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Abstract
Ambient temperature experienced by an animal during development or subsequently as an adult can affect many aspects of 
its behaviour and life-history traits. In birds, egg incubation is a vital component of reproduction and parental care. Several 
studies have suggested that environmental factors (such as nest microclimate) can influence the ability of incubating parents 
to maintain suitable conditions for embryo development. Here, we manipulated the developmental conditions of embryos 
through a modification of nest box thermal microclimate to investigate female incubation behaviour and its impact on off-
spring fitness-related traits in a wild population of the Collared Flycatcher (Ficedula albicollis). The temperature in experi-
mental nests was increased using a heat-pack placed under the roof of a nest box, resulting in an average temperature increase 
of 2.5 ºC, which corresponds to projected climate change scenarios. We demonstrated that females from nests with elevated 
temperature spent less time in the nest box during egg incubation and had more off-bouts than females from control nests. 
Moreover, we found that offspring from the experimentally heated nests had larger body mass at fledging in comparison to 
the control ones. Our study indicates that nest microclimate during the incubation period affects female incubation behaviour 
and offspring quality, indicating that environmental variation in nest temperature early in ontogeny can have important and 
long-lasting fitness consequences.
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Zusammenfassung
Auswirkungen einer erhöhten Nistkastentemperatur auf das Brutverhalten und auf Fitness-relevante Eigenschaften 
der Jungen des Halsbandschnäppers (Ficedula albicollis)
Die Umgebungstemperatur, der ein Tier während seiner Entwicklung oder später als Adulter ausgesetzt ist, kann viele 
Aspekte seines Phänotyps, seines Verhaltens und seiner Eigenschaften über das ganze Leben hinweg beeinflussen. Bei 
Vögeln ist das Ausbrüten der Eier ein wichtiger Bestandteil der Fortpflanzung und der elterlichen Fürsorge. Einige 
Untersuchungen haben gezeigt, dass Umweltfaktoren (insbesondere das Mikroklima im Nest) die Fähigkeit der brütenden 
Elterntiere beeinflussen können, geeignete Bedingungen für die Entwicklung des Embryos aufrechtzuerhalten. Hierfür 
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manipulierten wir die Bedingungen während der Entwicklung der Embryos durch eine Veränderung des Mikroklimas 
(Temperatur) in den Nistkästen, um das Brutverhalten der Weibchen und mögliche Auswirkungen auf die Fitness der 
Nachkommen in einer Freilandpopulation des Halsbandschnäppers (Ficedula albicollis) zu untersuchen. Die Temperatur 
in den Versuchsnestern wurde mit Hilfe einer Wärmepackung unter dem Dach der Nistkästen erhöht und führte zu einem 
durchschnittlichen Temperaturanstieg von 2,5ºC. Unseres Wissens ist dies das erste Temperatur-Experiment an einer 
wildlebenden Vogelpopulation, das von einem realistischen Szenario der globalen Erwärmung im 21. Jahrhundert ausgeht. 
Wir konnten zeigen, dass Weibchen aus Nestern mit erhöhter Temperatur während der Bebrütung der Eier weniger Zeit im 
Nistkasten verbrachten und mehr Auszeiten hatten als Weibchen aus den Kontrollnestern. Darüber hinaus stellten wir fest, 
dass die Jungen aus den experimentell beheizten Nestern beim Ausfliegen eine größere Körpermasse aufwiesen als die aus 
den Kontrollnestern. Unsere Studie zeigt, dass sich das Mikroklima im Nest während der Brutzeit auf das Brutverhalten der 
Weibchen und die Qualität des Nachwuchses auswirkt, was darauf hindeutet, dass Schwankungen in der Nesttemperatur in 
der frühen Phase der Ontogenese wichtige und lang anhaltende Auswirkungen auf die Fitness der Jungen haben können.

