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"struggle for existence is the struggle for free

energy available for work."

Boltzmann (1886)
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1.0 INTRODUCTION TC ENERGY STUDIES

If we accent trat the characteristics of any plant or
animal are adapntations to existence within an environment
then ecology covers more of the field of zoology than the
third claimed for it by Flton (1927). Living organisms
are part of the functional units of ecology, the ecosystems.
#ithin any ecosystem two important »Hrocesses can be distin-
guisned (1) the cycling of material (2) the one way flow of
energy, Energy is cone of the dominant functions controlling
living organisms anc the obtaining of sufficient of this
commodity enabvles normal activities to be undertaken,

Yrnergy, unlike material, is continually lost from the
system and althougn it can be stored even Zor thousands of
years it will eventually be lost. Our ultimate scurce of
energy is that emitted from the sun in the form of electro-
magnetic waves, This energy is utilised by plants with
chlorophyll enabling them to make organic material, a store
of energy. This material is then available as food to
herbivores in an ecosystem, It is with the relations
between plants and herbivores that I shall be concerned,
in particular with the amount of energy taken in by an
animal to supply its normal daily needs.

The energy which an animal takes in as food has to

serve two main purposes: (1) to provide energy for the



normal life processes (2) to provide energy for the increase
of biomass i.e, production, e can summarise the fate of

consumed e€energy as:

C=P+R+U+F
D = P+ R+ U
A = P+ R

Where C 1is consumption, D is digestion, A is assimilation,
P is production, R is respiration, U is excreta and ¥ is
faeces (Petruesewicz, 1967b).

There are varicus ways of studying energy flow in
vertebrate populations and these have heen described by
Golley (1967). All work so far has been based on two
assumptions: that a population can be delimited in space
and time and that tre energy flow of a population is the
sum of the energy flow of the individuals measured separately.
Direct measures of metabolism in the field have been
developed by Lifson, Gordon and ¥cClintocck (1955) using
radio-active body weter and by a number of workers (Odum
and Golle., 1963) wko have measured the rate of excretion
o radio-active zinc. Intake of food has been measured
directly in domestic animals (Van Dyne and ieyer, 1964) by
a variety of technicues including the use of a rumen fistula,
By including indigestible or radio-active matter (Crossley,
1963) in the food it is possible to measwre.food consumption,

However the most wicely used method is the "balance'" method



whereby an animal, usually kept i the laboratory, is
supplied with a known amount of fcod daily. Collection of
faeces and urine and determination of thelr energy content
allow the construction of an energy budget. This method
(except for the collection of urine) has been used in the
present work, The calculation of energy budgets requires
that body weight remains constant or a suitable correction
factor he applied,

Workers on small mammal energetics are faced with a
formidable 1list of factors all of which affect metabolism,
Kleiber et al (1956, described the effect of age on rat
metabolism and Kaczmarski (1966) has shown that pregnancy
and lactation incresse daily energy requirements, Other
factors affecting metabolism include the season (Gebeczynski,
1966), temperature (Irving, 196L4), geographical locality
(Hayward, 1965), social behaviour (Brown, 196%) fat content
(Connell, 1959), the state of excitement (Folk, 1964),
acclimatisation (Gorecki, 1966), activity (Hawkins et al,
1960) and diet (Drozdz, 1968b). Especially important
amcongst these factors are breeding condition and temperature.
As the majority of a small rodent's energy intake is used
for heat production (Davis and Golley, 1963) then clearly
any change 1in temperature may have an apprecisble effTect if
the animal is below its thermo-neutral zone, The major

difficulties arise when one attempts to relate energy studies
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in the laboratory where conditions can be conirolled to

the wild where conditions are constantly fluctuating.



2,0 PREVIOUS .JOXK QI BANK VOLES

The bank vole, Clethrionomys glareolus (Schreber, 1780),

is a rodent belonging to the sub-family: Microtinae, Its
general characteristics are well described in Southern (41964),

Evans (1942) studied the population dynamics, movements
and distribution of the species. More recently a number of
people have examinec its daily activity cycle; Brown (1956a)
found evidence for ciurnal activity but Miller (1955) and
Osterman (1956) fourd it to be active throughout the 24 hours
with more nocturnal than diurnal activity in summer. The
home range has been studied by Miller (41958) and Brown

(1956b). The effect of Clethrionomys on forest regeneration

has been described ty Ashby.(1959, 67), Tanton (1965) and
most recently by Turcek (1967). Particularly relevant to
the present work are the extensive studies around Durham
itself by Crawley (1965) and Ashby (1967), both of whom have
paid some attention to feeding. HMost work on feeding in
Britain has been restricted to identification of foods
taken, e.g., Miller (1954) and Watts (1968).

Since the start of the IBP (International Biological
Programme) combined with the "discovery" that energy is
important to the furctioning of ecosystems, small mammal
studies concerned with food and energy flow have received
a great boost. 1lost of the published work has been done 1in

Poland where there is a working group of the IPP devoted to



small mammals., Some of the most important studies have
been made by Drozdz (1964, &6, 67, 68a, 68b) who has

worked on Clethrionomys and on other small rodents, both

in the laroratory and in the field., He has studied the

b

natural foods throughout the year and shown by analysis o
gut contents that the food taken varies. Drozdz also
measured the digestibility and assimilation of natural
foods and calculated daily energy budgets using animals
kept in metabolic ceges. Gorecki (1966, 68) has looked at
acclimatisation of the bank vole to laboratory conditions
and has worked on metabolic rate. This work is,particularly
important in showing that animals which have been kept in
the laboratory for more than a few days are quite likely to
have different energy requirements from the wild animal,
Studies on the metatolic rate and energy budget have shown
that winter and summer rates are somewhat different (as
expected, since the winter pelage is thicker than the
summer ). Grodzinski and Gorecki (1967) have evaluated
various possible messures of daily energy budgets (see
Section Lk.5) and Gorecki (1967) has determined the calorific
value of the whole tody of the bank vole at different times

s

of' the yecar,
Jork has been Zone in America on the ecological counter-
parts of the bank vole., Reference will be made particularly

to the studies of Pearson (1947, 50, 62), licNab (1963) and



the excellent work c¢f Golley (1960) on Microtus pennsylvanicus.

Much information has also been obtained from the standard
works on energetics of domestic animals (Brody, 1945
Kleiber, 1961 : Blaxter, 1962),.

Except for the studies of the effect of voles on
regeneration of oaxs very little has been published in
Britain in recent years that is varticularly novel, The
Polish work however has given us some insight into the
role played by small rodents in the ecosystem. The present
work was done 1n part to investigate whether the findings
in Poland were apniicable in Britain since the whole ainm
of IRP is to produce results which have world-wide
relevance, The effect of groupinz on energy flow, energy
intake in the wild and the energetics of weight change

were also studied.
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3.0 GENERAL METHODS

5.1 THE JTITES AND MATERIAL

All the animals used in feeding experiments were caught
at Castle Eden Dene, a nature reserve of natural and semi-
natural woodland. The vertebrates of this reserve have
heen studied by Crawley (196°) and Ashby axnd Crawley (1267).
The voles were cauirt during May-June, 1969 using Longworth

traps (Chitty and Kempson, 1949) baited with rolled oats,

The tranping area was an copen stand of Corsican pine

(Pinus nigra) with some hardwoods. Ground cover was mainly

dog's mercury (lercuralis perennis) and bracken (Pterdium

aguilinum).

Animals used tc determine energy intake in the wild
were caught with break-back trans palbed with rolled oats.
The traps were set in Houzhall oo, Durham, an area of
mixed woodland. The ecologzy of the bhank vole on this site
has been studied over a long neriod by Ashby (1967) who

ion, The traps were set in the

ct

also describes the vegets
morning and then neriodiceslly ianspected during the day.
Only adult animals were used in the feeding experiments

n the break-back traps.

i~

but all classes were caught

3.2 THE WEEDING EXPTRTIENTS

During the feedinz and starvation experiments the

nimals were housed in metal mesh cages measuring 40 x 20 x 25

cm.. The cages were kept in the laboratory at a temperature
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of about 2073 and the animals disturbed as liittle as possible,

1,

N e A . . . 2
Tith their volume oi' 20 litres anéd floor area of 800 cm™ the
cages were considerably larger than those ussed by Drozdz
(1963b) in his studies. This variation in cage size could

well have an iwportent efrect on the vole energy require-

D

a ror exploretion, IExcept

mchts by providing e larger ar
in two experiments snimals were housed individually; Jater
was supolied and focd offered in a petri dish on the cage
floor, Iach day beiore placing the cage in its metal tray
the latter was lined with a sheet of »aper. This made
collection of faeces and uneaten rood much easier, Cotton
wool was provided as bedding as it was important to use
material that the woles would not eat.

2 animals were given the appropriate

ATter capture, th
test diet for a preparatory period of 5 days before nmeasure-
ments were started to ensure that they were accustomed to
the diet and also had their alimentary tract £illed with
it, EBach exneriment involved 6 animals for a minimum of

7-day experimental neriods after tae preparatory periods.

Four test diets were used: oats (Avena fatua wheat
H 9,

(Triticum aestivum, 2acorns (Quercus robur)and bluebell corms

Endymion non—scriptus). Three iiets were of a concentrated

nature with low fibrz and water coiatent vhile one was a
bulky diet with high water content. After the introductory

neriod the cages wers cleaned and “resh nesting material
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provided. “he animals were then weighed daily to the
nearest 0,1 g.

