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ABSTRACT

The wide-ranging potential impacts of climate change on both ecology and human
infrastructure have led to a large amount of research; however, studies of the projected
impacts on agricultural systems have so far focussed mainly on crops. Given the
proven adverse effects of extreme weather conditions on the productivity and welfare
of livestock, this thesis assesses the potential impact of such a change on the thermal

balance of livestock in the UK.

A series of mathematical models was designed to predict the metabolic rate and
occurrence of thermal stress in sheep and cattle outdoors, and pigs and broiler
chickens indoors by solution of the energy balance equations. The models run on
commonly-available hourly weather data, and as far as possible were based on the
physics of heat and mass transfer rather than empirical relationships. The animals
were modelled as systems of geometrical shapes, incorporating the underlying tissue,
a coat and the external environment. Physiological responses to hot and cold
conditions, including panting, sweating, vasomotor action and shivering were
parameterised. Validation of the model output showed good agreement with
measured data. The climate predictions for the year 2050 were reduced to synthetic
hourly weather data using a stochastic weather generator and several simple

downscaling techniques. The climate change impact assessment was made for an
upland and a dry lowland site in the UK.

There are two main conclusions to the work. First, climate change is predicted to

have little effect on ruminants outdoors, or on the suitability of a site for grazing
livestock. Second, animals indoors will experience significantly more heat stress
under climate change, probably since indoor animals are at greater risk of heat stress

in the current climate than those outdoors. In the next fifty years, pig and broiler
chicken farms will have to introduce methods for alleviation of heat stress to avoid
economic and welfare problems. Future work will need to focus more on collection of

accurate heat balance data rather than on more mathematical modelling.
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SYMBOLS

Unless otherwise stated all areas refer to skin surface area.

ROMAN SYMBOLS

Constants of proportionality in Nusselt number relationships
coat surface area (m°)

Area of amimal in contact with floor (m2 )

area of shadow cast by animal (m®)

skin surface area of head (m®)

total skin surface area of legs on one animal (m°®)

Area of animal in contact with other animals (m*)
skin surface area (m°)

skin surface area of trunk (m®)
constants in regression of k, with temperature

Heat flux density due to convection (W m™)
Convective heat flux density at the ground (W m'z)
fractional cloud cover (0 =clear, 1 = totally cloudy)

parameter describing wind penetration in coats (m)
Specific heat of air (J kg™ K™

Diffusion coefficient of water vapour at temperature T (rn2 s'l)

Dimensionless term accounting for variation in earth's distance
from sun (range: 0.97 - 1.03)

diameter of body part (trink, head, leg) (m)
Julian day

Heat flux density due to latent heat loss (W m™)

Total latent heat flux density per unit coat area (E,/ +E.")
Latent heat flux density from skin (W m™)

Latent heat flux density from skin per unit coat surface area (W m™)

Evaporative heat flux density at the ground (W m™)
Maximum latent heat flux density (W m'z)

Latent heat flux density from respiratory tract (W m‘z)

Latent heat flux density from respiratory tract (W m™ coat
surface area)

Vapour pressure (Pa)
vapour pressure of ambient air (Pa)
saturation vapour pressure at T

respiration rate (breaths min™)
fuel heat input to building (W m™)
respiration rate below thermoneutral zone

A general heat flux density (W m"z)



Heat flux density through coat layer (W m’ %)
Heat flux density from animal to environment (W m' )

Heat flux density from animal to environment per umit coat
surface area(W m™)

Heat flux density of conduction to the floor
sensible heat flux

modelled heat flux density (W m )

measured heat flux density (W m' 4

Total heat flux density through tissue layer (W m )
Heat flux density due to external work (W m™)
Conductance of water vapourinair(m s H

Grashof number

Total heat loss to the floor (W)
hour angle

Hour angle of sunrise (radians)
maximum rainfall intensity in a day (mm hr")
Quantity of heat stored (W m'z)

Thermal conductivity of a general matenal (Wm 'K
thermal conductivity of air (W m 'kh
thermal conductivity due to free convection in the coat (W m" K

Efficiency of conversion of food to energy
Mass transfer coefficient (m2 s'l)
Thermal conductance (W m’* K'l)

Net longwave radiative heat flux density (W m™)
Radiant heat flux density at the ground (W m'z)
coat depth (m)

coat depth on trunk (m)

depth of wind penetration into coat (m)

lower cnitical temperature (°C or K)

Thermoneutral metabolic rate (Wm )
Metabolizable energy (W m’ )

Zero energy retention metabolic rate (W m™)
Mass of the animal (liveweight) (kg)

Number of animals in the group
Nusselt number

Exponents 1n Nusselt number relationships

overall error

Total atmospheric pressure (Pa)
total precipitation in the day (mm)



precipitation in previous hour (mm)

parameter describing longwave radtiation transfer in the coat (m™)

Hat flux density due to conductlon (Wm )
Ground heat flux density (Wm )

heat conducted through building walls and floor (W m )

Heat flux density due to net radlatlon (Wm )

resistance to heat transfer (sm™)

External resistance to heat transfer (s m™)

resistance to heat transfer by free convection in the coat (sm™)
Total resistance to heat transfer through the coat (s m’ )

Total resistance to heat transfer through the coat in still air (s m’ )

resistance to heat transfer by conduction through air trapped in
the coat (s m™)

Resistance of floor material (approx. 100 s m™ for concrete)
Resistance of floor for a 45 kg pig with 20% of its surface in
contact with the floor

Re31stance to convective transfer through atmospheric boundary
layer (sm™')

Thermal resistance of chicken feathers (s rn'l)

Resistance to longwave radiation transfer through atmospheric

boundary layer (s m™)

resistance to longwave radiative heat transfer through the coat (s m™)

Resistance to heat transfer through tissue (s m'l)
tissue resistance of trunk, head legs (s m'l)

