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Abstract ’ .

\d

b ] : PR Y ’
| As a ientrdemperature changes the temperature of the food
‘and w ter consumed by animals also changes. The heat
requir d,to raise the temperature of ingested food and water
to body temperature has generatty beeh neglected in
‘dis6ussions‘of heat exchange in domestic animals.

‘§T§ A series of experiments were made-to study the
physiological and metabolic consequences to sheep and cattle
of the heat.req‘uired to warm ingested food. Rumen cocSHn,g‘
either by an. intra-ruminal cooling coil or by(a ruminal
water infusion was used in a'numﬁer ot experiments to
simulate the cooling associated'wtth the consumption of high -
motsture foods Several levels and rates of rumen cool1ng
were compared in both sheep and catt]e while in a number of
phys1o]ogtca1 cond1t10ns and exposed to a range. of amb1ent

| :temperatures

F -

In general rumen cooltng reduced the tota] body heat
contenﬁ‘of the animal (mean body temperature decllned)

‘reduced the rate of heat loss from the an1ma1 to the
\env1ronmentv(extrem1ty skin temperature declined); and in .

- most eases increased the rate of heat product jon (oxygen
consumption wasvelevated)..'When preﬁcooling~body
temperatures were high;‘the decline in body heat content was
greater and the increase in heat production less than when
1ower pre-cooling body temperatures existed. }he/increase

<



in heat product1on in response to rumen coollng was
equivalent of up to 8Q% of the rumen cool1ng 1mposed

.Eighty to n1nety percent of the - warming of the food was
in the rumen in stud1es with cattle eating cotd (2°C) and
Frozen (-8°C) - turnlps of 12% dry matter Content Also any
1ncrease 1q heat product1on in*response to the requ1rement
for heat of warming .the food was temporary over the eat1ng
per1od and one to ‘two hours after and was not man1fes% in an
elevated resting metabolic rate

'Energy retention in lambs was reduced by h1gh levels o*l
the heat of warm1ng part1cularly at 1ow feed intake
(ma1ntenance and below) and the reduction was dependent on
ambient temperature. Dry matter or energy digestibility was
not affected by the consumpt1on of simulated h1gh mo1sture
feeds. at low temperatures

The heat of warm1ng food was 1ncorporated into a
convent1onal body heat loss model by tak1ng the heat flow
from the body 1nto the rumen in response to the consumption
of cold feeds as a heat loss to the an1ma]. The efficiency
With which body heat could be utiliséd for meeting the
requirements of the heat of,éarming food was 50 to 70%.

It was concluded that the.heat of warming ingested food
‘and watervshoutd\be incorporated into heat loss models to \
‘encompass practiCal farming sitdations where the heat of
warming may be an important component in the thermal balancshg

of domest1c l1vestock ' ‘ ' o
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the rate offconvective heat exchange between an
animal and the environment (W.m-2) -

»

total body thenmal}condUCtance (W.m-2.°C-1),

the rate at which heat ' is conducted between the

body and the environment

digestfb}e energy, equal'to the combustible
energy of the food eaten minus the combustible
energy in the faeces. ‘

effective rumen cooling, the heat flow from the
body into the rumen in response to lowered '
rumen temperature calculated from rumen
temperature change and rumen volume and either
expressed as a total quantity of heat or a rate

.

of heat flow

‘the rate of heat exchange associated with the

consumption of food and water at a temperature

different from body temperature’ (W.m-2)

the rate of heat loss from an animal to the the
environment (W.m-2) o : Sl

the total heat exchange associated with
equating the temperature of food and water
consumed with body temperature (kJ or
MJ.meal- ') . 1 ,

intake energy, combustible energy conéumed'by
an animal (KkJ.Kg LW-075.day" 1)

the rate of conductive héat,exchange of an
animal-with the environment

liveweight of an animal (kg)

the rate of heat,gained by an animal from
chemical energygtransformations in the body .

- expressed in physiological terms as W.m-2 and

in nutritional terms as kJ.kg LW-975 day-1. M

iy commonly called heat production of an animal -

heat production in thermoneutra]ity’i.e. when
the environment has no direct .influence on the
rate of heat production . -

metabolisable energy, equal to digestible
energy minus energy losses from the body in
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‘urine and combustible gasses of digestion

the rate of radiant:heat exchange of an animal

- with the environment '

retained, energy, being the difference between M
and ME ‘ ‘ _ it '

the rate of heat storage in the body (W)
temperature (°C) followed by an italicised
letter or word to dencte specific temperatures
e.g. Ta = ambient temperature ‘
critical -temperature, the ambient temperature
“below which no further decrease in body heat

- loss occurs

watt, 1 joule.secohd‘f

-
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1. INTRODUCTION

Improvement in the productivity of domestic ]ivestock'is
made through good manager1a1 decisions based on sound
nutritional, genetic and phy51olog1ca] pr1nc1ples

As antmals of superior genetic merit are bred and more
we]] defined nutritional regimes are developed the
interaction of the an1ma1 with its env1ronment must be morev
clearly understood (i f maximum 1mprovement in product1v1ty is
.to be attained. | )

Considerafle study in the field of environmental

phys1ology_has been made, part1cutarly with regard to both
long and short-term responses of an1ma1s to a change in
ambient temperature. As ambient temperature changes, the
temperature of the food and water consumed by an anlmal a]so‘
changes L1tt]e attentton has been pa1k to the effect of |
food and water temperature on domesttc livestock.

The aim of this study was to 1nvest1gate some of. the
phys1olog1cal and metabolic responses of sheep and catt]a to
the consumptton of food of. var‘ous temperatures to evatuate
the 1mportance of the temperature of the food in 1nffuenc1ng
an1mal product1v1ty and to integrate the heat of warm1ng
food into present models of the thermal balance of

l1vestock.,_ .
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T~ " 2. BACKGROUND REVIEW

Domestic animals are phystcal systems and as such‘must obey
the laws of thermodynamics The first law, the conservat1on
of energy, demands that any net change in the energy gained
or lost by a system must be balanced‘by an equa],change in

the energy stored in the system.

2.1 Energy Balance .
| Two forms of energy, chemical and thermal, are of major
importance in the living animal. | ”

Chem1ca1 energy, in the b1olog1ca1 context is the free
energy change assoc1ated with the ox1dat1on of organic
compounds to carbon dioxide. Chem1cal energy balance of the
body is expressed as the following funct1on equat1ng |
reta1ned energy (RE) with. energy gain,(EG) and energy \oss
(EL). | |
| | "RE = EG - EL ................ D S (1)
Chemical energy gain by an an1ma1 is through food 1ntaKe
. and chemlcal energy is lost from the body in faeces urine

l'and the‘gaseous products ‘of digestion. H

Thermal energy (heat) balance in an animal is

conventionally expressed as

S=M-H .. .............. ;L.;, ............ L (2)

. where S is the rate of heat storage, M is the rate of heaj
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gained by the animal as a result of chemical energy z}’
transformations within the body, common]y'cal1ed heat

production or metabolic heat and H is the net rate of heat

loss from the animal to the environment . Metabol1c heat (M)

can be 1nd1rectly est1mated from emp1r1cal equat1ons

relat1ng the oxidation of carbohydrate, fat and prote1n.to a

calorific value for the gaseous exchange of . the an1mal

(Brouwer 1965 MclLean, 1972)3_ This form of indirect
calorimethy is widely used in estimating M-in animals.

The net rate of heat }oss (H) can be measured using
direct ca]or1metry, a procedure wh1ch is not widely used due
to the cost and techn1ca] d1ff1cu1t1es 1hvo]ved With
domest1c livestock, more emphasvs has been placed on k
measur ing 1nd1v1dual components of overall heat exchange and
predicting these from physical characteristics of the animal

and the environment (Blaxter et al., 1958a; Blaxter and -

Wainmag, 1961; Joyce and Blaxter, 1965: Webster, 1971;

Mount, 1977).

Heat exchange between the animal and the environment is

normally expressed as a funct1on of the follow1ng rates of .

heat exchange S

where and E R, C and K are the rates of heat exchange with

the env1ronment by evaporat1on radiation, convection and

conduct1on respect1vely. Heat exchange due to R, C and K

are often termed sens1b]e or Newton1an heat exchanges.
=
The above thermal balance equat1on-(3) has been'



‘_presented in many recent rev1ews on env1ronmenta1 phy51ology
(A]exander 1974; Ingram, 1974: Mitchell, 1974, Webster,
1974) This equat1on neglects a further source of heat

- exchange through %he food and ‘water ingested by the antma]
Furthermore, Bligh and dohnson (1973) in their g]ossary of
preferred thermal phys1o]og1ca1 terms do not acKnow]edge the
| contribution of 1ngested food and water to thermal balance
of anima]s}, ¢®5

The consumption of food and watertisﬁassociated’thh a
~ gain of mass and heat to the body. ff the temperature of
*he _food and water is below body temperature. then the
relative gatn'in heat will be less than tFe gain inmass and
mean body temperature should fall, The quant1ty of heai//

requ1red to ra1se the temperature of . the mass of the ,

‘1ngested food' or water to body'temperature has
conventionally been referred tQ as the Heatfof'warmiﬁg,v
either eXpressed as an absolute quant1ty of heat (HW) or as
a rate (G) per un1t time. |
~ The term heat of warmlng w111 be used throughout th1s<

study although it is somewhat of a misnomer. Except for
'spe01al cases such as the Scotsman with h1s bowl of hot
porridge, the heat of warming represents,a netvcoollng of
the body-when fOod'or water is consumed atjtemperatures-
below. body temperature. HW is normally calculated as the
. product of the d1fference between the temperature of the -
"'body (Tb) and fgbd,or water (Ti), the mass of the food or -
water ingested (Wi) and the specific heat ofsthe food and



uater (Shi). v
C WM (B - Ti) X Wi X Shi ... L
Where a change from SOlld to liquid phase is 1nvolved in the
heat of warming, as when snow or frozen food is ingested,
the latent heat of fusion must.also-be lncluded in the®
equation. , S - , ‘_ ,/%
Although heat is also lost when an animal defaecates
and urinates this heat loss 1s assoc1ated with a loss 1n
mass at body temperature and is not considered as a net loss
.of heat to the animal (Blaxter et al., 1958b) although it is
'measured as such in direct calorimetry (Watts et al., 1977).
Evaporat1ve (El heat exchange is'also associated w1th a
change in mass of an an1mal but the mass change is small
relat1ve to the change in heat w1th the change in phase of

the water. Newton1an heat exchanges are not assoc1ated w1th i

concom1tant changes in body mass.

2.1.1 The Magnitude of the Heat of Warming

’ The abSence of HW from many publlshed thermal balance
_equat1ons may be because HW is cons1dered to be of l1ttle
consequence in the overall thermal balance of domest1c
an1mals or because the waste heat of dlgest1on and energy
‘ ut1llsatlon is more than sufficient to cover HW (eg
Butcher, 1973). Blaxter (1962) calculated that HW for sheep
and cattle fed dry ratlons was equ1valent to 2 to 4 W.m-2 or
_ less than 4% of ‘total da1ly heat loss. - On hlgh dry matter

rations” HW does not 1ncrease to any appreciable extent as



_ambient temperature (Ta) decreases, at least to‘O'C because
| drinking water intake tends to decline as Ta falls.

There are however, practical Farming conditions where
calculations suggest that Hw_could be an important component
in the thermal balance equation. Blaxter (1962) calculates
that under winter conditions (Ta approximately 7°C), where
animals are consuming high 1ntake$ of bulky high moisture
feeds such as root crops or silage, HW could belequivalent

to 14% of totai\daily'heat loss. A\simi]ar calculation by
- Barry et al. (1871) for young sheep with a known voluntary
intake of high moisture confent crops, indicafed that HW was
eQUal to 6 to 15% of daily digestible energy intake.

When an1ma1s consume snNow or ice either involuntarily
during’ graz1ng, or as the only source of waten, HW may be
large due to the latent heat of fusion. Young et al. (1979)
\ have calculated that wheié beef cows have snow as the on]y
}‘source of water HW would theoret1ca11y be equal to 15 to
20% of d1gest1ble energy 1ntake

Untike sen51ble and evaporat1ve heat exchanbes wh1ch
are cont1nuous, eating and dr1nk1ng occur sporadically
during‘the day. For example, if a 400 kg steer consumed 15
kg of turnlps at a temperature of 2°C 1n one hour, HW would
be 1.96 MJ or 110 w m-2 which would Bgrthe equivalent of
approx1mate1y 70%- of the heat product1on of a well-fed steer
over the hour of eat1ng Although HW is small when
expressed as a % of daily H, its real impact on thermal

balance may be_greater over the shorter term.



Newtonian and evaporative heat eXehanges are functions
of the environment and the jnsulation and metabolic rate (M)
“of the animal. The animal thus hasvsomeicontrol over the
rate ef heat exchange through changes in posture, thermal
insulation, peripheral blood flow, rate of sWeating and
panting, shelter seeking behaviour, etc. 0n the other hand
HW is a functien of the environment and the food and water
consumed so that the animal has less control over HW other
than by changes in quantity or pattern of food and water

intake.

2.1.2 Heat Storage L - .
No continuouds>increase or decrease in Tb is compatable
with sustained*hemeostasis. Thus long term change in heat
storage can only be associated with a change in body mass.
However homeotherms do exhibit short term {minutes to da&s)
fluctuations in mean body temperature (Tb) which indicate
variation in S when mass and Epecific heat remain constant.
As Bligh (1973) has emphasised, (the difference between
hOmeotherms‘and poikKilotherms is more a matter of'degnee
than fundamental principle. Change in the rate of heat
storage is likely to play a role in thermal balance tn.the
short term. Change in$§S and_total body heat content (HC)
can be esttmated in a number of‘ways. Heat storage can be
measured as the difference between M measured'by indirect .

calorimetryNand H, either measured by direct calorihetry or

taken ds the eummetion of E, R, C and K heat exchanges



measured or predicth.

In an exercising man S can reach 100 W ovef the first
few minutes of exercise (Chappuis et ai., 138767 or be
méintainéd at -20‘to -40 W for a continuous period of 2 h
| und%r mild cold exbosUre. As a result of such changes in S;f
total body heat content (HC) in man can rise 100 kJd with
exercise (Chéppufs et al., 1976), 550 kU with heat exposure
(Horstman and Horvath, 1972) or decline by 750 KJ with mild -
cold exposufe without the onset of shivering (Hardy and
Sto]win['19663. Watts et al. (1877) have shown normal
daily fluctuations in the HC of calves of 600 KJ, from a low
of -200 KU below mean daily HC prior to feeding in the
morning tQ +400 kJ after afternoon feeding. § was estimated
to be 10 to 12 W for the first 4 h post-feeding.

An alternative épproéch‘to'estimating changes in body
heat storagé‘is to calculate body héat content repeatedly
over time. Body heat content (HC) is the product of the -
heat cgpaC1ty of the body (mass x specific heat) and the
mean temperature of the body tissQes‘(see Minard, 1970).
From changes -in mean body temperature (Tb), Blaxter et )‘
al. (1958a) calculated a chénge in HC of 1.3 MU in sheep
over a range of ambiént‘temperatures from 10 to SO:C.‘
Stanhing has been shown to reduce HC of sheep by 33 kU
(Brockway, 1965).

Mitchell (1577) reiterated the concern o} many authors
about the accubacy of asssessing Tb from Weighted

combinations of various body and skin temperatures. . This

[+]



concern is particularly relevant in short-term, non-s teady
states where thermal gredients within the body have been
disrupted. Although of 1imited accufacy;.thefmometry
continues to be used to estiméte relative changes'in S with
time. Changes in\Tb have been shewn to occur in domestic
l1vestock and man with heat and cold stress (see review by
Thompson, 1973), w1th shear1ng (Bailey, 1964: Webster,
1966), with eating (Ingram and Whittow,.TQSZ ) and with the
consumption of cool milk (Holmes, 1971b) or ice;cream'(Nade]-

et al., 1970).

2.2 Phys1ologlca1 and metabolic consequences to domestic
livestock of the Heat of Warming

The scientific literature conta1ns maey reports on the
phys1o]oglcal effects of vary1ng the temperature of drinking
water or liquid diets. Although in many of these reporte\
the heat of warming per se was a side issue in the
experiment, these experiments-do'form a usefu] data base.
| The following pabameters have been shown to be

influenced by HW in domestic livestock.

'2:2;1 Rumen temperature

 When water is consumed or poured into the rumen at
‘temperatures below body tempebature, rumen temperature
declﬁneS'(Bailey, 1864; Bhattacharya and Warner, 1968;
Butcher, 1973; Cunningham et al., 1964 Dale'et al., 1954;
Dillon and Nicholls, 1955: Nangeroni, 1954: Noffsinger et
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al., 1961; Webster and - Johnson, 1968) . Thelextent of‘the
drop in rumen temperature (Tru) is inftuenced by the
quantity and temperature of the water and can be as great as
15°C.  The recovery in Tru is qu1te rapid with about 50% of
the recovery occurring in 15 to 30 minutes (Watts et al.,
1977) . Nangeron1A(1954) reported that Sheep_eating cooltfno
temperature stated) fresh alfalfa showed aAdrop in rumen
temperature wh1ch more than negated the rtse of 0.8 to 1 3°C
wh1ch occurred after eating dry rations. /

Thermal receptors are present in the rumen wall (Rawson -
and Quick, 1972). Thus responses to rumen cooling could. be
via such receptors and need not depend on stimulation of
deep body thermal receptors Cold food and water ingested
through the mouth presumab]y reduce the temperature of
tissues of the mouth. Therma1l receptors have béen )
identified in the mouth of the cat (Bligh, 1973) But no
attempt seems to have been. made to measure changes in mouth
temperature of ruminants dur1ng the 1ngest1on of cold food

or water

2.2:2 Skin Temperature

A large decline (12°C) in ear skin temperature (Tear)
due to peripheral vaso- constr;ct1on occurred in sheep given
500 m1 of iced .water intra- ruminally (Webster and dohnson
1968) The sk1n temperature of calves and pigs fed cold
milk:or whey fell significantly when Ta was warm (25°C) but

not at cool (15°C) ambient temperatures (Holmes, 1970;



1

1971b). At a low Ta (-12°C), the subcutaneous tissue
temperafure of sheep tended to be higher when the
temperature of the drinking water was.feduced (BaiTey,
1964) . | |

- The decline in skin temperature wi%h ruminal cooling
" seems to be dependent on Tafv In a behaviour study with
operantly eonditioned sheep, Baldwin (1975).was able to show
that as ambient tempefature declined, rum1na11y cooled sheep
used an infra-red heater for a longer perlod of t1me The
sensai1on of internal cooling was not reduced at the lower
ambient temperatures. At)lower Ta, peripheral
vaso-constriction caused by the Tavper se, reduced the
potent1al for a further drop in sKin temperature w1th
rum1na1 cool1ng Since per1pheral,vaso—constr1ct1on-is
caused by sympathetic nerves.and the.neurotransmitter at the
post-ganglionic neuron to smooth musc]e Junct1on is
norep1nephr1ne (NE) (see Thompson, 1977 review) an elevation
]in,circulatory NEvlevel mfght be expected‘in response to -
rumen cooling. Illner et al. (1977) heve shown a doubling
. of serum NE ieyeis in goats subjected to ruminal cooling and

high levels were maintained for 1 to 2 h after cooling.

2.2.3 Resp1ratory Frequency ;

Resp1ratory frequency has been observed to fall by 50%
with gastro- intestinal cool1ng in pigs (Holmes, 1870) and -
sheepA(Webster and Johnson, 1968; Rawson and Quick, 1972)

and ‘to remain depressed for 70 to 150 min post;ceo]ing.
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Reduced evaporativé heat exchange 15 a docUmented response
‘to ambient cooling and:contributes to the reduction in heat

loss within the thermoneutratvzone.

2.2.4 Deep Body Temperature , |

The rectal temperature (40. 2 C) of heat stressed cattle
can be reduced by rumen coo]1ng (Bianca, 1964) | Rectal
temperature has been shOWn to fall by up to 1.9°C in pigs
and 1.1°C in calves consumtng cold 11qu1d food (Ho]mes
1970, 1971a). " A decl1ne in rectal temperature (Tr) with
rumen cooling has also been demonstrated=1n‘sheep
(Noftsinger et al., 1961; Rawson and Quick, 1972) and in
doats (Il1lner et al. ,'1977) However Bailey (1964) and
Webster and Johnson (1968) did not find a dec11ne in Tr as
" rumen temperature dropped

Rectal temperature is only one of a number of deep body
temperatures which can be measured. Rawson and Quick (1972)
measured small decreases in hypothalamicdtemperatUre mith
. rumen oooltng but a larger drop in the temperature of the
vena cava of up to 1°C. ‘ Vagina temperature dec]1ned to a
similar extent. The decline in carot'd artery temperature
can be greater (by 0.2-0.8°C) than the fal] in rectal |
temperature with.stomach cooltmg (Holmes, 1970). The 1atter
illustrates the;relative trermal inertia of rectal
temperature. o

A decline in deep body temperatures can occur with

stomach cooling but a decline is not ineQitable.‘ A decline
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in rectal temperature seems to depend on the extenﬁ of the

cool1ng

- 2.2.5 Shivering
‘Shiverfng has been recorded in calves drinking cool
~mf1k,(Holmes, 1971b), in p1gs consum1ng cool whey (Holmes
1870) and in sheep and goats w1th art1f1c1a1]y cooled rumens
 (Rawson and Quick, 1372: Illner et al. 1977) . Shivering

s occurred‘on.fewer occasions in pigs and young-ca]ves‘fed'
coo; whey and milk when Ta was higher (Holmes, 1970 1971a) .
In other cases, sh1ver1ng was not observed with stdﬂ‘nh |
cooling (Ba1ley, 1964; Webster and dohnson 1968 . When men
rapidly consumed 500 g ice-cream at a Ta of 10°C they |
~ shivered, but at 44 C the response to ice-cream consumpt1on
‘was restricted to reduced peripheral heat loss (Nadel et
al., 1970). The dec1s1on as to whether an an1mal

sh1ver1ng or not IS usually subjective. . As Webster (1974)
" has emphas1sed,_the absence of overt shivering does not |
necessarily mean that striated‘muecles are not responding to
the stress of cold by'increases in muscle tone’or minor.

tremor.

' 2.2.6 Metabolic Rate

Metabolfc rate (M) increased 80% in sheep undergoing an
unspec1f1ed amount of rumen cooling (Rawson and Quick,
1872). " The increase in M was not dramatlc unt1l core

temperature had dec]1ned by 0. 75 C. The oxygen consumption



.of calves effect1Vely cooled by 250 Kd by consuming cool

mi Tk (23°C) was- elevated durlng milk consumption by a

‘maximum of 30%vabove that of calves drlnking warm milk
(39;C). The cumulative 1ncrease in M accounted for 79% of
the calculated HW (Holmes 18971a) . These increasés in M
were assoc1ated with shlverlng Luick (1976) states that
“the energy cost of warmlng snow (and frozen vegetat1on)

ylncreases the resting metaboltc rate of reindeer by
approx1mately 35%”' | | ‘

Acute exposure to hlgh levels of HW can cause a
temporary rise in M, but no- long-term studles have been made
to determlne if a rise in: restlng metabollc rate would
result from repeated cooling by Hw Sheep and cattle
exposed to lTow amb1ent temperatures for: extended per1ods of
time have shown ‘an elevation in metabolic rate (Webster et_‘

al., 1869; Young, 1975)..

2.2.7 Feed Intake
Supplylng drinking water at 18 to 20 C ln a hot (>35° C)

env1ronment 1ncreased food lntake of cattle (Ittner et al.
1951; Lofgreen et al, 1875). Since food intake is depressed
‘by high Ta (see Thompson, 1973) the cool1ng effect of the
water malntalned at the lower temperature apparently
restored the higher food 1ntake Lofgreen et al. (1975)
using the equations of the Californlan Net Energy system
calculated that the. Hw of the cool water ‘was almost exactly

equal to the increment in M predicted from the measured
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increase in food intake.
Tt thermoneutral Ta, dairy helfers»regularly cooled
~with ruminal infusions of oold water for 7 h, increased
their intake of a dry food (Bhattacharya and Warner, 1968)
Prolonged low amb1ent temperatures increase voluntary food
intake (Thompson, 1873). On the other hand, calves fed cold |
milK while graz1ng showed a decline in mllk 1ntake compared
with calves fed warm milk (Tayler and Lonsdale, 1969).
Water 1ntake declines w1th ambient cooling (see Blanca
1965) W1th h1gh mo1sture feeds where the feed supplles
~more than sufficient water for normal body functwon,aa
paradox ex1sts between a potential rise 1n food 1ntake but a

decline in water_1ntake as Ta falls.

2.2. 8 Dtgest1bll1ty and Rumen- Fermentatlon
| Although energy and nitrogen dlgest1b1l1ty have been
shown to decrease as Ta falls (Chrlstopherson 1976}, there |
is l1ttle ev1dence that a decllne in food dlgest1b1l1ty
occurs with increasing HW (Cunningham et al., 1864; Sims and
Butcher, 1873; Brod, 1979). When'rumen temperature was
raised artificially to 43°C an increase\inAvolatlle‘fatty
- acid (VFA) concentration occurred, but with a further‘
increase to 51°C VFA concentration fell by 50% (Gengler et
, 1970)." Brod (l979) measured lower.concentration of
VFAs in the rumen. fluid of sheep loaded‘intra-ruminally with
2 litres of cold water after eating Temperature is one of

the most 1nportant variables. affect1ng the growth of
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micro-organisms (Ciarke 1977), but reduced VFA -

A = 2t

concentrat1ons may not necessarily be indicative of reduced
tota] fermentatlon since a slower rate of fermentatwon may
be maintained for a longer time. Even if ruminal
fermentatlbn was depressed with cont1nued ingestion of cold
feed, compensatory d1gest1on in the post ruminal d1gest1ve
tract, as has been shown to occur with pro]onged tow amb1ent

temperatures iﬁennedy et al., 1976), might result in no

~important change in overal]'dlgestibitity.

2.2.9_Liveweight Gain .and Feed Conversion Efficiency .

At high ambient temperatures,'a supply of cool water
increased the liveweight gain and food convers1on efficiency
(FCE) of cattle (Ittner et al., 1958; Lofgreen et al.,
1975); Whenvsheep consumed snow ‘as their only source of

water their liveweight gain was no lower than sheep with

drinking water (Butcher, 1973) but ca]ves drinking cold mi Tk

| whey gained weight more-slow]y (5 to 114) and FCE was ‘ .:hi

grew 12% more slowly partly due to a reduct1on in milk

1ntake (Tayler and Lonsdale, 1969), P1gs fed cool (15° C)

significantly poorer than in plgs fed whey SEHTE The dry e

matter of the whey was 6%. But when a gruel of meal and

,water (2.5:1) was fed at three temperatures (5 13, or 35 C)

to pigs no d1fference in the rate of gain was observed

PR

(Forbes and ‘Walker, 1969) v T

7

On the basis of a review of field”experiments in New

.'

e b

Zealand on the growth rate of youhgmsheep and cattle grazing

et
R RN
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high moisture crops}durtng winter, Nicol and Barry (1980)
’speculated on a p0551ble reductlon in liveweight gain as a
result of the high HW of these rations By comparing actual
11vewe1ght galn with gains predicted from Known feed 1ntakes
and the ARC (1965) feed1ng standards, the authors esttmated
that on averaget 70% of the difference between actua] and
predicted gain could be accounted for by the theoret1cal

'calculat1on of- the Hw

2.3 Overview and Objectives of the Study
There have been few research studies designed
specifical]y to investigate the physio]ogica] and metabolic

consequences to an1mals of 1ngest1ng cold feeds and water

‘awTh1s 1s no doubt a refleCtton of theorettcal ca]cu]at1ons

whtch 1nd1cate that under most s1tuat1ons the heat " requ1red

?ed food and water to body temperature is small

v‘ f; the total heat loss of- the -animal., However,
therei ‘fuattons where Hw can be large and may have
?Jactlcal consequences For example _1t has been .
gihat high moisture feeds (<15% dry matter) grazed
;tnter 1n New§2ealand provide 10° sheep grazing \
fﬁﬁ] and Barry, 1980). Thus even a small reduction
%ft1v1ty per animal due to high HW could have a large
~ total cost to the 1ndustry Furthermore many beef cows and
much of the wild-life in the colder areas| of North Amer1ca
Lf water for many

may have access only to SNOW as a source

months
:‘f?
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~Only the worK of*Holmes {1870, 1971a,b) has been
. des1gned spec1f1cally to study the pract1ca] production
effects of heat of warm1ng (HW) and these»experiments were .
on pigs and calves wh1ch are, in thermal terms, unstable
animals compared to sheep and older cattte Much of ‘the
work rev1ewed in the prev1ous sect1on has not had the
effects of HW as the pr1me obJect1ve of the study, but in
many respects the phy51olog1cal and metabol1c responses of
antmals to HW seem to be s1m1]ar in type if not -
quant1tat1ve1y, to those induced by a change in amb1ent
temperature. | However there has been little- work on the-
1nter re]at1onsh1ps of the physiological and metabol1c
responses to HW with the absolute quant1ty (HW) and rate (G)
of - the heat of warm1ng |
There is some ev1dence that the effects of HW are
dependent on env1romenta1 temperature but no- 1nd1cat1on as
to whether the t1me of coo]1ng, re]atlve to eating is
important, Furthermore the effect of cooling per se,
.1ndependé/t of the assoc1ated mass or water 1oad has not
been estab11shed  The phys1plogwca1 state of the- anxmal in
terms of feed 1ntaKe or natural 1nsu]at1on may be expected
to affect the response to HW.
_ Temporary changes in the rate of heat storage (S) may
be 1nvolved in regu]at1ng the effects of Hw but there is no-
, \ev1dence to what extent S may change w1th various 1eve]s of
}fﬁw, o

~ There is evidence that the liveweight gain of‘animals.
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. can be depressed when HW is high but that the depression is
.not as great as theoret1ca] calculatxons wou 1d suggest The
reasons for th1s dlscrepancy are. speculat1ve | |
It is not current]y p0551b1e to make many def1n1t1ve
rstatements on the 1mportance of HW in pract1ca1 animal

husbandry sytuat1ons.

)

%

The objecfives.of fhis study were'ihreefo]da

1.  To examine 1nter relat10nsh1ps which may ex1st between
~‘the heat of warm1ng food (HW) and the phys1ologlca1
‘and metabol1c responses of sheep ‘and cattle to HW.

2. To measure’ the_lnfluence of vary1ng levels of HW on -
energy retention and changes in. M‘and H. |

| 3. To consol1date the results of the above 1nto a model

"to ass1st in pred1ct1ng the 11Ke]y 1mportance of HW 1n'

practlcalvfarm1ng situations.
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3. GENERAL METHODS

Many- of the faci]ities,lequipment and techniques used in the
study were common tdrall exper{nents Where var1at10n from
these common methods arise, further descr1pt1on is given
under the individual experiment. Eleven experiments were
conducted but they have been grouped together for

presentat1on on the basis of their ob3ect1ves and design.

