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Importance of prenatal temperature experience on development
of the thermoregulatory control system in birds�
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Abstract

The goal of this paper is to describe the prenatal developmental processes of the thermoregulatory system occurring during the last third of
embryogenesis in precocial embryos and its influence on the postnatal efficiency of thermoregulatory control elements. For this, in embryos
of the domestic chicken (Gallus gallus) and the Muscovy duck (Cairina moschata) the internal core temperature, the heat production and
oxygen consumption, respiration rate after internal pipping, the peripheral blood flow in the chorioallantoic membrane were measured and
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heQ10 of heat production was calculated. The experiments show that (1) thermoregulatory behaviour is developed after internal
vian embryos, (2) avian embryos show endothermic reactions, (3) hyperthermia causes a down-regulation of heat production
vian embryos, (4) in contrast to heat production, the efficiency of heat loss is high in precocial embryos, (5) the development of ph
ontrol systems starts with non-coordinated and proximate (immediate) non-adaptive reactions.
It is concluded, that strategies of avian embryos in relation to temperature regulation are developed optimally. Endothermic

ccur very early during the embryonic development but their efficiency is limited. Due to the van’t Hoff rule, low temperatures
he net heat production but the trajectories of endothermy are stimulated and related epigenetic adaptation mechanisms are act
ehavioural mechanisms, the embryo is protected against super-cooling during the natural incubation process. The heat loss
re most efficient against heat stress, which occurs only for a very short time during incubation and protect the embryo against d
aused by hyperthermia.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Following the glossary of terms of thermal physiology
1], endothermy is the pattern of thermoregulation in which
he body temperature depends on a high (tachybolic) and
ontrolled rate of heat production (HP). That means that a
ecrease of ambient temperature (Ta) results in an increase
f HP.

The measured HP of endothermic animals at temperatures
elow the thermoneutral temperature is the result of two dif-
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ferent processes: the thermoregulatory HP and the e
metabolism following the van’t Hoff rule[2]. In avian em
bryos a drop of colonic temperature (Tc) or temperature of th
allantoic fluid (Taf) due to lowTa causes mostly a decrea
of net HP but the decrease is more moderate as to be as
by the van’t Hoff rule[3] (Fig. 1).

Some results in the scientific literature support the ass
tion, that in embryos of precocial birds endothermy does
exists: Romijn and Lockhorst[4] could not find any sign
of metabolic compensation for cooling in fowl eggs, e
in 20-day-old embryos. In the embryonic Willow ptarmig
(Lagopus lagopus), no endothermic reactions occur[5] but
the magnitude of the decrease in HP during cooling was
sistent with some thermoregulatory capacity, that is, tha
response was not entirely that of a poikilothermic. Wed
tailed Shearwater (Puffinus pacificus), a semi-precocia
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Fig. 1. Schematic relationships between body core temperature and heat
production at differentQ10 [15].

with a long (52 day) incubation period appears unable to ini-
tiate and sustain any effective cold-induced thermogenesis
before hatching, even though access to oxygen appears to
improve substantially during pipping.

In ontogeny, the body temperature will be regulated by
different control elements like thermoregulatory behaviour,
HP as well as heat loss mechanisms. The importance is dif-
ferent in different phases of development[6]. The aim of this
paper is to describe the prenatal developmental processes of
the thermoregulatory system occurring during the last third
of embryogenesis in precocial embryos and is influence on
the postnatal efficiency of thermoregulatory control elements.
Some results of the experiments where described elsewhere
[2,3,7,9,15,21,22,38].

2. Material and methods

A useful methodology for estimating the function of ther-
moregulatory control elements in the prenatal period using
the example of Muscovy ducks and domestic fowl was de-
veloped and described elsewhere[7,8].

Shortly, eggs of the Muscovy duck (Cairina moschata)
and domestic fowl (Gallus gallus) were incubated at 37.5◦C
and a relative air humidity of 70% and turned automatically
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Oxygen consumption was measured in single embryos us-
ing an oxygen-analyser based on the paramagnetic principle.
It was connected to metabolic chambers (cylindrical form,
volume roughly 290 cm3) consisting of transparent acrylic.

