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Abstract. Breeders evolved adaptive responses to rapid changes in ambient temperature. In birds,
nests are expected to reduce egg cooling when the incubator is temporarily off the eggs. Here we
present the results of two complementary laboratory experiments aiming at testing the association
between egg cooling and the thickness of the nest under and surrounding the eggs in a non-
domesticated avian model species (great tit, Parus major). To simulate incubation behaviour, we
exposed nests with 4-egg clutches to a heat source until the eggs reached a normal incubation
temperature (ca. 39°C) and then recorded egg cooling eight minutes after removal of the heat
source, which corresponds to the time females generally leave eggs unattended during the
incubation period. Eggs cooled more quickly when the nest layer under the eggs was thinner and
when ambient temperature was cooler. We also show that the wall around the nest cup is important
to buffer egg cooling. It is hypothesised that in bird nests, both the thickness of the material under
the eggs, and the wall surrounding the nest cup interact to maintain a heat envelope around the eggs
for the time the incubating parent is foraging. This could explain why the thickness of the nest base
and wall are adjusted to the ambient temperature the birds experience during the nest building

phase, to anticipate the thermal conditions during incubation and preserve egg viability.

Key words great tit, Parus major, nest size, egg cooling, temperature
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1. Introduction

Temperature is at the centre of studies that focus on biological consequences of climate change
(Parmesan and Yohe, 2003; White, 2008; IPCC Report, 2014; Deeming and Reynolds, 2015;
Gaughan et al. 2017). Temperature and its changes have a significant impact on how living beings
perform and breed (Visser et al., 2004; Cooper et al., 2005; Mainwaring et al., 2017; Andreasson et
al., 2018; Marrot et al., 2018; Page et al., 2022). However, animal breeders evolved numerous
proximate response mechanisms to changes in the thermal environment so that embryos and
offspring develop in optimal breeding environments. At macro- and micro-geographic scales, they
can indeed adjust their breeding site; modulate their timing of reproduction and embryonic
development; they can alter litter or clutch sizes; or they can even pause their breeding behaviours
in case of extreme temperatures (Baker, 1938; Drent, 1975; Wingfield et al., 1998; Visser et al.,
2004; Cooper et al., 2005; Caro et al., 2013; Deeming and Reynolds, 2015; Gladalski et al., 2018;
Kauffman et al., 2021; Sharpe et al., 2021).

In birds, larger nests with higher thermal insulation properties are often found in colder
breeding environments. One explanation is that these nests create a suitable environment for
incubated eggs, the development of which entirely depends on the surrounding temperature (Drent,
1975; Deeming and Reynolds, 2015). For instance, bigger nests are expected to protect developing
embryos against a decrease in egg temperature in cold environments (Gibb, 1950; Kluijver, 1950;
Drent, 1975; de Heij and Tinbergen, 2006; Deeming and Reynolds, 2015). In temperate zone
passerines, the temperature of incubated eggs is usually between 30 and 40°C (Gibb, 1950;
Kluijver, 1950; Drent, 1975; Haftorn, 1981b, 1988). During incubation, the surface temperature of
the nest cup (where the eggs sit) is >10°C higher than the temperature of the nest wall surrounding
the nest cup (Deeming and Pike, 2015; own observations). In addition, the temperature of the
incubated eggs is often more than 10 to 20°C higher than the temperature above or outside the nest
(Gibb, 1950; Drent, 1975; Haftorn, 1981a,b; Haftorn 1988; own observations). When an incubating
parent leaves the nest, incubated eggs are suddenly exposed to a colder environment that induces
egg cooling (Gibb, 1950; Haftorn, 1981a,b, Haftorn 1988). Egg cooling might hamper embryo
development when eggs are maintained below 34 to 38°C for prolonged periods of time (Drent,
1975; Mainwaring, 2015; Webb, 1987). In addition, low egg temperatures increase the energy
needed to re-heat the eggs when the incubator returns to the nest (reviewed in Drent, 1975;
Monaghan and Nager, 1997). We therefore hypothesised that, especially in colder breeding
conditions, bigger or thicker nests are designed to store more incubation-generated heat and that this
heat, when released progressively, will slow down egg cooling in the absence of the incubating
parent. However, few intraspecific investigations quantified associations between dynamics in egg

temperature and aspects of nest design across a wide range of thermal conditions.
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Here we report results of a laboratory study of egg cooling in association with nest thickness
under the eggs of a non-domesticated model species, the great tit (Parus major). We heated 4-egg
clutches placed inside nests to reach a normal incubation temperature (ca. 39°C) (Gibb, 1950;
Kluijver, 1950; Drent, 1975; Haftorn, 1981b; Haftorn, 1988), and then removed the heat source to
monitor egg cooling for 8 minutes, which corresponds to a frequently observed off-bout duration in
natural conditions (Gibb, 1950; Kluijver, 1950; Haftorn, 1981a; Alvarez and Barba, 2014b;
Bambini et al., 2019). We performed those tests at various ambient temperatures, with nests of
different sizes, and by heating either entire nests, or nests in which the wall had been removed.
These different experimental conditions allowed us to test several factors that are expected to
influence egg cooling, including the role of the wall in the insulating properties of the nests. Based
on our findings on the basic thermal physics of nests, we provide a simple proximate explanation

for why colder environments might favour the construction of bigger and thicker nests.