Maximum tlssue resistance of animal trunk (Constnicted blood
vessels) (sm’ )

Minimum tissue resistance of animal trunk (s m'l)
Thermal resistance of chicken tissue (s m™)

Resistance to water vapour transfer from skin surface (s m™)
Reynolds number

total solar radiation absorbed by ground (W m 9

Solar radiation absorbed by the animal (W m™ coat surface area)
Solar radiation on a horizontal surface - direct beam (W m )
Solar radiation on a horizontal surface - diffuse (W m )

hourly global radiation at earth’s surface (W m™)
Daily total of global solar radiation (MJ)

Solar radiation intercepted by animal ( W m™ of coat surface
area)

Solar constant (1370 W m)
Daily total solar radiation above the atmosphere (MJ)

temperature (°C or K)
temperature of summit metabolism (°C or K)



TCI

£ 5 7

UCT

GREEK SYMBOLS

il

H Mm O;

LY

temperature when evaporative heat loss starts to rise (°C or K)
Air (dry bulb) temperature (°C or K)

body temperature (°C or K)

coat surface temperature (°C or K)

Soil temperature at 1m (Kelvin)

ground surface temperature (K)

Daily maximum air temperature (°C)

Daily minimum air temperature (°C)

mean of coat top and skin surface temperatures (°C or K)
radiant temperature of environment (°C or K)

skin temperature (°C or K)

radiant temperature of the sky (K)

skin temperature on trunk, head, legs (K or °C)

Virtual temperature (K)

virtual temperatures of skin and air (K)

mean of skin surface and air temperatures (°C or K)

mean of coat surface temperature and radiant temperature of
environment (°C or K)

Thermal circulation index

hour of day (noon = 0)

time from solar noon

degree of coat wetness

wind speed (m s™)
upper critical temperature (°C or K)

Sensible and latent heat flux density transferred by ventilation of
building (W m™)
respiration volume (m’ s™)

length of body part (trunk, head, leg) (m)

shade factor (= 1 if in shade, 0 if in open)

solar elevation (radians in model)

Dimensionless parameter moifying r,, for skin surface area
Psychrometer constant (66 PaK™' at 0°C)

so1l depth at which Ty, is measured (1 metre)

Solar declination (convert to radians for the model)
emissivity

emissivity of animal coat surface

mean emissivity of environment



animal orientation to solar beam (0° = head on)

latent heat of vaporisation of water (= 2.5 x 10°J kg at 20°C)
Density of air (1.0 kg m™)

reflectivity of the animal coat

Volumetric specific heat of air (1220 ] m> K™ at 20°C)
reflectivity of the ground

Stefan-Boltzmann constant (5.67 x 10° Wm™ K™)
Daily Clearness Index, DCI (atmospheric transmittance)
DCI when cloud cover is zero

DCI when cloud cover is total

Latitude of site (convert to radians for the model)
concentration of mass (density) (kg m™)



CHAPTER 1: INTRODUCTION

This chapter provides an introduction to the three major areas of interest in the thesis:
climatic change, the energy balance of homeotherms and the effects of thermal stress
cn livestock. The fourth section draws these diverse areas together, and outlines the

aims and methods of work to assess the impact of climate change on the energy
balance of livestock in the UK.

11 CLIMATE CHANGE

The state of the global climate has received unprecedented attention in the past ten
years. Since about 1989, awareness of the possible impact of human activity on the
environment has increased significantly, and 'green’ issues are now very much in the
public consciousness. Perhaps the most wide-ranging concern (in terms of the number
of people and activities likely to be affected) is that of climatic change. The idea that
human activity in a world reliant on heavy industry can cause a significant impact on
the climate of the whole world was not a serious suggestion until about a decade ago.

However, the magnitude of the possible impacts of such climate change have
propelled climate change research to one of the major world priorities in just a few

years. In this section, the causes of, and evidence for, climate change, and the likely

impacts of climate change are reviewed.

1.1.1 Evidence and causes of climate change

The global climate is extremely variable on all timescales ranging from seconds to
millions of years. The climate is ultimately forced by changes in the balance between

the amount of energy received from solar radiation and the thermal radiation emitted

by the Earth as a consequence of its temperature (Houghton et al, 1990; IPCC,
I- 1



1994a). Such energy balance changes are known as radiative forcing. Many
variations in climate are caused by superpositions of various effects such as the
eccentricity of the Earth's orbit, and the angle of inclination of the Earth to the
ecliptic, or the plane of the orbit. In the current work, most attention will be given to
the impact on climate of ch;:mges in the composition of the Earth's atmosphere. All
gases 1n the atmosphere are relatively poor absorbers of short-wave solar radiation,
and changing the concentrations of gases has little effect on the solar radiation
absorbed. However, some gases are good absorbers of thermal radiation emitted by
the Earth, most notably carbon dioxide, methane and water vapour. Increasing the
concentrations of these gases results in a decrease in the thermal radiation emitted into
space, and therefore a net increase in the global mean temperature. This is the

greenhouse effect’. The natural concentrations of gases which enhance the

greenhouse effect are such that the global temperature is more than 30°C higher than it

would be were these gases absent. Since about 1750, however, largely as a
consequence of the Industrial Revolution, human activity such as burning of fossil
fuels and intensive farming had, by 1990, raised the concentration of carbon dioxide
by 26% and methane by 115% over the pre-industrial levels. This is the cause of the
enhanced greenhouse effect, and the extent to which such increases affect the global

climate, and the possible scenarios of future emissions, are currently of major

international concern.

The theory that raised carbon dioxide levels due to human activity are likely to cause a
global warming has been in place for more than twenty years. Broecker (1975)
suggested that the cooling trend observed from 1940 - 1975 was a natural climatic
fluctuation which more than compensated for the increased temperature due to carbon
dioxide emissions. Broecker predicted a sharp rise in global mean temperature of
about 1°C above the 1900 value by the year 2000. Houghton et al (1990), in the first

of a series of major reports on the scientific assessment of climate change by the

Intergovernmental Panel on Climate Change (IPCC), stated



"We are certain that emissions resulting from human activities are substantially

increasing the atmospheric concentrations of the greenhouse gases.....these increases

will enhance the greenhouse effect, resulting on average in an additional warming of
the Earth's surface.”