The vasis of this work was the determination of energy
requirenents by the "balance" method (see Section 1.0).
Eacn day a knowr welzht of experimental diet was given,

The food was always in excess of rseguirenents. (Digestion
and assimilation in mammals is not affected by excess, as

knowi, unlike many invertebrates). On the

[N
0]

far as
Tollowing day uneaten food was collected and weighed, Taeces
were also removed and welghed, and samples taken for analysis
of water content, asi content and calorific value.

Two Turther expsriments were completed (seb Section 5.0)
i which two animals of the same sex were placed together
at the start of tne =2xperimental nariod in a cage new to

both of them and with fresh nesting material.

3.3 ANALYSIS O FOOD AND FAECES

All the types of food used in the experiments were
subjected to a simple analysis to determine water content
and the wverceintage ol organic material present., PFaeces
were also analysed in the same way.

Samples of food were ground into a fine powder using a
pestle and mortar. A number of samples, usually 5, were
then dried to constant weight in a vacuum oven at 6500, this
temperature ensured no loss of fat. PRefore weighing, samples

were allowed to cool in a dessicator. "“hen constant weight
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was reached, usually after about 5 days, the water content
was calculated (by differences)., Samples were taken from
the dried material, placed in "Vitreosil" crucibles and
burnt in a muffle Furnace at 500°C for about 3 hours. The
crucibles and contents were cooled in a dessicator, weighed
and the organic content determined.

3.4 DETERMINMATION OF CALORINIZ VALUE

Calorific values were measured by bomh calorimetry.
The heat produced by burning a weiphed sample of material in
oxygen, under pressure, 1s a measure of the energy content
of that sample. Blaxter (1962) has stressed that results
obtained with bomb calorimeters, although reproducible,
refer only to the conditions under which they were measured
and so every attempt must be made to keep condiitions constant.

The bomb used was a allenkamp '"Ballistic bomb
calorimeter™ and the method is largely that used by Connell,
Odum and Kale (1960). The material was dried to constant
weight in a vacuun oven at 6500 and then grouni into a fine
powder, Accurately weighed pellets of about 0,5 g were
burnt in the homb in oxygen at 25 atmospheres of pressure,
The galvanoneter reading, indicating the amount of heat
released, was converied to a calorisic value by comparison
with a calivbration graph, constructed by burning a range
of weights of pure benzoic acid (calorific value 6,324

Kcal/g) on the calorimeter. Results obtained with this
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technique are not perhans as accurate as those with the
miniature bomb calorimeter (Phillipson, 1964), but other
guantities in the energy budget can be estimated even les
precisely, so any errors are unimportant,

As ash content was known for the food and faeces, all
the heat releases cculd be converted to Keal/g, dry ash-

free weight.
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L.0 RESULTS AND DISCUSSION OF WEEDING EXPERIMENTS

L.1 FOOD AND FABCAL ANALYSIS

Details of the analysis of different foodstuffs are
shown in Table 1 and in the Appendix (Tables A-D)., The
tables in the Anpendix show the organic matter and ash
content expressed as percentages of the dry matter content:
in Tatle 1 they are shown as percentages of the fresh
weight, In all cases there are difrferences in the percentage
composition from the composition determined by Golley (1959)
and Drozdz (1968b), This is not surprising hcwever as the
material examined by different workers must surely differ
onn such counts as the period for which it has been stored.
The locality from which the plaunts were taken must also
make a difference, These differences also show however
that it is wrong to base any energy calculations on calorific
values determined unider different conditions.

Results of the analysis of vole faeces are given in
Table 2 and the Appendix (Tables, ®, G, J and K). Contents
are expressed in the same way 2s the food analyses, Again
there were differencss from oublished results and these

may ve compared in the following table:




TABLE 1

% DIY iy wosani Organicy, calorific

matter | NALEr|T oifer (¥ Ash value
Qats 59,2 10.8 36 .4 2.8 L.77
Wheat 90 .1 9.9 87.8 2.3 L ,32
Acorns 9.9 | LO.1 58.2 1.7 4.36

i

Bluebells 28.7 71.3 l 28.1 0.6 L.33

Mean values of food analyses. (rganic matter and ash
content expressed as percentage of dry mattzsr,
Calorific values in Kecal/g, ash-~free dry weight.
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TABLE 2

Oats single 7L.0 ; 26,0 60.7 13.3 L.,95
Oats in pairs 53.5 | L6.5 L6.0 7.5 5.02
Wheat 76.L. 1 23,6 70.1 6.3 L,93
Acorns single b 58.2 | L1.8 52.3 5.9 L .91
Acorns in pairs ' 61.9 38.1 56.8 5.7 Ly.62
BPluebell corms 72.0 28,0 69.2 6.8 6.23
Qats fed

24 h,starvation 88.5 11.5 71.6 16.9 L.73
2l h.,starvation +

2L h, 63.3 | 36.7 52.8 10.5 L.86
2L h. no water 85,6 | 14,4 Th.7 10.9 L. 81
24 h, no water +

244 h, 37.1 12,9 74.0 131 L.68
heat fed

2, n, starvation 78.3 21.7 67.3 11.0 3.07
L h., starvationst

2L h. 73.4 | 26,6 67.2 6.2 .38
2l h., no water 2.0 8.0 65.2 6.8 L.55
2, h, no water +

2L h. 52,3 37.7 56.1 6.2 L.56

ifean values of faecal analyses. OQOrganic mastter and ash
.LJ_D

content expressed as percentage of dry metter. Calorific
values in Kcal/g, ash-free dry weight.




: T of 1n- Energy | % of inges- | Kcal/g/

Diet Weight Food Faeces g?ezgz gested assi- ted energy dlay'g

tﬁd energy milated | assimilated
- dizested

Oats 19,8 15.96 1.12 14.8L 92,99 14..39 90,16 0.73
(single) (16.5- | (10.88- }(0.60- | (10.28-] (92.17= | (9.97- (0.55-
23,5) 22,7L) | 1.78) 20.96) | 94.L9) 18,82) 0.94)

Oats 19 1 10,64 0.62 10.02 9L .17 9.72 91.35 0.51
(double) (1L, (8.13- l(on2- 1(8,00- | (02,84_ | (7.77- (C.ye-
22, 1) 13.55) | 0.84) 12,82) | 95.11) 12.,44) 0.60)

Wheat 19.5 15,98 1.79 12.19 87.20 11.62 8,55 0.61
(18.0- (12.60- y(1.40- ](10,99-| (85.82- | (10.66- (0.52-

23,0) 15.37) | 2.18) 13.19) | 89,49 12.79) 0.65)

Acorns 15.0 8.29 1.33 5,95 83.96 6.75 81.42 0.45
(single) (12,3~ (5.67- {(0.39~ | (5.03- | (76.81~ | (5.12- (C.27-
19.1) 13.41) | 3.11) 10.30) | 93.12) 9.99) 0.59)

Acorns 15.4 L.h43 0.82 3.61 81 .49 3%.50 79.01 0.23
(double) (12.5- (2 02— 1(0.26- {(1.65- |(75.28- | (1.60- (0.10-

18.4) 5.89) 1.48) 5.19) 95.23) 5.03 0.36

Bluebell 15.4 8.78 - 1.78 7.00 79.73 6.65 75.75 0.L43
Corins (12.8- (703§_ (O.d?‘ \6-@9— (72.17_ (6.17_ (0059—
18.0) 9.16) 2,53) 7.55) 88,18) 7.17) 0.59)
seechpast’! | 22,7 | 13.25 0.95 | 12.30 | 92.86 | 11.79 88,98 0.462
Mixed 23 .1 15.18 1.65 13.33 37.78 12,90 84.98 0.446
Oats 22.9 13.01 1.42 11,59 89 .11 11.20 86.09 0.422
Greens 22, 12.75 2,88 9.87 77 1 9,23 72,39 0,401

9t

Mean values obtained in
with a weight change of

feeding experiments, all values bhased on app10x1mately 30 readings
less than 1.0g/day. Range shown in brackets

1. Values taken from Drozdz (1968b), the energy flow figures were corrected for weight
change and effect of the nest,
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TABLE L

Diet % of |% of|% of organiclCalorific value

water| ash matter in Kcal/g/ash-

free dry weight
Oats 10.8] 3.1 96.9 L.77
Oats (Golley) - - - .2y
Oats (Drozdz) 15.0) 1.7 98.29 .39
Oats faeces 26.0{18.0 52.0 L..95
Oats faeces(Drozdz) - | 6.8 93.15 5.32
“Theat 9.9 2.6 97.4 L.32
“heat (Golley) - - - L.28
Acorns LO.A | 2.9 97 .1 L.36
Acorns (Drozdz) 1.2 2.5 97.5 h,16

L .2 CALCULATIOQINS

From the values obtained for water content, ash content
and calorific value of foodstuffs, and from weights of food
consumed and faeces produced, energy budgets were calculated
for each animal on each day. From the equations given in
Section 1.0 the total energy digested per day and the
percentage digestion were calculated as also were the energy
assimilated per day and the perceniage assimilation, On the

is of these figures the energy flow through a vole in

o
w
Hh

©
Kecal/s live weight/day was determined.

The weights of 7oles were then examined for any weight
changes during the 2if h, period, In all cases where the
change exceeded 1 g. these resulis were rejected for reasons

discussed in Section 7.3. Using these remaining results mean



values were calculatad in each experiment for: live weight.
energy consumed and 2assimilated, and energy flow. The mean
values Tor percentags digestion ani assimilation were also

deternined, The mean values are cshown in Table 3.

