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10th Arctic Ungulate Conference 

The 10th Arctic Ungulate Conference was organised by the Department of Arctic Biology and held at the 
University of Tromsø, Norway, 9-13 August 1999- The conference continued a series of nine conferences 
devoted to Arctic ungulates, including five International Reindeer/Caribou Symposia, two International 
Muskox Symposia and two Arctic Ungulate Conferences. 

Two hundred delegates from 14 countries attended and presented more than 150 scientific papers, making it 
one of the biggest Arct ic Ungulate Conferences ever. The scientific and social programme as well as the 
abstracts have been published in Rangifer Report N o . 4, 1999-

In an important break with normal practice, keynote speakers included scientists of international reputation 
who do not normally work with Arct ic ungulates. They were asked to review recent work in northern 
species/ecosystems thus providing the conference with novel criticism and new perpectives. Their papers are 
published in this volume. Delegates' papers w i l l be published in later issues of Rangifer. 

The Conference also included a Circumpolar PhD-Network in Arctic Environmental Studies (CAES) work­
shop: "Reindeer 2000", attended by 47 participants presenting 25 student contributions, 5 keynote lectures 
and 3 introductory speeches. A Rangifer Special Issue with workshop papers is planned for publication later 
in 2000. 

The Conference was sponsored by the Norwegian Reindeer Husbandry Development Fund, the Norwegian 
Reindeer Husbandry Research Council , the Nordic Council for Reindeer Research, the Norwegian State 
Bank of Agriculture, the University of Tromsø and the Roald Amundsen Centre for Arctic Research at the 
University of Tromsø. 

A meeting of representatives appointed by the different national delegations was held on 11 August 1999- A 
new Arctic Ungulate Society was inaugurated. The statutes of the Society are appended. 

In its first meeting, the Executive committee of the Arct ic Ungulate Society agreed that the next Conference 
w i l l be held in Finland and the Finnish representative later informed that the venue for the next meeting is 
likely to be Saariselkâ in northern Finland. 

Arnoldus Schytte Blix, Chairman of the Organising Committee 
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The Tenth Arct ic Ungulate Conference, 
9-13 August 1999, Tromsø, Norway. 

Quantifying the free living energy exchanges of Arctic ungulates with stable 
isotopes 

Paul Haggarty 
The Rowett Research Institute, Greenburn Road, Bucksburn, Aberdeen AB21 9SB, Scotland, U K (ph@rri.sari.ac.uk). 

Abstract: When natural diets meet an animal's requirement for energy, other essential nutrients wil l usually be supplied 
in amounts at least sufficient for survival. Knowledge of the energy requirements of free ranging species under typical 
conditions are important in assessing both their nutritional needs and their ecological impact. The doubly labelled 
water (DLW) method is currently the most promising objective field methodology for estimating free living energy 
expenditure but expenditure is only equal to the energy requirement when an animal is in energy balance. 
Reproduction and seasonal cycles of fat deposition and utilization represent significant components of the energy bud­
get of arctic ungulates but the information gained in the course of a typical D L W study may be used to estimate 
processes such as milk output and fat storage and mobilization in order to predict requirements from expenditure. 

The D L W method has been exhaustively validated under highly controlled conditions and the introduction of inno­
vations such as faecal sampling for the estimation of body water isotopic enrichment, the availability of appropriate cor­
rection factors and stoichiometrics for known sources of error, and iterative calculation of unknown parameters, have 
produced a methodology suitable for use in truly free ranging species. The few studies carried out so far in arctic ungu­
lates indicate that previous predictions have generally underestimated the true level of expenditure, that there is con­
siderable between animal variation in the level of expenditure and that this is largely determined by physical activity. 

The disadvantages of the D L W methodology are that it remains expensive and the isotope analysis is technically 
demanding. Furthermore, although D L W can provide an accurate value for free living energy expenditure, it is often 
important to have information on the individual components of expenditure, for example the relative contribution of 
physical activity and thermoregulatory thermogenesis, in order to interpret the values for overall expenditure. For these 
reasons the most valuable use of the D L W method in the field may be to validate factorial models and other approaches 
so that they may be used with confidence. Additional important information on the energy exchanges of free ranging 
animals may be obtained from other stable isotope methodologies. In addition to the use of the isotopes 2 H and l s O in 
the D L W method, natural variations in the abundance of "C and 1 5 N in the arctic environment may be exploited to 
study diet selection in truly free living arctic ungulates. 
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Introduction 
When natural diets meet an animal's requirement 
for energy, other essential nutrients such as protein, 
fats minerals and vitamins w i l l usually be supplied 
in amounts at least sufficient for survival (Kay et al., 
1984). Consequently, energy is often the most 
important single factor in the nutrition of an animal 
and knowledge of energy expenditure under typical 
free-living conditions are important in assessing 
both energy requirements and the ecological impact 
of free-ranging animals. Arct ic ungulates such as 
reindeer and caribou {Rangifer tarandus) may range 
over large areas therefore traditional methods of 
estimating energy expenditure such as chamber 
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calorimetry are of l imited use as they impose a sig­
nificant degree of restriction on 'normal' activity 
which makes up a significant portion of the energy 
budget of free ranging species. Furthermore, the 
harshness of the arctic environment also influences 
expenditure in ways which are difficult to model; 
these include the effects of temperature and wind 
ch i l l , and the additional energy expenditure which 
occurs as a consequence of foraging when the vege­
tation may be of poor quality or where access is 
made difficult by snow cover. In an effort to make 
more realistic estimates of energy expenditure, a 
number of workers have developed factorial models 
where values for the energy costs of metabolic 
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processes, activities, and the time spent i n those 
activities are used to calculate the overall energy 
budget of the animal (e.g. Boertje, 1985; Tyler, 
1987). Such models have been invaluable i n study­
ing the energy exchanges of truly free l iv ing ani­
mals i n their natural habitat but the assumptions 
underlying these models have yet to be tested by 
comparison wi th objective measures of expenditure. 
The most promising method of estimating energy 
expenditure in free-living animals is the doubly 
labelled water (DLW) technique (Lifson & 
McCl in tock , 1966). This technique, which utilizes 
water labeled with stable isotopes, provides an inte­
grated value for energy expenditure, typically over 1 
to 3 weeks, and therefore is ideal to estimate 
requirements. 

