each additional day of incubation leading to
predation probabilities increasing by 0.02. Modeling indicated
that timing of breeding and clutch size were the most influential
factors moderating nest predation risk by influencing incubation
durations. Models of hatching success had limited explanatory
power, but we found evidence that greater hatching success
was associated with shorter incubation periods, and to a lesser
extent younger females, larger clutch sizes and first breeding
attempts. Mean temperature and rainfall had minimal effects on
hatching success.

Shorter incubation periods toward the end of the breeding
season may be advantageous by allowing nestling provisioning
to occur closer to the peak abundance of insects, especially
of caterpillars that constitute the major component of nestling
diet at this time of year (Gullett et al., 2014). Caterpillar
abundance in the Rivelin Valley typically peaks around
23 May, i.e., during the long-tailed nestling period, and
nestlings in relatively early and relatively late nests are
provisioned with fewer caterpillars (Gullett, 2014). Other
woodland passerines that predominantly provision offspring
with caterpillars also appear to alter incubation behavior in
order to better match the date of caterpillar peak abundance,
e.g., blue tit (Visser et al., 1998), great tit Parus major
(Simmonds et al., 2017) and European pied flycatcher Ficedula
hypoleuca (Both and Visser, 2005). Adult long-tailed tits have

more variable diets than their nestlings and the reduction
in length of the incubation period later in the season could
also be due to increased abundance of other insects that
enables incubating females to increase daytime nest attendance
(Dewey and Kennedy, 2001; Duncan Rastogi et al., 2006)
and hence reduce incubation periods (Lyon and Montgomerie,
1985; Martin, 2002; Martin et al., 2007). In addition, the
rate at which males provision females on the nest during
the incubation period could increase later in the breeding
season leading to greater female nest attentiveness and hence
shorter incubation periods, as has been shown in other
passerines (Martin and Ghalambor, 1999; Eikenaar et al., 2003;
Matysioková et al., 2011).

Laying a larger clutch is thought to be costly because of the
additional investment in eggs and because larger broods may
increase activity around the nest leading to increased predation
(Skutch, 1949; Johnsgard, 1973; Perrins, 1977; Martin et al.,
2000). These costs may be partially compensated for by the
reduction in incubation period with larger clutches; an increase
in clutch size by one egg was associated with a reduction in
incubation period of approximately half a day. Ardia et al.
(2006) also found that larger clutches had shorter incubation
periods in tree swallows, and it has been suggested that under
temperate or cold conditions it is better to have a larger
clutch size as this increases thermal inertia, reducing cooling
rates relative to smaller clutches (Reid et al., 2000b; Cooper,
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2005). This relationship between clutch size and incubation
period contrasts with experimental evidence that increased
clutch sizes do not reduce incubation duration (Székely et al.,
1994; Siikamiiki, 1995; Sandercock, 1997; Reid et al., 2000a;
Wiebe and Martin, 2000), a discrepancy that may be due to
females being unable to effectively incubate enlarged clutches in
experimental treatments. Our results represent natural variation
where females would presumably be able to incubate the
whole clutch effectively. It may be that better quality females
are able to simultaneously produce naturally larger clutches
while incubating more efficiently than poorer quality females,
and hence reduce the incubation period for their clutches.
However, further experimental work that monitored female
quality while experimentally altering clutch sizes and measuring
the duration of the incubation periods would be required to test
this idea.

The interaction between clutch size and the proportion of
rainy days indicated that larger clutches seem to be particularly
advantageous when the proportion of rainy days increased.
During periods of rainfall the nest is likely to lose heat via
increased conductance through damp nesting materials (Reid
et al., 2002; Hilton et al., 2004; Heenan, 2013), so our result may
indicate that larger clutches buffer the effects of rainfall because
a smaller clutch surface area to volume ratio reduces exposure
to damp nesting materials or humid and cold air. However, it
is also important to consider the potential impact of weather
on the behavior of incubating birds; for example, any effects of
increased conductance may be confounded by females adjusting
their nest attentiveness during periods of heavy rainfall and
storms (MacDonald et al., 2013; Fu et al., 2017).

Contrary to our predictions, higher ambient temperatures
were associated with longer incubation periods. This result is
especially surprising given that previous studies have found that
other species, including cavity-nesting species whose nests tend
to be well insulated (Massaro et al., 2013), are likely to delay the
start of incubation at colder temperatures, thus increasing the
duration of incubation (great tits: Monros et al., 1998; blue tits:
Kluen et al., 2011). A likely mechanism for higher temperatures
increasing the duration of the incubation period is adjustment
of incubation behavior under different ambient temperatures.
For example, incubating females may leave the nest for shorter
periods in cold conditions (Voss et al., 2006; Amininasab et al.,
2016; Walters et al., 2016), so eggs remain within the optimal
incubation temperature range for a greater proportion of the
day. However, other studies have reported greater nest attendance
when ambient temperatures are higher (Morton and Pereyra,
1985; Ardia et al., 2010; MacDonald et al., 2013; Simmonds
et al., 2017), perhaps because lower costs of heating eggs and/or
foraging allow females to incubate for longer before they need to
forage again. Regardless of themechanism generating the positive
association we observed between temperature and incubation
duration in long-tailed tits, this effect suggests that climate change
will not only lead to changes in the timing of breeding (Gullett
et al., 2013), but may also lead to an increase in the incubation
period of long-tailed tits, potentially increasing the risk that
hatching is mis-timed relative to peak availability of caterpillars
(Burgess et al., 2018).