.3 DISCUSSION

The amount of f£ro0d taken in by an animal depends upon
a variety of factors, in particular the energy content and
the presernce of different materials in the food., High

ernergy intake nay be of little use if an animal has a high

oQ

protein requirement and there is 1little available in the
food .,

Ko separate analyses of fat, protein, caroohydrate and
fibre conuent of the L foodstuffs and faeces were made in
this study, so some of the values given by Drozdz (1968b)
have been used.

The energy consumed minus the energy in the faeces
gives a value for energy digested, A number >f workers
have determined the percentage of food digested by small

rodents: Yawkins and Jewell (1962} found that the common

shrew (Sorex araneus ) digested s<out 290-92 BT of the energy

congumed., bvDrozdz (1¢68a, b), working with Clethrionomys,

found that digestion varied between 77% and 949.., ¥aczmarski

(1966) also determined a value for Clethrionomys of 90X

digestion, The percentage of digestion is controlled mostly

by the fibre content of food and in ruminants digestion can
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fall as low as 30% (Blaxter, 1962). In all cases measured

in the present study the calorific value of the faeces was
higher than that of the focd ingested. As calorific value

is dependent mainly on the amount of fat present, the results
indicate tht the vercentage of fat in the faeces is higher
than in the foodi. On the diet of oats, for instance, the
caleorific value of tne Faeces excesded that of the food even
though the faeces hald a lover nercentage conient of organic

matter, Thoas 1t would appear that Clethrionomys is able to

U

digest rat

er little Fat. As Table 2 shows, the calorific
value of bluebell fazwces was very hish and the nropertion

of energy digested was much lower tinan on other diets, which
means that the food »Jrobably contained a very nigh pronor-
tion of fat, or that the voles were able to digest even

less fat from bluebells than from the other dists. In
Drozdz's (1968b) study, the ether extract cf osts was 7,360
whilst thiat of the faeces was 14.25%, and in all cases

de

where the fat contenw of the faeces fell below that of the
food (e.z. on the beechmast diet) the calorific value of
the faeces was lower than the value for food,

Tt would appear from Drozdz's work that on certain

diets Clethrionomys is canable of digesting some fat,

but that on the diets used in this work very little fat

was dirested,
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Energy losses in assimilation will depend on the
quantity of urine produced and on its calorific value,

These two factors ar:z partly controlled by water content of

7]

tiie diet and tihe proportion of nitrogen compounds present.
As Brody (1945) has shown, about 5% of energy assimilated
is used in the functioning of the kidneys and so a change
in urine production could have an appreciable effect on
metabolism, Cszlorific value of urine is usually determined
by Nijkamp's method (1965).

It was not possible in this work to measure urine
oroduction and an estimated value was used. Brody (1945)
determined a 9% enerzy loss in cattle through urine and
rumen gas and Rlaxter (19562) Tound that the loss of digested
energy in cattle rasrsly fell below 5¢. Davis and Golley (1953)
suggested that the ealergy loss in herbivores was in the
region of 5% and Drozdz (1968a, b) found a range of values

for the Dbanl: vole, depending on diet, varying between 3,187

O]

znl 5.82%, In this study estimated values of 3% loss of the
assimilated energy ia the case of oats, wheat and acorns and
5% loss for bluebells were used., These values gave a range
of assimilation from 75.75% to 90,16%. (Table 3). Assimila-
tion was calculated also by Conover's (1966) formula and
gave the following results shown alongside the percentages

determined in this s+tudy.
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TABLE 5
biet e mron, [ g

Oats (single) 90.16 81.9

cats (double) 91.35 60.88
Wheat 8L,55 7C.00
Acorns (sihgle) 81 .42 73.74
Acorns (double) 79.01 66.67
Bluebells 75.75 79.35
Beechmast’ 65,98 81.25
Hixed' 8lL.98 66.76
oats’ 85,09 76.12
Greens’ 72.39 55.17

(1 - Values taxen from Drozdz, 1968b).
Conover's metnod is based on the ratio of the ash
content of the food to that of the faeces produced. If the

assumption that digestive processes act only on the organic

L

content of food is correct then Conover's method would give
the "true' figure for assimilation. In all but one of the
a.ove values tihe calculated figure is lower, this would be
explained in two ways: (1) energy loss in the urine is far

been calculated (2) some of the inorganic

0]

greater than ha
material is beinsg removed. The second explanation is the

more likely for at particular periods the demand for




inorganic matter must be high e.g. during rapid growth and
pregnancy. Even during adult life there will be some need
for inorgenic matter. The result obtained for those animals
fed on bluebells cculd be due however to an overestimate of
energy loss in the urine,

Finally, energy flow measured as Kecal/g body weight
was calculated. In spite of later criticism of this figure,
results were expressed in this manner for comparison.

The most striking feature is the wide range of values
for maintenance costs. Overall mean Jailly weight changes
on oats, wheat, acorns and bluebells were 0,8g, 0,8g, 0.7g
and 0.5g respectively. Allowing for Jdifferences in the '
weight of the animals in each exveriment it means that in
spite of a large range in energy Tlow on different diets
there was little difference in weight change, Other published

values for energy Flow (cuoted in Droz&z, 1968h) lie between

0.32-0,96 Kcal/g/lay where similar techniques have been used,.

-

lesults using respirometers and oxygen consumption techniques
vary slightly, One is forced to cconclude that an animal
probably has to compromise between food and energy require-
ments, On bluebells for instance they probably obtain
sufficient food (i.e. protein, fat. carbohydrate etc.) along
with a lower energv intake than on oats, In the wild where

a cholce of food material is availilable this problem may not

arise. It poses the problem of how the animal accommodates.



Does it "burn up" energy if too much is taken in?%
Probably on some diets they are unabls to get sufficient
energy pecause of the nature of the food and have to adapt
their behaviour accordingly.

The obvious conclusion is that energy méasurements on
mammals in the laboratory may bear little relationship to

energetics in the fiz=l4,.

L.4 ENERGY PLQ# AS A FUNCTION OF RBODY SIZE

That energy intake bears a relaticnship to body size
is self evident; elephants eat far more focd than do mice,
Biologists have been looking for a long while for some way
in which the energy flow of homeéti:erms of different weights
may be compared, The problem is considered by Kleiber
(1961, 55) who points out that as early as 18639 it was
realised that metabolic rate was more closely correlsted
with surface area than with body size. Although a relation-
ship of sorts existed there was little agreement on how to
measure the surface area and it seemed that the law had to
be continually modified to sult particular animals, It was
then found that a linear correlation existed bztween the
logarithm of metabolic rate and the logarithm of body size,
meaning - that rate was proportional to a body weight to a
given power, A varicty of values were suggested including
some given to three places of decimals, implylng a wonderful

accuracy in energetics! The present accepted value is that




of 2 proposed by Kleiber, this is the value used in intra-
specific comparisons., But, within a species such a
relationship may nct hold true or a simpler relationship
may be valid, To test this in the present study the results
of assimilation/day “or voles living singly were plotted
against the logarithm of body size (Figure 1). This gave a

grees ol freedom and

value for "r" of 0.835 for 32 4

O
W

Al

p £ 0,001, This may be compared with the results for the
voles living in pairs (Figure 2), where the slove of the
line is slightly less, showing the benefits obtained when
they are grouped.

The results for the animals 1living in pairs were also
plotted in two other ways: log assimilation/day against log
body weight and body weight against assimilation/day. Both
plots gave good correlations. The surprising result is that
a good correlation can be shown no matter in which form the
hody weight or assimilation is expressed, Dealing with one
species in which aninals of similar weight are considered it
would seem immaterial. which axes are used in correlating

energy assimilation and body weight.
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L,5 WHAT HAS BEEIT NEASURED?

As if the study of energy flow were not difficult enough
a further complication has resulted from different people
measuring different Facets of metaholism. In this work an
attempt has been mads to measure:

12

1. The amount of energy needed (= assimilation) for
an animal's normal activity over 24 h, This is
called the Average Daily Metabolic Rate (ADMR).

2. The energy flow# per gram body weight when weight
change is less than a gram psr day.

Much of the early work on metabolism used the RBasal
l’etabolic Rate (BMR) as a measure., Benedict (1938) has
indicated the reguirements necessar. before this can be
evaluated i.,e. the animal must be in the region of its
thermoneutrality, be in a post-absorptive atate and show no
muscular activity. This condition is difficult to attain,
even more difficult to measure and is of very doubtful value,
The Resting Metabolic Rate (RMR) exceeds the EMR by the
value of the Specific Dynamic Action (SDA) and is measured
ir gquiet animals which have not hzen fasted., MNany workers
used this measgsure including Golle-. (1960) and Odum et al
(1962), Yet another measure has been the Pasting Metabolic
Rate (FMR) which has been used much in agriculture and is
little different from the BMR.

