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Abstract
Reindeer management in the Fennoscandian area is currently facing challenges such as degradation
of winter pastures, which may lead in the most severely affected areas to a concurrent decline in
reindeer herd productivity. The use of often expensive supplementary feeding to prevent production
losses has increased the demand for studies on the physiological effects of nutritional restriction and
supplementary feeding. The knowledge obtained from such studies could be used, for example, to
monitor the condition of reindeer in studies assessing herd productivity levels in different pasture
conditions and management systems or sustainable use of pasture resources.
In this thesis, the effects of season, year, pasture area, body mass, pregnancy and other extrinsic
and intrinsic factors on the variation of blood chemical constituents of reindeer were studied in freeranging animals under natural foraging conditions. The studied blood chemical constituents covered
a wide range of parameters related to protein, carbohydrate, lipid and mineral metabolism. The same
blood chemical constituents were studied in captive reindeer under defined feeding conditions,
allowing an analysis of the effects of dietary protein, energy and mineral intake on the selected blood
constituents and their comparison to a conventional measure of the animals' condition, live body
mass.
According to the results, free-ranging reindeer showed great variation in the concentrations of
blood chemical constituents compared to the reference values of domesticated ruminants. Intrinsic
factors such as body mass, pregnancy and age had only a minor influence on the variation of the
studied parameters, whereas extrinsic factors such as season, year and pasture area, which were
characterized by marked changes in environmental and nutritional conditions, explained the majority
of the variation.
The results obtained from captive animals in defined feeding conditions and from free-ranging
animals foraging on natural pastures led to the conclusion that blood total proteins, albumin, urea,
creatinine, urea:creatinine ratio, magnesium, inorganic phosphate and, to a lesser extent, globulins
and albumin:globulin ratio responded to the changes in feed quality and availability and were the
most suitable blood constituents to be used as nutritional biomarkers for reindeer.

Keywords: albumin, body mass, calcium, creatinine, globulins, inorganic phosphate,
magnesium, nutrition, Rangifer tarandus tarandus, total proteins, urea
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1 Introduction
Reindeer herding has undergone drastic changes during the past decades. In Finland, the
management was traditionally based on the sole utilization of natural pasture resources,
characterized by fluctuation in animal numbers and calf production as a consequence of
variation in winter forage availability and snow conditions (Helle 1980). The introduction
of management practices such as calf slaughter, antiparasetic treatments and
supplementary feeding, together with favourable weather and snow conditions, initiated
an increase in the number of reindeer (Rangifer tarandus tarandus) from 1970’s to early
1990’s (Helle et al. 1990). Between these dates, the number of reindeer kept over winter
increased from about 120 000 to 260 000 (Statistics of the Finnish Reindeer Herders’
Association). After this, the number of reindeer on winter pasture has declined to
approximately 200 000 animals due to state restrictions that limit the permitted number of
animals on winter pasture.
The quality of the lichen pastures that provide the main winter forage for reindeer
(Helle 1980, Kojola et al. 1993), declined simultaneously with the increase in the number
of reindeer (Helle 1980, Kautto et al. 1986, Kumpula et al. 1997). Forestry, habitation
and other forms of land-use have affected the winter pasture condition and further
reduced available pasture areas (Nieminen 1988), but also the reindeer density has shown
to largely explain the condition of the lichen range (Helle et al. 1990, Kumpula et al.
2002).
Similar long-term degradation in lichen pasture conditions has also been reported in
other parts of the Fennoscandian reindeer herding areas, including Finnmark in northern
Norway (Evans 1996, Johansen et al. 1996, Riseth et al. 2004). Despite overgrazing, the
regulation of winter stocks has not been very successful in Norway, and the number of
reindeer increased during 2000-2004 from 65 500 to over 100 000 in the most severely
affected county of West-Finnmark (Reindriftsforvaltningen 2003). A large number of
reindeer starved to death during the winters of 1997 and 2000 in this area due to
unfavourable pasture and weather conditions, and the average slaughter weights are the
lowest among the Norwegian reindeer herding area.
A high proportion of slaughter income in reindeer management comes from calf
harvest. The calves born in spring are culled for meat production the following autumn
(Kojola & Helle 1993). Consequently, the over-winter survival and good condition of
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female reindeer before calving in spring is crucial for the productivity of management.
Reindeer management in Finland has become more and more dependent on the provision
of supplementary feeds to improve the over-winter survival of reindeer herds in
unfavourable weather conditions and to compensate for the reduced quality of the lichen
range. The use of supplementary feeding has been increasing steadily since it was first
introduced in mid-1960’s (Helle 1980, Helle & Saastamoinen 1980, Nieminen & Autto
1989, also reviewed by Nieminen et al. 1998 and Maijala & Nieminen 2004). At present,
supplementary feeding is a regular practice in almost all parts of the Finnish reindeer
herding area, and its yearly costs amount to 25-50% of the slaughter income, depending
on the district (Nieminen et al. 1998, Maijala & Nieminen 2004). In Norway,
supplementary feeding of reindeer is not as commonly used, even though winter pasture
degradation has increased the demand for it to prevent potential production losses.
The chemical composition of supplementary feeds, e.g., hay or commercial grainbased reindeer feeds, differs largely from the dominant winter forage of lichens, which
are rich in digestible carbohydrates but poor in protein and minerals (Nieminen &
Heiskari 1989, Nieminen & Risto 1990, Nieminen et al. 1998). Especially at times when
the animal is in a very poor condition, supplementary feeding may cause health problems,
and special attention should be given to the change of the feeding regimen and especially
to emergency feeding of reindeer (Åhman et al. 2002, Nilsson 2003).
The decline in winter pasture conditions and the use of supplementary feeding with
great economical costs have increased the demand for studies on the physiological effects
of nutritional restriction and supplementary feeding. The results of such physiological
studies would increase our knowledge about how the condition of reindeer is affected by
factors related to pasture degradation and different managed systems. From the biological
point of view, free-ranging semi-domesticated reindeer - similarly to the other northern
deer species - are adapted to the extreme changes in their physical environment. In
winter, even in their normal pasture conditions, reindeer are predisposed to
undernutrition, defined as insufficient nutritional intake to maintain body mass (BM)
(Verme & Ullrey 1984). The yearly cycles of antler growth, mating, calving and lactation
also represent significant homeostatic challenges that are of interest for physiological
research. For this reason, reindeer can serve as a model species in studies where the
physiological indicators of nutritional status and nutritional adaptation mechanisms are
observed either under field conditions or in experimental situations, where a range of
interventions can be tested.
This study was undertaken in order to increase our knowledge about the sources of
variation in blood chemical constituents of reindeer that could potentially be used as
indicators of reindeer nutritional condition. Such knowledge could be used to monitor the
nutritional condition and welfare of animals in studies where herd productivity levels in
different pasture conditions and management systems or the sustainable use of pasture
resources are assessed.

2 Review of the literature
The following review of the literature defines some basic concepts related to nutrition,
reindeer as a species and assessment of nutritional condition. It also summarises what is
currently known about the blood chemical constituents related to protein, carbohydrate,
lipid and mineral metabolism, which were of interest in this thesis, and what is known
about the effects of extrinsic and intrinsic factors such as season, nutrition, age, and
pregnancy status on them.

2.1 Definition of the nutrition, nutritional condition and nutritional
status of animals
Nutrition can be defined as the relationship between the body’s requirements for different
nutrients and energy and the supply of these nutrients available for metabolic processes
(McLaren 1988). The nutritional condition of an animal has been considered to represent
the effects that nutritional restriction has on body composition as well as its effects on
health, growth and productivity (Forbes 1988). Reliable measures of body components
(i.e., fat, protein and mineral stores) are therefore valuable both for biological research
and as information for the management of reindeer, where animals’ nutritional condition
is likely to influence their reproductive capacity.
Nutritional restriction may thus result from a deficiency of nutrient availability or
intake or ineffective use of nutrients. Undernutrition caused by nutritional restriction has,
in several studies on deer species, turned out to be related to BM loss and the
mobilization of fat and protein reserves for energy supply (Reimers et al. 1982, Reimers
& Ringberg 1983, Reimers 1984, Verme & Ullrey 1984, Parker et al. 1993, Gerhart et al.
1996a), but many of these and other studies (Torbit et al. 1985, Adamczewski et al. 1987)
have also pointed out that BM alone can be a misleading indicator of nutritional status,
which is a more general term used either as a synonym of nutritional condition or as a
way to define the degree of nutritional restriction.
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2.2 Seasonal changes of the nutrition, nutritive requirements
and metabolism of reindeer
Reindeer undergo extreme nutritional changes during the year. During summer and
autumn, their diet consists of various highly nutritious plants and mushrooms, and their
nutrition is characterized by high overall intake of proteins, minerals and energy
(Nieminen & Heiskari 1989). Winter and early spring are the most challenging periods
for survival due to the poor availability and/or quality of food. In winter, the diet of freeranging reindeer is dominated by ground lichens (Cladonia spp.) (Kojola et al. 1993),
which are rich in digestible carbohydrates but low in protein (1.4-4.5 % crude protein,
CP, in dry matter, DM) and several minerals (Nieminen & Heiskari 1989). Other main
sources of winter forage (Kojola et al. 1993), such as leaves of wintergreen grass
(Deschampsia flexuosa) and different shrubs, have a higher CP content (up to 10 % of
DM) than lichens (Valmari 1993a). The winter diet of wild Svalbard reindeer (Rangifer
tarandus platyrhynchus) facing extreme climatic conditions during winter consists
primarily of mosses and plants of even lower digestibility and nutritive value than the
winter diet of mainland reindeer (Rangifer tarandus tarandus) (Staaland et al. 1983,
Staaland 1986).
The commercial reindeer feeds provided to semi-domesticated reindeer in winter at
times when food availability or quality is low differ greatly from the composition of the
natural winter diet because of their high overall protein (8-17 % CP in DM), fat and
mineral contents (Nieminen & Heiskari 1989, Nieminen & Risto 1990). The nutritive
value of hay provided as supplementary feed depends on the time of harvest and some
other factors, but CP contents as high as 12-13 % of DM can be reached following early
harvesting (Valmari 1993b).
The dietary fats in the ruminant diet consist mainly of triglycerides, formed from
glycerol and three fatty acids joined together by an ester bond, and of glycolipids that
have one of the three fatty acids replaced by a sugar (Bauman et al. 2003). The natural
diet of reindeer has a low fat content (Nieminen & Heiskari 1989). Even though fats are
needed to increase the energy content of the commercial rations, large amounts of fat are
known to depress rumen function (Bartley 1989, McDonald et al. 1995) and thus their
proportion in the concentrates does not usually exceed 6-7 % of DM (Nieminen & Risto
1990).
The energy requirement of reindeer increases with body size, but varies notably with
the conditions encountered by the animals. During winter, the metabolic rate of reindeer
slows down compared to the summertime, as indicated by the cessation of growth
(McEwan & Whitehead 1970, Nilssen et al. 1984). According to the estimates presented
by Boertje (1985), a mature female caribou (Rangifer tarandus granti) requires daily
about 29-38 MJ of metabolizable energy in summer, whereas in winter it needs about 21
MJ. The daily amount of metabolizable energy required for foetal growth (winter) and
milk production (summer) are 2.4 and 6.4 MJ, respectively. Because the energy
requirement for foetal growth increases mostly during the last trimester of gestation (by
about 15 %; McEwan & Whitehead 1972), unfavourable weather or snow conditions that
limit forage availability may become critical factors for calving success, which is affected
by the maternal condition during late gestation (Cameron et al. 1993). The estimated
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daily requirement of female reindeer for nitrogen equilibrium is 0.462 g digestible
nitrogen per kg of metabolic weight (McEwan & Whitehead 1970). For a 70-kg reindeer,
this would equal for about 70 g of digestible protein per day.
Despite the reduced metabolic needs in winter, it is clear that the lower nutritive value
of the natural winter forage and its sometimes limited availability cause reindeer to
experience a negative energy and protein balance and mineral deficiency in winter
(Hyvärinen et al. 1977, Reimers & Ringberg 1983, Reimers 1984, Hoff et al. 1993). As a
consequence, nutrients must be gained and stored during the summer and autumn.