2. Methods

The thermal properties of nests were investigated in laboratory conditions (cf. Lambrechts et al.,
2020). We tested 101 nests collected in 2018. Those nests had contained nestlings that successfully
fledged. Using nests that had been deserted, either before egg hatching (17 nests) or during the stage
of nestling rearing (3 nests), led to similar results (see supplementary material for more detail).
Nests had been constructed into four box types that have been described in Lambrechts et al.
(2017). Briefly, some nests were constructed inside wood-concrete Schwegler B1 boxes (internal
diameter 10.5 cm, bottom area 113 cm?, volume of the nest chamber under the entrance hole: 1525
cm?®) whereas the other collected nests were constructed inside one of three wooden box types that
differed in size. Wooden boxes (made of European larch, Larix decidua) were either small (bottom
area 36 cm?, volume under the entrance hole 576 cm®), medium-sized (bottom area 121 cm?,
volume under the entrance hole 1936 ¢cm?) or large (bottom area 210 cm?, volume under the
entrance hole 3780 cm?®). Nests from different box types differed in size (Lambrechts et al., 2017;
Holveck et al., 2019), and therefore the use of different box types only aimed at increasing the range
of nest sizes. We also used eggs from deserted clutches in 2018 (cf. Lambrechts et al., 2020). Eggs
had different stages of development, and included eggs with yolk and eggs with embryos. Nests and
eggs were from nest boxes erected in eight urbanised plots situated in the city of Montpellier
(southern France) and one forest plot situated at ca. 25 km from Montpellier (Demeyrier et al.,
2016; Lambrechts et al., 2016; 2017) (see table S1 for a description of the number of nests across
study plots and box types). Nests and eggs were transferred to the laboratory and kept at room

temperature before the start of the study.
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We used the collected eggs to constitute three artificial 4-egg clutches, each clutch constituted of
eggs from the same nest of origin. We selected 4-egg clutches for the following reasons: 1) The size
of the incubation patch allows the female to simultaneously heat not more than four eggs via direct
contact with the skin (Lohrl, 1986). Larger clutches lead to variation in surface temperature of
individual eggs, due to their position within the nest cup (Boulton and Cassey, 2012); 2) A clutch
size of four eggs per nest facilitated the measurement of temperature under the eggs; 3) Using one
single clutch size allowed to remove effects of clutch size on egg cooling rates (e.g. reviewed in
Cooper et al., 2005; Nord and Nilsson, 2012; Deeming and Reynolds, 2015). General experimental
procedures consisted in placing nests, each containing one 4-egg clutch, under an infrared lamp
(250 W, Philips, at 38 cm above the nest bottom) for the time needed to reach a temperature
observed during normal incubation (39 — 39.7°C, Haftorn, 1988; see also table 1 for a summary of
the heating duration needed across experimental conditions). Nests with eggs at incubation
temperature were then placed inside a closed insulated cabinet for eight minutes to monitor egg
cooling. By placing eggs in a closed cabinet, we could manipulate the ambient temperature and we
could also examine cooling in the absence of wind to simulate a nest-cavity environment
(Dickinson et al., 2019; Wachob, 1996). A fixed cooling period of eight minutes simulated the
duration that an incubating female is off the eggs in natural conditions (Gibb, 1950; Kluijver, 1950;
Haftorn, 1981a; Alvarez and Barba, 2014b; Bambini et al., 2019). Both the ambient temperature
and the temperature under the eggs were simultaneously measured using an Otio thermometer with
two temperature sensors (Model: EM713P, Auterive, France, www.otio.com). Nests and 4-egg
clutches were used multiple times, under different thermal conditions (see below). Because thermic
properties differ between eggs and are associated with egg development (Cooper and Vos, 2013),
the artificial 4-egg clutches were switched between nests so that different nests received the same

clutches.