MicNab (1963) used values of RMR and BKR corrected for
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activity etc. to produce a Daily Fnaergy Budget (DEB). This
has been shown by Grodzinski and Gorecki (1967) to be little
different from the ADMR, The ADIR was originally proposed
by Pearson (1947, 48). It has the advantages of being easy
to measure, is measured over 24 h instead of a short period
and is probably the closest approximation to an animals

Q0

al reguirements,



5.0 EXPERIMENTS ON VOLES LIVING IN PAIRS

5.1 METHOD

The basic method is described in Section 3.2. One

experiment invelved © pairs of voles fed on oats, all the

animals were males aaxd 35 readings were obtained. The other
experinent used 6 pairs of voles fed on acorns, all were

males an! 42 readings were obtained,

The normal procedure was used for calculating the energy
budgets. Only the readinzs obtained when neither animal in
a »2air had changed i.s weizht by more than a gram were used,

Results were calcula=ned and mean values determined for

Q

single animals not pairs i.e, intake and output per day were
divided by two., In all cases the pairs were arranzed so that
aniinals of wvery similar weight were tozether. The final

resulcgs are then expressed for a sinzle animal but living

in a nair, Faecal analy are shown in Tatles 3, F and H.
The energy exchange resulis are summarised in Tabhle 3,

Energy losses in the urine were esiimated as % of energy

dicested., The mean veiznt change for each animal per day

FMigure 2 shows energy assimilsted per day plotted
against the logarithn of body weight, The correlation

coefficient was determined as 0.7:3 lfor 12 degrees of freesdom

(@]
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and D was equal to 0.01, The regression =2quation was

Assimilation = 35.806 log tody weight - 38.79
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""hen one considers the Tornilabhle 1ist of Tactors which

act upon metaboliswm it is obvious that exneriments upon

-

animalis living sinsly will be difTficult encugh without

§
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considering what haposers when two or more animals are placed
toxether. ey workers have conmented on thig aspect and
what resanlits exist are conrlicting,

Hawlizins and Jewell (1962) in their studies on the
metabolism of some small mammals did all their work on animals

living individually excepnt Tor harvest mice (Micromys minutus)

Wwhere there were 3 animals tozether, In their results they

found that their food intake was considerably less than that
o+ other small mamrials or equivalent size, This they explain
by saving that the harvest mouse seems a »lacid animal when
~ompared with shrews, Ponugaeva (1950) found that rodents
kert in groups of 3-5 lowered their metabolic rate by 8-17%.

Erown (1953) on ths other hand, working with house mice

(Mus _musculus), found that those livinv at high densities

used 135 more energy than when liviny at low densities,

Tne adiitional expenditure was due to increased behavioural
activity, grooming lor instance was increased by 10.9%.
zuckner (1944) also found that increased density affected
metebolism and in his work shrews at 4 to the acre used

¥=22¢ more oxysen than those livins at 2 jer acre, Gorecki

(1968) discovered that bank voles in groups ol 2-4 decreased
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their DER by 13¢ and makes the use’ul point that voles
regularly huddles in zIroups in their nests, Does this mean

that all energy calculations for the vole are over-estimates

L

hecause in the wild their heat loss would be reduced by

grouping? It would appear that when animals are kept in

-+

Zroups there is probkably a® conflict between the benefits to
he obtained by huddling and the increased energy demand

by
brought at out[the need for greater social sctivity. In the

C

present worlk after an initial period or aggression all the
nairs settled down and by the time the exneriments were
started had had a overiod of at least five days together.
Ausression was never seen again and the pairs showed huddling
in the nest and so would appear to have derived a benefit,
The results summarised above may be combared with the
findinss of the nresent work described in the section
following.
(a) The arimels fed on oats, as can be seen
projuced faeces with a higher ensrgy content than the laeces
from oats-fed voles living singly. The fasces of the former

were higher in energy content but only fractionally so.

5.02 instead of 4.9% Kcal/g. Added to this the animals

living in pairs botl digested anid as ilated more of their
ingested energy and so overall were more eificilient feeders.

The explanation for this is difficult and the only possible
answer is that they were indulging in a greater amount of

refection or tinat food passed throusgh the gut more siowly.
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Bank voles are known to do this (Ashby - pers,comm.) but
1little is known of the details. The energy flow calculated
on the basis oi enercgy/gram was lower in the grouped animals
who were perhans reducing their energy demand as a result
of reduced heat losses. The energy intake, digestion and
assimilation were all lower, further evidence for the
benet'its :rained from huddling. The mean daily weight change
was 0,72 compared with 0,8g for the voles living singly so
that grouning clearly produced no greater tendency to gailn
or losa weight.
(b) The group of animals “ed on acorns produced extremely
surprising results, Their faeces dirffered 1little in
composition Trom those produced hy animals living singly
their calorific value was a little lower (4,62
instead of 4.91 Kecal/g). In view of the large composition
change of the faeces produced by the group living on oats
this is surprisin: and using the previous explanation we can
only suppose that refeccion is not occurring with these
faeces, The percentapge of ingested energy which was digested
or assimilated was lower than that from the single voles so
in fact in this case the animalswere less efficierrt. In
spite of this the erergy per gram live weight was drastically
reduced from 0.45 tc 0.23 Kcal/g. The animals used were
very similar to those in the single experiments as far as

weight was concerned and had an average weight change of
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0.7g compared with 0,5z, It would appear that on a diet

ol acorns the voles were capable of obtaining their
maintenance requirements from muchh smaller amounts of food,
The calorific value of acorns was about the same as wheat

and bluebells so this is no explanation. Drozdz (1968b)

did find nhoviever that the coefficient of digestibility of
acorns was lower than would be expected. A possible explana-
tion is that voles cannot obtain sufficient energy from
acorns for normal activity and so are forced to modify

their behaviour and spend longer periods resting. In the

T - il

wild this situation would not arise as acorns would provably
be taken by the wood mouse and so the choice of acorns as an
experimental diet wss pernaps an unfortunate one,.

Overall the twc experiments have added little to what
is known of the effect of grouping and quite ¢learly a lot
of work could be dore on this aspect. One obvious point is
that the effect will depend very much on the habits of the
particular animal e,g. whether much time is spent in the
nest and whether this time is in thes company of other animals.
“ro.:dz (1968b) in his work allowed for a 20% reduction of
maintenance costs by the provision of a nest so the reduc-
tion of heat losses by the presence of gnother animal must
be considerable, This work has shown that for the vole at
least this prcbably occurs and causes a 30% reduction in
maintenance when fed on oats. It is interesting to note

that if the two regression lines cf Figures 1 and 2 are




combined they illustrate that the benefit to be gained from
grouping is proportionally greater for the smaller animals

whose heat loss woull also be larger.
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6.0 ANALYSIS OF :/HOLJK ANIMALS

Most authors (LCavis and Golley, 1963: Grodzinski and

Gorecki, 1967) have compared eneriy flow in different animals
on the basis of Kcal/g live weight, In view of the work of
Gorecki (1967) who has shown that dry matter and organic
content vary throcughout the year this method of expressing
results cannot be ccnsidered satisfactory. Furthermore if
results are to be erxpressed on the hasis of that part of the
animal which 1s metebolically active then we must surely 3
take into account tre amount of fat which is present. Tat
has been described by Benedict (1938) as "an energy demanding
factor" varying witr the age of the animal and the season,

A number of people (Kiny, 1961 ; Evans, 1969; Newton, 1969)
have shown the fat content of birds to vary with season,
Fvans (pers.comm,) says that the fat content of lMicrotus
agrestis shows no regular variation through the year. BSo

far regular annual variation in fet content has not been
shown for any small rodent., Arnsby and Moulton (1925) and

later Reid et al (1955) have studied the fat content of

3

cattle and sheep showing it to be highly variable and
inversely related to the water content. They also conclude
that the proportions of protein, water and mineral matter
all change with age; protein and ash content increasing and
water content decreasing rapidly in the young animal.

The constancy of composition of the body is not attained
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until very late in 1life,
6.1 METHODS
(a) Pive animals were examined, 2 caught in the wild and 3
after captivity for four weeks. After removal of the
stomachs and stomach contents the bodies were weighed, cut
into small pieces and the water and ash content determined
after the method desiribed in Section 3, 3.
(b) Fat extractions were done usins a modification of the
method used by 0dum +1960). After removal of the stomachs
and their contents the bodies were dried, welgned, ground
in an electric mill and boiled in petroleum ether in a
Soxhlet apparatus forr 30 minuntes., The filtrate was poured
off and the boiling repeated with fresh ether. At the end
of the boiling the residue was retained, dried and weighed,
Strictly speaking petroleum ether does not give a true
figure for lipids as it dissolves out some waxes and oils.
This i; compensated for to some extent by lipids which

ether cannot remove,

6.2 RAMSULTS _AND DISCUSSION

The results are shown in the following table. There

is obviously insufficient material to show any real

differences, All weights are shown in grams.



TARLE 6

I Ko. of animal 1M 12 13 17 19
et weight 11.731 [ 14.034 | 15.472 | 16.371 |17.077
Dry weight 3.595 { L.690} L4.132 | 5.196 | 5.337
% dry matter 30.6 33,4 26,7 31.7 31.3
% water 69.4 €66.6 73.3 68.3 68.7
Dry weight 3.5h9 1,690} L.,096 5.186 5.294
Asli weight 0.560{ 0.6661 0,653 0,861 0.933
% organic matter | 84.3 85.8 8L .1 83.4 82,4
% ash 15.7 14.2 15.9 15.6 17.6

Animals 11, 13 were laboratory animals, 17 and 19
were cauzht in the wild.
The mean value for dry matter content was 30,79 with

little difference beitween the wild and laboratory animals.

The wild animals howaver had a slightly lower organic content,

probably because the laboratory voles had deposited fat.