This was the first major admission that human activity can have a significant effect on

climate.

In addition to increases in greenhouse gas concentrations, there have been increases in
sulphur and nitrogen oxide gases, and of atmospheric aerosol (microscopic particulate
matter), principally from road transport and biomass burning. Such substances mduce
a negative radiative forcing by scattering a fraction of the incoming solar radiation, ie.
Increases in aerosol partially compensate for the increase in global temperature due to
raised greenhouse gas levels (Houghton et al 1995). The largest effects of
atmospheric aerosol are found over the most industrial parts of the world (ie. Western
Europe and North America), as indicated by recent models which include the effect of
sulphate aerosol (eg. IPCC 1994a). Volcanic activity, which releases large quantities
of sulphur dioxide and ash, also has an effect on global climate. The Mount Pinatubo
eruption of 1991 resulted in a temporary reduction in global mean temperature of

about 0.5°C for about a year after the eruption (IPCC 1994a). However, the

relatively short atmospheric residence time of aerosol means the offset effect is short-
lived, and cannot be relied upon to reverse the effects of increased carbon dioxide,

methane and other anthropogenic gases, which have residence times of decades.

1.1.2 Assessing results of climate change

Modelling the global climate pattern is an extremely difficult task. The amount of
computer power needed to run such models (known as general circulation models, or

GCMs) is a limiting factor on the resolution of the results. The UK Meteorological

1- 3



Office has run two GCMs with a horizontal resolution of 3.75° longitude by 2.5°

latitude. The Transient Experiment (UKTR) examined the consequences of an
increase in global carbon dioxide concentration by 1% per year for 75 years, and the
Equilibrium Experiment (UKHI) compared the global climate at current carbon
dioxide leveis with that for a fixed raised carbon dioxide concentration (Viner &
Hulme, 1994). The UKHI experiment can be used for a wide range of emissions
scenarios, which depend on decisions made by the emitters of greenhouse gases.

Several 'standard' emissions scenarios were proposed by Houghton et al (1990), and
-modified by Houghton et al (1992), to represent possible options for future global
emissions activity. The IPCC Scenario SA90 (Houghton et al, 1990) 1s the so-called
'Business As Usual' scenario, and assumes continued reliance on coal-based energy,
leading to an increase in global carbon dioxide emissions from the current value of 7
Gt of carbon per year to 20 Gt per year by 2100. Scenarios B90, C90 and D90 all
assume varying degrees of abandonment of fossil fuels; the scenarios are summarised
in Table 1.1, in Appendix 1.1. The business as usual SA90 was modified in 1992 to
allow for changes in population and economic growth as well as changes in energy
use. The main assumptions made in producing these scenarios are outlined 1n Table
1.1. All the 1990 scenarios assume a constant population and economic growth.

[PCC 92a and b gives similar emissions to SA90, as the effects of population increase
In the 1992 scenarios almost cancels those due to the decrease in CFC

(chlorofluorocarbon) emissions arising from the banning of CFC production.

The mitial predictions of the effect of increasing emissions on global climate were

made 1n 1990. Using SA90, the global mean temperature was predicted to increase by

about 0.3°C per decade, resulting in a temperature about 1°C above the present value

by 2025, and about 3°C above the present by 2100. Sea levels were predicted to rise

to about 65 cm above the present level by 2100, due mainly to thermal expansion of
sea water (Houghton et al, 1990). The SA90 predictions were confirmed by later
models (Houghton et al, 1992), although at that stage the effects of sulphate aerosols

were not modelled. By 1995, the balance of experimental evidence suggested a
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'discernible human influence on global climate' (Houghton et al, 1995). Increased
awareness of possible implications of climate change produced many observations
which confirmed the existence of climate change. A sixty-kilometre long crack was
found in the Antarctic ice shelf (Yorkshire Post, 24 March 1995), and the break-up of
the sea ice near the Antarctic Peninsula has continued since. Houghton et al (1995)
asserted that climate has changed over the past century, with a global mean

temperature increase of between 0.3 and 0.6°C since the late 1800s, and a

corresponding sea level increase of between 10 and 25 cm. The warmth of the past
hundred years has been confirmed by observations made by the Climatic Research
Unit at the University of East Anglia, which show that the last hundred years were the
warmest for 1000 years (reported in The Times, 13 July 1995 and 6 January 1996).

Recent GCMs have included the negative radiative forcing effects of sulphate aerosols,

and improved the representation of ice melt and the interaction between ocean and

atmosphere. The best current estimate is for a 2°C global mean temperature rise, and

a rise in sea level of about 50 cm by the year 2100 (Houghton et al, 1995). However,
there are still many uncertainties in the predictions. The sensitivity of the climate 1s
one of the main unknowns. Sensitivity is defined as 'the equilibrium change in surface
air temperature following a unit change in radiative forcing' (Houghton et al, 1992).

Estimates of sensitivity range from 1.5 - 4.5°C, and consequently the predictions of

global mean temperature given a certain increase in greenhouse gas concentration are

subject to uncertainty. Houghton et al's (1995) predictions can be reduced to a 1°C

global mean temperature rise by 2100 if a low emissions scenario (IS92¢) and the
lowest climate sensitivity are used. There are approximately 100% uncertainties as to
the magnitude of radiative forcing caused by sulphate aerosols. Changes in vegetation
cover caused by increased carbon dioxide levels may also offset global warming:

vegetation is a major sink of carbon dioxide (The Times, 25 October 1996).

A major area of continuing research is the effects of clouds on global energy balance.