2.3 Changes in body mass related to season and nutrition and body
mass as an index of nutritional status
Reindeer exhibit a seasonal cycle of BM, characterized by increasing BM throughout the
summer and autumn and a BM loss of about 20 % over the winter. In female reindeer,
calving in late spring and lactation cause about 10 % additional loss in BM (Nieminen
1980). This seasonal BM cycle, which is also seen in the other northern deer species,
such as caribou and, even more clearly, Svalbard reindeer, has been related to a negative
energy and protein balance when feeding on natural winter pastures, manifested as
mobilization of the fat and protein reserves (Reimers et al. 1982, Reimers 1983,
Nieminen & Timisjärvi 1983, Larsen et al. 1985, Adamczewski et al. 1987, DelGiudice et
al. 1992, Parker et al. 1993, Gerhart et al. 1996a). Especially in unfavourable weather
conditions, reindeer easily starve if a frozen crust on snow or ice on the ground prevent
digging for forage through the snow cover.
Due to the low protein content of lichens and winter forage in general, reindeer often
have a negative nitrogen balance in winter (Ryg & Jacobsen 1982). The low nitrogen
intake in the form of dietary protein, however, can be partly compensated for by recycling
urea from blood back to the rumen, where the rumen microflora is able to synthesize
protein for nutritional use (Hove & Jacobsen 1975, Valtonen 1979). The northern deer
species rely on fat deposits for winter survival (Reimers 1984, Larsen & Blix 1985,
Parker et al. 1993), but body proteins are increasingly used as an energy source when fat
deposits approach exhaustion (Torbit et al. 1985). For example, black-tailed deer
(Odocoileus hemionus sitkensis) may lose 70-80 % of their body fat and 10-15 % of their
protein reserves during winter (Parker et al. 1993). Therefore, changes in BM and
consequent changes in body composition (i.e., protein and fat reserves) have been used as
an index of nutritional status in deer species (Torbit et al. 1985, Adamczewski et al. 1987,
Gerhart et al. 1996a).
Besides being a commonly used indicator of body condition and nutritional status, BM
has been shown to be a good predictor of reproductive performance in deer species. In
female reindeer and caribou, the probability of pregnancy and the time of conception are
influenced by the female’s condition and BM in the autumn, whereas the time of calving
and early calf survival are also affected by the maternal condition during late gestation in
spring (Reimers 1983, Skogland 1984, Cameron et al. 1993, Reimers 2002).
Besides the direct effects of nutrition on BM, there are intrinsic factors that regulate
feed intake and may consequently be involved in the seasonal BM cycle of reindeer. Deer
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species decrease their feed intake with a parallel decrease in BM during winter even
when they are given high-quality rations without limitation, a phenomenon that is
suggested to be controlled by the photoperiod (Ryg & Jacobsen 1982, Suttie & Webster
1995).
One reason for why BM may be a poor predictor of body condition and nutritional
status in ruminants is the variability in their rumen fill (Adamczevski et al. 1987).
Secondly, body mass is dependent on the animal’s overall size, causing confusion
between large skeleton size and good condition. Precise measurements of body fat and
protein content of live animals require complicated methodology, including the use of
radioisotopes in captive animals (Larsen & Blix 1985, Parker et al. 1993), whereas both
fat and protein content can be easily measured from carcasses at slaughter (Reimers &
Ringberg 1983, Reimers 1984). However, neither of these methods is practical when the
condition of live animals needs to be assessed in field conditions.
Body condition scores, based on assessment of the relative amount of subcutaneous
tissue by manual palpation of back fat, have been used for the estimation of the condition
and reproductive success of domestic ruminants (Wildman et al. 1982), caribou (Gerhart
et al. 1996b) and other wild herbivores (Franzmann 1985, Cook et al. 2001). The benefit
of this method is that it does not require special equipment and can be performed under
field conditions. The drawback of the method is the subjective differences between the
people performing the palpation, because of the relative scale used. Ultrasonographic
measurement of back fat thickness has proved an accurate predictor of total body fat and
is therefore a useful measure of body condition that can be applied under field conditions
(Stien et al. 2003), though it requires an initial investment to purchase the equipment.

2.4 Blood chemical constituents as indicators of the nutrition
and nutritional condition of ruminants
The parameters used for analysis of nutritional condition should be not only reliable, but
also easy to record in field conditions and relatively inexpensive to analyze in sufficient
numbers to be of practical value for management purposes. Blood samples are easy to
obtain when animals are gathered together for different management practices, and most
clinical laboratories employ automated techniques for the analysis of a large range of
blood chemical constituents.
Because variation in blood composition often reflects recent changes in the quality and
quantity of the diet, understanding of nutrient metabolism is essential for the
interpretation of the findings (Guthrie 1971). In domestic ruminant management,
”metabolic profiling”, where several blood constituents reflecting changes in protein,
energy and mineral intake are used to assess the nutritional status of animals for efficient
production, was introduced over three decades ago (Payne et al. 1970). Assessment of the
nutritional status of wild ruminants with blood chemical constituents started to attract
interest at the same time. Changes in the quality and/or quantity of the diet have been
shown to affect the blood constituents related to protein, carbohydrate, lipid and mineral
metabolism in studies on several domesticated ruminant species (cattle; Ide et al. 1966,
Payne et al. 1970, Reid et al. 1977, Ropstad et al. 1989, Chester-Jones et al. 1990, sheep;
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Leibholtz 1970, Baker et al. 1979, goat; Hussain et al. 1996, Beynen et al. 2000) and in
wild ruminants (caribou; McEwan 1968, reindeer; Bjarghov et al. 1976, Hyvärinen et al.
1975, 1977, Halse et al. 1976, Valtonen 1979, Nieminen & Timisjärvi 1983, Soveri et al.
1992, Soppela et al. 2000, Nilsson 2003, white-tailed deer (Odocoileus virginianus);
DelGiudice et al. 1987, 1990, 1992) under both experimental and field conditions.
Despite the large number of studies conducted on northern deer species, the variety of
environmental and physiological factors has limited the establishment of the kind of
standard reference values available for domestic ruminant species and commonly used in
veterinary medicine (Kaneko 1989). In addition, studies on northern deer species have
given less attention to other potential sources of variation in blood constituents, such as
age and pregnancy (McEwan & Whitehead 1969, Nieminen 1980, Ropstad et al. 1997),
which may confound their use as indicators of nutritional condition. The idea of using
blood chemical constituents as predictors of animal survival and calving success was
introduced even more recently (Milner et al. 2003).

2.4.1 Blood chemical constituents related to protein metabolism
2.4.1.1 Total proteins, albumin, globulins and albumin:globulin ratio
The total protein concentration represents all proteins dissolved in blood plasma or
serum. Albumin, synthesized by the liver from amino acid derivatives, constitutes about
35-50 % of total plasma proteins and is responsible for the colloid-osmotic pressure that
prevents leakage of blood plasma from capillaries into tissues (Kaneko 1989). In
domestic ruminants, blood total protein (TP) and albumin (ALB) concentrations have
been long used for the assessment of nutritional condition (Payne et al. 1970, Kaneko
1989), and low levels of ALB and TP in plasma have been taken as measures of protein
deficiency and undernutrition. In captive reindeer, an increase in plasma TP
concentrations following high protein intake and a corresponding decline following low
protein intake have been described in several studies (Bjarghov et al. 1976, Soppela et al.
1992, Soveri et al. 1992).
In sheep, the reference values reported for normal plasma TP and plasma ALB
concentrations are 60-79 g/l and 24-30 g/l, and the corresponding values in cattle are 6775 g/l and 30-36 g/l, respectively (Kaneko 1989). In domestic ruminant management,
plasma ALB has long been considered a general indicator of nutritional status, related to
both feed intake and body weight (Roil et al. 1974). Low ALB concentrations of dairy
herds have been related to low protein intake rates, whereas animals grazing on highly
fertilized pastures have had the highest levels of ALB (Payne et al. 1970). Due to the long
half-life of ALB (Kaneko 1989), inadequate dietary protein intake leads to a slow,
gradual decrease in the blood ALB concentration when not enough amino acids are
supplied to the liver cells for ALB synthesis. Thus, the plasma ALB concentration
provides a long-term indicator of protein intake in ruminants (Payne 1987).
Under field conditions, the seasonal variation in blood TP and ALB, with high
concentrations in autumn and a decrease over winter, has been described in many
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northern deer species (reindeer; Hyvärinen et al. 1975, Nieminen 1980, Nieminen &
Timisjärvi 1983, Soveri et al. 1992, white-tailed deer; DelGiudice et al. 1992). According
to Nieminen and Timisjärvi (1983), and the ranges of mean blood TP and ALB
concentrations in free-ranging adult female reindeer are 63-87 g/l and 39-43 g/l,
respectively. The seasonal variation in TP and ALB has been suggested to be caused by
the seasonal changes in the quality and quantity of diet (Nieminen & Timisjärvi 1983,
DelGiudice et al. 1992).
In captive reindeer, higher blood TP concentrations have been reported in animals fed
medium- or high-protein diets compared to animals fed lichens low in CP (Bjarghov et al.
1976, Soppela et al. 1992), thus relating the changes in blood TP and ALB concentrations
to dietary CP intake. However, studies where varying ratios of dietary protein and energy
have been fed to captive white-tailed deer (Seal et al. 1978, Warren et al. 1982) have
reported highly variable effects on blood ALB and TP concentrations.
Together with ALB, globulins (GLOB) account for most TP in blood, acting as
antibodies, enzymes and carrier proteins. Plasma GLOB concentration may increase in
chronic infections caused by, for example, parasites. At the same time, parasites can cause
a notable reduction in plasma ALB concentration due to a loss of ALB from the host
animal (Yakoob et al. 1983, Kaneko 1989), leading to a reduction in the albumin:globulin
ratio (A:G ratio). On a larger scale, parasites have an adverse effect on the population
dynamics, host condition and fecundity of free-ranging ruminants, such as indicated
during intestinal nematode infections in reindeer (Albon et al. 2002, Stien et al. 2002).
The A:G ratio also serves as a diagnostic tool for several other conditions. A low A:G
ratio may indicate an increase in the blood GLOB concentration caused by chronic
parasitism or compensation for the ALB loss present in protein malnutrition (Payne
1987). High ratios may occur in response to hyperalbuminaemia caused by dehydration.
Because the A:G ratio is affected by such a variety of conditions, it should always be
interpreted with care by taking into account the concurrent changes in TP concentration.
In reindeer, the blood A:G ratio shows seasonal variation, with higher ratios in winter
compared to summer and autumn, mainly as a consequence of changes in GLOB
concentration (Hyvärinen et al. 1975, Nieminen & Timisjärvi 1983).
Besides nutrition, age and pregnancy also affect the variation in the blood TP, ALB
and GLOB concentrations of domestic ruminants, as defined by lower concentrations in
newborn and pregnant animals (Kaneko 1989). In reindeer and caribou, TP and ALB
concentrations progressively increase after birth, reaching adult levels during the first
year of life, and decrease again in old animals (McEwan & Whitehead 1969, Nieminen
1980, Milner et al. 2003). The kind of decrease in plasma proteins commonly associated
with pregnancy was not observed in a recent study on wild Svalbard reideer (Milner et al.
2003).

2.4.1.2 Urea, creatinine and urea:creatinine ratio
Urea is a nitrogenous compound synthesized in the liver and excreted into urine in order
to prevent the excess nitrogen released in protein metabolism from becoming toxic
(Huntington & Archibeque 1999). Urea production and its concentration in blood respond
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to immediate changes in dietary protein intake, thereby reflecting short-term changes in
protein metabolism and complementing the information provided by the analysis of blood
TP and ALB concentrations (Payne 1987). As in domestic ruminants (Ide et al. 1966,
Leibholtz 1970), a decrease in the blood urea concentration has been related to low
dietary intake of protein in deer species (Bjarghov et al. 1976, Valtonen 1979) due to the
recycling of urea from blood back to the rumen when the dietary protein intake is low
(Robbins et al. 1974, Hove & Jacobsen 1975). Inversely, an increase in the plasma urea
concentration during high-protein feeding is well known both in domestic ruminants (Ide
et al. 1966, Leibholtz 1970, Ropstad et al. 1989, Gonda & Lindberg 1994) and in deer
species (Hove & Jacobsen 1975, Bjarghov et al. 1976, Seal et al. 1978), when the liver
increasingly synthesizes urea from ammonia. The plasma urea concentration may also
increase despite low-protein feeding if energy intake is restricted, which is thought to
reflect increased breakdown of endogenous proteins for energy production, a decrease in
renal reabsorption of urea and/or haemoconcentration (Valtonen 1979, Warren et al. 1982,
Wolkers et al. 1994a,b).
Creatinine is a compound produced in muscle tissue metabolism, released into
circulation and filtered freely through the kidneys into urine. Nutrition-related changes in
the blood creatinine concentrations of captive deer include elevated levels during fasting
(Halse et al. 1976) and food restriction (Wolkers et al. 1994a), which have been related to
reduced filtration in the kidneys and increased production due to muscle catabolism.
Studies on free-ranging deer have described seasonal patterns in blood urea and
creatinine concentrations (Hyvärinen et al. 1975, Nieminen & Timisjärvi 1983,
DelGiudice et al. 1992). According to Nieminen and Timisjärvi (1983), the range of mean
blood urea concentrations of adult free-ranging female reindeer is 5.7-9 mmol/l, with the
highest levels in summer and autumn and a decrease over winter. The seasonal changes in
blood creatinine concentration are generally opposite in direction, being characterized by
a decrease from late winter to summer and an increase through autumn (DelGiudice et al.
1992). The reported mean blood creatinine concentrations of free-ranging reindeer have
been above 200 µmol/l in winter, declining to around 170 µmol/l in spring and summer
(Nieminen & Timisjärvi 1983). As a result of an increase in blood creatinine and a
decrease in urea, a reduction in the serum urea:creatinine ratio through autumn from
above 50 down to 10 has been reported in free-ranging white-tailed deer (DelGiudice et
al. 1992).
As the preceding review of the literature suggests, possibilities of assessing the
nutritional status of deer based on plasma or serum urea and creatinine concentrations has
attracted considerable interest. The changes in the U:C ratio and the effects of factors
other than nutrition and season that potentially influence these parameters have attracted
less attention. A current study on Svalbard reindeer (Milner et al. 2003) indicated that
pregnancy status does not significantly explain the variation in plasma urea or creatinine
concentrations, whereas calves had higher plasma urea concentrations and lower
creatinine concentrations than yearlings and adult animals 2-7 years of age.
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2.4.2 Blood chemical constituents related to carbohydrate
and lipid metabolism
2.4.2.1 Glucose
The energy metabolism of ruminants, such as reindeer, is mainly dependent on the
utilization of volatile fatty acids (mainly acetate, propionate and butyrate produced by the
rumen microflora through rumen fermentation) as an energy source, rather than the
straight breakdown of carbohydrates into glucose (White & Gau 1975, Kaneko 1989,
Aagnes et al. 1995). The reference values for normal blood glucose levels (cattle; 2.5-4.2
mmol/l, sheep; 2.8-4.4 mmol/l) are lower than those for non-ruminants (Kaneko 1989).
According to Nieminen and Timisjärvi (1983), the mean plasma glucose concentrations
of free-ranging adult females varied between 3.4 and 4.6 mmol/l, with the highest levels
occurring in summer and autumn. The studies on changes in the blood glucose
concentrations of deer species in relation to changes in nutrition have varied in their
outcome. For example, Luick and co-authors. (1973), Bjarghov and co-authors (1976)
and Soveri and co-authors (1992) found no systematic changes in the blood glucose level
related to either season or nutrition.
Stability of the blood glucose level is essential for the energy supply of several vital
organs, including the brain. Therefore, it is not surprising that low or declining blood
glucose levels have been mainly reported in fasted or severely nutritionally deprived deer
(DeCalesta et al. 1975, 1977, Nieminen & Timisjärvi 1983, DelGiudice et al. 1987,
Wolkers et al. 1994a). It should be noted, furthermore, that the blood glucose
concentration of deer may also increase markedly in response to physical stress, for
example, during round-ups or handling (Hyvärinen et al. 1976) or due to the effect of
pharmacological sedatives (Mautz et al. 1980, Wolkers et al. 1994a). This may confound
the interpretation of blood glucose concentration as a nutritional biomarker.