Energy expenditure is only equal to the energy 
requirement when an animal is in energy balance 
yet i n arctic species fat deposition can make up a 
large part of the energy requirement in summer 
whilst mobilisation of body fat can supplement the 
energy requirement in winter. Similarly, productive 
processes such as pregnancy and lactation represent 
a significant part of the energy requirement of arctic 

ungulates. Since the D L W method only provides an 
estimate of energy expenditure, information on the 
magnitude of these other processes is required in 
order to estimate the more practically useful para­
meter of the energy tequirement. This paper 
reviews new insights into the energy exchanges of 
arctic ungulates provided by the use of stable iso­
tope methodologies and proposes novel ways i n 
which stable isotopes may be used to study the vari­
ous components of the energy budget of arctic 
ungulates (Fig. 1). The results for arctic species 
(Eurasian mountain reindeer; R. t. tarandus, Alaska 
caribou; R. t. granti and muskoxen; Ovibos moscbatus) 
are compared wi th a non-arctic species (red deer; 
Cervus elaphus). 

Stable isotopes 
Isotopes are atoms with the same number of protons 
(atomic number) but different numbers of neutrons 
(mass number). They may be classified as either 
radioactive or stable and isotopes are available for 
many of the elements found i n l iv ing systems (e.g. 
hydrogen, carbon, oxygen, nitrogen, sulphur and 

Energy expenditure 

iL i \ 
Body energy 

Reproduction 
CM*'' Lactation 

Energy ( m e t ) intake ]Fl 1 
— i I 1 

Diet selection 
Fig. 1. The metabolisable (met) energy intake of an animal is equivalent ro its requirement when this equals the energy 

expenditure plus the energy cost of reproduction/lactation, plus energy stored in the body or minus energy 
mobilised from body stores. A l l of these processes and the selection of diet can be measured in the field using a 
range of stable isotope methodologies. 
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many metals). The isotope concentration i n biologi­
cal samples is measured most precisely using gas 
isotope ratio mass spectrometry where the biologi­
cal matrix is converted into a permanent gas (e.g. 
C 0 2 , H 2 ) prior to measurement. This conversion can 
be carried out 'off-line' or it can be automated and 
connected 'in-line' to standard laboratory tech­
niques for isolation of individual molecules (e.g. gas 
chromatography-combustion-isotope ratio mass 
spectrometry)- The isotopic results are presented as 
§ l 1 C P U B , the notation commonly used to repott nat­
ural variations in 1 3 C abundance, or as parts per m i l ­
l ion (ppm) above background in tracer studies. 
Negative 5 values indicate that the sample is 
depleted in U C relative to the standard ( P D B : 
PeeDee Belemnite) and the numerical quantity 
expresses the depletion in parts per thousand ot "per 
m i l " , designated by the symbol %o. 

In techniques such as the D L W method the only 
available tracer for oxygen is the stable isotope oxy­
gen-18 ( l s O) but the hydrogen of the body water 
could be labelled wi th either stable-isotopic deu­
terium ( 2 H) or radio-isotopic t r i t ium ( 3 H). The lat¬
tet has been used in the D L W validation studies of 
Fancy et al. (1986), presumably because 3 H is easier 
to measute using the widely available technique of 
scintillation counting. However, stable isotopes 
offer a number of advantages over radioactive iso­
topes: 1. Their use in free l iv ing animals studies 
does not result in the introduction of radioisotope 
contamination into the environment. 2. Stable iso­
topes can be measured more precisely than radioiso­
topes and in a comparison of water flux rate mea­
surements in deer labelled wi th both 2 H 2 0 and 
3 H 2 0 , the deuterium estimate of water flux was 
twice as precise as the tr i t ium estimate (Haggatty et 
al., 1998). Since the D L W method estimates C 0 2 

production from small differences between two iso­
topic flux rates which are dominated by watet 
turnover, the improved precision offered by 2 H is an 
important consideration. 3. Stable isotopes are 
always present i n the environment and natural vari­
ations in their concentration can be exploited to 
obtain information on the origin and inter-conver­
sion of nutrients. 

The doubly labelled water method 
The D L W method is based on the observation that 
the hydrogen of body water is lost mainly as water 
whereas the oxygen of water is lost as water and 
C O , . When the body water is labelled with 2 H and 
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TIME (DAYS) 
Fig. 2. Theoretical basis of estimating C 0 2 production 

from the difference in washout rates of 3 H (—) 
and l s O (••••) from the body water. 

l s O , the tate of di lut ion of 2 H gives a value for water 
flux and the rate of l s O dilution gives a value for 
water flux plus C 0 2 production and the production 
of C 0 2 can be estimated from the difference 
between the two isotopic fluxes (Fig. 2). 

This method (Lifson & McLintock, 1966) has 
now been successfully validated in ruminant (Fancy 
et al., 1986; Midwood et al., 1994) and monogastric 
(Haggarty et al., 1994a) animals and may therefore 
be used wi th confidence in a wide variety of meta­
bolic states i f appropriate corrections are made for 
the processes which are known to introduce errors 
into the technique (Fancy et al., 1986; Haggarty, 
1991; Haggarty etal, 1994a; Midwood etal, 1989; 
1993). 

In order to calculate watet flux and C 0 2 produc­
tion it is necessary to correct the isotope flux data 
for fractionated water loss (Haggarty et al., 1988) 
and any change in pool size (Haggarty et al., 1994a) 
during the course of the labelling period. There are, 
however, other processes which may introduce 
errors into the D L W estimate of C 0 2 production; 
for example, loss of 2 H into ptoducts other than 
water w i l l cause watet flux to be overestimated and 
C 0 2 production to be undetestimated. This may 
occur during sequestration of 2 H into stable carbon-
hydrogen bonds or by exchange of 2 H wi th labile 
positions on material which is subsequently export-
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Percent error on DLW 

Fig. 3. The magnitude of errors which different seques­
tration/exchange processes introduce into the 
D L W method vary between species and between 
different physiological states. 