Introduction

Climate change models predict a warmer climate and 
greater variability in weather components, such as tem-
perature or rainfall, across the world in the coming dec-
ades. Our knowledge of the ecological responses to cli-
mate change in different organisms is still developing 
(Dunn et al. 2010; du Plessis et al. 2012; Halupka and 
Halupka 2017). Understanding the responses of animals 
to changing environments is essential to predicting the 
extent to which populations and species will adapt to a 
rapidly changing world. Birds provide an excellent model 
system to study such impacts on life-history traits. Avian 
incubation, as a vital component of parental care heavily 
dependent on thermal conditions, provides a particularly 
suitable system in which trade-offs between investment 
in egg heating and adult self-maintenance may be studied 
(Deeming 2002; Lundblad and Conway 2021) in the con-
text of changing temperature conditions.

Ambient temperature influences energy expenditure 
during incubation, because at lower ambient temperatures, 
incubation efficiency must be increased to keep eggs within 
temperature ranges suitable for successful embryo develop-
ment. Females may respond to this limitation by optimiz-
ing their incubation rhythm (Conway and Martin 2000a, 
b). The incubation rhythm consists of alternating periods 
where females leave the clutch to obtain food (off-bouts) 
and return to re-warm the eggs (on-bouts; Deeming 2002). 
Egg temperature at the incubation stage and its variation 
can influence embryonic development and affect numerous 
offspring fitness-related traits (reviewed in DuRant et al. 
2013a). In particular, ambient temperature is commonly 
expected to influence avian incubation behaviour (Conway 
and Martin 2000a, b). However, despite the critical role that 
incubation plays in avian reproduction, few experimental 
studies have examined the relationship between temperature 
in the nest and incubation behaviour in natural systems and 
relatively similar manipulations resulted in opposite results 

(Bryan and Bryant 1999; Nilsson et al. 2008; Pérez et al. 
2008; Ardia et al. 2009; Ardia et al. 2010; Álvarez and Barba 
2014; Coe et al. 2015; Vaugoyeau et al. 2017). Virtually, 
all previous attempts did that by directly applying thermal 
manipulations to the eggs, thus creating largely unnatural 
conditions that factor out female behaviour—which can be 
an important modulator of the in-nest thermal conditions. 
Moreover, when it comes to the impact of increasing tem-
perature in relation to the climate change, most previous 
experiments used unrealistic temperature increases, not cor-
responding to projected climate scenarios. Climate models 
predict increases in mean temperature (between 1.5 and 3 °C 
in the twenty-first century; Meehl et al. 2000; Pachauri et al. 
2014; IPCC 2020) across most of the lands—a degree of 
heating rarely applied as thermal manipulation in bird incu-
bation studies. Therefore, we need more information on how 
biologically realistic increases in ambient temperature (and 
consequently—changes to the overall nest thermal microcli-
mate) could affect the incubation behaviour of females, with 
cascading effects on the offspring.

Impacts of thermal conditions during incubation on off-
spring traits are well documented. Changes in embryonic 
temperature may alter developmental trajectories (Olson 
et al. 2008) to ultimately constrain or improve offspring 
fitness-related traits (DuRant et al. 2013a). Indeed, some 
studies showed that temperature during early embryonic 
development at the incubation stage has potential to affect 
the physiological maturation, structural size and immuno-
competence (Hepp et al. 2006; Hopkins et al. 2011; Nord 
and Nilsson 2011; DuRant et al. 2013b; Griffith et al. 2016; 
Vaugoyeau et al. 2017; Andreasson et al. 2018). Such altera-
tions may in turn affect condition and survival of offspring 
(Berntsen and Bech 2016). However, experimental studies 
that simultaneously investigate female incubation behaviour 
and offspring fitness-related traits with respect to external 
thermal conditions are scarce in songbirds (Pérez et al. 2008; 
Ardia et al. 2009; Álvarez and Barba 2014; Coe et al. 2015; 
Vaugoyeau et al. 2017).
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Here, we manipulated the developmental conditions of 
bird embryos by experimentally changing the inner nest box 
temperature during incubation to investigate the effects of 
in-nest pre-hatching temperature changes on female incuba-
tion behaviour and offspring fitness-related traits. We chose 
this form of thermal manipulation instead of heating the 
eggs to create more realistic manipulated conditions that fac-
tor in female behaviour and better reflect impacts of ambi-
ent temperature increases caused by climate warming. The 
study was performed in a wild population of the Collared 
Flycatcher Ficedula albicollis. Hole-nesting birds, read-
ily breeding in provided nest boxes, offer a perfect system 
for studying incubation-related patterns and processes. We 
predicted that temperature in the nest box would explain 
variation in female incubation behaviour. Specifically, we 
predicted that females should decrease incubation effort in 
heated nests but not in control ones. Moreover, we sought 
to determine whether elevated temperature in the nest dur-
ing incubation influences fledglings’ body mass and tarsus 
length. Embryos developing in higher ambient temperature 
in the nest can expend less energy and potentially hatch with 
more energy reserves (Larsen et al. 2003). Therefore, we 
expected that nestlings hatched in heated nests would be 
heavier and have larger structural size at fledging.