During the measurements the chamber was supplied with
room air by membrane pumps. Magnetic valves were used to
switch in succession the single streams of gas from the differ-
ent chambers to the oxygen analyser. The unanalysed streams
of gas were emitted into the room. A separate pump was used
to bring room air to the analyser for the measurement of the
difference in oxygen concentration after changes caused by
embryo. Additionally gas from the chambers passed through
a membrane filter and a highly sensitive flow meter. During
the experiments, the chambers were placed in a thermostat
controlled water bath to obtain precise temperatures.

Respiratory movements before internal pipping were mea-
sured after removing the egg shell and the outer shell mem-
brane from above the air cell and replacing it by a special glass
vessel. Changes in the vessel pressure fluctuations gave in-
formation about the respiratory rate. Respiratory movements
after internal pipping were registered by measuring of the
pressure changes occurring in the air cell. Besides the respira-
tory rate, the relative tidal volume and the relative respiratory
minute volume could be estimated.

Peripheral blood flow was measured in the chorio-
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ntil the start of the experiment. During the experiments
ernal egg temperature measured as the temperature
llantoic fluid (Taf) was determined using miniature therm

or probes or thermocouples consisted of two glass-fibr
ulated thermal wires (NiCr–Ni, with an accuracy of 0.1◦C
etween 20 and 40◦C). The colonic temperature (Tc) of the
mbryos was measurable after internal pipping (days 20

n fowl embryos and days 33–35 in Muscovy ducks embry
his method was unsuitable earlier in incubation, becau

he risk of haemorrhages[9]. After washing the eggshell wi
lcohol (70%), nearly 1 cm2 of the eggshell and the und

ying egg membranes in the area of the sharp egg pole
emoved. The tail feathers of the embryo were identifie
heir length and their linear form. After locating the tail fea
rs, the cloaca was easily identified and the thermoelem
ere inserted through the vent to a depth of 1–2 cm. Fin

he hole in the eggshell was sealed with dental wax.
llantoic membrane by the instrument MBF3 (Moor Ins
ent Company, Ltd., Devon, EX13 5DT, England), wh
ses the laser Doppler principle.

Jacobus Hendrik van’t Hoff ideas concerning the
ationships between ambient temperature and the
ocity of chemical reactions were summarised by
eaction–velocity–temperature (RVT) rule (van’t Hoff ru
nd described the relationships between temperature a
ction velocity in a chemical solution. Based on the van’t H
ule, a temperature increase by 10◦C increases the reacti
elocity by a factor of 2.0–4.0[11].

Later, theQ10 idea was applied to biological systems
his case,k1 is the performance of the examined biolog
ystem at one temperature (T1) andk2 at another (T2). T1 is
lways the lower thanT2. Biological systems described
10 may include oxygen consumption or HP[7,8] and the
ring rate of neurones[10].

From the practical point of view in biological systems
10 may be calculated using the equation:

= k(T + n)

kT

f the temperature difference (n) is equal to or near 10. W
he temperature differences (n) are much smaller, the form

ogQ = 10

T2 − T1
× log

(
k2

k1

)

hould be used. Other notations[11] areQ10 = (k2/k1)10/(T2
T1) or log Q10 = 10 × [(log k2 − logk1)/(T2 − T1)] The

ogarithmic notation is necessary because the theoretic
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Table 1
Threshold temperature (Taf

◦C) ofQ10 = 2.0 (heat production) in fowl and Muscovy duck embryos

Fowl embryo Duck embryo

31.5 34.5◦C 31.5◦C 34.5◦C

DI n Taf n Taf DI n Taf n Taf

12 4 34.02± 0.36 6 36.27± 0.35 20 6 35.08± 0.50 5 36.46± 0.42
13 6 34.98± 0.25 4 36.82± 0.57 21 6 35.60± 0.17 4 36.97± 0.73
14 5 35.58± 0.28 6 36.43± 0.89 22 6 35.33± 0.37 5 36.46± 0.45
15 6 35.45± 0.48 6 37.27± 0.39 23 6 35.83± 0.40 5 36.62± 0.39
16 6 34.93± 0.67 6 36.83± 0.24 24 6 35.20± 0.27 4 36.35± 0.19
17 6 35.03± 0.65 6 37.20± 0.79 25 6 35.03± 0.69 3 36.37± 0.32
18 6 34.95± 0.54 1 36.70 26 6 34.90± 0.29 4 36.35± 0.26
19 6 35.48± 0.44 3 37.40± 0.26 27 6 35.07± 0.34 3 36.27± 0.32
20 6 34.87± 0.59 0 28 6 35.67± 0.32 2 36.10± 0.42
21 6 34.43± 0.48 2 37.15± 0.49 29 6 34.92± 0.44 3 36.83± 0.11

30 5 34.56± 0.76 5 36.66± 0.30
31 6 34.32± 0.68 3 36.43± 0.40
32 5 34.24± 0.61 1 36.40
33 5 34.84± 0.65 2 36.60± 0.28
34 5 35.40± 0.28 4 37.70± 0.48

DI: day of incubation[20].

sis ofQ10, the Arrhenius equation, is an exponential function
[1].

