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Abstract

Incubation is an energetically demanding process during which birds apply heat to their
eggs to ensure embryonic development. Parent behaviours such as egg turning and ex-
changing the outer and central eggs in the nest cup affect the amount of heat lost to the en-
vironment from individual eggs. Little is known, however, about whether and how egg
surface temperature and cooling rates vary among the different areas of an egg and how
the arrangement of eggs within the clutch influences heat loss. We performed laboratory
(using Japanese quail eggs) and field (with northern lapwing eggs) experiments using infra-
red imaging to assess the temperature and cooling patterns of heated eggs and clutches.
We found that (i) the sharp poles of individual quail eggs warmed to a higher egg surface
temperature than did the blunt poles, resulting in faster cooling at the sharp poles compared
to the blunt poles; (ii) both quail and lapwing clutches with the sharp poles oriented towards
the clutch centre (arranged clutches) maintained higher temperatures over the central part
of the clutch than occurred in those clutches where most of the sharp egg poles were orient-
ed towards the exterior (scattered clutches); and (iii) the arranged clutches of both quail and
lapwing showed slower cooling rates at both the inner and outer clutch positions than did
the respective parts of scattered clutches. Our results demonstrate that egg surface temper-
ature and cooling rates differ between the sharp and blunt poles of the egg and that the ori-
entation of individual eggs within the nest cup can significantly affect cooling of the clutch as
a whole. We suggest that birds can arrange their eggs within the nest cup to optimise ther-
moregulation of the clutch.

Introduction

Egg incubation in birds is a complex process that involves the maintenance of a steady egg tem-
perature within the nest to ensure embryonic development [1]. The amount of energy trans-
ferred to a developing embryo is mediated by the extent of heat flow from the brood patch of
an incubating parent to the eggs, which is achieved through contact between the skin and the
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egg surface. Excessive heat loss from the egg to the environment is an important issue for bird
parents striving to limit energy expenditures during the incubation period [2]. In order to
maintain a stable nest microclimate and reduce heat loss, birds can construct specific structural
nest configurations [3, 4], nest in cavities [5], or line the nest cup with feathers [6]. Several
behavioural adaptations aimed at maintaining an optimal incubation temperature have been
described. For example, shortening both the length and frequency of incubation breaks, which
accelerates embryo development and reduces the incubation period, are among the behavioural
patterns birds used to optimise the incubation process [7].

Egg turning (i.e., egg rotation along the long and short axes) is an activity of the parents dur-
ing incubation necessary for the successful hatching of most avian embryos [8, 9]. It has been
suggested that egg turning prevents the embryo from adhering to the inner shell membrane
[7]. Recently, Boulton and Cassey [5] have shown that the temperature on the egg surface and
the associated cooling rate (i.e., temperature decline within a defined time interval) are related
to the position of the eggs in the nest cup. Specifically, when the clutches are temporarily not
provisioned by parents during incubation breaks, the outer eggs exposed to the colder sur-
rounding environment (with a steeper energy gradient) are initially colder and cool more
quickly than do the eggs sharing the mutually warmed central positions (and thus exposed to
a slower gradient). Egg turning accompanied by exchanging the outer and central eggs within
the nest seems therefore to balance heat loss among the eggs and probably constitutes a
significant behavioural trait of incubating parents and an integral part of correct embryonic
development.

Energy gradients driven by Fourier’s Law of conduction are influenced by both the tempera-
ture differential between the environments (here the egg—environment interface) and the shape
of the contact zone [2, 10]. Consequently, various segments of the egg surface may have differ-
ent temperatures and cooling rates depending on their curvature. Avian eggs exist in a variety
of shapes [11], and the differences in surface temperatures and cooling rates should be stronger
in those eggs with more distinctly shaped blunt and sharp poles. This hypothesis also implies
that the arrangement of these eggs (i.e., their orientation within the clutch combined with their
exterior or interior position in the clutch) might influence the surface eggshell temperatures
and cooling rates of the clutch as a whole. However, this phenomenon has not heretofore been
assessed in detail.