Both the nest characteristics and the thermal environment were manipulated in two
experiments (Table 1). In a first experiment we heated both entire nests and nests from which the
wall had been removed. Cut nests were obtained by vertically sawing the nest wall with a hacksaw,
only leaving the nest material under the nest cup (figure S1). This way, we obtained nests all having
a surface of approximately 7 cm x 7 cm (Table 1). Nests with an even smaller nest floor surface (36
cm?) have been reported in our urban study site when great tits nested in a small box type
(Lambrechts et al., 2017). Intact and cut nests were heated, one at the time, with the eggs inside.
When the eggs reached a normal incubation temperature (39.0 — 39.7 °C) (Haftorn 1988), the nests
with eggs were placed for eight minutes inside an insulated cabinet that had an ambient temperature
that differed within and between days of testing. Ambient temperature inside the cabinet ranged

between 11 and 27°C. Each nest (entire and cut) was tested more than once with different clutches
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of eggs that were chosen randomly among the three available clutches of four eggs, to avoid
possible egg characteristic effects on the temperatures measured. Measurements were taken
between 6:00 and 22:30, with sampling duration and sampling hours differing between sampling
days (1 to 12 measurements of egg cooling per nest). A thermometer was always placed next to the
nest inside the cabinet, and this value was used as a continuous variable in the statistical tests (see

below). A total of 462 egg cooling measurements were performed for this experiment.

In a second experiment, we also exposed nests to two different heating treatments. This time
however, nests were left intact, and the treatments consisted in placing, or not, a pierced insulation
layer in between the nest and the infrared lamp. The insulation layer consisted in a Scm-thick foam
layer covered with cardboard. It was pierced in the middle in a way that, when placed over the nest,
the lamp only heated the nest cup containing the eggs, and not the nest rim. Such a procedure better
mimics natural conditions, in which an incubator only sits on the eggs, and not on the whole nest.
Like in experiment 1, nests were heated until eggs reach a normal incubation temperature (39.0 —
39.6 °C), and ambient temperature differed within and between days of testing. Each nest was tested
in both conditions (with and without the insulation layer) and more than once, with different
clutches of eggs that were chosen randomly among three of the available clutches of four eggs. A

total of 96 measurements were performed for this experiment.

Statistics

To analyse the data, we used mixed model procedures (Imer, package ImerTest, Kuznetsova et al.
2016, in R version 3.5.0, R-Core-Team, 2015) always using the level of egg cooling (i.e. differences
in egg temperature between the beginning and end of the eight-minute period of cooling) as the
dependent variable. We tested the effects of the treatment (entire vs. cut nests in exp. 1; with vs.
without insulation layer in exp. 2), the ambient temperature during the cooling phase (in °C), nest
thickness under the eggs (in mm), and bottom surface area of the nests (in cm?) to account for the
size of the different box types from which nests had been collected. Nest identity and clutch identity

were added as crossed random intercepts.

3. Results
In experiment 1, the nest surface area did not influence egg cooling rate (p=0.122, table 2). Egg
cooling was however strongly associated with the ambient temperature, and the thickness of nest
material under the eggs (all p<0.001, table 2, figure 1 left panel), with eggs cooling more rapidly as
temperature and nest thickness were low. Eggs also cooled down more in nests without a wall,
compared to entire nests (treatment effect, p<0.001, figure 1 right panel), which suggests that the

wall itself contributes to the thermal protection of the eggs. Birds however do not cover the entire
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nest when they incubate, but mainly the nest cup. Therefore, to better understand whether the nest
wall buffers egg cooling naturally, or whether the treatment effect observed here partly results from
the fact that we heated the entire nests, we designed experiment 2. In this second experiment, nests
were left intact and we heated the entire nest, or only its cup, using insulating material above the
nest rim. While the effects of ambient temperature and nest thickness observed in experiment 1
were confirmed in this second experiment (p<0.001), we found no effect of the nest surface area
(p=0.207), and no effect of the treatment (p=0.273, table 2). This confirms that the buffering effect
of the nest wall on egg cooling observed in experiment 1 was intrinsic and not because the nest wall

had also been exposed to heat.

4. Discussion

Deeming (2016) proposed the concept of the ‘bird-nest incubation unit’. In small passerines, like
Paridae, the incubator would require the nest surrounding the eggs to ensure that there is
maintenance of temperature. In this framework, thicker, larger or heavier nests would be more
efficient in maintaining egg temperature during the act of incubation to explain why larger nests are
found in colder environments (e.g. de Heij and Tinbergen, 2006; Crossman et al., 2011; Deeming et
al., 2012; Mainwaring et al., 2012, 2014; Heenan et al., 2015; but see Lambrechts and Caro, 2018).
Several techniques have been used to study the thermal insulation properties of passerine nests in
laboratory conditions, always in the absence of real eggs (e.g. Szentirmai et al., 2005; de Heij and
Tinbergen, 2006; Cruz et al., 2016; Akresh et al., 2017; Botero-Delgadillo et al., 2017; Gray and
Deeming, 2017; Biddle et al. 2018; 2019; Deeming and Humphreys, 2020). The laboratory studies
focused on several nest-size characteristics, including nest length, nest width, nest depth, inner cup
diameter, inner cup depth and nest dry weight (e.g. de Heij and Tinbergen, 2006; Botero-Delgadillo
et al., 2017). Associations between aspects of nest morphology and nest cooling have also been
reported in standardized laboratory conditions with relatively fixed ambient temperatures (e.g. Cruz
et al., 2016; Akresh et al., 2017; Botero-Delgadillo et al., 2017; but see de Heij and Tinbergen,
2006). Most of those studies however focused on the temperature of the nest itself, sometimes also

on dummy eggs, but not on the thermal dynamics of the eggs of the species that built the nest.