Methods

Study  area

The field study was carried out during two breeding seasons 
in years 2018 and 2019. Study plots with nest boxes were 
located in the southern part of the island of Gotland, Swe-
den (57°03′  N, 18°17′  E). Collard flycatchers breed there in 
standard wooden nest boxes (29 × 10 × 10 cm, 3.2‐cm diam-
eter entrance hole) placed on tree at approximately 1.3 m 
above ground level in a grid of 30–50 m between adjacent 
boxes. Collared flycatchers on Gotland usually lay one clutch 
per year, consisting of six eggs on average (range 4–8 eggs) 
that hatch in the beginning of June. Females lay one egg per 
day and the incubation is expected to start at the day when 
the female has laid her final egg (Koski et al. 2020). The first 
eggs are laid in the first half of May and incubation is under-
taken solely by females. Nestlings hatch after approximately 
14 days of incubation and remain in the nests for additional 
14–16 days, fed by both parents. They reach the maximum 
body mass at the age of 10–11 days and lose some mass 
prior to fledging. After fledging, young collared flycatchers 
stay close to the nest for 2 weeks and are still fed by parents.

During each breeding season (May–June), all breed-
ing attempts were regularly monitored. Regular nest box 
checks (every 4 days) from the beginning of May estab-
lished the date of clutch initiation. From the fifth egg 

onwards (assuming one egg was laid per day), the checks 
were continued every other day to determine clutch size. 
Nests where incubation had already started (day of incuba-
tion start = day 0 of incubation) were visited every third day 
to perform experimental procedures. After hatching (hatch-
ing day = day 0 of nestling life), nests were visited on days 
2nd and 12th to obtain nestling measurements.

As many adult birds as possible were caught using clip-
traps or mist-nets, and (if not already ringed) marked with a 
numbered aluminium ring. The females were caught, while 
incubating (at least the 6th day of incubation), while males 
were caught while feeding the nestlings between day 6 and 
12 after hatching. Birds were aged based on a distinctive 
moult limit visible within the greater wing coverts, wear of 
primaries and the colouration of the inside of upper man-
dible, and in most cases, their age was confirmed based on 
the past ringing data. Sex was determined based on plum-
age characteristics (Svenson 1992). Each year, basic nest-
ling measurements were recorded: body mass on days 2 and 
12, tarsus length on day 12 and the number of successfully 
fledged offspring. The number of successfully fledge off-
spring was assessed by checking for any dead unfledged 
individuals between days 16 and 18 after hatching. Blood 
samples (ca. 20 μl) were collected from all nestlings on day 
2 and stored in 96% ethanol for further genetic analyses. 
DNA was extracted from blood samples with QIAamp DNA 
Blood Mini Kit according to a standard protocol. Sexing of 
nestlings was performed via PCR using the P2-P8 primers 
(Griffiths et al. 1998) that amplify the fragments of sex-
specific CHD locus.