2.4.2.2 Triglycerides and cholesterol
Dietary triglycerides and glycolipids are hydrolyzed into glycerol and fatty acids by the
ruminal bacteria (reviewed by Bauman 2003 and Funston 2004). Released unsaturated
fatty acids have some of their double bonds reduced in a process called biohydrogenation.
A portion of the fatty acids found in the rumen are phospholipids mainly of microbial
origin. Glycerol is readily turned into volatile fatty acids, mainly to propionic acid, by
microbial fermentation and used as an energy source.
Majority of the lipids enter the small intestine as free fatty acids. The triglycerides,
glycolipids and microbial phospholipids that pass into the small intestine are hydrolyzed
by intestinal and pancreatic lipases. After that, the fatty acids are transported as micelles
into the cells of intestinal epithelium, reconstructed into triglycerides, incorporated into
chylomicrons together with cholesterol and other lipid-like substances and released into
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lymphatic circulation (Bartley 1989). Triglycerides can then be either readily used for
metabolic processes or stored in adipose tissue through lipogenesis (Vernon et al. 1999).
Cholesterol is a major constituent of animal cell membranes and an important
precursor of steroid hormones. Ruminants derive most of their cholesterol by endogenous
synthesis from acetate. The major sites of endogenous synthesis of cholesterol and other
ruminant lipids are adipose tissue and small intestine, instead of the liver as in nonruminants (Liepa et al. 1978, Nestel et al. 1978, Vernon et al. 1999). Dietary fat
supplementation increases the concentration of blood cholesterol in ruminants by
increasing the amount of lipid precursors produced by the rumen and the endogenous
cholesterol synthesis (Nestel et al. 1978).
Adipose tissue provides a vital storage of energy for over-winter survival in freeranging deer (Reimers et al. 1982, Reimers 1983, Torbit et al. 1985, Adamczewski et al.
1987, Parker et al. 1993). The mobilization of lipids from the adipose tissue called
lipolysis is catalyzed by a hormone-sensitive lipase and stimulated by catecholamines and
fall in circulating insulin (Hales et al. 1978), indicated e.g. by increased concentrations of
circulating free fatty acids and glycerol that can be further utilized (Larsen et al. 1985).
The mean serum triglyceride and cholesterol concentrations of free-ranging adult
female reindeer vary within 0.17-0.33 mmol/l and 1.56-1.85 mmol/l, respectively, with
the highest levels occurring in summer and autumn and a decrease over winter.
(Nieminen & Timisjärvi 1983). Studies on domestic ruminants and captive deer have
reported variable results in relation to the changes in the blood concentrations of
cholesterol, triglycerides and other indicators of fat metabolism during fasting or
undernutrition as body fat stores are mobilized for energy. In cattle, fasting increased
plasma free fatty acid but did not have an effect of blood cholesterol (DiMarco et al.
1981), whereas Reid (1977) reported an increase of plasma cholesterol related to fasting.
According to Larsen and co-authors (1985) and Soveri and co-authors (1992), the
concentrations of long-chain free fatty acids and glycerol increase in reindeer plasma as
the body fat stores are mobilized for energy. Blood cholesterol increased in calves fed
commercial reindeer feed (Bjarghov et al. 1976), whereas no change was observed in
animals fed lichens and no change was observed in blood triglyceride concentrations in
relation to either diet. Soppela and co-authors (2000) reported a decrease in serum
cholesterol of reindeer calves during ad libitum and restricted lichen feeding, whereas
triglyceride concentrations decreased during ad libitum feeding and increased during feed
restriction. In white-tailed deer, both blood cholesterol and triglyceride concentration
were found to increase along with progressive undernutrition, indicative of lipolysis when
the endogenous fat reserves were not yet exhausted (DelGiudice et al. 1990).

2.4.3 Blood chemical constituents related to mineral metabolism
2.4.3.1 Alkaline phosphatase
The enzyme alkaline phosphatase (AP) present in circulation is produced by several
tissues, especially liver, bone and placenta. Its activity in both animals and humans
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increases in several bone and liver diseases and, for physiological reasons, in juveniles
and during pregnancy (Capen & Rosol 1989, Ellonen 1995). Alkaline phosphatase
activity has been shown to decrease both in adult and in young deer over winter
(Hyvärinen et al. 1977, Nieminen 1980, Klinger et al. 1986), presumably due to the
cessation of growth during winter and nutritional constraints. In free-ranging female
reindeer, the highest serum AP activities with a mean value of 523 U/l have been reported
to occur in summer, with a fall to a mean value of 129 U/l during the winter months
(Nieminen & Timisjärvi 1983).
In humans, dietary protein deficiency has been linked to a decrease in AP activity
(Guthrie 1971), whereas the energy content of the diet was found to have the most
significant effect on AP activity in white-tailed deer (Seal et al. 1978). A decrease in AP
activity can also be indicative of a deficiency of phosphorus or vitamin D (Capen &
Rosol 1989). Several experimental studies have reported high or increasing AP activities
in deer on highly nutritive diets (Bjarghov et al. 1976, Seal et al. 1978) and decreasing or
low activities in animals fed either restricted or nutritionally inadequate diets (Seal et al.
1978, Wolkers et al. 1994a). However, elevated activities have also been reported in
severely undernourished reindeer, reflecting the use of bone minerals to compensate for
dietary mineral insufficiency (Hyvärinen et al. 1977, Nieminen & Timisjärvi 1983).
A pregnancy-related increase in blood AP activity, which is thought to be due to
increased absorption and mobilization of Ca and phosphorus from bone reserves, has
been reported in white-tailed deer (Chao et al. 1985). Another likely reason for this
increase could be, as in humans, placental release of AP into circulation (Guthrie 1971,
Ellonen 1995).

2.4.3.2 Calcium, magnesium and inorganic phosphate
Compared to commercial reindeer feeds, the supplemented winter diet of reindeer is
deficient in several minerals, including magnesium (Mg) and calcium (Ca) (Nieminen &
Heiskari 1989, Nieminen & Risto 1990). The overall ranges of the mean Mg, Ca and
inorganic phosphate (Pi) concentrations in the blood of adult free-ranging reindeer are
0.8-1.2 mmol/l for Mg, 2.2-2.6 mmol/l for Ca and 1.6-2.2 mmol/l for Pi (Nieminen &
Timisjärvi 1983), with the highest levels occurring in summer and autumn and a decrease
over the winter. These seasonal changes in blood mineral concentrations have been
related to seasonal changes in feed quality or quantity (Nieminen 1980, Nieminen &
Timisjärvi 1983), supported by experimental studies that have reported higher blood
levels of these minerals in animals on a commercial diet of high nutritive value compared
to animals on a diet with low mineral content (Bjarghov et al. 1976). The interpretation of
the effects of nutrition (i.e., protein, energy and mineral intake) on the concentrations of
Ca, Mg or Pi in blood is confounded by the fact that fasted or undernourished deer may
have either very low or elevated concentrations of Ca, Mg or P compared to animals on
adequate or sub-maintenance diets, as observed both in the field and in experimental
studies (Hyvärinen et al. 1977, Seal et al. 1978, Nieminen 1980, DelGiudice et al. 1987).
In addition to significant effects related to year, season and herd differences, a recent
study on free-ranging reindeer reported no significant effect of the animal’s age on the
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plasma Mg or Pi concentrations, whereas plasma Ca was lower in yearlings and old
animals compared to prime-aged animals (Ropstad et al. 1997). In the same study,
pregnant females had significantly higher plasma Mg and Ca concentrations compared to
barren females, whereas pregnancy did not have effect on the plasma Pi concentration or
the pregnancy rate.
The decline in winter pasture quality in several parts of the Fennoscandian reindeer
herding area (Helle 1980, Kautto et al. 1986, Evans 1996, Johansen et al. 1996, Kumpula
et al. 1997) and/or the insufficient availability of feed due to unfavourable weather and
snow conditions have concomitantly given rise to reports indicating mineral inadequacies
in reindeer herds (Hyvärinen et al. 1977, Åhman et al. 1986, Hoff et al. 1993, Ropstad et
al. 1997). Since there are no established reference values for plasma Mg and Ca
concentrations in reindeer, values of 0.7 mmol/l and 2.2 mmol/l, respectively, have been
used as cut-off values for the lower normal limits. These values are based on the renal
threshold estimates for Mg in reindeer (Halse et al.1976) and for Ca in cattle (Halse et al.
1984). Plasma Mg concentrations above 1.0 mmol/l for cattle and 1.15 mmol/l for sheep
have been proposed as the upper normal limits (Goff 1999). Based on the aforementioned
reference values, Ropstad and co-authors (1997) reported that the frequency of subnormal
plasma Mg and Ca concentrations of reindeer grazing on Norwegian winter pasture areas
were 0-62% and 1-45 %, depending on the herd and the year of sampling.
In ruminants, the clinical symptoms of hypomagnesemia include muscular excitability,
grinding of the teeth, salivation, ataxia, recumbency and tetanic muscle spasms (Goff
1999, Martens & Schweigel 2000). Hypomagnesemia indicated by low blood Mg
concentration may also be present for months without apparent signs of disease (Allcroft
& Green 1938). Reindeer in the Finnmark area, Norway, with symptoms such as ataxia
and paresis (Hoff et al. 1993) had extremely low mean serum Mg concentrations (0.19
mmol/l) and reduced levels of serum Ca (2.03 mmol/l). Hyvärinen and co-authors (1977)
reported that a Finnish reindeer herd with deaths from malnutrition had a reduced mean
serum Mg level and a low mean serum Ca level (1.7 mmol/l). In contrast, the mean serum
Mg was low (0.4 mmol/l) without a marked decrease in Ca level in Swedish reindeer in
poor nutritional condition during the winter (Åhman et al. 1986). The latter findings were
in agreement with experimental results (Bjarghov et al. 1976).
Magnesium oxide (MgO) in various forms and sustain-release Mg alloy rumen boluses
are commonly used for the prevention of hypomagnesemia in domestic ruminants
(Ritchie & Hemingway 1968, Hemingway & Ritchie 1969, Chicco et al. 1972, Smith et
al. 1974, House & Mayland 1976, Stuedemann et al. 1984, Chester-Jones et al. 1990). In
Finland, the use of mineral supplements in reindeer management is limited to
concentrated feeds, lick stones or mineral mixtures with high mineral content (Nieminen
& Risto 1990, Nieminen et al. 1998). So far, no studies are available providing
information about the physiological effects of Mg or other mineral supplements in
reindeer otherwise feeding on a low-mineral diet.

3 Aims of the study
Several studies have described the seasonal or nutritional variation in the blood chemical
constituents of reindeer. Less attention has been paid to the effects of other intrinsic or
extrinsic factors, such as year, herd, age and pregnancy status, which may confound the
use of blood constituents as indicators of nutritional condition. The main objective of this
thesis was to study how the blood chemical constituents indicative of energy, protein and
mineral homeostasis vary in relation to several intrinsic and extrinsic factors and thereby
to clarify how much they actually reflect the nutrition of reindeer. In addition, the
variation in selected blood constituents was related to live body mass, which is a
conventional measure of animals’ condition.
A comparison of free-ranging animals to captive animals in defined feeding
conditions, allowed an analysis of the effects of protein, energy and mineral intake on
certain selected blood constituents. Such knowledge is of importance if the nutritional
condition of the animals needs to be assessed on a herd basis in different management
systems. The specific objectives were to:
1. study how feed quality and quantity are reflected in a range of blood chemical
constituents related to the energy, lipid, protein and mineral metabolism of reindeer,
2. describe the sources of variation in plasma urea, creatinine and urea:creatinine ratio
in free-ranging reindeer and reindeer under defined feeding conditions,
3. study how low and high dietary Mg intake and Mg supplements are reflected in the
plasma Mg and Ca concentrations of reindeer, and
4. describe the sources of variation in plasma total proteins, albumin, globulins and the
albumin:globulin ratio both in free-ranging reindeer in varying pasture conditions
and in reindeer under defined feeding conditions.