Changes in cloudiness under a changed climate are extremely difficult to forecast, and
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different types of cloud affect the energy balance to different extents. High cirrus
clouds are relatively transparent to incoming solar radiation, but absorb thermal
radiation well, thus accentuating the greenhouse effect. Thick low clouds reflect more
sunlight, and have a temperature similar to the Earth's surface, so resulting in a net
cooling. Research at the UK Meteorological Office has shown that increased
cloudiness will have an overall cooling effect: only 1% more incoming sunlight must
be reflected than at present to offset a temperature rise caused by a doubling of carbon
dioxide concentration (reported in The Times, 10 July 1995). Predictions of increased
rainfall in a warmer world may therefore introduce a negative feedback effect to
reduce the global mean temperature. Lack of knowledge of the current state and
behaviour of the ocean, and a poor understanding of the atmosphere-ocean coupling,
is a source of much uncertainty. One possible consequence of global warming on
ocean dynamics is the weakening, migration or reversal of the warm North Atlantic
Drift due to increased fresh water input from melting ice (Rahmstorf, 1997). Western
Europe would then experience a climate similar to present-day Canada due to local

cooling, in contrast to many model predictions which do not include complex ocean

dynamics.

The use of global mean temperature to describe future climate masks the wide spatial
and seasonal variations in climate predicted by the GCMs. Nearly all models,
whether transient (Meteorological Office, 1994) or equilibrium (Viner & Hulme,

1994), predict the greatest warming over the continental Arctic in the northern

hemisphere winter. The mean winter temperature in Spitzbergen, for example, is
reported to have risen by 9°C in the past 90 years, increasing the occurrence of
grasses and flowering plants on once barren land (The Times, 23 March 1995). In
contrast, summer temperatures in northern high latitudes are not predicted to change
significantly. Summers in the UK have not changed significantly over the past 300
years - nearly all the warming has occurred in the winter half of the year

(W.J.Burroughs, pers. comm.). The southern hemisphere will experience less

pronounced warming due to the thermal inertia of the oceans. Rainfall is predicted to
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increase in high latitudes in the winter, and decrease in the summer; in the UK, the
already wet north-west will see an increase of 10 - 20% in winter rainfall total, while
the south-east is predicted to suffer a fall in summer precipitation of up to 10% (Viner

& Hulme, 1994). The implications for water supply are serious.

Changes in the mean value of variables could be accompanied by changes in frequency
of extreme values (Wigley, 1988; Easterling, 1989). Due to the nature of the
frequency distribution of variables such as temperature and precipitation, changes in
the mean values and the corresponding probabilities of extreme events occurring are
highly non-linear (Mearns et al, 1984; Wigley, 1985). Mearns et al. analysed air
temperature measurements made at Des Moines, Iowa, where the mean daily July

maximum is 30°C. They found that the probability of five days in a row with
maximum temperatures greater than 35°C increased threefold by increasing the mean
by 1.7°C and leaving the variance of the distribution constant at the current value of

about 4°C. Wigley (1985) showed that if the mean annual precipitation in England
and Wales (920 mm) was to fall by 0.9 standard deviations (100 mm, or 11%), which

1s feasible from current predictions, a drought with a current return period of 100
years would be expected 7.5 times more frequently. Changing the variance was found
to have an even greater effect. The probability of the occurrence of the five hot days

in Des Moines rose from 5% at a variance of 2.8°C to 70% at a variance of 5.6°C,

assuming the mean remained constant at 30°C. The variance of variables such as

rainfall with non-normal distributions changes markedly with the mean. Rainfall
distributions are limited at zero, so as the mean decreases, the variance goes down and
the skewness rises. Waggoner (1989) used 660 cases of monthly rainfall totals at a
wide variety of sites to show that the variance increases with the 1.3 power of the
mean. The observed response to changes in variance was confirmed in a theoretical
treatment by Katz & Brown (1992). Evidently, under climate change, a combination

of changes in the mean and variance will occur which are extremely difficult to

predict.



1.1.3 Potential impacts of climate change

Climatic change will have a wide range of impacts in addition to direct effects on
weather and sea level described in the previous section. The Second Working Group
of the Intergovernmental Panel on Climate Change (IPCC) was responsible for
reviewing the possible impacts of climate change on the environment, health and
socio-economic systems including agriculture (Watson et al, 1995). Climate change
presents a new stress to the global environment, in addition to overpopulation,
pollution and resource depletion. Assessing the possible impacts of climate change is
a complicated process. The various steps involved are outlined in Section 5.4.2,

though the assessment procedure presented relates only to the current work. Other

methods of assessment analysis are reviewed in Section 1.4.2.

1.1.3.1 Existing impact studies

The main areas of likely impact of climate change were summarised by Mannion
(1995) and Watson et al (1995). The areas of interest can be divided into two main
groups: human infrastructure, which includes agriculture, industry, transport, the

economy and health considerations, and ecological impacts, which include forestry,

hydrology and ecology.

Human infrastructures such as industry and transport are not especially sensitive to
changes in mean temperatures or rainfall, but are vulnerable indirectly through change
in other areas such as agriculture. Human activities are also vulnerable to increased

frequency of extreme events, for example increases in the frequency of violent storms

or heatwaves affect quality of life and property (Watson et al, 1995). Water

availability, especially in zones which are currently marginal or sub-marginal, such as
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the Sahel and the south-western US, is expected to decrease with increased
desertification. Changes may occur in the spread of airborne and water-borne
diseases, and the frequency of respiratory diseases caused by air pollution. The
impact of such climate-forced events is inevitably linked with economic and social
considerations. Changes in prices of crops, for example, may cause 'widespread
economic problems in poorer areas, and crop and livestock failures in the developing
world will serve to increase the economic imbalance between the 'North' and 'South'.

