TOPIC 1. FACTORS AFFECTING ENERGY METABOLISM

Nothing is free. The maintenance of basic life processes, the com—
pletion of activities, and the production of new tissues are all energy-
requiring processes. The energy costs of these processes can be estimated
because the energy transfers involved are predictible processes. Equations
can be derived that provide good first approximations of the costs of these
processes 1in different ecological circumstances:

Each individual must meet its own requirements for the basic life
functions-~respiration, circulation, dailly activities that provide food
necessary to support these functions, maintenance of body tissues, produc-
tion of new tissues to replace that metabolized--that combine to establish a
maintenance requirement of each individual. Since metabolism 1s an energy-
using process, the energy used must be replaced each day in order to sustain
life. If the energy requirement is not being met, the animal is in a nega-
tive energy balance, and 1f the amount of energy in ingested nutrients ex-
ceeds the energy required, the animal is in a positive energy balance.

The energy flow through an organism includes several pathways of use
and dissipation illustrated below. The numbers below each of the terms are
relative values illustrating the efficlencies of an animal given by Crampton
and Harris (1969:145) at each step.
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The efficiencies of energy use have a direct bearing on the amounts of
food required. Further, the nutritional requirements are constantly chang-
ing as a result of physiological and environmental variables. Since so 1lit-
tle 1s known about the metabolic efficiencies and maintenance, activity, and
productive functions of wild ruminants, it 1s difficult to assess the ef-
fects of the different variables in the lives of free-ranging animals in
their natural environments. Nevertheless, some patterns may be recognized
from data on both domestic animals and wild ruminants, providing insights
into relationships between wild ruminants and their natural environments.
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UNIT 1.1: BIOLOGICAL FACTORS AFFECTING ENERGY METABOLISM

Some of the biological factors affecting energy metabolism are

historically determined, and some are variables due to circumstances. The
former include factors that are determined by genetic and by "programmed”
physiological changes. The latter include 1Interspecies and intraspecies

relationships present due to current circumstances.
GENETIC

It is well known that animals exhibit individual variation due to
genetic differences. The more obvious characteristics, such as coat color,
body size, etc., are often the only characteristics considered by field
biologists when studying particular populations. Since energy metabolism is
so vital to the survival of the individual, genetic factors which affect the
energetic efficiencies of animals may have a significant bearing on their
survival, especially when conditions of stress begin to appear.

SEX

The two sexes have different metabolic rates at different times of the
year; differences in metabolic rates of the sexes are related to their dif-
ferent biological roles. Males are very active during the breeding season,
spending a lot of energy for activity. Females are very active during the
lactation period, especlally in foraging activity when they must supply
nutrients for milk production.

AGE

It is well known that the metabolism per unit weight of young animals
is higher than that of adults; the metabolic rate of an adult, relative to
weight, is usually less than one-half that of a newborn. Lambs reach summit
metabolism, the maximum heat production possible without voluntary muscular
activity, within one-half hour after birth, and maximum values may be 15
times greater than fetal levels and 5 times greater than "basal"” levels
(Alexander 1962a). He noted that there was no increase after ingestion of
milk, and heat production declined slowly with advancing age, prolonged ex-
posure to cold, and continued fasting.

The physiological capabilities of newborn wild ruminants are quite
well-developed as the young are active shortly after birth. Some species,
such as caribou, goats, sheep, and muskox, sometimes give birth to young in
rather severe weather conditions, and only well-developed offspring can sur-
vive. Newborn caribou are able to follow their dam within hours after
birth, indicating a high level of physiological development, with survival
very much dependent on the nutritional ties between the neonate and the dam.

HAIR CHARACTERISTICS

Since warm-blooded animals maintain a specific internal body tem-
perature (with some variation of course), hair coats with lower insulation
values may necessitate higher levels of heat production by the animal. If
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two animals with equal surface areas were exposed to identical thermal en-
vironments, the one with the better insulation would lose less heat. 1f
heat production were identical for the two animals, the one with the better
coat would have a more positive heat balance. Brody (1954) attributed the
ability of cattle to withstand temperatures to -40°F to their coat
insulation and highly developed vascular control of the thermal conductivity
of peripheral tissues. Wild ruminants are very dependent on hair
characteristics for insulation from the cold, and have seasonal molts to
accomodate seasonal changes Iin weather.