3.1 Location |

" The complete study was made if the Metabolic Unit of
the Un1vers1ty of Alberta Farm from May 1978 to December
1878. Except where spec1f1ed the exper1ments were all made
in the same continuously lighted room maintained at an air
temperature of 10£2°C. Air movement at animal height in the

room was approximately 0.2 m.sec-'.

3.2 Animais and Feeds

A1l animals were selected from those bred on. the Farm
or the University Ranch ‘During experiments an1maLs were
kept in metabolism crates. The sheep crates had an expanded
metal plate floor (1.8x0.4 m) raised 0.75 m from the ground.
The sides and back df the crate were moulded fibreglass

panels. Feed and water containers were positioned at the

ggﬁont_of the crate. To prevent the sheep from chewing

20 , .




eqguipment attached to them they were tethered by a collar
and 0.5 m of light chain to the floor of the crate. Cattle
crates héd a floor area of 3x1 m which was raised 0.3 m from

the floor. Cattle wereAheld in neck yolks and fed in wooden
o

boxes at the front of the crate. Four feeds were used
' §

during the experiments (Table 3.1).

Tab]e 3.1 Description of feeds used in the experiments

\Feed Description Dry Crude Experiment

matter (%) protein (%)

Ration A Concentrate ©86.0 16.8 I,II,III, 1V
_ VIII,IX, XI i
Turnips Turnip bulbs 12.5-13.0 8.9 V,VI,VII,
rs » X )
Long hay Brome grass 88.5 7.4 Iv
mixture
Chopped + Brome grass 86.4 8.8 V,VII,K X A
hay ©

The' concentrate ration (Ration A) was 50% barley, 50%
alfalfa meal with appropriate mineral and vitamin

shpplementation and was pelleted through a 4 mm die.
‘ ‘55
A

-

3.3 Respiratory Gaseous Exchange

Oxygen conéumption; carbon dioxide and methane “
production were measured using a ventilated hooa and the
6pen-circui£ indirect calorimetry system described by Young

et al. (1975). Two calorimeters were used, System A and

System B.

B s LA e o 1 S i BN A W G i s e Tsiane
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With system A baseline (atmospheric air) and standard
gas calibrations (17 to 18% oxygen,'2% carbon dioxide and
0.3% methane) were made at the beginning and end of eacn
trial, or at 8 h intervals during 24 h measurements,

In system B, with which only oxygen consumption was
measured, a two channel paramagnetic oxygen analyser (Taylor
Servomex Model 0A184 and natio box 228) substituted for the
Beckman Model F3M analyser used 1n system A. System B was
~calibrated with- atmospher1c air-and nitrogen gas on the full
scale setting (25 cm chart width) of 25% oxygen on the ratio
box. Measurements were made with a full scale*setting of 1
or 2;5% oxygen'in the differential mode which monitored the
difference in oxygen content of the air enter1ng and leav1ng
the vent1lated hood |

Resp]ratory gaseojs exchange was caléLlated over 10 to
30 minute periods from the strip-chart record1ng of the |
continuous change in % oxygen, carbon%dlox1de and methane
content of air drawn from tne nood. Wnere oxygen, carbon
dioxide and methane were measured, metabolic heat production
(M) was calculated using the equatlon recommended by Brouwer
(1965) T
M = 16.1802 + 5.02C02 - 2.17CH4 - 5.99N.....(5)
where M is heat production (KJ) and 02 represents the volume
(litres, STP dry) of oxygen consumed, C02 is the volume of
~ carbon dioxide produced, CH4 the volume of methane produced

and N the nitrogen (g) excreted in the urine over the.

balance period. When only oxygen consumption was measured,
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the s1mp]1f1ed equation of McLean (1972) was used to
calculate heat product1on where M (KJ) = 20.44 x the volume
{(litres, STP dry) of oxygen consumed . |
| The ventilated hoods were of sealed 12 mm plywood. The
removable front which contained an area‘of plexiglass sealed
with caulking compound was he1d, sealed with weather
stripping to the hood with spr1ng clips. A plastic webbing
material. drawn snugly round the neck of the animal .enclosed
the head of the animal in the hood. The volume of the
cattle hood was 900 litres and the sheep hood 200 litres.
‘Flow rates (STP dry) through the hoods were 30 to 60
litres. mm'1 for sheep and 290 to 300 litres.min-' for

cattle.

3.4 Body Temperature Measurements
Body tempe}atures were measured with copper-constantan

thermocouples connected to a 24 channel mf]livq]t recorder
(Honeywe 11l Controls Ltd., Model E]ectronic 15) with a full
scale of +50 to -50°C and an internal reference
milli-voltage. When fewer than 24 fhermoeouples were in use
two to three channels were wired ié series to record the
output from one thermocouple. The recorder’printed ene
- channel per 15 sec. |

- A1l thermocouplie junctions were soldered and two types
of thermocouple wire were used. Type A, 36 swg zip cord and
Type B, 28 swg PVC sheathed, (both from Thermo-electric

Ltd., Brantford, Ontario). The following temperafures were

;
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measured.

3.4.1 Rectal Temperature

To measure rectal temperature (Tr) a type B
thermocouple was taped to the end of a 10 cm recta] probe
and held in p]ace by tying to the fleece’ (sheep) or to the

sides of the crate (cattle) with flexible ties.

'3.4,2 Skin-temperatures‘

| Eér skin tehperature (Teér) was measured on the cl1pped
surface of the distal one third of the externa]l surface of
the ear. The thermocouple (type A for sheep and B for
catt]e) was held to the skin by contact glue'end'a crossed
‘strip of adheeive tape (25 mm wide). The leg skin
thermocouple (type B).was secured fo the_clipped surface of
the Tower hind limb by a single thickness of 50 mm wide
medical adhesive tape. Trunk skin temperature (Tt) was
measured mid-side for sheep and on the shoulder on_caff]e.
For sheep, type A wjre was enclosed in polyethylene catheter
tubing (Intamedic PE190, 1.D. 1.19 mm, Clay Adams Ltd.).
The end of the catheter was heated, flattened and anchored
to the skin by a suture at the end and~approximate1y 25 mm
from the end. With cattle a type A thermocouple was held in

place on the skin by twist ties in the hair.

NS\

N
\

3.4;3 Rumen Temperature

Type B thermocouples were inserted through the rumen
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cannula and either weighted (bottom) or suspended in the

rumen contents (core) to measure rumen temperature (Tru)

A1l body and rumen temperatures were.monitored
cbntinuous1y during a trial and the mean value (to the
nearest 0.-1°C) over 10 to 30 min periods transcribed from

-

‘the strip chart.

3.4.4 Mean Skin and Body Temperature

Mean skin (Tsk) and mean body temperature (Tb) Were
‘computed from the body temperatures rebordeq.as follows

Tsk = 0.2 x ((Téan + T7e§)72) + 0.8 x Tf....(5);

The weightihg of extremity (Tear, Tleg) and trﬁnk
femperatUre was that suggested by WebSter and Johnson
(1968). The equation of_BQrton and Bassett (1935) was used
to-estimate mean body tehperature |

Tb = 0.33 x TSK + 0.7 X TP (6)

\ 3.5 Rumen Cooling Coil
Rumen cooling coils were constructed for both sheep and ‘
cattle. Lengths of thin walled PVC laboratory gradekfubing
of the dimensions shown in Table 3.2 were connected in
parallel to a copper tubing manifold inserted through a plug
“of appropriate size to comforg%bly repiace»the normal ruﬁén
cannula plug. - )
The temperafure and flow of water through the coil were

regulated by a. 12 mm gate valve and a mixing valve (Bradley
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Table 3.2 Dimensione of rumen cooling coils for sheep
and cattle

Number Length  Internal  Wall

of coils (m) dia. (mm) = thickness (mm)
Sheep 4 1.5 3.0 0.7
Cattle 2 8.0 13.% 1.5

Corp., ‘Menomonee Falls, Wis., Model 5127J), supplied with
hot and cold domestic'water Flow rate through the coil was
measured by stopwatch and measuring cylinder g P
A thermocouple (type B) was mounted in the inlet and
outlet lines 5 cm from the entry to the rumen. The
'temperature d1fferent1a] be tween the water entering and
leaving the coil was monwtored by a digital thermocouple
recorder.(Ba1]ex Instruments Inc., Mode1 BAT 8) set in the

differential mode.

3.6 Statistical Anaiyses |

A1l data were subjected to analysis of varfance using
appropriate linear models for each particular experimeht.
Multiple comparison of meahs was by‘a Student-Newman-Kegls'
test. Where interaction meanswwere statistjcally o
significant by an F-test, they were cbmpared by the
CicChettf approximation (Cicchetti 1872). Where more than
three consecutive 10 minute observat1ons of a temperature in
any tr1al were missing (usually due to the malfunction of a

thermocouple junction), the mean value from other replicates
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waslszstituted and the error degrees of freedom
appropnfafe]y reduced. A least squares analysis of varia&ce
for unequai ngmbers was only used (Experiments IX and Xi)
when one complete cell of data was missing.

In generél only significant results are shown in the
text and the resuTts of the complete statistical anaTysis
-, are shown in the appropriate appéndix. The appéndix for
each expeffment also includes more detailed data. Raw data -
is stored on a computer tape (MICOJ, held by the Depar tment

~of Animal Science, University of Alberta.



4. EXPERIMENTS I, II and III  IMMEDIATE RESPONSES OF
SHEEP TO THE HEAT OF WARMING

The ObJeCtTve of these first three: exper1ments was to obtain
" some ba51c data on the 1mmed1ate responses of sheep to the
‘heat of warm1ng ;

The heat of'warming tHW) ingested food and water is
assoc1ated W1th a change in body mass in add1t1on to a
'change in the heat status of- the animal.” In comparing HW
with other forms of heat exchange between the animal and the
- environment, the relative 1mportance of the mass and

temperature components of HW shou]d be understood

Feed1ng is accompanied by a rise in heat product1on (M)
'wh1ch is a funct1on of the physical 1ngest1on of food |

(prehens1on mast1cat1on, sa11va secretion and gut motility)
and the heat released during the catabolism of the chemical-»
Venergy ‘consumed (Webster 1972). Drinking on the'other hand
is not assoc1ated with an 1ntake of ava1lab1e chem1ca1
energy The possible s1gn1f1o€nce of the association of ‘HW |
‘}w1th either eating or dr1nk1ng is not known. |
] The effect of Hw on an1mals is 11Kely to be inf luenced
not only by the temperature of the food and water which |
determ1nes the total quantlty of HW, but also by the rate at

wh1ch food and water are 1ngested “The significance of the

rate of body cooling through HW is unclear.

28



.29

The response of an animal to HW may be 1nf1uenced by
the total heat. content of the body Body heat content is to
some extent dependent on the physiological state (feed |
1ntaKe “external 1nsu1at1on etc.) of the animal. The
possible interaction of HW with the phys1o]og1cal state of
~an animal needs’clerification.

This grouphof'experiments examined'the immediate
responses of:sheep to: |
f. . .rumen coo]1ng by the addition of a cool mass’ or

w1thdraWa1 of heat
v'2. 1evels of rumen cool?ng equ1va1ent to the consumpt1on

of h1gh moisture feed at temperatures from 38 to 1°C

3. rumen coo]1ng before, during or after eating
4. various rates of rumen cooling and |
5. : ‘rumen cooling of well and poorly fed and insulated

sheep.
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4.1 Experiment I The effects of ruminal cool1ng by two
methods in fed and unfed- sheep

~ Changes' in body-temperatUres nrtne output, heart rate
and metabolic rate were measured 1n three woo]]y sheep 1n
bwh1ch the heat of warming was 51mulated by rumen coollng
The coo]1ng was by water 1nfused into the rumen or by a
| intra- rum1na] cool1ng 0011 Three ]eve]s of rumen coo]1ng
were compared and cooling was 1mposed dur1ng feed 1ngestlon
or before - feed1ng ' ‘

Fach trial cons1sted of a: 1 h pre treatment per1od
(Period I), followed by a1 h treatment (coo]1ng/eat1ng,
Period II) and two T h recovery per1ods (PeriodsAIII and
V). : |

4.1.1,Exper?ﬁénta}”ﬁethods
4.1.1.1 Animals | |
Three Sulfolk cross, 1.5 year old, vful]y fleeced (10 to‘
15 cm f]eece depth) wether sheep welgh1ng 45.5%1.5 kg were
used in Exper1ments I and II. Two of the_same sheep were
used in Experiment 1, -
Surgical Preparation
ATl sheep had been prepared with a rumen f1stu1a one
year pr1or to these experiments. " Two weeks prior to the',
eXper1ment, four thgfmocooples_(type A) sealed in medical

grade polyethylene catheter (Intramedic PE 190, I1.D. 1.19

mm, Clay Adams Ltd.) were surgically implanted to measure

—
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spec1f1c intra- and extra rum1nal temperatures General

anaesthe51a was induced w1th an intravenous 1nJectlon of

sodium thlah la]. (Bio-Tal, BiOﬁCeutic Laboratories Inc., -

Mlssouri)‘a? gined with a Fluothane/oxygen mixture via

an‘intra-tr; The rumen wall was located through
“the rwght side of the animal 10 cm

*‘rlb and 15 cm. lateral to the(splne The -

flattend ? f;:; one thermocouple cover was sutured to’ the

surface’ﬁg : jdorsal sac of the rumen approx1mately 2 cm
: }dal of the right rumen vein. A second
thermocou.fj fuas 1nserted through the rumen wall to l1e '
inside the; i en of the rumen Juxtaposed to the
ithermocouple and was sutured in position. ‘A
similar pai;_if thermocouples were sutured on the ventral
sac; The thermocouple'Wires were exteriorised through 8
inleldual staJ“wounds-dorsal to the main incision.

. me operat1on two of the sheep were
afsupra -pubic ur1nary dra1n The bladder was
located through a 5 cm para-medial incision anterior to the ,
scrotum : The dra1n,(51last1c malecot catheter no. 32,

<

American Latex Corp., Sulllvan Ind1ana) was - 1nserted and

'secured with a purse string suture exter1or1sed through a

stab wound and strapped to the hind leg These drains did
not ma1nta1n patency for the complete experlmental period as
they becamevoccluded with fibrous t1ssue. ~After~blockage of
the bladder drain, urine was collected as voided."The third

sheep was not fittedowith_a drain, but approxlmately one
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third of the surface area of the bladder was infolded and
sutured 1nto the body of the bladder in an attempt to
restrict the volume of the bladder and 1nduce more - frequent

urlnat1on

4.1, 1 2 Exper1mental treatments -

The follow1ng treatments were 1ncorporated in a 3x2x3x2
randomised spl1t plot des1gn us1ng three sheep, two methcds‘
of rumen cooling, three levels of rumen cool1ng and rumen
| cooltng w1th or w1thout associated feedlng Each sheep was
: subJected to the complete series of 12 trials allocated

.randomly over a cont1nuous 12 day period. One,tr1al-perlday

1
ey .

was made on each sheep.
R -

Methodyof Rumen Cooling Treatments_'
1. INFUSION o -

Water was infused lntc the rumen via the rumen
cannula‘at a rate of 2.5 l1tres h ' over Period II
"This guantity of water represents a dry matter: water
11ntake ratio of 1 10 when food was 1ngested (see FED
'treatment) The water was 1nfused by a peristaltic
- pump (Cole Palmer Instrument Co ; Model Masterflex‘
»7545) and the rate checked by stopwatch and measur1ng'
cyl1nder | s _ '

The temperature of the infusate was monitored'by
a thermocouple placed in“the. insulated dellvery tube

approx1mately 5 cm from the entry to the rumen The
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1nfusate was stored in a thermostatlcally controlled
water bath and passed through ‘an 1nsulated -

water: polyethylene glycol c1rculated catheter cover
(H1lls et al., 1977) before enter1ng the rumen.
coIL - |

 The sheep rumen coollng c01l was 1nserted into

~ the rumen through the cannula at the: beg1nn1ng of

Period 11 and removed after one hour ; The flow'rate

- and temperature of the water enter1ng the 0011 were

;,AadJusted to glve the appropr1ate temperature

Level

this treatment | ” . | P

differential across the c01l calculated to w1thdraw

»

‘the requtred quantlty of heat from the rumen. Flow

rate through -the co1l was between 1 and 2, 5

l1tres min-1, In-going temperaturé of*the clrculatind
water was 22 to 25°C and the temperature d1fferent1al
across the coil 2 to 3°C.

of Rumen Cooling Treatments o

ONIL .

During Period II, water (2.5 litres) was infused

‘intra4ruminally-at 39°C (INFUSION) or the cooling co1l

was in place but w1th ‘NOo. c1rculat1on of coolant

'(COIL) There was no net cool1ng of Fhe anlmal with -

o

Low | L S &
A total of 210 KJ of ruminal coollng over the 1 h

L3

.treatment period. - This level of cooling was

equivalent to consumption'oan ration of 10% dry

+
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matter at 18°C and represented a rate of rumen cooling
T . _

of 58 WL
" HIGH

A total of 400 kJ of ruminal cooling over/the 1 h
treatment period. This was a rumen cooling réfe of
g _

116 W and was equivalent to the consumption of a

ration of 10%:dry matter at 1°C.

’
B

Not Fed Treatment
FED |
A total of 250 o} Rafioh A was fed in é equal
portions over the one hour treatment period (Period
I1). This rate of eating was 4 to 5 g dry
matter.min-', equivalent to that reported for high
lmoisture feeds (Graham, 1964a; Osuji, 1974).
NOT FED - o
~ *No feed during the trial.

L

In each cass, the balance of the daily ration of 1000g

Ration A was fed at the conclusion of each tfia]. IWhen\not

on test the sheep were fedrthe full daily ration at 0900 h.

4.1.1.3 Measurements end statistical analysis

Cont1nuous recordings of oxygen consumpt1on ear and

]eg sklﬁ temperatures, rectal temperature and f1ve rumen
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temperatures (four thermocouples surgically attached to the
rumen wall and one inserted through the cannula into the
rumen core) were made over the four hour trial. Trunk skin
temperature (2 thermocouples, one on each side) was measured
on two sheep and”satisfactory implanted ruminal thermocouple
data were available for only fwo sheep.' Heart rate was
measured at 10 min intervals using stainless steel pins in
the axilla of both forelegs and on the back above the
shoulder §hd was recorded on an ECG (Hewlett Packard,
Electrocardiograph Model 1500A). Urine volume was recorded
at 10 min intervals.

Mean temperétures and rate of oxygen consUmptiQn o&er
10 min\periods were calculated and averaged over 1 h periods

- for stafistical analyses.

The analysis of variance included sheep(3), cooling
-method (2), cooling level (3) and FED versus NOT-FED (2) as
the maih fixed sources of'variance. These terms were-fested
against the summation of thé variance accounted for by
interactions of-the‘main effects with sheep and all three
way fnter%ct?ons giving a total of 24 degrees of freedom
(df) for error. Time periods (I to IV) during an individual
trial were treated aé a split-plot within the main ;
treatments and testéd against pebiod interactions with éheep
piué all three and four way interactions with main effects,
giving a tgtal of 93 df for error and a total of 144

observatiohs in each analysis. An example of the analysis



is included in Appendix Ib.

4.1.2 Resu]tsiend Discussion

4.1.2.1 Me\hod of Rumen Cooling

Records of the flow rate through the coil and
temperature differential acr6ES the coil showedAthat the
actual rumen,cooling achieved by the COIL method was 21949
KU and 408212 ky for the designed 210 and 400 cooling
levels. These values were 4% aboye and 0.4% below
respectively that achieved with INFUSION cooling. The only
statistical1y-eignificent effects of method of rumen cooling
were on urine output, rumen temperature and legvskin
temperature (Table 4.1).

Urine output was increased approximately tenfold in
Period IIl and IV by.the INFUSION cooling treatment. By the
end of the 2 h'recovery period, 0.63 ‘litres or 25% of the ‘
volume of infusate had been recovered over and above the
output of urine with the COIL treatment. The energy
expenditure of the kidneys is thought to account for only 8%
of total M (Baldwin and Smlth ~1971). Therefore any
increase in energy expend1ture of the Kidneys due to
increased renal filtration waS‘probably small and not
dectectable with the methods used. |

The significant treatment effect on rumen temperature
was mainly due toa 2.7°C greater drop - dur1ng the rumen

cooling period with the COIL method. The intra-rumina]

thermocouples may have been partially measuring the
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Table 4.1  Method of rumen cooling by period interaction
means for urine output, leg skin and rumen

temperature (Experiment I) .
, - Period !
Cooling _ : — ' Treatment
me thod I 11 II1 Iv , - mean
| Urine output (ml.min-1)
INFUSION + 0.4 1.4 5.5 5.5 3.2e
COIL - 0.6 0.7 0.7 - 0.5 - 0.6f

Rumen core“temperafure ("C)

INFUSION ~ 39.1ae 36.9be 38.1be 38.8ae - 38.2& .
coiL 39.0ae 34.2cf 37.9be 38.9ze  37.5f

Leg skin femperature (*C)

INFUSION ~ 27.5  24.5  21.5  92{.0 23.7e
CoIL ©23.0  20.2 17.6  18.8 19.9fF

a,b,c,d means in rows followed by the same letter are
" not significantly different (p<0.05)
e,f,g,h means in columns followed by the same letter are
not significantly different (p<0.05)

' Period I = pre-treatment hour, Period Il = treatment
hour and Periods III and IV = recovery 2x1 hour

temperature of the coil per se, rather than the true
temperature of the rumen cdnteﬁfs, hOwever a-lower.rUmen
temperature did persist after the removal of the coil.
Although leg skin temperature (Tleg) was 4°C lower with
COIL cooling than with th§ INFUSION cooling method, rumen
cooling method did not have avdifferentiaT effect on the

change in Tleg.i A difference of 4.4°C in Tleg between
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cooling methods .existed in the pre-treatment period for;

unexplained reasons.

4.1.2.2 Level of Rumen Cooling

Level of -rumen cooling had statistically s1gn1f1cant
effects on al] parameters measured with the exoept1on of
urine output and.trunk skin temperature.

Body and Rumen Temperatures‘ ‘

/ Three examples of significant (p<O 05) rumen coo11ng
level by period interactions are shown 1n Table 4.2. The
time course change for rectal,lleg sKin and rumen /
temperature for the NIL and HIGH cooling levels are shown in
Figure 4.1, ‘

During the 4 h trial, body and rumen temperatures of
sheep receiving the NIL level of rumen cooling remained
constant or showed a slight rise. 'LOW and HIGH rumen
cooling levels induced a decline in body and rumen
temperatures, with the decline due to the HIGH ]eveT of
cooling-being approximately twice that induced by the LOW
rumen cooling level. Rectal temperature fell 0.7 and 1. 5"C

\

with LOW and HIGH cool1ng levels respectively and reached | \
these. ]evelfibefone extrem1ty skin temperatures had dec]1nea\
to their minimum levels. It is pbobable that the Tear and
Tleg recorded for the”HIGH cooling level in Period IV
reflected minimum extbemity skin temperature in a Ta of 10°C
(Blaxter et al., 1958b). Any linear decline in body |

temperatures with increasing cooling level will thiﬁateﬂy}



39.0
385
38.0

30

25 |

20.

b

15

40

35

e

30
280
240
200

]

AR o—0
. o - o
Temperature ( C) N-O0—0
1 ) .
- | \O
Leg Skin | o |
S—
Temperathe (C) O\O\o—o"‘o

A—A
o—0—°

A*

: Nil Cooling
Q ALA A { A

A—4

.

0
Rumen Core X High Cooling
Temperature( C) 0\01( |

Oxygen |
Consumption

Figure 4.1

Time course change in rectal,
temperature and oxygen consump
receiving NIL 'solid symbols)
levels of rumen cooling

leg skin and rumen
tion of sheep

or HIGH (open symbols)
‘Experiment 1)



Coo]ing level by period ihteraction means for

40

Table 4.2
rectal, leg skin and rumen core temperature,
heart rate and oxygen consumption
(Experiment 1) .
‘ Period
Level of : - o
cooling IT Irr - 1v *SEM
. Rectal tehperature (*C)
NIL 38.8ae 38.9ae 39.0ae 39.0ae
LOW 38.8ae 38.6abf 38.5bf 38.8ae 0.04
HIGH 385986 38.5bcf 38.3bcf 38. 7abf
Leg. skin temperature (°C)
NIL 24.43e 23.42e 23.4ze 24.5ze
LOW 24.8%ae 21.7abe 18.8abf 20.1abf 0.84.
HIGH 26.4ae 21.9be 16.5¢f 15.7cg
Rumen core temperature ('C)
NIL 39.0ae 38.8ae 39.3ae 39.3ae '
- LOW 38.9ae 35.6bfe 37.8af 38.9af 0.33
HIGH 39.2ae 32.1c¢cg 36.8bg 38.6af
o ~ Heart rate (beats.min")-
NIL 78.5ae 88.0be 78.9ae 75.8ae -
LOW. 76.4ae 90.1be  84.7abe 76.6ace 1.42
HIGH 76.1ae 92.2be 97.8bf 80.9%ae
Oxygen consumption (ml.min-1)
NIL 217ae  223ae 21%ae 206ae
- LOW . 208ae  225ae  235bef 213ae 4.0
HIGH ° 204ae 221ae  245bf 206ae -
a,b,c,d means in rows followed by the same letter are -
not significantly different (p<0.05)
e, f,g,h means in columns followed by the same letter are

not significantly different (p<0.05)
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be limited by this minimum temperature | . \
Although Tr had recovered cons1derab1y by Per1od Iv,
».the computed Tb of 36.6, 36.1 and 35.7°C for the NIL, LOW
and HIGH cool1ng leve]s respect1ve1y were all significantly
,(p<0 05) different in Perlod Iv. and TO with the LOW and
HIGH . 1eve]s of rumen coo]1ng was st111 51gn1f1cant1y be low
the pre- cooling (Period I) leve] Thus two hours after
’rumen cooling stopped the sheep were cons1derably rumen

'cooler than. before the cool1ng tooK place

Site of Rumen“Temperature Measurement

Temperatures recorded over Periodill at five ruminal
s1tes are shown in Table 4.3. With the NIL cooling leve]
the steady state between intra- and extra-ruminal (on the
abdominal surface of the rumen) temperatures was not
disrupted. With the LOW and HIGH levels con51derable |
temperature gradients of 1.8 and 2.7°C were establ1shed'and
were indicative of heat flowﬂinto the rumen from the body.
Extra-ruminal temperatures&were 1.7 to 250;C below rectal
 temperature.

Gradients.of up to 6.0°C were established .between the |
rumen core and'deep body temperature and approximately 50%
of this gradient occurred across the rumen wall,

Heart Rate and Oxygen Consumption |
| Heart rate increased in Period II due to eating (see
next section) but was further increased in PeriodS‘II and

IIT with the LOW and HIGH levels of rumen cooling (Table
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Table 4.3  Rumen temperature recorded at five sites as
influenced by level of rumen coojing in
Period I1 (Experiment 1) ‘

o ~ Cooling level

Ctemperature(C)  NIL © Low | Hion  esen
Core © 38.82  35.8b  32.1c 0.16
» . . i .
Dorsal sac ‘ ’ :
~intra 1 - 39.0a 34.4b 34.1b 0.19 -
extra  38.9a ' 36.7b  36.4b .19
: Ventral sac : oo ‘ -
intra 38.8a - 35.7p 33.6¢ 0.16

 extra 38.8a ' 37.0b & 36.7b (.14

a,b,c,d means in rows followed by the same letter ar
“not significantly different (p<0.05) ®

' intra = thermocouple inserted through the rumen
o wall into the ‘lumen of the rumen

extra = thermocouple on theeabominal surface of the rumen

Differences within columns not statistically
' “analysed. (

4.2). Oxygen cbhsumption was significantly elevated due to
cooling treatment only in.Period III.- The LOW and HIGH
coolihg treatments increased bxygen consumption by 13 and
20% respectively. The cumulative increase in oxygen
consumption-duhing P%riod II to IV above the NIL cooling
tevel totalled 58 and 75 kJ for the LOW and HIGH cooling
i]évels; equivafent to 18 and 28% of tHe rumen cooling

respéctively.

<
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~ Overt shivering was only observed with the HIGH cooling |
level and a marked increase in M did not occur until the
final 30 min of the rumen cooling per1od but cont1nued for
10 to 15 min after coo]1ng stopped. Sh1ver1ng therefore
occurred before minimum sKln temperatures had been ach1eved:'

Urine Output

A
=

4»There was no consistent effect of cooling level on
urine output, the overall mean being 1.9 m]ymin‘1 Body

fluid shlfts, likely to 1nduce an 1ncrease in urine volume,

- have bBeen shown to occur over a per1od of days in. sheep

-

exposed to low ambient temperatures (Degen and YoUng,'1979);
The collection perioddin this experiment was probably of
insufficient length to measure any change in urine output
due to changes in body f1u1d compartmentat1on in response to

rumen cooling.