Investigation of the thermoregulation patterns of eggs in active clutches of wild birds has
been very limited under natural conditions [12]. A pioneering study using an infrared camera
was carried out on a cavity passerine, the great tit Parus major [5]. An infrared camera can ac-
curately detect the temperature of an eggshell’s surface, and periodic measuring also allows one
to follow the temperature dynamics of individual eggs over time. We therefore adopted this ap-
proach in our study, which focused on bird eggs with distinctly shaped blunt and sharp poles.
We selected two ground-nesting species (the Japanese quail Coturnix japonica and the north-
ern lapwing Vanellus vanellus) whose nests are naturally exposed to a sharp temperature gradi-
ent between the nest cup and ambient environment. As the temperature characteristics might
differ between eggs with developed embryos and fresh eggs [2], we included both categories
into our study (fresh quail eggs and lapwing eggs in later incubation stages). First, we deter-
mined whether the temperature of the eggshell surface and the cooling rates vary between dif-
ferent areas of an egg. Second, we ascertained whether the cooling patterns of the clutches
(reflecting heat flow) depend upon the spatial arrangement of individual eggs. In particular, we
suggest that (i) the temperature of individual eggs (outside the clutch) is higher at the sharp egg
poles than the blunt poles because of faster heat flow on the more curved surface; (ii) in accor-
dance with Fourier’s Law of conduction, the cooling rate of individual eggs (outside the clutch)
is faster at the sharp poles because of a steeper gradient between the warm eggshell and the
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environment; (iii) the temperature at the outer clutch positions is lower than at the inner clutch
positions while the cooling rate of the outer positions is faster than that for the inner clutch po-
sitions because of different temperature gradients between the clutch and its surroundings, a
tinding which is in line with the results of Boulton and Cassey [5]; (iv) the temperature and
cooling rates of the clutch as a whole depend on the spatial arrangement of the eggs. Specifical-
ly, clutches with a prevailing external orientation of the sharp poles will cool faster than will
clutches with a prevailing external orientation of the blunt poles, a result that is consistent with
hypotheses (i) and (ii).

Methods
Ethics statement

The work was approved by the Ministry of Education, Youth and Sports of the Czech Republic
(permit No. 18894 / 2009-30). Handling of northern lapwing clutches was part of a capturing
and ringing procedure performed under the Ringing Centre of the National Museum in Prague
(permit No. 1107). Northern lapwing is not protected under the Czech Ministry of the Envi-
ronment’s directive 395/1992 (which includes a List of Specially Protected Species). A licence
to work with Japanese quail eggs was not needed, as these were commercially distributed fresh
eggs intended for consumption.

Laboratory experiments

We used fresh Japanese quail eggs that were numbered, measured (length and width; + 0.05
mm) and weighed (% 0.1 g). The experiments were directed to the individual egg and clutch
levels. On the individual level, we recorded the temperature of 17 eggs in isolation from one an-
other. The eggs were placed on a polystyrene foam tray and heated in an incubator to 38°C (the
usual incubation temperature in birds; [9]) for 60 min. The heated eggs were individually re-
moved and surface temperatures were immediately recorded using a thermal imager. Two sub-
sequent images were obtained outside the laboratory at an ambient temperature of 12°C after
530.5 + 9.8 and 1002.3 + 4.1 s (mean + SE). The images created with the thermal imager were
analysed (see Thermal image processing), and the eggshell surface temperatures at the given
times were plotted on a set of nine points located at three areas of each egg: sharp pole, equator
and blunt pole (Fig. 1A).

The clutch level measurements utilised a selection of 2 x 8 eggs that were designed to imitate
two independent clutches and were placed in a shallow depression within a polystyrene foam
tray to simulate the experimental design of Boulton and Cassey [5]. One clutch consisted of
seven eggs with an external orientation of the blunt poles and one centrally positioned egg (“ar-
ranged clutch”, Fig. 1B), while the second clutch consisted of six eggs with external orientation
of the sharp poles, one egg with an externally oriented blunt pole and one centrally positioned
egg (“scattered clutch”, Fig. 1C). The egg mass did not differ significantly between the two
clutches (Welch test; t = 1.49, DF = 13.94, P = 0.158). Further handling of the clutches was si-
multaneous and identical. Both of the clutches were placed into an incubator and maintained
at 38°C for 60 min. Immediately after heating, the initial temperature was recorded and subse-
quent measurements were made at repeated intervals of 79.1 + 3.6 sec (mean + SE) over a peri-
od of 30 min. All of the measurements were made using the thermal imager at an ambient
temperature of 12°C. After these measurements were obtained, the clutches were re-arranged
into the opposite pattern (scattered to arranged and vice versa) and the experiment was repeat-
ed. The images captured with the thermal imager were analysed in the same manner as were
the measurements for the individual eggs, with the surface temperature plotted to nine points
on each egg. In this case, however, the inner and outer positions of each of the four clutches
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Fig 1. Fixed points (n = 9) located at the sharp pole (points 1 to 3), equator (4 to 6) and blunt pole (7 to 9) of Japanese quail eggs (a). Arranged
Japanese quail clutch (i.e., seven eggs with external orientation of blunt poles and one egg in centre of clutch, with fixed points in inner and outer parts of
clutch) (b). Scattered Japanese quail clutch (i.e., six eggs with external orientation of sharp poles, one egg with external orientation of blunt pole and one
centrally positioned egg, with fixed points in inner and outer parts of clutch) (c). Arranged northern lapwing clutch (i.e., four eggs with external orientation of
blunt poles, with fixed points in inner and outer parts of clutch) (d); Scattered northern lapwing clutch (i.e., four eggs with external orientation of sharp poles,
with fixed points in inner and outer parts of clutch) (e).

doi:10.1371/journal.pone.0117728.9001

were defined with a circle (Fig. 1B, C) in order to assign all 72 measurement points to their re-
spective positions in an approximately balanced proportion.