Conflicts of interest are already arising from the issue of climate change. At the
Conference of the Parties (COP1) which signed the UN First Framework Convention
on Climate Change (UNFFCCC) at the 'Earth Summit' in Rio in 1992, differences
emerged as to how far greenhouse gas emissions should be reduced. Small island
states in danger of inundation from rising sea levels argued for the tightest controls,
while large oil producers were opposed to any further measures. Developing
countries such as India and China are opposed to emission reduction measures which -
are seen as being directed by the West and targeting the poor (Akumu, 1994). As the

impacts of climate change become more evident, such disputes can only intensify.

The climate zones suitable for forests, especially the cold forests of Asia and North
America, are predicted to move poleward in a warmer climate (Futang, 1993; Watson
et al 1995). The impact on the total forested area is not certain. Watson et al and
[Futang state that the likely movement of the favourable habitat will be faster than most
species can migrate, and therefore many species will become extinct. However, Hill
et al (1994) modelled the likely movement of British species such as oak and
suggested that dispersal would be sufficient to avoid extinction. The movement of

insects and other pests will be increased by climate change. A warmer climate in a
given area increases the reproductive ability of insects which rely on a certain number
of degree-days, allowing more insects to survive over winter than at present, and
aiding migration (Kingsolver, 1989; Shuhua, 1993). Harrington (1996) stated that
weather is the dominant factor in determining insect populations in the UK. The aphid

population in any summer is exponentially related to the mean temperature of the
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preceding winter, and every degree Celsius rise in mean winter temperature brings

forward the first appearance of aphids in spring by about two weeks. The implications
for crop cultivation of a climatic change where nearly all the warming occurs in the

winter are obvious.

A modification of the hydrological regime n large areas is predicted with changes in
rainfall duration and intensiiy, and with changing temperature. Melting glaciers and
changes in runoff and evaporation, which are non-linear with respect to changes in
precipitation and temperature, will alter the flow rate and ecology of rivers and lakes
(Watson et al, 1995). Hydrological impacts on a regtonal scale are very sensitive to
catchment topography, énd to the climate scenario (Reynard & Arnell, 1994). Thus,

at present, it is difficult to make accurate predictions of runoff characteristics under a

changed climate.

The ecological impacts are linked to the impacts on the human infrastructure. There
have been many studies of the impact of climate change on crop production (eg.
Seino, 1993; Mavi et al, 1993; Armstrong, 1996). A comprehensive review of
various studies of the effects of climatic variability on crops can be found in Harrison
et al (1995). Armstrong (1996) concluded that climate change predictions for the UK
brought forward the start of grass growth but decreased production later in the year as
a greater soil moisture deficit than in the current climate inhibited growth. The effects
of water stress are likely to be especially important in southern Europe. Elsewhere in
Europe, overall crop growth is predicted to benefit from elevated carbon dioxide and
temperature; however, the development of some species (eg broccoli) is stunted by

very high temperatures (Harrison et al, 1995). Outside Europe, rising temperatures
may not be so beneficial. Extensive research of the impact of climate on rice yields
has shown that the rice crop is sensitive to temperature and rainfall. In Japan, the
modelled rice yield decreased by 10 - 20% when temperature was 1increased by 2 -

4°C (Seino, 1993), and a study in the Punjab showed a 2°C cooling from present

levels was most beneficial for rice growth (Mavi et al, 1993). Most crop models do
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not include the effects of changes in weed populations, or insect or fungal crop pests,
so some of the expected benefits of climate change may not be realised. There is
therefore a need for integrated models, which simulate the responses of whole

systems, to climate change, rather than the responses of single components.

There have been few studies on the possible impact of climate change on livestock.
Most have been conducted in the USA, and focus on the effects on livestock of
changing rangeland and feed availability under a changed climate. Baker et al (1993)
used weather and GCM predictions for the US to drive a grass growth model, which
was then incorporated into a livestock production model. The impacts varied between
the north and south of the USA. In the northern states, increased forage availability
early in the season, plus higher digestibility caused by the slightly higher
temperatures, resulted in a 20% increase in calf weaning weight under climate change.
However, it was noted that the rangeland ecosystem may not be able to support such
a large mass increase. Cattle in the south suffered from poorer feed quality and
reduced intake due to hotter conditions, and a consequent reduction of weaning weight
of 6% below current values. The economic impact of Baker et al's findings was
assessed by Eckert et al (1995); the impact depends both on the climate impact and
the numbers of cattle produced in a region. Northern states are predicted to benefit
from climate change, but southern states are expected to suffer an 11% drop in market
value of rangeland products due to the lower weaning weights. Klinedinst et al (1993)
used long-term monthly mean temperatures and humidity and empirical linear
relationships between milk production and temperature-humidity index to deduce that
milk production would decrease by between 10 and 20% in the south-western US
under climate change. Declines in production were predicted to be much less in the
north (only 1% in the northern Rockies). Outside North America, nearly all other
research on the impact of climate change on livestock originates in countries such as
mainland China and Mongolia, where rangeland production plays a large role in the
economy. Again, the direct impact of changed climate is not usually modelled

explicitly, and impacts are assessed in terms of changed pasture production.
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Bolortsetseg & Tuvaansuren (1996) concluded that climate change in Mongolia would
adversely affect livestock production as grass growth is predicted to fall with increased
desertification of central Asia. Yinsuo et al (1993) also predicted a change to a more
arid climate in northern China, with a corresponding decrease in the sustainability of
livestock. One solution suggested was to change to different breeds of animal, or to
change the dominant species from sheep or cattle to animals such as goats or camels,
which are more capable of living in an arid climate. Studies on the impact of climate
change on fisheries have suggested associated increases in water temperature will be

generally beneficial. For example, freshwater fish in Chinese lakes, subject to a water

temperature increase of 2 - 4°C associated with a doubling of atmospheric CO:

concentration, are expected to extend their period of optimal growth by 1 to 2 months
to nearly nine months per year in some cases (Naizhuang & Zhifeng, 1993). In
summary, climatic change will have contrasting effects on livestock on regional scales,

thus making accurate prediction of impacts using large-scale GCMs difficult.