ed from the body; faeces for example. The sequestra­
tion/exchange processes which have the potential to 
introduce substantial errors into the D L W method 
in production animals are fat synthesis, methane 
production, export of faecal dry matter and lactation 
(Haggarty, 1991; Midwood etal., 1989; Haggarty «f 
al., 1994a). The magnitude of these processes must 
be estimated in order to make the necessary correc­
tions to the isotope flux data (Haggarty, 1991)-
Some examples of actual effects (Fig. 3) illustrate 
that there are wide variations in the relative impor­
tance of each error in different physiological states. 
Also, the fact that all three processes result in an 
underestimate of energy expenditure mean that the 
errors are additive such that when they are com­
bined they can have a significant impact on the 
accuracy of the D L W method. In addition, the 
D L W method only provides an estimate for C 0 2 

production, therefore furthet information on oxygen 
consumption, nitrogen loss and, in the case of rumi­
nants, methane production, is required to calculate 
a value for energy expenditure. Under the highly 
controlled conditions of a validation study i t is pos­
sible to make direct measurements of faecal losses, 
methane production and even fat synthesis, but the 
need to carry out such measurements i n a typical 
D L W study would largely nullify the main advan­
tage of the D L W method which is that it can be 
used in free-living animals in their natural environ­
ment. Al though the D L W method was developed as 
a method of estimating free l iv ing energy expendi­
ture, the necessity of correcting for these processes 
and the typical D L W dosing and body water sam­
pl ing regime has severely restticted its use in truly 
free-living animals. To overcome the first l imita-
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tion, an iterative method has been developed to cor­
rect for the above sources of error and provide esti­
mates of oxygen consumption, methane production 
and nitrogen loss without the need to measure them 
directly, using only the data which is typically 
obtained in D L W studies i n truly free-living ani­
mals (Haggarty et al., 1998). 

W i t h respect to the second limitation, energy 
expenditure may be calculated from D L W data 
using the two-point of multi-point methods 
(Haggarty, 1991) but the two-point approach has 
the important advantage for studies i n free-ranging 
animals that the samples of body fluids (typically 
blood) need only be taken on the first and last day of 
the labelling period and not each day as wi th the 
multi-point approach. Apart from the practical dis­
advantage of having to re-capture animals each day, 
daily capture and sampling could, i n itself, signifi­
cantly affect the energy expenditure of free-ranging 
animals. In such animals, the two-point methodolo­
gy, where body fluids are sampled only at the begin­
ning and end of an experiment, typically lasting 
between one and two weeks, would be a more feasi­
ble approach. A comparison of multi-point and 
two-point calculations has shown that there is no 
significant difference in the energy expenditute 
derived by these approaches i n ungulates (Haggarty 
etal., 1998) therefore the two-point method may be 
used with confidence. A n ingenious way of further 
reducing interference with the normal activity of 
free ranging species during D L W measurements has 
been proposed by Gotaas et al. (1997) who have 
shown that faeces water can be used to estimate the 
isotopic composition of the body water. This 
method offers the possibility of carrying out a D L W 
study in free ranging ungulates requiring only one 
captute in order to give the dose, the wash out of 
isotope from the body can then be estimated by col­
lection of fresh faeces in the field and Gotaas et al. 
(in press) have used this approach to estimate the 
energy expenditure of free l iv ing reindeer. 

Free living expenditure 
U n t i l the advent of objective methods such as D L W 
the only way of estimating requirements under nor­
mal conditions was the factorial approach or, i n a 
compromise between truly free l iv ing and fully con­
fined, the measurement of food intake in penned 
animals. It is therefore useful to put the few existing 
D L W results in arctic ungulates in the context of 
data obtained using ttaditional methodologies. 
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• Factorial 
• D L W 
A Calorimetry 
• Food intake 

Red deer 

Female - Fasting - chamber 
Female - Fed - penned indoors 
Male - Fed - Winter - penned indoors 
Male - Fed - Winter - penned outdoors 
Female - Fed - Summer - paddock 

Svalbard reindeer Female - Fed - May - free ranging 
Female - Fed - Oct - free ranging 

N o r v v e g i a n r e i n d e e r ^ : ; d
F r t r e e P r : g i r d 0 ^ 

Caribou 

IMF - Fasting - Winter 
M/F- Fasting - Summer 
M/F - Fed - Winter - penned 
M/F - Fed - Winter - free ranging 
M/F - Fed - Mar/Apr - free ranging 

Suckling young - paddock 

Muskoxen Suckling young - paddock 
I • \ ' 1 -r--r-8 8 8 8 8 8 8 8 8 8 8 8 8 8 R 

Energy expenditure (kJ /kg D J S ) 
Fig. 4. Comparison of estimates of energy expenditure in three species of northern ungulates made using a range of 

methodologies: factorial, calorimetry, measured food inrake and doubly labelled water (DLW). 

To compare the metabolism of individuals wi th in 
a species of to make between-species comparisons, 
the values for expenditute must be standardized i n 
some way and the best method available is probably 
the Brody-Kleiber proportionality which suggests 
on empirical and theoretical grounds that expendi­
ture should be expressed per k g 0 7 5 (Blaxter, 1989). 
When expressed in this way it can be seen from F ig . 
4 that even wi th in the factorial approach there is a 
very wide range in the estimated level of expendi­
ture, both wi th in and between species. Some of this 
variability w i l l be due to differences between the 
studies i n the sex of the animals, the season and the 
degfee of restriction imposed but even after taking 
account of these effects the estimates are very vari­
able. For example, factorial estimates of expenditure 
in free ranging Svalbard reindeer (R. t. 
platyrhynchus) in Octobet (433 k j / k g 0 7 5 ; Tyler, 1987) 
are considerably less than those for free ranging 
caribou i n winter (652 k j / k g 0 7 5 ; Boertje, 1985) and 
even studies within a species can be very variable 
with a second study in free l iv ing caribou in wintet 
providing a value of (830 k j / k g 0 7 5 ; Fancy, 1986). 
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Some factorial estimates have been very low wi th 
free ranging female Svalbard reindeer in May hav­
ing an estimated expenditure (319 k j / k g 0 7 5 ; Tyler, 
1987) which is similar to the resting metabolic rate 
(standing) in captive animals (348 k j / k g 0 7 5 ; Nilssen 
et al., 1984). The relatively small numbet of D L W 
studies which have been carried out in large ungu­
lates indicate that, whilst there are some exceptions, 
the D L W method generally provides higher values 
than have been derived from feeding or factorial 
studies. For example, the D L W derived expenditure 
of female red deer kept in a group in a field covering 
3300 m 2 was 757 k j / k g 0 7 1 during the summer 
(Haggarty et al., 1998), a value that was higher than 
previous estimates of tequirements wi th the only 
higher estimate coming from a feeding trial in stags 
penned outdoors i n winter (850 k j / k g 0 7 5 ; Fennessy 
et al., 1980). A comparison of the outdoor feeding 
results wi th similaf studies in animals indoofs i n 
the same season (570 k j / k g 0 7 5 ; Kay et al., 1984) sug­
gest that fully one third of the outdoor require­
ments in winter in red deer are due to the effect of 
outdoor temperature. This finding is reinforced by 
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Fig. 5. Between animal variability in doubly labelled 
water (DLW) derived free-living energy expendi­
ture for red deer (Haggarty et al., 1998) and 
young male reindeer in winter (Gotaas et al, in 
press). 