Field experiment

Two active four-egg northern lapwing clutches found near Ceské Budéjovice in the Czech
Republic were measured in their later incubation stages (78% and 74% of the incubation
period) on 27 April 2014 at 9:00. The egg volumes, which were calculated using the formula
0.457 x L x B?, where L is the egg length and B is the egg width [13], differed between the
clutches, and the eggs in the first clutch were significantly larger (24.8 + 0.33 cm” vs. 22.3 +
0.83 cm®, mean + SE) (Welch test; t = 2.85, DF = 3.90, P = 0.048). The active clutches were
substituted with dummy eggs for the time required for measuring, and the clutches were trans-
ferred outside the nesting colony of lapwings in a thermobox to avoid excessive disturbance.
The eggs were placed in shallow scrapes lined with dry grass in accordance with the real nests.
The clutches were covered with a warm blanket and heated at 38°C for 30 min using heat
packs. The temperature was continuously monitored using data loggers and manually main-
tained at a constant value. Subsequently, the temperature was recorded at 71.5 + 7.8 sec inter-
vals for the following 15 min using a thermal imager. One clutch was positioned as an arranged
clutch (all eggs with an external orientation of the blunt pole, Fig. 1D), while the second clutch
was positioned as a scattered clutch (external orientation of the sharp poles, Fig. 1E). The ar-
rangement of the clutches was reversed for the second treatment. The images captured using
the thermal imager were analysed identically to the measurements for the individual eggs: the
surface temperature was plotted to nine points on each egg and, analogous to the quail clutch
measurements, the inner and outer positions were defined by a circle (Fig. 1D, E) in order to
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assign all 36 measurement points to their respective positions in an approximately balanced
proportion.

Thermal image processing

Thermal images were captured using a FLIR E60bx thermocamera with a resolution of 240 x 320
pixels. The camera’s object temperature range is —20°C to 120°C and accuracy is + 2% of the
reading for an ambient temperature between 10°C and 35°C (FLIR System, Inc., Technical data
2013). We set the emissivity to 0.98 [14], photo distance to 0.5 m, and other settings in accor-
dance with the actual temperature and humidity values of the surroundings. After each image
was standardised, we imported the image to FLIR Tools version 4.1 user software. We subse-
quently created fixed spotmeters (the size of a spot used was 6 x 6 pixels) on each egg to display
the measurement results (see above).

Statistical analysis

We applied mixed-effect linear models using the Ime4 procedure implemented in the Imer
package in R 2.13.1 [15]. The temperature (°C) or cooling rates were included as response vari-
ables in the models. Cooling rate was expressed as the slope of the regression line describing
the temperature decrease during the time of measurement at a given point of measurement. In
the model for temperature patterns in individual quail eggs, we tested the fixed effect of the
areas of an egg (sharp pole, equator, blunt pole; defined in Fig. 1) on temperature at nine par-
ticular measurement points. The results were controlled for egg mass and time of measure-
ment. The model for cooling rates at particular measurement points in individual quail eggs
included the areas of an egg and initial temperature as fixed effects. The model also included
the interaction between the areas of an egg and initial temperature, and these results were con-
trolled for egg mass. In the modelling of temperature patterns and cooling rates in quail
clutches, we tested the effects of three terms: the fixed effects of egg arrangement (arranged vs.
scattered), the positions of measurement points within the clutch (inner vs. outer), and the in-
teraction of these two variables. The time of measurement was controlled in the temperature
model, while the initial temperature was controlled in the model for cooling rates. We pro-
ceeded to build the models for temperature and cooling rates in lapwing clutches in a manner
identical to the procedure used for the quail clutches. The models included the fixed effects of
egg arrangement, the position of the measurement point within the clutch, and the interaction
of these two variables. The results for the temperature pattern model were controlled for time
of measurement, while the cooling rate model was controlled for initial temperature. In the
models dealing with individual eggs, the individual egg was considered a random effect while
the clutch was considered a random effect in the remaining models dealing with clutches.
Tukey’s post hoc multiple comparisons [16] were applied to examine the significance of differ-
ences in the temperature and cooling rates of the quail eggs, arranged and scattered clutches,
and the inner and outer positions of quail and lapwing clutches.

Results
Temperature and cooling rates in Japanese quail eggs

We found significantly different temperature and cooling patterns in different areas of evenly
heated quail eggs (Table 1). Temperature increased from the blunt pole (with the lowest values)
to the sharp pole (with the highest values; Fig. 2A). The mean temperatures of the blunt pole
and the sharp pole were significantly different (difference between mean temperatures: At =
1.64°C), as were the temperatures of the blunt pole and the equator (At = 1.16°C; Table 2,
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Table 1. Effect of areas of an egg (sharp pole x equator x blunt pole) on temperature and effect of areas of an egg and initial temperature on
cooling rates of Japanese quail eggs (n = 17).