Here we hypothesized that larger nests might provide thermal benefits to the eggs once the
incubating female leaves the nest. To test this hypothesis, we heated nests that contained a 4-egg
clutch to monitor egg cooling after removal of the heat source. In our tests that simulated aspects of
natural incubation behaviour (natural incubation temperature, time that the incubator is off the eggs
during the egg cooling phase, dynamic environmental temperature within and across days), we
observed that eggs cooled more quickly when the nest layer under the eggs was thinner and when

the thermal conditions were cooler. A thicker nest layer under the eggs is thus able to store more
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incubation-generated heat to be released for a longer period when the female is off the eggs. This is
a simple proximate explanation for why inside thicker nests, eggs cooled more slowly in our
different experimental set ups. That heated nests store heat to be released when suddenly exposed to
colder environmental conditions fits with our own observations that in thicker nests the temperature
under the eggs can continue to increase for up to several minutes after a heated nest is placed in

shade or cold conditions (M.M. Lambrechts, pers. obs.).

The important role played by the nest layers under the eggs does however not exclude the
possibility that the thickness of the nest wall might also contribute to the thermal insulation
properties of the nest, and this is what we showed with our experimental manipulation of the nest
wall. In experiment 1 we indeed showed that the presence of a nest wall is important to buffer egg
cooling, because eggs cooled down more quickly when the nest wall was removed. The presence of
a nest wall thus not only acts as a mechanical protection of the eggs against potentials shocks or to
hold eggs together in the centre of the nest, but it also maintains a heat envelope around the eggs,
preventing them to cool down rapidly when the nest is not attended. In experiment 2 we further
show that this heat envelope exists and operates efficiently even if only the centre of the nest is
heated, like it is the case in natural conditions when the incubating bird only heats its eggs and the
nest layers immediately below them. The brood patch of the incubator is indeed substantially
smaller than the size of the whole nest. The surface of four great tit eggs touching the incubation
patch is circa 10 cm? (Lohrl, 1986), whereas the bottom surface of nests varied between circa 36
and 210 cm? in our study population. Altogether our experiments show that the nest is a complex
environment in which both the thickness of the material under the eggs, and the wall surrounding
the nest cup interact to maintain eggs at a viable range of temperatures for the time the incubating
parent leaves its nest for foraging and for other self-maintenance activities (see also Deeming et al,

2020).

Based on our laboratory results on egg cooling, we would expect that bigger or thicker nests
are built in colder environmental conditions, e.g. earlier in the season, at higher elevations or at
higher latitudes (Briggs et al., 2019; Deeming et al., 2012). Associations between aspects of nest
size and ambient temperature have been investigated in field studies (e.g. Deeming and Reynolds,
2015 for a review) and in laboratory conditions (Lambrechts and Caro, 2018). Consistent with these
expectations, we found in previous field studies that great tits invested more in nest building when
nests were constructed earlier in the season (Lambrechts et al., 2017). We also found that blue tits
built smaller replacement nests built later in the season than first nests built earlier in the same
breeding season (Lambrechts et al., 2012) (see also Deeming and Mainwaring, 2015). However, in

an 18-year field study that only focused on nests from first breeding attempts built in one box type
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(Schwegler), we did not find a significant association between nest volume and the average ambient
temperature during the week preceding the onset of egg laying (Lambrechts et al., 2016). This
would imply that our long-term field measure of nest size (i.e. height of the nest rim at the entrance
door, ignoring the nest cup properties) does not necessarily reflect the functional thermic properties
of a nest (see also Deeming and Mainwaring, 2015; Cruz et al., 2016). Field studies interested in
thermic properties of nests influencing changes in egg temperature therefore should also take other
aspects of nest size into account, such as aspects associated with nest-cup characteristics (e.g.
thickness or composition of the material under the eggs) (e.g. de Heij and Tinbergen, 2006;
Deeming et al., 2012; 2020; Mainwaring et al., 2012; Deeming and Mainwaring, 2015). In addition,
in a previous laboratory study in great and blue tits (Lambrechts and Caro, 2018), we did not find an
association between ambient temperature and nest volume and nest weight. This was a bit
surprising given that nest weight and volumes probably better reflects nest thickness under the eggs,
which we measure here, than the sole measure of the external nest wall as done in the field study.
But we also observed that the captive birds only started to build when photoperiod was very long.
We therefore do not exclude that a very long photoperiod might change the sensitivity to ambient
temperature in breeders (e.g. Lambrechts and Perret, 2000) therefore perhaps also influencing

investment in nest building.