- 4.1.2.3 FED versus NOT-FED Treatment

Feeding treatment significantty affected alt
temperatures recorded except leg skin, trunk sk1n and rectal
temperatures. In general, body and rumen temperatures
dec]ined less when rumen cooling was accompanied by eating
but metabolic rate increased with feeding (Figure 4.2).
Changes in temperature with and without a530c1ated feed1ng
are shown in Table 4 4, The smaller change in body
temperature when cool1ng was accompanied by eat1ng was
reflected in a significant (p<0.05) 1nteract1on between

feed1ng treatment and per1od (Table 4.5). The decline in
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Table 4.4 . Effect of feeding treatment on change in ear
: - 'sKin, leg skin and rumen core temperature,)
heart rate and oxygen consumption

(Experiment 1) '

Feeding Tneatment

FED ~ NOT FED
Temperature (*C) ,
ear skin ! , ' +1.6 ' -11.8
leg skin ! - -3.8 - -6.4 .
rumen core ? ' IR —475 . - -5.8

- Heart rate (beats.min-1) 3 40.7 - +25.5
Oxy?en consumption 3 ‘ ‘ o _
o tmlimin-t) o L +4 7 S 22

change Period I ‘through IV
» maximum change Period I to II
® mean change Period I to Il

Table 4.5 - Feeding treatment by period interaction means
i for mean body temperature (°C) (Experiment 1)

£
o Period |
Feeding : ' . ‘
treatment I Il IT1T 1V *SEM o
FED  36.4ae 36.32c 36.1ae 36.3ae '

e : , . 0.07
NOT-FED ~ 36.6ae 36.4ae 35.8bF 36.0b6f

\

a,b,c,d means in rows followed by the same letter are

| not significantly different (p<0.05) . B
e, f,g,h means in-columns followed by the same letter are
' - hot significantly different (p<0.05) S
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mean body temperature in the.FED treatment was about 50% of
'.that recorded in the NOT FED treatment |
Urtne Output L
| Ur1ne output was 519n1f1cantly (p<0 05) reduced by 24£
dur1ng Per]ods I, 111 and 1V in the FED - treatment A |
decline in urine product1on w1th feeding has been observed
(Blair-West and Brook, 1969) and is associated with the
-reduction in plasma vo]ume Wthh has been shown to co1nc1de
with feed1ng a dry ration (Chrtstopherson and Webster,
| 18972). There was no . 1nteract1on between method of coollng
and feedlng so the reduct1on in ur1ne output was cons1stent'
over- both-the INFUSION and COIL cooling methods. -
A]though the water infused 1nto the rumen could not
have substttuted for saltva flow into the rumen it m1ght
have been expected to substitute for any net flow of water
-across the rumen wa]] 1nto the rumen (Ternouth 1968) in
‘response to 1ncreased rumen osmo]arvty with feedlng (Warner'
and Stacey, 1965) ConSIderJng the volume of water (1.25
11tres on average) which was‘infused into the rumen it is
.somewhat surpr151ng that urine vo]ume was reduced W1th
feedlng '
Heart Rate and Oxygen'Consumption |
Dur1ng the feed1ng per1od the 1ncreases 1n heart rate

and oxygen consumptton were 30 and 9% respect1ve1y over the

~ NOT-FED values The 1ncrease 1n heart rate was s1m11ar to

that recorded durlng feed1ng by Chrlstopherson and Webster

'(1972) but the 1ncrease in oxygen consumptton is much lower

A
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v.than'that normally associated with the feeding response of -
30 to}50%'(Youngl~1966; Christophersonland Webster, 1972;‘

Osuji et al., 1975). Heart rate in this experiment was’

o recorded at the beg1nn1ng of each lO min period 1mmed1ately i

after the sheep were fed. The- sheep consumed the’ 42 g feed
“offerred at 10 min intervals in 1 to 2 min, or one fifth of
the timeg"The_smallervincrease-in oxygen consumption with

eating probably reflected thls sporadic feeding pattern.

4.1.3 General Dlscusslont Experiment I

4.1. 3 1 Mass plus heat versus heat’

For an effective cooling of the rumen by 210 kd, the
INFUSION cooling method added 2.5 kg of mass as ‘water and
198‘kd_of heat »whereas CDIL cool1ng removed 219 kK d;rectly
from the'ﬁumen The calculated theoret1cal drop in rumen
,temperature for each cool1ng rate as a result of these heat
and mass exchanges if no heat was transfermed from the body
have been calculated for a range of rumen mass (Table 4. 6)

" ~The- observed d1fference between the two coollng methods
at the end of the coollng per1od was 2.7 and 5 4 C. | Rumen.
volumes of 5, 8 and 5 4 litres would be pred1cted from the

,.dlfference beween the cool1ng methods for the 210 and 400

cooling treatments respectlvely. leferentlalvrates-of‘

moveméht‘of‘rumen contents from the rumen with the two

5

treatments during cooling should not influence such a
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Table 4;6 Theoret1cal rumen temperature ("C) at the end
of rumen cooling by the two experimental
methods (Experiment ) _

Rumen - Cooling Method ! Difference
vo lume : :
(litres) INFUSION COIL . INFUSION-COIL

LOW cooling treatment

4 31.3 . 26.5 4.8
5 32.3 - 29.0 3.3
6 33.1 : 30.6 © 2.5
7. 33.7 31.8. 1.9
HIGH cooling treatment
4 24.4 15.2 9.2
5 26.3 20.0 6.3
6 27.8 23.2 4.6
7 129.0° 25.4 3.6
Assumpt1ons Specfic gravity of rumen fluid = 1.0

Specific heat of rumen fluid = 1.0
Pre- cool1ng rumen temperature = 39.0°C

! INFUSION cooling method rumen infusion
. of 2.5 litres water over 1 hour at 19°C
(LOW) or at 2°C (HIGH) = -

COIL cool1ng method = 210 kJ (LOW) or 400 ku

(HIGH) heat removed from the rumen
over 1 h with a cooling coil .

_calculation of rumen volume if the mass leaving was at the
. t ‘

mean rumen temperature. |
| A difference of >5°'C in. rumen temperature between tée
methods of cool1ng would not be expected unless the increase
in rumen volume due to thé infusion of water was >40% and
the temperature differential between the added cold mass and.

the rumen was >38°C. Within these limits either cooling

b

]
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method could be -used in expériments studying HW without fear

of undue bias due to the cooling method ‘used.

4;1f3.2 Heat gainéd by the rumen

The total heat gained bX the rumen from the body over
the cooling period was estimated from the difference between
the theoretical (Table 4.6) and thg actual temperature of
Zthe rumen at the‘end of the cooling period. A pre-cooling
rumen volume of 5.4 and 5.8 iitres for the HIGH and LOW
cooliné\levels was used. The result of this caHleation is

- - £ /

shown in Table 4.7. ) . -

Table 4.7 Calculated heat gain (kJ) by the rumen in
response to rumen cooling over 1 hour
(Experiment 1)-

Me thod of Cooling

INFUSION COIL
Cooling N Kd = % S %!
treatment ,
LOW 2 134 63.8 92 43.8

HIGH 255 63.8 158 39.8

' Heat gained by rumen as % rumen cooling
2 LOW 210 kJ rﬁmen'cooling over 1 h

HIGH 400 KJ rumen cooling over 1 h
- Estimation of.Heat ééined by fhe rumén using COIL déta
tended to under-éstimate the actual heat gain since no
allowance was made for an increase “in rumen volume over the
Cooling period due to saliva and feed. Conversely, the

estimate from the fNFUSION cooling method may over-estimate
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the heat flow into'the\rumen since it does no{ account for a
decrease in volume due to a potential efflux of the infusate
across’ the rumen wall. If COIL post-éoo]ing rumen volume
was increased by‘O.3 to 0.4 litres énd INFUSION rumen volume
decreased by a similar volume, both methods would estimate
thatvépproximately 50% of the cooling was recovered by the

rumen over the one hour cooling period.

4.1.3.3 Association of feeding with rumen cooling

The impact of feeding on the response to ruminal
cooling is sumﬁarjsed in Figure 4.3 which shows the change
in Tb and M froﬁ Period I, relative to the changes in thé

NOT-FED, NIL cooling treatment. The-followihg points may be

noted. \

fm Feeding in the absence of rumen cool1ng increased Tb
and TPu in Periods 11 and IV,

2. . Rumen cooling completely negated thi§ increase and

body and rumen temperatures declined;

&3. In Period 111 and IV there appears to have been
substitution of the body teméérature risg due to
feeding for the fall in temperature with rumen
cooling. The substitution ranged from 38 to 138% wi th
a mean of 81%. A similar substitution of the rise in
rumen temperature with feeding for the declipe in
rumen temperature with rumen cooling‘was evident, but

" the substitution was not as large (40%).

/

4, In contrast to body and rumen temperatures, the
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increase in neat production with feeding did not-
appear'to substitute for the rise in heat production
in response to cooling.

The cumulative increase in M in Periods II, III and Iv,
over Period I in the NOT-FED treatment was equivalent to ZOA
of the cooling. The cumulat1ve 1ncrease in M with rumen
cooling, over and above tha't caused by feed1ng was a similar
26% in the FED treatment. If the/1ncrease in M due to
feeding is ineluded the cumulat1ve 1ncrease in M in Periods
II, IIT .and 1V could account for 45% of HW in the FED
treatment This lack of subst1tut1on may be a reflection of

the sporad1c eat1ng
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4.2 Experiment 1] - Rate and timing of rumen cooling

Rumen cooling treatments 1n Exper1ment I were a
combination of a variable total quantity (HW) and var1able
rate (G) of cooling. The effect of rumen coolipg on body '
temperature was reduced when the cooling was accompanted by

feeding but the 1ncrease in body temperatures due to feedtng

\ occurred after cooling. In Expertment IT one level of rumen

cooling was 1mposed at three rates to determtne the effect
of rate of coo]1ng per se and rumen coo]tng during feedlng

was compared with cooling after feed1ng

4.2.1 Experimental Treatments and Measurements
The fo]low1ng treatments were 1ncorporated in a 3x3x2

randomlsed block design u51ng three sheep, three rates of

‘rumen cooling and rumen cooling at two times relative to

feed1ng

4.2.1.1 Rate of Rumen'COOIing Treatment

&y

1, FAST

Three rates of rumen cool1ng were compared
116 W of rumen coollng for the first 30 m1n of
Period 1. |
2. MEDIUM (MED)
58 W of rumen cooling for‘SO'min (Period I1)
3. SLOW | | | “
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A

29 W of rumen cooling for 120 min (Periods Il and

S I11)

A1l three rate of cpoling‘treatments were equivalent to a

total cooling of 210 kJ.

4.2.1.2 Time of'humen'Coo]tng‘Treatment | | | t
Rumen cool1ng was app11ed at two times relatlve to
feed1ng ) - | '
1. - DURING FEEDING
Coeling'imposed durjné feedihg as deseribed in
Experiment 1.
2. POST-FEEDING |
Cooltng imposed 30'min after the‘conctueion of
feeding. |
Rumen cooling*was by the intra-rUmina]vepqling coil
method described in Experiemnt I. Oxygen consumption,
rectal temperature ear' ]eg and trunk sktn'(é) temperatures
“and rumen core temperature were recorded continuously over
each four hour trial. . Y
For evaluating the effects of the rate of coollng y
treatment on body and rumen temperatures the folJow1ng data
were used / | | |
t. 5 Pre-cooling - Mean of the two 10 min periods

immediately prior to rumen cooling.

2. End of cooling - The mean of the final 10 min of
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the cobiing'period.

3. ©~ 1 h post-cooling - Vé]ues 1 h after those recorded
in (2), | - | |
4, 3 h after the start of cooling - Values for the 10

min period equivalent to 150, 120 apd 60 min after

cooTing stopped.

For'the time of cooling treatment, the means of Periods I to

>IV were compar;d as in Experiment I. | | i
| The recovery iﬁ rumen temperature with time after the

end of cooiinngaé appfoximated by én exponential.curvé-

. (Figures 4.1 and 4.2)7 lThé natural 1ogarithh of the
differenﬁe_bét@éen ruméh temberature befobe‘coolihg and at

10 min intervals post-coo1i%g‘was‘fitted by regréssion

analysis against time:

4.2.2 Results and Discussion
 4.2.2.1 Rate of Cooling
Rate of rumen cooling significantly affected rectal,
leg skin and rumen'temperature and oXygeﬁwconéuﬁptionp |
| Body»Tempgréfures |
. Faster rates of cod]ing ind‘l;lced greater deines in ..
body temperature, but showed greater recovery within the
time frame of the,experimeht'(Tabfe 4.8).  Figure 4.4 shows
graphically the changes in Tb. The -rate of decline in mean
body temperature was'debendent on'the rate of rumen cooling.

Mean body temperature declined 13, 10 and 4 x 10-3 *C.min-1
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Table 4.8 Effect of rate of rumen cooling on rectal,
- Mmean body and rumen temperatures and rumen

temperature Kinetics (Experiment 1])

Rate of cooling

SLOW ~ MEDIUM  FAsT
Rectal temperature (°C)
Pre-cooling 39.0  39.0  39.0
End of cooling 38.8 38.7 38.9
1 h post-cooling 39.0 - 38.8 39.0
3 h after cooling = 39.0 39.1 39.1
~ Mean body temperature ('C) _
Pre-cooling 37.2ae  36.9ae 37.0aze
End of cooling 36.7ae  36.3ae  36.9aef
1"h post-cooling 36.92¢  36.4a2¢  36.3aF
3 h after cooling 36.9ae  36.9ae 37.2ae
Rumen core temperature (°C) | |
Pre-cooling 39 7ae . 39.52e  39.7ae
' End of cooling 36.9af  35.2bf 33.4cf
1 h post-cooling .39.3a¢  39.1ae 39.1ze
3 h after cooling 39.3ae5 '39.6ae  39.6ae
KinéticS‘of‘rumen temperature-recovery
Time constant ' o B -
(10-3.min-1) 33.6 41,1 41,7
T 1/2 (min) » 21 17 17
Predicted max. . ¥
4.4 5.9

- temp. drop (°C) 2.6

4

a,b,c,d means in'rows followed byfthe-samé letter are

not significantly different (p<0.05)

e,f,g,h means in columns followed by the s

not significantly different (p<0.05) -

®

rlettér'are '

€
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whtch was equivalent to a rate of loss of body heat content
(S) of 38, 21 and 11 W for the FAST, MED and SLOW rates of
cooling respect1ve1y Mean body temperature cont1nued to

fall for 10 to 30 min after. cool1ng ceased, At minimum Tb

the total loss in body heat content (HC) was 130, 114 and 81

ku for the FAST, MED and SLOW treatments respectively and

was equivalent to 62, 54, and 38% of the rumen cooltng

By 1 h post- coo]lng. some recovery in Tb had taken

place. Due’ ma1n]y to the var1ab1e length of t1me for

| recovery before the end of the trial, the res1dual effects ,

of the SLOW rate of cool1ng were greater

‘ Rumen Temperature Recovery

Although the fa]] in rumen temperature dur1ng cool1ng*f"

‘was s1gn1f1cantly (p<0 05) affected by rate of rumen

cooling, the time constants for the recovery of Tru were
very similar. Half. of the decrease in Tru was recovered 1n:
17 to 21 min (Table 4.8), Diffusion of heat 1nto the rumen
would appear to be mainly a function of the. temperature

gradient between the rumen and the body.core,

Oxygen Consumptionb

Differences in oxygen consumption due to rate of

v'cooling were confounded. by cooling ending at a different

time after feedIng with each rate of coo]1ng and by the

1nexpl1cab1y h1gh pre- cool1ng rate of OXygen consumption in

, sheep subsequently rece1v1ng the FAST cool1ng rate (Table

4.9).
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Table 4.9 Rate of .rumen cool1ng by time per1od
interaction on oxygen consumptton (ml.min-1)

' : Period .
Rate of _ : -

- cooling 1 Y - II1 1V

. SLOW - 211ae 223ae 2282 221ae
MEDIUM - 204ae  229be 223abe ~ 215abe

FAST - 245af 252af  235ae 231ace

a,b,c,d means in rows Fol]owed by the same letter are
not significantly different (p<0.05)"
e,f,g,h means in columns followed by the same letter are

not s1gn1f1oantly d1fferent (p<0.05) , L

nyden consumption'during Periods IT and III, above'thel‘
mean of Periods 1 and IV showed a total increase equivalent
.fto 13, 40 and 24 kd for‘the FAST, MED and SLOW rates
respecttvely, suggesting that the MED cool1ng may - have been

‘more effeot1ve in stimulating metabol1c rate

?ﬁ , -
4.2.2.2 Time of coo]ing

' Body Temperatures

- Feeding established higher body temperaturesxﬂrtoai cooling

(Tab]e 4‘10) The decline in body temperatures with cool1ng _b

was greater when the sheep were fed before cooling but the
recovery oggbody temperatures after cool1ng was 1ess when
the sheep were fed kefore rumen cool1ng o
Althoughrthe»drop in body temperatures was‘greater~wjth
the POST feed1ng treatment and the recovery in body »

: temperatures after cooling was less, all final body



Table 4.10 Time of feeding treatment by period
~interaction means for rectal,. ear skin,
mean body and rumen core temperature
(Experiment 11) - _

Period

I 11111 Iv
Rectal temperature (°C)
DURING ' 38.92e 38.9ac 38.9ae 39.1bf
AFTER 39.1ae  39.0abe 38.9be - 38.9be
Ear skin temperature (°C), B ‘ o
DURING ~ og.1- 24.4  20.3 225
. AFTER o 32.2 29.7_ 23.1 24.2
Mean-body‘temperatdﬁe (*c) _ v f v ,
DURING  36.6ae 36.5ac 36.42¢ 36.72¢
AFTER . - 37.3ar ,37.1abf_36L7ce 36;8bce‘
Rumen core temperature:(°cC) T - .
DURING . 39.22e 36F5ca 38.2be 39.42
AFTER ' 39.8af 36.9ce 37.8be 39.1ae

' DURING = Rumen cooling during eating
AFTER = 'Rumen cooling 30 min after eating

-~ a,b,c,d means in rows followed by the same letter are
' not significantly different (p<0.05) :
e,f,g,h means in columns followed by the same letter are
. - not significantly different (p<0.05) - -
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temperatures were slightly greater at tHé eﬁd,of the trial
\fdr'the sheep cOoléd during feeding.v“

Mean body temperatufe, repfesenfingffhé-het effect of
‘-chénges.in'bodyAtempehaturesewas compafgd bgtween'
 Experiments 1 and 11 (Table 4.11).
fable 4{11 "Méan body temperatﬁbe (*C) pre; and post-

, : rumen cooling as influenced by the time of:

cooling in relation to feeding.
(Experiments I and II)

_ Experiment. I : Experiment 11
Time . - NOT-FED FED DURING POST
Pre~Cooling 3.6 36.4 % 36.6 37.3
Post-cooling . 35.8 36.1 -~ 36.4 36ﬁ7
Pre minus Post  -0.,8 0.3 0.2 -0.6

| *1Cdbling”w5thout feeding (NOTrFED, Experiment i) or
§90]1ng after fééding_(POST, Expeniment II)‘caused a similar
deciine'in.Tb whichfWgs mpre‘thég twice'that'When cooTing- |
accompanied feeding‘(FED,.Experiﬁent'lband'DURING,,
Experiment 11). Thfévchahgé iﬁ‘Tb-ggpngsenté_a.meah'CHgnge
in-HC»of’41 bJ When'feedihg éQCompah;ed'boolkﬁg énd;114 KJ
_ ;when the co&%ﬁnq wés ndt:aésociated with;éating, Wfth‘nbmbh‘

3«cdoljng'pOSt‘feédihg, Tb.deClihed ffom aﬁ'ini%ia]ﬁxthigh

‘ereI to a.valuesfmflqr fb}thatachieygd With gooliﬁg" |
- during feeding,‘ On;fhé other hand, the déciihé in Tbjwhen,
vcoolihg‘waé not acéq?panied Eykfeeding‘at‘ahy stageiﬁas;to a

level well_beldw the other treatments.

N

©



Oxygen Consumptlon

The confounding of time of cooling w1th time of feed1ng
~in this exper1ment makes a direct 1nterpretat\on of -the
oxygen consumption data d1ff1cult However a comparison of
“the oxygen consumption from similar tooling treatments in
Expefiments I and Il has been made (Table 4.12)." The
increase in oxygen consumption with 210 kJ of rumen cooling
was similéﬁ in both eXperiﬁents where cooling was
‘synchronous with feeding The pattern of oxygen consumptwon
 of the POST treatment is similar to the NIL cooling
tﬂeatmegt in Experiment I. : No apprec1able increase in
oxygen consumption was observed during cooling when coolihg
occurred after féediné. A very similar pattern in heart

)

rate between the above treatments can also be “shown (see

¢ v
Append1x 1.
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4.3 Experiment IIt Feed intake and tnsu]ation effects on
the heat,of warming | | | *
Higher'feed intakes elevate'body temperatures (Blaxter
et al., 1958b) and shear1ng reduces mean body temperatures,
‘at least for a few days after shearing (Webster, 1966,
Webster and Johnson, 1968). Shear1ng may be a practical
s1tuatvon where any deleterious effects of HW are’
exacerbated. The effects of rumen cooling were reduced by
an elevation in bpdy temperatures due to feeding
(Experiments 1 ahd Il) but the rise in body temperatures
with feed1ng only existed for one to two hours If
longer-term higher body temperatures could be establ1shed
the impact of the heat of warm1ng might be further reduced.
Experiment II1 compared two levels of rumen cool1ng

imposed on woolly and shorn sheep at low and h1gh feed

intakes.

4.3.1 Experimental Treatments and Measurements

The experimental treatments were: -

t | ¢

4.3.1.1 External Insulation - Feed Intake Treatments

.Three external insulation (fleece Iength)-feed,intake
combinations were compared. ‘ _
1, Woolly sheep at low feed intake (WOOLLY-LOW)

Woplly sheep (10 to 12 cm fleece leﬁgth) were

established on a feed intake of 500 g Ration A daily
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for 8.daysmbefore the rumen cooling trials
2. Woolly sheep at high feed intake (WOOLLY-HIGH)
Woolly sheep were estab11shed on a feed intake of
1250 g Ration A per head per day for 8 days before
rumen coo]1ng trials were conducted. ,
3. shorn sheep at high feed intake (SHORN-HIGH)
Woolly sheep at the high feed intake were. shorn
(0.5 cm fleece depth) and exposed to rumen coo]1ng
trials on two consecutive days after shearing. )
Each sheep moved sequentially through the Feed Intake -

/

Insulation treatments in the above order.

4.3.1.2 Level of Cooling ,

Two leve1s of cooling, the LOW and HIGH treatments as
described in Experiment I were used. The coolihg method
‘was by intra-ruminal water 1nfu510n The cooling levels

were allocated at random,

Two sheep were used in the 2x3x2 part1a11y randomised
block design. Each tr1al consisted of the same four 1 h
periods as descr1bed for Exper1ment I with feed1ng (250 g
Ration A) and cool1ng dur1ng the second hour (Period 11) of
each trial. The same measurements were made as for
Exper1ment II)and the data were statlstlcally analysed as

for Exper1ment I. | : Ny

R
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4.3.2 Results and Discussion .
| 4.3.2.1 Feed Intake and Insulation Ve
Majohtdifferences in body.temperatures, heart rate and -
M existed between the main treatments prior to/oooh'ng
(Table 4.13). Woolly sheep oh.the high)feed-intake"had
htgher initial body temperatures and heat production than
woolty sheep.at the low feed 1ntaKe Shorn sheep had lower
‘1nut1al body temperatures than .the woolly sheep and a h1gher
,ra*e of heat production. than the woolly- high 1ntake
treatment )
In common with the results from Experiments 1 and Ii,
all body temperatures;declined in response to ruminal
cooling with lowest body temperatures. being reached in
Period 111 and some‘recovery being shown by Period IV. The
- trend was for the maximum decline in extremity skin
temperature to be greatest for.the'woollygwell~fed sheep and
least for the shorn"well-fed sheep.

- Since the oxygen consumption of the shorn Sheep was 30%
higher. than the woolly sheep‘at the same feed intake, the
shorn sheep were con31dered to be out of thermoneutral1ty
Peripheral vaso- constr1ct10n is normally considered to be at
a max1mum below the cr1t1ca] tempeﬁgture of an antmal
However rumen cooling of the shorn sheep did induce a”

- decline in extrem1ty skin temperature This observat1on
suggests that the stimulation of rumen and deep body
thermo receptors 1nduced further vaso- constriction which

!nght have been expected to already be at a max imum,

*
£

11€



Table 4.43

Pre-éoo]ing and maxima]l changé

/ and mean body temperatures, hea
consumption'_(Experiment 1)

67

in ear, leg,
rt rate oxygen

v

9

~Insulation treatment - feed intake

WOOLLY-HIGH

WOOLLY-

LOW  SHORN-F{GH

Ear skin temperature ('C)

' 19:8b

20.7a

Pre-coo]ing ' 34.0a

.Max. change -13.9 7.2 -5.9
Leg skin‘temperature (."C) 1 

Pre-cooling 26.8a 16.9b. . 17.4a

Max. change | -9.6 SS.1 - -4.8
‘Mean ‘skin temperafure.('C) .

. ":)\ » ¢ . . r

Pre-cooling 31.0 30.7 ' 25.7

Max. change co=2.1 -0.4 -1.0
Heart rate (beats.min-1) |

Prj-cooling’, : ~ 87a 54b 98c

Max. change +17 +36 | +50
Oxygen consumption (mi,min") L |
~ Pre-cooling -  24%a 170a . ™. -337p

Max. change . - +33 +51 ;%fgf; +150

®

.

a,b,c,d means in rows”“followed by the same.le}ter are

1

not significantly different (p<0.05)

WOOLLY = fleece depth 10 to 12 om
SHORN = fleece depth 0.5cm (shorn)

HIGH

1250 g Ration A daily
LOwW

500 g Ration A daily -
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Despite the ;reater drop in body temperature with rumen
»coo]1ng at the higher feed 1ntake and supertor 1nsu1at1on
the post- cool1ng temperatures were still higher than with
the lower feedtngalevel and 1nfer1or 1nsulat1on The |
cumu]at1ve 1ncrease 1n M dur1ng Periods 1], III and IV above
Period I was equ1valeht to‘only 40 kKJ with the woo]ly |
: well fed sheep compared w1th 98 and 173 KJ with the woolly
sheep at the low feed intake and .the shorn sheep
;respect1ve1y Th1s 1ncrease in M was equal to 13 32 and

- 57% of the rumen cooling.

‘-4.3 2 2 Cooling Level |

.. Very s1m1lar trends in body and rumen temperature
changes with cool1ng level occurred as. in Experlment I. In
this experiment, Tb fell 0 ﬂ C w1th the lower level. of
cooling and 0.7°C with the: h1gher level. The corresponding

va lues from Exper1ment I ‘were 0.6 and 0.9° C for the LOW and

!
Y

HIGH coollng respect1vely

| o . ,
4.4 General Discussion | Experiments 1, II and-111
441ChangeinBodyHeatContentv
Changes in mean body temperature (Tb) reflect ehanges
in body heat content if body mass and specific heat remain

©

‘the same and no Targe internal temperature gradients exist..
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In'these exper1ments considerable changes in Tb occurred in
response to the various rumen cooltng regtmes 1mposed in
3 Exper1ments I, 11 and III The decline in heat dontent of
‘the animal with rumlnal coollng, and its rega1n after |
}cooltng represents a reserve or "bank’ of heat which has
potenttal as a thermal buffer aga1nst the impact /of internal
B cooltng via the rumen. |
. To esttmate the extent to wh1ch the heat content buffer

played a part in the overall] .response to ruminal cool1ng in
these exper1ments, the net change in HC from Per1od I
through Period IV was calculated for all the ma1n treatment '
~effects. By the end of Pertod IV, rumen temperature was |
w1th1n 0.5°C of rectal temperature and' thus calculat1on of
HC would “not be affected by temperature gradients w1th1n the
body . Fleece-free body weight was: used to calculate HC and
the spec1f1c heat of the‘Eody t1ssues was taken as 0.83 (see
AMtnard 1970) . ,

The net change in heat content from Per1od 1 through
Period 1V is shown in Figure 4 5 for the ma1n treatment
effects. Sal1ent potnts are: | |
1. In all cases where rumen coollng occurred, body heat
| content was lower 2 h post-cooling than before rumen

cooltng took place. The net reduction in HC of the'

~ sheep in response to the 400 KJ rumen cooling was

_approximately 160 KJ or 40%}of the cooling.

2. .Feedlng act1v1ty reduced the body heat debt due to
coolmg by 65 to 70 k. -



Experimen.t I

Experiment ||

Experiment 1|

_ .Figure 4.5 '

Nil Level of Cooling
Low

70

Cooling While FED

o NOT FED L
Rate of Coolind .
East '
Medium
Slow .
Cooling During Feeding
: Post ' \
Insulation - Feed Intake’ s o
Good - Low
Good - High [
Poor . — High
. ¥ v N L v —
-150  -100 -’50 0 + 50
A Body Heat Content (kJ).

e

Period | through IV

Net change in body Heat content of sheep from
Period I through Period v (Experiment [-111)
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3. Where body temperatures were h1gh before the cool1ng
h (eg in treatments where rumen’ cooling took place '
1after feeding, Exper1ment Il or where the level of
feed intake or external 1nsulation was high,
1EXperjment I1I), a greater body heat debt existed 2 h
. post-cooling. By reference to the results of the
}individual Expertments, it can be seen that where HC
was high before rumen cool1ng, the 1ncrease>1n M due

to the cool1ng was low

The body heat content buffer can be v1sual1sed
>°d1agrammatlcally (?1gure 4. 6) The complete buffer zone ts f
- defined by max1mum and m1n1mum body temperatures which are *
presumably a funct1on of temperature- regulatory set"p01nts
in the hypothalamus The avallable buffer zone is dependentl
oA the d1ffeqence between the mean body, temperature and the
_minimum body temperature Mean body temperature depends oh
factors such as feed 1ntake (level of heat productlon)
1nsulatlon, amb1ent temperature and exerc1se Also shownhtn |
this model is the effect of a single substant1al dra1n on
the HC buffer by, for example a large meal of cold feed
where the buffer is expeeged”and a Tise 1n heat productton
*1n1ttated A compargﬁée hypethet1cal s1tuat10n is shown
where the buffer is reduced on a. number of occas1ons but in
‘small quant1t1es so that at no.“t ime. does body temperature

fall below the m1n1mum In-th1s latter ease mean body A

’“
P

-
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(a) Influence of T, on Heat Content Buffer

T,max ~
' : . I :
Ty High Heat -
' \ \\\ Content .
\ Buifer . | Tb Low
TgHigh = High Feed Intake Tylow = Low Feed Intake
-, - = HighT, | = LowT, o
- = Good Insulation = Poor Insulation
~ = Post Feeding ' = PostInternal
> @y - = "With Exercise - ' -~ Cooling

L)

(b) ‘I'nflyenc’e of Freduency of Cooling on Ty

S S | -Single'Cooling‘ o : - Il Multiple Cooling '
T, Falls Below T, min Ty Always>'l7b min

but Daily T, > 1l : . - but Daily T, < |

. ¥

Figure 4.6 -Model. of body heat content buffer and influence of
: ~ mean body temperature and body cooling on the body
heat content buffer - o ‘ e g

‘ : N
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temperature 1sblower over: t1me than in the stng]e cooling
‘s1tuat1on Although the Jncreaseltn energy expenditure has
.been avo1ded «the animal ts likely to be.atvgreater'risk,to
;.further cool1ng for a 1onger t1me |
v Such a heat buffer or thermal ’bank’ would help explain
f%ome of the vartable responses obta1ned to 1nternal coo]1ng
in. these and other exper1ments o

A ctoser study of the comb1ned results from Exper1ments

"; I, 11 and ITI could reveal cr1t1ca1 levels of some

temperatures or their comb1nat1ons which might predtct the
q'FPhys1olog1cal l1m1ts to the heat content buffer system in
‘ sheep Such an approach has been taken 1n atttmpt1ng to )
def1ne the limits of heat and cold exposure in humans -
(Blockley, 1963 Hayward et al. . 1977) and in a number'of
A.y;small mamma11an spec1es (see Stttt et al ‘ 1974) However,

D

at th1s stage in the present study 1t was constdered .
'necessary to gather information on the effects of cont1nued\
-expogure to 1nterna1 cool1ng from cold feeds, rather than to

: predict the outcome of a single exposure. o

¥

4.5 Summary Experiments I-111-
y Rumen cool1ng by the d1rect 1nfus1on of water or by a
: ~cooling coil used to’ s1mu1ate the effect of 1ngest1ng co]d .
feed and: water e11cited a number of responses in adult
';sheep | o -
Peripheral vaso- constr1ct1on was 1nduced presumab]y

through the stvmulat1on of rumen ‘and deep body thermal

frd
kS

‘.