4 Material and methods
4.1 Animals
Table 1 summarizes the number, origin, age and dietary regimen or pasture conditions of
the reindeer studied in the original papers. A detailed description of the animals used in
the studies is given in the original papers. The experimental study presented in paper I
was conducted at the Reindeer Research Station at Kaamanen, Finland, and the
experimental parts described in the papers II, III and IV were conducted at the Zoological
Gardens of the University of Oulu, Finland. The protocols of the experimental studies
were approved by the Committee on Animal Experimentation at the University of Oulu.
The data on free-ranging semi-domesticated reindeer were obtained from three herds
on winter pastures in the Finnmark area in northern Norway (Seiland, Magerøy, Sørøy)
and from one herd in the mountainous district of central southern Norway (Filefjell) (II,
IV). In addition, data were obtained from wild Svalbard reindeer on winter pasture at
Nordenskjøldland during three consecutive years (II).
The animals used in the studies were adult females, with the exception of the six
female calves (<1 year) in the study described in paper III and the calves, yearlings and
adults in the free-ranging herds described in paper IV. The classification of the Seiland
animals into age classes was based on their general appearance, whereas the other freeranging animals were aged by their known identity. The pregnancy status of adult captive
animals was verified by transrectal ultrasound, whereas a plasma progesterone
concentration above 7 nmol/l was used to indicate pregnancy in free-ranging animals
(Ropstad et al. 1999). In the Magerøy, Sørøy and Filefjell herds, progesterone was
analysed by ELISA kits utilising an enhanced chemiluminescence technique (Amerlite,
Kodak Clinical Diagnostics, Amersham, UK), while in the Seiland herd it was analysed
by Spectria Progesterone 125I Coated Tube RIA kits (Orion Diagnostica, Espoo, Finland).
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4.2 Description of the experimental feeding regimens
Detailed descriptions of the experimental feeding regimens and nutrient intake values of
the animals studied in defined feeding conditions are given in the original papers I-IV.
In paper I, twenty-four mature pregnant female reindeer were allocated into three
groups of eight animals. Group 1 was provided a supplemented winter diet consisting of
0.2-0.5 kg of commercial reindeer feed (Poron Herkku, Raisio Group, Finland) per day
per animal in addition to lichens (Cladonia spp.), hay (Deschampsia flexuosa) and
blueberry leaves and twigs that the animals were able to find from their 15 km2 corral
during the 110-day study period. Group 2 was fed lichens (Cladonia spp.) ad libitum for
three weeks, followed by a gradual restriction of their lichen intake to 30 % of the ad
libitum level over nine weeks (I, Fig. 1). After this, combined commercial reindeer feed
and lichen feeding was used for the last three weeks of the study. This feeding was
regulated to keep the energy intake of the animals below the levels of ad libitum lichen
feeding at the beginning of the study. This group of animals is referred to as ”restricted
lichen feeding” group. Group 3 was fed commercial reindeer feed ad libitum.
In the papers II-IV, nine mature female reindeer were allocated into three groups
(groups 1, 2a and 2b), each consisting of two pregnant and one barren female. Varying
amounts of lichens (Cladonia spp.) or commercial reindeer feed were given to the
animals during four successive feeding periods that lasted for 116 days. Lichens were
given ad libitum for 6 d to all groups, beginning on 4 February (period 1). Next, Group 1
continued to receive lichens ad libitum, while lichens were given at 80 % of the ad
libitum level to the groups 2a and 2b for 51 d. In addition, Group 2a was supplemented
daily from this period onwards by 10 g/day/animal of powdered reagent grade MgO
(Tamro, Finland) mixed thoroughly into lichens (period 2). The groups 2a and 2b were
again given lichens ad libitum, beginning on day 58, and Group 1 continued with lichens
ad libitum (period 3). After this, the groups 2a and 2b continued to receive lichens ad
libitum, while Group 1 was gradually switched from lichens ad libitum to commercial
pelleted reindeer feed ad libitum, beginning on day 77 (period 4).
In paper III, the six reindeer calves used to study Mg alloy rumen bolus
supplementation were fed lichens (Cladonia spp.) ad libitum from day –18 before the Mg
bolus insertion to day 14 after the Mg bolus insertion. From day 15 onwards, the calves
received a combination of commercial pelleted reindeer feed (Poron Herkku, Raisio
Group, Finland) and lichens. The amount of commercial feed was gradually increased to
reach ad libitum intake at the end of the study.

4.3 Feed analyses
The feed analyses performed in the experimental studies are described in detail in the
original papers (I-IV). Briefly, feed samples of lichens and the commercial reindeer feed
(Poron Herkku, Raisio Group, Finland) provided to the animals were taken daily, frozen
and combined for chemical analyses at Soil Analysis Service Viljavuuspalvelu Oy,
Mikkeli, Finland. The feeds were analysed for CP, crude fat, crude fibre, nitrogen free
extracts and minerals, such as Ca, Mg and P.
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Daily measurements of the feeds given and the orts left by the animals were used to
calculate the daily DM intakes of the groups. The DM contents of the consumed feeds
and leftovers were determined daily by drying samples of 100 g at 95 °C to a constant
weight. The ad libitum feeding in the experiments was adjusted so that there was still
some edible material left in the orts.
In paper I, the ME content of the commercial reindeer feed was calculated using the
MAFF recommendations (MAFF 1975, 1984). Digestibility tables for ruminants (Tuori et
al. 1995) were used to estimate the digestibility of the different compounds of the
commercial feed. In the studies II-IV, the ME content of the commercial feed used in the
experimental setup was based on the manufacturer’s information, whereas the ME
content of lichens was calculated according to Tuori and co-authors (1995) based on the
chemical composition and digestibility estimates of lichens (Jacobsen & Skjenneberg
1977).
In paper I, the energy, protein and mineral intakes were presented for each week of the
study as group averages (Fig. 1a, b, c), whereas in the experimental regimens described in
the papers II-IV, the same parameters were calculated as group averages over the different
periods of feeding. In paper III, individual feeding was used for the calves, but their
intake values are presented as averages over the different stages of the study for
simplicity.
The daily DM intakes, the ME contents of the feeds, and the results of the chemical
analyses of the feeds were used to calculate the intakes of CP, ME and minerals during
the feeding regimens presented in detail in the separate papers and as a summary
representing the different planes of feeding in Table 2.

4.4 Blood and urine samples and measurements of live body mass and
rumen content pH
The blood sample collection and other experimental protocols are described in detail in
the original papers (I-IV). The blood sampling frequencies of the animals used in the
original papers are shown summarised in Table 1. In the experimental parts of the papers
I-IV, the body mass values were recorded with electronic livestock weighing scales. In
the field studies (II, IV), the live body masses of the Finnmark animals were recorded
with a portable electronic livestock weighing scale (Farmer Tronics, Give, Denmark).
The Svalbard reindeer were weighed with a spring scale (Salter Industries, West
Bromwich, UK).
No sedatives or medication were used for blood sampling. In the experimental studies,
the animals were restrained by hand for blood sampling in a small crate, whereas in the
field studies, restraining was done by hand on the ground with the animal lying on its
side. Blood samples were collected by jugular venepuncture into either heparinized or
plain (serum) tubes. In the experimental studies, plasma or serum was separated by
centrifugation within 2 h and stored at -20°C until analysed. In the field studies, blood
samples were centrifuged within 6 h and then stored at -20°C or -70°C until analysed.
The excretion of Mg and Ca into urine and the rumen content pH were followed in the
reindeer calves (III) as additional information about the physiological changes in the
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plasma Mg and Ca concentrations. Urine samples were obtained by catheterization of the
bladder with a disposable dog catheter (Buster®, 2.0x500 mm, Jørgen Kruuse, Denmark)
after opening of the urethra locally anesthetized with lidocain (Xylocain-gel 2 %, Astra,
Sweden), frozen and stored at -20°C until analysed. Samples of the rumen content were
obtained through rumen cannulae. The cannulae were fitted caudally on the left side of
the abdomen. The calves were anaesthetized (Domitor® 1 mg/ml, Orion Group, Finland)
for the operation. Local anaesthetic (Xylocain 20 mg/ml, Astra, Sweden) was used where
appropriate. After the surgery, anaesthesia was reversed with Antisedan® (5 mg/ml, Orion
Group, Finland). The calves were given analgesic (Romefen® 100 mg/ml, RhôneMerieux, France) and antibiotic (Penovet® 300 mg/ml, Boehringer Ingelheim, Denmark)
post-operatively once per day for five days. The animals were allowed to recover for at
least two weeks after the operation. Rumen content pH was measured from the digesta
with a pH meter (AP15, Denver Instrument Company, USA). The loss in Mg bolus
weights was recorded at the times of rumen content pH measurements.

4.5 Chemical analyses of blood and urine
Table 3 shows a summary of the analytical methods used for the analyses of the chemical
constituents of serum or plasma. Blood constituents related to protein metabolism (TP,
ALB, GLOB, A:G ratio, urea, creatinine, U:C ratio), carbohydrate and lipid metabolism
(glucose, triglycerides and cholesterol) and mineral metabolism (Ca, Mg, Pi, AP) were
selected for the analysis. The analyses were performed with appropriate use of control
sera, (for example Seronorm, Sero A/S, Billingstad, Norway) and in line with the
laboratory standards employed in the laboratories where the analyses were performed.
Instead of a direct laboratory analysis, as for other parameters, the plasma GLOB
concentration was obtained by subtracting the plasma ALB concentration from the
plasma TP concentration. Detailed descriptions of the analytical methods are given in the
original papers I-IV.
Urine analyses are explained in detail in paper III. In brief, the urinary Ca and Mg
concentrations were analysed with a PU 7000 ICP Spectrometer (Philips Analytical,
Cambridge, UK), whereas the urinary creatinine concentration was analysed with HiCo
Creatinine (BM/Hitachi 717/911, reagent kit BM 1040847, Boehringer Mannheim,
Germany) using the Jaffe method with a sample blank. To correct for dilution, the urinary
Mg and Ca concentrations are expressed as ratios of Mg and Ca to creatinine (Mg:C and
Ca:C ratio).

4.6 Statistical analyses
Detailed descriptions of the statistical analyses are given in the original papers I-IV. In
paper I, the differences between the feeding groups at different time points were assessed
by one-way analysis of variance (ANOVA). If ANOVA showed differences at the level of
P<0.05, multiple comparisons between the groups were performed post hoc with Tukey’s
test.
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In paper II, BM, plasma creatinine, plasma urea and the plasma U:C ratio for freeranging animals were analysed by generalised linear models (GLM) according to
McCullagh and Nelder (1989). The experimental data consisted of replicated
measurements from the same animals, and the focus of the analysis was on whether
individuals showed the same pattern in the response variables. To control for betweenindividual variation, linear mixed models were fitted with the identity of the reindeer as a
random effect. Time since the baseline of the experiment, status with respect to
pregnancy and experimental group were fitted as fixed effects. The slope parameter for
other continuous variables, including body mass, were fitted as random coefficients with
reindeer identity as the grouping variable, to investigate whether there was a consistent
positive or negative relationship between the response variable and the predictor across
individuals (Davidian & Giltinan 1995). Pearson’s correlation coefficient was used for
simple correlations.
In paper III, the statistical analysis was done according to the guidelines proposed by
Matthews and co-authors (1990). Kruskall-Wallis one-way analysis of variance on ranks
was used to detect statistical differences in the plasma Mg and Ca concentrations between
the groups during the different feeding periods (experiment 1, MgO supplementation). If
the test showed differences at the level of P<0.05, multiple comparisons between the
groups were performed post hoc with Tukey’s test. The correlations between the plasma
Mg and Ca concentrations within different plasma Mg ranges were tested with Pearson’s
correlation coefficient test. The differences in the studied parameters between the
maximum response and the level at bolus insertion were detected with Student’s t-test for
paired samples (experiment 2, Mg alloy rumen bolus supplementation).
In paper IV, the dependent variables were analysed for normality by the Shapiro-Wilks
method. In captive animals, the effects of group, time and BM on plasma protein
parameters were studied by repeated measures mixed model analyses (PROC MIXED of
SAS, Littell et al. 1996). The dependent variables were plasma TP, ALB, GLOB and A:G
ratio. The fixed effects in the models were the time of sampling [samples grouped in
weeks], feeding group and the interaction between feeding group and time of sampling.
Compared to paper III, which reports results from the same experimental set-up, only the
blood samples collected in the periods 2 and 4 were included in the statistical analyses, to
focus on these periods representing starvation and re-feeding. Both periods were analysed
separately. The analyses of the groups 2a and 2b were combined for paper IV, because no
significant differences in the response variables were found between these groups
following the same dietary regimen, except for the daily oral MgO supplement received
by group 2a (results published in paper III). In period 4, the individual baseline level of
each dependent variable was included as a covariate in the analyses. A random effect was
included for between-animal variation, assuming a negative exponential temporal
autocorrelation between the measurements from the same individual. The effects of year,
month of sampling, BM and pregnancy status on the plasma TP, ALB, GLOB and A:G
ratio of the free-ranging Seiland animals were studied by multiple regression analyses
(PROC REG of SAS, Littell et al. 1996). The effects of year, age, pregnancy status and
body mass on the plasma TP concentrations of the Magerøy, Sørøy and Filefjell herds
were analysed by the same method as in the Seiland herd. The samples from the Magerøy
herd collected in March 1992 instead of January, as in 1993-1995, were excluded from
the regression analysis.

IV

IV

Kaamanen (69.10 N, 27.20 E)

Oulu (65.01 N, 25.30 E)

Oulu (65.01 N, 25.30 E)

I

II-IV

III

6

9

24

C

A

A

A

C, Y, A

Y, A

A

A

Quality of both winter and summer pasture good.

As in Magerøy herd. Animal density 4 / km2.

summer. Animal density 10 / km2.

Summer pasture limited in spring and early

Winter pasture quality moderate, mostly lichen.

Feeding regimen / Pasture conditions

restricted or ad lib. with daily MgO supplement,
Lichens ad lib., followed by commercial ration
with some lichens. Mg alloy rumen bolus
supplementation.

Once per week 20 Apr-7 May,
daily 8 May-14 May, twice a
week 15 May-2 June 1998.

commercial ration ad lib. with some lichens.

Three groups: lichens restricted or ad lib., lichens

30 May 1997

restricted lichen feeding, commercial ration ad lib..

Three groups: supplemented winter pasture,

conditions with access to winter forage.

snow conditions. In 1997 and 1998, normal snow

Starvation in 1996 due to ice crusting and difficult

pasture limited in spring and early summer.