1.2 ENERGY BALANCE OF HOMEOTHERMS
1.2.1 Introduction to energy balance

Animals which maintain a relatively constant deep body temperature over a wide
range of environmental conditions are termed homeothermic. Much has been written
on the energetics of homeotherms, including several books and conference
proceedings (eg. Mount, 1968 on pigs; Monteith & Mount, 1974 and Mount, 1979 on
Man and livestock generally; Parsons, 1993 on Man) and there are many books in

which energy balance of homeotherms is discussed to some extent (eg. Morris &
Freeman, 1974; Gates, 1980; Monteith & Unsworth, 1990, Wathes & Charles, 1994).
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Homeotherms, which include Man and most breeds of livestock can only survive over
a very narrow range of deep body temperature. In Man, for example, with a normal

deep body temperature of about 37.5°C, if the body temperature falls below 35°C,

there is the risk of hypothermia, and below 33°C hypothermia is severe (Parsons,
1993). Conversely, body temperatures of 38 - 40°C may indicate fever, and 40°C
marks the beginning of hyperthermia, or heat stroke. There are significant

temperature variations within the body core. Bianca (1965) found that in cows the

temperature in the rumen was about 2°C higher than the rectal temperature due to

micro-organism activity in the gut. This anomaly is presumably present in other
ruminants. Studies on goats (Jessen & Kuhnen, 1996) compared brain temperature
with the temperature of the arterial blood, which is approximately equal to the rectal
temperature. They found that the brain temperature was about 0.25°C greater than the
blood temperature when the blood temperature was low. However, the brain

temperature was about 0.25°C lower than that of the blood when blood temperature

was high. The implication is that least variability occurs in the brain, ie. measuring
the rectal temperature is likely to overestimate the variability of the core temperature.
In this discussion, 'deep-body temperature’ refers to the rectal temperature, which 1s
the most often measured. There are other methods of measuring core temperature
such as radiotelemetry from a transmitter implanted within the body core (Lefcourt &
Adams, 1996) but such methods are rarely used due to their complexity. In the

current research, rectal temperature was assumed to be a good approximation to the

temperature 1n the core of the body.

Homeotherms are generally far more adaptable to their thermal environment than
poikilotherms, which do not regulate physiologically their body temperature and thus
their ability to function depends on the external environment.  However,
homeothermy, especially 1n large mammals such as livestock, may also have
detrimental effects. Gordon (1996), from analysis of body temperatures of rodents

responding to cellular injury such as toxic ingestion or physical injury, found that
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temporary reduction of body temperature aided recovery. In livestock and Man,
however, which control body temperature far more tightly, such a response does not
occur, resulting in a slower recovery from injury. One implication of Gordon’s work
Is the problem in extrapolating to humans the results of experiments measuring the

response of laboratory rodents to drugs and toxins.

In order to maintain the deep body temperature within such narrow limits, a
homeotherm must balance heat produced by the metabolism of food with the inevitable
exchange of energy with the environment driven by temperature and moisture
gradients. The starting point of an analysis of the thermal behaviour of homeotherms
is therefore an energy balance: heat production balances heat loss from the animal.

The full heat balance equation was given by Alexander (1974) as:

M-Gv+Ri=E+C+Q+J [1.1]

Terms on the right hand side of Eq 1.1 are the heat loss terms, and the left hand side
represents heat production. Each term is defined and discussed below. All terms
have units of energy flux, ie. watts, or MJ day”, and may be expressed as watts per

unit area of heat transfer (W m?) provided the area in question is the same for all

terms.

1.2.1.1 Metabolic heat production, M

The thermoneutral heat production of a homeotherm is the heat liberated from the
metabolisation of the feed intake. The thermoneutral metabolic rate is dependent on
level of feed intake and species and physiological state of an animal (eg pregnant,
lactating etc.). The total metabolic heat production is equal to the thermoneutral
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metabolic rate only under a limited range of environmental conditions. In the cold,
metabolic rate must increase to match the increasing thermal demand by the
environment. In hot conditions, where the environmental demand is less than the
thermoneutral heat production, physiological and behavioural responses can be
employed to iIncrease heat loss and maintain a constant body temperature, or
alternatively heat production can be reduced (eg. by lowering of feed intake). A more
detailed discussion of the dependence of metabolic rate on environmental conditions is
given in Section 1.2.3. In the following discussion, and the rest of the current work,

M 1s used to represent the thermoneutral heat production, independent of

environmental conditions.

For an animal on a maintenance (ie. zero energy retention) diet, metabolic rate Mm is

given in watts by:

Mn = 3.403 (m3”) [1.2]

where m» = mass (commonly called live weight) of the animal (kg) (Gates 1980). For
a 100 kg ewe, for example, Mm is about 108 W. For animals with greater intake than

maintenance, M is greater than Mm by a factor depending on the efficiency of

metabolization. The amount of energy metabolized is given by:

M= Mn+ (1 -k)(My - Mn) [1.3]

where Mt is the total metabolizable energy and ke indicates the proportion of the extra
intake that is retained by the animal, mainly in the form of fat and protein build-up
(Mount, 1979). Mount gave ke as about 0.7 for most breeds of livestock; hence the

proportion of intake above maintenance lost as heat is about 0.3. Lactation and
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pregnancy may double the thermoneutral heat production from the values given in

Equations 1.2 and 1.3 (Parsons et al. 1995). High intake, mechanical work and fast

growth rates also increase heat production.