Whittow and Tazawa[12] showed that, in fowl embryos
at a very early stage of development (aged about 12 days) in
which no endothermic reaction occurs,Q10 of HP is 2.0–2.4.
Hence, aQ10of more than 2.0 demonstrates the absence of en-
dothermy. AQ10 lower than 2.0 indicates that an endothermic
reaction occurs. When theQ10 is lower than 1.0 the increase
in HP due to the thermoregulatory mechanisms is greater
than the decrease in HP due to the van’t Hoff rule and a net
increase in HP occurs with decreasing core temperature.

Using this method, we estimated theQ10 of HP at various
Ta and search for the point ofTa were theQ10 was lower than
2.0. At this temperature only exothermic reactions in avian
embryos occurred (Table 1).

3. Results and discussion

The results of the experiments can be summarised in the
following five topics:

3.1. Thermoregulatory behaviour in avian embryos is
developed after internal pipping

ures
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Cairina moschata, the distress call, the trill call and the double
call. Whereas trill and double calls are be used for commu-
nication between the embryos, distress calls produced by the
embryo in uncomfortable situations seem to give a signal for
the incubating mother to help.

Immediately after immersing the egg in cold water, the
distress call rate of the embryo increases because of the cold
stimulus (Fig. 2). After rewarming, this rate decreases again.
Thus, there are close relationships between cooling and call-
ing rate. These observations are in agreement with results
of experiments carried out by Evans et al.[14], in Ring-
billed Gulls (Larus delawarensis). Embryos of this species
vocalised strongly when body temperature dropped below
36◦C. When cold-induced calls triggered a 4-min period
of rewarming by an artificial heater, embryonic temperature
may be stabilised. Cold induced vocalisations are signals of
the offsprings need for warmth. If vocal thermoregulation
by pipping embryos is a potentially adaptive mechanism, in
embryos the chain thermoreceptors—afferent transmission
of information—activation of muscles integrated in call pro-
duction must be developed.

3.2. Avian embryos develop endothermic reations

The measured HP of endothermic animals at temperatures
b dif-
f nergy
m er
b , due
t se in
n e as-
s

-
s -
c deep
In first series the influence of low ambient temperat
n call producing activity in duck embryos were investiga
he eggs were dipped for 2–8 s in a water bath controll
0–22◦C. Immediately after this, the call frequency of
mbryos was recorded continuously and the call rate
alculated every minute.

After internal pipping, i.e. 3–4 days before hatchi
coustic communication occurs between the embryos o
ame clutch and between embryos and the incubating m
13]. Three types of calls are most important in embryo
elow the thermoneutral temperature is the result of two
erent processes: the thermoregulatory HP and the e
etabolism following the van’t Hoff rule. In contrast to old
irds, a decrease in body temperature of avian embryos

o low incubation temperature usually causes a decrea
et HP but the decrease is more moderate than would b
umed from the van’t Hoff rule.

Before we started with any experiments[3,7,15], we as
umed that a moderate decrease ofTa results in a small de
rease of core temperature and a following activation of
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Fig. 2. Call rate of Muscovy duck (Cairina moschata) embryos before and after inserting the eggs in a water bath controlled at 20◦–22◦ [49]. The cold stimulus
was given between−1 and 1 on the time scale. After this the egg was brought in a room temperated at 37.5◦C. Shown are results of one embryo.

cold receptors which should increase the net heat production.
Further, with decreasing core temperature a threshold tem-
perature should be reached, where thermoregulatory drive no
more exists and thermoregulatory HP ceases. The results do
not support this hypothesis.

Using the results published by Nichelmann et al.[3] and
illustrated inFig. 3, the time course ofQ10 in 34-day-old
Muscovy duck embryos was calculated using 0.1◦C steps
(Fig. 4). Some times, between 39.0 and 37.5◦CTaf the Mus-
covy duck embryo showed a net increase in HP during the
cooling procedure, it is also endothermic between 38.0 and
36.4◦C Taf but showed a net decrease in HP; endothermy
disappeared atTaf lower than 36.4◦C (Table 1).