<
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receptors. Sens1ble heat loss from the body. would be reduced }'
’as a resu]t of the vaso- constr1ctton The degree of
per1pheral vaso- constrlct1on which occurred was |

1. d1rect1y proport1ona] to the quant1ty of rumen coo]1n%
| '(Exper1ment I{, although thts relat1onsh1p must

hulttmately be I1m1ted by the mimimum sktn temperature

2.:.{ dependent on the rate of rumen coo]tng Faster rates

| \\of cooting caused a more rap1d decI1ne in sktn and ‘

'body temperatures (Expertment IT). .
'f3t“w jtnfluenced by the body temperature/heat content of the
‘animal (Exper1ments I, TII): Where, pre-cooling body
ztemperatures were high, a greater decrtne in ski
‘ temperatures occurred with cooltng, althou;h/simz drpp
in skin temperature did occur below thermoneutrallty
tExper1ment I11)., ‘- F )
SKin temperature conttnued to dechne arter rumen
ncooltng ceased (Exper1ment 111). The relatlvely sIow |
decline in skin temperature in response to’ the 1nternaI
cooltng ltmtts the reductvon in senS1ble heat Ioss
_Deep body (recta]) temperature also decllned w1th rumen °

cooltng (Expertmented I II and III) and represents a'
'reductton in the total body heat content *thh most of the |
rumen cooI1ng treatments 1n these expertments body
temperatures were st1ll below pre- coollng Ievels 2 h
‘post cooltng Presumably these an1maIs would be more
suscept1ble to further cooling e1ther by the consumptton of -

t'more cold food or by falltng ambtent temperatures

LG =
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Metaboltc rate (M) increased in response to ruminal

’cooltng (Exper1ments I and III);when body temperatures feb]

below a minimum, The 1ncrease in M was reduced but not
necessar1ly eI1m1nated when pre- cooI1ng body temperatures‘
‘were h1gh (Exper1ment III) v In thts ser1es -of expertments ﬁ
the 1ncrease 1n M was never equ1valent to more than 60% of
the rumen codl1ng The: remalnder of Hw was expressed jn a
decline in body heat content and sens1ble heat loss .@T

b

Grad1ents of up to 6° C between the body and rumen core

Ve
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were established (Exper1ment I) The body rumen temperature"v

‘igrad1ents were dependent on the quanttty and rate of cooT1ng
t(Exper1ments I and 11), feedtng durlng cooling . (Exper1ment
1) and pre- coolwng phys1ologtcal state (Exper1ments II and
1IT). Heat would therefore flow from the body into the 4
lvrumen in response to the reduced temperature in: the rumen‘

(Expentment I) Only 40 to 60% of the effectlve coo}1ng of

‘_.the rumen was recovered by the rumen from the body over the N

;cboI1ng perlod (Expertment I) The remainder of the rumen
(heat debt ‘was recovered after cool1ng at a- rate proportlonal

Vto the temperature d1fferent1al between the body and the -

'frumen (Experlment II) The rumen acted as a ther
’,between the an1mal,and ‘the effects of HW.

The “heat of warming has a mass ‘and t

(:vcomponent e1ther or both of wh1ch ‘can vary'

econ51dered as a separate heat pool to the body/ then 1t can

be shown by theorettcal calculat1on that the associat1ve

’effects of a mass and temperature change should reduce the'-

C—

’the rumen 15<)‘

m#I buﬁfer.h‘”
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temperature of the rumen pool less than the single effect of
the temperature component This effect was confirmed

»
It was concluded that the

difference in animal response as a consequence of the method

of cooling was unlikely to be of practical:importance.

1
A



. -

5. EXPERIMENT IV ENERGY EXPENDITURE OF SHEEP EATING TURNIPS

]

There is an absence of dafa for sheep on the energy .
expenditure associated with eating bulky, 1ow dry matter
feeds such as root crops. Drew (1967) suggested the energy
expend1ture may be h1gh and a limiting factor to the
performance of sheep on thesg craps. i

Results from Experiment I indicated that the small
increase. in heat product1on associated with sporadic eat1ng
dur1ng a per1od of contlnuous rumen cool1ng did’ not
substitute for a r1se in heat production 1nduced by the
cooling. If the energy expend1ture assoc1ated with. eat1ng
root crops was high, then a gréater potent1al may exist for
substitution of the increase in heat product1on with eat1ng
for HW.

Adam‘et a{. (1979) incorporated sliced turnips as one
of five feeds in a s tudy on the energy cost of eating in
cattle, whereas under grazing conditions whole turnips are
eaten. In severe winter climates such feed crops can freeze
which could increase the energy expenditure associated with -
“eating due to thﬁghardness of the feed and the latent heat
of fusion. < o

Experinent IV was designed to MBasure the energy
expendi ture associated.Wj;h eating turnip bulbs in different -
physical forms by sheep and to compare the energy

expenditure associated with eating turnips with that of more

77
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convent ional feeds. o | \"w -
v \ ~ :
5.0.1 Exper*imenfa] Mefhods
5.0.1.1 Feeds
Four feed types were incorporated into a 4x4 Latin
square design using 4 sheep. rThe‘fgedS'were
1. Who]e,Turnié Bulbs (WHOLE)
| Whole turnip bulbs of a mean fresh wéight of 0.9
Kg were ffd at an internal température of
épproximate]y 5°C. ‘The turnips were fed in é wooden
ftrough_except during calorimetrx trials when they were
skewere% together in a rigid upright position}to
Simulate the grazing situation.
2. Sliced Turnips (SLICED)

‘/ Turnip bulbs (0 810, 3 kg fresh we1ght) ‘were
manually sl1ced into p1eces with a mean fresh weight
of 39217 g and fed loose in a wooden trough.

3. Frozen Sliced Turnips (FROZEN)
Sliced turnips were stored at -8 C for 12 to 24 h
' before feed1ng and fed as in (2).
4. Concentrate Pellet (RATION A) .

The barley-alfalfa pellet was fed as a control

feed. .

3

At the conclusion of the main experiment long hay (LONG

HAY) (brome grass mixture) was also used as a test feed.

¢
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5.0.1.2 Animals

~ Four 3:5 year old, woolly (8-to 10 ém fleece depth),
Sulfolk-cross, pregnant ewes with 6 fully érupted'permaneht
incisors were trained over a two week period to eat all the
feed types. The meéan liveweight of the ewes was 77+3 Kg.
During the tfaining period all ewes were accustomed to, and
fed in the ventilated héod and associated crate used for the
calorimetric'meésurements. |

Following the training period,‘eabh ewe was:fed each

test feed for 6 daYs before measureéent.of the energy
expenditure as;ociated‘with eating. During the pre-feeding
-period the ewes were held in individuél 3x2 m pens and fed
turnips ad lib or Ration A at 1000 g.day".v Feed was
éffered once}aaily at 0900 h. Any feed not ;onsumgd wa;

removed on the evening prior to a test day. The ewes were

weighed once ‘per week.

5.0.1.3 Measurements and Calculations
On each test day a sheep was fed the test ration at

0900 and 1500 h. Th%'moﬁnihg and afternoon trial involved

&

the continuous measurement of oxygen consumption’ before

(4x10 min periods), during (1 or 2x10 min pericods) and after

£

(4x10 min periods)eating. Only the morning measurement was
made wilh the LONG HAY. A1l tests were made at an ambient
temperature of 21 to 23°C. - |

; | Feéd was pléced in the hood under an expanded metal
plate supported by the sides of the hood before each trial

A}



. 80
: y .
began. The sheep did not appear to be exctted by the ‘
presence of the feed. The expanded metal plate was ratsed
for feeo1ng and replaced after feedtng by a rope to avoid
- opening the hood. |

Air flow rate through the hood was 80 lltres.hin-t
which gave a calortmeter response time of 2 min. "To
accommoda te the small change in oxygen content of the
extracted air (0.2 to 0.3 percentage units), a strip chart
recorder with a variable full-scale voltage was used o
(Honeywe 11 Contnols Ltd., Model Electronic 19). - The
recorder was calibrated on the 10 mv scale and sw1tched for
the measurement period to the 2 mv- full scale (15, cm)
deflection equ1valent to 0.8% oxygen.

Time spent eating was recorded. The sheep couﬂd be
- observed without d1sturbance through a mirror ‘Placed 1n
front of the hood. Feed eaten was taken as the difference
in wetght of feed placed in the hood and that rema1n1ng at
the end of the test period. /

nygen consumption as a result of eattng was calculated
- as the 1ncrease in oxygen consumptton durtng eattng above
the mean of the two 10 mtn per1ods 1mmed1ately before and
after eating® Heat produced due to eating (total eat1ng_‘
cost, kJ) and energy expenditure per min and per g of‘dry
matter were calculated for each measurement by d1v1d1ng theb

total cost of eating by the time spent eating and dry matter

| eaten.

The results were analysed as a Latin square with feed

~
~
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type, sheep and periods'as-main fixed effects and morntng ’
and afternoon measurements as a split plot within the main
design. The results for LONG HAt;were not inciuded in the

analysis.

5.0.2 Results and Discuss ion

There was no statlst1ca11y s1gn1f1cant d1fference
(p<0 05) between the morning and afternoon tr1als so the
pooled results are shown in Table 5;1. ‘

The quantity of RATION A offerred'during a test was
restr1cted below ad 1ib intake and was eaten very rapidly so
the total time Spent eating and the dry matter consumed was
significantly (p<0.05) different from all other feeds.

On an as fed basis turntps were consumed at
appro*imaﬁely the same rate per min as QATIDN‘A while LONG
HAY was consumed at one seventh of the réte 'However when
\'»expressed as dry matter consumed per unit time, the turn1ps
and hay were consumed at an equ1va1ent rate wh1ch was one
ninth that of RATION A. S1m1lar d1fferences 1n 1ngest1on
rate between these feeds consumed by catt]e were observed by
Adam et al. (1979). | ‘

No stat1st1cal]y significant dlfferences were detected
in any of the express1ons of the relat1ve cost of eq¢1ng the
various feed types but th1s may have been assoc1ated w1th
the large var1§ncevof the total energy expenditure

associated with eating SLICED and FROZEN ‘turnips. When fed

_SLICED or FROZEN turnips, the sheep in some cases tended to
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Table 5.1 'Rate of eating and energy expenditure of
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sheep -eating five feed types (Experiment V)

.t
e

. %
Feed types _
RATION A " Turnip bulbs - LONG HAY 1 »
|  WHOLE SLICED - FROZEN '
Tﬁme spént ' ,
galing (min) ~  9.6a.  15.70° 19.6b 21.9p 921.6
Feed eaten o . b o ‘ o
as fed (g) - 560 790 810 820 160
dry matter (g) - 483a . +103b 105b 120b 133
as fed _ R
(g.min- 1) 64.6 51.0  38.0  44.8 7.1
dry'matter : .
(g.min-1) - 56.0a - 6.5b 5.3b 5.90 6.1
. ’ . , |
Total cost (kJ) 9.3a 25.1b° 24.3b  30.26  4g.1
Cost per min , , - .
- (Kd.min-1) 0.99 1.59, 1,22 1.39° 2.13
Cost per kg feed / ‘ ‘ \
(Kd.Kg"? 23 7 247 306 345 410
" Cost per kg bodyweigh@
per minute , o
(KJ.kg-1.min- ") 13.0 0 22.4 16.6 18.7 28.7
+SEM 2 0.9 2.6 0.9 3.1 1.3
kg dry matter o '
(J.kg-takg~1) 320 3470 4360 4710 5560
+SEM. 66 300 1000 1615 +840

L3

" LONG HAY not part of the main experiment but -
.additional data with the same sheep

2. SEM . Standard error of ‘the

a,b,c,d means in rows followe
not significantly d

mean for individual feeds

d by the same letter are
ifferent (p<0.05)
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“play with the sl1ces ds 1f undec1ded whether to take them
1nto the1r mouths and chew them or to bite off pgeces . On
the other hand’, -when’ eat1ng whole turn1ps the sheep were
generally ver; actlve]y and fu]]& 1nvolved 1n .gouging p1eces
off “the who]e turntp bulb Th1s 1ndec1s1on when faced with

"

SLICED: and FROZEN turn1ps may have contributed to the htgh
k war1ance assoc1ated w1th these treatments ‘

A number of trends in the results deserve comment The
apparent energy expend1ture per un1t dry matter assoc1ated .
w1th eat1ng turn1ps was. approx1mately 10x that of. eat1ng
RATION A but somewhat be low (33%) that of- LONG HAY .. Adam et
al. (1979) found the energy expend1ture assdciated w;th |
eating. sl1ced turn1ps by catt]e was 7 times that for RATION
A but above soxft that for long hay . -

The energy expend1ture assoc1ated w1th eat1ng the
conventional feeds (RATION A and LONG HAY) are within the
* range recorded by others (0Osuji, 1974 Osu31 et al ) 1975)

The energy expend1ture associated with eating turn1ps does -

not appear to be any h1gher than that reported for other low

- dry matter feeds such as cut grass (Graham, 1964a; Osuji et

C

al., 1874) or for grazed pasture'thaham, 1964a; Holmes et
al., 1878). Despite the hard nature of the turmip bulb the
rate of ingestion (5 to 6 g dry matter.min-') was similar to
that achieved for cut grass (4 to 7 g DM.min- 1),

: No*?%portant differences in energy expenditure
associated with eating turnips in the three different forms

were measured However when a compar1son between the -

W
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N
“pattern of oxygen consumptlon of sheep eat1ng SLICED and
FROZEN is made {F1gure 5.1), the absolute 1ncrease 1n oxygen.at
consumptlon was much greater for the FROZEN turntps Thws
‘greater increase represented energy expend1ture assoc1ated
with eating, plus presumably an’ 1ncrement due to the coollng
effect of the FROZEN turnlps When FROZEN turn1ps were o
.eaten the cumuﬂat1ve 1ncrease in oxygen consumpt1on above
SLICED (the- 1ncrease due to heat of warming) was 196%
greater than the 1ncrease 1n oxygen consumpt1on due to
A: eat1ng SLICED: turn]ps |
| In th1s example the method used to caldulate energy .
expenditure associated with eatlng (the ‘shaded area 1n
_ fFigure 5. 1) gives similar areas," and thus energy expendlture :
Massoc1ated with eat1ng, for both SLICED ‘and FROZEN turntps
_Whether the same’ conc]u51on would be reached in other
s1tuat1ons where both eattng and Hw are contrtbut1ng to the -
increase in M dur1ng feeding is not known.
5.0.3 Summary Experiment IV |
The energy expenditure assoc1ated with eating a gram of

dry matter as turnip bulbs by sheep is seven to ten t1mes
that associated with eating a concentrate pellet but similar
to. that a85001ated with other bulky feeds such as hay and
grass It is unllkely then that a high cost of eat1ng per
se is limiting the performance of'Sheep fed’root crops.
There would appear to be no Just1ftcat1on for sl1c1ng

turn1ps in an attempt to reduce the energy expenditure
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" associated w1th eating them Care should be ‘taken in
)nterpret1ng the energy expehd1ture assoc1ated with eatlng
in experiments where the 1ncrease in heat production during

5
eating could be i funct1ogrof both eat1ng and warm1ng the,

food

y



-, 6. EXPERIMENTS V, VI and V]I CONSUMPTION OF HIGH
: -

- MOISTURE FEED BY CATTLE I

In Experigents I, Il and! HII rumen cooling treatments were‘
located in random order on a dally bas1s Under f1eld

condttlons feed may be consumed at a s1m1lar temperature
repeatedly over a per1od of days or. weeks and cumulat1ve
effects of the heat of warming may develop in the animal.
The lmpact of different levels of heat of warming - (HW)
1mposed on cattle twice dally for two weeks was. exam1ned in
Exper iment V. . B " |

‘As cold feed is eaten some\coottng m1ght be expected to
occur in the mouth rather than exclu51vely in the rumen as
s1mulated in Experlments I II and III The response to
cooling v1a the rumen was compared w1th the consumptlon of
cold feed (Experlment VI) and estimates were.made in
Expertment Viof the proportion of cool1ng occurrtng 1n the
mouth | ‘ N

The resuﬂ?s of fteld trials indicate that partval
substttutton (20 to. 30% of dry matter 1ntake) of .a high
motsture ration w1th a high dry. matter low quality roughage
was benef101a1 to animal’ performance (see Nicol and Barry,

1880). In theory such a subst1tut1on should reduce energy

_1ntaKe and the heat of warm1ng and p0551bly lncrease heat

’ .
product1on from rumen fermentat1on Experiment V

incorporated a treatment in which such a feed substitution



was made' If a subst1tut1on effect was dependent on
fermentat1on heat, then the order in wh1ch the. two parts of
the ration were fed might be 1mportant Exper1ment_VII
haddresses this questlon | | .
Gattle were chosen as the exper1menta1 spec1es in thesef
exper1ments s1nce comparable data on the effects of Hw on
"cattle other than young calves were requ1red and because

cattle had some techn1cal advantages 1n these exper1ments

K3
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6.1 Experiment Vv Responses of cétt]e fed turnips of

var ious tempenétures-

| Four‘feeding treatments, incorporatiﬁg diffeﬁént~levels
- of HW were compared in a Latin Square designed sthy N

. involving 4 steers. .

6.1.1 Experimenta] Meth{ads~
.6.1.1.1 Feeding Treatments
The four t%eafment;‘wpre: ,A‘
»1.  - Warm Turnips (WARM) .
IWhole turnipsbulbs (15 Kg total freshﬁweight,
0.940.3 kg per bulb) fed‘at a ‘turnip temperature of
a7,
2. Cold Turnips (COLD) o
.Fifteen Kg fresh whole turnlp bulbs fed at a
temperature of 3 C..
3. Turnips plus Hay (TURHAYY)

‘ Whole COLD turnip bulbs fed as 70% of dry matter
1ntake w1th the ba]ance as chopped hay (10 kg fresh
tunnlp bulbs and 1 Kg hay) © The turnips were fed
first followed 1mmed1ate1y by the hay.

4. Frozen Turnips (FROZEN) - ’ ‘
Fifteen Kg sliced turnip bulbs (mean fresh weight

of pieces 57+18 g) amd stored at -8°C,for 18 to 24 h

before feeding.

N

&



ATl rations were fed twice da1ly at 0830 and 1700 h.-
The four treatments represented a heat of warm1ng per meal’
of 0.70, 1.54, 2.18 and 6.00 MJ for th<;WARM TURHAY, COLD
and FROZEN treatments respective]y Al rat1ons were

designed to prov1de the same digestible dry matter intake.
&

6.1.1.2 Animals

Four 2.5 year old cross-bred beef stéers (mean
11vewe1ght 40645 kg) were rumen f1stulated two months prior
to the experiments by the method of Hecker (1974). The
steers had been used in prev1ous exper1ments (Adam et al,
1979) and were accustomed to eating turnips and to gaseous
exchange measurements.

Each experimenta] period was 14vdays but space
limitations precluded holding more than two steers in the
10°C environmental room. For days 1 to 7 of each period the
steers were held in individual 3x3 m pens in a'hdlding
building where the ambient temperature ranged from 9 to
15°C. From day 8 to 14 of the period the steers were held
in metabolic crates in the 10°C room.

Each sfeer was fitted with ear, leg and trunk skin and
an external jugular vein thermocouple on day 8. The cattle
were weighed on days 8 and 14. Tota] faecal output was

collected from day 8 to 13 inclusive.
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6.1.1.3 Measurements and Analysis

Feed Treatments |

Measurements were made on each steer on one morning
(0830 to 1230 h) and one afternoon (1430 to 1730 h) on days
10 and 12 or 11 and 13, ' |

Oxygen consumption (System A), ear, leg and trunk @ein
temperature, rectal and jugular témberature and rumen
temberatu;e (2 thermocouples through the rumen cannula) were
rﬁeasured confinuousiy over a 1 h pre-feéding period, a 1 h
feeding period and 2 h (am) or 1 h (pm) recovery period.
Feed was introduced and removed from the hood by a drawer
without ,interference td the gaséous exchange measuréments.
Method of Mixtures |

Method of mixtures calorimetry was used t§ measure the
temperature of bo]f collected from thevsteers, pieces of
| tﬁrnip, snow, ice and pseudo turnip (85% ice, 15% turnip dry
‘matter). Tared Dewar flasks (500m1) of known heat capacity’
(80 to 90 J.'C-1) contéining a Known weight of water (+1 g)
of” a knoWn temperature (0.1 "C, Bailey Instruments Inc.,
Model BAT 8) were used. The unkhoWn mass at unknowh
temperature was added to the flask and the flask plus
contents reweighed. The equilibrium temperature of the
mixture was recorded. | |
Bolds Size ana Temperéture

Duﬁing days 10 to 13 inclusive of each experimental
peripd and when the measurements associated with feed

_consumption were not béing made, the following additional

o
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data were gathered. The rumeh of each steer while on the
WARM, COLD and FROZEN treatments was emptied prior to the
morning feed1ng (15 h post-feeding) and the contents
weighed. The steer was then fed and two boli were cauéht on
separate occasions in a gloved hand at the cardia. Each
bolus was immediately transferred to a tared, 500 m]l Dewar
flask to measure the mean temperatare of the bolus as it
reached the rumen. |

| The bolus:water mixture was dried (24 h at 70°C) to
give the total dry matter in the bolus. The dry matter
‘percentage of the turnip before feeding was known (13%) and
thus the contribution of fresh turnip dhd saliva’to total
_bolus weight was calculated The heat gained by the bolus
before reaching the rumen was calculated by assuming that
saliva was secreted at body temperature.
Stat1st1ca1 Ana1y31s

: Stat1st1ca1 analysis was as a 4x4 Latin square with

feed treatments, steers and periods as main fixed sour és of
variance. The am and pm comparison was treated as a /7
split- p]ot within the main exper1ment and the hour]y time

"per1ods as a further split.

6.1.2 Results and Discussion ;
6.1.2.1 Chahge in turnip temperature during eating
The temperature of the WARM turnips fell by 3.5°C and
that of the COLD turnips increased by 3.3°C as they lay tn



N - 93

the trough over the 1 h eating period‘ About 50% of the \\
1ncrease in temperature of the COLD turnlps could be

attributed to the presence ot the steer presumably due to

- exhaled warm air. The temperature at which the turn1ps were
actually consumed was adJu;ted for this change before
~calculating the heat of warm1ng. The FROZEN turnips

remained frozen during the eaténg period.

6.1.2.2 "Effective” temperature of turntps

The temperature of the turnips ca]culated from the’
calorimetic method of mixtures has been defined as the
"effective" temperature (ET). ET is the temperature of the
frozen turnips with no consideration of the latent heat of
fus1on simply the change in heat content of the Dewar flask
by adding the turnips to the water expressed per g of
| turnip. ET temperatures and the equ1valent probed
temperature for calorimetric runs on turntps at a range of
temperatures are shown in Figure 6.1. Probed temperature
was measured by a copper constantan thermocoupte or platinum
resistance thermometer probe pushed into .the turn1p

At temperatures above O C the probed turnip temperature
and the temperature calculated by the method of mixtures
were similar and validate the use of a specific heat of
approximately 1.0 fon\fresh}turnips. Below 0°€, snow, ice
~and a pseudo,turnip of 85Y% ioe and 15% dried turnip'gave
’effectiveﬁ.temperatures close to theoretical values.

Frozen turnips exhibited a progressive crystat]isation;han
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effect of the soﬁuble‘plant combon%nts (Fennema et al.’,
1973) with approximately 50% crystaﬂ formatlon at 0°C and ‘
ma x i mum crysta]]1sat1on predicted to\occur at -11°C. The
frozen turn1ps were physically harder&(more difficult to
break) at -8°C than ét 0°C. . {

: \’ e SN |
6. 1 2.3 Feed Intake and Heat of wedm1ng Achieved dur1ng
Ca]or1metr1c Trials ‘

- When steers were not 1nvolved in a calor1metr1c
measurement all feed offerred was consumed. During
_measurement trials feed was removed at the end of. Period II'
and some variation 1n intake occurred between treatments due
to steers not- f1n1sh1ng the rat1on w1th1n the one hour
feed1ng period (Table 6.1).},The rate of eating turnips was
similar ‘to that observed by Adam et al. (1979) and showed
‘that cattle as well as sheep {(Experiment 1V) consumed whole,
sliced, fresh or frozen turnips at similarsrates. The mean
percentage dry matter digestibility of the turnie bulbs was
86.6+1.1% and was not significantly influenced by the .
femperature of the turnips. The percentage dry matter |
digestibility of the mixed rétionf&as}76.310.9%.. The mean
pre-feeding rumen volume of steers dn,compiete turnip.
rations was 36.412.42ﬁitres which was not influenced by the

temperature of the turnips.

6.1.2.4 Warming in the Mouth

The weight and temperéture of the boli collected from



Table 6.1 ‘Feed intake and heat of warm1ng ach1eved dur1ng

trials with steers (Experiment V)

Feeding treatment -

WARM  TURHAY  COLD  FROZEN

Feed consumed (fresh wt) .
turnips (kg 12.6 10.0 12.9 13.2

hay (kg)s - .0

D1gest1ble dry matter

intake (kg) S : ‘ ,
on test day ' - 1.39 1.863 1.42 1.45

. on full intake 1765  1.83 165  1.65

Rate of eating (g dry matter.min- 1)

turnips _ 210 220 - 215 . 220
hay . ~ 67 - -
L
.\\. '
Turn1p temperature \(- C) 26.7 2.1 2.1 -7.2
o TasEM (I 0.52 0.52 7 052  0.55
Heat of warming (Md)\ o : //
© on test day- ‘ .. 0.62 1.54 1.9 5.27
2.1 6.00

on full intake N 0.70 .54

\\._ / |

Cool1ng per DDMI 2 \ - L a
(MJ.kg DDMI) = "I,WWD<89 0.84  1.32 3.63

' 86.6%1. 1Y (see text)

Dry matter d1gest1b1]1ty of turnips
76.3+1.0%

mixed ration

U H

Body témperature z 38.5'C, Effective temperature
. ) of frozen turnips = -57°C

| ' on test day = mean feed 1ntake during calorimetric runs

on full intake = feed intake as deSIQned

2 DDMI = Digestible dry matter intake
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the steers as they consumed turnips'at various temperatures

is shown in Table 6.2.

Table 6.2 The temperature, weight and saliva content of
boli from steers consuming turnips of various
temperatures (Experiment V)

Turnip temperature

WARM ~ COLD  FROZEN . +SEM
Temperature (°'C) : _ | o
turnips as. fed 27.9a 2.0b -B.5¢ z ‘ 0.19
bolus in rumen,! 28.3a 18.5b -18.3c 0.11
turnip in rumen 22.0a 3.90 -55.0c 0.7
Wt. of bolus (g) - 72 86 98 8
Saliva in bolus
% by weight o 44.8  42.5 49.2 3.9

' Effective temperature as calculated from the -
calorimetric method described in methods .