Thermoneutral metabolic rate is not constant throughout the day, but varies aloﬁg with
deep body temperature and heat loss. The variations are known as circadian rhythms,
and have been observed in many mammals (Aschoff et al, 1974). Heat production is
related to feed intake, and as a consequence is highest in the daytime. Temperature is
also usually highest in the daytime, so the heat production 1s sometimes greater than
heat loss. The body temperature rises slightly, and the excess energy is stored to be
dissipated under cooler conditions (see Section 1.2.1.3). At night, with lower
temperatures and heat production, heat loss is generally greater than production, and
body temperature falls. The circadian rhythms are therefore feed-driven rather than
sleep-driven (Aschoff et al, 1974; Mohr & Krzywanek, 1995). The rise in body
temperature so caused is not as large as the rises seen under heat stress; the diurnal
variations of heat production and loss are usually small enough to avoid the need for
any other physiological responses. For example, Jessen & Kuhnen (1996) found that
the body temperature of goats varied about the daily mean by only about + 0.5°C 1n

summer, and less in winter. The seasonal variation (also observed in pigs, Mount,
1968) implies the diurnal amplitude of air temperature affects body temperature. In
man, the largest amplitude of diurnal variation of body temperature occurred at 24°C -
above and below this temperature the amplitude is less (Aschoff et al, 1974). The
variation in heat production through the day, and the time of maxima and minima
depends on the species. Holmes & Mount (1967) found the variation in thermoneutral
heat production of pigs varied by about 15% above and below the daily mean in the
summer. As for body temperature, the amplitude was less in winter (about + 10%).
The maximum heat production in pigs occurred at about 3 pm, and the minimum at
about 3 am. Bianca (196J5) found the maximum heat production in cattle occurred at

about 6 pm, due to the greater thermal inertia of the larger animals.
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There are three methods generally used to measure M. The first 1s direct calorimetry.
This involves direct measurement of heat loss from the animals, which must be
placed in a whole-body calorimeter chamber (Parsons, 1993). Such a procedure is
expensive, and exposure to the environment must be sufficiently long to remove the
effects of diurnal variations of body temperature. For these reasons, only a few
studies measuring heat production by animals have used this method (eg. McLean &
Calvert, 1972 on dairy cattle; Timmons & Hillman, 1993 on chickens). The second
method is indirect calorimetry. The heat production of an animal is widely known to
be related to its oxygen consumption (eg. Giles & Gooden, 1993). Oxygen
consumption is measured by comparing the fraction of Oz in the inspired air with the
fraction in the expired air. Several methods for the measurement are outlined by
Parsons (1993). Indirect calorimetry is relatively simple to perform, and as such 1s
the most common method used for measuring metabolic rates of animals. A third
method is the doubly labelled water method. This has been introduced relatively
recently, and involves injecting known amounts of deuterium and oxygen-18 into the
animal and monitoring the passage of the labelled isotopes through the body
(Schoeller, 1988). From data on the transport of the injected elements, rates of carbon
dioxide and water exchange can be calculated. The relationships between carbon
dioxide production and heat production established for indirect calorimetry are then
used. The main advantage of this method is its ease - it dispenses with the need for
face masks and breathing apparatus used in measurements of gas exchange in standard
indirect calorimetry. Schoeller & Hnilicka (1996) showed that the doubly labelled

water method produces heat production values accurate to between 3 and 6%.

1.2.1.2 Conduction Q, radiation R, convection C and evaporation E

These four terms account for the heat loss from the animal to the environment. The
magnitude of all the terms depends on the presence of a gradient: of temperature for

G, C and Ra and of vapour pressure for E. Q is usually small except for indoor
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animals such as pigs when kept on uninsulated floors (eg. Mount, 1967). The net
radiative flux Ra is calculated as the difference between absorbed short wave radiation
from the sun and sky, and net longwave radiation loss from the animal. Since
incoming short wave radiation can exceed 900 W m™ on a sunny summer day, and the
net longwave loss 1s usually less than about 100 W m? (Monteith & Unsworth, 1990),
Ra is usually positive during the day, ie. the radiative term is a gain, and hence on the
left hand side of equation 1.1. Heat flux densities are influenced by the amount of
insulation, and the geometry of the animal, as well as by environmental conditions. A

full description of all the heat loss terms can be found in Chapter 2.

1.2.1.3 External work Gw, and heat storage J

The metabolic rate measured by indirect calorimetry is actually the metabolic heat

production M, plus a term Gw which accounts for external work performed by the

animal. The true level of metabolic heat production, M, is therefore the measured
value minus Gw . Gw is hard to determine, although measurements have been made on

animals performing standard tasks. For example, Close & Poornan (1993) found that
a pig increased its heat production above the basal level by 20% by walking 1 km on

level ground. Most measurements of rate of external work have been made on
humans: tables in Parsons (1993) show the metabolic rate more than doubles under
even moderate exercise. Animals in the field obviously do not perform standard
tasks, and assessing the magnitude of Gw is difficult for real animal behaviour. Gw i1s

often assumed to be zero owing to inaccuracies in the measurement of M and Gw
(Parsons, 1993).

Heat storage, J, is non-zero when the body is not in thermal equilibrium (ie. heat loss

# heat production). In hot conditions, when heat production is greater than heat loss

(eg. in the middle of the day), the energy difference is stored by the body by allowing

the body temperature to rise. When the environment cools (eg. in the evening), the
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stored energy is dissipated and the body temperature falls to its thermoneutral value.

Zhou et al (1996) found that between 17 and 35% of the additional heat produced by
walking birds was stored by increasing body temperature. After walking stopped, the
birds took 1 -2 h to lose the excess heat. The timescales are longer for larger animals
such as cattle. Very large animals can have extremely long time constants: dead

whales, for example, were found to have core temperatures of 28°C (usual value

35°C) eight days after death (Innes, 1986). An animal’s body temperature rise

associated with heat storage (ATb) can be calculated from:

1.3
3480 m, (-]

where mb is the mass of the animal, J is the total energy stored (Joules per unit time)
and 3480 J kg K is the specific heat of body tissue (Tzschentke et al 1996). For

example, if body temperature of a 95 kg ewe rises by 0.7°C in one hour, the

associated rate of heat storage J is about 65 W, which is a significant fraction of

thermoneutral metabolism.