Three times per week 4 Feb-

Jan, Feb, Mar, Apr, May 1993

April-May 1998

April 1996, 1997

Mar, May, Jul, Oct 1998

Mar, May, Jun, Oct, Nov 1997 Lichen reserves on winter pasture small. Summer

Jan 1995

Jan 1992, 1994

Mar 1992, Jan 1993-1995

Age class Blood sampling

parameter. C= calf < 1 yr, Y= yearling, A= adult animal ≥ 2 years.

chemical analyses. The n used in each statistical analysis is indicated separately in the original papers and varied depending on the inclusion conditions and the studied

Symbols: a = total number of animals analysed for the chemical constituents studied in the original papers. Small blood sample volume occasionally excluded certain

Captive

144

74, 81

Nordenskjøldland (78.2 N, 17.3 E)

Svalbard

II

10-140a

286

a

92, 127a

107-175a

n

Seiland herd II, IV Finnmark (70.25 N, 23.15 E)

Central Norway (61.09 N, 8.15 E)

Finnmark (70.36 N, 22.46 E)

Finnmark (71.03 N, 25.45 E)

Paper Location

Filefjell herd IV

Sørøy herd

herd

Magerøy

Free-ranging

Animals

Table 1. Summary of the number, location, blood sampling procedure and feeding regimen or pasture conditions of the female reindeer
studied in the original papers I-IV.
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0.6

2.3→0.6

0.6→0.1

Ca (g/d)

P (g/d)

0.7

0.2

14

35

Group 1

0.7

0.3

15

38

Group 2a

0.7

0.3

15

37

Group 2b

LP-ME-LM
II-IV: Period 3

0.5

0.2b

6

18

days 0-14

III: calves

11-17

14-21

17-25

230-350

23

8

27

355

days 95-116

Group 1

II-IV: Period 4

HP-HE-HM
Group 3

I

release of Mg from the two rumen boluses varied between 0.34 and 2.24 g per day.

addition to Mg from the diet, the calves were supplemented with two sustain-release Mg alloy rumen boluses (Rumbul, Agrimin Ltd, Brigg, UK) on day 0. The calculated

Symbols: a= In addition to Mg received from feeds, animals received a daily oral supplement of 10 g powdered MgO (Tamro, Finland), equal to 6 g of Mg per animal. b= In

0.5

0.2

0.2a

27

Mg (g/d)

30

Group 2b

11

18→6

Group2a

II-IV: Period 2

LP-LE-LM

12

55→12

ME (MJ/d)

weeks 4→12

Group 2

I

CP (g/d)

(intake per animal)

Nutrient

Table 2. Summary of crude protein (CP), metabolizable energy (ME), magnesium (Mg), calcium (Ca) and phosphorus (P) intake per day
per captive animal as studied in the original papers I-IV. The selected feeding regimens represent lichen-based feeding with restricted
feed intake (low protein, low energy and low mineral; LP-LE-LM), lichen ad lib. or lichen-based feeding with low protein and mineral
intake but medium energy intake (low protein, medium energy, low mineral; LP-ME-LM) and feeding a commercial ration of high
nutritive value (high protein, high energy, high mineral; HP-HE-HM). Paper I: n=8 per group, Papers II-IV: n=3 per group, Paper III,
calves: n=6.
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Calmagite

III, C

Magnesium

I

I
phosphohydrolase

Orthophosphoric-monoester

Fosfomolybdate

Atomic absorbance
Photometric

Photometric

Flame photometer (EFOX 5053)

o-Cresolphtalein complexone, Photometric (Technicon Axon, method SM4-2138K94)

III, C

Flame photometer (EFOX 5053)

Photometric (Cobas Fara, reagent 61411 Bio-Merieux)

III

Alkaline phosphatase

Symbols: C=calves

Photometric
Photometric (Kone Optima, reagent 981385)

Atomic absorbance

4-amino-phenazone

Photometric

Photometric

Photometric (Technicon Axon, method SM4-2141E94)

Photometric

Photometric (Technicon Axon, method SM4-2150E94)

Photometric

Photometric (Technicon Axon, method SM4-2131E94)

Photometric

Photometric (Technicon Axon, method SM4-2147E94)

Photometric

Analysis method

I

Inorganic phosphate

Calcium

Xylidyl -blue

I

III

Glucose

Enzymatic hydrolysis

I

Cholesterol

Enzymatic hydrolysis

Jaffe

II

I

Jaffe

Urease

II

I

Glutamate dehydrogenase

I

Bromcresol green

IV

Triglycerides

Creatinine

Urea

Bromcresol green

I

Biuret

Albumin

Biuret

I

IV

Total proteins

Method principle

Paper

Parameter

Chemistry and Clinical Physiology (1974)

Scandinavian Society for Clinical

The Committee on Enzymes of the

Daly & Ertingshausen (1972)

Gitelman (1967)

Gindler & Heth (1971)

Mann & Yoe (1956)

Trinder (1969a, b)

Allain et al. (1974)

Wahlefeld (1974)

(1984)

Chasson et al. (1961), Rossignol et al.

Fabiny & Ertingshausen (1971)

Tiffany et al. (1972)

Guttman & Bergmeyer (1974)

”

Doumas et al. (1971)

Weichselbaum (1946)

Lowry et al. (1951)

Reference

Table 3. Analytical methods used for the determination of chemical constituents from serum or plasma in the original papers I-IV.

36

5 Results
5.1 Blood constituents related to protein metabolism
5.1.1 Total proteins, albumin, globulins and albumin:globulin ratio
In free-ranging reindeer, the blood constituents related to protein intake and metabolism
showed large concentration ranges with clear seasonal patterns, as observed in the twoyear follow-up of the Seiland herd. The overall ranges for TP, ALB, GLOB and A:G ratio
were 36-110 g/l, 18-59 g/l, 17-59 g/l and 0.5-2.1, respectively (IV, Table 2). The mean
plasma TP and ALB concentrations declined during spring, being lowest in May and
highest in October (IV, Fig. 1). The differences in TP, ALB and GLOB and A:G ratio
were significant between months and years, with the exception that there was no effect of
year on the A:G ratio (IV, Table 3). There was a significant effect of month*year
interaction, indicating that the effect of month differed between years. The year and
month effects were illustrated by the fact that, in March 1997, 36 % of the blood samples
from the Seiland herd had plasma TP concentrations below 60 g/l, increasing to 97 % by
May, whereas in March and May 1998, the respective percentages were as low as 3 and
21 %.
In the other free-ranging mainland reindeer herds, the between-year variation in TP
was analysed for the Magerøy and Sørøy herds, from which samples were collected over
several years (IV). The mean plasma TP concentration in the Sørøy herd was significantly
lower in 1992 compared to 1994 (mean 67.2 g/l, range 54-78 g/l vs. mean 71.7 g/l, range
47-91 g/l, respectively), whereas no significant effect of year was found in the Magerøy
herd. There was also notable variation in the mean plasma TP concentrations between the
herds from different pasture areas (IV, Fig. 2). The mean plasma TP concentration was
lowest in the Magerøy herd in 1992 (58.2 g/l, range 28-80 g/l), when 58 % of the sampled
animals had plasma TP concentrations below 60 g/l. For comparison, the proportion of
animals with plasma TP concentrations below 60 g/l was under 4% in both the Sørøy and
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the Filefjell herds. The overall mean concentration of plasma TP in samples collected on
winter pasture was 68.5 (range 28-91 g/l).
Different intrinsic and extrinsic factors were found to explain the variation in TP,
ALB, GLOB and A:G ratio. An increase in BM was associated with a small, but
significant increase in all of these parameters, except in the A:G ratio (IV, Seiland herd).
As an example, a BM increase of 10 kg increased plasma TP by 1.1 g/l. The late stages of
gestation in March and May significantly reduced the plasma TP, ALB and GLOB
concentrations by 3.0, 1.9, and 1.2 g/l, respectively, but did not have an effect on the A:G
ratio (IV, Seiland herd). Animal’s age did not have a significant effect on any of the
studied variables when BM was included in the same model.
As in the Seiland herd, pregnancy significantly reduced plasma TP concentration by
2.2 g/l in the other free-ranging mainland herds, and a 10 kg increase in BM was
associated with a 0.9 g/l increase in TP concentration. When the effect of age was
included in the analysis, pregnancy was no longer significantly related to TP variation.
The relationship between age and TP was curvilinear, the young and old animals having
lower concentrations than prime-aged animals.
The studies on captive animals revealed some common effects of feed quality and
quantity in the changes of plasma TP, ALB, GLOB and A:G ratio. The mean serum TP
and ALB concentrations were significantly higher in the reindeer receiving commercial
reindeer feed compared to the animals on a supplemented winter diet or a restricted
lichen diet, indicating that feed quality and quantity had significant effects on these blood
constituents (I). During the four-month study, the mean serum TP concentration
decreased by 10 % in the animals on a supplemented winter diet and by 20 % in the
animals with restricted lichen feeding compared to their respective initial mean
concentrations of 75 and 77 g/l (I, Fig. 2b), whereas it increased from 73 g/l to 83 g/l
within three weeks in the animals receiving commercial reindeer feed. In paper IV, where
GLOB and A:G ratio were also included as plasma protein parameters, there was a
significant decline in the mean plasma TP, ALB and GLOB concentrations, but not in the
A:G ratio, when lichens with low protein content were given as the only feed (IV, Fig. 3,
period 2). When commercial reindeer feed was given ad libitum to one group of animals,
their plasma TP, ALB and GLOB significantly increased and A:G ratio significantly
decreased (IV, Fig. 3). The animals that continued to receive lichens ad libitum showed a
significant decrease in plasma TP and ALB concentrations and in the A:G ratio, whereas
their plasma GLOB concentration significantly increased (IV, Fig. 3). The group
differences were characterized by significantly higher TP and ALB in the animals
receiving commercial reindeer feed compared to the lichen-fed animals (IV, Table 4).

5.1.2 Urea, creatinine and urea:creatinine ratio
Both blood urea and creatinine concentrations, which were discussed in more detail in the
papers I and II showed large concentration ranges with clear seasonal patterns, as
observed in the free-ranging Seiland herd. The overall range of mean plasma urea
concentrations was from 2.5 to 17.4 mmol/l, with lower concentrations during the winter
(Nov, March) and the highest concentrations in the summer and autumn months (May-
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Oct) (II, Fig. 1c). The range of mean plasma creatinine concentrations was from 90 to
280 µmol/l with an increase over winter and a decrease by two thirds to the lowest
concentrations in June-July (II, Fig. 1b). There was significant between-month and
between-year variation in the mean plasma urea and creatinine concentrations, with
significant month-year interaction. The month of sampling accounted for almost 90 % of
the variation in the plasma urea concentrations and 65 % of the variation in the creatinine
concentrations. The variation between the years and the year-month interaction explained
7 and 3 %, respectively, of the concentration of creatinine. In the Svalbard reindeer
population, the mean plasma urea concentration was highest in 1996 and lowest in 1998
(II, Fig. 1c). Similarly to the findings from the mainland reindeer, the year of sampling
had a significant effect on both plasma urea and creatinine concentrations, accounting for
11 % and 7 % of the variation in these parameters.
Of the explanatory factors studied, BM had only a minor effect on the plasma urea
concentration. It explained 0.8 % of the variation in the Seiland herd and did not have a
significant effect on the variation in the Svalbard reindeer, despite the fact that the mean
BM of this population was more than 20 % lower in 1996 than in 1997 and 1998 (II, Fig.
1a). The relationship between BM and plasma creatinine was generally positive, but
explained only 9 % of the variation in the plasma creatinine concentrations of the Seiland
herd. Interestingly, the plasma creatinine levels of the Svalbard animals showed a
decrease over the sampling periods from mid-April to mid-May, which was dependent on
neither the year of sampling nor the decrease in BM (II, Fig. 2).
The mean plasma U:C ratio of the Seiland herd ranged from 8.9 to 120.8 (II, Fig. 1d),
with the highest values occurring in June-October and the lowest in November-March.
Similarly to plasma urea and creatinine, it showed significant variation between the
months of sampling and between years. The changes in the U:C ratio were mainly
determined by the plasma urea concentration, since it varied by a factor of 7, whereas
plasma creatinine varied by a factor of 3. In the Svalbard population, the plasma U:C
ratio varied between 30 and 34. Nevertheless, it was significantly higher in 1996 than in
1998.
The studies on captive animals (I, II) revealed some common effects of feed quality
and quantity on the blood urea and creatinine concentrations. In general, the mean blood
urea concentrations were significantly lower and the creatinine concentrations higher in
the lichen-fed animals compared to the animals on a supplemented winter diet or
commercial reindeer feed (I: Fig. 3a, 3b and II: Fig. 3b and 3c, period 4).
Despite the differences between the groups in the concentrations of plasma creatinine
related to the feed quality and/or quantity, the temporal changes of these parameters
during the 4-month study showed similarities between the lichen-fed animals and the
animals on a supplemented winter diet (I). For example, the mean serum creatinine
concentrations of these two groups of animals increased from the initial concentrations
between 199 µmol/l and 213 µmol/l in January, reaching mean concentrations of 316
µmol/l and 270 µmol/l, respectively, in March (I, Fig. 3a). Thereafter, the mean
concentrations declined in both groups towards the end of the study in May.
The captive animals studied in paper II (Fig. 3b) showed similar changes in their
plasma creatinine concentrations, with an increase to 250 µmol/l during lichen feeding ad
libitum and a decrease below 100 µmol/l when the lichen diet was gradually replaced by
commercial reindeer feed (Group 1). Interestingly, there was also a significant decrease in
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the mean plasma creatinine concentration of the animals that continued on lichen feeding
(Group 2, period 4), which was not related to the BM change and occurred at the same
time of the year as in the wild Svalbard reindeer, i.e., in April-May.
The changes in plasma urea concentrations were parallel to the changes in the feeding
regimen. Feeding on lichens with a low protein content as the only feed decreased the
mean plasma urea concentration from 5-8 mmol/l to around 2 mmol/l (II, Fig. 3c). A 20
% restriction in lichen intake increased the mean plasma urea concentration by 3.8
mmol/l compared to the animals receiving lichens ad libitum. When the same animals
where again given lichens ad libitum, their mean plasma urea concentration declined
within a few days to the same level as in the animals on ad libitum feeding. Feeding on a
commercial ration with a high protein content compared to lichens increased the mean
plasma urea concentration above 10 mmol/l (II, Group 1, Period 4). As in the freeranging Seiland herd, the pattern of plasma U:C ratio in the captive animals closely
resembled the changes in plasma urea concentration (II, Fig. 3d). Thus, low ratios were
observed when the animals received lichens ad libitum and 15-fold ratios were achieved
by the end of the study in the reindeer whose diet was gradually replaced by commercial
reindeer feed ad libitum.