RELATION TO SURFACE AREA

Interpretations of the basal metabolic rate have been made by phys-—
iologists for many years, and numerous disagreements have arisen over its
relationship to surface area and body weight. The "surface area law” was
formulated because it could be shown that heat loss from any object is
proportional to surface area, and since heat production must be proportional
to heat loss if homeothermy 1is to be maintained, it was concluded that heat
production must be proportional to surface area. This was demonstrated for
dogs and rabbits, and the concept was widely applied to other speciles as
well (Brody 1964:356).

However, one factor in the relationship between surface area and heat
production is the variability in the surface area of a single animal. A
standing animal has a greater surface area than the same animal lying down
and curled up. Thus the surface area of an individual is variable, and liv-
ing organisms may be constantly changing theilr surface area, heat produc-
tion, evaporative heat 1loss, muscular activity, diet, hair insulation
through pilo—erection, and other characteristics to maintain a homeothermic
condition. If one considers the complexity of heat exchange by radiation,
conduction, convection, and evaporation, it becomes immediately obvious that
surface area is only one of several important parameters operating in heat
exchange. A simple relationship observed empirically between surface area
and heat production can hardly be called a "law" in view of the many other
associated variables.

If, however, one conslders two animals of the same species with iden-
tical thermal characteristics of the coats and equal rates of heat produc-
tion per unit of metabolic tissue, the larger animal with its more favorable
surface area:weight ratio should be able to withstand more cold stress than
a smaller one. It is possible to calculate the critical surface area (Moen
1968) of an animal. The critical surface area is the surface area:weight
relationship which is just sufficlent to result in a net thermal exchange of
zero. Larger animals have relatively less surface area than smaller omes,
and they also have more metabolic tissue and greater metabolic potentials.
Heavlier lambs were able to maintain homeothermy under conditions of higher
heat loss than lighter ones (Alexander 1962b), and this may be due not only
to their more favorable size and surface area ratio but also their larger
amounts of metabolic resources.
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RELATION TO BODY WEIGHT

A large animal has a higher absolute metabolism than a small one. The
heat production per unit weight of a small animal is greater than the heat
production per unit weight of a large animal, however. The relationship is
1llustrated below.

Metabolism
(cal)

\

Weight

Benedict's mouse to elephant curve (Benedict 1938; see also Dukes 1955:625
and Moen 1973:116), widely known in physiological circles, 1s a quantified
display of this relationship; variations between species were found to be
quite low and the smooth and logical shape of the entire graph striking.
Deviations from the curve may be real or they may be artifacts, and perhaps
are a comblnation of the two.

The total mass of an animal includes some tissue that is not actively
participating in the metabolic processes but is the final product of
metabolic processes. The hair, horns, and antlers, once growth is com-
pleted, are examples. Ingesta in the gastro—-intestinal tract is another ex-
ample; it adds to body weight but 1s not part of the animal's metabolic tis-
sue.

There has been considerable discussion of the mathematical relation-
ship between heat production and body weight. The formula for this re-
lationship 1is:

Q =k wb

where Q 1s the heat production in calories per day, k is a constant, W is
the weight in kilograms, and b 1s an exponent that has generated most of the
controversy. Physiologists have been searching for an exponent which will
result in a constant value of k. If this could be found, the basal heat
production of any animal could be determined by simple multiplication after
measuring the weight of the animal.
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Published values of b have ranged from 0.66 to 0.75. Much of the con-
troversy 1s in the rounding off of the value. Brody (1945) suggests that b
should be 0.7 and Kleiber (1961) uses 0.75. The National Research Council
(1966) adopted the exponent b = 0.75. Fasting homeotherms under standard
conditions produce about 70 kcal of heat per kg0'75 (Kleiber 1961).
Measurements of four deer in winter coat resulted in an average of 75.6 Kcal
per kgo'75 per 24 hours, and measurements of three deer in summer coat had
an average of 84.4 Kcal per kgo'75 (recalculated from Silver 1968: see
Moen 1973:117). Since winter and summer differences are part of the
rhythmic seasonal varilations in metabolism of deer, I no longer calculate an
average basal metabolism for deer, choosing rather to use 70Wyg 0.75 a5 a
mathematical ©base-line and representing ecological metabo%ism with
time-dependent equations.