Experimental procedure

A total of 40 nests (20 heated and 20 control) of the Collared 
Flycatcher were used in each of breeding season. On the 
first day of incubation (we recognized incubation when eggs 
were warm), half of randomly selected nests were assigned 
to the heated group (experimental nests) and the other half 
remained unmanipulated (control nests). We tried to create 
dyads of nests with the same laying date and similar clutch 
size (± 1 egg). Experimental nests were supplied with active 
heat-packs (Aqua pack—heat-pack 72 h, size 15.5 × 11.0 cm, 
producing heat through the oxidation of iron powder, HEAT-
PACK.de). We fixed the heat-packs to the inner side of a nest 
box roof, thus suspending it approx. 20 cm above the fly-
catcher nest. Inactive (exhausted) heat-packs were installed 
in control nest boxes in the same way. Heated nests were 
visited every 72 h to change the heat-packs; control nests 
were visited with the same frequency. To remove additional 
sources of variation, in both experimental and control nests, 
we standardized the height of the nest (to ~ 12 cm) by modi-
fying the amount of nesting material in the lower part of the 
nest. We manipulated the temperature inside the nest box 
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throughout the whole incubation period. Temperatures in 
nests-boxes were monitored in both experimental and con-
trol nests to make sure that thermal manipulation was effec-
tive. To achieve this, nest boxes were fitted with temperature 
sensors (Thermochron iButton DS1923; 6 × 17 mm, temper-
ature range: − 20 to 85 °C; resolution 0.0625 °C) attached to 
the wall of the nest box approximately 5 cm above the nest 
cup. Temperature has been recorded every 15 min during the 
experimental period in the control and experimental boxes.

Incubation behaviour analysis

We collected data on incubation behaviour only in 2019. In 
total, incubation rhythm was followed in 21 females: 11 from 
control nests and 10 from heated nests. On day 6 of the incu-
bation period, temperature loggers (Thermochron iButtons) 
were placed in nests among the eggs. The technique based on 
the iButton temperature logger provided reliable and accu-
rate measurement of female incubation behaviour in previ-
ous studies (Amininasab et al. 2016; Bueno-Enciso et al. 
2017). The female nest attentiveness data obtained using 
the camera were highly correlated with the data obtained 
using temperature logger data (see details in Amininasab 
et al. 2016; Bueno-Enciso et al. 2017). The loggers stayed 
there for the whole following day and were removed on the 
subsequent day. To analyse incubation behaviour, we used 
records from only one day (i.e., day 7 of incubation). The 
loggers were set to record temperature in 2-min intervals. 
Such interval is suitable to assess female incubation behav-
iour based on fluctuations of temperature measured in the 
nest cup (Capilla-Lasheras 2018). Due to a limited number 
of loggers, we were not able to get data on longer periods of 
incubation. We did not find the loggers to be removed from 
nests by females. To get data on incubation behaviour for 
each female, we applied the ‘incR’ package implemented 
in R, version 4.0.3 (Capilla-Lasheras 2018; R Core Team 
2020). The package allows to automatically extract data on 
presence or absence of an incubating female (so-called on-
bouts and off-bouts) based on the nest and ambient tempera-
tures at every time point along an incubation time series. As 
we had a limited number of loggers, we could not record 
ambient temperatures using loggers. Therefore, we used 
data from a nearby weather station (Visby Airport Station) 
where temperature was recorded every 20 min (https:// www. 
wunde rgrou nd. com/ histo ry/ daily/ se/ visby/ ESSV/ date/ 2019-
4- 28). Nevertheless, we were able to perform the analysis, 
because incubation scoring is performed based on averaged 
(per hour) ambient temperature (Capilla-Lasheras 2018). 
Ambient temperature was much lower than incubation tem-
perature and they did not overlap with each other, excluding 
the problem with larger measurement intervals of ambient 
temperatures. Before running automated scoring of incuba-
tion behaviour using the ‘incR’ package, we had set several 

user-defined parameters. First, we fixed parameters lower.
time and upper.time [which determine a time window when 
a female is assumed to be always incubating (i.e. for diurnal 
birds the window is in the night)] at 2200 and 0300, respec-
tively. We had also fixed the parameter temp.diff.threshold 
that controls for a difference which is allowed between nest 
and ambient temperature at 4 °C. The sensitivity parameter, 
that allows to reduce the off-bout threshold when incubation 
temperature is close to ambient temperature, was fixed at 
0.25. The maxNightVariation parameter, which determines 
the maximum variation allowed in the lower.time–upper.time 
window and controls for big drops in nest temperature dur-
ing that temporal window, was set to 2 °C. All parameters 
were set up based on recommendations validated by Capilla-
Lasheras (2018). We generated four variables that were in 
the focus of our interest, i.e., egg incubation temperature, 
percentage time spent in the nest by incubating females, and 
the number and averaged duration of off-bouts. All those 
variables referred to a period between 3 a.m. and 10 p.m.