the comparison of D L W derived free l iv ing energy 
expenditure in hinds in summer (757 k j / k g 0 7 5) wi th 
the partially confined stags in winter (850 k j / k g 0 7 5). 
Also included i n Fig . 4 are some reports of D L W 
derived energy expenditure in caribou and muskox-
en (Parker et al., 1990) although the interpretation 
of these results is complicated by the fact that they 
were carried out during suckling. 

Comparison of D L W results obtained i n red deer 
wi th those from captive and free ranging reindeer 
are shown in F ig . 5. Given that the results for the 
red deer were obtained in summer where the thet-
mal stress was minimal , whilst reindeer have a level 
of thermal insulation which protects them from the 

• Fasting metabolic rate (confined) 
.1 DLW derived expenditure (captive) 

DLW derived expenditure (free living) 

Reddeer Norwegian reindeer 

Fig. 6. 
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Comparison of the components of free-living 
energy expenditure in ungulates from arctic 
(reindeer; Gotaas et al., 1997; in press) and tem­
perate (red deer; Haggarty et al., 1998) regions. 

effects of cold in winter (Tyler & B l i x , 1990), the 
similarity in expenditure indicates that free l iv ing 
physical activity of both species is comparable since 
this w i l l make up the largest proportion of heat pro­
duction. This point is made clear in F ig . 6 where 
the D L W derived expenditure of free l iv ing reindeer 
(Gotaas et al., in press) is compared wi th that of 
penned reindeer (Gotaas et al., 1997). Whi l s t some 
of this difference may be explained by the fact that 
the free-living animals were male whilst the captive 
animals were female, it is striking that the non-fast­
ing energy expenditure in the free l iv ing animals 
was up to 3 times that of the captive animals. 

W h e n a new method suggests that old assump­
tions may be in error i t is natural to question the 
validity of the method. However, al l the processes 
which could result in errors have been exhaustively 
described and, in most cases they result i n an under­
estimate of expenditure (Haggarty, 1991; Haggatty 
etal, 1994a; Midwood et al., 1989; 1993; Gotaas et 
al., 2000); the finding of generally higher than 
anticipated values for expenditure is thetefore 
robust. 

The D L W method may provide information in 
addition to the estimation of energy requitements of 
groups i f a value for the ptecision of energy expen­
diture is available. For example, it can be seen that 
one of the red deer had a significantly higher level of 
expenditure compared to the test of the group (Fig. 
5). Since all the animals were exposed to the same 
climate and environment, this difference was pre­
sumably due to a higher physical activity, possibly 
reflecting the dominance of this hind within the 
social group. The equivalent values i n free ranging 
reindeer shows that the mean level of expenditure 
was very similar to that in the red deer but that the 
range of values was much greater. N o estimate of 
precision was available for these data but similar 
previous studies (Gotaas et al, 1997) indicated a 
similar level of precision to that found in red deer, 
suggesting that i n truly free ranging animals the 
energy expenditure difference between individuals 
is much larger than is found in farmed species. This 
is not only important wi th tespect to the interac­
tions between individuals wi thin a herd but it also 
has implications for the number and type of indi ­
viduals which have to be monitored (using D L W , 
the factorial method, or any other approach) in 
order to give a good estimate of the expenditute of 
the whole group. For example, Fancy & Whi te 
(1985) have calculated that caribou breaking the 
trail at the head of the spring migration have an 
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associated increment of minimal metabolism which 
is 2.5 times that in animals following the packed 
trail. Whi l s t the overall energetic effect of trail 
breaking would depend on the proportion of the 
day spent in this activity, such observations suggest 
that total energy expenditure measured by D L W 
could well be substantially different i n these two 
groups of animals. 

Cycles of fat deposition and mobilisation 
Arct ic ungulates such as Svalbard reindeer store 
very large amounts of fat during the short arctic 
summer and lose most of it duting the arctic winter 
when there is no daylight and restricted access to 
fotage (Tyler, 1987). Boertje (1985) has calculated 
that utilisation of body fat can provide up to 10% of 
the energy requirement of caribou in winter whilst 
Tyler (1987) suggested a figure of up to 25% in 
non-pregnant Svalbard reindeer. Conversely, Boertje 
(1985) has calculated that in summer the energy 
cost of fat deposition accounts for around 17% of 
the total tequirement. Body composition has tradi­
tionally been estimated from a variety of techniques 
including dissection and chemical analysis 
(Ringbetg et al, 1981; Adamczewski et al., 1987; 
1995; Gerhart et al, 1995) but in order to derive 
values for energy requirements in the different sea­
sons in truly free l iv ing animals it is necessary to 
evaluate the magnitude of these processes in the 
field, preferably without recourse to serial slaughter. 
This can be done isotopically by estimating the 
body water from isotope dilution where the body fat 
content is estimated using information on the 
hydration of non-fat tissues (e.g. Larsen & B l i x , 
1985; Parker et al, 1993). Measurement of the body 
water pool size is an integral part of the D L W 
method theiefote a second measurement of body 
water using only a single isotope (most ptobably 2 H 
since this is much less expensive than l s O ) some 
weeks or months after the initial D L W measure­
ment (the exact period over which the change is 
measured depends on the rate of fat loss) can pro­
vide an estimate of fat deposition/mobilisation 
(Haggarty etal, 1994). 

