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Abstract 

N i c h elm ann M., E v a Bar any i 0 va, Bar bar a 
T z s c hen t k e: Thermoregulatory Heat Production in Laying Hybrid 
Hens - Summit Metabolism. Acta ~vet. Brno, 55, 1986: 247-261. 

Ther~oregulatory reactions were studied in 96 la~ing hybrid 
hens (age 30 to 35 weeks) under moderate (5 to 40 C ambient 
temperature, 0.2 m.so1 air velocity) and extreme env~ronmental 
conditions (5 to 40 C ambient temperature, 1.2 m.s-~ air ve
locity). Effective ambient temperature (EAT) was calculated from 
the determined heat production, colonic temperature, evaporative 
heat loss and conductance. The heat prgduction began to decrease 
in birds exposed to EAT of -50 to -60 C. At the same time a pro
gressive hypothermia occurred. The summit metabolism was 338% 
of the heat production under thermally neutral conditions. Total 
body thermosensitivity oscillated between 3.1 and 3.7 W.kg- l .K-I. 
The increase in colonic temperatHre in the range between thermo
neutral temperature (TNT) and 5 C in fully feathered birds is 
in agreement with thi~ thermosensitivity. 

Heat production, feathering, heat loss, effective ambient temperature. 

The heat production of homeotherms begins to rise with ambient 
temperature (T ) below the thcrmoneutral temperature (TNT). In 
fully feathere8 sexually mature laying hens the heat production 
does ngt exceed 50 % at-temperatures between thermoneutrality 
and 5 C T (Nichelmann et a1. 1983, 19B4). 

However,a in poorly feathered birds, or in partially or totally 
defeathered ones substantially higher increase in heat production 
may be expected at the above-mentioned temperatures. Heat pro
duction of partially defea~hered "Blue Holland" cocks increased 
by 140 % between 35 and 5 C T (R 0 m i j n 1950). In laying 
hens (Babcock 390, brown eggsh~ll) with 65 % of body surface de
feathered through mechanical effects during cage rearing an 
in8rease in heat production by 153 % was observed between 35 and 
o C (R i c h a r d 5 1977). Light Sussex cocks augmented their 
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heat production by 167 1 at temperatures between 38 and 22 °c 
(0 ' Neill et a1. 1971). N i c h elm ann et a1. (1978) reported 
on-increasing-heat production Sf a parental flock of laying hy
brids between TN~ and T of ~ C due to progressive loss of 
plumage with advancing Ige. However, no data are available on the 
maximum possible thermoregulatory heat production increase in the 

~ domestic fowl. Owing to good insulation properties of the plumage 
'--'---4cLmay be expected that the summit metabolism occurs only under 

extrema-thermal conditions. 
The ques'tion of maximum possible heat production increase in 

laying hybrids laone of not only theoretical but also practical 
interest. The domestic fowl is genetically acclimated to high Ta 
so that a special strategy to combat the adverse effects of low 
T . can be envisaged (A u Ii e and G r a v 1978). Moreover, in hens 
klpt under intensive husbandry conditions a combination of poor 
plumage and high air velocity in the immediate surroundings of 
the birds may dramatically increase their heat loss and activate 
their thermoregulatory system. . 

The Bresent paper considers the effects of T between 40 °c 
and 5 C on heat producti~n of fully,featheredalaying hybrid hens 
as compared to thermoregulatory reactions of birds under extreme 
cold conditions brought about by complete defeathering and air 
velocity as high as 1.2 m.s-l 

Materials and Methods 

Ninety six hybrid laying hens aged 30 to 35 weeks were used. 
For a period of 4 weeks prior to the experiment6 the birds were 
kept on deep litter at a temperature of 20 ~ 1 C. C9mmercial 
food mash and water were available ad libitum. The photoperiod 
was 16 h light throughout. 

Four to six days prior to the experiment, 48 birds were de
feathered under a 8revinarcon anaesthesia. The flight feathers 
of the wings and tail were cut off with scissors. The head 
feathers were not removed. The birds were kept at a temperature 
of 26 to 28 °c individually or in pairs until the beginning of 
the experiment. They were not fasted prior to the procedure. 