5.2 Blood constituents related to carbohydrate and lipid metabolism
The blood constituents related to carbohydrate and lipid metabolism were followed in the
first feeding experiment that lasted from January until May (I). At the beginning of the
study, the mean serum glucose concentration was 3.16 mmol/l in the reindeer on a
supplemented winter diet, 2.61 mmol/l in the group fed commercial reindeer feed and
2.78 mmol/l in the animals fed lichen followed by restricted feed intake (I, Fig. 5a). The
animals on a supplemented winter diet had a higher mean serum glucose level compared
to the other groups, even though this difference was significant only in February and in
May. Also, the changes in blood glucose levels between the sampling months were more
pronounced in the supplemented winter diet group, where the mean values varied
between 3.53 mmol/l and 2.86 mmol/l from February to May, whereas more stable mean
concentrations varying between 3.06 mmol/l and 2.54 mmol/l were measured in the other
groups.
The mean serum cholesterol concentration was around 1.7 mmol/l in all groups at the
start of the experiment (I, Fig. 5b). In the animals with restricted lichen feeding, the mean
serum cholesterol decreased during the first weeks of the study to 1 mmol/l, increased to
2.0 mmol/l in April after seven weeks of restricted lichen feeding, and decreased again by
May when the animals’ nutrient intake was again increased after nine weeks of
restriction. In the groups provided either commercial reindeer feed or a supplemented
winter diet, the mean serum cholesterol concentrations varied within 1.3-2.0 mmol/l, the
animals on supplemented winter diet showing increasing concentrations from March
onwards.
Serum triglycerides (I, Fig. 5c) showed little variation regardless of the feeding group,
with the exception of the significantly higher mean concentration in the lichen-fed
animals in April (0.8 mmol/l vs. 0.3 mmol/l in the other groups). However, there was
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considerable between-animal variation in this group in April. The group on a
supplemented winter diet and the group fed the commercial ration showed a slight
increase in triglyceride concentrations during the last two months of the study from the
beginning of March until the beginning of May, but there were no significant differences
in serum triglyceride concentrations between these groups.

5.3 Blood chemical constituents related to mineral metabolism
The serum AP activity and Pi concentrations were followed in the first feeding
experiment from January until May (I). The overall mean serum AP activity varied
between 46 and 137 U/l (I, Fig. 3c). At the beginning of the study, the mean activities
were between 55 and 79 U/l, but increased to between 88 and 137 U/l in early May.
Serum AP activities increased towards the end of the study in all groups, regardless of the
differences in feeding. The increase in serum AP activity during the study was 94 % in
the supplemented winter diet group, 30 % in the group fed lichens in restricted amounts
and 74 % in the group on commercial reindeer feed. The animals fed lichens in restricted
amounts had the lowest serum AP activities throughout the study compared to the other
groups, but these differences were not significant.
At the beginning of the study in mid-January, the mean serum Pi concentration ranged
between 2.62 and 2.76 mmol/l (I, Fig. 4b). Thereafter, the mean value was highest in the
group fed commercial reindeer feed (max. 3.31 mmol/l in February) and lowest in the
animals on lichen feeding with restricted feed intake (min. 1.58 mmol/l in February). The
difference between these two groups was significant from February until the end of the
study in May. The mean serum Pi concentrations of the animals on a supplemented winter
diet were significantly lower compared to the animals on the commercial ration and
significantly higher compared to the animals on lichen feeding with restricted feed intake.
The mean Pi concentration of the supplemented winter diet group decreased during the
study to 2.22 mmol/l in May.
The changes in the mean serum Ca concentrations of the groups were inconsistent (I,
Fig. 4a). The lowest mean concentrations were observed in the group fed lichens in
restricted amounts, where the mean serum total Ca concentration decreased gradually
from 2.48 mmol/l to 2.29 mmol/l between January and April. However, the difference
compared to the other groups was only significant in April. In the other groups, the mean
serum Ca concentrations varied between 2.33 and 2.52 mmol/l, without a consistent
direction of change.
The effects of Mg supplements either in the form of powdered MgO or Mg alloy
rumen boluses were studied in the animals receiving lichens with low mineral content by
comparing them to the animals receiving a commercial ration with high mineral content
(III). The mean plasma Mg concentration increased rapidly to above 1 mmol/l in the
animals given supplemental MgO, whereas in the group where lichens were given as the
only feed in restricted amounts, the mean plasma Mg concentration declined below the
level of 0.7 mmol/l, which was considered hypomagnesemic, in 18 days (Fig. 1). After 76
days of lichen feeding, the mean plasma Mg concentration of the two groups where
lichens had been given as the only feed, first in restricted amounts and then ad libitum,
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had declined to 0.60 mmol/l and to 0.48 mmol/l (Period 3). The lowest measured
individual plasma Mg concentration was only 0.31 mmol/l after 84 days on lichen
feeding. However, none of the animals showed clinical signs of Mg deficiency. When
commercial reindeer feed was given to one of the groups, its mean plasma Mg
concentration increased to 1 mmol/l within five days. The animals supplemented with
MgO had significantly higher plasma Mg concentrations than the animals on lichen
feeding without the supplementation, but this difference disappeared after commercial
reindeer feed was given to one of the non-supplemented groups (III, Fig. 1, Table 3).
The mean plasma Ca concentration decreased gradually during the experiment in all
groups. The mean plasma Ca concentration was lowest in the MgO-supplemented group
(III, Fig. 1), but the difference compared to the other groups was significant only during
period 3, when lichen feeding ad libitum followed the 20 % restricted lichen intake in
period 2 (III, Table 3). There was a significant positive correlation between the plasma
Mg and Ca concentrations in the plasma Mg range ≤0.7 mmol/l (r=0.42) and a negative
correlation in the plasma Mg range of 0.71-1.15 mmol/l (r=-0.37). At plasma Mg
concentrations >1.15 mmol/l, there was no significant correlation between plasma Mg
and Ca.
The effects of sustain-release Mg alloy rumen boluses on plasma Mg and Ca
concentrations were similar to the effects of MgO supplementation, but as expected, the
difference in the methods of administration (continuous vs. single administration) caused
a difference in the response profiles. The mean plasma Mg concentration of reindeer
calves was 0.82 mmol/l immediately prior to the insertion of Mg rumen boluses (III, Fig.
2a), and the mean maximum plasma Mg concentration of 1.13 mmol/l (range 1.05-1.17
mmol/l) was reached 2-6 days after the insertion of the boluses into the rumen. The
increase from the pre-bolus and to the peak plasma Mg concentration was significant.
After this, the mean plasma Mg concentration gradually declined, but was still higher at
the end of the study 25 days after the bolus insertion than before the bolus insertion.
The mean plasma Ca level decreased after the insertion of the rumen boluses (III, Fig.
2a). The lowest plasma Ca concentrations were reached 1-5 days after the boluses had
been placed into the rumen. The mean minimum Ca concentration was 2.36 mmol/l. The
difference between the level before the bolus insertion and the minimum level was
statistically significant. Thereafter, the mean plasma Ca concentration gradually increased
and was 2.43 mmol/l at the end of the study.

5.4 Urinary Mg and Ca, rumen content pH and Mg bolus weights
Urinary Mg:C and Ca:C ratios, rumen content pH values and bolus weights were
followed as sources of additional information about the physiological effects and the
efficacy of the sustain-release Mg boluses as a potential method of mineral
supplementation for reindeer (III). The urinary Mg:C and Ca:C ratios were 0.14 and 0.95
mmol/mmol prior to the bolus insertion (III, Fig. 2b). After the bolus insertion, both ratios
increased. The mean peak urinary Mg:C ratio of 2.25 mmol/mmol (range: 0.89-6.18
mmol/mmol) occurred within the days 18-25 after the bolus insertion, while the peak
urinary Ca:C ratio of 2.10 mmol/mmol (range: 1.58-2.52 mmol/mmol) occurred within
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the days 10-21 after the bolus insertion. The difference between the maximum urinary
Mg:C ratios and the ratios before the bolus insertion was not statistically significant,
whereas the difference in urinary Ca:C between the peak ratios and the ratios before the
bolus insertion was.
The overall range of the rumen content pH was 5.2-7.0. The rumen pH significantly
decreased when the animals received lichens as the only feed and increased when they
were give commercial reindeer feed (mean increase 0.71 units). The increase was
significant between the pH values recorded prior to giving commercial feed (on day 33)
and at the end of the study on day 44.
The initial bolus weights were between 39.5 and 41.4 g/bolus. The loss in bolus
weights during the study was 10.8-24.6 g/bolus. The loss in bolus weights and, thus, also
the decomposition rates (g/d) were slower during lichen feeding (0.2-1.1 g/day/bolus)
compared to feeding with commercial ration (0.7-1.3 g/d/bolus). The calculated release of
Mg from the two rumen boluses varied between 0.34 and 2.24 g per day.

5.5 Changes in BM in relation to feeding, season, age and pregnancy
Similar patterns in BM gain and loss, related to the feeding regimen (lichens ad libitum,
restricted lichen feeding or commercial reindeer feed) were observed in all studies (I-IV).
In general, the animals on lichen feeding showed a decrease of live BM, whereas the BM
of the animals receiving commercial reindeer feed increased. The BM loss and gain took
place irrespective of the animals’ age (III) or pregnancy status (II, IV), but were
modulated by them and the by the plane of feeding.
For example, the loss of mean BM was 15 % in pregnant females with restricted
lichen feeding, whereas otherwise BM was either maintained, as in the animals feeding
on a supplemented winter diet, or increased, as in the animals fed commercial reindeer
feed ad libitum (I, Fig. 2a). In paper II, the BM loss of captive animals varied from 4 %
to 25 %. The reduction in BM was smaller in pregnant females than in non-pregnant ones
during the periods when lichens were given as the only feed to all groups either ad
libitum or at 80 % of ad libitum intake (II, Periods 2 and 3), whereas the overall BM loss
was similar between the feeding groups. When commercial reindeer feed was provided to
one group after this, the animals showed a marked increase in BM, whereas the BM of
the animals that remained on a lichen diet continued to decline (II, Fig. 3a). Pregnant
females increased their weight just before calving and lost weight after parturition, but
the weight gain was more pronounced in the animals receiving commercial reindeer feed.
As expected, there was large variation in BM in the field conditions. For example, in
the Seiland herd, where data were collected from some calves and yearlings in addition to
adult females, the BM range was from 23 to 84 kg (mean 62.9 kg, IV, Table 2). There was
also significant between-month and between-year variation in BM, illustrated by a 10 %
mean BM loss over the winter months and a 4.2 kg higher mean BM in October 1998
than in October 1997 in the Seiland herd (II, Fig. 1a).

6 Discussion
The main seasonal changes in the studied blood constituents and BM in free-ranging
reindeer are shown summarised in Fig. 1, whereas the changes in captive animals in
relation to their protein, energy and mineral intake are presented in Fig. 2 and discussed
separately below.
WINTER (Nov-March)
TP
ALB
GLOB
A:G
Urea
Creatinine
U:C
BM

Herd
Adaptation to
change in nutrition

AUTUMN (Oct-Nov)
TP
ALB
GLOB
A:G
Urea
Creatinine
U:C
BM

high or ↓
high or ↓
high or ↓
high or ↑
high or ↓
high or ↑
high or ↓
high

↓
↓
↓
high
low
high
low
↓

Pregnancy
BM
Year

Age

SPRING (March-May)
TP
ALB
GLOB
A:G
Urea
Creatinine
U:C
BM

low
low
low
high or ↓
low or ↑
high or ↓
low or ↑
low

SUMMER (June-July)
TP
ALB
GLOB
A:G
Urea
Creatinine
U:C
BM

↑
low or ↑
high
low
high
low
high
high

Photo by Erik Ropstad

Fig. 1. Summary of the seasonal changes observed in the blood chemical constituents and BM
of free-ranging reindeer. Other intrinsic and extrinsic factors studied as potential explanatory
factors for the variation of the blood chemical constituents are represented in the centre of
the figure. Symbols: ↑=increasing concentrations, ↓= decreasing concentrations.
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In general, the feeding regimens used in the experimental studies were suitable for a
comparison of the effects of nutritional constraints and feeding with a commercial ration
on blood chemical constituents. As shown in Table 2, the CP and energy intakes of adult
captive reindeer on restricted lichen feeding were markedly lower compared to the
requirements presented for female reindeer or caribou in previous studies, whereas the
protein and energy intake of the animals receiving commercial reindeer feed exceeded
these estimates (McEwan & Whitehead 1970, Boertje 1985). As a consequence, the
animals on restricted feeding were unable to maintain their BM, whereas the animals
receiving commercial feed gained BM. The energy and CP intakes of the animals feeding
lichens ad libitum, defined by their low protein, medium energy and low mineral intake,
were intermediate compared to the animals on restricted feeding and the ones receiving
commercial reindeer feed.
HP-HE-HM
I: Group 3
II-IV: Period 4, Group 1

LP-LE-LM
I: Group 2
II-IV: Period 2, Groups 2a, 2b
TP
↓
ALB
↓
GLOB
↓
A:G
+/Urea
low (↑ with restriction)
Creatinine high
U:C
low (↑ with restriction)
Triglycerides +/Cholesterol +/Glucose
+/AP
+/Mg
↓ (↑ with Mg suppl.)
Ca
+/- (↓ with Mg suppl.)
low
Pi
BM
↓