Future studies could focus on which egg characteristics proximately determine their thermal
properties and whether egg cooling might also be associated with aspects of nest morphology other
than mass or thickness, such as nest composition (Deeming et al., 2020). Egg warming following
egg cooling could also be investigated with similar approaches to investigate whether low egg

temperatures might increase a proximate cost of egg warming when the female returns to the cooled

eggs.

Acknowledgements
We thank all the staff members and students that kindly helped with nest collection and field

monitoring.

Conflicts of interest

The authors declare that they have no conflicts of interest.



288
289

290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323

References

Akresh, M. E., Ardia, D. R., King, D. 1., 2017. Effect of nest characteristics on thermal properties,
clutch size, and reproductive performance for an open-cup nesting songbird. Avian Biol.
Res. 10, 107-118.

Alvarez, E., Barba, E., 2014a. Behavioural responses of great tits to experimental manipulation of
nest temperatures during incubation. Ornis Fennica 91, 220-230.

Alvarez, E., Barba, E., 2014b. Within and between population variations of incubation rhythm of
great tits Parus major. Behaviour 151, 1827-1845.

Andreasson, F., Nord, A., Nilsson, J.-A., 2018. Experimentally increased nest temperature affects
body temperature, growth and apparent survival in blue tit nestlings. J. Avian Biol. €01620
doi: 10.1111/jav.01620

Baker, J.R., 1938. The evolution of breeding seasons. In: Evolution: essays on aspects of
evolutionary biology (G.R.De Beer, ed.), pp. 161-177. Oxford University Press, London,
UK.

Bambini, G., Schlicht, E., Kempenaers, B., 2019. Patterns of female nest attendance and male
feeding throughout the incubation period in blue tits Cyanistes caeruleus. Ibis 161, 50-65.

Biddle, L. E., Goodman, A. M., Deeming, D. C., 2018. Infrared thermography provides insight into
the thermal properties of bird nests. J. Therm. Biol. 76, 95-100.

Biddle, L.E., Goodman, A.M., Deeming, D.C., 2019. Wall structure affects insulation of nests built
by thrushes. Acta Ornithol. 54, 255-262.

Botero-Delgadillo, E., Orellana, N., Serrano, D., Poblete, Y., Vasquez, R. A., 2017. Interpopulation
variation in nest architecture in a secondary cavity-nesting bird suggests site-specific
strategies to cope with heat loss and humidity. Auk 134, 281-294.

Boulton, R.L., Cassey, P., 2012. How avian incubation behaviour influences egg surface
temperatures: relationships with egg position, development and clutch size. J. Avian Biol.
43, 289-296.

Briggs, K.B., Biddle, L.E., Deeming, D.C., 2019. Geographical location affects size and materials
used in the construction of European Pied Flycatcher (Ficedula hypoleuca) nests. Avian
Research 10, 15.

Caro SP, Schaper SV, Hut RA, Ball GF, Visser ME, 2013. The case of the missing mechanism: How
does temperature influence seasonal timing in endotherms? PLoS Biol 11:e1001517.
Cooper C. B., Hochachka W. M., Butcher G., Dhondt A. A. 2005. Seasonal and latitudinal trends in
clutch size: thermal constraints during laying and incubation. Ecology 86: 2018-2031
Cooper, C. B., Voss, M. A., 2013. Avian incubation patterns reflect temporal changes in developing

clutches. PLoS ONE §(6), 65521, doi:10.1371/ journal.pone.0065521



324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359

Crossman, C. A., Rohwer, V. G., Martin, P. R., 2011. Variation in the Structure of Bird Nests
between Northern Manitoba and Southeastern Ontario. PLoS ONE 6(4), ¢19086,
doi:10.1371/journal.pone.0019086

Cruz, A, Alvarez, A., Barba, E., 2016. Nest insulation capacity during incubation and after fledgling
are related. Avian Biol. Res. 9, 22-27.

de Heij, M. E., Tinbergen, J. M., 2006. Great tits with thin nests delay the onset of full incubation.
Chapter 5 in de Heij M. E., PhD Thesis, University of Groningen

Deeming, D. C., 2016, How does the bird-nest incubation unit work? Avian Biol. Res., 103-113.

Deeming, D.C., Humphreys, E., 2020. Insulation of Common Chaffinch Fringilla coelebs nests is
largely driven by animal-derived materials in the cup lining. Acta Ornithol. 55, 250-260.