Effect on Factor Estimate SE DF X2 P

temperature ' areas of an egg 2,5 39.34 <0.001
sharp pole vs. equator -0.4869 0.2639
sharp pole vs. blunt pole -1.6425 0.2634

cooling rate 2 areas of an egg 2,5 0.87 0.647
temperature -0.0009 0.0001 2,5 203.71 <0.001
areas of an egg x temperature 2,7 6.06 0.048
sharp pole vs. equator 3 0.0002 0.0001
sharp pole vs. blunt pole 2 0.0001 0.0001

Eggs were heated to 38°C and subsequently cooled at ambient temperature of 12°C. Measurements were recorded at three time intervals (immediately
after heating and 530.5 + 9.8 and 1002.3 + 4.1 s after heating).
1. Controlled for egg mass and time of measurement

2. Controlled for egg mass

3. Interaction between areas of an egg and temperature

doi:10.1371/journal.pone.0117728.t001

Fig. 2A). The cooling rate (expressed as a regression slope) was strongly affected by the initial
temperature, with significantly faster cooling occurring from higher initial temperatures

(Table 1, Fig. 3). However, the significant interaction between initial temperature and areas of
an egg (Table 1) exhibits different patterns in various areas of the eggs. In general, the blunt
pole cooled more slowly than did the sharp pole (Fig. 2B), which effect was particularly obvious
at higher initial temperatures (Table 2, Fig. 3).

Temperature and cooling rates in Japanese quail clutches

The arrangement of quail eggs in the nest cup significantly affected the temperature and cool-
ing rates of the inner and outer positions of the clutch, but it did so in different ways (signifi-
cant interaction, Table 3). In both arranged and scattered clutches, the temperature was
significantly higher at inner than at outer positions (Table 2; Fig. 4A), but the difference be-
tween the inner and outer positions was greater in the arranged clutches (At = 2.17°C) than
the scattered clutches (At = 0.72°C). Moreover, the mean temperature was significantly higher
at the inner positions of arranged clutches than at the inner positions of scattered clutches
(At =0.91°C). The outer positions showed the opposite trend, as the outer mean temperature
in arranged clutches was significantly lower than the outer mean temperature in scattered
clutches (At = 0.53°C; Table 2, Fig. 4A). The cooling rates of the outer clutch positions were
significantly faster than were those at the inner positions in both arranged and scattered
clutches (Table 2, Fig. 4B). Furthermore, the cooling rates of the outer and inner positions of
the arranged clutches were significantly slower than were those for the respective parts of the
scattered clutches (Table 2, Fig. 4B).

Temperature and cooling rates in lapwing clutches

Similar to the quail clutches, the arrangement of lapwing eggs in the nest cup affected the tem-
perature and cooling rates at the inner and outer positions of the clutch and exhibited a signifi-
cant interaction (Table 4). In both the arranged and scattered clutches, the temperature was
significantly higher at the inner positions than at the outer positions (Table 2; Fig. 5A), but

the difference between the inner and outer positions was greater in the arranged clutches
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Fig 2. Temperature (a) and cooling rates (b) of three areas (sharp pole, equator, blunt pole) of
Japanese quail eggs (n = 17). Means + SE are given. Eggs were heated to 38°C and subsequently cooled
in ambient temperature (12°C). Measurements were recorded at three time intervals (immediately after
heating and 530.5 + 9.8 and 1002.3 + 4.1 s after heating). Results are controlled for egg mass and time of
measurement. Identical and different letters inside the bars, respectively, indicate non-significant and
significant differences at P < 0.05 (Tukey’s multiple comparisons).

doi:10.1371/journal.pone.0117728.9002

(At =1.90°C) than in the scattered clutches (At = 0.50°C). The significant interaction between
position and arrangement indicates a different temperature pattern for the outer and inner po-
sitions in the arranged and scattered clutches. Whereas the temperature of the inner positions
of the arranged clutches was significantly higher than that of the inner positions of the scat-
tered clutches (At = 0.77°C), the difference in temperature between the outer positions of the
arranged and scattered clutches was not significant (Table 2, Fig. 5A). Furthermore, we found
that the outer positions of the arranged clutches cooled faster than did the inner positions
(Table 2, Fig. 5B), but no such effect was found in scattered clutches (Table 2). Similar to quail
clutches, the arrangement of the lapwing eggs contributed significantly to the cooling pattern,
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Table 2. Results of Tukey’s tests for multiple comparisons of temperature and cooling rates between different areas of Japanese quail eggs and
between internal (int) and outer (out) positions of arranged and scattered Japanese quail and northern lapwing clutches.