In the field greater energy demands would be made on the

animal in searching Jor food,

socizal behaviour.

torecki (41967) found

content varied throuzhout the year,

were lower than reconrded in this

the

viorlk,

values of the

temperature regulation and

that water and ash

latter

NDifferences in diet

would nrobably accourt for differences in body content,

The results of the fat analyses were variable but the

23 caught in the wild and 6 from captivity had mean fat
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values (as a percentage of dry matier) of 11.8% and 18.1%.
The higher values for the captive animals were in agreement
with their organic content valuss,

On the basis of these {igures 1t can he seen that the
weight of metabeolically active tissue present can vary
appreciably and might it not he more accurate if comparisons
were made with energy Tlow expressed in relation to dry

weight, ash-fre nd fat-free.
weight, ash-free and fat-free
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7.0 THX STARVATION EXPERIMENTS

A series of experiments were performed in an attempt
to determine the energy cost,above normal maintenance
requirements, of nutting on veight. It was also hoped to
determine the energy released by breakdown of body material,
(a) In one experiment 6 voles were fed on oats and 6 on corn,
After the normal acclimatisation period and introduction to
the diet they were deprived of food for 24 h, though water
was supnlied., The faeces produced during this period were
collected and analysed later in the normal way. The faeces
produced durinz the Tollowing 24 h. were also collected and
analysed. In all other respects the experimental procedure
was Lhe same as that used during the normal TFeeding experi-
ments.
(b) One short experinent involved 5 animals fed on a2 diet of

ats. Ti.ese were starved over 1% h. and their weight taken

O

at regular intervals during the period. The faeces were not
collected in this experiment.
7.2 RESULTS

The results of =he faecal analysis appear in Tables 2,
N and P, The weirht losses during the 2L h, starvation and
the weitht gains over the following 24 h. are shown in Table

Q. '

The results of the faecal analysis Tor the animals fed
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on oats show that during the 24 h, of starvation they
produced a small amouant of faeces usually weighins about
0O.17g. These would have Dbeen produced from the food left
in the zZut when the experiment a5 started. The water
content of these faeczes was lower than the normal ones

juced on the diet but the proportion of organic matter
ani ash did not vary, so it would appear that the animals had
extracted more water from their faeces than was normal, This,
combined with the slightly lower calorific value of the faeces,
could suggest that thiey were being retained in the body for
a longer period than was usual, During the following 2L h
the water content changed by about 25% to exceasd the content
of normal faeces, though arain the ash and organic matter
content barely altered, The calorific value was only 0,09
Kcal/g below +hat recorded for normal facces but in every
case in the subsequent 24 h, the percentage of energy
digested increased to around 95% irstead of the normal 91,35%.,
The animals 4id not take in more fcood than was usual but
obviously utilised it a little more efficiently, this
could have been due 1o the gut Lelirny emnty before the food
went in, Perhans in some way this increased the nercentage
0.7 food digested and assimilated. Fasting has been examined
in many animal species (Kleiter, 1961) but this aspect of
change in faeces has not been studied. The animal would

see t0 be able Lo mske up for Tasting by increased efficiency
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on the occasion when food is returned. It could however

be due simply to the fact that under normal circumstances
collecting the faeces gave one faeces resulting from food
supplied on the previous day as well as Tood from the day

in question, ‘/hen aa animal had been starved for 24 h, this
would not apply, so the overall amount of faeces collected
would he less than usual and give an impression of increased
dizestion and assimilation. In view ol the weight changes

later) the most likely

following the restoring of food (see
reaction would be reduced activity. Unfortunately during
this work there was no way of recording activity or of
measuring urine produaction.

The voles nrevionusly Ted on wheat showed many changes
similar to those fed on cats but differed in producing faeces,
af'ter starvation, of a much lower calorific content (3,07
instead of L4.93 Kecal/g). This, allied to their much lower
organic content, could be due only to their assimilating
some hich energy-level component such as fat., The water
content did not vary very much and the only major aliteration
was in the percentage of organic matter., By the end of the
following 2L h. the components of ithe faeces were approaching
normality but still differed sufficiently to have a calorific
content of only 4.38 Kcal/g., This illustrates how little
can be done without detailed analysis of the components of

food and faeces e,g. protein, fibre and especially fat.
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As in the experiment described above, in the zZL h, after
food was restored the percentage digestion exceeded the
normal fizure by ahout 59,

7.3 RESULTS OF THE SHORT FAGTIMNG . IPHITHENT

TABLE: 7

Time in Animal number and weight llean weight

B.S.T. : - loss(grams. )
1 5 f 10 14 16

09.00 16.6 20,2 18.0 19.8 19.8 0.0
12,00 16.4 20.4 18.3 18.7 19.2 0.0
15.00 16.3 20,1 17.8 18.3 19.5 0.5
18.00 16.2 20,1 16.0 13.5 19.1 0.5
22,00 15.0 19.6 17 .4 18 .1 19.5 0.8
03.00 15.¢€ 19.8 17.0 L 18 .7 19.3 0.9

This fasting exoeriment lasting 18 h., was an attempt to
find how long an anivtal could exist on the food left in the
gut at the beginning of the experiment and the energy
obtainable from glycozen in the liver. After this period
the animal would lose weight at the expense of its own body
tissue, If this pocint could be determined it would allow
the calculation of the energy released by breakdown of

body tissue in the first starvation experiments.

7.4 DISCUSSION

Drozdz (1968b) intrecduced a correction for changes in

voily weizht during his experimenis assuming them all to be



the result of gain or loss of body tissue., This is an
obviously erroneous assumption as a variety of factors e.g.
an empty gut or full bladder could well be responsible. He
acceptzd the values of Kinz (1961) that a decrease in weight
was due to the breakdown of fat, rsleasing 7 Kcal/g of
energy, .Jelght incrzase invoeolved energy above maintenance
reguirements at the rate of 14 Xcal/g, of this however only

was high energy fPat, the rest being water, proteins and

[}

blll\)
o

carbohydrates, so thz cost was reduced to 9 Kcal/g. Keys and
Brozeck (1953) suggested values of 4 Kcal/g. Blaxter (1962)
shows that the naturs of material wnich is deposited means
that in cattle at least its calorific value could vary
between 1.5 Kcal/g aad 9.3Kcal/g depending on age and diet,
Therefore any "zains in body weizht cannot give any precise
irformation about the gain of energy by the body." when
the nature of the increase and decrease in body composition
is not known and the variation due to other factors is ignored
the Jdirect application of these values becomes unaccevtable.
Two approaches were used and calculations were based
only on those animals whose weight change exceeded 1 g.
The following refer o weizht losses:-
1. The values obtained in the 18 h., Tasting would suggest
that weight is lost rawidly over atout 9 hours, So we can
assume that the animal is capable of living fo:» about 9 hours

on its gutl contents and glycogen before breaking down its

&5
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fat reserves. Using the values obtained in the feeding
experiments it was possible to calculate how much energy
would be required to exist for the remaining 15 hours, This
energy would then have to come from the weight loss minus
0.5 g which could be explained by other factors, e.g. an
animal weighing 17.1 g would reqguire 8,05 Kcal to live for
18 h., this was supplied by 2.4-0.5 g. Therefore the energy
release was 3,96 Kcal/g. Usinz this method mean values of

03 and 3.12 Kcal/g were obtained for the animals fed on

N
U

oats and wheat respeztively,

2. The second approaczh started with the assumption that any
animal would contain about 5% of its daily energy reauirements
in its zut (see Section 9.3). Thus the weight. loss minus

0.5 g would be sufrfizient to supply an animal with 95% of

its daily needs. Values of 6.09 and 1,57 Kcal/g were

obtained for the oats and wheat.

The four different results obtained illustrate that the
assigning of any value would be purely arbitrary and that the
value probably depends to some extent on the diet on which
the animal was feeding. There is in all probability a
reduction in searching behaviour and if activity were reduced
it would mean that the animals energy reguirements for a day
would &lzo be reduced.

The weizht gains were extremely diffiicult to explain

and in nearly every case the energy actually assimilated was



L5,

equal tc the energy calculated to meet normal maintenance
requirements., This czan only mean that on the days Tollowing
fasting maintenance requirements were lower than normal so
that the energy actually taken in was sufficient for main-
tenance and the depcsiting of fresh body material. The

only explanation again is that perhans the activity cycle

was altered so red:.cing the energy expenditure. Also on
these days the perceatage digestion and assimilation exceeded
normal,

The weizht chanzes shown durinz the normal feeding
experiments were'not used in these calculations as it was
felt that far too many unknown factors wers involved to make
the results at all valid., On most occasions however when
weight in excess of - g was put on the energy assimilation
exceeded normal and vice-versa when weight was lost. 'These
results were extrene.y variable,

In conclusion, =he results obtained indicate that the
breakdown of body maherial released in the region of 3-6

Kcal/g. 1o satisfaciory figure could be obtained for the

cost of putting on weight,



8.0 DEPRIVATION OF IATER

At tlue conclusion of the starvation experiments 6 voles
fed orn oats and 6 voles fed on wheat were deprived of water
for 24 h. on two occasions., Food was supplied in a normal
manner and the rest >f the experimental procedure was
normal,