REPRODUCTIVE CONDITION

Three stages 1in the reproductive cycle--breeding, gestation, and
lactation--have definite effects on the energy metabolism. It is well known
that male wild ruminants expend large amounts of energy in increased activ-
ity during the breeding season and lose considerable weight. During gesta-
tion, the female must expend additional energy to maintain the uterus, to
meet increased demands on the circulatory. respiratory, and excretory sys-—
tems, to handle the endocrine influences on her own metabolism, and provide
for fetal growth (Brody 1945). The energy metabolism per unit weight is not
higher for pregnant females until the last 1/3 of pregnancy when fetal
growth 1s much accelerated, however (Morrison 1948). During rapid fetal
growth, elevated metabolism 1s expected since growth demands additional en-
ergy for synthesls of fetal tissue. The high rate of fetal metabolism 1is
followed by a declining but still high peonate metabolism, after which
metabolic rates decline to more stable and rhythmic adult levels.

Lactation places a high physiological demand on the female as milk is
synthesized from the nutrients in ingested food. The heat production of
cattle during heavy lactation is approximately 1007 above the non-lactating
level, with the increase directly proportional to milk production. The
higher metabolic rate 1s associated with the higher food consumption and
milk prodution rather than with muscular activity (Brody 1945:820).
Calculations of the cost of lactation for white-talled deer indicate that it
is the most costly sustalned biological process there 1s (Moen 1973 and Rob-
bins and Moen 1975).

PATHOGENS AND PARASITES

Whenever one organism supports the life processes of another organism
living upon or within it, the energy requirements of the host animal must go
up unless the two species exhibit a kind of mutualism (Odum 1959) in which
the growth and survival of both populations is benefited. The relationship
between a ruminant and the rumen flora and fauna is an example of mutualism.
Pathogens and parasites, however, increase the catabolic mechanisms of an
animal (Jones 1963 in Thayer), resulting in increased energy demands.
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HEAT INCREMENTS

Heat production increases when an animal becomes more active since
muscle contractions are exothermic. Digestion of food 1in the gastro-
intestinal tract also results in an increment in heat production of an an-
imal. It is defined as an extra heat Iincrement incident to the total nutri-
tive process, including the energy cost of excretion of the end products
(Brody 1945:59). It is sometimes called an energy waste assoclated with the
use of food, but the extra heat energy may be of value during cold weather
as it helps keep the animal warm.

What heat Increments are characteristic of animals on different diets?
Blaxter (1962:141) presents a table showing the differences in heat produc-
tion of sheep and steers on fasting, maintenance, and full-feed diets. For
sheep the ratio of the malntenance to the fasting diet is 1.47/1, and of the
full feed diet to the fasting diet 1.88/1. The ratio for steers on a
maintenance diet compared to a fasting diet was 1.38/1. Such increments are
of interest to the field biologist when analyzing the energy balances of an-
imals on ranges with different food supplies, topographies, and weather con-
ditionms. :

ACTIVITY

Activity, or the movement of mass through distance, is work. Every
animal must expend energy when moving its mass horizontally and vertically
for whatever distances are involved. Range and wildlife managers ought to
be interested in the amounts of energy required for these movements since
topographic relief, distances to water and other range characteristics may
have effects on the efficiencies of the animals and on population ecology.

The speed with which an animal moves also has an effect on the energy
cost of movement. In sheep, the energy cost of horizontal locomotion
increased but the cost of ascending vertical gradients decreased with
increasing speed (Clapperton 1961). It 1is interesting to speculate on the
energy costs Involved in rapid bursts of speed exhibited by wild ruminants
during escape behavior.

SOCIAL AND PSYCHOLOGICAL EFFECTS

Numerous sociological and psychological stressors influence energy re-
quirements. Pfander (1963:117) lists such things as confinement vs. natural
range, herd vs. individual response, numbers per group, space per animal,
noise level, and other disturbances as factors that affect energy re-
quirements of domestic species.