Subject Egg pole / clutch arrangement Estimate SE t-value P
quail egg temperature ' blunt vs. sharp pole -1.6425 0.2639 -6.223 <0.0001
blunt pole vs. equator -1.1556 0.2639 -4.378 <0.0001
equator vs. sharp pole -0.4869 0.2639 -1.845 0.1550
cooling rate 2 blunt vs. sharp pole -0.0072 0.0031 -2.357 0.0500
blunt pole vs. equator -0.0042 0.0032 -1.315 0.3854
equator vs. sharp pole -0.0030 0.0038 -0.771 0.7182
quail clutch temperature 2 arranged int vs. arranged out 2.1665 0.0627 34.55 <0.0001
scattered int vs. scattered out 0.6595 0.0624 10.563 <0.0001
arranged int vs. scattered int -1.2758 0.0672 -18.996 <0.0001
arranged out vs. scattered out 0.2313 0.0576 4.012 0.0004
cooling rate * arranged int vs. arranged out 0.0015 0.0002 9.279 <0.0010
scattered int vs. scattered out 0.0011 0.0002 6.672 <0.0010
arranged int vs. scattered int -0.0009 0.0002 -5.082 <0.0010
arranged out vs. scattered out 0.0004 0.0001 -2.910 0.0187
lapwing clutch temperature 2 arranged int vs. arranged out 1.9931 0.1386 14.38 <0.0001
scattered int vs. scattered out 0.7466 0.1423 5.249 <0.0001
arranged int vs. scattered int -1.3139 0.1599 -8.218 <0.0001
arranged out vs. scattered out -0.0675 0.1249 -0.541 0.9490
cooling rate * arranged int vs. arranged out 0.0016 0.0005 3.025 0.0131
scattered int vs. scattered out 0.0000 0.0005 -0.048 1.0000
arranged int vs. scattered int -0.0036 0.0006 -6.008 <0.001
arranged out vs. scattered out -0.0019 0.0005 -4.143 <0.001

1. Controlled for egg mass and time of measurement

2. Controlled for egg mass
3. Controlled for time of measurement
4. Controlled for initial temperature

doi:10.1371/journal.pone.0117728.t002

as both the inner and outer positions of the arranged clutches cooled significantly more slowly
than did the respective positions in scattered clutches (Table 2, Fig. 5B).

Discussion

We used infrared imaging to demonstrate different temperature and cooling rate patterns at
different areas of experimentally heated quail eggs. We consider these differences to be a conse-
quence of Fourier’s Law of conductance [10]. The more curved, sharp pole with its relatively
large surface area per unit egg volume at the tapered portion of the egg probably suffers from
greater heat loss during cooling than does the less curved and more bulky blunt pole. The cool-
ing rates then accelerate as the temperature gradient between the egg’s surface and the sur-
rounding environment increases, with more pronounced cooling rates at higher initial
incubation temperatures. We suggest that the sharp poles are exposed to a relatively colder sur-
rounding environment and tend to cool more rapidly than do the colder blunt poles exposed to
the same but relatively moderate temperature gradient.

Our subsequent experiments with artificially organised quail and lapwing clutches sup-
ported the hypotheses as to the effects of egg position (inner and outer parts of the clutch [5])
and egg arrangement (orientation of the eggs relative to the clutch centre; this study) on the
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Fig 3. Relationship between egg surface temperature and cooling rate of Japanese quail eggs (sharp
and blunt poles).

doi:10.1371/journal.pone.0117728.9003

temperature and associated cooling patterns within the clutches. Although the experiments
with quail clutches were performed in the laboratory and the lapwing trial was conducted in
the field, the results consistently indicated that the clutches with the sharp poles oriented to-
wards the clutch centre (arranged clutches) have significantly higher temperatures in the cen-
tral part of the clutch than do the clutches that have the sharp egg poles turned out (scattered
clutches). Consequently, the temperature difference between the inner and outer parts of the
clutches was greater in the arranged clutches than in the scattered clutches.

The cooling of quail and lapwing clutches showed a similar pattern. In particular, both the
inner and outer parts of the arranged clutches maintained a more stable temperature over time
(lower cooling rate) than did the same parts of the scattered clutches. Moreover, the outer
clutch positions cooled faster than did the inner positions when the sharp poles were oriented
towards the centre of the clutch. The same pattern was found in scattered quail clutches but

Table 3. Effects of egg arrangement (arranged or scattered) and clutch position (inner or outer part) on temperature and cooling rates of

Japanese quail clutches (n = 2).