2 Equivalent effective temperaturé -65°C

a,b,c,d means in rows followed by the same letter are
~ not significantly different (p<0.05) '

Calculations from these data show that 6.4vand,10;6%;bf
the total heat Eequired to warm‘thé:tUrnipglto~bod¥» J
temperature had been contributed befdfe the .rumen in.thé ‘
COLD aAZ FROZEN turﬁ{ps respectively. With WARM turnips, a
;he;t loss equivalent to 1% of the total heai content of fhe
bolus occurred in the moufh and oésdphagus. Since the WARM
turnips were fed at 17'C above Ta, .heat could be 1osf to the
'ehvironment as chewing took place. Ifiéorregtiop is made
"for‘the apparent:heat,loss-in thenmoufh then 12.2 and 18.4%

of the total heat of warming could be attributed-to the
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mouth with COLD and FROZEN treatments respectively.

| With a rate of .eating of 216 g.min-" and mean weight of
turn1p in a bolus of 46 97,4\7‘bol1 would be swal]owed each
minute. For the CoLD and FROZEN turnip boli it was
~estimated that 44:and 146 W respectively entered a bé\us
while in the mouth. This rate of heat flow is equ1valent to

7 and 28% of the total heat prodUct1on of the steers,

lysis of b011 co]lected v

b

A part1cle size d1str1butlon a
from the steers indicated that about 3 of the total bolus

dry matter consisted of turnip pleces w1th\

\\\\\

‘\
over 1 g ‘The relatively large size. of the turn1p pleces

presumably results in a small surface area per unit mass ﬂ
.which may reduce’ the rate of heat transfer to the bolus both
in the mouth and- in the rumen. ‘If the turnips were chewed .
_1nto smaller particles. such as wou]d accur w1th fresh
forage a faster dissipation of the coo]1ng m1ght occur and
Fumen temperature might have fallen to a greater exten¢ R
The large size of the pieces may also have 1mpllcatlons to “
rate of fermentatlon and rumen turnover as indices of
ruminal digestion. -
'6.1.2;5 Body and Rumen Temperatures

Feed1ng treatment s1gn1f1cantly 1nfluenced rectal
jugular, ear sK1n and ‘rumen core temperature (Table 6. 3).
"The lowest level of HW (0.62 Md per meal) with the WARM |
turnips was 1nsuff101ent to markedly reduce the rise 1n¥hod9

l\
temperature assoc1ated with eat1ng in cattle (Ingram and-



Table 6.3 Heat of warming treatment by. period interaction

“means ;ﬁgrectal, jugular, ear skin, mean body
and rumen core temperature (Experiment V)

Period | T
] 11 11l IV +SEM
Rectafftemperature ey | ]
WARM . 38.0ae  38.2abef 38.4abe 3B.5be
TURHAY 38.0ae  37.9af = 38.2ae 38.3aef 0.03
COLD 38.6af 38.6ae - 38.6ae  38.pae
FROZEN ~  38.3aef 37.80f  37.5bf  37.9abf
Jugular témpe%ature.('C) /
WARM ' 37.748f 38.2bf  37.9abef 37.8abe .
TURHAY. 37.3ae  37.4ae 37.5ar*  37.6ae 0.03
COLD 38.2ag  38.0af 38.1ae  38.1ae
FROZEN 37.9afg 37.0be  37.0bg 38.1abe |\
Ear skin temperature (°C) | ,
WARM " 27.12¢  26.9ae  32.5ae 33.1ae
TURHAY 27.6ae 25.2ae 26.2aef 30.1aef 0.5
coLD '32.7ae - 26.5be  31.4abe’ 33.02ae -
FROZEN  28.4ae 25.4ae  23.0af 24.0af
Mean body.tem;erature (*C) |
WARM " 34.1ae  34.2a¢  34.5ae 34.8ae -
TURHAY 34.6ae 34.2ae  34.4ae 34.6ae 0.3
coLD 34.8ae 34.7ae- 34.9ae 34.9ae =
FROZEN = 35.1ae  34.2abe  33.8be~ 33.9be .
Rumen core temperature (°C) ,
. WARM 38.2ae  38.6ae - 39.2abe’ 39.8be
TURHAY 38.2abe 37.0cf 38.1bce 39.4ae 0.5
COLD 38.9ae° 36.6bF  38.2ae 39.3ae

_FROZEN ~ 38.3ae 31.4cg  34.4bf 37.7af

a,b,c,d means in rows followed by the same letter are
not significantly different (p<0.05)
e;f,g,h means in columns followed by the same letter are
- ~. not significantly different (p<0.05)
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Whittow, 1962). The»intermediate levels of HW (TURHAY end
COLD freatments},caused body temperatures to decline but
recovery wasﬁcomplete by‘Pertod,tV. A 1arge‘decljne in body
temperatures occurred when FRDZEN'turnips-were‘con3umed and-
]1tt1e recovery had taKen place two hours after‘cool1ng
stopped , | |

Rumen temperature wes sién{ficantly,(p<O;Q5):higher by

0.6°C-before feeding in the afternoon than befaore feeding in

~
.
A e

the morning. Rectal and jugular temperature alse showed
this trend.(O.Q‘end Ott'C‘respectiQely) but these stightly

higher temperaturesvdid not appearito'redUCe tne impact of

HY in the afternoon. - There was no 1nteract1on between feed

‘treatment and am or pm measurements, 1nd1cat1ng no

: differentiaT carry-over effect from the morning and/
afternoon measurements. | |

Pre-cooling bodthemperatpres in the morning were not

obvious1y inf1uenced by the previoUs’tO days of;differentia]“J'

HW treatment. There was no particular evidence that the.
TURHAY (turnips plus hay) induced . any less of a decline in .
body or rumen temperaturesAthan the level of HW involYed

,woqu suggest.

v

-

| 6.1.2.6 Oxygen Consumpt1on

| Oxygen consumpt1on during Per1ods I and III was.
sxgn1f1cantly {p<0.05) above the other treatments for FROZEN
-turn1ps. but only in Pertod II for the COLD treatment (Tab]e
6.4). In the latter part of Per1od 11 and for about»halffof‘r
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Table 6.4  Heat of warming treatment by period 1nteractlon
means .for oxy?en consumpt1on»(]1tres min-1)
(Experiment V

&%
Peribd - N
1 1 v
WARM  1.21ae * {.70be| 1.49abe 1. 36400
TURHAY =~ 1.27ae  1.76be | 1.48abe’  1.50abe
CoLD 1.30ae  1.83be™  1.66adbef 1.58abe .
FROZEN 1.30ae 2.256F 2.080f t.57ae
/

a,b,c,d means in rows fo]lowed by the same letter are/// :
: : not significantly different (p<0.05)
e,f,g,h means in columns followed by the same Ietter are
- not significantly different (p<0. 05)

.

|

Table 6.5 ’Heat productlon of steers relative to the heat
of warming (Experiment V)

Feed Treafment

WARM TURHAY - COLD FROZEN -

A

“Heat of warming (MJ) ¢ l ' ' / - ,
total HW per meal 0.62 1.54  1.96  5.27
(1 hour) ‘ : R v -

Heat production (MJ)
total M duringvgge ' o
feeding hour 2.17  2.20 2.25 - 2.85
increase in M A
during.feeding ‘ S :
over Period I , 0.59  0.56  0.67 . 1.24 -
- cumulative increase R ’ cL
~inMover 3 h - o L :
(Periods II, III, 1V) 113 114 1.43° 2.48




TV,

Period III steers on the FROZEN treatment sh1vered In most/}
cases sh1ver1ng did not stop the steers eatlng | ?
; A slight trend existed towards higher pre- ﬁeed1ng |
oxygen consumpt1on in the morn1ng for steers on the FROZEN

turn1ps (FROZEN treatment 7% above WARM) However, when am
and pm pre feedtng data were comblned this trend was no

longer ev1dent ‘ Combined am and Pm pre-cooling oxygen
consumption was 1. 30“1.33, 1428 and 1. 31‘litres min-1 for 9
the WARM, TURHAY COLD and FROZEN treatments respectively.,

Thus even w1th a “continuous perlod (10 to 13 days) of

d1fferent levels of HW, any increase in M induced by the

cooling was temporary over. the feeding perlod and 2 to 3

- hours post- feed1ng

"The heat production of the steers over the feed1ng
per1od and the accumulated 1ncrease in M over pre- coo]1ng - Ny
- levels for the time after cooltng re]at1ve to HW ls shown in
_Table 6.5 . Oxygen consumpt1on showed an increase over
- pre-feeding values of 38, 37, 48 and 84% during feeding ‘ ;
(Period II) for the WARM"'TURHAY COLD and FROZEN treatments
respeotively. The increase of 0. 59 to 0. 67 Md could be
| accounted for sole]y by the energy expend1ture assoc1ated ‘
w1th‘eat1ng turnips (Adam et al., 1979). The increase in M
during feed1ng was equmvalent to 95 35, 34 and 23% of the
" total HW in the WARM TURHAY COLD and- FROZEN treatments.
Oxygen consumptlon over the measured 7 h (am plus pm)
‘was extrapolated to 24 .h total oxygen consumpt1on usng

va]ues of 1.31, 1.34} 1.36 and 1.36 litres.min-' (the



: é§‘ weighted mean of a progressive decline from post-feeding

afternoon to pre feeding morntng oxygen consumpt1on) for the "
ﬁM 13 h period rollow1ng the pm treatment through to the am
%j" pre feeding period. Daily heat production was calculated
from oxygen consumpt1on to be 39.1, 40.0, 40.5- and 43.1 MJ
for the WARM, TURHAY COLD and FROZEN respectively. The
1ncrease in daily M over WARM was 2.8, 3.6 and 10.4% for the
TURHAY, cOLD andvFROZEN treatments. While these differences
are not large, they are s1m11ar to differences in daily
‘energy expendlture associated with consumlng feeds of q
dtfferent physical forms a top1c which has received
cons1derab1e research effort compared with the .cost of
-warming the feed.
| At the higher levels of HW, much of the HW is
unaccounted for by an]increase in M and is absorbed as a
,deeline in H and HC. This conclusion is similar to earlier
work ih this seriesi(Expehiments I, II ahd IIT) and to the

studies of Holmes (1970, 1971b). : “rw?
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6.2 Experiment VI  Comparison of cooling by the mouth of
the rumen v

Experiment VI compared the effects of the same quanti'ty
~and rate of HW caused either by eating cold turnips or

prédominantfy by cooling the rumen.

6.2.1 Design and Measurements

The experimertt was made on steers receivihé the COLD
treatment in Experiment V. On a morning 5rior'to, or
afternoon following a measurement in Experiment V the steers
were offered 15.0 kg of WARMtturnipg and the rumen was
cooled by 1.4 MJ using the rumen coo]ing'coi1, giving a
-total cooling equivalent fo the consumption of COLD turnips.
Approximétely 70% of the cooling wAs via the rumen cooling
coil and'the remainder from feed consumed. A comparison of
the results obtained from the two -€ites of cooling was made
using the same measurements as in Experiment V. The data
were analysed by analys1s of variance of the random1sed
sp11t plot des1gn w1th all dinteractions with steers ‘used as

the error variance.

2

' v
6.2.2 Results and Discussion
The oniy signific;nt difference méasufed be tween tge
two sites of cooliég was a lower rumen temperature when the
coil was used (Table 6.6). Tru was lower in Periods II, 111

and IV.
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Table 6.6 Mouth vs rumen cool1ng treatment by period
' interaction means for rumen temperature (°C)
(Experiment VI) : :

Period
1 I 1 1y
Turnips (2.1°C) 3922 36.7ce  38.2be 39 4ae
Turnips (26.7°¢) |
plus - 39. 0ae 35.4cf 37.3bfF 38.6ar
. 1.4 MJ cooling :
(by COIL)

a,b,c,d means in rows followed by the same letter are
" not significantly different (p<0.05) .
e,f,g,h means in columns followed by the same 1etter are
‘ not significantly different (p<0.05)

Due to the presence of the coil in the rumen, turnip
intake was reduced from 12.9 to 9 6 Kg per mea | presumab]y
due to bulk limitation to 1ntake (see Baile and Forbes, |
1974). A calculation similar to that when the. COIL and
INFUSION. methods of cooling were compared in Exper1ment I,
‘but using bolus temperatures ’ and saliva:turnip ratios from
Exper1ment V was made Due to the difference in turnip
intake, a 1.7° C difference could be anticipated between
treatments with the rumen cool1ng showing the lower
temperature. A part of the additional 1.7°C drop in Tru was
because the supplementary cooling by the coil was designed
on a basis of the COLD turnip intake and thus the total
cooling by coil Plus WARM turnips was too high (6%) for the

lower turnip 1ntake
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On the basis of}the re]at}vely small percentage of the
heat of warm1ng which occurred in the mouth (Experiment V)
and the lack of important differences between the HW by
mouth or rumen in this experiment, rumen coo]1ng would

appear to be an acceptable experimental model] for studies on

the heat of warming.
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6.3 Experimeht VII  Turnips fed before or aﬁter'hay :
' The order in wh1ch a m1xed rat1on of TO kg COLD and 1

- kg of chopped hay was fed was compared in' thts Experxment

6.3. 1 Experimental Design and Measurements

The experiment was made on steers during the TURHAY
treatment in Exper1ment V. On a morntng prlor to, or
afternoon follow1ng, a trial on the. TURHAY treatment the
steers were fed hay pr1or to turn1ps whereas in a TURHAY
measurement turn1ps were fed f1rst A compartson of the -
influence of order of feed1ng the two feeds on changes in
'body temperatures rumen temperature and oxygen consumption
"was made. Similar measurements were made as in Exper1ment v

/
and the data were analysed as for EXpertment VI

6.3.2 Results and Discussion |

By feed1ng turnips before hay, rumen temperature was
lower in Period 11 (Table 6.7) than if hay was fed first.
Th1s 1nteract1on is shown more expl1c1tly in Flgure 6.2.
.The difference due to the order of feeding on rumen
temperature was an alteration in phase of the time course
change in rumen temperature rather than a marked influence
on the amplitude ot the change. There was noJother
significant effect of order of feeding.

There is little evidence from this experiment that the

order of feeding the high moisture feed in a mixed ration -
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Table 6.7 Order of feeding treatment by per1od
interaction means for rumen core
temperature ("C) (Experlment Vil)

Period N
1 I 111 IV, +SEM
TURNIPS | S - |
before HAY 38.6ae  37.5be  38.4ae 39 9ce |
RS | | 0. 14
HAY before ' - A
TURNIPS 38.7ae  38.2af 38.2ae 39.0be

a,b,c,d means in rows followed by the same letter are .
- . not significantly different (p<0.05)

ve,f,g,h means 1n columns followed by the same letter are
‘ not significantly different (p<0.05)

has any important effect on the response to the cooling.

6.4‘Genena1-DiSCUsét0n Exppriments v, VI and ViI
. 16;4.0.t Heat and Mass Tranferé;during Eating '

From data collected in Exper iments V, VI and VII it was
poss1ble to estimate on a.theoretical bas1s the var1ous heat
and mass transfers that took place durlng feeding. A number
of assumptlons are necessary but “the conclusions g1ve an
‘ 1nd1cat1on of the relat1ve 1mportance of the var1ous heat
and mass transfers. |

 The following data from Experament.V were used.

~



The mass end temperature of the feed oonsumed by
steers during the‘calortmetric runs. |

The mass and temperature of the rumen contents, before
and after the morn1ng feed1ng period. |

The computed mean body temperature of the steers
'hefore and after feeding - (as‘descr1bed in Genera]
Methods ) .

The mass of saltva leav1ng the body and enter1ng the
‘rumen est1mated from the sal1va turnip ratios in the
boli co]]ected Since feedlng was continuous over the

eating period, it was assumed that all saliva entering

- the rumen was associated with boli.

The heat production of the steers before and during -
‘feeding. |

‘Heat flows from the body to the mouth, extrapolated

from the results with individual boli.

t
The followtng assumptions were made:
Before‘the morning feeding, thermat equilibrium
existed between the rumen and the body and between the ,
body and the environmenti eg. 'Tr = Tru and M =
Mass lost from the rumen during feed1ng was equat to
- the pre- feedlng mass. of the rumen contents plus

~additional saltva and feed less the mass of the rumen

. contents at the end of the feed1ng period. No &

dtstlnct1on was made between. the mass 1eav1ng as -
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digesta or as'Water efflux across the rumen wall.

3. The mass leaving the rumen pool did so at the mean
temperature of -the rumen contents and that th1s mass
wou id equ111brate with body temperature.

4.  That evaporative (E),heat;]oss,was minima] (17 w.m-é

Blaxter and Wainman,. 1961) and"the mass loss |

associated with E (120 g.h- 1) was 1n51gn1f1cant in the

'mass’ transfers 1nvolved and could be ignored., |

5. The mass loss from the body as urine .and faeces would
not be greater - than #% body wetght h-1 wh1ch would
have little 1mpact on the ca]culatton of body heat

content .

The total heat gained or lost by the rumen: was
calculated. Heat f]ows were ca]culated from a base of 0°C.
By reference to the temperature gradtent between the body
core- and the rumen, the: change in rumen heat conhtent. was
mathemattcalty apporttoned to heat produced 1n the rumen;

- from fermentatton and that transferred with the body .
'Ftnally, 51nce the ‘change 1n tota] body ‘heat content was
esttmated from the change in mean body temperature; some
1nd1cat10n of change in heat Ioss to the env1ronment could
be made . The mode | proposed for this analysis is shown in
thure 6 3. '

The results of such a heat transfer balance for the

steers 1n Expertment V 1s shown 1n Table 6. 8 for the am

&
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Steady State

(1) |
Pre-Feeding
W,T, Rumen Heat Content
W,T, = Body Heat Content

(2) During Feeding

~ My = Heat Transfer Between Body and Rumen

Outflow (Rumen)
x(Ty+Tg) 2

' (3) Post-Feeding

Heat Content of Rumen Pos’t-Feediyng

—

Mass + Heat Flow

‘= - Heat Flow

Mass and heat transfers between the body. the
rumen and the environment during feeding

“(Experiment V)
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feeding measurements - Changes in mass have been omitted

from the tab]e because no maJor net change in body mass'

| occurred Loss 1n body mass to the rumen as saliva (10 to ’

IR Kg) was almost equa] to the gain in mass moving from the

rumen dur1ng feed1ng which was ca]culated as 10 Kg based on

before and after feed1ng rumen volumes. The fo]]ow1ng-

po1nts~may be noted: -

1.

- through rumen contents moving out of the rumen to the

Unless rumen temperature decreased by more than 5°C -

during cooling/feeding, the net gain in heat by the

rumen from saliva was~offset by the loss'tn heat

~

ﬁ;rom-the body to the’mouth was small B

= fo other heat flows except for the FROZEN
ﬁtrQ» gt where it was 0.53 MJ. : ,;
Hea bleased in the rumen dur1ng the feed1ng hour was

greal ; than the heat flow from the body to the rumen

\

ff but the FROZEN treatment. The 0.80 MJ of heat

gen??ited in the rumen represented the heat ga1ned by

“the rumen from fermentatton if there had been no

temperature d1fferent1a1 betweeT rumen and rectal

'temperatures and represented apdrox1mately 3.5% of the

d1gest1b]e energy 1ntake over the feed1ng per1od

‘Heat flow 1nto the rumen of greater ‘than about 0. 50 My

over the one hour feed1ng period stimulated an-




represented heatnstorage in the WARM treatment but
loss of heat from the body . equal to 40, 33 and 26% of
the total HW in the TURHAY COLD and FROZEN
treatments ) e A

6. >The balance pred1cted an 1ncrease in H over the
cool1ng perlod in the WARM and TURHAY treatments.,
Although in the WARM treatment mean sKin temperature

” did r1se above pre- cool1ng values after cool1ng, a

sl1ght drop occurred dur1ng feed1ng/cool1ng Thus _!
‘unless evaporative heat-loss 1ncreased durtng'
feedlng/cool1ng the model under - est1mated heat flow
from the body | The pred1cted H of the FROZEN
treatment of 1.27 MJ per hour is similar to the
vfast1ng heat product1on of - 1.24 My wh1ch was'.

calculated for these steers from a mean l1terature‘

value of 70 W.m-2 (ThompsonJ 1973). , T

6.5 Summary “Experiments V, VI and VII

Rumen cool1ng appeared to be an acceptable alternative
to the eat1ng of cold feed in the study of the effects of Hw,
.w1th1n certain limits 1mposed by the relative volumes of the
“rumen and the food This conclus1on was based/on the small
- percentage of the warm1ng (<20%) which occurred before the
" rumen and’ from a direct compar1son in wh1ch HW was prov1ded '
“either v1a the mouth or predominately through the rumen
_which showed llttle 1mportant dlfference between the two

s1tes of cool1ng
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Any 1ncrease in metabollc rate which occurred 1n
response to HW appeared to be on]y temporary over the 1atter'
)stages o@ feeding and for the ensuing ! to-2 hours. No
'ev1dence of a change in basa] (15 h post*feeding) metabolic
rate was detected . }‘ |

- The subst1tutlon of part of a high mo1sture Feed by a
h1gh dry matter but lower d1gest1b1l1ty feed did not |

influence the effect of HW in any obvious way other than

, would be expected from the decrease in HW due to the

subst1tut1on : |

A mode] us1ng data obtained in these experiments showed
heat flow 1nto the rumen from the body in response to a-
reduction in rumen temperature by consum1ng co]d feed could
be large and equ1valent to >60% of the pre-cooling heat loss
to the env1ronment. The increase in metabol1c rate was
x1nsuff101ent to cover this: heat flow into the rumen and™%
heat debt occurred in the body heat content, In th1s
A_exper1ment the body heat debt was fully recovered six hours

after the cool1ng took place.
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7. EXPERIMENTS VIII and IX  ENERGY BALANCE STUDIES AND THE
HEAT OF WARMING

?esu]ts from the prev{ous experiments jndfeated that effecfs
of the heat of warming (HW) on animals were dependent not
only on the level of HW (Experiment I and V) but also on the -
level of feed intake (Experiment III% It is possxble that
over a wide range of energy intake and HW that an
interaction may exist between feed intake and HW.
A]though‘no important carry-over influence of the

effects of HW from one feeding period to another occurred

‘when feeding periods were 6 h apart (Exper1ment V), the

-effects of Hw were persistent for at least two hours after

rumen coo]1ng/feed1ng (Experiments I and II1). More
fredﬁent feeding and cooling are likely to occur under
natural gra21ng of h1gh mo1sture feeds. = " :;
Extrapo]atlon from short-term measurements (Eip&riment
V. 4 h duration) conducted at one feed intake indicated that

any increase in M due to HW was small on a daily basis.

uHowever,'complete energy balance studies should permit

better interpretation of such increases in M in }enms of

e@krgy retentiohiand possible changes induceg by HW in the

nu{ritive value of a feed. ‘
| Experiments VIII and IX were designed to exafne

longer-term (2 week) effects of various combinations of HW

. and feed intake.

117
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7.1 Experiment VIII  Energy balance of “young sheep at five

levels of energy intake and fivé levels of the heat of

¥
warming

Experiment VIII was designed to incorporate a wide
range of HW and energy intake (IE) in an energy balance
trial with frequently'fea young. sheep. The objective was to
identify any important jntéractions bétween HW and feeding
level whfch might require further analysis and to determine
whether high levels of moisture and/or cooiing had an effect
on chemical or heat energy losses from the body .

This Experiment approached HW more from a nutritional.g
(or daily energy balance) standpoint, rather than as a

physiclogical study as had been the approach in earlier
experiments.
| Eive levels of energy intake, each fed at five levels

of rumihaf cooling (HW) were;s incorporated into a Greco-lLatin

square involving five lambs.

7.1.1 Experimental Methods

7.1.1.1 Animals

Five Suffolk cross-bred, 6 month old wether lambs of a
meaﬁ liveweight of 34.8%1.0 Kg and with a fleecé depth of 5
to 6 cm were selected. Two weeks before the experiment
began the lambs were fitted with an intra-ruminal infusion
tube. These tubes were fitted into the sheep at fhe normal
site for a rumen fistula (Hecker, 1974) under local |

- {
anaesthesia (procaine hydrochloride, Novocain, Winthrob

oy
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E

Laboratory). FQH]owing a 2 cm cutaneous incision, the
subcutaneous muscle layers were penetrated by blunt
dissection and the rumen epithelium was drawn up to the skin
and sutured in'three p]éEes. A PVC catheter (Canlab Ltd.,
1aboratory grade) was inserted into the rumen throughAé 13
gauge needle and secured with a purse-string seture. A
small (3.mm) permanent fistula was established in four out
of five cases by this technique In the Fifth Tamb the
result1ng flstula was larger and lteakage of rumen flu1d
'occurred and a 1 cm rubber cannula was inserted. Smal]
f1stu1ae were considered preferable in this. exper1ment to
m1n1m1se the possibility of heat loss from the rumen.
The‘lambs were accus tomed to-the experimental schedule

before the experiment began.

7.1.1.2 Feed Intake and Heat of Warming Treatments
During the five 21 day periods, each lamb experienced
one combination of each level ofwenergy intake and ruminal . .

cooling as, shown in Table 7.1

7.1.1.3 Levels of energy intake and heat ofbwarming
A concentrate barley alfalfa pellet (Ration A) was fed
at five levels, 20, 35, 55, 80 and 110 g air dry feed.kg
LW-075 ddy-1'. Intake levels‘were calculated individual]y
for each lamb from liveweight on day 1 of each period.
| The daily ration was fed in 6 equa] portions at 3

hourly intervals from 0830 h by a mechanical automated
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Table 7.1 -Greco-Latin eqUare design KEXperiment VIII)

Period(

I I 111, v oy

Lamb 14  IE 1 35 110 20 80 55
- HW COLD  HoT DRY WARM . cOOL
Lamb 20  IE 110 80 55 20 35
e COOL  COLD  WARM  HOT DRY
Lamb 38 . IE 20, 55  11p 35 80
HW "WARM " DRY COLD  COOL  HOT

Lamb 41  IE 55 35 80 110 20
HW - HOT  WARM  COOL . DRY CoLD

Lamb 42  IE 80 20 35 55 110

HW DRY cooL HOT ~ COLD - WARM

' It = Levels of energy intake '
20, 35, 55, 80 110 g fresh feed.kg LW-075 .day -1
HW = Heat of Warming treatments, water 1nfused

at 2, 12, 22 or 38°C for CoLD, cooL,
WARM and HOT or fed dry (DRY)

feeder which deposited each meal in the feed box over
approximately seven minutes.
The ruminal cooling (HW)‘treatments were by rumen
infusions of tap water The quantIty of water infused was
equ1valent to feeding a 10% dry matter rat1on The |
temperature of the infusate was 38.0, 22.0, 12.0 or 2.0° C,
de51gnated HOT WARM, COOL and COLD treatments respect1ve]y

For the fifth HW treatment the ration was fed with no
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supplementary»water infusion (DRY). X
Infusions were made by a fihger pump (Harvard Apparatus
_ Co.,'Infusion—Wﬁthdrawal Pump, Model 955) over BX 1 h perieds
at 2 h intervals begihning at”0830 h.  The various infusion
rates were achieved by alter1ng the rate of delivery of the
pump and by the d1ameter of the dellvery tubes (Technicon

Autoana]yser tubing). The infusions were ma1nta1ned at the

des1red temperature at entry to the rumen by 1nsu1ated

catheter covers (see Experiment ). o ’}

7.1.1.4 Measurements |

Feed and water 1ntake faeca] and urine output and.
Tiveweight - o '

Durfng.each perfod,vdays 1 to 10 were‘allowed for
adjustment from‘the‘pbevious intake ahd HW treatments.
Daily faeca] and urlne collections were made from day 11 to
20, Fresh’ faecal weight was recorded and a sub- sample dried
(48 h at 70°C) for subsequent dry matter and intake energy
determinations.—_Urfue‘was telected under acidic conditiOns
(80 m1 3 M hydrochloric acfd).' Urine volume ‘was recorded
daily and an aliquat bulked over the 10 day collection
period for subsequent energy and n1trogen analysis, Feed
res1due wh1ch only occurred on the 80 and 110 intakes was
recorded da11y as was the volume of any residua] infusate.
Drinkihg'water intake, corrected fof evaporation was
. recorded over five days from day 11ﬂ’ Energy content of

feed, faeces and urine was measured by standard bomb

\



calorimetry (Parr Ad1abat1c Ca]orwmeter Model 1241) and

n1trogen content of the urine was determ1ned by the KJe]dahlf”'

procedure (AQAC, 1965)

On day 21 of each period'all lambs uere'fed ‘at the.55
intake leve] and rece1ved the COOL rum1na1 infusion
treatment to reduce var1at1on in gut fill before we1gh1ng
the fol]ow1ng day | |

Respiratory Gaseous Exchange

.
-

Oxygen consumpt1on was measured cont1nuously for 23 h
beginning at 0830 h on two occas1ons 2 days- apart dur1ng
days 16 to 20 1nc1us1ve of each period. System A was used

for one of the measurements and System B for the other

- measurement on the same lamb), except in Period I when system -

A was‘used for all measurements When system A was used, ,
carbon dioxide and methane product1on was atso measured A
malfunction of the methane analyser prevented measurement of
methane product1on in Per1ods IT and III Air flow through
the ventilated hoods was 30 to 60 ]1tres.mfna‘ STP, the
lower rates being used with the lower Feed Wntakes' o

At the conclusion of the above treatments four of the
lambs were fasted for four days and oxygen consumpt1on was
measured for two. periods of 30 minutes one hour apart
(Fast1ng Heat Product1on, FHP) . ~The lambs’ were then shorn
(1.2320.34 Kg wool) and weighed. f -
‘Standing-Lying Behaviour h | |

During early periods of the experiment subjeCttye

observation revealed that standing-]ying behdviour might be
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mod1f1ed whlle the lambs were in- the hood Consequently'
standlng and lylng time was mon1tored cont1nuously for 23 h_
‘over,days 16:to 2O.dur1ngvthe latter three periods of the
‘-EXperiment. :A ltght strlng‘round the trunk of each lamb was
“flexibly attached to a m1cro switch mounted above the
_ metabol1c crate and an event recorderO(Esterl1ne’Angus Co.)
recorded the durat1on of lying -and stand1ng 'The total
standtng t1me ‘over 23 h on days prior to dur1ng and after
lenclosure in the hood was calculated. |
‘ Body temperature measurements
\ ' Rectal, ear and trunk skin and.rumen core temperature
'andlthe temperature of the rumen infusate were recorded
simultaneously on all lambs for 23 h continuously-from 1700
‘-hlon day 13. Where more than three consecutive 30 mln
4temperature records were not available the da1ly mean
ttemperature was calculated as a weighed mean. | The wetghting._'
factor for each half hour per1od was calculated from all.
ycomplete data for each body temperature. |
fStat1st1cal analys1s‘ | |
The stand1ng-ly1ng data which was not complete for all
"treatment comb1nat1ons was analysed by a least squares
analyses of variance for unequal numbers . All other data
'were statlst1cally analysed as a Latin square with feed

1ntake HW treatment sheep and pePlOdS as the ‘main fixed

sources of variance giving 8 df for error.
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7.1.2 Results and‘Dtscussion; ’ _ |
7.1.2.1 Feed Intakes and Heat of Warmtng Achieved |
ihe actual mean datly feed intakes achteved were 20 3 |

35.2, 54.8, 74.8 and 98.4 g. fresh feed Kg LW 075, .day- for t

the destgned 20, 35 55, 80" and 110 feed intakes

respect1ve]y. At the two htgher feedtng leve]s sma]] feed 4

‘refusa]s_Were occasionally recorded. ‘Feed consumed‘was

}' ca]culated on the basis of the meén tivewetght durtng the

‘per1od but feed offered in each pertod was based on the

11vewe#ght of each 1amb at the beglnnlng of each pertod

-Thus at h1gher feed1ng levels where the 1ambs ga1ned wetght

" feed consumed was sl1ghtly below the: de51gned 1ntaKe ’ |
With the DRY treatment sheep drank 0.47 litres. water‘

per day at thé 20 1ntake level and water 1ntakeArose to,§.56.

- litres at the 110 ihtake tevel. 'Drinking}Water‘contributed‘

up to 85% of HW in the DRY_treatment. The greatest

- contribution t24%>’of food to HW was with the 38’C‘infusion

treatment. In all other treatments the matn source of HW ﬂt

was from the infused water.

The total daily HW per lamb per 24 h for each 1ntake -

. .

level and 1nfusxon temperature 1s shown 1n Table 7.2, HW'_
per day ranged from 0.04 MJ at thé 20-HOT treatment to 2.08
MJ for the 110-COLD treatment wh1ch\1s a 52 fold range HW
per unit of dtgesttble energy (DE) 1ntak$ was relatively
constant across intake levels buk 1ncreased 10 ttmes from

the HOT infusion treatment to the COLD infusion.
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Table 7.2 Total-heat of warming' (MJ.day" 1) for each
. .combination' of energy intake and infusion
-~ temperature. (Experiment VIILD)

.