Statistical analyses

All analyses were performed in the R environment, ver. 4.0.3 
(R Core Team 2020). To compare control and heated nests 
in respect to egg incubation temperature, percentage time 
spent by incubating females in the nest, the number and 
averaged duration of off-bouts made by incubating females, 
we performed independent t tests. To examine differences 
in hatching success (expressed as the proportion unhatched 
eggs in relation to all laid eggs in a brood) between con-
trol and heated nests, we fitted a GLM (generalized linear 
model) with treatment and year as fixed factors, and a logit-
link function. To analyse body mass on day 2 and 12 after 
hatching and tarsus length on day 12 in the offspring, we 
fitted linear mixed models (LMMs) using the ‘lme4’ pack-
age, ver. 1.1.25 (Bates et al. 2015). To analyse offspring 
survival in period from hatching day to day 12 after hatching 
we fitted a generalised linear mixed model (GLMM) with 
binomial error variance and logit-link function using the 
same ‘lme4’ package (Bates et al. 2015). All initial mod-
els included the treatment (control vs. heated nests), off-
spring sex (female vs. male) and year (2018 vs. 2019) as 
categorical factors, whereas hatching date, brood size, tarsus 
length (only in the model analysing body mass on day 12) 
and body mass on day 2 after hatching (only in the model 
analysing offspring survival) were included as continuous 
covariates. Female identity was introduced to models as a 
random factor. To reduce initial models, we removed non-
significant covariates (if P > 0.10), starting from the least 
significant term. To test fixed effects in LMMs, we used 
F-tests with the degrees of freedom approximated by the 
Kenward–Roger method, by applying the ‘pbkrtest’ package, 
ver. 0.4.8, and ‘lmerTest’ package, ver. 3.1.3 (Halekoh and 

https://www.wunderground.com/history/daily/se/visby/ESSV/date/2019-4-28
https://www.wunderground.com/history/daily/se/visby/ESSV/date/2019-4-28
https://www.wunderground.com/history/daily/se/visby/ESSV/date/2019-4-28
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Hojsgaard 2014; Kuznetsova et al. 2017). The least square 
means with SEs for categorical variables were estimated 
from the final models using the ‘emmeans’ package, ver. 
1.5.2 (Lenth 2020). In case of the GLMM, fixed effects were 
examined using the Wald χ2 test. To visualise differences 
in means between control and heated nests we employed 
the ‘ggplot2’ package, ver. 3.3.2 (Wickham 2016). In all 
analyses with Gaussian error variance, we visually checked 
for normality and homogeneity of residuals. If necessary, the 
dependent variable was log-transformed and the information 
on that is included in “Results”. All statistical tests were 
two-tailed with the significance level set at P < 0.05. There 
are differences in sample sizes among analyses because of 
nest abandonment or missing measurements. We provide 
means ± SE in the “Results” section; in case of transformed-
dependent variables, back-transformed values on original 
scale are presented.

Results

Below, every time we report on results concerning tem-
perature measurements, we refer to the following tem-
perature parameters named in a consistent way: ambi-
ent temperature—measured by the weather station in 
Visby; nest box temperature or ambient temperature in 
the nest—measured with an iButton placed on the nest 
box wall; incubation temperature—measured in the nest 
cup during incubation.