The rate of deposition of fat can also be measured 
in the same way during the summer months but it 
should be kept in mind when combining such mea­
surements wi th a D L W study that the sequestration 
of 2 H into body fat during fat synthesis can be a 
major source of error in the D L W method (Fig. 3) 
and one which has to be corrected for (Haggarty, 
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1990; Haggarty et al., 1990; 1994). Simple esti­
mates of fat deposition cannot be used to estimate 
sequesttation since 2 H incorporation into fat can 
occur during the normal process of fat turnover and 
fat synthesis has been detected in adult weight sta­
ble humans from the long term turnover of 3 H , 0 
(Snyder et al, 1968) and the incorporation of 2 H 
into circulating fatty acid (Leitch & Jones, 1993). 
Since the resulting error on the D L W method is 
specific to each species and physiological state, it 
may be necessary to sample the adipose stores where 
the maximum rate of deposition is occurring in 
order to measure 2 H incorporation directly. The 
long term sequestration of hydrogen isotopes into 
body fat is a factor that may also be relevant to the 
choice of hydrogen isotope (stable 2 H or radioactive 
3 H ) in D L W or body composition studies in free 
ranging species as the biological half life of the 3 H 
w i l l be increased in the presence of significant 
sequestration (Snyder et al, 1968). 

Lactation 
Perhaps the biggest nutritional stress on female ani­
mals is reproduction and Boertje (1985) has calcu­
lated that the energy cost of lactation can account 
for up to 22% of the energy requirement of caribou. 
The best field method of measuring mi lk output is 
by isotopically labelling the body water of the 
mother and measuring the appearance of isotope i n 
the body water of the suckling young (McFarlane et 
al., 1969). This has typically been done i n rumi­
nants using radiolabelled 3 H 2 0 and the technique 
has been used i n teindeer and caribou calves 
(McEwan & Whitehead, 1970) and caribou and 
muskoxen (Parker et al, 1990; Whi t e et al, 1989). 
The results of these studies produced estimates of 
mi lk intake of around 1.5-1.6 1/day on day 20 of 
lactation wi th very little difference between species. 

The disadvantages of long term radioisotope con­
tamination of the environment are even more 
important when carrying out studies involving 
young which may retain the 3 H for a long time and 
thete have been some attempts to replace 3 H wi th 
2 H , at least in domestic species (Odwongo et al., 
1985). However, as in the measurement of body 
composition, the normal use of the D L W method 
already provides much of the information required 
for this isotope transfer technique. Unfortunately, as 
wi th the estimation of body composition during fat 
deposition, the process of lactation can itself intro­
duce significant errors into the D L W method. But 
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Select a subset of the herd 
for detailed study using 
existing field methodologies: 
*remote activity recording 
'behavioral observations 
'simulation modelling 
'body composition 

I sot opic verification of field 
methodologies in a subset of 
the study group: 
'DLW 

'milk transfer 
'body composition 
*13C natural abundance 

Fig. 7. Isotopic methodologies are best used in combination with existing field techniques because of cost and because 
the field methodologies often provide additional information necessary to interpret the isotopic data. 

the information collected in the process of estimat­
ing the transfer of nutrients in mi lk from the moth­
er to the young is the same information needed to 
make the appropriate corrections to the D L W data 
(Haggatty et al, 1990). 

Diet selection and intake 
The selection of forages which go to make up the 
intake of an animal can have a significant effect on 
expenditure since the quality of the forage w i l l 
affect the energy cost of digestion and it w i l l also 
have an effect via the energy cost of physical activity 
involved in the location and ingestion of the pre­
ferred grasses, shrubs, lichens and mosses. Some 
workers have attempted to estimate diet selection 
by observation and sampling (e.g. Boertje, 1990) 
but there is a stable isotope methodology which 
may also be useful in deriving this parameter. This 
approach is based on the fact that the 1 3 C concentra­
tion of biosynthetically derived organic compounds 
is determined by the 1 3 C abundance of the source 
material, the availability of the source material and 
kinetic isotopic fractionation effects during uptake, 
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assimilation and incorporation into l iv ing organ­
isms. In the case of marine organisms the auto­
trophic fixation of inorganic carbon dissolved in sea-
water (Conway et al, 1994) results in an average 
difference in 1 3 C abundance between marine and ter­
restrial biomass reported by different groups have 
been relatively constant, wi th marine sources being 
enriched by 13%o (Craig, 1952; 1953), 14% 0 

(Wickman, 1952) or 12% 0 (Degens, 1970) relative 
to terrestrial biomass. This difference is large 
enough in relation to the precision of isotopic mea­
surements on modern isotope ratio mass spectrome­
ters (±0.4%o) to measure the contribution of marine 
and terrestrial foods to total intake i n the human 
food chain (Haggarty et al, 1999) which is surely 
the most diverse of any species. Furthermore, the 
simultaneous measurement of natural variations in 
other isotopes such as " N would provide further 
detail on the dietary origin of nutrients. 

In less complex diets, such as those found in arc­
tic ungulates, the task of determining the dietary 
origin of nutrients is simpler. It has been shown 
that plants such as lichens, which lack a vascular 
system, have a characteristic 1 3 C composition which 
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is generally lower than that of plants wi th a vascular 
system; the 1 3 C abundance of lichen has been report­
ed as -18%o wi th that of annual grass growing only 
a few feet away as -28%o (Park & Epstein, I960; 
Craig, 1953; Wickman , 1952). This k ind of differ­
ence should be large enough to provide an estimate 
of the relative contribution of these forages to nutr i­
ent intake therefore the approach of exploiting nat­
ural 1 3 C abundance variations may be useful in 
studying the diet selection and intake of free l iv ing 
arctic ungulates even when consuming mixed diets. 

Conclusions 
W i t h the introduction of innovations such as faecal 
sampling for the estimation of isotopic enrichment, 
the availability of appropriate correction factors and 
stoichiometrics for known sources of error and itera­
tive calculation of unknown parameters, the D L W 
technique can now be considered to be a truly free 
l iv ing methodology suitable for use in w i ld , free 
ranging species. Providing the appropriate correc¬
tions are made, this field methodology provides 
accurate values fot free l iving energy expenditure in 
individual animals. The few studies carried out so 
far in arctic ungulates suggest that previous predic­
tions have generally underestimated the true level 
of expenditure, that there is considerable between 
animal variation in the level of expenditure and that 
this is largely determined by physical activity. 

Energy expenditure is only equal to the more use­
ful parameter of the energy requirement when an 
animal is in energy balance. However, processes 
such fat deposition and utilisation and lactation 
represent a significant patt of the energy budget of 
arctic ungulates. Much of the information gained in 
the course of a D L W study can be used to estimate 
mi lk output and the change in body fat and the 
additional information required to make these esti­
mates is ptecisely the same information required to 
correct the D L W method for any errors caused by 
such processes. In addition to the use of the isotopes 
2 H and l s O in the D L W method, it is possible that 
natural 1 3 C abundance variations in the arctic envi­
ronment may be exploited to study diet selection in 
truly free l iv ing arctic ungulates. 