. Infusion . S T R VE
~ temperaturée . Feed intake (g.kg LW-975 day-1)

Design Actual 20 35 55 .80 110  HW/DE

38.5 37.4 .04 0.05 0.07 0.13 0.12 gs1.g
\ N . i1.4 ‘ E A : ’ L :

CDRY . DRY 0,07 0:13 0.26 0.17 0.45 . 2953 g
N S NG \ - o
220 21.8 0.19 0.29 0.58 [0.73 0.99  5p42
1200 11,5 0,30 0.550.91 N5 1.55  g743
T s0le | B : | T
2.0 25 0.45. 0.73 1. 0 2.08 11923
s AN DR
 HW/DE 56 58 g3 56 65 sew - 210
! Hwk='Heét of Warmihg‘(KdIday’ ) :
DE ='Digestib1e energy intak (Md.day“)
Voo “

| '-f7:1,2.2‘Digestibiiity of bry'MatfeE and Gross Energy
. Digestible dry matter (DDM) and digestible energy
coefficients for each infake‘ahd HW combination are shown in
}Tablé 7.3.- There was a,significaht difference in both
~digestibilty coefficients due to intake level. An
voﬁthbgonal comparison indicated a high linear cbmponeht in
the feed infake‘tbéatmént variance. The simple regﬁession
equétibn of digestibie\energy (DE) on intake energy (IE) was
Y = 0.770 - 0.056(£0.009)X ................ .. (7)
R2 = 0:.60, RSE = +0.021 MJ DE.MJ IE-

where Y = digestib]e energy intake per unit of intake ehergy



Table 7.3 Digestible dry matter and didestible energy
.coefficients for five feed intakes and 5 |
levels of heat of warming (Experiment VIII)

Feed intake treatment

126

HW - . - HW
treatment 20 35 55 - 80 - 110 mean
- Dry matter digestibility (g DDM.q DM-1)
HOT  0.770  0.755 0.751 0.693 0.708  0.735
DRY 0.766 * 0.718 0.727" 0.708 0.702  0.704
WARM  0.743  0.768 0.757 0.704 0.665  0.727
~COOL  0.743 © 0.759  0.744 0.743 0.655  0.729
COLD  0.763 ~ 0.735 = 0.717 0.693  0.704. 0. 722
Feed intake : ' +SEM
mean 0.757a 0.747ab 0.739ab 0.708bc 0.687¢  0.007
Digestible energy (kJ DE.kJ GE-')
HOT 0.752  0.747  0.750 0.706 0.696 - 0.730
DRY 0.767  0.707 0.716 ~ 0.702 ~ 0.689  0.716
WARM  0.737  0.755 0.753 0.692 0.643 . 0.717
CoOL  0.727 0.753 0.737 0.736 0.650 .0.721
~COLD  0.751  0.728 0.704 0.675 0.696  0.711
Feed intake | ) - _#SEM
mean 0.746a 0.738ab 0.732ab 0.702bc 0.676C  0.006
\ ' '

Each value is one digestibility trial with one lamb

a,b,c,d means in rows followed byfthe same letter are
not significantly different (p<0.05)
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kMJ DE.MJ IE"" and X = intake energy per unit metabolic
weight (Md IE.Kg LW-075 .day- 1) Th1s relat1onsh1p pred1cted a
decrease in the dwgest1b111ty of gross energy of 0.038 for'
an 1ncrease in feed intake from 40 to 80}g.kg‘LWf°”5rday'T,r-”
f.e. from maintenanee te twice maintenance. Sinilar 4
declines in digestﬁhi]ity with inCreasiné.feed intake have"'
.been recorded many“times.(Blaxten{ 1962; Schneider and
Flatt, 1975). - | ~'

| There was no. statistical. ev1dence that d1gest1b111ty of
dry matter or 1ntake energy was 1nf1uenced by HW treatments.
AThe regress1onéeoeff1c1ent for HW 1n the multiple regress1on
.equat1on of d1gest1b1l1ty on IE and HW was negat1ve but |
small and not statistically s1gn1f1cant - Over the range of
HW per unit IE of 8 to 88 KJ.MJ-1, DE coefficient was
pred1cted to fall from 0. 775 to 0.763 or 1.5% wh1ch is of
l1ttle pract1ca1 1mportance Other reports have failed to
show a- 51gn1f1cant effect of snow as a source of water (S1ms»
~and Butcher 1873) or rumen loading w1th cold water
(Cunningham et a1 1964; Battachyra and Warner, 1968;‘Bred,
1379) on d1gest1b111té§ 4

7.1.2.3 Standing Time

. The total time per 23 h that the Tambs stood while in
the ventilafed hobd‘was reduced significantly (p<0.05)' |
compared to the time spent standing on days prior to, or
.aftervthe respiratory‘gaseous exchange measurements;(Figure

7.1). The reduction,was 100 min or 23% of normal standing
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time. There Laséhohsignlficant’effect of feeding level or HW
treatment | | S o |

The freedom of movement of the lambs in the hood did -
‘not appear. to be restr1cted since the lambs stood up and lay
down freely. The background noise level in the experimental
room was 72dB but was only 62dB in the hood. When the level
in the room was raised 23dB, there was 15dB'lessvnoise‘in
the hood than in the room. The reduced standlng time may
have been a result of less d1sturbance by extraneous no1se
in the hood. | | |

In another experiment (Nlcol‘et\al 1979)_wh1ch ran

concurrently with th1s experiment, the energy expend1ture of
s1m1lar sheep when standing was 19 J. Kg-'".min- ' h1gher than
when lying. This additional energy expend1ture assoc1ated
iw1th standing is w1th1n the range of other estlmates (Osu31
1974) and s1m1lar to a more recently pub11shed value of 22
J.Kg- mm ' (Davey and Holmes,/1977) Y

All da1ly heat production measurements were raised by
0. 08 MJ per lamb (19 0 J x 4@ kg l1vewelght x 100 m1n) to

account for the add1t1onal stand1ng time.

7.1.2.4 Methane Productlon and Metabol1sable Energy Intake
Methane productlon over. a 23 h perlod was recorded from
only 14 of the 25 gaséous exchange measurements ‘but a
further 9 observat1ons were ava1lable from Experiment IX |
u51ng the same ration, feed intake levels and sheep as 1n-

this experlment  The comblned data were used to calculate B
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the methane energy losses as a percentage of IE. ;The,
‘resultant linear regression equation was: -
Y= 148 - 3.8(£0.5)X L. (8
| R2 = 0.83, RSE = #15 Ky methane My IE-
| where Y = Methane energy (kd methane.MJ IE-".day~').and X =

-

1E 1ntake (Md) _
Th1s equatlon pPedlCted me thane energy - losses o; 11% at
a IE intake of approx1mately maintenance and a. fall to- 8% at
.2X malntenance These levels are sl1ghtly hlgher than -
.Blaxter (1962) reported for a range of pelleted feeds
‘ Equatjon 8 was'used to pred1ct methane'losSes for each
IE intake in this trial S1nce the methane- data were, not
vhcomplete for all of the treatment comb1nat1ons and. because
no obvious trend in methane productlon with HW treatment
ex1sted no attempt was made to adJust methane losses for Hw |
treatment | t
Ur1ne energy losses var1ed from 7 7% of I on the 20
1ntake to 3 7% of IE at the 110 1ntake level. “This. decrease
in urine energy losses as a percentage of IE repréiented a
' reduct1on of 0.7 percentage units for a doubl1ng of fé%g
~1ntake A decllne.of between O 6 and 0.8 percentage units
in urine energy as feed intake doubles was cons1stent Wlth -
previous reports (ARC, 1965)
' Metabollsable energy 1ntake was calculated for each
intake and HW treatment comb1natlon from the actual IE

1ntake faecal, and urine energy losses for each lTamb and

pred1cted methane losses ThegIE concentratlon'of the‘"

P
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pelleted barley alfalfa ration (Ration A) was 18.}i0.1

“ MJ.Kg-' dry matter. Metabo]isaéﬂebenergy (ME) intakes are
shown in Table 7.4. '

| MetaSolisable eﬁergy intake;increased significantly
with increasing feed intake but»Qas not significantiy
influenced by HW treatments. The hetabolisability of IE
(ME/IE) was not influenced significantly by éither

" treatment. The mean metabolisability was 0.570 MJ ME.MJ-'
‘IE, equiva]ept to a ME concentration in the dry matter of
10.3 MU.kg"' feed dry matter.

The metabolisability of DE increased with feed intake
by 2.4 percentage units as feed intake doubled. ME)DE at
maintenance was 0.800. Although earlier work suggested that
.ME/DE declines slightly as intake increases (ARC;"WQGS),
more recent analysis of many studies (Blaxter and Boyne,
1878) showed thét a decrease does‘not always occur and a
small inérease mayiéécur if the relative decline in DE with
increasing intake is greaterlfhan thé decline ih urine and

methane losses.

©7.1.2.5 Daily Heat Production

Heat.prodUCtion measured by system A and B was
compared. For 22‘paired measurements (one jamb on bo;h -
systems 1 to 2‘days apart) the regression of system 1 on
system 2 was & - ) 5 |

Y =0.10 + 0.98(20.06)X ........... e (9)

R2 = 0.93, RSE = 0.53 M

-
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Table 7.4 Daily metabolisable energy intake, heat
production and energy retention for individual
lambs (Experiment VIII) '

Feed intake treatment

HW 20 35 55 80 110 HW
Treatment - Mean

Metabolisable energy intake (MJ.day ')

HOT 2.73 4.35 6.94 10.66 14.04 7.74
DRY 2.98 4.75 6.34 10,32 14.31 7.74
WARM 2.66 4.10 8.50 11.08 12.75 7.82
CooL 2.38 4.77 8.68 10.32 13.68 7.97
COLD 2.86 4.70 6.61 9.16 13.86 7.44
Feed intake +SEM

mean  2.72a 4.53a 7.41b 10.31c 13.73d  0.3f

Heat production (MJ.day-1)

HOT 3.60 4.27 '5.18 7.85  9.13 6.01
DRY 3.74 4.96 5.08 7.98  9.16 ‘6.18
" WARM 3.78 3.88 6.13  7.43 = 8.90 6.02
cooL 3.97 4.82 6.22 7.20  8.68 6.18
CoLD 4.28 5.07 5.81 7.04  8.85 6.17
Feed intake » - +SEM
mean  3.87a 4.60ab 5.68b 7.50c 8.90c  0.26

Y o Energy retention (MJ.day-1)
HOT ~ -0.87 0.08 1.76 ~ 2.81  4.91 1.74
DRY -0.87 -0.21 1.26  2.34  5.15 1.53
WARM  -1.12  0.22 2.37 3.64  3.85 1.79
COOL  -1.59 -0.05 2.46  3.12  5.01 1.79
 COLD - -1.42 -0.37 0.80  2.12  5.21  {.27
Feed intake ' ‘ +SEM

mean -1.17a -0.07a 1.73b 2.81b 4.82c 0.17

a,b,c,d means in rows followed by the same letter are
not significantly different (p<0.05)
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where Y = heat production (MJ) by system B and X = heat
production measured by system AT There was little
systématic difference bethen the systems and no correction
was made for the respiratory gas analysis systém used.

Heat production measured on‘the'first and second
occasion were also compared by régression analysis with the
following result. | o

Y =0.26 + 1.05(+0.06)X ....... e I (10)
Rz =70.93, RSE = 20.53 M
where Y = heat production (MJ.day ') measured on day 2 and X
= heaf production measured on the first occasion. There was
littlé difference between success;ve‘measurements giving
confidence that the lambs were well adjustea.to tpe indirect
calorimetric techniques used.

The mean heat production (M) for each feed intake and
HW combination is shown in Tab]e’7.4. There was no

_significant difference in heat production due to HW
treatments but the feed infake effect was statistically

significant (p<0.05).

7.1.2.6 Fastfng Heat Production

Fasting heat production, measuréd at theuend of the
experiment was variable between the first and ggcond 30 min
measurement. The lambs appeared to be more excited than
during the main calorimetry runs. The lower of the two
meésurements on each sheep was used as the estimate of

fasting heat production. The mean value waé 232 kd.kg



LW-975 day-' on the basis of unfasted, wooiiy liveweight or

254 KU.kg LW-075.day" ! fasted, fleece-free ]iveWeignt This
latter value is Simiiar to other pubiished va]ues for. the

fasting heat production of sheep which range from 239 to 269

KJ.Kg LW-%75 day-! (Blaxter, 1962' Graham 1967; Rattray et -

“al., 1973} and suggested that" these woolly sheep, "in tng

absence. of any HW were in thermoneutra]ity

7.1.2.7 Energy Retention | o |
Heat production was subtracted from ME intake for each
treatment'combination to give energy‘retention (RE,
Md.day‘i) shown in Table 7;4;i Energy;retention increased
significantiy (p<0,05) as ME intake increased butiwas
unaffected by HW treatment. The relationship between RE and

ME intake per unit metabolic weight is shown in Figure 7.2.

Conventional linear regressions of RE on ME intake above and

. 134

v

below zero energy retention reveaied an efficiency'of.

utilisation of ME for maintenancei(km)\of 73.5% and

efficiency for production (kpf) of 50.8%. .For a ME/IE of

57.0% measured in this Experiment the ARC (1965) equations

would predict a km and kpf of 71.7 and 49, 2 respectively

The pOSitive energy balance equation predicted the

requirement of ME for maintenance to be 293 kdJ.kg

LW-075% day-' and the eqUation below zero energy balance gave

a figure of 306 KJ.kg LW-975 day-*. J |
The GEeco-Latin square design_used in this Experiment

‘does not permit the statistical analysis oiiinteractiongl

AN

)
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T
between the main tneatment effects. Howevér,venergy
retention data showed a trend towards a decline in RE with
increasing HW at low ME intake but not at the higher levels
of féed intake. A division has been drawn within each
intake 1eve1»between'chsecutivé HW levels which show a >50%
reduction in RE over thé mean of lower HW Tevels (Table

7.5).

Table 7.5 Feed intake by heat of warming treatments
which reduce energy retention by more than
50% (Exper1ment VIIT) :

Feed intake treatment

20 35 55° 80 ~ 110
HOT - - S
DRY - .- - - -
WARM XXX - - -
COOL - xxx XXX - - -

COLD XXX XXX = XXX XXX -

XXx Energy retention reduced 50% below mean of 1ower>
cooling levels within each level of intake

By thisvarbitary division, RE in the treatment combinations
xxX‘were reduced by 50%. | 7

Above maintenance (>40 g feed.kg LW-°75 day-') HW
greater than 8% of DE (COLD treatment) reduced enérgy
retention by 50%, but at 1ow‘levels of feeding HW equiva]ent
to the consumption of the ration at 22°C (WARM treatment)

was sufficient to reduce energy retention by 50%.
' A\ .
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Although ne1ther ME 1ntake nor M was s1gn1f1cant1y
’ affected by HW treatment any effect of HW treatment on. RE
is 11Kely to be by an 1ncrease in.M rather than a decrease
-1in ME intake. An 111ustrat1on of a poss1ble 1nteract1on
between M and Hw is shown 1n Flgure 7 3. "M and M HW (M less
total daily HW) have béen p]otted for the 20 and 110 feed
1ntaKe levels. At the low Tevel of Feed 1ntaKe M rises by
almost 20% from the lowest to highest HW, wh1le M at the
h1ghest feed 1ntake remains relat1ve1y constant w1th .
‘increasing levels of HW.

When HW is deducted from M, a relatlve]y constant leve]
of M is 1nd1cated at the low level of feed intake and a
large drop is shown for the high feed intake. This model{
suggests that at low energy intake where 'S is not greatly .
above minimum heat loss then M is elevated to meet HW.
‘Fast1ng heat production measured in th1s Exper1ment wou]d
suggest m1n1mum heat loss was 3.50 My per Jlamb per day. On
the other hand at high energy 1ntake Mis sufficiently high
that M-HW is above m1n1mum heat loss at all levels of HW andﬁ
no increase in M is requ1red to cover HW. Th1s conclu510n‘
- is consistent w1th earl1er work in this. study (Exper iment
II1) which showed.a much reduced response to ruminal cooling
where feed intake was 1ncreased

’Ey reference to Tables 7.2 and 7.5, the same total
quantity of HW, for example 0.73 MJ. day-1', at the 80 feed
v1ntake had apparently little effect on M whereas at low (35)

intake levels M may have 1ncreased with the same daily HW.
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Figure 7.3 Heat production (solid line) and heat production’
less the heat of warming (broken line) of lambs
fed two levels of feed intake and receiving five
levels of the heat of warming (Experiment VIII)
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Thellevel of feed intake appears to be much more important

to the ultimate effects of HN on M than the level of HW per

. se.

i

7.1. 2 8 Rumen and Ear skin Temperature ;

Dawly mean rumen and ear sk1n temperatures were the‘
only body temperatures recorded which showed s1gn1f1cant
treatment effects (Table 7.6). The effectsﬁof both the feed -
intake 1eve1 and rum1na] coo]1ng treatment on rumen and €&ar
skin temperature were in accord w1th previous experiments.

A]though mean daily ear skin temperature declined with
ufeed 1ntake, no significant effect of ruminal cooltng
treatment was observed However the 1nd1V1dua1 standard
errors of the rum1na] coo]ung treatment means show that the
daily var1at10n in ear sK1n‘temperature‘was greater with
tnoreasing levels of ruminal cooling. This greater
variation in ear skin temperature was a reflect1on of a fall
in ear sKln temperature with cool1ng and recovery after
‘cooltng - While ear skin temperature declined with
1ncreas1ng ruminal cool1ng at the high levels of feed
intake, the effect*was not as marked at the Tow feed
intakes. Far skin temperature in fact showed a slight rise
with increasing ruminal cooling at the lowest feed intake
level. | | o

Mean daily rumen temperature was reduced by up to 1°C
‘with the higher levels of ruminal cBoling but this reduction

did not decrease the apparent digestibility of the ration.-
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Table'7.6‘ Mean da1ly ear skKin and rumen temperature for
' - all feed intake and heat of warming treatment
comb1nat1ons (Experlment VILI) . .

: 2 Feed‘intakettevelwgv B
LHM e e
treatment. 20.. 3 - 55 80 110 mean
— \ T ‘
DR A P Ear sk1n temperature (e RO
HOT T 12,4 165 27.2 0 29.3 340 23.950.71 1
DRY ~ 16.0 13,0 17.8 27.4 335  21.5+0.98 ~
WARM 5.4 “13.6° 26.9 18.2 237 - 19.6%1.09 -
.- cO0L- . 16.3  16.8  13.7 - 29.8  21.3  19.6+1. 14 -
Loloocob 210 123818 234 23.3  18.0%1.27
. Feed intake o SRR Lt ”fiSEM:vxf

~mean . 16.2a 14.5a 19.1ab 25.6b 27.2b 2.1 o

- Rumen core temperature (fC):a

HOT . +38.8 38.7 39.1 39.0 38.7 @ 38.%
DRY .~ 39.0- 39.3 39.0 39.4 39.4  39.2
WARM 38.5 38.4 38.7 . 38.7 38.4 38.5F -
cooL 38.4 37.9 38.3 38.2 38.5 " 38.3F -
COLD 37.9° .38.1 37.1 38.2 37.8 37.8g/
Feed intake I o , +SEM

mean ~ 38.5 38.5 38.4° 38.7 38.6 ‘otnz,;we~'-"

| a,b,c,d means in rows fol lowed by the same letter are
-not significantly different (p<0.05) ‘

e, f,g,h means in columns followed by the same letter are
not s1gn1flcantly d1fferent (p<0.05)

1 Standard errors for 1nd1v1dual Hw treatments o
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‘Rumen temperature did not rise with increasing feed intake.
Although HW of each rumina] cooling treatment relat1ve to
energy intake was constant as energy intake 1eve1 1ncreased»
(see Table 7. 2), the Pate of coollng 1ncreased ae/feed1ng
~ level increased A more rapid cooling rate induced a
: greater decrease in rumen temperature (Exper1ment II) The
i more rapid cool1ng rates at the higher feed 1ntakes may have-
negated the increase in rumen temperature which m1ght have

been anticipated at the h1gher feedlng levels.



7.2.1 Exper imental design
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of water,y
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7.2 Experiment 1xf The influence of feed1ng 1eve1 and heat
d of warming on the heat product1on of sheep

~Exper1ment.IX.was de51gned to further‘examine;the

g pposs1b1e 1nteract1on between the effect of HW and energy
“ 1ntake on heat product1on wh1ch appeared to ex1st 1n
t} Exper1ment VIIL. Such an interaction would have potent1a11y

| 31fportant pract1cal 1mp11cat1ons in determ1n1ng feed1ng

1evels of high mo1sture feeds

{

The heat. product1on of four’ young sheep at f1ve ]evels

”ujof feed intake w1th two levels of ruminal coo]1ng was

;f.?.2.1.1 Feed_intake and Rumen Coo]ing Treatments

W

The f1ve feed1ng levels were those used in Experiment

VIII, namely 20, 35, 55 80" and 110 g feed.Kg LW-075 .day-!

é#?ﬁ The automat1c feed1ng system and t1m1ng of feed1ng were

Lo

.“o‘l‘v

those used in Experiment VIII. The two. rum1na1 coo]1ng

treatments were. the extremes of the flve ]evels used 1n ‘the

: prev1ous exper1ment the HOT treatment, a rumlnal infusion

,;? the COLD treatment, water igfused at

2.0°C.

. feeding SN B ch' that the effective dry matter

percen 1s 10%.
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7.2.1.2 Animals

ff”wour of the sheep used an. Exper1ment VIII were used in
this exper1ment _ The‘mean 11vewedght was 47.0i1.8;Kg and,
they were approx1mate]y 10 months old Fleece depth Was
3. 8+O 2 cm at the beg1nn1ng of the 10 week exper1ment and
. mcreased to 7.1%1.1 cm by, the end of the 10th week when the
sheep were shorn (1 4%0, 1 kg wool). Ruminal 1nfus1on

"catheters were 1nsta11ed as in Exper1ment VIII.

- 7.2.1.3 Design ‘

| - The experiment cons1sted of 10 seven day perwods Two’

i of the sheep (14 and 38) began the exper1ment at the 20 feed
1ntake level and 1ncreased to the next highest feed 1ntake *Al
]evel at weeKly 1ntervals Sheep 14 received the HOT _ |
ruminal infusion treatment and sheep 38 the COLD treatment
for the first f1ve weeks. After five weeks ,. by wh1ch‘time

- the sheep had exper1enced all f1ve feed intake levels at one
ruminal 1nfus1on temperature the ruminal Tnfu510n.
treatments were reversed and feed intake decl1ned weekly .
through the five levels. ,The.rematnjng two,sheep followed
the reverse des1gn 'These two sheep (20 and 41)‘began‘at'
“the h1ghest feed 1ntake proceeded weekly to the lowest,
changed ruminal 1nfus1on treatment and 1ncreased through all
feeding levels over ‘the f1nal five weeks of the exper1ment

~ Feed intake was based on the mean llveweTght of each sheep

- palr before feeding on day 1 of ‘each .period. One sheep (41)

d1ed of undeterm1nab]e causes dur1ng Per1od 9 when on the

+
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80-COLD:treatment" A'substitute sheep (32) was available
“and used in Period 10. but the data were 1ncomplete for

Per1od 9.

7.2.1.4 Measurements ” ' e

Tota] faecal co]lect1ons were made from day 2 to 7 of
'each per1od throughout the exper1ment and sub samples dr1ed
vda11y | | o
Resp1ratory gaseous exchange measurements were made

over cont1nuous ‘periods of 7 h on all sheep on day 6 of each

d(_,per1od - The gaseous exchange of two sheep (14 and 38) was

always made from 0900 to 1600 h and the other two sheep (20

and 41 or 32) from 1700 to 2400 h. |
On the basis of the 24 h heat. procht1on measurements"

made in Experwment VIII these 7 h per1ods were equal to

29. 7 and 30.1% of total daily productlon for the am and pm h

measurements respect1vely | o |
Resp1ratory gas ana]ys1s system A was used on sheep 14

and 41 or 32 and system B on the other two sheep (20 and

- 38).

vv 2 ) .

7.2.1.5 Statistical analysis : _

| Heat product1on data were analysed by Ieast squares

vanaIyS1s of variance for unequal numbers w1th feed 1ntake

level, rum1na1 1nfus1on treatment and previous feedfng Teve]

'(feed 1ntaKe in the prevvous period) as . the main effects

o
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7.2.2 Resuitsnand Discussion .
| Daily heat prcduction rose significant}y'(p<0.05) with
feed intake (Table 7.7). Previous feeding level also
‘ significantly influenced heat production. When measured
during‘a rising sequence of feed intake levels, i.e. when
previbus feeding level.was"7ow, heat production was 5% below
the mean M for the feeding level measured. Conversely, when
heat prcduction'was meanred on a declining feed inteke
sequence, M was 5% ‘above the mean. Tota] faecal output over
days 2 fo 7 of each period showed a similar carry over
leffect of .6%. The carry~cver effects were consistent
across intake levels.
Heat\progucticn»was not significantly influenced by
‘rumen ccoiing‘treatment nor did therinteraction_of ruminai
-cooling treatment with intake level reach.statistical
significance However, the same trend existed as in
Experiment VIII towards higher heat production with the
higher levels of ruminal cooling at low feed intakes but not
at higher intakes. The apparent increase in M at the 20
feed intake‘was eddal“to 81%o£ the difference in HW between
the COLD and WARM ruminal infusion treatments. _ At the 80
_intake level the difference in M between the COLD and HOT
) treatments was eqnivalent to only 3% of the ruhinal.cooling:
Taking the ME concentration of the ration to be 10.3 |
M. Kg-' dry matter (measured in Exéfriment VIII), ME intake

and energy retention (RE) were calculated for each treatment

combination and are shown in Table 7.7 together with energy
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Table 7.7 Heat production, metabolisable energy intake
and energy retention for the two ruminal
cooling treatments (Experiments IX) and
energy retention (Experiment VIII) '

Ruminal Feed intake treatment
infusion .
treatment 20 35 55 80 - 110
(1) Experiment IX &
‘Heat production (MJ.day~')
HOT 4.33 5.29 6.54 8.38 10.66
COLD 4.86 5.66 6.70 8.42  10.43
) Mean ' ‘4.60a 5.47ab 6.62b 8.41cC 10.544
COLD-HOT 0.53 0.37 0.16 0.04 -0.23
% difference ’
COLD-HOT 12.2 7.0 2.6 0.5 -2.0
‘Metabolisable energy intake (KJ.kg LW-975 day-1)
. HOT . 205 305 488 720 912
: COLD 208 . 311 "~ 485 704 993
COLD-HOT 3 6 -3 -16 ’ -9
% difference ‘ :
COLD-HOT 1.5 2.0 -1.0 -2.2 -1.0
Energy retention (kJ.Kg LW-°75 . day-1)
HOT . -46 2 125 . 259 342
cob  -78°  -19 120 252 358
COLD-HOT 32 -21 -5 -7 +16

(2) Experiment -VIII
Energy retention (kd.kg LW-975 day-1)

HOT -55 +5 130 185 320
CcoLD -90 - 36 57 214 348

COLD-HOT -35 -41 -73 +29 +28

a,b,c,d means in rows followed by the same letter are
not significantly different (p<0.05)
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retenfion‘data fﬁgm Expérjment VIII for combarison. The
mean difference in ME intake between the COLD and HOT
treatments Qas small (<2¥%) while large differences in RE
occurred at the lower. feed intakes.

In a convéntional approach to calculating the‘
efficiency of utilisation of ME for‘méintenancé and gain in
the COLD and HOT treatments, ]inear regressiong of RE (kJ.kg
LW-97%.day~*) on ME intake (KJ.kg LW-275 day-1) were
computed fbr’below zero energy balance (FHP, the 20 and 35
feed intake levels) and positive\energy balance (55,80 and
110 feed intake levels),(Table 7.8).

Table 7.8 Lfnear regressions offenergyvretention on

metabolisablq energy intake above and below
zero energy retention (Experiment IX)

¥ :
Regression v o
Infusion coefficient Intercept Rz RSE !
treatment b a ) N '
Negative energy balance '
HOT 0.780 223 0.94 27
, 0,057 :
COLD 0.648 -225 0.87 35
- +0.073
Positive Energy Balance .
HOT ; 0.528 -195 -~ 0.87 45
j +0.065 -
CoLD | 0.612 - =133 0.86 42
+0.060 '

I

! Residdal étandard error (kd.kg.Lw4°75nday")
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The eff1c1ency of ut111sat1on of ME for ma1ntenance
(km) with the WARM treatment was 13 percentage units h1gher
-than with the COLD treatment The ut1llsat10n of ME. above
zero RE,,(kpf) was 9 percentage untts higher for the COLD
treatment' The km and kpf equat1ons predicted an”1ncrease |
~in the ME for maintenance (zero energy retention) of 61 and
67 KJ.Kg LW‘°”5.day‘1 respective]y forvthe coLD treatment
| This 24% 1ncrease in ma1ntenance requirement was equivalent
‘to an 1ncrease of 1.8 kJ. kg LW-075 day' Q ] dnfference in
temperature between the rum1na] 1nfus1on treatments.

The convent1onal apport10n1ng of ME~abcve and below
zero RE has some biological basis (Blaxter, 1962) and is
conventent for célcu]at1ng feed requirements a]though a
‘contlnuously var1able efficiency may be preferable from a
statistical standpo1nt (Blaxter and Boyne, 1978)

On the other hand there is no logical reason for the
change in the relative effect of HW on Km and kpf to be
associated with zero energy balance. The changing effect of
HW on efficiency of ME utilisation was a reflection of the
progressive increase in HW as ME intake increases and the
decreasing influence‘of HW on M as ME intake increases

(Table 7.5).

7.3 Summary  Experiments VIII and IX
k A wide range of ruminal cool1ng treatments were found
to have no maJor effects on faecal or urinary energy losses

over a wide range of energy intakes.
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\

There . was a strong trend towards a reductton in energy

retent1on with h1gh levels of rum1na1 cooling at low feed

_1ntakes due to an apparent 1ncmease in heat production. The

; trend was abSent at ‘high feed 1ntakes ’ These experiments

demonstrated that.a cons1derable (24%) 1ncrease in the ME
5equ1rement at ma1ntenance may be caused by the consumpt1on
of a high mo1sture feed at 2 C in a. 10 C ambient
temperature

The 1nteract10n of HW W1th feed 1ntaKe level reduced

,the_eff1ctency of utilisation of'MEdfor maintenance, but
increased the apparent utilisation of ME for energy gain.

"Energetically there~wouldaappear’tpabe an advantage in

feeding cold high moistire feeds at levels well above

~maintenance. - y

e



8. EXPERIMENTSAX'AND XI HEAT OF WARMING AND ACUTE CHANGES
IN AMBIENT TEMPERATURE

~ Ambient temperature to this point has not been included as a
variab]e.in these eXperiments. Prtority has been given to
‘establishing relationships between,the response of an . antmal
to changes in the heat of warming independent of the effects
of amb1ent temperature |
However, there is evidence-that ambient temperature
'(Ta) does influence the response of an animal to HW (Ho]mes,
.. 1970; 1971a) Under field cond1t1ons with high moisture |
feeds, there is an intimate relat1onsh1p between Ta and Hw
As Ta dec11nes, Hw wou]d be expected to increase 1f feed
intake rema1ns constant Therefore in Experiments X and XI
the 1nteract1on @f Ta»w1th HW was: examined by measuring the
heat production at amb1ent temperatures from +10° to’-20'C
of cattle and sheep experlenc1ng various levels of the heat

of warm1ng

8. 1 Exper1ment X The heat production of'steers at three

amb1ent temperature following four levels of heat of warm1nd
The oxygen consumption of steers fed turn1ps or turn1ps

plus hay 1ncorporat1ng‘{pur levels ,of heat of warming was‘

“measured at ambient tempérqtures of +10, -8 and —20_C.