The results obtained were difficult to analyse and,
as this'aspect of th= voles biology has not previously been
investigated, nc comparative results exist, In all cases
when water was removed the energy intake dropped drastically
to a mean value of 3.95 Kcal/day in the case of oats fed
and 3,05 Kcal/day in the case of wheat fed animals, This
can be compared with a normal intake of 15,96 ¥cal/day and
13.98 T"cal/day respectively, The faecal output was higher
than would be expected due to faeces produced from food
taken in on the previous day and this had the effect of
giving an apparently lower percentege digestion and assimila-
tion. In fact on some days the encr iy intake was less than
the energy content off the faeces produced,

On the oats diet the reduction in energy content of the
faeces compared with the normal faeces was accompanied by a
drop in organic matter, where this was measured as a percent-
age of dry matter present. The same situation apnlied in
the case of animals f'ed on wheat, Ttut here the drop in

calorific value went with a very small drop in organic



content; 8.2% to 7.4% of dry matter. This would indicate

nob
that the lack of water wasplowering swep—further the voles

ahility to digest fat.

e enpared—rtir—oxts, Drozdz

(1968a) has shown that the vole is characterised by a wide
range of digestihility coefficients for different diets,

The removal of water for 24 h, resulted in = consider-
able weight loss, mean values of 2.5g for oats and 2,8g
for wheat were recoried for each day., These results can
be compared with the mean weisht losses of 2,7g and 2,6g
on oats and wheat dwring the 24 h. starvation experiments,
So in spite of takinz in over 3 Kcal/day the animals still
lost weight in the same amounts as when their energy input
had been nil. Presuaably most of the weight loss in the
animals deprived could he accounted for in water loss i.e.
some dehydration and the lack of urine. Ideally one would
require sufTicient material to analyse body components at
the end of the period without water. It dces however
illustrate the inaccuracy of assuming that all weight losses
coulld be accoun%ed for by the breakdown of body fat.

In the 24 h, following the lack of water the weight was
quickly regained, in the casc¢ of ocats a mean weight gain of
1.5z was found and 2.1g in the animals rfed on wheat. In a

made a mean gain of

<

jo 7]

Purther 24 h, the oa:s fed animals hac

2,1g and the wheat fed a zain of 2,5g. The animals fed on



oats assimilated on average 11.70 lcal/day and 12,53
Kcal/day in the 24 h, and 48 h. after the experiments,

The animals fed on waieat likewise assimilated 10,47 Kcal/day
and 9.04 Kcal/day. In both cases these values fall below
the respective means under normal conditions which means
that the animals wer= gulite canable of putting on a
consideracle amount >f weight (in the region of 10%)

vesides indulging in normal activity. This adds fTurther to
the evidence that it is very difficult when an animal loses
wel=ht to judge nrecisely what has been lost. Clearly water

loss must play a considerable part.
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©.0 THE ENERGETICS OF VOLES TN THE FIELD

Golley (1967) has been careful to point out that too
much worlk on energetics has made far too msny assumptions,
Fnergy studies normaz2lly consist of taking a number of
animals from a population and subjscting them to a series
of tests whilst in a completely stranse environment. 'The
factors affecting metabolism are numerous (see Section 1.0).
#indings are then extrapolated to the field and the popula-
tion on the outcome »f results from isolated individuals,
Much of this present work was neri'orce of this nature but
an attempt was wmade Lo determine energy intake in the field,
.1 METIODS
(2) Animals were caught (Section 3.1) in break-back traps
in Houghall .iood. They were slit open and the stomachs and
tireir contents removed; the fema1ndeﬂ was welighed, The
stomach contents were scraped out onto a watch glass and
weighed. They were shen placed in an oven at tBOC and

ntents were

O
3

dried to constant we sht. Some of the dried c

"J

selected and ashed in & mufz furnace, All the remaining
dried samples were ground up in a mnestle and mortar and their
calorific content determined in the bomb calorimeter.

(») & sample of 10 voles which had been in captivity for
some time were killed at intervals during a 24 h, period.
These had heen on a diet of ocats for 10 days and it was

R
_'

intended ton deternine from the calcrific content of food in
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the ~ut the number of times thier Uilled thelir sut in a

=

day, Xnowing thelir enerr; requirencents from previous

experinents, The ~at samples were treated in the same way
as tnose recovered from animals killed in the wild,
9.2 RESILTS

(a) A total of 22 guts was analysed (Table &) and of these

2 came from juveniles and were left out of the gensral

alsco the caloriiic valuc of 1z. of the zut contents. A& mean
live wei~-nt For the twenty adults was calculatzd as 18.Lg

with a mean & t oenrtent of 1,82 Teals. The calorific value

vran corrected Lo ash-free weisint, the ash contznt bheing
etermined as 5.29, The mean value for the energy content

of the ~:t sammles was 4.13 FKeal/q,

() "he results of the laboratory animals analysed are shown
live vaivht of 15.4g and a mean
value for stomach contents or 0.53 Kecal taking into account
the ash content which was determined as 5,48 of the dry

ttaer, Rive comwlese zuts were comhusted in the bomb

calorineter andi gave a mean value for energy content of
o)

o atiennts ers made to analyse the gut contents

vhich woull have talken far too lor:, Rood has heen exanined
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TARLE & (Contd.)

. Live weighti jet weizght|Dry weight{% of Dry ash- |Calo-|{Calo- ~. "
ﬁg% Sex minus sto- jof stomach|of stomach; dry free rificjrific Comments gggiqgi
T mach and contents contents {matterjveisht of {value{value e

contents stomach [of gutiol 1g

contents jcon- ;of gut

: . e _ tents, catents

36 ? 2.3 0.470 0.133 128,30 0.126 Pregnant,
with L

embryes .| 25,5,69
37 ? 19.7 1.055 0.296 25,06 0.281 1.12{ 4,00 {Lactating] 25,6,69
38 Q 19.1 1.047 0.459 143,84 0.435 | 1.90] 4.14 26.5,69
39 | d 18,3 0,826 0.325 {39.35 0.308 | 1.14] 3.567 27.6.,69
Lo 1 d 20,4 0.738 0,187 125.34 0.177 | 0.73] 4.06 27.6.69
Iy Q 18,2 1,154 0,248 121,49 0,235 27.6.69
L2 Q - 21.9 1,565 0.399 25,18 C.378 | 1.611 4,24 | Lactating{ 27.5.69
by | & 17.7 1.197 0.546 |45.61 0.518 | 2.17 L.18 27.5.69
Ly ? 17.2 1.268 0.338 37 .51 0.320 | 1,471 4.60 | Lactatingl 27.6.69
s | S 16.9 0.503 0.223 [27.77 0.211 28.6.69
L6 ? 5.9 0.810 0.305 |37.65 0.289 | 1.18] L.07 | Juvenile | 28,6.69
L7 Q 17.8 1,202 0,050 137.44 o.427 | 1.85] 3.92 28.6,69
ng ;& 17.8 0.629 0.163 {25.91 0,155 | 0.563] 3.96 28.5.69
ho | ® 17.8 1.561 0.428 |27.42 0.406 | 1.67| L.,07 28.6.69
50 id 19.8 1430 0.559 [39.79 0.539 | 1.79] 3.3 28,5,59
Analysis of animals killed in the wild, Organic matter expressed as percentage oi dry

matter,

Calorific values of gut contents in Kcal,

weights

shown in grams,
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by Miller (1954), Crawley (1965), Drozdz (1966), Ashby
(1967) and Watts (1958). Watts claimed that bank voles
were completely herbivorous, eating mainly the leaves of
woody plants instead of herbs and Finding, unlike Drozdsz,
little evidence Tor insect material, The animals used in
this weork had guts containing what appeared to be only
green material the bialk of it in many cases being bracken.
Other plant parts were obviously present and some animals
complicated the situation by having eaten a considerable
amount of oats (used as bait) before being captured.

9.3 DISCUSSICN

The main purpose behind this worlk was to determine the
number of times an animal filled its gut in the field and

by knowing the mean energy value Tor gut contents determine

o

the energy intake per day, This method was first used by
Golley (1960) working on meadow voles. He caught the animals
in the field and made the assumption that the average stomach

content, in weizht, was eqgual to helf a full stomach, if one

osed that (a) animals were most likely to be captured

SuUpt
durine feeding trips and (b) the average animal would be
caught in the middle of feeding. These suppositions seem
guite valid when one is dealing with a fairly large sample
as this should cover the whole ran:ie of animals from the

beginning to the end of a feeding cycle. Using then the
D fnl )

knowledge that voles filled their gut about 10 times a day



it was possible to work out the food intake in the wild.
Golley found a ~ood corresvondence hetween values in the
field and laboratory., Schmid (1965) has used this technique
with mourning doves and Storr (1963) used a modified
method with wallabies,

In this work two further assumntions had to be made
(a) although voles in captivity may not spend so much time
in acti&iuy s do thoge in the wild they are still active
and f£ill their fut for the same number of times and (b) they
£ill thneir g .t in oriler to obtain the required amount of

enerpgy and not to derive some physical expression of a 'full

]

gut,' The latter assumption may be ver:; much in doubt but
would lend itself Tairly easily to examination using diets
of' the same calorific value but dirfferent bulk. If an
animal were fed on a very concentrated diet would it feed
less times per day o the same nunbher of times taking in
css weizht? Activisy patterns in small memmals are not
easily modified and so perhaps the second course of action
is the most likely. Blaxter (1962) admits that the theories
for contrel of anpetite are not entirely satisfactory,
Troteck (1957) has proposed a therrostatic theory where an
animal eats in response to a fall in heat production.
Kennedy (1961) and Hervey (1969) have proposed that eating
occurs in response to a change in body fat, Milford (1960)

working with sheep and Plaxter et al (1961) found that on



low quality diets the animals did not eat =nough to meet
their energy requirements so that intake was not being
regulated according to energy needs. Perhaps, however, it
is wrong to use evidence from domestic animals, selected for

such features as the abillity to gain weight, and then apply
it to animals in .he wild., 1In view of the lack of evidence
elther way one 1s probvably Jjustified in accepting the view
that they eat to fulfil energy reouirements.