Some disadvantages of the D L W methodology 
are that i t remains expensive, the stable isotope 
analysis is technically demanding and it requires 
access to sophisticated mass spectrometry facilities. 
Therefore, the use of this technique is l ikely to be 
limited to relatively small numbets wi th in each 
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study. Furthermore, although D L W can provide an 
accurate value for free l iv ing energy expenditure, it 
is often important to have information on the ind i ­
vidual components of expenditure, e.g. the relative 
contribution of physical activity and thermoregula­
tory thermogenesis, i n order to interpret the values 
for overall expenditure. For these teasons it may be 
that one of the most valuable uses of the D L W 
method is to validate existing field methodologies 
and simulation models (Fig. 7) so that they may be 
used wi th confidence i n truly free l iv ing arctic 
ungulates. 
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Abstract: Dietary niche, feeding type classification and seasonal sttategies of Rangifer tarandus and Ovibos moschatus are 
discussed in relation to the anatomy of their digestive system. Classification criteria for the flexible feeding type system, 
originally established in bovids and later adapted to cervids, are subsrantiated and critically discussed in the light of 
recent attemprs to invalidate the system. Eurasian mountain reindeer, Norrh American barren-ground caribou, 
Svalbard reindeer and Victoria Island caribou are seasonally adaptable, opportunistic ruminanrs of the intermediate 
feeding type but the long evolutionary separation of Svalbard reindeer has modified several morphological features for 
winter survival without lichen, resulting in better adaptation to fibrous forage. Muskoxen, despite their seasonal selec­
tivity, are rypical grass and roughage eaters with extremely long mean retention time. Detailed data on the entire diges­
tive system from muzzle to anus on both species ate still insufficient and extended studies ate worrhwhile for under­
standing their nutritional niche and feeding adaptations. 
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Introduction 
There is general agreement that many populations 
of the highly variable suborder Ruminantia, a 'late­
comer' in mammalian evolution, are l imited by the 
availability and digestibility of their forage resour­
ces, by the extent of evolutionary variation of their 
digestive system and by body mass, in this otder. 
The many variations of the digestive system wi th in 
the suborder has permitted a flexible classification 
into morphophysiological feeding types which tran­
scends phylogenetic classification and differences in 
body mass (Hofmann & Stewart, 1972; Hofmann, 
1998). The situation is complicated, however, by 
the fact that the majority of species of bovids are 
found in tropical or subtropical habitats while most 
cervids are found in holarctic environments where 
minimal ruminant body size is about 20 kg com­
pared to only 3-4 kg in the tropics. But there are 
fascinating ecological similarities among both large 
ruminants (>350 kg , e.g. Greater kudu, Tragelaphus 
strepsiceros, and moose, Alces alces) and small rumi­
nants (<10 kg , e.g. muntjac, Muntiacus spp. and 
duikers, Cephalophus spp.). W i t h i n both groups 
there are many remarkable similarities in the char­

acteristics of the digestive system, feeding behav­
iour and social system. Moose and roe deer, 
Capreolus capreolus, belong to the evolutionary older 
ruminant type of concentrate selectors (CS) and 
while several ecological, nutritional and morpho­
physiological factors make CS unsuited for life in 
the high Arct ic , both moose and roe deer have 
extended their range well inside the subarctic. Two 
species of ruminants, however, the muskox (Ovibos 
moschatus) and the reindeer/caribou (Rangifer taran­
dus), are well adapted to and have survived for many 
millennia in potentially hostile arctic environments. 
Ninety years ago, Lonnberg (1901) presented 
anatomical data and descriptions of Swedish rein­
deer and half a century later Sablina (1961) present­
ed data on reindeer and elk/moose from Russia. In 
the 1970s Finnish, Norwegian and Canadian work­
ers expanded knowledge of these ruminants. The 
muskox was more or less unknown unt i l the 1990s 
and st i l l needs comprehensive study. 

The l ink-up of digestive anatomy, physiology, 
nutritional behaviour, forage choice and evolution­
ary niche of w i ld ruminants had been stimulated by 
my own comparative work in East Africa (Hofmann 
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& Stewart, 1972; Hofmann, 1969; 1973). The 
importance of comparative work i n the nutritional 
physiology of w i l d or free ranging species was 
emphasised i n an early paper by Kay et al. (1980). 
Subsequently, comparative morphological and phys­
iological studies of cervids resulted i n a more differ­
entiated approach to studying ruminant digestion 
and in adjusting the feeding regimes of w i ld rumi­
nants in zoos - more so in Europe than in N o r t h 
America. Marholdt & Hofmann (1991) showed that 
most artificial feeds were too high in easily 
digestible components and frequently induced or 
maintained acidotic conditions in all three feeding 
types, resulting in the k ind of alterations of the 
tuminal mucosa described in reindeer by 
Westerling (1975). 

Robbins et al. (1995) attempted to invalidate the 
morphological basis and the functional deductions 
which permitted the differentiation of ruminants 
into a flexible system of three main feeding types. 
Nevertheless, Hofmann's (1989) classification has 
stimulated researchers world-wide including those 
dealing wi th arctic tuminants to arrive at a mul t i ­
tude of interesting and applicable results through 
compatative research. Our anatomy-based function­
al hypotheses are supported by sound experimental 
evidence (Hofmann, 1999). 

In spite of the great adaptive range of all of 180 
species of ruminants, the key to understanding 
ruminant biology and management is the recogni­
tion of the division into the evolutionary shaping as 
a result of co-evolution wi th forage plants of two 
extreme feeding types, the CS and the grazers (GR, 
i.e. grass and roughage eaters) wi th a range of inter­
mediate feeders (IM) in between. The small roe 
deer, successful over the entire Eurasian land mass 
and the large moose, successful also in Nor th 
America, can thrive without grass but w i l l starve to 
emaciation and death i f given only gtass (not 
lucerne!) hay. These two species are CS and never 
G R in spite of their vast difference in body mass. 
Cattle are derived from the late-evolved aurochs 
(Bos primigenius) which adapted in the late Miocene 
to a nutritional staple of high cellulose content 
grass. Today they are loaded with industrial concen­
trates for mi lk or beef production but their diges­
tive system w i l l collapse i f they are deprived com­
pletely of grass. The anatomy of CS and G R is 
diverse, be they large or small. 