TP
high or ↑
ALB
high or ↑
GLOB
↑
A:G
+/Urea
high or ↑
Creatinine low or ↓
U:C ratio
↑
Triglycerides +/Cholesterol +/Glucose
+/AP
+/Mg
↑
Ca
+/high
Pi
BM
↑

LP-ME-LM
II-IV:Period 3, Groups 1, 2a, 2b
III: Calves
TP
ALB
GLOB
A:G
Urea
Creatinine
U:C
Mg
Ca
BM

↓
↓
+/+/low
high
low
↓ (↑ with Mg suppl.)
+/- (↓ with Mg suppl.)
↓

Photo by Erik Ropstad

Fig. 2. Summary of the changes observed in the blood chemical constituents and BM of
captive reindeer in relation to feeding regimen. HP-HE-HM: high protein, high energy, high
mineral intake, LP-ME-LM: low protein, medium energy, low mineral intake, LP-LE-LM:
low protein, low energy, low mineral intake. Symbols: ↑=increasing concentrations, ↓=
decreasing concentrations, ±= inconsistent changes.
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6.1 Blood constituents related to protein metabolism
In free-ranging animals, the seasonal changes in blood constituents related to protein
metabolism were characterized by a decrease in the plasma mean TP, ALB, GLOB and
urea concentrations and in the plasma mean U:C ratio and a decrease in the plasma
creatinine concentration and the mean BM over winter (Fig. 1). The seasonal changes and
concentration ranges resembled those reported in earlier studies on reindeer (Hyvärinen
et al. 1975, Nieminen 1980, Nieminen & Timisjärvi 1983), and the magnitude of
variation in the plasma GLOB and A:G ratio also largely agreed with these and other
previous studies (Nieminen et al. 1979). As expected, the concentration ranges of the
studied blood constituents were wider than reported for domestic ruminants with, for
example, a large proportion of the TP and ALB concentrations measured on the winter
pasture (IV) falling below the lower normal limits of 60 and 24 g/l established for sheep
(Kaneko 1989). Because free-ranging reindeer encounter a large variety of
environmental, nutritional and physiological challenges during their seasonal cycle, it is
more difficult to define the limits of “normal” variation in plasma protein parameters for
reindeer than for domestic ruminant species with their less variable living conditions.
Season and year were the most important sources of variation in the plasma TP, ALB,
GLOB, urea and creatinine concentrations and in the U:C ratio of free-ranging reindeer
(II, IV). For example, the month of sampling accounted for 90 % of the variation in
plasma urea concentrations and 65 % of the variation in plasma creatinine concentrations.
Part of the variation in the plasma TP concentrations of free-ranging animals was also
caused by the differences in pasture conditions between the herds, as shown by the fact
that the Filefjell herd with good winter pasture conditions and the Sørøy herd with a
lower animal density had higher mean plasma TP concentrations than the Magerøy herd
in comparable years.
The results from captive animals in defined feeding conditions showed that both
forage quality (protein intake; lichen feeding vs. commercial reindeer feed) and, to a
lesser extent, forage availability (energy intake; ad libitum vs. reduced feed intake)
explain the seasonal and between-year variation in blood constituents related to protein
metabolism.
The concentrations of TP, ALB, GLOB and urea and the plasma U:C ratios were either
significantly lower or decreasing, and the creatinine concentrations were either
significantly higher or increasing in animals on lichen feeding compared to animals
receiving commercial reindeer feed (Fig. 2). A decrease in the blood TP and ALB
concentrations together with declining BM have been reported in previous studies on
captive deer on lichen-based or other low-protein diets (Bjarghov et al. 1976, Soppela et
al. 1992, Soveri et al. 1992, Wolkers et al. 1994, Nilsson 2003), which reflects the
gradual loss of endogenous proteins when not enough amino acids are available for
protein synthesis (Payne 1987). Plasma TP and ALB are considered long-term indicators
of protein status compared to, for example, plasma urea, which responds to the immediate
intake of protein (Payne 1987). As an example of this, a significant increase in the plasma
TP and ALB concentrations of animals on commercial reindeer feed (IV) took place over
a time period of 3-4 weeks, reflecting the long half-life of ALB and its relatively slow
synthesis by the liver. Globulin concentrations were less affected by a low protein intake
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than TP and ALB (IV), which could be partially attributable to a tendency to compensate
for the decrease in ALB to maintain osmotic blood pressure (Payne 1987). It is also likely
that immunological functions are maintained as long as possible, and that globulins are
therefore better conserved during nutritional constraints than ALB. This may also explain
the lack of interrelationship between TP, ALB and survival and fitness estimates (Milner
et al. 2003).
Blood urea was chosen as the blood constituent reflecting short-term changes in
protein metabolism and thus complementing the information provided by TP and ALB
analyses (Payne 1987). The low blood urea and high creatinine concentrations, with the
consequent reduction in the blood U:C ratio, which were recorded during lichen feeding
(Fig. 2: LP-LE-LM and LP-ME-LM feeding regimen) can be related to physiological
adaptation of the renal function in order to save protein through recycling of urea when
dietary protein intake is low (Hove & Jacobsen 1975, Valtonen 1979). According to Hove
and Jacobsen (1975), reindeer may reabsorb over 90 % of urea filtered in the kidneys
when their CP intake is at a comparable level as in adult captive animals fed lichens ad
libitum (Table 2: LP-ME-LM), with a concurrent decline in blood urea concentration
close to 1 mmol/l. Consistent with earlier findings on both domesticated ruminants (Ide et
al. 1966, Gonda & Lindberg 1994) and reindeer (Bjarghov et al. 1976), the mean blood
urea concentrations were high or significantly increased in animals receiving commercial
reindeer feed with high protein content (Fig. 2; HP-HE-HM), which can be attributed to a
decrease in urea recycling when urea is increasingly excreted into urine (Robbins et al.
1974, Hove & Jacobsen 1975, Valtonen 1979).
The effect of protein intake on the blood urea concentration was confounded when a
low protein intake was combined with a restricted feed intake. Restriction in feed intake
by 20 % increased the mean plasma urea concentration by about 3.8 mmol/l compared to
the animals receiving the same feed ad libitum (II). Warren and co-authors (1982)
reported a similar increment in the blood urea concentration of white-tailed deer on lowenergy forage, which can be explained by a decrease in urea recycling when the energy
intake is insufficient (Valtonen 1979) or by increased production of urea due to muscle
catabolism (Wolkers et al. 1994a,b). Analysis of creatinine kinase or some other indicator
of muscle catabolism might have given additional information as to which of these
processes explain the increase in urea concentration in the present study.
Because creatinine is freely filtered into urine by the kidneys, the significant increase
in plasma creatinine concentration during lichen feeding with low protein content and the
decrease on a high-protein diet (Fig. 2; LP-ME-LM vs. HP-HE-HM) may take place
through the same renal mechanisms, which favours the recycling of urea when the dietary
protein intake is low and increases its excretion into urine when the protein intake is high.
The reindeer kidney has a thick cortex relative to the medulla and therefore a limited
capacity to concentrate urine (Valtonen & Eriksson 1977). To excrete protein metabolites,
such as urea, reindeer on high-protein diets have to increase their glomerular filtration
rate and urine production compared to reindeer on low-protein diets (Valtonen 1979). The
excretion of creatinine to urine increases in the presence of high protein intake
(DelGiudice et al. 1995), and the increase in plasma creatinine concentration on a lowprotein diet could therefore,result from the decrease in the glomerular filtration rate and
the decrease in the excretion of creatinine into urine. The plasma creatinine concentration
has also been suggested to increase when protein derived from muscle is used as an
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energy source at times of nutritional deprivation (Nieminen & Timisjärvi 1983).
However, our results indicate that insufficient energy intake affects plasma creatinine
concentration only to a minor extent compared to the effect of protein intake, since no
significant difference in the plasma creatinine level was observed between restricted and
ad libitum lichen-fed reindeer (II).
BM had a significant, but small effect on plasma TP, ALB, GLOB, urea and creatinine
concentrations compared to the effect of season. A 10 kg increase in BM was associated
with around a 1 g/l increase in TP (IV), whereas BM accounted for 0.8 % of the variation
in the plasma urea concentrations and 9 % of the variation in the plasma creatinine
concentrations in free-ranging animals (II). In Svalbard reindeer, BM has been reported to
account for 5.9 %, 2.6 % and 2.5 % of the variation in the plasma TP, ALB and GLOB
concentrations (Milner et al. 2003), which is very similar to our findings. The minor
effect of BM on creatinine concentration was surprising, because the amount of muscle
mass is considered one of the most important factors affecting the production rate and
concentration of blood creatinine (Rodwell 2000), but was not the only peculiarity found
in free-ranging reindeer in respect to this blood constituent. Interestingly, the decrease in
plasma creatinine concentrations in the captive animals (II, group 2, period 4) and in the
wild Svalbard reindeer in April-May was unrelated both to feeding and to the BM
change, which indicates that part of the variation in plasma creatinine concentrations is
related neither to changes in feed quality and/or availability nor to BM change. One
possible explanation could be innate seasonality in the renal function of reindeer
unrelated to the quality of diet.
The late stages of gestation (March-May) were associated with a small but significant
decrease in TP, ALB and GLOB (IV), which agrees with the findings on domestic
ruminants indicating an increasing demand for amino acids for foetal growth closer to
term (Kaneko 1989). Age also had a small but significant effect on TP, but eliminated
pregnancy as a significant explanatory factor. This was expected, because younger, most
likely non-pregnant animals were also included in this analysis. The relationship between
age and TP concentration was curvilinear, with young and old animals having lower
plasma TP concentrations than the other animals. This agrees with the recent findings on
Svalbard reindeer (Milner et al. 2003) and is probably related to the poorer ability of
young and old animals to compete for feed, dental wear by age, and the more catabolic
metabolism of old animals.
The pattern of plasma U:C ratios was mainly determined by the plasma urea
concentration. In captive reindeer, U:C ratios above 20 appeared either when a low
protein intake was combined with a low energy intake and declining BM, or when both
protein intake and energy intake were high and BM was increasing (Fig. 2 and II, Fig.
2d). A reduction in the plasma U:C ratio was observed when a low protein intake was
combined with a medium energy intake accompanied by a slowdown in the BM loss rate.
The reduction in the plasma U:C ratio has been interpreted to reflect a shift in metabolism
towards conserved endogenous protein (Ramsay et al. 1991). Previous studies have
reported a reduction in the urea nitrogen:creatinine ratio in both white-tailed deer
(DelGiudice et al. 1992) and red deer (Cervus elaphus; Wolkers et al. 1994a) during
nutritional restriction. However, the variation in the plasma U:C ratio in relation to
protein and feed intake irrespective of BM changes indicates that the plasma U:C ratio is
not solely useful as an index of nutritional condition.
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Unlike the other blood constituents related to protein metabolism, the variation in the
A:G ratio was not significantly explained by year, BM or pregnancy and was only
slightly affected by feeding (IV). This could be partially explained by the method of
determining the plasma GLOB concentration. Plasma GLOB was obtained by subtracting
the measured ALB concentration from TP, and the resulting A:G ratio is less definitive
than that obtained by direct analysis of GLOB. Therefore, when the concentration of
plasma ALB changes parallel to the TP concentration, the A:G ratio remains unaltered.
The reduction in the plasma A:G ratio observed in captive animals receiving lichens (IV,
Group 2) resulted from a decline in plasma ALB with a consequent increase in GLOB
towards the end of the study. The increase in GLOB can take place in compensation of
the ALB loss (Payne 1987), and it was not at least caused by parasite infection because
these animals had been previously given anti-parasitic treatment.
Altogether, especially the TP, ALB, urea and creatinine concentrations and the U:C
ratio showed significant seasonal and between-year variation that could be related to
physiological adaptation to changes in nutrition and therefore appear as useful indicators
of the protein metabolism of reindeer. The use of creatinine concentration and U:C ratio
may have additional value, as the former has been shown to significantly predict calving
success in Svalbard reindeer, while the latter may improve adult survival models in
ecological studies (Milner et al. 2003).