Effect on Factor Estimate SE DF X2 P

temperature Position 2.1660 0.0627 1,5 917.370 <0.0001
Arrangement 0.2313 0.0576 1,5 83.192 <0.0001
position x arrangement -1.5070 0.0885 1,6 284.650 <0.0001

cooling rate 2 position -0.0004 0.0001 1,4 95.630 <0.0001
arrangement 0.0015 0.0002 1,4 27.269 <0.0001
position x arrangement 0.0004 0.0002 1,5 4.2497 0.0393

Clutches were heated to 38°C and subsequently cooled in ambient temperature (12°C). Measurements were recorded at 79.1 + 3.6 s intervals (mean +

SE) for a period of 30 min.
1. Controlled for time of measurement
2. Controlled for initial temperature

doi:10.1371/journal.pone.0117728.t003
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Fig 4. Temperature (a) and cooling rates (b) of arranged (n = 2) and scattered (n = 2) Japanese quail
clutches at inner and outer positions. Means + SE are given. Clutches were heated to 38°C and
subsequently cooled in ambient temperature (12°C). Measurements were recorded at 79.1 + 3.6 s intervals
(mean + SE) over a period of 30 min. Identical and different letters inside the bars, respectively, indicate non-
significant and significant differences at P < 0.05 (Tukey’s multiple comparisons).

doi:10.1371/journal.pone.0117728.9004

not in scattered lapwing clutches, where the difference was not significant. The explanation for
this slight disparity may be threefold: First, the lapwing experiment was conducted at a higher
ambient temperature than was the quail experiment. Therefore, the temperature gradients
above the centres and edges of the lapwing clutches were less sharp than were those above the
quail clutches. Lending support to this explanation is the fact that we failed to find a significant
difference in the surface temperatures at the outer positions of scattered and arranged lapwing
clutches. Second, the lapwing eggs were measured at later incubation stages and a more devel-
oped embryo could influence the thermal balance of the eggs [5]. Third, the shape of quail and
lapwing eggs differ and that could contribute to the differences in egg cooling patterns. It is
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Table 4. Effects of egg arrangement (arranged or scattered) and clutch position (inner or outer part) on temperature and cooling rates of

northern lapwing clutches (n = 2).

Effect on Factor Estimate SE DF X2 P

temperature ' position 1.9931 0.1386 1,5 178.160 <0.0001
arrangement -0.0675 0.1249 1,5 27.170 <0.0001
position x arrangement -1.2464 0.1986 1,6 38.970 <0.0001

cooling rate 2 position 0.0016 0.0005 1,5 4.218 0.0400
arrangement -0.0019 0.0005 1,5 41.407 <0.0001
position x arrangement -0.0017 0.0008 1,6 4.909 0.0267

Clutches were heated to 38°C and subsequently cooled in ambient temperature (20°C). Measurements were recorded at 71.5 + 7.8 s intervals (mean +

SE) for a period of 15 min.
1. Controlled for time of measurement
2. Controlled for initial temperature

doi:10.1371/journal.pone.0117728.t004

nevertheless clear that the configuration of the eggs in the nest cup considerably influences the
heat loss from the clutches of both species, despite this minor difference in cooling patterns.

In this study, we demonstrated how the surface temperature and cooling rate of eggshells
vary among the different areas of eggs and how the organisation of eggs in the nest cup may af-
fect the heat lost by the entire clutch in two precocial ground-nesting species with dissimilar
egg shapes. It may be very useful for these species to know how to arrange the eggs inside the
nest cup, because the temperature around the nests can vary greatly due to wind, wetness and
sunshine. This, in turn, can strongly contribute to the heat balance in the nests of these openly
nesting birds [17] in comparison to that of, for example, cavity nesters [18]. Although these
findings reflect a basic physical law concerning the effect of surface curvature on heat loss from
an object (the egg), it might have far-reaching implications for ecology of breeding birds and
for methodologies applied to specific tasks regarding the associated topics.

Regardless of various environmental obstacles that prevent maintaining a constant heat bal-
ance in actual bird nests, surprisingly high egg hatchability occurs in the wild [19]. Neverthe-
less, exposure to temperatures below and above the range of thermal tolerance harms the
health and reduces the condition of hatched young while negatively affecting their fitness [19].
On the other hand, repetitive acute cold exposures during the last phase of embryogenesis can
improve the ability of growing and cold resistance of experimentally treated broilers after
hatching [20]. Therefore, a regular breeding process cannot occur without there being very
good thermoregulating mechanisms within the clutch. In addition to the turning of eggs along
the long axis and their rearrangement in the clutch to provide for even heating of all eggs [7-
9], the turning of eggs with their sharp poles towards the centre or edge of the clutch depending
on actual temperature in the nest might be a simple but crucial behavioural trait of nesting
birds. To study such behaviour, however, would require experimental manipulation with the
eggs while considering variation in the actual surrounding temperature. As it is difficult to
study, it is possible that this phenomenon has been overlooked heretofore even though this
might have important evolutionary consequences (e.g., as a proxy in the evolution of egg shape
combined with clutch size [21], which became surprisingly characteristic in some birds). For
example, shorebirds (Limicolae), which have a distinctive clutch of (usually) four very specifi-
cally shaped eggs, organise their clutches almost exclusively with the sharp poles centred in the
nest cup [22]. We suggest that this symmetric centring reduces the contact area between the
sharp poles and the cooler surrounding environment, and thus functions together with other
nest attributes as nest lining and cover [17, 23] to improve the heat savings of the entire clutch.
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Fig 5. Temperature (a) and cooling rates (b) of arranged (n = 2) and scattered (n = 2) northern lapwing
clutches at inner and outer parts of clutches. Means + SE are given. Clutches were heated to 38°C and
subsequently cooled in ambient temperature (20°C). Measurements were recorded at 71.5 + 7.8 s intervals
(mean + SE) over a period of 15 min. Identical and different letters, respectively, inside the bars indicate non-
significant and significant differences at P < 0.05 (Tukey’s multiple comparisons).