Ruminants gain energy from plants in two ways: 
(i) digestion of fibre (cellulose, hemicelluloses) 
through microbial digestion of carbohydrates in the 

72 

rumen and/or i n the distal fermentation chamber 
(DFC, formerly called 'caeco-colon'; Hofmann, 
1985); (ii) direct utilisation of soluble plant cell 
contents (PCC), mainly sugats from dicotyledonous 
plants (either as 'ruminal escape' as a result of a 
short mean retention time (MRT) , or of bypassing 
forestomach microbial digestion via the ventricular 
groove leading directly into the abomasum and the 
duodenum). 

Three factors complicate these avenues: (i) the 
l imited dynamics of the rumen microbial popula­
tion which nevertheless represents a highly and 
rapidly adjustable system; (ii) the structure and the 
morphological dynamics of the ruminal and/or 
intestinal mucosa and (iii) the morphological 
dynamics of the salivary glands. Adaptive changes 
of the ruminal mucosa reach their l imits under 
unphysiological conditions (e.g. acidosis) and 
become pathological. Fibre digestion, especially 
digestion of cellulose, is clearly linked to anatomical 
conditions because the M R T of forage must be long 
enough to exploit potential digestibility. Ingesta 
retention devices ate poorly developed in CS and 
I M . Roe deer (CS) hardly ever select more than 20% 
of cellulose (Holand, 1994; Deutsch et al., 1998). 
These animals are almost incapable of digesting cel­
lulose i n winter, when practically all plants are high 
in cellulose, because populations of cellulase-pro-
ducing bacteria in their rumens are much reduced. 

Rowell (1998) demonsttated the direct utilisa­
tion of sugars in the duodenum in roe deer and 
moose. W h i l e the energy gain from structural car­
bohydrate fermentation in the rumen is 26 mol 
A T P / m o l glucose, direct oxidative utilisation fol­
lowing the transport of substrates along the rumen 
bypass yields 38 mol A T P / m o l glucose. Rowell's 
experiments mimicked the oxidation of P C C dilut­
ed by copious saliva from large parotid glands. It 
remains to be seen to what extent the arctic ungu­
lates can apply these alternatives. Rangifer, repeated­
ly classified as a selective I M ruminant wi th a con­
siderable potential for seasonal adaptation between 
near-CS and near-GR strategies, is an obvious can­
didate. Ovibos, which is equipped with a very robust 
G R digestive system, falls into a different morpho-
physiological category and, consequently, these two 
species are not necessarily competitors for forage 
where they occur sympatrically. 

Though st i l l incomplete, our knowledge about 
the functional anatomy of these two arctic ruminant 
species has been considerably enriched over recent 
years. Most studies over the last 10 years have con-
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centrated on the rumino-reticulum as the main fer­
mentation chamber and especially its absorptive 
mucosa which is clearly influenced by seasonal 
changes in microbial activity, forage quality and 
availability. Fewet studies have focused on the intes­
tine although the D F C certainly deserves more 
attention as suggested by Hofmann (1985) and, for 
Svalbard reindeer, by Mathiesen et al. (1985). 
Hemicelluloses generally escape ruminal fermenta­
tion and are broken down in the D F C after HC1 
hydrolysis in the abomasum. Digestion of cellulose, 
by contrast, is very slow in this organ, at least in roe 
deer (Deutsch etal, 1998). 

Only recently has the omasum, a somewhat enig­
matic portion of the quadrilocular ruminant stom­
ach, received attention in arctic ungulates and the 
physiologically important salivary glands, wi th 
their complex functions in selective CS and I M 
(Hofmann, 1989), have likewise only recently been 
studied in Rangifer. The importance of the forage 
prehension and mastication apparatus fot diet selec­
tion has also received init ial attention. A l l three last 
mentioned sections of the digestive system, much 
neglected in arctic ungulates, have been studied by 
the very active group of Svein Mathiesen in Tromsø, 
whose unpublished data I have kindly been allowed 
to include in this review (Mathiesen et al, 1999; 
2000 a; b; c). 

O n the following pages I review the physiology 
and functional anatomy of the digestive system of 
the two arctic ruminant species. A complete picture 
of adaptive strategies by both species can, in my 
opinion, be arrived at only when the entire system, 
including not only the classical tract but also the 
oesophagus, pharynx, tongue, palate, lips, teeth and 
the salivary glands, is considered. 

I. Forage comprehension and mastication 
Mathiesen et al. (2000 b) have studied the oral 
anatomy of arctic ruminants using a small CS, musk 
deer (Moschus moschiferus), for comparison. They con­
firmed Janis and Ehrhardt's (1988) conclusion that 
all three species have narrow muzzles and low 
crowned molariform teeth. They demonstrate how 
the cranial anatomy of reindeer has evolved to opti­
mise utilisation of the high quality mixed forage 
available during the short arctic summer. Forage is 
abundant during this period and it pays to forage 
selectively avoiding lignified grasses as long as pos­
sible. No t surprisingly, musk deer had the narrow­
est muzzle and the lowest cheek teeth of all three 

species, reflecting their highly developed CS strate­
gy, while the muskoxen had the typical broad-
crowned incisot arcade typical of G R . I would 
accept the authors' conclusion that, at least in this 
cranial portion of the system, the main morphologi­
cal development was an adaptation to summer con­
ditions, because all the arctic species show reduced 
metabolic demands and forage intake i n winter. 
There are similar observations on savanna grazers 
like hartebeest (Alcephalus buselaphus) and topi 
(Damaliscus lunatus) which can afford to use a nar­
row muzzle also during the dry season, when most 
forage is rich i n l ignin , i n order to optimize selec­
tive grazing during the growing season. A broad 
muzzle (as found especially in the non-selective 
bovines) and hypsodont cheek teeth does not make a 
species a grazer. O n the other hand, the reindeer 
muzzle has a comfortable intermediate width 
enabling it to cope with the contrasting foraging 
situations which occur on Svalbatd and i n mainland 
Norway. The authots' valuable detailed data fot this 
species should, however, be complemented by a 
study of the tongue. The tongue of Rangifer is 
unusual, being apically broad-bilobular and with a 
short torus, i.e. a long freely mobile portion, and, 
thus, is quite different from the tongue of other I M 
cervids like red (Cervus elaphus) of fallow deer (Dama 
dama) (Hofmann, unpubl.). 