The hens were individually ~la6ed in met8bolism chambers adjus
table to temperatures between 5- C and 40 C (~ 0.7 K). Relative 
humidity i8 the chambers was 60 to 75% at temperatures between 
15 and 40 C; at lower T it increased to 85%, and the air velo-
city was 1.2 m.e-l. a 

The experimental conditions for fully feathered hens ~ere as 
follows: T in metabolism chambers was 5 to 40 C, relative humi
dity 60 toa75% Rt T of 15 to 40 C, 851 at lower Ta ; air velo-
city 0.2 m.s-l. a 

Each hen was exposed to the experimental conditions only once 
for 1 hour. At each Ta six birds each of the feathered and 
defeathered group were investigated. 

Immediately prior to the measurements, the body mass and co
lonic temperature of the birds were determined. After 1 h expo
sure to the respective temperatures, the O2 consumption and CO 2 
production of the birds were measured using a Spirolyt II appa
ratus (VEB Junkalor, Oessau, GOR); the evaporative heat loss was 
calculated from the water vapour content of the air entering and 
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"leaving the chambers using psychrom:eters, and the colonic tempe
rature of the birds was again measured using a fever the~mometer. 
Thermal conductance was calculated from the heat production, eva
porative heat loss and colonic temperature.· Details concerping 
the measurements and calculations have been described elsewhere 
(N i c h elm ann et al. 1973). 

Results 

Heat production 
In feathered hens, the relationship between the T ~nd heat 

production Mas expressed in terms of a parabolic fu~ction (Fig. 1). 
The extreme value of the paraboAa, identical with the thermoneutral 
temperature. was found at 22.3 C. . 

The relationship between T and heat production below TNT was 
described by the function inaFig. 2. This implies that below TNT, 
the heat production increased by 0.11 W.kg-l per 1 K decrease 
in T . -1 0 

Inafeathered hens the heat sroduction of 3.9 W.kg at 25 C 
increased to 6.3 W.kg-l at 5 C, rising by 62%. 

In defeathered birds the heat produ8tion increased with falling 
Ta at temperatures between 40 and 20 C with a minimum 8f 
5.4. W.kg-l at 40 C and a maximum of 13.2 W.kg-l at 20 C. At 
lower T their heat production began to fall again. Thus the ma
ximum tAermoregulato~y increase in heat production of defeathered 
birds exceeded that of the feathered ones in TNT by 238%. 

The relationship betweenT and heat production in defeathered 
bi~ds was expressed in ter~saof the function givsn in Fig. 1. The 
extreme value of the parabola w'as found at 17.1) C. " 
, The relationship between T and neat production of these birds 

~t temperatures between 40 a~d 20 C was expressed in terms a li
near function (y = - 0.3220x + 19.260). The increase of the curv~ 
was with - 0.322 W.kg- l three times steeper than the-increase 
of the function fOHnd in fully feathered hens in the temperature 
range of 5 and 25 C (Fig. 2). 

Colonic temperature 
The relationship between T and colonic temperature in fully 

feathered hens was expressedain terms of a polynumial function 
(y = 0.0068 x - 0.2471 x + 43.181; r = 0.84, n = 48, p< g.Ol) 
given in Fig. 8. The extreme value of this function, 18.8 C, 
was identical with the biologically optimal temperature (BOT). 
Tansents applied to both parts of the parabola intersected at 
24 C (Fig. 3). The intersection lay above the extreme value of 
th~ parabolic function, ~eing in good agreement with the graphi
cally estimated BOT (23 C). 