From Tabhle 9 it should be possible to calculate how

many times the voles filled their guts. The value for

energy content of the gut samples at L.07 Xcal per g is lower

than that found for osts, 4.77 Kcal/z but also lower than

C‘.
c+
ey
o
t

that of the faeces, U.95 Kcal/g. This would suggest
some high energy components are very quickly assimilated
but that in all the animals examined assimilatlion was by no
means complete, The ash value of the gut contents (5.45)
would also agree with this view, bein- higher than that of
the food (2.19.) but much lower than the fasces (18%). So
it was necessary to make a correction to the gut contents to
allov for assimilation and the value of 90% was used. It
was then possible to calculate the number of times the gut

was filled assuming they were only half full when the

animal was killed.



TABLE 9

Ani- L@ve weight | et weight |[Dry weight ¢ of Asb-free % of . Time Ca}orific
mal Sex{minus sto- jof stomach|of stomach} dry weight of} organic killeq. value of
mach and contents contents ymatter{stomach matter Hours in gut
contents contents B.53.T, contents
11 | d 16.4 0.375 0.159 L2,y | 0.150 .3 09.00 0.61
I Jd 15.4 0.658 0.039 5.9 | 0.037 9.9 11.00 0.15
ITT | @ 15.7 1.012 0.405 46,0 0.383 SIS 13.00 1.56
VT d 16.4 0.715 0,.N74 10,8 1 0,072 ol ,7 15,00 0,20
v d 16.6 0.475 Q.103 21.7 0.097 9L .1 17.00 0.39
virz| & 13,7 0.621 0.102 | 16.4 | 0.096 S 19,00 0.39
viI | 15.8 0.673 0.058 | 10.1 | 0.064 9,1 21.00 0.26
X 8 16.8 1.077 0.260 24,1 | 0,246 9.6 23,00 1.00
x | 12.6 1.0453 0.299 | 20.6 | 0.283 9.6 7.00 1.15
XI g i, 0 0,876 O.127 14,5 0.120 4.5 10,00 0.49

Analysis of' animals killed in captivity. Organic matter expressed as
percentage of dry matter, Calorific values in Kcal, weights in grams,
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1. Energ; flow on a diet of oats is 0,73 Kcal/g/day
'y requirements for a vole weighing 15.Lg
is 15.4 x 0,73 Kcal/day,

2. Full gut conitents equal 0.63 x 0.9 x 2,0 Keal,

3. Therefore the gut is Filled l%*%ﬁ times.

L, In captivity the vole fills itsaut 10 times a day,

Ruite a lot of work has beer done on activity in voles
which may be of help here. Miller (1955), Brown (1956a),
Osterman (1956), Saint-Girons (1960, 61), Fearson (1962)
and Ki kkawa (196L4) have all examined this problem in the
field and laboratory. From Pearson's paper one obtains the
value of 45% of the day spent in activity and Kikkawa
points out that much of the day is spent out of the nest.

~

sint-Girons however has data showing that males £ill the

U

stomach about 11 times & day and Temales 9 times, So a
value obtained in this work of 10 times a day would seem
quite reasonable,

Ising this value of 10 it was possible to work out the
energy intake in the wild, The ash content of 5.2% gave a
corrected mean energy value for stomach contents of 1.76 Kcal.

By the same reasoning as before it was assumed that assimila-
tion had not occurredl and a figure of 30% was taken in view
of the large amount of green material present, VYith a mean

weight of 19.4g it meant that in the field the energy intake

was s
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1.76 x 0.8 x 20
19.4

or 1.45 Kcal/g/day.

Kcal per g per day

The value was twice that of the energy Ilow determined for
the animals living in the laboratory and obvicusly indicates
much grester energy expenditure in the wild., It must also

be rememvered that a nunber of the animals were nregnant or
lactating and this would have greatly increased their energy
recuirements. Kaczmarski (19656) has shown that a pregnant
bhank vole will take in 249 more energy and a lactating one
needs 929, more. On the whole the breeding season increases
the demand hy 58%. Taking Jjust the males in Table 8 gave a
fractionally lower value of 1.38 Kcal/g/day. The values
ontained with Jjuveniles are notv sufficient tc draw any
worthwhile conclusicns but would inlicate a hizher food intake

per aram body weisht than is foung in the adults.,

-

One final point worth mentioning iz the wide range of
water contents and c¢f calorific value of 1 grazm of the gut

contents Although there is sone effect from the different

.
r

(o]
4

Fh

tages of assimilation attained, they also preflect the

[1)]
<t

different foods and different relative amounts present,

Q.4 TI'PACT QK FOCDLAYD PRODICTIVITY

S .

Drozdz (1967) found thet the net productivity in beech
2
woodland in Toland was of the order of LlL,200 Kecal/m /year.
hich, 1T trne of Britain, would mean that the voles are

a very small percentage of the year's production,

takin

(R




This illustrates thest a measure cof energy is not sufficient
in evaluating the rcle and importance of any animal in the
ecosystem, OFf this totzl production only a small amount®t is
available as food tc the voles and, as Ashby (1967) has
shown, the effect of small rodents on woodland regeneration
is considerable Peczuse they eat tres seeds and seedlings,
Turcek (1967) nas found that the bpank vole in Poland is
capable of consuming 30% of a beech seedling crop in
addition to eatinz the seeds. 8o although the amount of
enerx s flowins; thirouvzh the vole population may be small,

o

they vlay a hihly important part in the woodland eccosystem

by removazl of a vitel component. The practical influences

of this seemincly wimpo-tant animel must not be ignored.



10,0 COICLUSIONS

The conclusions reached as a result of the present
study will be found at the end of each section and in the
summary, out it is worthwhile indicating the ways in which

5

the wor!l: could have heen improved.

The two major cmissions in the work were a method of
meesuring activity, esnecially in view of the different
enerzgy Tlow on different diets, and greater analysis of food
and faeces, 1'aecal analysis woul:d have contributed much to
the section on starvation and deprivation of water, in

o

particular with rezard to the ability to digest Tat on

variocus diets. Collection of the urire produced would also
have been of irnterest. The starvation experiments would have
been more mearingful if sufficient material had been available
for anzlysis of whole body constituents at the end of a
starvaticn period. !Many more repeats are needed of the

short fastinz experizaent and in visw of the apparent change
in percentage digestion and assimilation the sneed of move-
ment of food through the z2ut under Jdifferent conditions
should be determined. The use of Conover's formula where

it is assumed that n> inorganic maiter is assimilated, by
comparison with assinilation determined from faecal and

urine energy loss, might allow the determination of inorganic

needs, It was obviois that the effect of grouping depends

very much on the species and size of animal, The time of



vear and the consequent variation in social behaviour must
also play a part, IHere again further analysis of faeces and
activity is needed,

It has been stressed all along that there is probably
little correlation tetween results obftained in the abnormal
laboratory conditiors and those wpertaining to the field.
Field techniques are obviously difficult to develop but it

is on this branch of animal energetics that I feel much more

work should be concentrated.
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11.0 SUMMARY

1. Energy flow in the banl vole, Clethrionomys glareolus, wa

examined in the _aboratory using the "balance method" of
investization,

2, Daily energy budgets were calculated on four different
diets, oats, wheat, acorns and bluebell corms using

calorific values determined with a htomb calorimeter,

)

3. Faeces produced accounted for an energy loss of 5.83-20,2

o,

denpendine on the diet. PFaeces were always of higher
calorific value than the food on which the animal was
maintained, therefore it would appear that with the diets
examined the voles could digest 1little fat.

ly, FBnerpgy flow, measured in Kcal/s live weirsht, was found to

vary between 0,473-0.73% depending on the diet. As weight

activity may wvary.
5. A correlation was shown hetweer hody size and energy
intake per d3day,
6., Voles livirg in pairs had lower values Tor energy flow,
They showed a correlation hetween body size and energy
intake per day., The relationship vas different to that
of tne voles living singly.
7. Analysis of water, ash and fat content of the whole body

confirmed that the pevcentage cof metabolically active

material showg variation.

5

7%
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Jater loss was shown to play an important part in weight
chanze. 170 suitabnle value could be given for the energy
released by tissusz breakdown or for the ener—y cost of
depositing new material,

Voles in the field were found to have much greater values
for energy flow: in the region of 1.1 Kcal/g/day.