In domestic fowl, younger embryos from days 14–17
crossed theQ10-threshold of 2.0 atTaf below 36.6◦C.

F toic flu , incubated
a scale ture and the
s

However, from day 18 onwards, values were below 2.0 at
all Taf temperatures between 35.8 and 39.1◦C. WhenTa
was lowered to 31.5◦C, even a fowl embryo on day 21
reachedQ10 values above 2.0 only at the end of a 3 h test
(Taf = 32.0◦C; HP = 5.29 J g−1 h−1; Q10 = 2.1). Fol-
lowing the theoretical considerations, given by Nichelmann
et al. [3,15] it can be postulated, that embryos of these
ages show endothermic reactions. These disappear at core
temperatures lower than 34.0, perhaps because the activity
of thermo-sensitive neurones ceases at these temperatures
(Table 1).

Tzschentke and Basta[16,17]showed that Muscovy duck
embryos aged 33 and 28 days have cold-, warm- and thermo-
insensitive neurones activated in a similar fashion as in 1–5
day-old ducklings.
ig. 3. Time course of ambient temperature, temperature of the allan
t 37.5◦C [7]. The scale of heat production is given at the right site, the
cale of ambient temperature is given the left site.
id, and heat production of a single 34-day-old Muscovy duck embryo
of temperature of the allantoic fluid as an index of body core tempera
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Fig. 4. Influence of the temperature of the allantoic fluid (Taf) on heat production (HP) andQ10 in the same Muscovy duck embryo as shown inFig. 3. For
details of calculation see[3].

The results presented show that fowl embryos between
days 14–21 of development have aQ10 < 2.0 at body temper-
atures between 34 and 39◦C. It is postulated that embryos at
these ages realise endothermic reactions.

The threshold temperature (Taf) ofQ10 = 2.0 showing the
transition to endothermic reactions in all investigated Mus-
covy duck and fowl embryos at all age groups is given in
theTable 1. At transient temperature changes between 37.5
and 31.5◦C it was situated between 34.02± 0.36 and 35.03
± 0.65◦C for the fowl embryos and between 34.24± 0.61
and 35.83± 0.40◦C for Muscovy duck embryos. Whereas
at transient temperature changes between 37.5 and 34.5◦C
in fowl embryos the values were 36.27± 0.35 and 37.40
± 0.26◦C and were 36.10± 0.42 and 37.70± 0.48◦C in
Muscovy duck embryos (Table 1).

In the 34.5◦C group not all embryos demonstrated thresh-
olds, but endothermic reactions were found mainly in the
older embryos during the whole experiment[17,18].

At least, from the theoretical point of view there are two
alternative explanations for the increasingQ10 at low tem-
peratures.

Firstly, in the experiments presented here, we have mea-
sured the oxygen consumption of the avian embryos and
subsequently calculated the HP. The HP values are exclu-
sively aerobic measurements and do not include anaerobic
m ero-
b ient
t influ-
e

s rds
i to be
s

o-
m y
o rela-

tive or absolute oxygen deficiency may not be the cause of
the measured lowQ10. This assumption is supported by ob-
servations of Lange et al.[18] showing that the incubation
temperature has an influence on the duration of the plateau
phase but not on the level of HP and oxygen consumption
during this period. Hence, it is unlikely that incubation tem-
perature can change the oxygen conductivity of the eggshell
in an acute experiment.

In earlier experiments, Nichelmann et al.[19] found that
the HP of Muscovy duck embryos reached a maximum at
37.5◦C but then decreased with increasing atTa to 40.5 or
39.5◦C. The relationship between HP andTa could be de-
scribed as a parabolic function with the maximum (ymax)
at 37.5◦C. From day 26 of incubation, HP increased at Ta
above 39.0◦C (for instance from 1.189± 0.080 to 1.375±
0.056 W kg−1 at day 28 and from 1.403± 0.241 to 1.642±
0.201 W kg−1 at day 32). These results demonstrate that em-
bryos of Muscovy ducks have a thermoneutral temperature
(temperature of a minimal HP) of 40.5◦C up to the 25th day
of incubation, when it decreases to 39.0◦C. The maximum
values of HP (summit metabolism) were measured at 37.5◦C
(normal incubation temperature).