In defeathered hens the colonic tempe~ature decreased 80nti
nually with lower T between 40 and 20' C (0.11 K per 1 C T 
ch8nge). This decreise became 7.5 times stesper (0.76 K pei a 
1 C T change) as soon as T was below 20 C (Fig. 9). The equa
tions 8escribing the relatioAship between T . and colonic tempera-
ture of the birds are in Fig. 4. a 
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Fig. 1. Relationship between Ta 
and heat production in fully 
feathered (.) and totally 
defeathered (~) laying hens 
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n- 30 

p< 0,01 

r- -0,87 

• 

~ • 
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Fig. 2. Relationship between Ta 
and heat production in fully 
feathered (.) hens below TNT 
and in deteatheredohens (e) 
between 20 and 40 C 

The relationship between the colonic temperature and heat 
production 

The increase in the colohic temperature in the T range betwe~n 
TNT and 5 C is explained by the operation mode nfathe temperatu~ 
re r~gulating system. Each decline of Ta results in .n elevation 
of the thermoregulatory set point (Hammel 1972). Provided 
the functioning of the thermoregulatory system is perfectj the 
increase in colonic temperature below TNT may be use~ as a 
measure of the thermoregulatory set pnint adjustment. Thj re
lationship between the colonic temperature and heat ~roduction 
at these temperatures w~s defined in terms of the" function in 
Fig. 5. Elevation of the curve" with 3.3 W.kg-l indicates that 
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Fig. 3. Linear relationship 
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hens 
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Fig. 4. Relationship between T 
and colonic tempe8ature in at aT 
between 5 Bnd 20 C and between a 
20 and 40 C in defeathered hens 

the adjustment of the thermoregulatory set point by 1 K results 
in an augmentation of heat production by 3.3 W . kg-l (Fig, 5). 

For an increase of 1 W. kg -1 in heat production a set point 
elevation of 0.30 K was necessary. This was achieved through a 
decrease in Ta by 9.5 K in fully feathered hens. In defeatheced 
birds, the sllght gecrease in colonic temperature in T range 
between 40 and 20 C was accompanied by a considerablearise i~l -1 
heat production (Fig. 6). This increase amounted to -3.1 W.kg .K 
and increased ~urther to 3.7 W.kg-1.K-l provided the da-
ta obtained at 25 C were not included in calculation. 

The sharp decline in colonic temperature observed at T below 
20 °c led to a remarkable fall in heat production. The r~specti
ve equation is given in Fig. 7. 
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In feathered hens, the evaporative heat loss was expressed in 
terms of an exponential function. The evaP8rative heat boss be
gan to rise continually above a T of 15 C ahd at 40 C it 
amounted to 0.8 W.kg-l. The tBr@shold temperature for rising 
evaporative heat loss was 11.3 C (Fig. 8) as indicated by the 
course of the straight line expressing the relationship between 
the T and evaporative heat loss above and below the threshold 
tempe~ature5. . 

In defeathered girds, the evaporative heat 10ssa1so increased 
above a T of 15 C'oThe calculated temperature threshold for 
these bir8s was 8.9 C (Fig. 9). Analysis of variance revealed. 
no differences in evaporative heat loss between the two groups 
of hens. 

Thermal conductance 

In feathered birds, the thermal conduCtance was between 2.1 
and 3.2 W.m-2.K-l in the temperature range between 5 and 
25 °C. It increased with each T rise by 0.0448 W.M- 2 .K- 1 , 
Above 27.6 °c this rise was augMented to 0.2418 W,m- 2 .K- l . 
The respective course of the curve is shown in Fig. 8. 
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In contrast, thermal conduc
tance in defeathered birds 
fell by 0.362 W.m-2 .K-l 
at ~emperatures between 5 a~ 
25 C and rose bv 
0.470 W.m-2.K-l at temp~ratures 
between 25 and 40 C 
(Fig. 9). Thermal conductance 
of defeathered hens sutpassed 
considerably that of the 
feathered birds at each tem
perature studied. 