6.2 Blood constituents related to carbohydrate and lipid metabolism
The mean serum glucose concentrations were of the same order of magnitude as reported
in free-ranging reindeer (Nieminen 1980, Nieminen & Timisjärvi 1983) and in domestic
ruminants (Kaneko 1989). There was no significant difference in blood glucose
concentrations between the animals on a restricted lichen diet and those fed a commercial
ration (I). As in the present study, Luick and co-authors (1973), Bjarghov and co-authors
(1976) and Soveri and co-authors (1992) did not find systematic changes in the blood
glucose level related either to season or to nutrition. Low or declining blood glucose
levels have been reported in fasted or nutritionally deprived deer (DeCalesta 1975, 1977,
DelGiudice et al. 1987, Nieminen & Timisjärvi 1983, Wolkers et al. 1994a, Nilsson et al.
2000, Milner et al. 2003). However, the lack of group differences despite a 70 %
reduction in the feed intake of the lichen-fed animals is not surprising in the light of the
fact that the maintenance of a stable blood glucose level is essential for energy supply to
he vital organs and thus for survival.
Because the changes in blood glucose level may be very rapid and are affected by
numerous external and internal factors (Berne & Levy 1993), it is difficult to differentiate
between the effects of nutrition and season and the potential effects of animal handling
from each other. The blood glucose concentration of reindeer has been shown to increase
as a physiological response to excitement (Hyvärinen et al. 1976). The blood glucose
level of the supplemented winter diet group was higher compared to both the animals on
commercial feed and those fed lichens (I). This group of animals was gathered together
from a larger pen, and blood sampling may therefore have been more time-consuming
and stressful for these animals, additionally confounding the interpretation of blood
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glucose as a nutritional biomarker. Altogether, these findings suggest that the use of blood
glucose as a nutritional indicator may be limited to occasions of severe nutritional
deprivation, and that other blood constituents or parameters related to, for example,
volatile fatty acid production and utilization could have shown more nutrition-related
effects.
The mean serum cholesterol and triglyceride concentrations were within the range
reported earlier in free-ranging reindeer (Nieminen & Timisjärvi 1983). Adipose tissue
provides a vital store and endogenous source of energy for free-ranging deer for overwinter survival (Ringberg et al. 1981, Reimers et al. 1982, Torbit et al. 1985, Parker et al.
1993). As an indication of lipolysis and utilization of body fat for energy, the serum
cholesterol concentration of the reindeer fed lichens with gradually restricted feed intake
increased in March and April following a decrease during the first three weeks of the
study (I), while the concentrations of serum TP, ALB, urea and creatinine simultaneously
indicated insufficient protein and energy intake. In the groups fed either commercial
reindeer feed or a supplemented winter diet, the mean serum cholesterol concentration
varied between 1.3 and 2.0 mmol/l, and the animals on the supplemented winter diet
showed increasing cholesterol concentrations from March onwards.
Serum triglycerides generally showed less variation in relation to feeding than serum
cholesterol. However, the mean serum triglyceride concentration was significantly higher
in April in the animals fed a restricted lichen diet compared to the other groups. Together
with the simultaneous increase in serum cholesterol, this indicates that the animals were
utilising their body fat reserves to compensate for the restricted dietary energy supply, as
also reported in undernourished white-tailed deer (DelGiudice et al. 1990).
Commercial concentrates and other feedstuffs rich in lipids have been shown to
increase plasma cholesterol and triglyceride concentrations in domestic ruminants
(Beynen et al. 2000), but in this study, neither the cholesterol nor the triglyceride
concentrations of the animals fed commercial reindeer feed were different from the other
groups (I). It should also be noted that the feeding of supplemental fat does not only have
the positive effect of increasing the energy density of the diet, but may also suppress
rumen function if given in large amounts (Bartley 1989, McDonald et al. 1995). In
addition, the feeding of supplemental fat has given variable results when used to improve
productivity in domestic ruminant management (Funston 2004).
The results of this study and the previous studies about the nutrition-related changes in
the blood triglyceride and cholesterol concentrations of domestic ruminants and captive
deer show that these parameters may either decrease or increase as a consequence of
nutritional constraints, thus confounding their interpretation as nutritional biomarkers
(Bjarghov et al. 1976, Reid et al. 1977, Seal et al. 1978, DiMarco et al. 1981, DelGiudice
et al. 1990, Soveri et al. 1992). Other blood constituents related to lipid metabolism and
energy balance, such as free fatty acids and glycerol (Larsen et al. 1985), polyunsaturated
fatty acids (Soppela et al. 2000) or β-hydroxybutyric acid (Milner et al. 2003) may be
useful as additional or alternative indicators of lipolysis during nutritional constraints in
reindeer.
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6.3 Blood chemical constituents related to mineral metabolism
Several studies on free-ranging reindeer on winter pasture have reported low plasma
concentrations of Mg, Ca and Pi compared to the normal reference values for domestic
ruminants or clinical symptoms related to disturbances in Mg and Ca homeostasis
(Hyvärinen et al. 1977, Åhman et al. 1986, Hoff et al. 1993, Ropstad et al. 1997).
Based on the low mineral content in the winter forage of reindeer and the progressive
degradation of winter pasture areas, it can be expected that the occurrence of such
disturbances in mineral homeostasis will increase, unless prevented by mineral
supplements or supplementary feeds with high mineral content. Therefore, the main focus
of this thesis was to study how low or high mineral intake and Mg supplementation were
reflected in the selected blood constituents related to mineral metabolism (I, III).
Paper I focused on studying the effects of nutrition on serum AP activities and Pi
concentrations in addition to serum Ca concentration, which is discussed in more detail in
association with the findings of paper III. The daily Pi and Ca intakes of the lichen-fed
group with restricted feed intake were only about 2.6% and 7.3 % of the corresponding
values of the group fed commercial reindeer feed (I). This was reflected as significant
group differences in the serum concentrations of Pi but not of Ca. Ca homeostasis, unlike
Pi, is under strict hormonal control (Capen & Rosol 1989), which enables mobilization of
Ca from bone reserves when the dietary Ca intake is low. The reported serum Pi
concentrations were of the same magnitude as in the earlier studies on captive reindeer
fed either lichens or concentrates (Bjarghov et al. 1976, Soveri et al. 1992). Low energy
intake has also been reported to increase serum Pi concentration (Seal et al. 1978), but the
present results do not confirm this finding. Even though commercial reindeer feed with a
high phosphorus content had a positive effect on the serum Pi concentration, feeding of
phosphorus in excess to the dietary requirements has not been shown to further improve
the health, body condition or reproductive performance of domestic ruminants (Lopez et
al. 2004a,b). It also increases fecal phosphorus excretion and hence has harmful effects
on environmental eutrophication (Chapuis-Lardy et al. 2004). Physiologically, excessive
Pi in blood has the ability to lower the amount of Ca in blood, resulting in increased
mobilization of Ca from bone reserves (Capen & Rosol 1989).
The mean serum AP activities were generally lower in the animals fed lichens (Table
2, LP-LE-LM, Group 1) compared to the animals on a supplemented winter diet and to
the animals fed a commercial ration of high nutritional value (Table 2, HP-HE-HM,
Group 3), but the differences were not significant (I). The reported activities were within
the same range as reported for free-ranging reindeer in winter (Nieminen & Timisjärvi
1983), but even lower activities were observed in the lichen-fed animals when their feed
intake was gradually restricted to 30 % of the ad libitum level.
Parallel to the present findings, high AP activities have been reported in deer on
rations of high nutritive value, whereas decreasing or low activities have been reported in
both captive and free-ranging deer on nutritionally inadequate diets and during the winter
(Hyvärinen et al. 1977, Seal et al. 1978, Nieminen 1980, Klinger et al. 1986, Soveri et al.
1992, Wolkers et al. 1994a). As AP is a non-specific marker of growth and metabolic
activity, these findings have been concluded to reflect the cessation of growth and the
slow-down of general metabolic activity during nutritional constraints.
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Several dietary factors can mediate the low AP activity seen in the lichen-fed reindeer.
In humans, dietary protein deficiency has been linked to a decrease in AP activity
(Guthrie 1971), whereas the energy content of the diet was found to have the main effect
on AP activity in white-tailed deer (Seal et al. 1978). In the lichen-fed reindeer, both
protein and energy intakes were lower compared to the reindeer on a supplemented
winter diet and to those receiving the commercial ration. Secondly, Mg acts as a cofactor
for AP, increasing the activity of the apoenzyme (Bosron et al. 1977). Lichens contain 20
times less Mg than commercial reindeer feed (Nieminen & Heiskari 1989), and one
explanation for the low AP activities of the lichen-fed animals may thus be their low Mg
intake. The decrease in AP activity could also be related to a phosphorus deficiency
(Capen & Rosol 1989), as the phosphorus intake of the lichen-fed animals was less than 3
% of the level of the animals feeding on the commercial ration, and their mean serum Pi
concentration gradually decreased during the experiment.
Serum AP activities increased with advancing pregnancy independently of feeding (I),
related to the increase in Ca absorption and mobilization for the needs of the growing
fetus in white-tailed deer (Chao et al. 1985). Another likely reason for this increase taking
place during gestation could be, as in humans, the release of AP into circulation by the
placenta (Guthrie 1971, Ellonen 1995).
The effects of lichen feeding with low dietary Mg intake on plasma Mg concentration
were clear. Blood Ca concentration, on the other hand, only slightly decreased (III) or
varied inconsistently and was not significantly different in the reindeer fed lichens
compared to those fed concentrates with high overall nutrient content (III).
When lichens were given as the only feed, either restricted or ad libitum (III, Groups 1
and 2b), the mean plasma Mg concentrations dropped below the concentration of 0.7
mmol/l considered hypomagnesemic in about three weeks. The lowest measured mean
and individual plasma Mg concentrations were 0.48 and 0.31 mmol/l, but none of the
animals showed clinical signs of Mg deficiency. This may be expected, since reindeer
with clinical symptoms of Mg –defieciency, such as ataxia and paresis, have had
extremely low blood Mg concentrations (Hoff et al. 1993), and the low Mg
concentrations have been combined with low blood Ca levels and exhausted bone
reserves of Ca in affected animals (Hyvärinen et al. 1977). In addition, the decrease of
urinary Mg:C ratios in the rumen-cannulated reindeer calves given lichens as the only
feed indicates effective renal conservation of this element when the dietary Mg intake is
low. This supports the evidence of a potent renal control mechanism between Mg and Ca
(Halse 1984).
Both of the tested Mg supplements significantly increased plasma Mg and decreased
plasma Ca on an otherwise low-mineral diet (Table 2, Fig. 2). Due to the different
supplement formulations and dosage schedules (daily vs. single dose), the response
profiles of plasma Mg and Ca were different. Mg alloy rumen boluses increased plasma
Mg by an average of 0.3 mmol/l within 2-6 days, after which the plasma Mg
concentration gradually declined. This transient increase in plasma Mg after the insertion
of the rumen boluses resembled the response in sheep supplemented with similar boluses
(House & Mayland 1976) and was accompanied by a temporary, but significant decrease
in plasma Ca. During MgO supplementation, the plasma Mg concentration increased
above 1 mmol/l within a few days, accompanied by a simultaneous decrease in plasma
Ca, and both changes persisted throughout the supplementation.
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According to the results of the previous studies with various Mg supplements, several
physiological control mechanisms can mediate the plasma Ca-decreasing effect of Mg
supplementation. The present results from rumen-cannulated reindeer calves with sustainrelease Mg alloy rumen boluses (III) indicate that this effect could take place through
increased urinary Ca excretion following the Mg bolus insertion and a concurrent
increase in urinary Mg excretion. House and Mayland (1976) reported a similar increase
in the urinary excretion of Mg during Mg alloy rumen bolus supplementation,
accompanied by an increase in urinary Ca excretion. In bovine steers, a decrease in blood
Ca concentration concurrent with an increase of dietary Mg intake and blood Mg
concentration has been related to a decrease in Ca absorption from the alimentary tract
Chester-Jones et al. (1990).
The correlation between plasma Mg and Ca varied, depending on the concentration
range of plasma Mg. The previous results regarding the correlation between plasma Mg
and Ca concentrations have included both a positive correlation in reindeer (Ropstad et
al. 1997) and a negative correlation in hypocalcemic periparturient dairy cows (Riond et
al. 1985). The controversy in these findings may be caused by the complexity and large
number of regulation mechanisms that control the concentration of these minerals in
blood, including the hormonal regulation of plasma Ca concentration in addition to the
previously discussed renal and intestinal mechanisms.
In reindeer management, sustain-release Mg alloy rumen boluses that require only a
single dose over several weeks would be beneficial over Mg supplementation methods
that require more frequent handling of the animals. However, the efficacy of rumen
boluses was slightly questionable based on the considerable between-individual variation
in the bolus weight loss, which makes the duration of supplementation unpredictable.
Rumen content pH seemed to affect the rate of bolus decomposition, being one
determinant of the rumen bolus efficacy as a Mg supplement. In general, the rumen
content pH decreased and the rumen decomposition rate was slower during lichen
feeding, whereas the rumen content pH and the bolus decomposition rate increased when
commercial reindeer feed was given to the animals at the later stages of the experiment
(III). In further studies, a closer look could be taken on other factors, such as the
composition of the feed, which could potentially affect the decomposition rate of the
rumen boluses.
The fact that the plasma Mg concentration of the animals given commercial reindeer
feed increased to the same level as that in the MgO-supplemented animals indicates that
no other form of Mg supplementation is required when commercial feed containing an
adequate amount of Mg is provided to reindeer. However, not all individuals consume the
feeds in equal amounts, and some animals might therefore still be susceptible to Mg
deficiency.
In summary, blood Mg and Pi concentrations responded significantly to changes in
their intake, whereas Ca concentration showed variable, often not significant responses.
However, Mg supplementation significantly decreased plasma Ca concentration, possibly
through increased urinary Ca excretion, indicating a common renal control mechanism
between these minerals. As for Pi, serum AP activities were lower in the lichen-fed
animals compared to the animals on commercial reindeer feed, but the lack of significant
differences between the groups and the unspecific nature of this enzyme does not
recommend its use as a nutritional biomarker for reindeer.

7 Conclusions
The present findings showed that both free-ranging and captive female reindeer under
defined feeding conditions show marked variation in the concentrations of blood
chemical constituents related to protein, energy and mineral metabolism. Intrinsic factors,
such as BM, pregnancy and age, had only a minor influence on the variation of blood
constituents, whereas extrinsic factors, such as season and year, which were characterized
by large differences in environmental and nutritional conditions, explained a majority of
the variation.
The results on both captive animals in defined feeding conditions and free-ranging
animals led to the conclusion that TP, ALB, urea, creatinine, U:C ratio, Mg and Pi and, to
a lesser extent, GLOB and A:G ratio respond to changes in feed quality and availability
and are the most suitable blood constituents to be used as nutritional biomarkers for
reindeer. A suitably selected range of blood constituents reflecting different aspects of
nutrition is likely to give a reliable picture of the animal’s nutritional condition, especially
when combined with measurements of body mass.
Further studies are needed to establish reference values for reindeer blood chemical
constituents at different seasons and different levels of nutrition, to further investigate
blood chemical constituents as predictors of animal fitness and survival and to take a
closer look on the relationship between blood chemical constituents, BM change and
other indicators of animal condition, such as bone marrow fat or bone density.
Modern reindeer management is approaching a crossroad. If management is to be
based on the use of natural pasture resources, blood chemical constituents could be used
to monitor the condition of reindeer in studies where herd productivity levels in different
pasture conditions or the sustainable use of pasture resources are assessed. If
supplementary feeding is increasingly employed, the potential implications could include
development of feeding recommendations for different production levels and monitoring
of animal nutrition and welfare in different management systems, feeding areas and
enclosures and during the transportation to slaughterhouses.
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