Deeming, D.C., Pike, T.W., 2015. Nest surface temperature predicts fledging success of Blue Tits
Cyanistes caeruleus but not Great Tits Parus major. Acta Ornithol. 50, 247-251.

Deeming, D. C., Reynolds, S. J., 2015 (eds.). Nests, eggs, and incubation: new ideas about avian
reproduction. Oxford University Press, Oxford.

Deeming, D. C., Mainwaring, M. C., 2015. Functional properties of nests. In: Deeming, D.C. &
Reynolds, S.J. (eds), Nests, eggs, and incubation: new ideas about avian reproduction, pp.
29—-49. Oxford University Press, Oxford.

Deeming, D. C., Mainwaring, M. C., Hartley, L. R., Reynolds, S. J., 2012. Local temperature and
not latitude determines the design of blue tit and great tit nests. Avian Biol. Res. 5, 203-208.

Deeming, D.C., Dickinson, A.M., Broughton, R.E., Locke, E., Gray, L.A., Bennett, S.L., Gilchrist,
R., Muniz, S., Goodman, A.M., Biddle, L.E., 2020. Factors affecting thermal insulation of
songbird nests as measured using temperature loggers. Physiol. Biochem. Zool. 93, 488-504.

Demeyrier, V., Lambrechts, M.M., Perret, P., Grégoire, A., 2016. Experimental demonstration of an
ecological trap for a wild bird in a man-transformed environment. Anim. Behav. 118, 181-190.

Dickinson, A.M., Goodman, A.M., Deeming, D.C., 2019. Air movement affects insulatory values of
nests constructed by Old World Warblers. J. Thermal Biol. 81, 194-200.

Drent, R. 1975. Incubation. In: Farner DS and King JR (eds), Avian Biology, pp. 333-420. Academic
Press, New York

Gaughan, J. B., Lees, A. M., Sejian, V., 2017. Sixty years of animal biometeorology. Int. J. Biometeol.
https://doi.org/10.1007/s00484-017-1459-1

Gibb, J. 1950. The breeding biology of the great and blue titmice. Ibis 92, 507-539.

Gladalski, M., Banbura, M., Kalinski, A., Markowski, M., Skwarska, J., Wawrzyniak, J., Zielinski,
Z.,Banbura, J., 2018. Hatching delays in great tits and blue tits in response to an extreme cold
spell: a long-term study. Int. J. Biometeol. https://doi.org/10.1007/s00484-018-1541-3

Gray, L. A., Deeming, D. C., 2017. Effects of air movement on the thermal insulation of avian nests.

Bird Study https://doi.org/10.1080/00063657.2017.1387518



360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395

Gwinner, H., Capilla-Lasheras, P., Cooper, C., Helm, B., 2018. ‘Green incubation’: avian offspring
benefit from aromatic nest herbs through improved parental incubation behaviour. Proc. R.
Soc. Lond. B 285, DOI: 10.1098/rspb.2018.0376

Haftorn, S., 1981a. Incubation rhythm in the great tit Parus major. Fauna norv. Ser. C. Cinclus 4, 9-
26.

Haftorn, S., 1981b. Incubation during the egg-laying period in relation to clutch-size and other aspects
of reproduction in the great tit Parus major. Ornis Scand. 12, 169-185.

Haftorn S., 1988. Incubating female passerines do not let the egg temperature fall below the
‘physiological zero temperature’ during their absences from the nest. Ornis Scand. 19, 97-110.

Harrison, C., 1982. An Atlas of the Birds of the Western Palaearctic. Collins, London, 322 pp.

Heenan, C. B., Goodman, B. A., White, C. R., 2015. The influence of climate on avian nest
construction across large geographic gradients. Global Ecol. Biogeogr. 24, 1203-1211.

Holveck, M.-J., Grégoire, A., Doutrelant, C., Lambrechts, M. M. 2019. Nest height is affected by
lampost lighting proximity in addition to bestbox size in urban great tits. J Avian Biol 50,
e01798.

IPCC Report on Climate Change, 2014. Synthesis Report. Contribution of Working Groups I, II and
III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Core
Writing Team, R.K. Pachauri and L.A. Meyer (eds.)]. IPCC, Geneva, Switzerland, 151 pp.

Kauffman, K.L., Elmore, R.D., Davis, C.A., Fuhlendorf, S.D., Goodman, L.E., Hagen, C.A., Tanner,
E.P., 2021. Role of the thermal environment in scaled quail (Callipepla squamata) nest site
selection and survival. J. Thermal Biol. 95, 12.

Kluijver, H. N., 1950. Daily routines of the great tit, Parus m. major L. Ardea 38, 99-135.