The results of experiments, published by Nichelmann et
al. [20] show that the velocity of body temperature changes
in Muscovy duck and fowl embryos have an influence on
t e as-
s eral
t r the
c per-
a

3
d

.8
a g
etabolic rate. Obviously, it cannot be excluded that ana
ic processes may occur during the influence of low amb

emperatures in avian embryos but they are not able to
nce theQ10.

Secondly, according to Whittow and Tazawa[12] the tran-
ition from poikilothermy to homeothermy in precocial bi
s seen to take place in four stages. Altricial birds seem
ubject to the Arrhenius limitation until after they hatch[12].

Nichelmann et al.[3,8] showed that, in embryos of d
estic fowl and Muscovy duck, aQ10 lower than 2.0 ma
ccur before the plateau phase, demonstrating that a
he threshold temperature of endothermy, and support th
umption that the dynamic component of central or periph
hermosensors may be developed very early. The faste
ore temperature changed the lower is the threshold tem
ture of endothermic reactions (Table 1).

.3. In precocial avian embryos hyperthermia causes a
own-regulation of heat production

In Muscovy duck embryosQ10 values were between 0
nd 1.2, beginning on day 20 atTa at the start of the heatin
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period (Tan). At ambient temperatures at the end of the heating
period (Tah) they were also below 2 on day 21; and on days 22,
25, 29–32 of incubation they were below 1 with a minimum
of 0.54 on day 30. In fowl atTan, there was an extremely high
Q10 of 3.42 on day 12, in combination with unexpectedly low
Q10 values atTahon days 12 and 13. From day 16,Q10 values
were between 1.5 and 2, at day 20 only 0.78. There was a
local maximum ofQ10 at normal and highTa on the last day
of incubation. In contrast to the younger embryos, the older
embryos had a tendency to reduce their HP at higher body
temperature[21]. Usually,Q10 was highest at the initiation
of the heat load and decreased during the imposition of the
heat load in all age groups, with the exception of the younger
Muscovy duck embryos.

The data presented here show that a 3 h influence of
39.0◦C results in an increase in the body core temperature
of about 1.5◦C. Despite the hyperthermia which was occur-
ring, the HP of Muscovy duck embryos in the experiments of
Nichelmann et al.[19] decreased and the oxygen consump-
tion of Muscovy ducks and fowl embryos in the experiments
of Janke et al.[21]were diminished. Marder et al.[23]demon-
strated that heat-acclimated pigeons (Columba livia)have a
lower oxygen consumption at extremely highTa (0.93 ml O2
h−1 at 50◦C; 0.84 ml O2 h−1 at 60◦C) in comparison to
moderate temperature (1.13 ml O2 h−1 at 20–25◦C). The ac-
t been
f als,
t pro-
d
t tem-
p roups
( ater
i 2%)
g -
c
a of

F antoic ic
m ternal p

HP dropping at high ambient temperature as “second chem-
ical thermoregulation”.

Shibata[27], Shibata et al.[28], Hashimoto et al.[29]
as well as Uno and Shibata[30] have shown that there is
a centre in the mid-brain reticular formation of rats which
tonically inhibits metabolic HP. It can be not be excluded
that this centre may inhibit HP during slight hyperthermia
in man, mammals, and birds and may also be implicated in
metabolic depression observed in avian embryos.

3.4. In contrast to heat production the efficiency of heat
loss is high in precocial avian embryos

In contrast to the low efficiency of endothermic reactions
during embryonic development, the prenatal efficiency of em-
bryonic heat loss mechanisms seems to be higher than that of
the heat production mechanisms. First and very slowly res-
piration movements occur before internal pipping[31–34].