150
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8.1.1 Experimental Methods
8.1.1.1 Animals

3

>

The animats'used were_those described in Experiment V;
- four 2.5 year old rumen fistulated steers weighing 40614
Kg. All four steers were used for measurements at 10°C but

only two (Horny and Polly) at -8 anﬁ —ZO'C}

8.1.1.2 Feedingtand’ﬁeat of Warmtng Treatments

The exper1menta1 treatments were as in Experiment v,
be1ng 15 kg of WARM (27°C), - COLD (2 C) FROZEN (-8°C)
turn1ps or 10 kg of 2°C turn1ps ‘plus 1 Kg hay (TURHAY). Al
rations were fed tw1ce da11y The Hw per mea] was 0. 54
1.54 1.96 and 5.27 MJ per steer dur1ng the 1 h ‘eating period
-wh1ch was equ1valent to a cooling rate during eat1ng of 30,
87, 105 and 295 W.m-2 for the WARM, TURHAY, COLD and FROZEN |
treatments respectively. &
,8.1.1.3 Measurements /
o nygen consumption was continuously measured for two
“hours following the morning feed1ng period. The
measurements at +10°C were made in conjunction w1th
.‘Exper1ment V on days 10 to 13 of each 14 day per1od On day\
14 of the perlod the steers were moved 1mmed1ately after
the morning feeding per1od to a cold chamber pre cond1t1oned
~to -20+3°C with an air movement in the chamber at animal
height of approximately 1 m.sec-'.

At the end of Experiment V, the cold chamber was reset
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to -8°C. The steers were-held'at‘+10'C and fed eaoh of the
four feed/HW treatments in random order on four success1ve .
morn1ngs fo]]owed by the 2 h exposure at 8" c over Wthh
oxygen consumptlon was measured _

| The_Steers-didhnot appear to be disturbed by the change
of location. "The same:ventilated.hoods were used for aﬁlﬂ
measurements.  With the head of the steer in the vent11ated
hood, Ta in the hood was 1 to 2°C above the room

temperature « .

8.1.2 Resu]ts and Discussion'
| Mean heat production of the steers over the 2 h
: exposure at each ambtent temperature was expressed per un1t
surface area and is shown in Table 8.1. Surface area (m-2)
was taken as 0.09 LW’bﬁﬁeCthe Meeh formula, Blaxter 1962).
Heat production increased with declining5Ta with M at
-20°C 52.7% greater (p<0 01) than at +1O C. As in |
_Experiment Vv, M was higher in. the post feed1ng per1-%f when'
‘FROZEN turn1ps had been fed.
Although there was no stat1st1cally 51gn1f1cant
: dlfference in M between the first and second hour of
measurement, the mean_for the second hour was 8% below the
first hour. This trend of a decrease in M during the second
hour of.eXposure may have been a reflection of the
decneastng impact of HW in the second hour after cooling and "
was greater with the higher ]evels of HW. There«was no
significant,interaction between Ta and HW v M. The
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‘1

- Table 8.1  Heat production (W.m"2) of steers over 2 h
: exposure to ambient temperatures of 10 and
-20° C (Experiment X) ' ,

Feeding Amb1ent temperature ('C)' : Feeding

treatment . = ‘treatment
L +10_ -8 -20 . Mmean
WARM .0 93 - 120 . 145 122e
TURHAY ™ 103" 106 151 - . 120e
CoLD - 112 122 0 178 . 137ef
FROZEN - 127 149 195 157
Ta’ | R
Mean 110a 124ab +.168b

, ‘ o e
SEM(Ta) = 3°C, SEM(Feeds) = &11 W.m-2
a,b,c,d means 1nvrows fol lowed by the same letter are :
not significantly different (p<0.05) :
e,f,g,h means in columns followed by the same letter ‘ar'e
’ not 51gn1f1cantly dlfferent (p(O 05) :
difference in'M‘between WARM and FROZEN treatments was
relatively consfsteﬁt, being 36, 58 and.49 W.m-2 at'+1d‘ -8
‘and -20'C\respectively On the basis of the statlst1cal

d1fferences between treatments shown in Table 8 1, it was

assumed that M had been increased by: -

1. | Ta in all measurements at -20°C
2. HW in al] measurements with FROZEN turn1ps and -
3. the 8 c, COLD turnip treatment . |

A linear mult1ple regress1on of M on Ta and HW {W.m-2)

was computed us1ng the above data. _
= 96 - 2.45(£0.57)X1 + 0.165(£0.055)X2, ...(11) |
R? = 0.83, RSE = 13 W.m-2 -

where Y = heat production (W.m=2), X1 = ambient temperature
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{"C) and X2 = the heat of warmtng oer mea] expressed per ,H

_body surface area (w m- 2) Both regress1on coeff1c1ents were "
'»51gn1f1cant (X1, p<O 01 ‘and X2, p<O 05) .. The s1mple

correlatlon of Mwith Ta and HW were Tow (R2_=-o.43 and 0.25

~=respect1vely) and not s1gn1f1cant

For a decline of 1" C in Ta, M increased by 2 45 W.m-~ z‘;,,,-

”Th1s f1gure is close to the value for total body conductance’
.‘of steers of.2.4 W.m 2 g1ven by Blaxter and Watnman (1961).
Dur1ng the two hours of measurement a change of 1°C in
';ambtent temperature increased M to the same extent as 14
W.m-2 of HW in the previous hour .
The effect of Hw on cr1t1cal temperature (TC) can be
est1mated us1ng the formula from Blaxter (1962) | |
| fé =W?r (M - Emin - G) ;:Ct ....;...:....,(12)‘
uhere Tr % rectal temperature (°C), M*h= thermoneutral heat
- productlon (108 W.m"2 in this Experlment) Emin = minimal
‘¥ evaporative heat loss (17 W.m-2, Blaxter and. Wainman, 1961)
and G = heat of warming (0.165 x HW W.m-2) Ct is the total
body conductance of 2?45 w;m~2; '
~ With zero HW, critical temperature (Tc) was calculated
to be b2.0'c. Tc increased to +1.5, +S‘4' +6.7 and +20.1°C
for the WARM, TURHAY COLD andKQSOZEN treatments
respecttvely Furthel 1nterpretat10n of these resu]ts is

made in Section 9 of" th'ls study. ’, 1& o

¥
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- 8.2 Expertment‘XI Heat production at two ambient
l;températures of sheep at five feed intakes

The oxygen consumption of four sheep fed at five levels
of feed intake each at two levels of HW was measured at

amb1ent temperatures of +1O and -20°C.

8.2, 1 Exper\mental Methods
8.2.1.1 An!mals , |
The sheep used were those descr1bed in EXperlment IX,,

i.e. 10 month old sheep, we1gh1ng 47+1 5 Kg and carrying 3

to 7 cm of fleece

8.2.1.2 Feeding and romen’cooling (HW) treatments.

The levels of feed 1ntaKe and ruminal cooling (HW
treatments) were descr1bed in detail in° Exper1ment IX. The
feeding levels were 20,35, 55, 80 and 110 g.kg LW-975 day-!
of a pelleted concentrate ration (RATION A) and ruminal
cool1ng was by water 1nfused 1nto the rumen at 38 and 2°C

(HOT and COLD treatments)

8.2.1.3 Measurements

Oxygen'consumption was measured at a Ta of +10 and
*20'C‘on"day 6 and 7 respective]y of each seven day
exper1mental perlod described in Experlment IX. For the
-20°C measurement the sheep were moved 1n,pa1rs to the

pre- condtttoned cold chamber- for a 7 h per1od over wh1ch the
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8.2.2 Results and Dlscuss1on '

156

'appropr1ate feed1ng and cool1ng rout1ne (Expertment IX) was

ma1nta1ned nygen consumpt1on was measured over the final

Vfour hours of the exposure and compared to oxygen ;
consumptlon over the same time per1od at +10°C, One pa1r of
'sheep (14 and 38), at the same. feed 1ntaKe but one on the

COLD and the other on the HOT ruminal 1nfus1on treatme

were measured from 1200 to 1600 h over ‘a sequence (hour ) of .

fed, not fed, not fed, fed. The second. pair of sheep were

exposed from 2000 to 2400 h and oxygen consumptlon measured :

over a sequence of not fed fed ‘not fed ‘not fed. The

comb1natlon of the two sequences gave the max1mum

' feed1ng/rumen cool1ng per jods (W1th1n the exper1menta1

.des1gn) in a four hour per1od

Sy B/
Heat product1on calculated from the gaseous e %ihange

' measurements .is shown in Table 8 2 In add1tlon to a

s1gn1f1cant (p<o0. 01) 1ncrease in heat productton with feed - :

intake which cqgwmed the results of Exper1ment IX, the
analysis showed a s1gn1f1cantly (p<0. 05) h1gher heat '

production with the COLD ruminal 1nfus1on The 1ncrease in -

M with the deCIIne in Ta was twice as great in the COLD than -

HOT treatment (Table 8 3)

"y

The 1ncrease in M w1th decreased Ta in the COLD
treatment was most marked at the h1gher levels of feed ,
1ntake At the low feed 1ntake (20 g.Kkg LW-°75 day-1), the

“’JA

increase in M (12%) due to the h1gh level of rumen. cooling™

&

g‘%@ S : '=' Q
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Table 8.2  Heat production of sheep (W.m-2) during
‘ exposure to +10 and -20°C when fed at
five levels of feed intake and with two rates
- of rumen cooling (Experiment XI) 2 '

Rumen Ambient o Feed intake level

“infusion ‘teh?er?ture -~ (g.kg LW-°75 day-1)
a0 35 55 80 110
$10 - 47 55 g7 g3 o107
HOT . - S S
=20 74 88. 83 88 105
e +10 . 5j 59 68 86 103
COLD '

20 73105 123 122 q31

Table 8.3 . Ambient temperature and rumen infusion
temperature interactionrmeans-for'hea;

‘production (W.m-2) of sheep
(Experiment'X1) o R

Ruminal ~Ambient temperature (°'C) .
~w#. infusion : ; — Difference
. - treatment - 410 - =20 (-20 less +10)
15%%;4 } — s
T Hot " Tilae  gBae . 17

co T4ae.  110bF 36

(COLD-HOT) 3 28

a,b,c,d means in.rows followed by the same letter are
o not significantly different (p<0.05) .
~e,f,g,h means in columns” followed by the same letter are
- ~ not significantly different (pgp.05)
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| occurred at high'(+10;c) ambient temperaturesr For a

| response to rumlna] cool1ng at the h1gh levels of feed
;1ntake,.a lower Ta was requ1red but ‘the metabollc response
was greater (40%) . For example, at the 80 g feed 1ntake

level and the HOT (38" C) ruminal 1nfus1on M 1ncreased by

only’6 W.m-2 (7%) whereas with the COLD (2° C) 1nfus1on M

“increased by 36 W m- 2 or 42% with the dec11ne%1n Ta. Th1s
1nteract1on of feed 1ntake level, Ta and the heat of warm1ng

- will be d1scussed in the next section.

=
i ' } PN



9. THE HEAT OF WARMING FOOD - A PERSPECTIVE .

9.1 Effect ive Rumen Cooling
In most previous dtseussions on the warming of food and.
water ceneemed at temperatures below body temperatere,'the
heatfef warmjng has been expressed either as.a continueus
effect over a»24\h period (see Blaxter, 1962) or .considered
to exist only over the eating/drinking period (Ho]mesl1970).
The evideﬁce'from the present stpdies,suggests thataneither
of these, two time'bases:is the most approprtate in defining
the agtuaL’impa%t of the heat of warming. \
: The conSume%iSn of cold food or water in effect cools

the rumen and the lowered rumen. temperature may have an

effect on the host animal. The rumen acts as an
1ntermed1ate thermal poo | Aetween the cold food and the
an1ma1. The net rate of heat flow into the rumen from the
body may reflect a more realistic estlmate of the effectlve
cool1ng of the an1mal per se, than HW expressed per 24 h or
over the feedlng per1od If the net heat flow into the

rumen was valuable in defining the actual cool1ng of the

'an1mal due to ‘the consumption of cold feed, then it is

important to quantlfy the effective rumen cool1ng (ERC)-in

response. to' to varyung amounts of HW and if possible provide

- a pract1cal means for pred1ct1ng ERC under f1eld conditions.

ERC can be cons1dered as a total quant1ty of heat or as a

3
’

159
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\
~rate in a similar way to HW.

The consumption of cold high moisture feeds has two
primary effects in the rumen as a consequence of the lowered
temperature: - ' \

1. Direct stimulation of therma] sensors in the rumen and
subsequent]y the body core which presumably 1nduce the
phy51olog1cal and metabol1c responses to cold. In
this regard, the rumen and body act in concert. The
sensation by the animal of the rumen cooling will
likely be dependent on rumen temperature or rate of

, change of rumen temperature and would therefore
probably follow a time course such as that depicted in
Figure 4.1 (Experiment I, page 39): ‘

2. IndUction of a temperature gradient between the rumen
and the deep body and thus a net flow of heat into the
rumen . Heat flow from the body to the rumen not only
depends on the temperature gradient between the body
‘and the rumen (see Experiment iI) but also on rumen
volume and heat gained by the rumen from microbial

'fermenthtion in the rumen. - In this context the body

and the rumen contents can be conSIdered as two

separate heat pools

,np>'An estimate of the heat flow from the body to the rumen.
‘over the eat1ng per1od was made in Experiment V (Table 6.8,

‘page 113) Because of the potential s1gn1f1cance‘of-the |

)

¢ ‘ o : o
! .. s? N ; - S ' : : Y
.'%kag L )
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ERC, a;further analysis of the rate of heat flow from the
body ihto the rumen over the feeding énd post-feeding
periods was made using data from woolly sheepiruminally
cooled during feeding, and in the absence of feeding |
(Experiment 15r~ Details of the method of estimating heat
flow into the rumen are given in append1x VIIT and the
results are shown on Figure 9. Points of interest from
this ana]ys1s are: - '

1. Heat flow from the body into the rumen waehﬁe great in
the 30 min after rumen cooling stopped as in the first
30 min.of rumen cooling.

2. Only 55Lto 65% of the total hé%t flow into the,rumen’
occurred during the actual rumen-eoo]ing phase.

3. 95% (NOT FED treatment) and 100% (FED treatment) of
the net cooling of the rumen had been recovered by the

~rumen within 2 h post cooling.

4.‘ When feeding accompanled cooling.the heat flow from
the body to the rumen was reduced: by 20 to 40% and the
rate of recovery post coollng was more rapid. The
contribution of fermentation heat production was equal
to 30 to 40 kJ per My bf digestible energy intake.
Webster et al. (1975) estimated that over a 24 h
period 30 to 60 ky of fermentation heat were produced
per MJ of digestible energy 1ntake but did not glve an
hourly or diurnal breakdown of the fermentation heat

production. The present est1mat1on of the o

contribution of fermentat1on heat depends on
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Figure 9.1 Heat flow into the rumen of sheep durin? and following 210 ky
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of rumen cooling over 1 h (Experiment
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| ) |
’assumptions of differences in the rumen volume of FED '

and NOT FED treatments and may tend to overestlmate
fermentat1on heat product1on during feed1ng and
underest1mate the contr1but1on of fermentatlon heat

\kw1ng the immediate post feedlng per1od

5, A heat flow into the rumen of a sheep of 80 KJ over.

A

one hour was equivalent to a heat flow of 140 W.m-2 of

rumen surface'area -about three times the minimum rate

of heat loss from the external surface of the sheep

The heat flow profile, from the body into the rumen was
dependent on HW (temperature, dry matter and quant1ty of
food) and the amount of fermentat1on heat (quant1ty of food
consumed) ., The heat flow.from the body to the rumen over
the hour of eating presenied in Figure 8.1 .and from Table
6.8 (Experlment V with cattle) was regreseed against Hw per
unit of DE The relationship is shownt?h F1gure 9.2. As HW
1ncreased by 10 KJ per MU DE 1ntake the heat flow into the
rumen as a percentage of DE intake/ 1ncreased by 0. 56
percentage units.

In the Exper:ments used to estab]1sh the. relat1onsh1p '
1n F4gure 9.2, the rate of eatlng was 4 to 5 g dry matter.Kkg
Lw ! h . The percentage of HW enter1ng the rumen dUr1ng
the e§&1ng perlod depends on the rate of cool1ng/eat1ng

(Experlment II) The deviation from this model,

[N
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Relationship of heat flow into the rumen and rumen cooling .
per unit digestible energy intake (Experiments I, 1leand 11

matter per minute and broken line a four-fold. range in the. .’ J
rate of eating o . . a
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e
(Experiment II) is also shown in Figure59'2
The heat f]ow 1nto the rumen 1n the hour after cooling
is approxwmately 50% of that dur1ng cool1ng (Figure 9. 1). and

the rate of coo]1ng ’l1m1ts would be reversed, W1th faster

‘rates of rumen cooling 1nduc1ng greater heat transfer into

the;rumen after cool1ng stopped s
A further s1mp11f1cat1on in def1n1ng the heat flow into

the rumen from the body/can be made if the assumpt1on is

‘made " that all high moisture feeds have a dry matter content

of 10% and.abDEvcontent of the dry matter of 14.5 MJ DE.Kg

DM~ Then for every °C that the ﬁemperature of the feed was.

below 33° C 2 ki of heat wou]d move from the body to the
rumen per Kg of fresh feed eaten in one hour W1th a feed
temperature above 33 C, this relat1onsh1p predic%s a heat
gain by the animat from the rumen as a result of micrbbfa]
fermentation jnvthe rumen. ;

Further refinement of the prediction of heat flow into

d

- the rumen would be possible with knowledge of the actual

rates of eating, total time spent eating and rumen

temperaure changes associated with €ating under field -

conditions.

9.2 A ‘possibie Heat of Warming mode!

The most common approach’ to pred1ct1ng the 1nfluence of

;the env1ronment on domestic - spec1es has been to est1mate'

total heat loss from the physical heat exchange of the -

animal with the environment. and to compare this ioss with

s -
o
4]
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‘the heat produced by the animal. If heat production exceeds
the'mintmum, and does not exoeed the maXimum possibﬁe heat
loss to the environmerit, then the envirbnment is considered
to have no net effect on E?e heat balance of the animal.

When the heat flow from the animal to the env1ronment
' exceeds the heat generated in the an1mal the an1mal
1ncreases heat production at the expense of energy
conservatlon as t1ssue accretwon in the body.

| The convent1onal mode | (Monte1th and Mount, 1874)
‘shOW1ng the 1nfluence of amb1ent temperature on body heat
loss is dep1cted in F1gure 9 3a for a thermoneutra] heat
produgtion of M1 Fastmgﬁeat productvon (FHP) |
, represent1ng minimum heat * loss (Hmin) is also shown.
Critical body temperature (Tc) is the ambient temperature
(or rather range of berhaps 5°C, Webster, 1974) below which .
no further reduction in heat loss can occur. The rate of =
1ncrease 1n heat loss below;Tc tl1ne A in Figure 9.3a) is
proportlonal to the total insulation of ‘the body'(t13sue and
externa.l inSulation) At an ambient temperature equal to'
body temperature the only source of heat loss is assumed to ‘
be the minimum evaporat1ve heat loss.
The heat of warming has been 1ncorporated into this

' model (F1gure 9.3b). Effect1ve rumen cooling is shown as an
additional heat loss from the body (to the rumen, not to the
external env1ronment) which w111 raise the minimum heat Ioss‘
of the an1mal at any Ta Thls model in effect treats the |
t@rumen as. a thermal sub system w1th1n the totaJ-an1mal The

4



Heat Production (M) or Heat Loss (H)

167

: A ' 1
Cold ' Thermoneutral ) Hot
Zone ' Z0ne ! Zone
M, -
. ]
!
. ! ' :
1 N\ ) % '
‘..FHpq : | : _ . N . ’ Hmin
. : ‘ \ '
R ) N |
N Ne
' \
f. O\
. ) TN o
! , N
I : v omin
T ————
Criticat T . Core
- Temperature

~ Ambient Temperature
Figure 9.3a Relation'ship‘ of heat loss of ﬁ%othefms

with changes in ambient temperature




4

Heat Production (M

AN

) or Heat Loss (H)

A

._‘g )

m
I
R}

TN

H

min -

~F

| "Rumen - -
Cooling S

“Low"’

~ Ambiefit Témerature -

Figure 9.3b

. ‘ -
R
Yazd G

Py

)

g

Heat loss model
.warming -

i

v

167a

Effective

incorporating the heat of

i

.

-

4



168

‘actual d1splacement of the effectlve rumen cooling (ERC)
from minimum heat loss (Hmin) w1ll be dynamlc mov1ng from

belng no dlfferent from Hmin when the rumen and body

‘;~temperatures are equal (llne A) follow1ng a time course

inOflle determ1ned by the rumen body temperature grad1ent
- and return1ng to zero when rumen and body temperatures are
‘again equallsed | | |

Wlth the ﬁevel of heat product1on M7, shown On.Fldure _
. 9. 3b at an ambient temperature of Tafl, the spare heat (M1 -~
Hmln is suff1c1ent to meet the ERC and the effect of ERC..
would s1mply be to reduce body heat. loss (H) to the .
env1ronment and body heat content (HC) Spare heat 1n thlS
context is the extent to wh1ch H is above Hmln but in
_practvce w1ll 1nclude the heat avallable from a reduct1on in
heat content (see d1scu351on Exper1ment I,

At Ta2 however Spare heat is no longer adequate to

meet the requ1rements of ERC 'and heat product1on must rise

- (de novo heat, l1ne B, F1gure g, 3b) to cover
F1gure 9.4 shows the mean data and plot o@7the linear o
regress1ons calgulated from the results of Experlment X
jﬁwhere the heat production of steers was measured at three
ambient temperatures. ~ The SOlld lme t?*epresents Hmm in the
absence of any rumen cool1ng and predlcts that\the fast1ng
heat productlon (Hmln 1n thermoneutrallty, 70 W. .m” 2) would.
oceur at +1O C. In Table 9. la the calculated values of
spare and de novo heat are. compared with the heat of warm1ng

expressed in“a number of ways (Experlment X) The following
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Comparison of the heat
effective rumen cooli

. ' / v \\ o 'ﬂ
Table 9.1a '

= 70

of warming with the =
ng, spare and de novo

heat of cattle (Exper1ment X)

Feed Tneatment‘

WARM  TURHAY COLD/~FROZ///

Heat of Warming (W.m-2)

7 .9

mean daily ! 3 \ 25
during eating - 30 87 105, . 295
"'.‘gffect1ve rumen cooling (W.m-2) =
o by calculation 2 -5 8 11 43
from regression . .. 5 14 17 - 5 48
" Heat production (W.m-2). - o
B \.At +10°C I S o : :
. spare 3 . . . 29 . .29 29 29 °
- denovo R UNE Y 13 .. 28
dtotal heat above T ; _ | )
Hmin 29 33 42" .57
At -20°C o _ ‘
‘ spare 0 o - 0 0
8 35 ‘52

~ de novo . -3

1 ‘mean daily =

total HW per day expressed as a. constant

rate over. the 24 h period,

dur1ng eating = Heat of -warmin

? per meal as a- rate :
w.

2 by calcuiatidn =

from regression. =

- 3 spare =

‘de novo =

‘during eating m-2) e
calculated from rumen volume and
temperatures

predicted- from the regression of- - -
HW on heat production (Experlment X

Heat product1on in

thernnneutral1ty in excess ]_
of minimun- heat loss ;

Heat produced in respénse to ruminal cool1ng‘d‘
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Table 9. 1b Comparlson of the heat of warm1ng w1th the
. effective rumen cooling, spare heat and de novo
» _heat of sheep (Experiment XI)
jF%ed'infake'(g.kg LW'°75.da§")-'
20 35 55 gy 110
Heat of Warming (W m-2) u
mean da1ly ! . 5 ‘,;8,:7 13 18' .24-1? e
durlng eat1ng ' 23 33 : 52 73 98 T
Effect1ve rumen cooling (W.m-2) k :
v o SR : b
by calculatlon 2 ‘;; 7.5 12" 17 - 25 34
. . ‘ : P Te h iﬁ‘/ ‘ = ey .
‘ BN . . R -
Heat produci1on (W m- 2) U I
CAter0cc T T R
~Spare .. 3 43 25 40 ¢4
de novo . -5 4 T 4;d 3
total heat above o LT S | AR
Wmin -8 170 26 0 44 61
At =20°C —F e Lo
‘spare _ .00 "0 - .
- de novo . =2 17 40 - L»/
total heat above B S '\7;;;_j L |
Hmin Sl '-2i , .17‘_; 40,m- 32 48 .

! mean da11y total HW per day expressed as a constant

. rate over the 24 h period -
dur1ng eat1ng Heat of warming per meal as a rate
. dur1ng eat1ng(w m-Z

2 by>calouiatﬁoni from Table 7.2 and’ Flgure 9. 2 RS

3 spare pat product1on in thermoneutra11ty in excess
o F -minimun heat loss: .. | T R
de novo *Heat produced in response to ruminal cool1ng PR
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1

points can be noted: -

1. Effect ive rumen éoo]ing tdlculated from rumen volume
and rumen tempera}Ure data was similar to.that ¥
;tatistical1y estimatgdffrom heat production data.

2. The predicted increase in M was more closé]y related*k

' fo ERC than to HW expressed per day or per meal.

3. At 1Q'C! spare heat in.%heory should have been.
sufFicient to céver ERC in all but the FROZEN
treatment, but at least with the COLD tredﬁpent some
de novo heat seems to have beeQ produced. -

4, %I -20°C,. no spare heatuexisted with any tréeatment and
the actual increase in M over predicted Hmin was
similar to ERC calculated from rumen temperafuresl'

A similar exercise was carried out with sheep data from =

Experiment)XI by comparing the différence in HW between the

COLD and HOT tréatments. Minimun heat production at +10°C

was taken to be 42 W.m- 2 (Experiment VIII) and at -20°C to \

be the mean heat[producfion of the 2@,35,.55_and 80 -ZHOT
treatments. For this ana]ysié, ERC was predicted from the

HW Aor achéfeed intake and Hw\treatmen} (Table 7.2) and

from fhe relationship between HW and DE intake (Figure 9.2).

The results are shown in Table 9. 1b. Again the actual

| response in heat production was more Close]y re]aied to ERC

than to other expressions of HW.

The-anafyses shown in Table 8.1a,b tend to subst;ntiate

the concept that effective rumen cooling may be a more

prec{se definiton of the actual cooling effect of HW.
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Furthermore the genera] mode 1 proposed to 1ncorporate ERC
appears to hold for the Timited data ava1]ab1e I f such a
model proves tenab]e many of the apparentlyiconflicting-

responses to internal cool1ng obtained in these and other

studies could, be sat1sfactor11y explained.

\\\

9.3 Efficiency of heat subst i tut fon .

The total heat available, {spare ptusvde'novd) to
subst1tute for the cooling effect of HW is genera]ly in
excess of what was calculated to be moving into the rumen
(Table 9.1a,b). | o

Values for spare and de novo heat and heat flows dinto
the rumen were calculated 1nd1rect1y and mdst therefore be
subject to some error‘oflestimation. However,'the trend r
towards more heat being available than is required is quite
consistent. - . {
In the cattle experiment (Experiment X), where the data
- used involved the périod immediate]y after cooling, the .
apparent over-supply of héat\may represent the regain of
- previous heat content debt, although this is less 11Kely to
be a factor ip the sheep data where actual feeding/cooling
periods are included in the analysls..

It is possible that the efficiency of substituting heat
from other sources towards?warming the rumen to compensate
tfor consuming cold feeds, may not be 100%. For example, how

effect1vely can heat produced durtng the synthes1s of

nsubcutaneous fat be directed into the rumen? Furthermore,

\ ;
\ . : j
) .
\ .

3
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~assumption of a 100% eff1c1ency of substttut1on implies

N

absolute control over heat loss and heat~product1on

0‘

Unless the .consumption of cold feed and water was
continuous there will be pertods of t1me where no body heat
content debt exists and ;pare heat w1]1 be lost from the
body only to be fo]]owep by a period of coo]1ng where that
heat. could have been used for heating the rumen. Thus the

profiles oﬁpavai]abt]ity and demand for spare heat are out

g

-

of phase.

During rumen cooling experiments, considerable rumen
and deep body coolling occurred before minimal skin &
temperatures were’achieved Thus the reductlon in heat 1oss
was not as effept1ve in SaVIng heat as woutd have been the
case had sktn temperatures fallen more rapidly.

There is a]so some speculative.evidence that de novo
heat was not used w1th 100%Ceff1c1ency; In Experiment VIII
the mean daity ear. temperature of sheep at the lowest level
of feed intake but receiving the coldest rumen infusion was'
higher than the ear temperature of sheep at the same 1ntake
but rece1v1ng the warm rumen infusion (Table 7. 6 page 140)
Also when HW was deducted from M of sheep at the lowest feed
intake level, the residual level‘of heat production still
increased as HW increased (F1gure 7.3, page 138). Steers ’

fed rations vary1ng w1de1y in HW (Experlment V) for two

_weeKks prior to measuring body temperatures 'tended to have

higher prefeeding mean: body temperatures when ratlons with a

hlgh HW were betng fed Webster (1978) has speculated that

-~



additional heat prdéuced to meet the demands of thermal
_stress from low ambie;t teMperatyregkméy not.be 100% .

’The da%a in Tabie Q.1a,b werelused to calculate the
apparent partial efficiéncies of Using spare and de novo'
‘heat for rumen warming. Effective rumen cooling waé

regressed against spare and de novo heat.. The multiple

regression was constrained through zero intercept. The *

partial efficiencies were 0.47 and 0.67 for spare (ks) and
de novo (kn) heat respectiwely. Both regression

coefficients were significant (p<0.05) and the coefficient

\
4

of determination (R2) was 0.85.