Discussion 

The relationship between the Ta and heat production throughout 
a wide range of T may be expressed in terms of a polynomial 
function of a higRer order (Hensel et al. 1973; Bligh 1972) 
in agreement with generally accepted models based on G i a j a . s 
(193B) work. The heat production rises with falling T to a ma
ximum - the summit metabolism - at an extremely low Ta . Below 
this temperature it begins to declipe. The increase Sf the 
function changes only slightly within the temperature range 
between just below the TNT and above that of summit metabolism 
so that this fraction of the polynomial function may be expressed 
with high significance in terms of a linear function. Indeed, 
numerous published data indicate such a course of the curve 
(Scholander et a1. 1950; Verstegen et a1. 1975; Mount 
1979). 

The actual heat production of a homeotherm is influenced not 
only by the T but also by a variety of the£mal and other cli
matic factors~ Particularly important are air humidity, air ve
locity and thermal radiation as well as factors capable to chan
ge the insulation of the animal body. They change the heat output 
of the animals, and with potent stimulation, also that of inter
nal thermoreceptors. The thus elicited thermoregulatory reaction 
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is a function of thermoregulatory inflow from the population of 
thermoreceptors in hypothalamic thermoregulatoFY centre. The 
route of receptor activation (i. e. changes in 1 or other above
-mentioned factors) is here of no importance. a 

Environmental factors relevant to thermoregulation have been 
characterized by the term of effective ambient temperature (EAT) 
(B 1 i g hand J 0 h n son 1973). According to these authors, all 
actual environmental situations that result in the same thermal 
sensations in an individual have the same T . As a measure of the 
EAT in homeothermic animals the the~moregulBtory effects of heat 
p~oduction may be employed. This implies - first as a working 

• 
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Fig. 11. Relationship between 
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temper8ture range betweeen -96 
and 9 C is expressed in terms 
of the function y', the tempe-
ratHre range between -36 and 
20 C in terms of the function 
y, and the temperature range 
between 5 and 40 C in terms 
uf the function y". 

hypothesis - that all environmental factors leading to identical 
heat production have the same T . As a reference, a situation 

_ should be employed in which the ~ir velocity would not exceed 
0.2 m.s-l and the air humidity would oscillate in a medium range 
(G 0 1 1 et al. 1986). Using this concept in interpretation of 
present results, both parabolic functions expressing the relation
ship between T and heat production in both groups of hens can be 
viewed as portYons of one curve. A schematic drawing of the 
relevant conditions is shown in Fig. 10. 

The heat production values obtained at low air velocities and 
with intact feather coat of the birds are plotted in the right 
part of the curve (Fig. 10, part A), the same parameters for the 
defeathered hens are in the left part (Fig. 10, part B). The 
courses of the straight lines describing the relationship between 
T and heat production b.low TNT in fully feathered birds 
(~0.1l08 W.kg-l.l<-l) and between 400 C and T5M in defeathered 
hens, '('-0,332 W.kg- 1 .K-l) differ in their slopes (Fig. 2). ~n 
othei words, in hens with removed feathers and exposed to high 

• 
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air velocity, one K of T change led to such an increase in heat 
production that would oAly occur afte~ a 3 K change in Ta for 
fully feathered birds at an air velocity of 0.2 m-2.s-1. Thus 
1.0 K temperature dhange under the conditions of increased air 
velocity and almost total defeathering is equal to 3.0 K change 
in the effective ambient temperature. Both functions shown in 
Fig. 2 indicate that the heat production of defeatheredobirds 
at 40 ~C is equal to that of fully.feathered ones at 9 C. This 
finding along with that ot a 1:3 ratio in the effect o! tempe
rature change upon the heat production of feathered and de
feathered birds provide a basis for calculation of the'EAT 
summarized in Table 3. The course of the curve constructed on 
the basis of these data and showing the relationship between Ta 
and heat production, is shown in big. 11. The T5M of laying 
hens lay at an EAT of -50 to -60 C. 

In the present experiment, the heat production of hens at T5M 
attained 33B% of its value !ound at TNT. This thermoregulatory 
increase in heat production is somewhat lower than the values 
found by Alexander and Williams (196B) in newborn lambs 
(i. e. 430%) and in older lambs (540%). In Pekin ducks a five
fold increase in heat production was elicited by whole-body 
cooling through intraintestinal thermodes (I nom 0 t 0 and 5 i -
mon 19B1). 