Panting reactions were found in Muscovy duck embryos
between internal and external pipping[35,36] at the same
time there are changes in blood flow in the chorio-allantoic
membrane at differentTa [9]. After Ta was increased to
40.5◦C, Taf increased soon and parallel toTa and was af-
ter some minutes higher thanTa andTc (Fig. 5).Tc however,
was kept constant for more than 40 min after the initialTa
i

le
l

the
a vel-
o sure
t ther-
m e but
n y of
t ntrol
s ental
ual reduction of HP in moderate hyperthermia has also
ound in the postnatal period in other birds and mamm
oo. Gelineo[24] showed a secondary decrease of heat
uction in cold- and warm-adapted pigeons atTa higher than

he thermoneutral temperature. The threshold ambient
erature of this decrease was much the same in both g
about 36◦C) but the intensity of the HP decrease was gre
n the cold-adapted (25.6%) than in the warm-adapted (1
roup. In man, Thauer, and Wezler[26] observed a 5% de
rease in HP during hyperthermia. Gelineo[24], Thauer[25],
nd Thauer and Wezler[26] designated the phenomenon

ig. 5. Time course of ambient temperature (Ta), temperature of the all
embrane (flux) during a typical experiment in a fowl embryo after in
fluid (Taf), colonic temperature (Tc), and blood flow in the chorio-allanto
ipping[9].

ncrease and was higher thanTaf.
Only before heating and afterTa had reached a new stab

evel at the 150th minute of the experiment.
Elsewhere,[37,38]we have postulated a general rule:

ctivity of organ functions occurs during embryonic de
pment before this function is ultimately necessary to en

he survival of the embryo. It can be postulated that endo
ic reactions during the prenatal period have an ultimat
ot a proximate (immediate) influence on the efficienc

hermoregulation. They have a training effect on the co
ystems and support adaptivity to expected environm
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conditions. It may be that they have an influence on epi-
genetic adaptation mechanisms. Related to epigenetic adap-
tation process, environmental influences during gestation of
mammals or incubation of birds have an influence on gene ex-
pression in embryos. The influence of altered environmental
conditions during the prenatal period on the later develop-
ment of physiological control systems in birds and mammals
has been described, e.g. for reproductive system and glucose
metabolism[39], growth processes[40], thyroid hormones
and metabolism[41,42], and the arginine-vasotocin-system.

Tzschentke et al.[43] and Tzschentke and Basta[44] give
more general aspects of epigenetic adaptation including epi-
genetic temperature adaptation. They have shown that in birds
incubation at a lower temperature than usual induces postna-
tal cold adaptation and incubation to a higher temperature
warm adaptation.

Their conclusions were supported by some experiments of
Modrey[45], carried out in turkeys incubated at the normal
temperature of 37.5◦C and at a lower temperature of 34.5◦C.
At Ta between 5 and 40◦C, the birds incubated at the lowerTa
have had a higher HP than the normally incubated controls
in the first 10 days after hatching (Fig. 6) but remarkable
and important is that turkeys but not chicken incubated at

F
(

high temperatures show the same reaction. The difference
between fowl and turkey chickens is not to explain in this
time.

3.5. Development of physiological control systems starts
with non-coordinated and proximate (immediate)
non-adaptive reactions

As has been shown[37,38] training effects occur dur-
ing the development of body functions and control systems.
These are necessary for the complete development of body
functions. Another point of view is that the development of
physiological control systems starts with non-coordinated
and non-specific reactions, which have no proximate (im-
mediate) adaptive effects but are necessary for the ultimate
adaptation.

In older birds and mammals the control elements of the
thermoregulatory system will be activated in a typical order
[46]: (1) with increasing ambient temperature the evaporative
heat loss will be activated (2) after this the threshold tempera-
ture for the conductance occurs (3) at higher temperatures the
biological optimum temperatures is reached and finally (4)
the thermoneutral temperature, the threshold temperature for
ig. 6. Relationships between ambient temperature and heat production in
cold group) during the last 19 days of incubation[45].
1- to 10-day-old turkey hatchlings incubated at 37.5◦C (control group) or 34.5◦C
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HP[46–49]occurs. In piglets during the first days after birth
the control elements will be activated in a non-coordinated
fashion, but firstly at the 9th day of life does normal ac-
tivation modus occurs. These results led to the hypothesis
that it is not the direction of change that seems to be most
important for the organism but only the fact that a change
occurs.

4. Conclusions

The strategies of avian embryos in relation to temperature
regulation are optimally developed. Endothermic reactions
occur very early during the embryonic development but
their efficiency is limited. Due to the van’t Hoff rule,
low temperatures decrease the net heat production but the
trajectories of endothermy may be stimulated and related
epigenetic adaptation mechanisms are activated. Using
behavioural mechanisms, the embryo is protected against
super-cooling during the natural incubation process. The
heat loss mechanisms are most efficient against heat stress,
which occurs only for a very short time during incubation
and protect the embryo against disturbances caused by
hyperthermia.
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