One unknown factor in basal metabolism measurements is the effect of
confinement on the psychology and metabolism of the animal. Well-trained
animals appear more calm, of course, but visible signs of excitement need
not be present to have elevated metabolism. A male white-tailed deer that
was rescued from an ice-covered lake (Moen 1967) showed body temperature
variations that were not accompanied by visible signs of excitement when
resting in the garage at the laboratory. The deer showed a steady increase
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in body temperature from a low of 26.4°C to a high of 39.5°C as it was
warmed up, after which 1t returned to 38°C. My presence in the room, how-
ever, caused the temperature to rise quickly to 38.5°C, but the animal
showed no signs of fear. When I left the room, body temperature declined to
38°C again. The docile nature of the deer when in the garage changed
instantly when it saw the trees through the open garage door as we prepared
to release him. After thrashing around in its nylon mesh cage, the deer was
finally released and ran directly into the woods.

RHYTHMIC CHANGES IN THE BASAL METABOLIC RATE

Marked changes in the rates of metabolism during daily and seasonal
periods have been observed. Nocturnal animals have a lower BMR during the
daytime (Benedict 1938), and times of muscular activity and metabolic rates
are related (Brody 1945). Seasonal variations also occur. A depressed
winter metabolism in white~-tailed deer was first reported by Silver (In
Siegler 1968:191), but the number of deer studied was not sufficient to
warrant a definite conclusion about seasonal lability. Several years of re-
search at the Wildlife Ecology Laboratory have shown definite seasonal
metabolic rhythms in ecological metabolism (Moen 1978).
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CHAPTER 7, WORKSHEET 1l.la
Resting heat production of black-tailed deer

Measurements of the resting heat production of male and female black-
tailed deer fawns have been made by Nordan et al. (1970). The weight and
heat production measurements reported in TABLE II (p. 278) make it possible
to calculate multiples of base-line metabolism (MBLM) at each weight. The
data and calculations are given below.

LWKG  REHP LwKGO-75 BLM MBLM
Males: 5 382 3.34 234 1.63
10 880 5.62 394 2.24
15 1180 7.62 534 2.21
20 1460 9.46 662 2.21
25 1722 11.18 783 2.20
Females: 5 498 3.34 234 2.13
10 837 5.62 394 2.12
15 1076 7.62 534 2.01
20 1408 9.46 662 2.13
25 1669 11.18 783 2.13

Note how similar the MBLM values are throughout this range of body
welghts.

Keep in mind these are resting heat production values, and will be
different from ecological metabolism. The MBIM for the ecological metabol-
ism of a growing fawn will be higher (see.CHAPTER 7, Page 2. and also TOPIC
6).
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CHAPTER 7, WORKSHEET 1.1b

Energy metabolism of pronghorn

The total heat production and fasting heat production of female
pronghorns from 2 months to 18 months are given by Wesley et al. (1973).
Calculations of MBLM are easlly made from the age, weight, and heat produc-
tion data presented In Table 2 (p. 567). The following table is derived
from their data. :

Month Age Class Total Heat Fasting Heat

of Year (months) LWKG MEWK*  Production MBLM Production MBLM
July 2.0 8.9 5.15 783 2.17 603 1.67

January 7.5 26.1 11.55 1316 1.63 843 1.04
May 12.0 26.8 11.78 1425 1.73 884 1.07

November 18.0 37.8 15.24 1707 1.60 1220 1.14

*MEWK = metabollc weight in kg = LWKGO: 75
- Note how MBLM for total heat production varies from 1.60 to 2.17.
Variations after the age of 2.0 months may be a reflection of a seasonal

rhythm, but there are too few data through the annual cycle to confirm that.

Evaluate these MBLMS 1n relation to the seasonal rhythms of
white-tailed deer discussed in TOPIC 6.
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CHAPTER 7, WORKSHEET 1.lc

Behavioral effects on the energy expenditures of white-tailed deer

The effects of different amounts of physical activity in six different.
behavioral regimes on energy metabolism have been demonstrated in a sequence
of calculations in Moen (1976). The least activity, with 75% of the time
spent bedded, 10% standing, 107 foraging, 5% walking, and no running, re-
sulted in graphed values of energy expenditure as low as 1700 kcal per day
for a 60-kg deer. The most activity, with 25% of the time spent bedded, 30%
standing, 127 walking, 30% foraging, and 3% running, resulted in graphed
values approaching 3000 kcal per day for a 10-kg deer. These two expenses,
and various combinations of effects between them, are plotted in Figure 3,
page 198 of Moen (1976).