Kuznetsova A, Brockhoff PB, Christensen RHB. 2016. ImerTest: Tests in Linear Mixed Effects
Models. R package version 2.0-30.

Lambrechts, M. M., Aimé¢, C., Midamegbe, A., Galan, M.-J., Perret, P., Grégoire, A., Doutrelant,
C., 2012. Nest size and breeding success in first and replacement clutches: an experimental
study in blue tits Cyanistes caeruleus. J. Ornithol. 153, 173-179.

Lambrechts, M. M., Blondel, J., Bernard, C., Caro, S. P., Charmantier, A., Demeyrier, V.,
Doutrelant, C., Dubuc-Messier, G., Fargevieille, A., de Franceschi, C., Giovannini, P.,
Grégoire, A., Hurtrez-Bousses, S., Lucas, A., Mainwaring, M. C., Marrot, P., Mennerat, A.,
Perret, S. & Perret, P., 2016. Exploring biotic and abiotic determinants of nest size in
Mediterranean great tits (Parus major) and blue tits (Cyanistes caeruleus). Ethology 122,
492-501.

Lambrechts, M. M., Caizergues, A. E., Perrier C., Charmantier, A. & Caro, S. P., 2020. Surface
temperatures of non-incubated eggs in great tits (Parus major) are strongly associated with

ambient temperature. Int. J. Biometeorol., https://doi.org/10.1007/s00484-020-01958-1



396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430

Lambrechts, M. M., Caro, S. P., 2018. Experimental manipulation of photoperiod and temperature
do not influence nest size in blue and great tits. Auk 135, 218-227.

Lambrechts, M. M., Charmantier, A., Demeyrier, V., Lucas, A., Perret, S., Abouladzé, M., Bonnet,
M., Canonne, C., Faucon, V., Grosset, S., le Prado, G., Lidon, F., Noell, T., Pagano, P.,
Perret, V., Pouplard, S., Spitaliéry, R., Bernard, C., Perret, P., Blondel, J., Grégoire A., 2017.
Nest design in a changing world: great tit Parus major nests from a Mediterranean city
environment as a case study. Urban Ecosyst. 20, 1181-1190.

Lambrechts, M. M., Perret, P., 2000. A long photoperiod overrides non-photoperiodic factors in
Blue Tits’ timing of reproduction. Proc. Roy. Soc. Lond. B 267, 585-588.

Lohrl, H., 1986. Experimente zur Bruthdhlenwahl der Kohlmeise (Parus major). J. Orn. 127, S. 51-
59.

Mainwaring, M. C., 2015. Nest construction and incubation in a changing climate. In: Deeming,
D.C. & Reynolds, S.J. (eds), Nests, eggs, and incubation: new ideas about avian
reproduction, pp. 65-74. Oxford University Press, Oxford.

Mainwaring, M. C., Barber, 1., Deeming, D. C., Pike, D. A., Roznik, E. A., Hartley, I. R., 2017.
Climate change and nesting behaviour in vertebrates: a review of the ecological threats and
potential for adaptive responses. Biol. Rev. 92, 1991-2002.

Mainwaring, M. C., Hartley, I.R., Bearhop, S., Brulez, K., du Feu, C. R., Murphy, G., Plummer, K.
E., Webber, S. L., Reynolds, S. J., Deeming, D. C. 2012. Latitudinal variation in blue tit and
great tit nest characteristics indicates environmental adjustment. J. Biogeogr. 39, 1669-1677.

Mainwaring, M. C., Hartley, I. R., Lambrechts, M. M., Deeming, D. C., 2014 The design and
function of birds’ nests. Ecol. Evol. 20, 3909-3928.

Marrot, P., Charmantier, A., Blondel, J., Garant, D., 2018. Current spring warming as a driver of
selection on reproductive timing in a wild passerine. J. Anim. Ecol. 87, 754-764.

Monaghan, P., Nager, R. G., 1997. Why don’t birds lay more eggs? TREE 12, 270-273.

Nord, A., Nilsson, J.-A., 2012. Context-dependent costs of incubation in the pied flycatcher. Anim.
Behav. 84, 427-436.

Page, J.L., Nord, A., Dominoni, D.M., McCafferty, D.J., 2022. Experimental warming during
incubation improves cold tolerance of blue tit (Cyanistes caeruleus) chicks. J. Exp. Biol.
225, jeb243933.

Parmesan, C., Yohe, G., 2003. A globally coherent fingerprint of climate change impacts across
natural systems. Nature 421 (6918), 37-42.

R-Core-Team., 2015. R: A language and environment for statistical computing.: R Foundation for
Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria. URL
http://www.R-project.org/.



431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446

447
448

Sharpe, L.L., Bayter, C., Gardner, J.L., 2021. Too hot to handle? Behavioural plasticity during
incubation in a small, Australian passerine. J. Thermal Biol. 98, 11.