Table 3 
Actual ambient temperature Ta and effective ambient temperature 

(EAT) in fully feathered a~d defeathered laying hybrid hens 

Featnered Oefeathered 
birds birds 
Air velocity Air velocity 
0.2 m . s 1.2 m . s 

Ta (oC) EAT (oC) Ta (oC) EAT (oC) 

5 5 5 - 96 
10 10 10 - Bl 
15 15 15 - 96 
20 20 20 - 51 
25 25 25 - 36 
30 30 30 - 21 
35 35 35 6 
40 40 40 + 9 

• 
The increase in heat production observed in our study was re

latively low compared with that occurring during an intensive mus
cular activity. Birds with the body size range similar to that of 
the domestic fowl are capable to augment their heat production 
10 times during flight or running on a treadmill. The 02 consump
tion of resting domestic fowl (2.4B kg body mass) at TNT amounted 
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to 9.5 ml.kg-l.min- l , whereas during a run of 9 km.h-lit 
increased to 112.5 to 115.0 ml.kg-l.min- l (8 r a c ken bur y 
and A v e r y 1980). No explanation for the differences in the 
maximum possible increase in heat production during a thermore
gulatory reaction at low Ta and during a maximu muscular acti
vity (running, flying) can be offered. 

• In the present study, a continuous fall in colonic temperaturs 
was observed in defeathered hens at Ta declining from 40 to 20 C. 
This fall was accompanied by q considerable increase in heat 
production of 3.1 to 3.7 W.kg-l per K of T change. This change 
in heat production can be employed as a meHsure of thermosensi
tivity of the thermoregulatory system assuming that the tempera
ture change is equal in all receptor fields. Whole body thermo
sensitivity of 5 to 6 W.kg- l at low and medium T was determined 
in Pekin ducks with core temperature decreased b~ an intestinal 
thermode, and body thermosensitivity of 3.2 W.kg-l at high T 
(Inomoto and Simon 1981). a 

The relatively low thermosensitivity of our experimental birds 
as compared to other species may lay in different experimental 
methods employed as well as in species differences in receptor 
thermosensitivities. 

Our observations on elevated heat production in feathered birds 
between TNT and 5 °c accompanied by a simultaneous increase in 
colonic temperature suggest a rather low thermosensitivity of the 
temperature regulation system in domestic fowl. This phenomenon 
may be connected with a thermoregulatory set point adjustment at 
decreasing T (Nichelmann and Lyhs 1976; Nichelmann 
1983; 1984).aThe function depicted in Fig. 5 shows that a change 
in thermoregulatory set point by 1 K results in an increase in 
heat production of 3.3 W.kg- 1 . This value is in good agreement 
with the whole body thermosensitivity of 3.1 to 3.7 w.kg-l 
determined in our experimental birds. 

Below the EAT of -50 to -60 °c the colonic temperature of 
defeathered hens began to drop sharply. At the same time their 
heat production decreased, leading in turn to further colonic 
temperature decline. For the effect of temperature a 018 of 
1.4 was calculated (C aId e rand Kin g 1974). Assumin that 
in a living organism a 0ln of 2.0 expresses the effect of a tem
perature change on biochemical reaction rates, a 0 value of 
1.4 means ahat in domestic fowl with a colonic tem6Qrature lower 
than 39.5 C the heat production is indeed decreased through lo
cal effect of temperature on metabolically active cells but that 
efferent effects from the thermoregulatory centre are still in 
operation to prevent this decrease. 