II. Salivary glands 
It is unfortunate, considering their great impor­
tance for digestion, how few studies deal wi th the 
salivary glands: the parotid and the ventral buccal 
and, wi th their feeding-type-related varying pro­
portion of serous end-pieces, also the mandibular 
and the sublingual glands. It was again Mathiesen et 
al. (1999) who made the first attempt to fill this gap 
for European mountain reindeer and Svalbard rein­
deer. There are no published data for other sub­
species of reindeer or for muskox salivary glands. 
We have, however, studied these organs in detail in 
a taxonomically close species, the takin (Budorcas 
taxicolor) (Frey & Hofmann, 1998). This northern 
montane species has relatively small parotid glands 
(0.07% of body mass) and total salivary gland 
weight amounts to 0.21% of live body mass, i.e. 
between the average values fof G R (0.18%) and I M 
(0.26%; Hofmann, 1989)- From init ial observa­
tions, muskox salivary glands are similarly small, 
which is consistent wi th their predominantly 
fibrous forage choice (Staaland & Olesen, 1992; 
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Thing et al, 1987; Forschhammer & Boomsma, 
1995). 

Ruminal cellulolysis, based on naturally selected 
feed in the wi ld , is a slow process but this does not 
obviate the danger of a lowered p H as is frequently 
seen when commercial concenttates are fed to G R 
species like muskox. A moderate flow of saliva 
buffer from small G R salivary glands is among the 
adaptive characteristics of such species. Mathiesen et 
al. (1999) compared the relative size of the salivary 
glands in Svalbard and Eurasian mountain reindeer 
in relation to feeding sttategy, season and reproduc¬
tive status. They provided a fine example of seasonal 
plasticity of the main buffer supplying gland, the 
parotid, which is also assumed to be prominently 
involved in bypassing soluble nuttients via the ven­
tricular groove. They found little difference 
between the two sub-species in which the parotids, 
at 0.11-0.14% of live body mass, were wi th in the 
range of I M ruminants (Hofmann, 1989). 

The most striking feature, however, was that the 
relatively large parotids of the reindeer, amounting 
to 83-92 g late in the Arctic summer, atrophied in 
winter and were reduced to only 59-68 g by 
March/Apr i l . This reflects the functional response of 
the main buffering and di lut ing organ to high 
intake of easily digestible mattet, high ruminal fer­
mentation rates and reduced M R T (Kay, 1987). The 
authors ascribe these changes mainly to seasonal 
variation in food intake resulting from variation in 
appetite but it is difficult to quantify the obvious 
influence also of variation in fermentation rate. It 
may also be added that salivaty gland mass corre­
sponds to saliva output: the relative saliva flow is 
highest in CS (roe deer), intermediate in I M (fallow 
deer) and lowest in sheep which have salivary glands 
amounting to only 0.05% of live body mass. One 
important consequence of large CS and I M salivary 
glands wi th their high flow rate is theit d i lu t ing 
effect on the ruminal fluid. Irrespective of live body 

mass, all CS from dikdik (Madoqua spp.) to gitaffe 
(Giraffa camelopardalis) have dry mattet retention 
times that ate much closer to fluid retention than in 
G R . This is shown in Table. 1 in which the mean 
retention time of particles relative to fluids in the 
rumen, expressed as the ingesta selectivity factor 
(SF, Lechner-Doll et al, 1990) where 

MRT particles <2 mm 

~ MRT fluids 

is compared in different feeding types. According to 
Illius & Gotdon's (1992) allometric equation for 
ruminant passage rates, the M R T of ingesta in 
giraffe should be 80-90 h; Claus (1998), however, 
measured M R T s of only 34-48 h i n this species. 

So far, no specific investigations have been carried 
out on the tannin binding capacity of reindeer or 
muskoxen saliva, as has been done using a new tan­
nin binding assay and molecular biology techniques 
at I Z W Berl in , for roe deer, red deer and moose sali­
va (Fickel et al, 1998). These studies showed that 
the roe deer specific saliva protein binding capacity 
for tannins is almost twice that of red deer (IM) sali­
va. Presumably reindeer saliva is i n a similar catego­
ry while muskox saliva may well be without such 
capacities, as in most other G R . 

Ill Rumen structure, capacity and mucosa 
There are two early papers which deal wi th some 
important aspects: 
Westerling's (1975) pioneering paper on the effect 
of diet on the ruminal mucosa and the paper by 
Staaland et al. (1979) comparing the digestive ttacts 
of Svalbard and Norwegian reindeer. The 
latter paper provides no detailed description or 
measurements of stomach structure but only mean 
tissue weights from which the relative size of differ­
ent portions of stomach were calculated. They con­
firm that rumen tissue in adult Svalbard reindeer in 

Table 1. Mean retention time of particles relative to fluids in the rumen, expressed as the ingesra selectivity factor (SF, 
Lechner-Doll et al, 1990) in ungulates representing three different feeding types: CS: concentrate selectors, 
IM: intermediate feeders, GR: grass and roughage eaters: sensu Hofmann (1989). 

CS roe deer natutal forage 
SF 
1.20 Deutsch, 1988 

CS giraffe browser breeder pellets 1.29-1.47 Claus, 1998 
CS moose aspen foliage and lucerne hay 1.69 Renecker & Hudson, 1990 
G R mouflon natural forage 1.70 Deutsch, 1998 
I M wapiti lucerne hay, winter 1.93 Renecket & Hudson, 1990 
G R cattle thotnbrush savanna pasture 2.79 Lechner-Doll et al, 1990 
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Fig. 1. Stomach mucosa of Rangifer tarandus. A : Fundus retkuli of a 5-6 year old female Yukon caribou. B: Central por­
tion of a lamina omasi of 1st order of a 5-6 years old female Yukon caribou (Sept.). C: Ventral ruminal wall 
papillae of a 9-10 years old male Yukon caribou (Sept.). D: Ventral ruminal wall papillae of a 3 years old captive 
male reindeer (Whipsnade Park; August). Enlarged from natural size 2.2 x. 

summer is about 48% of total digestive tract 
weight but only about 38% in winter. There is no 
such functional atrophy of rumen tissue in main-
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land reindeet in which rumen tissue remains about 
48%. The omasum, approximately 5% by weight of 
the total digestive tract, was wi th in the range of 

75 