Pre‑treatment effects

Females assigned to control and experimental groups did 
not differ in body mass measured at the 6th day of incu-
bation (linear model controlling for year effect; treatment: 
F1, 55 = 1.02, P = 0.32, year: F1, 55 = 2.59, P = 0.11). Con-
trol and experimental broods also did not differ in laying 
date (linear model controlling for year effect; treatment: 
F1, 76 = 0.00, P = 0.96, year: F1, 76 = 74.48, P < 0.001) and 
clutch size (liner model controlling for year effect; treatment: 
F1, 76 = 0.01, P = 0.92, year: F1, 76 = 8.86, P = 0.004).

Effect of experimental procedure on nest box 
temperature

Our manipulation of the level of temperature in the nest was 
successful; temperature measured inside the nest box was 
higher in heated compared to control nests by 2.5 °C (linear 
model controlling for year effect; treatment: F1, 59 = 28.27, 
P < 0.001, year: F1, 59 = 2.71, P = 0.10; mean ± SE for heated 
vs. control nests: 17.4 ± 0.3 and 14.9 ± 0.3 °C). Differences 
in temperature detected inside nest boxes between heated 
and control nests were observed in both breeding seasons, 
and temperature detected outside the nest boxes was always 
lower compared to temperatures observed inside the nest 
boxes (Fig. 1). Furthermore, the analysis of maximum tem-
peratures noted inside the nest boxes showed similar pat-
tern; maximum temperatures in heated nest boxes were also 
higher than in control nest boxes (linear model controlling 
for year effect; treatment: F1, 59 = 11.11, P = 0.001, year: 
F1, 59 = 9.27, P = 0.003; mean ± SE for heated vs. control 
nests: 22.2 ± 0.5 and 19.9 ± 0.5 °C).

Fig. 1  Differences in tempera-
ture detected inside nest boxes 
between heated and control 
nests and temperature detected 
outside the nest boxes in 2018 
and 2019. Sample sizes are 
presented above bars
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Effects of treatment on female incubation behaviour

Elevated temperature in the nest box did not affect 
egg incubation temperature [log-transformed vari-
able, t19 = −  0.38, P = 0.71; control vs. heated nests: 
34.8 ± 0.3 °C (range 32.6–35.4) and 34.9 ± 0.3 °C (range 
33.6–35.9)]. However, we found that incubating females 
spent more time in control nests compared to heated nests 
[log-transformed variable, t19 = − 2.93, P = 0.009; con-
trol vs. heated nests: 84.8 ± 1.7% (range 78.3–96.7) and 
79.8 ± 0.8% (range 75.7–84.3); Fig. 2]. Moreover, females 
from heated nests had more off-bouts during incubation 
than females from control nests (t19 = − 2.56, P = 0.019; 
control vs. heated nests: 37.2 ± 3.8 (range 10–51) and 
50.9 ± 3.8 (range 32–71); Fig. 3). The mean duration of 
off-bout did not differ between females that incubated eggs 
in control and heated nests [t19 = − 0.58, P = 0.57; con-
trol vs. heated nests: 5.6 ± 0.2 min. (range 4.7–6.7) and 
5.9 ± 0.3 min. (range 4.8–8.0)].

Effects of treatment on hatching success

The manipulation of temperature inside the nest boxes 
during incubation period did not affect hatching success 
as indicated by lack of differences in the proportion of 
unhatched eggs among control and experimental nests 
(treatment: F1, 61 = 0.87, P = 0.36, year: F1, 61 = 0.00, 

P = 0.98; control vs. heated nests: 0.16 ± 0.04 vs. 
0.11 ± 0.04).

Effects of treatment on offspring body mass 
and structural size

Body mass of nestlings on day 2 after hatching was not 
affected by the treatment, offspring sex, year, hatching 
date and brood size (Table 1). In contrast, we found that 
nestling body mass measured on day 12 after hatching was 
significantly affected by manipulation of nest temperature. 
Offspring reared in heated nest were heavier compared to 
offspring reared in control nests (Table 1, Fig. 4). Nestling 
tarsus length on day 12 after hatching was not influenced by 
the treatment, sex and year (Table 1).