Determine multiples of base-line metabolism for the energy ex-
penditures given in the paragraph above with the following formula:

MBLM = Energy expenditure/(70)(MEWK)

where MBLM is the multiple of base-line metabolism, and MEWK is metabolic
weight in kg, and (70)(MEWK) is base-line metabolism. Both of these are
discussed on Chapter 7 - Page 2.

Other values of MBLM may be determined from Figure 3 in Moen (1976)
also. Note that the 1976 publication includes discussions of multiples of
basal metabolism rather than base-line metabolism. This change in ter-
minology is due to clarification of concepts as a result of analyses de-
scribed in Moen (1978).
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UNIT 1.2: ENVIRONMENTAL FACTORS AFFECTING ENERGY METABOLISM

‘The concept of thermoneutrality--the thermal range in which an animal
does not need to respond physiologically to malntain normal body temperature
—-1is well known. The terms "upper critical temperature” and "lower critical
temperature,” deeply entrenched in the literature, are meant to represent
the 1limits of the thermoneutral range on a thermometric scale. Many more
parameters are 1nvolved 1n. heat exchange 1n the natural world than
temperature alone, however. Further, temperature measurements are on an
ordinal scale, and do not represent the actual amount of energy exchanged in
a particular system. I have suggested that the concept of a critical
thermal environment (Moen 1968) replace the "critical temperature” idea used
previously. Critical thermal environment is a much more appropriate term in
view of the many factors involved in heat exchange.

A critical temperature may be determined if all thermal parameters ex-
cept temperature are held constant in a particular system. In the same man-
ner, however, a critlcal wind velocity can be determined if temperature and
all other thermal parameters are held constant. Similarily, critical values
for body welghts, evaporation rates, postures, heat production, and many
other parameters can also be calculated.

The concept of thermal neutrality is physiologically sound. The term
critical thermal environment is comprehensive and applies to the concept of
thermoneutrality.

Another environmental factor affefcting energy metabolism 1is snow.
The depth and density characteristics of snow can have a major effect on
energy metabolism as animals of different sizes and weights sink to
different depths.

Surface characteristics also affect the metabolic cost of walking.
Less energy expenditure was measured on reindeer walking on roads than on
tundra (White and Yousef 1978), indicating that the more firm road surface
was easier to walk on than the softer tundra surface.

The topography affects energy metabolism as the cost of walking on the
level is less than the cost of walking upslope. The cost of walking
downslope is less than the cost on an upslope (Robbins et al. 1977), but the
compensation is not equal to the upslope costs.

Environmental stimuli, such as mechanical noises, wind, predators, and
other stimuli, may get the attention of an animal and increase the energy
metabolism. Many of these transients are of short duration, such as a jet
plane passing overhead, and may contribute little to the total daily cost of
living. Others, such as a predator, may demand a higah rate of energy
metabolism for escape. Heart rate 1ncreases are discussed in Moen and
Chevalier (1977); corresponding changes in energy metabolism are unknown,
however.
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CHAPTER 7, WORKSHEET 1.2a

Chamber temperature effects on MBLM of the white—-tailed deer

The energy expenditure values for white-tailed deer in a temperature-
controlled chamber given by Holter et al. (1975) may be converted to MBLM by
dividing the y-axis values in Figure 3 (p. 682) by 70. In the summer, MBLM
was about 3.0 as the ambient temperature in the chamber was lowered to near
0°C. This is a very high relative rate of metabolism as a response to cold;
productive processes require MBLM's of 2.5 to 4.0 (Moen 1978). In the
winter, MBLM reached a low of about 1.3 at about 10°C, and a high of about
1.8 at about -20°C. These values are within the range of values for the
winter period in the annual metabolic cycle discussed in Moen (1978). No-
indications of a rise in energy metabolism have been observed in the deer at
Cornell's Wildlife Ecology Laboratory when air temperatures have dropped
from about 10°C to =-20°C. These animals have been free to choose their
optlons in response to natural weather pattermns.