1.2.2 Energy balance of buildings

The energy balance equation 1.1 for animals can also be applied to buildings. Clark
& McArthur (1994) gave the energy balance of a building as:

M+Fi+ R, =V+ 0 +J [1.5]
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where M is the heat input from the animals, Fi is the heat energy input from fuel, Ra is
the net radiation on the building, V is the sensible and latent heat loss transferred by
ventilation, Qw is the heat conducted through walls and floor, and J 1s the heat stored
due to temperature changes in the animals and building materials. Qw and J are |
usually small compared to V over timescales of more than a few hours, in well-
insulated buildings. The main heat loss route is by ventilation, driven by mass
transfer from the building. Fi and V can be altered to control the interior temperature.
The development of the building energy balance for the current work, which was
separate from the animal thermal balance, is described 1n Section 1.4. The target
temperature inside the house is the solution to the energy balance equation, and in

practice is usually determined by trial.

1.2.3 The metabolic diagram

The effect of environmental temperature on heat production and loss from
homeotherms is well-documented. Alexander (1974), Mount (1979) and Gates (1980)
all give a schematic representation of the relationship between heat production, heat
loss and ambient temperature. A version of the schematic is given in Fig 1.1. In all
cases, for thermal balance, the heat production is equal to the sum of evaporative and
non-evaporative (ie. convection, long wave radiation, conduction) heat losses. Heat
loss and heat production are both represented as positive on the graph. The
thermoneutral metabolic rate is governed by feed intake, as explained in Section
1.2.1.1. The lower critical temperature, LCT, is the temperature at which heat
production balances the heat loss with a maximal value of resistance to heat transfer
through the animal’s body tissue (ie. blood vessels fully constricted). At the LCT, the
evaporative heat flux is minimal. Below the LCT, metabolic rate increases to balance

environmental demand. The value of the LCT depends on other environmental
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Fig 1.1: Schematic representation of routes of heat loss and production from
a homeotherm as a function of ambient temperature



conditions such as wind speed and humidity, and on the thermoneutral metabolic rate,
as governed by the feed level. At all other temperatures, the animal has to respond
physiologically or behaviourally to maintain energy balance. Such responses are

discussed in more detail in Section 2.10, but the general concepts are outlined in this

section.

Below the LCT, non-evaporative, or sensible heat loss rises as environmental
temperature falls. Heat production must increase correspondingly, for example by
shivering or by increasing external work, to maintain homeothermy. The heat
production reaches a peak at the summit metabolism, which is defined as "the maximal
rate of heat production that is achieved in response to cold and can be sustained for
some time without hypothermia" (Poczopko, 1981)." The temperature at which this
metabolic rate is reached, T1, marks the boundary between the cold zone and the cold
lethal zone, where the animal is in imminent danger of hypothermia. The magnitude
of the summit metabolism varies between species. Whitmore & Young (1986) found
that the summit metabolism of sheep is about 5.5 times the basal level. Some human
athletes have summit metabolisms about 7 times the basal value. Bennett (1972) found

that the summit metabolism was almost directly proportional to body mass.

Above the LCT, blood flow in the tissue is increased, hence reducing tissue resistance
and aiding heat loss (See Section 2.10.1). When the blood vessels reach maximum
dilation, the evaporative heat loss must rise to compensate for the falling sensible heat
loss (at temperature T2). The sensible heat loss, driven by temperature gradient,
continues to fall above Tz, and approaches zero when the air temperature equals deep
body temperature, To. The upper critical temperature (UCT) is defined by some
authors as the temperature where deep-body temperature starts to rise, and others
define the UCT as the point where metabolic rate starts to rise due to the effort in
increasing evaporative heat loss (Mount, 1974). In the current work, the UCT is
defined as the point at which T starts to rise, principally because this quantity is

easier to measure than metabolic rate. Fig 1.1 shows a rise in metabolic heat
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production above Tz when To starts to rise, and heat storage becomes non-zero.
Between the LCT and UCT, the metabolic rate is minimal, and this temperature range

i1s known as the thermoneutral zone.

Fig 1.1 presents an idealisation of the thermoregulatory behaviour observed in
animals. Later sections on model validation (eg. Section 3a.6) discuss the differences
between real data and the idealised metabolic diagram. However, Fig 1.1 1s useful to
illustrate the principles of thermal energy balance, and to provide definitions of the

various zones of response for homeotherms.

1.3 EFFECTS OF THERMAL STRESS ON LIVESTOCK

1.3.1 Introduction

Knowledge of the thermal status of livestock, and the interaction between animal and
environment, is essential in determining an animal's productivity, growth rate, feed
intake and ability to bear young. The impact of weather conditions on the thermal
balance of animals is well documented. Low temperatures, high winds or wetting of
the animal reduces the growth rate (Close, 1987) and the feed intake required for
maintenance increases (Thompson, 1973). Combinations of cold wet conditions can
cause death from hypothermia (eg. Glass & Jacob, 1991). Hot weather also has
adverse effects. - Hot conditions reduce feed intake and the digestibility of the food
(Bianca, 1965), depress milk production, affect the ovulation cycle and increase
embryo mortality (Close, 1987; Bianca, 1965). The water requirement also increases.
In addition to adversely affecting economic productivity, the animal's welfare suffers
under thermal stress. In this section, the main effects of thermal stress, both heat and

cold, on animals are discussed in order to show the importance of climatic

considerations to the productivity and welfare of livestock.
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1.3.2 Impact of thermal stress on animals

1.3.2.1 Heat and cold stress

The effects of extreme weather events on the welfare of livestock are well-
documented. Animals such as dairy cattle, which have high metabolic rates, can be
uncomfortably hot at air temperatures as low as 15°C (Garnsworthy et al, 1993;

Macmillan, 1996). The problem of heat stress in l