The validity of energetic studiss in the leboratory and

thelr relationsnip to energetics in the field is questioned,
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APPENDIX

In the Tolloving section all weights
#iven ars in granms,
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TABLE A

A B C E
ilet weight 5.576 | 4.896 | 5.130 6.837
Dry weight L.969 | L.418 1} L.545 5,063
¢ dry matter 89 .1 90,2 ' £8.6 88,7
. water 10.9 9.8 11 .4 11.3
Dry weight 6.055 | 3.681 1 5.893 3.402
Ash weight 0.198 0.1 O 144 0.130
o organic matter|96.7 97.0 97.5 96.2
% ash 3.3 3.0 2.5 3.8

Analysis of oats,
TABLE B

A B C I
Wiet weight 5.833 | 6.776 1 95.395 6.4L77
Dry weight 5,238 6.10% 8Ly 5.81L4
% dry matter 90.7 9G.2 89.9 I 89.8
%, water 9.3 9.8 10.1 10,2
Dry weight 5.007 5.759 4,685 5,328
Ash welght 0.124 0,143 0.13L 0.149
% organic matteri97.5 97.5 97.1 97.4
%, ash 2.5 2.5 2.9 2.6

Analysis of wheat,
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A B C D E
et weight . 7h5 9.167 | T7.04L45 7.897 8.254
Dry weight E.792F 5.4h49 ¢ L.236 % L.,762| L.975
% dry matter 5¢ .l 59,4 £0,7 60.3 60.3
% water Le.5 LO.6 39.9 39.7 39.7
Dry weizht euh6t L.,790 1 6.508 1 L.316| L4,331
Ash weight C.155 0.135 0,225 0.120 0.123
% organic matter{97.2 97.2 92,5 97.2 97.2
@ ash .8 2.8 3.5 2.8 2.8

Analysis of acorns.

TABLE D

A B C D E
Wet weight 5.778 1 3.904 | 5.543 | 5.2651 5.395
Dry weight 1.673§ 1,093 | 1.572 | 1.64L} 1.438
9. dry matter 29.0 28.0 28.4 31.2 26,7
% water 71.0 72.0 71.5 6£8.8 73.3
Dry weight 1.149 1.577 1 1.6001 1.724 | 1.862
Ash weight 0.0261 0.030 1 0.038 | 0.034] 0.030
% organic matter|97.7 98.1 97.6 98.0 98 .1
% ash 2.3 1.9 2. 2,0 1.9

Anralysis of bluebell corms.




TABLE B

A B J c D E
Wet weight 0.613 1 0.385 | 0.241 0.200| 0.315
Dry weight 0.457 0.288 1| 0,174 0.148 0.23L
% dry matter 70,6 | 7u.8 P 72,2 | 7u.0 | 7u.3
% water 25, |e2s.2 [27.8 | 26.0 | 25.7
Dry weight - 0.155 | 0.241 0.182{ 0,270} 0.467
Ash weight 0.029 0,042 0.034 0.04L8 0,081
% organic matter |&81.3 82,6 81.3 82,2 82.7
< ash 18,7 174 18.7 17,8 17.3

Analysis of faeces produced by

Fed o oats.

voles living singly.

A B Cc D E
Wet weight 0.61L) 0.665 0.619 0.l
Dry weicht 0.359 0.352 0,322 0.256
% dry matter 58.4 52.9 52,0 58,0
% water Lhi.6 L7 .1 L8.,0 L2,0
Dry weight 0.310 0.191 0.511 0.189 0.358
Ash weight 0,044 0,027 0,076 0.026 0,049
¢, organic matter {85.8 85.9 25.1 86,2 86.3
¢ ash 1.2 1.1 14.9 13.8 13.7

Analysis of faec=s produced by

ed on oats.

voles living in pairs,




TL..

A B C D B
Vet weight 0.562 0.782 0..488 0.556 0.550
Dry weight 0.30) 0487 0,292 0.302 0,292
% dry matter £1.2 62,3 59.8 54.3 53.1
% water 28.8 37.7 Lo,2 L5.7 L6.9
Dry weight 0.392 0,202 0,258 0.h67 0,212
Ash weight 0.038 0.022 0.025 0.059 0.023
% organic matter | 0.3 89.1 89.9 91.2 89.2
¢ ash 9.7 10.9 |10.4 8.6 | 10.8

Analysis of faeces produced hv vales living singly.
Ped on acorns,

| A B c D 7

Jet weight D.663 0.920 0.950 1.112 0.699
Dry weight 2.4081 0.5l i 0.5 0,683 0.458
¢ dry matter 51.5 |59.1 |62.2 lery | 65.5
% water 33.5 L0.9 37.8 38.6 34,5
Dry weight D.581 0.456 | 0,587 0.406
Ash weight j D.,057 0.0L3 0.04L3 0,032
¢. organic matter | 91.6 90.6 92.7 92.1
v ash J.h Q.4 1 7.3 7.9

Analysis of faeces produced by voles living in pairs.
¥Fed on acorns. ‘




A B C D E

ifet weicght 0,791 0.515% 0,255 0.1687
Dry weight 0.610 { 0.390} 0.195 | 0,142
% dry matter 77 76.0 76.5 75.9
% water 22,9 j24.0 | 23.5 2111
Dry weight 0.266 1 0.253 0.275 0.236 0.378
Ash weipht 0.024 0.017 C.023% 0,021 0.031
% organic matter | ¢1.,0 93,3 91.6 91 .1 91.8
¢ ash 9.0 6.7 &L 8.9 8.2

Analysis of faeces produced by voles 1living singly.

Fed on wheat,

A B C | D
et weicht 0.598 | 0.579] 0.532 ; 1.042
Dry weizht 0.437 | 0.430] 0,364t 0.753
o dry matter 73.1 4.3 68.4 72.3
¢ water 26.9 25 .7 31.6 27.7
Dry weight 0.835 1 1.221 0.537
Ash weight 0.076 0,105 0.056
¢ organic matter | 92,9 91 .4 89,6
% ash 2.1 8.6 10.4

Analysis of fesezes produced by voles living singly,

Fed on bluebell corms,
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TABLE L

A B C D i i G H
Jet )
weighti 0.213 ©.3891 C.1531 0,178 0,111 0,105 0,1911 0,183
Dry

weight! 0,183 0.3.21 0,129} 0.151} 0.13% C.092] 0.166] 0.159

“odAry
matter|85.9 57.9 Sh.3 8L S 85 .1 87.6 86.9 86.9

»

/°

water |[1L.1 12.1 15.7 (15.2 14.9 (12.4 [113.1 13.1

Dry

weight | C.255 0.3L0] 0,342 0.1119

Ash

veight| 0.032 0.C0L5] 0.042 0,063

A

organid

matter |87.5 85.8 86.7 85.0

o ash $12.5 [13.2 12,3 15.0
Analysis of faeces produced by vcles livirg singly.
Fed on oats, columns A-F after 24 h, with no water,
Columns F-H ere the subsequent 2L h, on normal diet.
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td
@}

A D E F G H

det

weilght | 0,161 0.3%81 0.213} 0,335] 0.32hL) C.275; 0.234 0.L89
Dry

weight | 0.150) 0.325] 0.196f 0.205] 0,209} 0.170] 0.150; 0.292
= dry ) B

matter [93.2 [90.8 [92.0 §61.2 [6L4.5 [6.18 [6L.1 |59.7
water | 6.8 | 2.2 |8.0 |38.6 135.5 [38.2 135.9 lu0.3
Dry

(WA
N
(A
O
el
(Al
(|
[
L]
i~
-
-~
')
L
L]
\1
\O
=

weight | 0,

Ash
weizht} 0,.C

ro
[
]
*
<
no
o
O
L ]
)
=
O
(@]
L]
Q
N
O

q’ i

organid

matter [92.0 93.2 90,3 £9.9
9. ash 3.0 5.8 9.7 10.1

Analysis of fTacces produced by voles livirg singly.
Fed on wheatl, columns A-C after 24 h, with no water,
Columns D-H are the subseguent 24 h. on normal diet.
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A

Q
o

Jet weipght

Dry welght

% dry matter

% water
Dr

o
P}

1 weiaght
Mt
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¥
o

h wel

m

(1)

organic

R
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]

o a 111

Id

matter

0.110
0.088
a0 .0
10 .0

0,093
0.018
60.6

19.4

0.122

0.105
£6.9
131

(9
o O

(63
oy

03
o O
L ]
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(1]
WO A
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O
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L]
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. 330 0,324
211 0,203
9 62,7

.1 37.3

219 3.208

L ]

o N
—

wn

*

=

snalysis of feeces produced by voles living singly
in starvation experiments where previcusly fed on

oats.

A B C D
et weirht 0.098 0.091 Lo 1 0,351
Dry weight 0.078 0.070 .297 0.257
¢ dry matter 79.6 76.9 o5 73.2
¢, water 20.4 23,1 .5 26.8
Dry weizxnt 0.086 0.072 L300 0,260
reirht o, M2 0.0053 L0265 0.021

£6.0

14,0

Y

Co

N

— (o

5.
L.2

8.7 &

91.9
1

Analvsis of faeces produced by voles

living singly

in starvation experiments where srevicusly Ted on

wheat,
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Diet
Oats ! heat
Weight o Weight sy
18.5 - 2,8 17.5 - 3.3
18.4 - 3.5 17.4 - 2.9
15.3 - 3.0 16.0 - 1.3
16.0 - 1.9 23.3 - 3.0
15.5 - 3.3 23.1 - 3.0
20,7 - 2,2 17 .41 - 2,7
20,1 - 3.1 20.4 -1.9
20.7 - 2.8 19.9 - 2.8
18.3 - 2.6 20.3 - 2.9
18,3 - 1.8
17.14  ° - 2.4 14.5 + 1.5
20,3 + 2.8
15.7 + 2.0 15.5 + 1.k
183.5 + 1.9 19.3 + 1.0
0.5 + 1.0
Jeipght changes during starvation experiments.

Animals

fed previosusly on oats and wheat,