doi:10.1371/journal.pone.0117728.9005

Environments with extreme weather conditions such as the high Arctic, where shorebirds com-
monly breed, may cause adaptations such that eggs have differentiated shapes and parental be-
haviour corresponds accordingly.

The next step for researchers should therefore be to examine variation in bird incubation
behaviour, including parental care for eggs in accordance with the physical law as we have
demonstrated. In particular, this should examine which bird species or populations (with re-
gard to geographic range) and at what times (according to incubation phase, weather condi-
tions, and clutch size) (i) arrange their eggs in the clutches according to egg shape, nest
characteristics, and actual microclimatic conditions, and (ii) can suffer from potentially detri-
mental environmental factors which can disrupt the complex of nesting behavioural traits
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associated with thermoregulation. For example, birds’ chronic exposure to organic pollutants
might influence production of thyroid hormone and prolactin with adverse effect on body con-
dition [24, 25] and incubation behaviour [26, 27], inclusive of the ability correctly to manipu-
late eggs. Another experiment has shown, for example, that glaucous gull (Larus hyperboreus)
parents are unable to maintain the nest temperature in experimentally enlarged clutches, and
this probably is due to change in the physical structure of the clutch [28]. Egg arrangement in
the clutch thus should be considered at least as a covariate in models where detailed effects on
heat loss are examined.

Supporting Information

S1 Dataset. Primary data used to analyses of temperature and cooling rates of northern lap-
wing and Japanese quail eggs and clutches.
(XLSX)

Acknowledgments

We are grateful to the Faculty of Environmental Sciences of the Czech University of Life Sci-
ences in Prague for providing the thermo-camera for our experiments. We also thank Andrew
C. Gallup and two anonymous reviewers for their comments and suggestions to the earlier
draft of the manuscript.

Author Contributions

Conceived and designed the experiments: MZ MES. Performed the experiments: MZ MES. An-
alyzed the data: MES MZ. Wrote the paper: MES MZ.

References

1.

10.

11.

12.
13.

DuRant SE, Hopkins WA, Hepp GR, Walters JR (2013) Ecological, evolutionary, and conservation im-
plications of incubation temperature-dependent phenotypes in birds. Biol Rev 88: 499-509. doi: 10.
1111/brv.12015 PMID: 23368773

Turner JS (2002) Maintenance of egg temperature. In: Deeming DC, editor. Avian incubation: behav-
iour, environment, and evolution. Oxford Univ Press, pp. 119—-142.

Rockweit JT, Franklin AB, Bakken GS, Gutiérrez RJ (2012) Potential influences of climate and nest
structure on Spotted Owl reproductive success: a biophysical approach. PLoS ONE 7: e41498. doi:
10.1371/journal.pone.0041498 PMID: 22859993

Lamprecht I, Schmolz E (2004) Thermal investigations of some bird nests. Therm Acta 415: 141-148.

Boulton RL, Cassey P (2012) How avian incubation behaviour influences egg surface temperature: re-
lationships with egg position, development and clutch size. J Avian Biol 43: 289-296.

Windsor RL, Fegely JL, Ardia DR (2013) The effects of nest size and insulation on thermal properties of
tree swallow nests. J Avian Biol 44: 305-310.

Deeming DC (2002) Patterns and significance of egg turning. In: Deeming DC, editor. Avian incubation:
behaviour, environment, and evolution. Oxford Univ Press. pp. 161-178.

Drent RH (1975) Incubation. In: Farner DS, King JR, editors. Avian Biology. Volume 5. Academic
Press, New York. pp. 333—-420.

Ar A, Sidis Y (2002) Nest microclimate during incubation. In: Deeming DC, editor. Avian incubation: be-
haviour, environment, and evolution. Oxford Univ Press. pp. 143-160.

Thomas LC (1980) Fundamentals of heat transfer. Prentice-Hall, Englewood Cliffs, New Jersey.
PMID: 25121255

Smart IHM (1991) Egg shape in birds. In: Deeming DC, Ferguson MWJ, editors. Egg incubation: its ef-
fect on embryonic development in birds and reptiles. Cambridge Univ Press. pp. 101-116.

McCafferty DJ (2013) Applications of thermal imaging in avian science. Ibis 155: 4-15.