Alr temperatures to -20°C and cooler have always been accompanied by
further reductions in heart rates and energy conservation behavioral res-
ponses by these deer. Different results in the New Hampshire chamber are
likely due to the fact that the number of options are very limited in a
chamber, and that the freedom to select and move to locations of the deer's
choice cannot be. exercised.

Equations for energy expenditures during different seasons are not
given in Holter et al. (1975), but values may be estimated from plotted data
using a grid overlay. Complete the estimations and compare MBLM's
determined with the seasonal rhythms in Moen (1978).
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CHAPTER 7, WORKSHEET 1.2b

The effects of walking speed, percent slope, and snow depths
on the energy expenditures of white-tailed deer

The effects of various combinations of walking speed, percent slope,
and snow depths on energy expenditures have been graphed in Moen (1976,
Figure 3, p. 194). The energy costs of different combinations may be read
on the y-axis and MBLM determined for a 60-kg deer. For example, a deer in
Behavioral Regime 6, walking 90 cm per second on a 07 slope in about 18 cm
of snow is predicted to have an energy expenditure of 2400 kcal per day.
The multiple of base-line metabolism is:

MBLM = 2400/(70)(600:75) = 1.59
Determine the energy costs of different combinations and summarize in
the space below.  Note that the multiples of basal metabolism given in Moen

(1976) are considered in this book to be multiples of base-line metabolism
(see WORKSHEET 1.lc, Chapter 7 - Page 18c).
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CHAPTER 7, WORKSHEET 1.2c

Energy exchanges of red deer (ceel) at three chamber temperatures

Energy exchanges of young red deer at three alr temperatures and three
levels of feeding are given in Table 4 (p. 253) of Simpson et al. (1978).
The values are presented in MJ per day, which can be converted to kcal with
the following equation:

kcal per day = (MJ/4.184)1000
Multiples of base metabolism are determined by dividing kcal per day
by (70)(MEWK). Using these equations, the following MBLMs have been

determined:

Level of Feeding

Low Medium High

Metabolizable energy intake (MBLM) ~ . 1.10 1.84 2.33
Heat production (MBLM) at  16° 1.57 1.58 1.70
8° 2.05 2.35 2.49

4° 1 86 2 38 2.20

These multiples indicate a rise in heat production at each level of
feeding as the temperature dropped from 16 to 8°, and at only one level of
feeding as the temperature dropped from 8 to 4°.

The MBLM calculations are 1llustrated here to call attention to the
utility of MBIM as a parameter for comparisons between levels of feeding,
‘chamber conditions, weights, and species. Verify these calculations based
on the original data in Simpson et al. (1978) in order to become thoroughly
familiar with the patterns of MBLM in different situations.
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CHAPTER 7, WORKSHEET 1.2d

Effects of weather on energy metabolism of infant caribou

The effects of different combinations of air temperature, wind and
precipitation on the metabolism of infant-caribou was studied by Hart et al.
(1961). Results are presented in Table IIT (p. 850), including a column for
heat production in kcal per hour/kg0°75. These data may be converted to
MBLMs by simply multiplying the HP value by 24 and dividing by 70. Values
of MBIM range from about 1.4 for a dry calf in the lab at 0°C to over 10 for
a calf exposed to wind and precipitation.

Complete the calculations of MBLM for each of the test conditions
given in the published paper and evaluate them 1n relation to the ex-
perimental variables. Examples are MBLM in relation to air temperature (the
first five results in Table III) and MBLM in relation to wind velocity (the
last six results in Table III). Multiple regression analyses may be useful
here too, except that the effects of wind on MBLM may not be linear. This
1s discussed further in PART V.

Note that Hart et al. indicate that 25 kcal per hour/kg0:75 1is a
"lethal level.” This is (25)(24)/70 = 8.6 = MBIM, which is a higher rate of
metabolism than that of very high producing dairy cows! Infant caribou can
hardly be expected to maintain such a metabolic level for very long.

LITERATURE CITED
Hart, J. S., 0. Heroux, W. H. Cattle and C. A. Mills. 1961. The influence

of climate on metabolic and thermal responses of infant caribou. Can.
J. Zool. 39(7):845-856.

Chapter 7 - Page 22d