The control elements of the thermoregulatory system activated 
in a typical sequence in fully feathered hens (N i c h elm ann 
and Lyhs 1976; Nichelmann 1983,1984; Nichelmann 
et al. 1985) showed a different pattern in defeathered birds 
(Fig. 9). Of interest is the relationship between the maximum 
heat productions of fully feathsred birds 't 20 °c (3.9 W.kg- 1) 
and the defeathered ones at 40 C (5.4 W.kg-l): both temperatu
res are thermoneutral for the respective groups of birds. The 
heat production of defeathered birds was still substantially 
higher due to their high radiation heat loss. 
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Both the evaporative heat loss and thermal conductance began 
to increase at an ambient temperature at which the organism of 
the bird was exposed to a considerable thermal load. The heat 
loss was thus enhanced at a temperature at which hypothermia 
occurs. The reasons for this seemingly paradoxical reaction are 
not understood and require fUl'ther study. 

Termoregulacni produkce tepla u hybridnich nosnic 

U nosnic hybrid~ ve veku 35 az 40 tydn~ byly sledovany termo
regulacni reakce pfi mirne (5 - 40 °c teplota prostfedi a 
0,2 ~.s-l rychlost proudeni vzduchu) a pfi extremni (5 -
- 40· C teplota prostfedi a 1,2 m.s-l rychlost proudeni vzdu
chu) tep10tni zatezi. Z namefenych hodnot energetickeho metabo
lismu, tep10ty v ko10nu, evaporacnich ztrat tep1a byla vypoctena 
efektivni teplota prostfedi. Energeticky metabolismus nosnis po
ca! k1esat pfi efektivni tep10te prosttedi -50 az -60 °c a zaro
ven nastoupi1a progresivni hypotermie. Energeticky metabo1ismus 
za tech to podminek ptevy~ova1 0 338 % jeho hodnoty namefene 
v termoneutra1nim prostfedi. Termosensitivita termoregulacniho 
systemu se pohybovala m~zi 3,1 a 3,7 k.kg-1 .K-I. Tato termosensi
tivita dostatecne vysvetluje vzestup tepboty tela nosnic v'fozme
zi termoneutralni tep10ty prosttedi a 5 C. 

TepMoperynRTopHaR TennonpoDYKUHR y rH6pHDH~X HecymeK 

Y HecymeK rH6pHDoB B BospacTe 35 - 40 HeDenb npoBODHnH Ha6J11QtleHHR 
sa TepMoperynRTopH~MH peaKUHRMH npH YMepeHHoA (5 - 40'C TeMnepa
Typa 'oKpy*ammeA ypeD~ H 0,2 M.u-1 CKOPOCTb BosDymHoro TeqeHHR) 
H npH KpaAHeA (5 - 40'C TeMnepaTypa oKpy*ammeA cpeD~ H 1,2 M.u1 
CKOPOCTb TeqeHHR Bosnyxa) TeMnepaTYPHoA HarpysKe. Ha OCHOBe 
nonyqeHH~X BenHqHH MeTa60nHSMa 9HeprHH, TeMnepaTyp~ B 060DOqHoA 
XHmxe H TeMnepaTypH~x nOTepb B~napHBaHHeM, 6~na B~qHCneHa 

e~~eKTHBHaR TeMnepaTypa oKpy*ammeA cpeD~. MeTa60nHSM 9HeprHH 
HecymeK CTan nOHH*aTbCR npH e~~eKTHBHoA TeMnepaType oKpy*ammeA 
cpeD~ -50 - -60'C H oDHoBpeMeHHonpoRBHnacb nporpeccHBHaR rHnoTepMHR. 
3HepreTHqeCKHA MeTa60nHSM B DaHH~X ycnoBHRx npeB~man Ha 338% 
BenHqHH~, nonyqeHH~e B TepMoHeATpanbHoA cpeDe. TepMOqYBcTBHTenb
HOCTb TepMoperynRTopHoA CHCTeM~ DOCTHrana npeDenoB 3,1 H 3,7 
BT.Kr-1 .K-1. npHBeDeHHaR TepMOqYBcTBHTenbHocTb B DOCTaTOqHOA 
CTeneHH 06~RCHReT YBenHqeHHe TeMnepaTyp~ Tena HecymeK B npeDe-
nax TepMoHeATpanbH~x TeMnepaTypH~x BenHqHH oKpy*ammeA cpeD~ H 
S'C. 
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