Slagsvold, T., 1989. Experiments on clutch size and nest size in passerine birds. Oecologia 80, 297-
302.

Szentirmai, 1., Székely, T., Liker, A., 2005. The influence of nest size on heat loss of penduline tit
eggs. Acta Zool. Acad. Sci. Hung. 51, 59-66.

Visser, M. E., Both, C., Lambrechts, M. M., 2004. Global climate change leads to mistimed avian
reproduction. Adv Ecol. Res. 35, 89-110.

Wachob, D. G., 1996. A microclimate analysis of nest-site selection by mountain chickadees. J.
Field Ornithol. 67, 523-533.

Webb, D.R., 1987. Thermal tolerance of avian embryos: a review. The Condor 89, 874-898.

Wingfield J. C., Breuner C. W., Jacobs J. D., Lynn S., Maney D. L., Ramenofsky M., Richardson R.
D. 1998. Ecological bases of hormone-behavior interactions: The “emergency life history
stage”. Am. Zool. 38, 191-206.

White T. C. R. 2008. The role of food, weather and climate in limiting the abundance of animals.
Biol. Rev. 83, 227-248.



449
450
451
452
453
454
455

456
457
458

459
460
461
462
463
464

Table 1: Laboratory tests used to study associations between nest-size characteristics and cooling of
4-egg clutches (i.e. difference in egg temperature between the beginning and end of a fixed eight-
minute period after heating). Experiment 1: Heating of entire nests versus heating of nests of which
the nest wall was removed. Experiment 2: Heating of entire nests versus heating of only the nest
cups of entire nests. Average values and their associated standard deviations, as well as the entire
ranges of values for each of the measurements taken, are shown. Individual nests were tested

multiple times varying temperature conditions across measurements.

Experiment 1 Experiment 2
Entire nest heated Nests without wall Entire nest heated Nest cup heated
heated
Sample size 336 measurements 126 measurements 48 measurements of 48 measurements of

of egg cooling of egg cooling egg cooling egg cooling
Nest mass (in g) 234+11.1 63+28 23.9+13.0 23.9+13.0
4.7-61.9 1-13 8.0-61.9 8.0-61.9

Nest thickness under 21.5+6.9 20.9+6.7 22.3+7.6 22.3+7.6
eggs (in mm) 10.0 —44.0 10.0 —44.0 11.4-39.0 11.4-39.0
Duration of egg heating 717 + 266 855+ 303 668 + 184 643 + 148
prior to cooling (in 324 -3076 418 — 2292 324 -1052 377 -995

seconds)
Temperature under 39.1+0.1 39.1+0.1 39.1+0.1 39.3+0.2
heated eggs at the onset 39.0-39.7 39.0-39.5 39.0-39.6 39.0-39.6
of egg cooling (°C)

Egg cooling (°C) 7.0+2.5 9.8+34 6.5+1.5 6.7+1.6

2.8-15.5 4.9-18.7 3.5-99 34-99

Air temperature during 199+54 205+5.4 242+1.5 243+1.4
egg cooling (°C) 12.0-26.9 11.0-26.5 21.3-27.1 21.2-26.3
Measure day (Julian 170 — 246 175-279 237 - 246 237 - 246

dates) 43 days 26 days 20 days 20 days
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Table 2: Analyses of the variables that influence the level of egg cooling (i.e. difference in egg

temperature between the beginning and end of a fixed eight-minute period after heating). In experi-

ment 1 (n=462 measures), treatment consisted in heating entire nests or nests from which the wall

had been removed (intercept depicts cut nests, coded as 1 in the model). In experiment 2 (n=96

measures), treatment consisted in placing or removing a pierced insulation layer above the nest rim

in order to restrict heating to the nest cup (intercept is without the insulation layer, coded as 1 in the

model).

Variable Estimate S.E. F p-value
Experiment 1

(Intercept) 22.74 0.74

Treatment -2.99 0.15 410.42 <0.001

Ambient temperature -0.39 0.01 1019.03 <0.001

Nest thickness under eggs -0.07 0.01 21.09 <0.001

Nest surface area -0.00 0.00 2.44 0.122
Experiment 2

(Intercept) 21.82 1.54

Treatment 0.10 0.09 1.21 0.276

Ambient temperature -0.59 0.05 118.92 <0.001

Nest thickness under eggs -0.08 0.02 13.62 <0.001

Nest surface area 0.00 0.00 1.64 0.208




475
476
477
478

479

Figure 1: Influence of the thickness of nest material under the eggs (left panel, p<0.001, the line
depicts the mixed-model output), and of the removal of the nest wall (right panel, p<0.001) on egg
cooling in experiment 1. Eggs cool down more slowly when there is more material under the nest

cup, and when the nest wall is present.
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