Galbraith H (1988) Effects of egg size composition on the size, quality and survival of Lapwing Vanellus
vanellus chicks. J Zool Lond 214: 383-398.

PLOS ONE | DOI:10.1371/journal.pone.0117728 February 6, 2015 13/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0117728.s001
http://dx.doi.org/10.1111/brv.12015
http://dx.doi.org/10.1111/brv.12015
http://www.ncbi.nlm.nih.gov/pubmed/23368773
http://dx.doi.org/10.1371/journal.pone.0041498
http://www.ncbi.nlm.nih.gov/pubmed/22859993
http://www.ncbi.nlm.nih.gov/pubmed/25121255

@’PLOS | ONE

Avian Clutch Temperature and Cooling

14.

15.

16.
17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

Jiménez-Mufoz JC, Sobrino JA (2012) Comment on ,Ecological importance of the thermal emissivity
of avian eggshells“. J Theor Biol 304: 304—307. doi: 10.1016/}.jtbi.2012.03.029 PMID: 22484000

R Development Core Team (2011) R: A language and environment for statistical computing. R Found
Stat Comp. Vienna, Austria. doi: 10.1080/17437199.2011.587961 PMID: 25473706

Zar JH (1984) Biostatistical analysis. Prentice-Hall, Englewood Clifffs, New Jersey. PMID: 25057717

Reid JM, Cresswell W, Holt S, Mellanby RJ, Whitfield DP, et al. (2002) Nest scrape design and clutch
heat loss in Pectoral Sandpipers (Calidris melanotos). Func Ecol 16: 305-312.

Pinowski J, Haman A, Jerzak L, Pinowska B, Barkowska M, et al. (2006) The thermal properties of
some nests of the Eurasian Tree Sparrow Passer montanus. J Thermal Biol 31: 573-581.

Webb DR (1987) Thermal tolerance of avian embryos: a review. Condor 89: 874—898.

Shinder D, Rusal M, Giloh M, Yahav S (2009) Effect of repetitive acute cold exposures during the last
phase of broiler embryogenesis on cold resistance through the life span. Poultry Science 88: 636—-646.
doi: 10.3382/ps.2008-00213 PMID: 19211536

Barta Z, Szekely T (1997) The optimal shape of avian eggs. Func Ecol 11: 656-662.

del Hoyo J, Elliott A, Sargatal J, editors (1996) Handbook of the Birds of the World. Volume 3, Hoatzin
to Auks. Lynx Edicions, Barcelona. PMID: 9097049

Tulp I, Schekkerman H, de Leeuw J (2012) Eggs in the freezer: energetic consequences of nest site
and nest design in arctic breeding shorebirds. PLoS ONE 7: €38041. doi: 10.1371/journal.pone.
0038041 PMID: 22701596

Alonso-Alvarez C, Munilla I, Lépez-Alonso M, Velando A (2007) Sublethal toxicity of the Prestige oil
spill on yellow-legged gulls. Environ Int 33: 773-781. PMID: 17383727

Bustnes JO, Fauchald P, Tveraa T, Helberg M, Skaare JU (2008) The potential impact of environmental
variation on the concentrations and ecological effects of pollutants in a marine avian top predator. Envi-
ron Int 34: 193-201. PMID: 17884166

Silver R, Ball GF (1989) Brain, hormone and behavior interactions in avian reproduction: status and pro-
spectus. Condor 91: 966-978.

Sockman KW, Schwabl H, Sharp PJ (2000) The role of prolactin in the regulation of clutch size and
onset of incubation behavior in the American kestrel. Horm Behav 38: 168—176. PMID: 11038291

Verboven N, Verreault J, Letcher RJ, Gabrielsen GW, Evans NP (2009) Nest temperature and parental
behaviour of Arctic-breeding glaucous gulls exposed to persistent organic pollutants. Anim Behav 77:
411-418.

PLOS ONE | DOI:10.1371/journal.pone.0117728 February 6, 2015 14/14


http://dx.doi.org/10.1016/j.jtbi.2012.03.029
http://www.ncbi.nlm.nih.gov/pubmed/22484000
http://dx.doi.org/10.1080/17437199.2011.587961
http://www.ncbi.nlm.nih.gov/pubmed/25473706
http://www.ncbi.nlm.nih.gov/pubmed/25057717
http://dx.doi.org/10.3382/ps.2008-00213
http://www.ncbi.nlm.nih.gov/pubmed/19211536
http://www.ncbi.nlm.nih.gov/pubmed/9097049
http://dx.doi.org/10.1371/journal.pone.0038041
http://dx.doi.org/10.1371/journal.pone.0038041
http://www.ncbi.nlm.nih.gov/pubmed/22701596
http://www.ncbi.nlm.nih.gov/pubmed/17383727
http://www.ncbi.nlm.nih.gov/pubmed/17884166
http://www.ncbi.nlm.nih.gov/pubmed/11038291


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