Effects of treatment on offspring survival

Offspring survival until day 12 after hatching was not 
affected by heating treatment (Wald �2

1
 = 0.00, P = 0.99; 

N = 265), the year of study (Wald �2

1
   = 0.81, P = 0.37), 

brood size (Wald �2

1
 = 0.11, P = 0.074, statistics at dropping 

from model), and hatching date (Wald �2

1
 = 0.27, P = 0.60, 

statistics at dropping from model). However, we found that 
male nestlings survived better than female nestlings (Wald 
�
2

1
 = 5.92, P < 0.015; the proportion of survived males and 

females: 0.93 ± 0.02 vs. 0.63 ± 0.04), and nestling body mass 
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Fig. 2  The effect of manipulation of nest temperature on time spent 
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on day 2 after hatching positively predicted the probability 
of offspring survival (Wald �2

1
 = 8.47, P < 0.004).

Discussion

We demonstrated that ambient temperature in the nest during 
incubation had a significant effect on both female incuba-
tion behaviour and offspring performance in the collared 
flycatcher. Specifically, in line with our prediction, we found 
that females from experimentally heated nests spent less 
time in the nest and had more off-bouts during incubation 
than females from control nests. Simultaneously, we showed 
that females from both control and experimental nests spent 
similar time on off-bouts, which could be easily explained 
by the fact that off-bout duration may be constrained to mini-
mize rewarming eggs costs (Biebach 1986; Reid et al. 2000).

Similar to the previous studies, we showed that behaviour 
of incubating females and ultimately their incubation effort 
are particularly sensitive to nest microclimate (Conway and 

Martin 2000a, b; Cresswell et al. 2003; Olson et al. 2008, 
van de Ven et al. 2020, Lundblad and Conway 2021). Several 
studies examined the relationship between ambient tempera-
ture and incubation behaviour in birds, and the one frequent 
finding is that the lower temperatures caused females to 
spend less time off the nest per bout (Conway and Martin, 
2000a, b; Ardia et al. 2010; Boulton et al. 2010; Aminina-
sab et al. 2016). Moreover, a few studies have shown that 
higher ambient temperatures can be associated with reduced 
incubation period (Ardia et al. 2006) and increased off-bout 
duration (Conway and Martin 2000a, b; Camfield and Martin 
2009; Boulton et al. 2010). In contrast, Pérez et al. (2008) 
experimentally heated eggs of the tree swallow (Tachycin-
eta bicolor) during incubation by an average of 6.9 °C and 
showed that in boxes with elevated temperature females 
increased time spent in the nest during incubation. Never-
theless, it is difficult to explain these mixed results, since 
they used drastically different thermal regimes.

In our study, an increase in temperature within a nest 
box by 2.5 °C on average reduced the time spent in the nest 

Table 1  Results of a linear 
mixed models analysing 
effects of manipulation of nest 
box temperature during the 
incubation period on nestling 
body mass (day 2 and 12) and 
tarsus length (day 12)

Treatment (control vs. heated nests), offspring sex (female vs. male) and year (2018 vs. 2019) were entered 
to models as categorical factors while hatching date, brood size and tarsus length (only model analysing 
body mass on day 12) as covariates. Female identity was introduced to models as a random factor. Pre-
sented are final models after removing non-significant covariates (if P > 0.1). Parameter estimates for inter-
cept and fixed effects are accompanied with SE, whereas a random factor is given with 95% CIs. Marginal 
and conditional R2 is presented for each model

Model Estimate d.f. F P

Nestling body mass on day 2 (N = 265)
 Intercept 3.05 ± 0.16
 Treatment 0.10 ± 0.20 1, 47.3 0.24 0.63
 Offspring sex 0.10 ± 0.08 1, 234.5 1.44 0.23
 Year – 0.03 ± 0.21 1, 47.3 0.03 0.87