Weather variables had marginal negative consequences
because they had negligible effects on hatching success and led
to a smaller change in the probability of nest predation, through
increased exposure time, compared with the changes due to
clutch size and timing of breeding. While, exposure time only
provides limited information about the predation risk that a
brood may face as predator behavior can change in relation to
weather conditions (Morrison and Bolger, 2002; Preston and
Rotenberry, 2006) there is no evidence that predation rates of
long-tailed tit nests is related to weather in our study system
(Gullett et al., 2015).

The negligible effect of temperature on hatching success is
somewhat surprising given that other studies have found that
lower ambient temperature can affect egg viability (Beissinger
et al., 2005; Ardia et al., 2006). Contrary to our predictions
and other studies (MacDonald et al., 2013; Martin et al., 2017),
rainfall also had only a negligible effect on hatching success. These
minor effects of environmental conditions on hatching success
suggest that long-tailed tits may be able to buffer adverse weather
conditions, either through females altering their incubation
behavior or through the construction of well-insulated and water-
resistant nests. Alternatively, it may be that for long-tailed tit
embryos a reduction in temperature does not lead to the death
of the embryo, but does lead to slower embryo development,
which causes a lengthening of the incubation period. Further
investigation is required to test these hypotheses.

Other factors had important impacts on hatching success.
First, hatching success decreased as the incubation period
increased, a finding consistent with previous studies of blue
tits (Kluen et al., 2011; Nord and Nilsson, 2011), tree swallows
(Lombardo et al., 1995), and great tits (Diez-Méndez et al., 2020).
These results indicate that while birds may extend incubation
to delay hatching so that it coincides better with the peak of
food abundance, there is a cost to this strategic decision if it
reduces hatching success. The relationship between hatching
success and incubation period could be the result of either
decreasing egg viability with time or increased fluctuation in
egg temperature causing a reduction in egg viability. Support
for the incubation inefficiency explanation is equivocal. An
experimental study of house wrens Troglodytes aedon that used
cross-fostering of eggs to extend or reduce the length of time
females had to incubate a clutch had no effect on hatching success
(Sakaluk et al., 2018), suggesting that the inefficient incubation
hypothesis is unlikely. However, females in lower body condition
incubate for longer and have reduced hatching success due to
lower incubation temperatures (Hepp et al., 2006) and increased
incubation recesses (Bueno-Enciso et al., 2017). In addition, Nord
and Nilsson (2011) found that when incubation temperature was
low, the incubation period was extended and the hatching success
was lower. These mechanisms are not mutually exclusive, and
either could result in the observed decrease in long-tailed tit
hatching success.

We also found a weak, positive relationship between hatching
success and clutch size. This contrasts with experimental studies
reporting lower hatching success with increased clutch sizes
(Siikamiiki, 1995; Reid et al., 2000b), which was presumed to
be attributable to energetic constraints on successful incubation
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of experimentally enlarged clutches, as already discussed. The
contrast between our observational findings and previous
experimental studies may be explained by better quality females
having larger clutch sizes and being better able to maintain the
incubation temperatures (Hepp et al., 2006), leading to higher
hatching success.

Finally, we found that hatching success was lower for older
females. Previous work on putative age effects is equivocal.
Some studies report increasing hatching success with age, e.g.,
prothonotary warblers Protonotaria citrea (Blem et al., 1999),
while others have found no effect, e.g., European starlings
Sturnus vulgaris (Komdeur et al., 2005), blue tit (Lambrechts
et al., 2012) and house sparrows Passer domesticus (Stewart and
Westneat, 2013). Our results are consistent with senescence,
which has been widely reported in passerine reproductive
performance (Monaghan et al., 2008; Robertson and Rendellt,
2012; Jankowiak and Wysocki, 2016), but it should be noted
that in previous studies, albeit based on smaller sample
sizes, we have not detected senescence in long-tailed tit life
history traits (Hatchwell et al., 2004; Meade and Hatchwell,
2010).

In conclusion, our long-term analysis showed that mean daily
temperature, proportion of rainy days, clutch size and relative
incubation start date explained variation in the duration of
the incubation period of long-tailed tits. In contrast, we found
only marginal effects of environmental conditions on hatching
success. This suggests that wet conditions cause slower growth
of embryos and hence longer incubation periods, rather than
directly causing embryo fatality. Finally, long incubation periods
were likely to be costly due to reduced hatching success and
increased exposure to predation risk.
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