The same exercise Qés repeated using total daily heat
production and daily HW data from treatment combinations in
_ Experimé%t VIIT in which both spare and de novo heat wefe

“contributing to HW. The partial efficiencies of \

A .

substitution were 0.50 and O.3Z\for spare and de novo

respectively. The efficiency of heat substitution might be

~

‘anticipated to be lower in the second case, since the daily

heat of warming was used. ERC wascunder-esfimateq\by daily

»

HW (Table 9.1), and thus efficighfy of substitution would

appear lower. ;”- v A
Thus possibly only 50% of spare'heat is effectively

channelled to warming the rumen contents, but.when M is

‘increased in response to rumen cooling then Up to 70% of it<

L) ‘ ' o ‘ \

is effectively used for warming the rumen. This conclusion -
.

must be tentative since it is likely that factors such as O/

initial body heat content and daily ERC profile will



\ inf]uence these efficiencies. The present data are not .
A .

i

suffic1entiy diverse to permit much. further anainis ofn
factors affecting the efficiency of heat substitution In
any prediction of the pOSSible increase in M'due‘to the -
consumption of coid food or water correction for the n

p0551b1e 1nefficiencies of heat substitution would seem .

appropriate

» -

9.4 Habituation to the heat of warming
There was no evidence from the preseft work (Exper iment'

)

V) that any permanent rise in metabolic rate occurred in
response tb repeated rumen cooling Such an acclimation to
exposure to low ambient temperatures'fon long periods of
time (weeks) has been shown to occur in sheep (Webster et
afz, 1969, Sikes and Siee 1969) and in beef Cows (Young,
1875). ReSistance to cooiihg may represent a reduction in
Aavaitab]e heat content buffer. On'the other hand, the |
habituation of sheep to short cold shocks 12 h duration) on
a daily basis reported by Slee (1972) in which a
progresSiveiy greater decline in recta] temperature occurred
may represent an increase in available heat content buffer
The existence of such a habituation to the heatyof’warming
cou]d be of value in reducing the‘impact'of the heat of“
warming‘on metabolic rate. This possibility was not_studied

in these experiments but_remains a topic for future

‘consideration.
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9 5 Other sources, of heat i \ ‘ 7;

Experiments in this study were conducted‘Wiﬁh penned
animals and therefore the’ ievel of phySicai actiVity was
Yow.. Under'grazing_conditiogs where physical actiQity .
ieveisareji'ikéiy to be higher,: there should theoreticail‘y. |
be more spare‘heat available to substitutezfor-the‘gw. |
{ Hong and Nadel (1379) have -shown that the -increased’
heat production of exercising humans effectiveiy substituted
for an 1ncrease in M wifh declining ambient temperature On
the other hand, when sheep were feﬂ during cold periods of
the day there was no net reduction in total daily heat
production compared with feeding during the warmer part Qf
the day (Ehristopherson 1874). The increased activity of
the sheep during eating may have 1ncreased heat loss so that
the potentiai]y benefiCial effect of the increase in heat
production due to eating was lost. In kgperiment I in the '
;present étudy the increase .in M measured during feeding did '
;not appear to substitute for the increase in' M induced by
_ rumen cooiing, although thisdresult was confounded by the
'sporadic eating during a-continuous cooling period. It:is
certainiy unclear whether all sources of heat can
effectively be used to meet the requ1rements of Hﬂ-

. “ :

Figure 9.5 summarises the concepts of the heat/ of
warming deve loped during this study. The heat required to
warm. the food and water consumed at temperatures below body :

e

temperature can be expressed per day or per meal, but the
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L better expre551on of the effect of COO]]ﬂg is the effecttve

cooltng prof11e 1n the rumen : Reduct1on 1n heat loss and
) t‘..a

body neat content plus an 1ncrease in heat productton are

-

uttttsed w1th eff1c1enc1és of KS and Kn respecttvely to

N
t

suppty the heat to warm the rumen.

Lr:.u | . | - N _ - ‘ ‘, | . | N o | | .
9.6 Summary - , 'NV;_~ ’

| ‘;A”a‘YSesbof“thg:reSUTts from a number'o?“the f\\
exper1ments in th1s study suggested that the rate and

quanttty of heat flow into the- ramen (effecttve rumen

coo]1ng) was a more useful 1nd1cation of the‘rate of body

\ cool1ng due to the consumptwon of cotd feed than Hw
" erpresed

express d over the eattng per1od or- per 24 hours
Exper1mental data reported 1n th1s study supported the

1nc]us10n of ERC as an add1t1ona1 source of heat Ioss from

j the body (but to the ‘rumen, not ‘to the external env1ronment) f

w\1ch can be 1ncorporated lnto convent1onal models of heat

exch' ge in an1mals ’ The potent1a1 contr1button of Hw to .
thermal ‘alance equat1ons could thus be made relat1ve]y
easily. More 1nformatlon on ERC under f1eld cond1ttons is
obv1ously requ1red 7 | |

Evidence presented suggested that body heat in excess'

of the m1n1ma1 loss to the external env1ronment .can only
substitute with an eff1c1ency of 50% for HW whereas heat

, produced specifically in response to ruminal cooling may be ﬂ
used w1thr3n eff1c1ency approachtng 70% If these

N 1
calculations of eff\c1ency of heat substttut1on are proved
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v R ' | | .
correct, then a.simﬁle)caicyiétioh of HW will underestimate

| tHé.potehtial-{mpact of HW on thermal balance.



10. CONCLUSIONS

'

, . s
The heat requ1red to raise. the temperature of ingested food'

and water to body temperature has general]y been ignored as

a component in the thermal balance ‘of ruminants. -However,

pract1cal f1e1d situdgtions do exist where the heat of i _ ‘

warm1ng could play afsi nificant role in the thermal economy

and therefore DPOdUCtivity‘of damestic ]ivestockk Such =

o

ield situations are where large quant1t1es of cool‘or cold

hi v mo1sture feeds are consumed or where snhow is a source

of water.

A series of short term tr1a}s (4 h duratlon) showed, .

N ”,

that there were three basic responses of the rum1nant to the

. heat of warm1ng cold food as simulated. by ruminad coo]1ng

These were | - { o : s

t.© A reduction in heat_hoss (H) from the animal to the
environment as demonstrated.by'a decline in sHjin |
temperatures (sensible heat loss) and reduced

' respiratory frequency (evaporat1ve heat loss).

2. A reduct1on »a total body heat content (HC) as
w1tnessed by a drop in mean body temperatureaw _ .
3. «A rise in heat production (M). The reduct ion in heat

loss and heat content may be 1nsuff1c1ent to prevent

\‘ ‘j V ’A/‘
,

an increase in metabolic rate.

ay

18y
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The extent to which H. HC and M changed with rumen

cool1ng ‘ard the relattye contrfbut1on of the three

L)

components to the overall response was 1nf1uenced not onty
by the quantity and rate of the rumen. cool1ng but by the
phy51otogwcal state of the an1ma1 and the ambient
temperature 5nowledge of the interactlon between the

\'
animal and the e?fects of the heat of warming wou]d allow

the de51g:#;) systems to minimise the likely impact of the

iy
heat of warming on product1v1ty For examp]e therma]ly

f(stable i.e. large, we11-1nsulated animals ‘on a htgh plane of
f:

eed iftake may toterate large s1ngle meals of cold feed.

On the other hand smal]er poor]y fed poor ly 1nsu1ated

' stocK may requ1re feed1ng in smal] quant1t1es over a longer

t1me ‘ S B R .
.The majority of cooting from the consumption of cold
feed occurred in the'rumen;, Heat transfer from the body to
the~mouth contributed only 5 to 10%'of the total heat of
g warming‘offcold tUrntps fed to cattle. The profile of heat
. flow into the rumen from the body appea réd to be-a better .
def1n1t1on of the effect1ve cooling of ‘the cold feed than
the heat of warming expressed per ‘day or per meal.

Consequently, in field s1tuat1ons where the heat of warm1ng

v ‘may be of therm31 1mportance more: 1nformat1on on the

:

. pattern of changes in rumen temperature and rumen volume is

1
required.

In an energy balance study in wh1ch daily feed 1ntake

was supp11ed in six meals over an extended perlod (18 h),

Q

¥

\

N
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metaboltsable energy intake for matntenance was increaSed
244 when a simulated 104 dry matter feed was fed at 2 C in
an ambient temperature of 10°C.. Eff1c1ency of utilisation
of ME for maintenance was reduced with the cold feed, but |
the utilisation of metabol1sable energy for- pos1t1ve energy
retentwon was increased. Obvious care is requtred in e
interpreting- eff1c1ency of energy utt]tsatton data 1F the

o heat of gwarming is of importance . in "thermal balance There
.was nNo evidence in these- exper1ments that the efF/c1ency of
dtgestton .was s1gn1f1cantly affected by the heat of warmlng
although cr1t1cal studies of dtgestton in.the rumen and

post- rumtnal tract were not carrted out .

If the rumen 1s treated as a separate thermal source
from the host an1ma1 the heat flow from the body 1nto the
rumen can be treated as a source of heat loss f¥om the
animal and as suth be 1ncorp0rated 1nto conventlonal models
of heat exchange between thé\an1mal and its envtronment
Predtctton of the change in cr1t1cal temperature and the
relattve sen51t1v1ty of anlma}s to changes in anblent N

temperature and the héat of warmtng are p0351b1e \

From the data‘evatlable from this study, it would seem
that extess body heat (heat. above mtntmal heat loss) canndt
be used very[pff1c1ent]y for warmtng the rumen., Part'of the

,,1neff1c1ency of ,heat substttutton lies 1n the relatlve]y
censtant - suppl but fluctuating demand for this heat. While
,th1s imperfect phdsing of supply and demand can be partly.

| . tempered by the body heat content buf fer, the buffering -

i

\
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capacity itself is 1imited bx,physiotegicat'1imdts;ot,"

temperature‘regu]attdn Furthermore '1n situations where HW[

is likely to be large, (low ambtent temperatures) the HC
‘.content buffer is ‘low, and when HC is htgh HW 1s less
~likely tagbe as’targe t;
| On the ba51s of these studies 1t wou ld ‘seem. prudent to
inc lude the heat of warmtng ingested feed and water in
;models.predtcitng the effect of the’environment on ‘

’ phy51olog1cal and metabolic functtons feed requirements and .

animal product1v1ty Co s _ o
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APPENDIX Ia

| EXPERIMENT 1

Treatment by t1me per1od 1nteract1on means for ma1n
(Experiment 1) | _

treatment effects

196

nt”~ o
mean +

: g;riod meansl

6c

Period
L — ~ Treatme
Treatment - I ITT . IV} +SEM .
Heart rate (beats.mih“) .
INFUSION 78.8  88.9. 95.6  78.9  83.1
CoIL - 75.2  91.2  88.7  76.6 . 83.1  1.53
NIL - 78.5ae '88.0ae 78.%ae 75.8ae - 80.3
LOW . 76.4ae S0.1be 84.7abe 76.6ae 82.0
HIGH | 76.1ae 92.2be .97.8bf 80.%9ae 86.8  1.88
FED 76.6ae 102.1cf 93.2bf 83.1af 88.8e.
NOT FED ' 77.4abe 78.1abe 81.1be 72.4ae 77.3f i.53
Period means 77.8a 80.1b 87.1b  77.8a 1.18
Urine output (ml.min-') |
“INFUSION 4.3ae’ 14.5ae 55.5be 55.7be  32.5e
COIL 5.7ae "6.8ae 6.9af  5.3af 6.2f 1.44
— —r . ' T
NIL 5.0, -9.8° 28.8  31.4 18.8
LOW 5.7 10.8  25.6 °© 26.6 7.1
H1GH 4.1 1.2 39.3  33.8 22.1  0.96
FED 5.4 9.2  27.7  25.4  _17.0e -
NOT FED ) 4.5 12,0 34.7 355 21.7¢ 1.4
\
Period Means  5.0a 10.8ap 31.2b 3056 \ 171
y B way — y
Rectal temperature ("C)
INFUSION 38.9 38.7 38.6  38.8,  38.8
CoIL 38.8 ‘38.6 38.6  38.8 38.7- 0.05
NIL 38.8ae 38.9ae 39.0ae 39.0ae ' 38.9e
Low . 38.8ae 38.6abf 38.5bf 38.8ae  38.7ef
HIGH 38.94e 38.5bcf 38.3bcf 38.7abf 38.6f . 0.06
FED - 38.9  38.7 . 38.7 38.9 38.8 -
NOT FED 38.8 38.6 38.5  38.8 38.7  0.05
38.9a 38.7b  38. 38.8a 0.02




( - Per‘iod

187

Treatment >

q.‘

IV mean +SEM

Treatment 1 11 1] -

Ear skin temperature (°C)

INFUSION  28.3  25.2  20.1  19.9 23.4

coIL 25.2 24.3 . 21.9 i 20,7 23.0 43
NIL 24 .0ae 26.2ae 26.7ae 25 ‘Bae 25.6

LOW: 27.8ae 25.3abe 19. Bbf. 187 6bcf  22.8

HIGH 28.5ae 22.7ae 16.7bf 16.7bf  21.2 1.7
FED 24 .5ae 23.7ae 22.3ae 22.0ae 23.1

“OT FED - 29.0ae 25.8aé 19.8be 18.6be  23.3

3 . - o
Period means 26.8a 24.7a  21.0b 20.3b - 0.7
- Leg skin temperature (°C) . o I ///‘

INFUSION ~ * 27.5 245 915  21.5 3.7~
corL 28.0° 20.2 7.8 . 18.6 19:9f 1.2
NIL 24.4ae 23.4ae 23.8ae 24.5ae 23.9

LOW > 24.9ae 21.7abe 18.8abf 20.1abf 21.4 :
HIGH . 26.4ae 21.9ae 16.5cf 15.7cg 20.1 1.5
FED 242 21.6 ° 19.3  20.4 21.4°

NOT FED 26.2  23.1 - 19.8 19.8  22.9  {.o
Period means 25.2  22.3 ° 19.5 20.2, 218 s

' »»4/"' . . » v . . .
Trunk skin temperature (°C) two sheep on]y

INFUSION | 33,9 34.4 342 340 341

CoIL, 34.3 346  34.8  34.6 34.6 0.2
NIL - ©33.5 ' 33.8  35.4 - 34.6 34,3

Low - 34.7- .34.8  34.1 343 34.4 -
HIGH | ,34;2. (349 341 340 343 0.3
FED 34.0 ' 34.6°  34.4  34.5 34.4 _
NOT FED 3&92 34.4  34.6 © 34.1  34.3 0.2
Period means 34.1 34,5 345 341 0.3




Treatment

4

Period

1]

111

IV

Treatment’
 mean

198

£SEM

- .

Rumen temperature ("C) on

dorsal sac (two sheep)

.%a

INFUSION *  .39.1  37.6  38.2  38.9  38.4
CoIL 39.0  37.1  37.8  38.9 38.2° 0.14
NIL 39.1ae 38.9ae 39.2ae 39.fae -~ 39.1e
LOW 39.0ae 36.7cf 37.8bf 38.9ae 38.1f
HIGH .39.1ae '36.4bf 37.0bg 38.7ae  37.8f 0.17
FED 39. 1 37.9  38.4  39.f 39. te .
NOT FED 39.0 37.1  37.6  38.7 38.1f  0.14
. Period means 39.1a ' 37.4c  38.0b 38.9a 0.08
_ Rumen temperature ('C) in dorsal sac
INFUSION - 39,2 ° 36.2 = 37.8  38.9  38.0
COIL. 39.0,  35.5 '36.9° ; 38.9 37.6. 0.16
NIL - 39.1ae 39.0ae :39.3ae 39.2ae’  39.1e
LOW 39.0ae 34:4cf 37.2bf 38.8ae  37.4f
HIGH - 39.1ae 34.1bf 35.5bg~ 38.6ae 36.8f > 0.18
FED 39. 1 36.2  37.9  39.1 38. 1e :
NOT, FED .39.1 35,5  36.8  38.6 . 37.5f  0.16
Period means - 39.1a 35.8c 37.3b  38.9a . 0.16
Rumen temperatdre (*C) on ventral sac
INEUSION 38.9  37.9  38.2 . 38.7 8.4 -
coIL - 38.8 . 37,2 . 37.6 ' 38.6 38.1  0.20
NI[ 3é 9ae 38.9ae l38ﬂ9ae ‘38.96e‘ ‘3é.9e
LOW 38.8ae  37.0bf 37,7bf 38.5ae - 38.0f
© HIGH 38.9ae 36.7bf 37.0bf 38.5ae 37.8f 0.24
- .FED 38.9 37.8~ 38.4 38.9 - 385 .
~ NOT FED 38.8  37.2  37.4  38.4 38.0 0.20
Perdod means 38 37.5b  37.9b 38.7a 014

New



TUONIL

Period

208a

' Treatment
Treatment I 11 “IT1 Iv mean +SEM
Rumen temperature (°C) in ventral sac
INFUSION 38.8ae 36.6ce 37.6be 38.6ae 37.9
COIL - 38.9ae 35.5¢f 37.1be 38.7ae 37.6 0.13
38.8ae 38.9ae 39.0ae 39.0ae  38.%
LOW - 38.%ae 35.7cf 37.3bf 38.7ae 37.4f
» HIGH 38.%9ae 33.6bcf 35.7bg 38.3ae 36.6g 0.16
FED 38.8  36.3  37.9  39.0 38.0e
NOT FED 38.9 35.8 36.8 38.3 37.5f 0.13
Period means. 38.9a - 36.1c  37.3b 38.7a 0.12
| Rumen temperature (°C) core
INFUSION 39.1ae 3679be 38.1be 38.%ae  ~38.%%
) COIL‘ 39.0ae 34.2cf 37.9be 39.0ae 37.5f 0.13
NIL 39.0ae 38.8ae 39.3ae 39.3ae 39.1e
LOW 38.9ae 35.6bf 37.8af 238.9af 37.8f
HIGH 39.2ae '32.1cg 36.9bg - 38.6af 36.7g 0.16
FED 39.1 35,9 ., 382 . 39.2 38.1e
NOT FED 39.0 35.2 37.8 38.7 37.7f 0.13
Period means 39.0a 35.5¢ 38.0b 38.9a 0.19
Oxygen consumption (mb’ﬁ??“’
INFUSION 217 227 231 215 222
COIL 202 218 235 204 215 5
NIL 217ae 223ae 219ae 206ae . 217
LOwW 208ae 225abe 235ef 213ae 221
HIGH 204ae . 221ae 245bf | 206ae - 218 6
FED 211ae  233be  252ce  225be 229e
NOT FED 20%abe 213bf 213bf 184af 206f 5
Period means 211a 223b 233c 2

a,brc,d means in rows followed by the same letter are

not significantly different (p<0.05)

e,f,g,h means in columns followed by the same letter are

not significantly d1fferent (p<0.05)



Appendi x Ib
Sample example of the statistical model used in Experiment I

Analysis of variance for rectal temperature -

-

Source ‘ R DF Sum of Mean square F ratio»
squares
Sheep 2 0.4258 0.2130 - 1.41
Method of cooling 1 0.0711 0.0711 0.47
Level of cooling 2 2.7172 1.3586 9.03
Fed vs Not fed 1 0.6400 0.6400 4.25
Method x level 2 0.7622 0.3811 2.53
Method x fed 1 0.0028 0.0028 0.002
Level x fed 2 3.1017 0.0508 0.337
Error (a) 24 3.612 0.1515
Periods 3 1.4581 0.4860 21.65
Method x period 3 0.0794  0.0264 1.17
Level x period 6 2.3111 0.3851 17.16
Fed x period 3 0.0083 0.0028 | 0.124
2.0881 0.02245

" Error (b) ; 93
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Appendix 11  Experiment 11

#reatment by period interaction means for all variab]es!ﬁ .

Treatment .' : Pérfod :
, : ~ - Treatment -
I II I11 ”_vIV_ B means SEM -
. Heart rate (beats.min=1) |

stow 78 88 77 73 79

MED 78 . 89 89 - 77 81

FAST - 15 93 80 77 84 3.1
DURING 72ae  97be 81ae 77ae 81, |
‘POST - 90bcf 84bcf 77abe 7T4ae 81 - 2.8

Period means 81a 90b 7%a 76a 1.4

~Rectal temperature (‘C)

SLOW -~ 39.0ae 39.0ae 38.9abef38.9ae  39.0

MED '39.0ae  38.9abe 38.7bf 38.9abe ~ 38.9

FAST 39.0ae 38.9be 39.0abe 39.1af ' 39.0 0.08 .
DURING  '38.%ae 38.9ae 38.9ae 39.1bf  38.9 ¢+

POST ~ 39.1af 39.0abe 38.9be 38.9be  39.0 10.07

Period means 39.0a  38.9a 38.9b 39.0a 0.02

kEar'sKin'témperature ("C). -

SLOW | 30.9 30.9 26.8 24.4 28.3

MED- 26,7 26.0  20.5  22.6 24.0

FAST . 29.8  24.3 17.7  23.1 23,7 2.7
DURING 26. 1 24.4  20.3  22.% 23.3

POST 32,2+ 29.7  23.1  24.2 27.3 2.2
Period mean 29.2a 27.1a 21.7b  23.4b 10

, - Leg skin temperature (‘C)

SLOW  25.2ae 23.9abe 22.0abe 20.5be  22.9

MED 20.4ae 20.8ae 19.7ae 20.9%ae 20.5

FAST - 21.8ae 20.7ae 20.4ae. 24.6ae 21.9 2.8
DURING- - 2t.0  18.9  18.7  20.8 19.9

POST . .23.9 24,7 22,7 23.2 236 9.3

Period neans 22.5  21.8 ,20.7 = 22.0 o 0.5
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not significantly d1fferent (p<0.05)

\\. ’
Treatment Period . , :
, . * Treatment —
I 1 I IV '~ means” . SEM
Trunk skin temperature ('¢c) ‘
SLOW '34.5  34.5 . 34.6  34.8  34.6
‘MED, - 34.4 34.3 34.1 34 .4 34.3
- FAST 34.5 34.3 34.3 34.6 34.4 0.5
DURING 34.1 34.1 ~ 34.1 34.5 34.2 -
POST 34.9 34.7 34.5 34,7 34.7 0.4
Period means 34.5  34.4  34.3 ' 34.6 0.1
| Rumen core temperature (°C)
- SLOW 39.5ae 37.8be 36.8be 38.8ae  38.5
- MED 39.4ae 36.4cf  38.1bf 39.5ae 38.4
"FAST 39.5ae" 35.9bf 39.1af 39.6af 38.5 0.14
DURING 39.2ae 36.5ce 38.2be 39.4ae
POST 39.8af 36.8ce 37.8be 39.1ae 38.4» 0.11
Period means 39.5a  36.7c . 38.0b 39.3a 0.12
‘ " Oxygen consumptionv(ml.minf‘)
SLOW 211ae  223ae  22%ae 221ae 201
~ MED 204ae 228be 223abe 215abe 217
. FAST < 245af 252af , 23bae 231ae - 239 5.0
DURING 208ae~ 231be  239bf 225abe = 227
POST 231abf * 23%9be 21%ae 218ae = 227 3.0
Period means219a  235b 229ab  221a 3.0
a,b,c,d means in rows followed by the same letter are .
' - not significantly different (p<0.05) .
e, f,g,h means in columns followed by the same_]etter are
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Appendi x Il]la Exper iment III

Feed Intake and insulation treatment by per1od
1nteract1on means for .all variables (Experlment I11)

Period
: : Treatment ,
Treatment I I I IV means ?7SEM
Heart rate (beats;min'f)

WOOLLY:LOW 54ae 85be - 68ae 62ae 67e

WOOLLY-HIGH  87af = 100bf  87af  83af 89f

SHORN-HIGH 98ag 130bg 125bg  104ag = 114g 1.7

Period means 80a  105c 93  B83a o

‘ Rectal temperature (“C)

WOOLLY-LOW  38.7  38.7 - 38.4 8.5 38.6e

WOOLLY-HIGH 38,9 ~ 39.0  38.8  38.8.  38.9e
 SHORN-HIGH ~ 38.2.  38.1 . 38.1 38. 1 38.1f 0.09
Period means 38.6afv 38i6$‘1138.4b 38.5ab o 0.04

, ; .
Ear skin temperature (°G) o

WOOLLY-LOW 19.8 23,7 20.0 .. 18.9 20.6e

WOOLLY-HIGH 34.0  29.8 - '21.3  926.8 28.0f |
SHORN-HIGH . 20.9  16.9 16.7 6.1  17.6e 1.45

Period means 24.9  23.5  19.3  20.6 ©1.50

, | Leg skin femperafure ("C)

WOOLLY-LOW 16.9.  15:4  13.3 12.3 14.5e

WOOLLY-HIGH = 26.8 - -22.4  18.9  20.9  22.5f |

SHORN-HIGH 17.4 15.7 13.9  12.8 14.9e . 0.85

Period means 20.4a 17.8ab 15.7b 15.4p 0.69
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 Period SRR ~
S - - - - Treatment
Treatment B ITI IV -means  7SEM

b

Trunk skin'temperature‘('C)

WOOLLY-LOW  33.9  33.2  33.9  34.0  33.7a

WOOLLY-HIGH 31.2 30.8  30.8  31.1 31.0ab
SHORN-HIGH ~ 27.3  27.2 27,2  27.3 =~ 27.2b 0.13
Period means 30.8  30.4 = 30.7  30.8 . 0.13
o
~ Rumen core temperature (fC)

WOOLLY-LOW  38.6  35.7 '36.3 - 38.f1 37.2.
WOOLLY-HIGH 39.1 ~ 36.3  36.5  38.8 37.7

~/ SHORN-HIGH ~ 38.7  35.6  36.9  .35.8 37.4 0.4

Period means 38.8a 35.9b - 36.6b  38.5a . 0.25

fuygen consumptiohﬂ(mI.min“).

P70 198 204 188 190e
Pags 276 254 250 288 -
337 403 405 337 373f  18.0

K 2522 2955  28%b . 260a 7.0

pans in rows followed by the same letter are -

v ot significantly different (p<0.05)
e,f,g,h'Jeans in columns followed by thq same letter are
: ot significantly different (p<0.05) : :
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Appendix V Experiment V Means over 30 min for all variables
Each value is the mean of four steers

Pre-feeding During feeding After eating

WARM turnip treatment

Rectal temperature (°C) :
38.4 38.4 38.5

37.9 38.1 38.2 38.3. 38.4

38.1 38.2 38.2 38.1 38.1 38.1 0 0
Jugular temperature (°C)

37.8 37.7 38.2 38.2 37.9 37.8 37.8 37.8

37.7 37.7 38 - 37.8 37.9 37.9 0 0
Ear skin temperature (°C) :

27.1 27.1 - 25.6 28.3 31.7 33.2 32.9 33.3 ©

30.3 30 28.1 29.6 29.5 32.3 o . 0 ,
Leg skin temperature (°C)

24.1 23.4 22.1 21.1 24.2 23.3 24 25.3

24.5 24.5 24.1 24 25.2 25.5 0 0
Trunk skin temperature (°C) :

26.1 27 26.6 26.2 26.5 26.1 27 27

27.5 26.4° 27.1 27 27.6 26.8 0 0
Rumen core temperature (°C) :

37.8 38.6 38.4 387 38.9 39.5 39.7 39.5
-39.3 39.1 38.9 39 39.7 40.2 0 0
Oxygen consumption (litres.h-1)

1.02 1.02 1.43 1.6 1.4 1.2 1.2 1.14
1.2 1.21 1.57 1.73 1.48 1.35 0 0
TURHAY treatment .
Rectal temperature ("Ch o ‘
38 38 ~37.89 38 38.2 38.2 38.3 38.4
. 38.3 38.4 38.4 38.3 38.4 38.4 0 0
Jugular temperature ('C) :

37.4 37.3 37.2 37.5 37.4 37.6 37.5 37.6

37.7 37.7 37.7 37.7 37.7 37.8 0 0
Ear skin temperature (°C)

27.6 27.7 26.1 24.3 26.4 26 29.9 30.3

25.9 26.3 23.6 25.3 26.7 28.1 0 0
Leg skin temperature (°C) » '

23.4 22.6 20.89 19.3 19.8 19.1 20.8 23

23.1 25.8 24.6 25 26 26.4 0 0
Trunk 'skin temperature ('C) ' :

28.5 28.2 27.7 27.4 28.1 27.6 27 27 .8

25.8 26.8 26.4 19.9 20 19.9 0 0

. Rumen core. temperature ('C) . J

38.1 38.3 37 37.1 '37.8 38.5 39.3 39.3

38.9 39 38 37.8 - 38.5 38 0 0
Oxygen consumption (litres.h-1) ’

1.13 1.05 1.46 1.67 1.3 1.29 1.36 1.26
1.18 1,21 1.59 1.67 1.41 1.37 0
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Pre-feeding During feeding After eating

COLD turnip treatment

Rectal temperature (°C)

38.6 38.7 . 38.7 38.5 38.6 38.7 38.7 38.4

38.2 38.4 38.4 38.2 38.1 .38.2 0 0
Jugular temperature (°C)

38.2 38.3 38 38 38.1 38.1 38.1 38

37.9 38 38 . 37.8 37.7 37.9 0 0
Ear skin temperature (°C) :

32.5 32.8 27.5 255 28,5 32.3 32.8 33.6

19.5 19.1 7.7 22.1 22.6 22.9 0 0
Leg skin temperature (°C) -

20.2 20 19.8 19.2 18.8 18.5 19.4 21.1

17.4 17.8 17.8 18.1 18.6 - 19.1 0 0
Trunk skin temperature (°C)

28.1 27.7 27.3 28.8 28.3 28 27.7 27.7

26.1 26.4 26.7 -26.9 27.6 27.2 0 0
Rumen core temperature (°C) &

-39 38.9 - 36.4 36.7 37.8 38.7 39.2 39.5

39.4 39.5 37.3 36.1 - 37.7 38.6 0 0
Oxygen consumption (litres.h-1)

.14 1.08 1.5 1.79 1.5 1.45 1.38 1.4
1.09 1.06 1.51 1.79 1.46 1.32 0 0
FROZEN turnip treatment
Rectal temperature (°C) .

38.2 38.3 38.1 37.4° 37.4 37.6 37.8 38

38.5 38.6 38.3 37.9 37.8 38 0 0
Jugular temperature (°C) Lo

37.9 37.9 37.4 36.5 36.9 37.2 37.5 37.7

38 38 37.5 36.9 *37.1 37.5 0 0

- Ear skin temperature ('C)

26.4 30.4 27.7 23.1 22.8 23.1 22.9 25.5

25.7 26.1 23.8 22.1 23 23.4 0 0
Leg skin temperature (°C)

22.8. 23.7 20.7 20.4 20.8 19.4 18.6 19.4
- 21 21.8 20.8 19.9 19.6 18.6 0 0
Trunk skin temperature (°C) .

29.5 28.2 28 . 27.7 27.9 €26.9 26.8 26.8

29.1 29.2 28.7 28.6 28.6 29 0 0
Rumen core temperature (°C)

38.2 38.4 - 33.5 28.3 32.4 36.3 37.3 38.1

39.2 39.2 34 31.8 33.5 35.9 0 0
Oxygen consumption (litres.h-1)

1.16 1.06 1.53 2.61 2.16 1.65 1.4 1.36

t.13 1.13 1.87 2.53 2.04 1.58 0 0
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Appendix VIII
' \

Calculation of héat géined by~the rumen~during and after
rumen cooling, FED and NOT FED treatments (Experiment 1)

1. Rumen mass was calculated from thé difference in rumen
temperature at the end of cooling by the INFUSION and
COIL method of rumen cooling (see Experiment I)

2. octal heat gained by the rumen over 3 hours was -
cplculated as the total cooling of the rumen less the
residual heat debt. in the rumen at the end of the

ecovery period ((rumen mass x (Truinitial - Trufinal))

3. The total rumen temperature deficit was calculated over
the cooling phase from the mean rumen temperature over
30 min intervals and over the recovery period of
hours by the integrated area (at 30 min intervals) of
the exponential recovery of rumen temperature

4. In the NOT FED treatment, the total heat gained by the
rumen (from (2)) was allocated over 30 min periods ,
?cc?rding to the total rumen temperature deficit (from

3) S . |

5. Using the relationship of heat flow per 'C’ temperature
deficit (from (4)), the heat flow from the body to the
rumen in the FED treatment group was calculated

6. The change in heat content of the rumen at 30 min

intervals, less the calculated heat flow from the body

to the rumen was taken as the heat gained by the rumen
from microbial fermentation. ) ;