Female identity 0.65 (0.50, 0.80)
 R2

marginal/R2
conditional 0.01/0.60

Nestling body mass on day 12 (N = 210)
 Intercept 19.71 ± 3.85
 Treatment 0.60 ± 0.29 1, 38.4 4.37 0.043
 Offspring sex – 0.15 ± 0.15 1, 191.6 1.01 0.31
 Year 1.01 ± 0.38 1, 57.2 7.11 0.010
 Hatching date – 0.20 ± 0.05 1, 92.7 14.75  < 0.001
 Brood size – 0.40 ± 0.11 1, 57.7 12.28  < 0.001
 Tarsus length 0.56 ± 0.12 1, 195.8 20.11  < 0.001
 Female identity 0.78 (0.53, 0,97)
 R2

marginal/R2
conditional 0.32/0.60

Nestling tarsus length on day 12 (N = 211)
 Intercept 16.80 ± 0.10
 Treatment 0.10 ± 0.12 1, 36.8 0.70 0.41
 Offspring sex – 0.01 ± 0.08 1, 203.6 0.02 0.90
 Year 0.10 ± 0.12 1, 36.9 0.67 0.42
 Female identity 0.29 (0.16, 0.39)

R2
marginal/R2

conditional 0.01/0.23
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by incubating females. Moreover, this change in incubation 
behaviour may be attributed to reduced energetic demands 
exerted on females due to relatively less heat being trans-
ferred to eggs, allowing them to forage for longer periods 
while leaving the nest unattended (Conway and Martin 
2000a, b; Griffith et al. 2016). Reduced energy expendi-
ture during incubation, and increased foraging time during 
the incubation period may positively affect parental condi-
tion, which in turns enables them to forage more effectively 
later while feeding nestlings, leading to improved nestling 
body condition (Griffith et al. 2016). Indeed, we showed 
that offspring from experimentally heated nests had larger 
body mass on day 12 in comparison to the control ones. 
Body mass at fledging was proposed as a reliable index of 
the survival probability for avian offspring (e.g., Magrath 
1991). Also, in the study population of collared flycatchers, 
higher body mass at fledgling seem to be the most important 
trait affecting juvenile survival (Linden et al. 1992). Note 
that body mass at the day 12 were affected by many fac-
tors such brood size, hatching date and tarsus length. The 
results are in line with previous studies, which showed that 
these factors may explained the variation in body mass at 
the day 12 in these species (e.g., Linden et al. 1992; Mer-
ilä 1996). However, we did not show that our experimental 
manipulation affects offspring survival. We only found that 
female offspring experienced higher mortality than male 
offspring until day 12 after hatching. This result suggests 
that male and female nestlings differ in their sensitivity to 
some environmental or social conditions experienced in the 

nest during development. Moreover, we showed that off-
spring survival was correlated with the body mass at hatch-
ing: heavier nestlings experienced lower mortality at pre-
fledgling period which indicates that larger size at hatching 
gives advantage in chances to survive up to leaving the nest.

Our results may suggest that higher temperature in the 
nest reduces an energetic cost of females during incubation 
and leads to re-allocation of resources into the post-hatching 
period. Unfortunately, our study design did not allow us to 
separate the effect of the heating treatment on eggs from the 
effects of being raised by a heated female, as cross-fostering 
procedure was not applied. However, we did not observe the 
elevated temperature in the nest box to affect egg incuba-
tion temperature. Moreover, since we did not observe that 
offspring from the experimentally heated nests had larger 
body mass at hatching in comparison to the control ones, 
the observed differences in body mass between control and 
experimental fledglings could be related to female behav-
iour. Indeed, previous work on birds have also shown that 
changes in energetic investment during one life-history stage 
can have carry-over effects on subsequent life-history stages 
within reproductive bouts (Heaney and Monaghan 1996; 
Pérez et al. 2008). Specifically, study on the tree swallow 
revealed that such an effect is probably due to the behav-
iour of heated females, as heated females provisioned their 
nestlings at a greater rate than did control females (Pérez 
et al. 2008).

In conclusion, given the obvious importance of tempera-
ture to embryo development and the female's response to 
experimentally altered temperature, the inconsistent rela-
tionships between ambient temperature and incubation 
behaviour in avian studies are still an enigma. Much more 
research is needed to understand how thermal environmental 
conditions affect incubation behaviour, and how their effects 
on fitness arise. Such insights will not only provide founda-
tional information regarding avian evolution and ecology, 
but also contribute to avian conservation.
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