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Abstract

In a landscape with patchily distributed forage resources, an animal’s distribution may reflect the distribution of the resources
if the population is forage-limited in time or space. This may be particularly explicit in climatically extreme and seasonally
variable environments, notably alpine and polar environments during winter. Sustainable management considers the amount
of available alpine ground lichen in winter as a predictor of carrying capacity for the last remaining populations of wild
European Mountain reindeer Rangifer tarandus tarandus in alpine environments in South Norway. Ground lichen growth is
constrained to elevated, wind-blown, snow-free ridges. However, wild Mountain reindeer also persist in areas providing little
lichen resources. Our alternative functional hypothesis is that the critical resource is the amount of snow-free feeding areas
during winter, which provide direct access to forage, likely to be energy-profitable regardless of the type of vegetation. We
sampled animal-borne videos from wild Mountain reindeer during maximum accumulation of snow in late winter/spring,
in three contrasting areas providing variable amounts of ground lichen and alternative vegetation resources. Direct observa-
tions of reindeer foraging via videos document an active selection and strong preference for feeding on snow-free patches,
regardless of type of vegetation. Active ‘cratering’ in snow was not observed. In contrast, walking behaviours occurred
much more frequently across snow-covered areas. Remote sensing data and analyses corroborated these observations. In
the sustainable management of wild Mountain reindeer amounts of vegetated snow-free areas is an important functional
predictor of winter carrying capacity.
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Introduction

Animals living in fluctuating and extreme, changing environ-
ments may adapt via plasticity to cope with environmental
variability (West-Eberhard 2003; Higginson et al. 2012;
Boutin and Lane 2014) or genetically by counter-gradient
evolution (Quinby et al. 2020). Behavioural plasticity is
important for an organism’s potential to adapt in rapidly
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changing environments (Snell-Rood 2013; Groothuis and
Taborsky 2015). Behavioural choices of individual ani-
mals influence their growth, survival and reproduction,
and therefore the ecology of populations (Sutherland 1996;
Clark and Mangel 2000; DeAngelis 2018). Available forag-
ing resources in space and time and corresponding animal
foraging behaviours, determine forage intake and cost, i.e.,
net energy gain. Optimal foraging theory posits that forag-
ing behaviours optimize net energy gain (MacArthur and
Pianka 1966; Pyke 1984; Perry and Pianka 1997). Therefore,
distribution of an organism between resource sites may be
expected to match the distribution of the resources (Ideal
Free Distribution model) (Fretwell and Lucas 1970; Suther-
land 1983; Kfivan et al. 2008). This pattern may, however,
be modified by organism discrimination constraints, com-
petitive interactions, competitive asymmetries, and travel
between sites (Abrahams 1986; Kennedy and Gray 1993;
Calsbeek and Sinervo 2002), or simply haphazard choices.
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Northern ecosystems are variable environments in space
and time, typically providing patchy and sometimes lush
foraging habitats in the summer growth season, whereas
the long winter is often the critical ‘season of discontent’.
Animal populations may be limited by available forage
resources, for example in ungulates, with mortality often
aggravated by predation (e.g., Seether and Andersen 1990;
Patterson and Power 2002; Beschta et al. 2014). The cold-
adapted northern reindeer Rangifer tarandus is the most
widely distributed mammalian herbivore in the extreme
high-latitude alpine and sub-polar environments (Pruitt
1959; Skogland 1983, 1984). The usually low production
and patchy distribution of high quality vegetation resources
in these ecosystems, dictates the typical foraging strategies
exhibited by reindeer; they graze extensively and are almost
constantly in motion, with some of the longest ungulate
migrations known (Johnson et al. 2001; Falldorf et al. 2014;
Joly et al. 2019). During winter, foraging resources are even
more patchy and limited, depending on snow and ice cover.
For the last remaining wild Mountain reindeer Rangifer
tarandus tarandus in Western Europe, living in South Nor-
way, availability of food resources in winter, notably lichen,
is considered the factor limiting reindeer populations (Gaare
and Skogland 1975, 1980; Skogland 1984). Therefore, as
established in the current environmental quality standard
for wild reindeer (Kjgrstad et al. 2017) populations in Nor-
way are (apart from their status, habitat, and amount of
human disturbance) managed primarily by available lichen
resources. This may, however, be a question of availability
rather than necessity. As noted by Bergerud (1996): ‘The
hypothesis that winter lichen supplies determine abundance
and set the carrying capacity is rejected. Lichens are not
necessary food for caribou.” Indeed, wild reindeer also per-
sist in areas in Norway which provide limited lichen cover-
age (Kastdalen 2011), but where snow-free areas with other
types of vegetation are accessible, for example on south-west
facing, sun-exposed steep slopes.

In alpine and sub-polar environments, vegetation pat-
terns integrate snow conditions across space and time,
reflecting the ‘normal’ snow situation (Dahl 1956; Hes-
jedal 1975; Odland and Munkejord 2008). This normal
situation largely depends on prevailing wind directions,
blowing snow away from exposed areas into terrain lee-
sides. Thus, annual snow distribution patterns, including
snow-free or low snow-depth patches, tend to be relatively
stable (Sturm and Wagner 2010). Snow cover is, in addi-
tion to temperature (which is also affected by snow cover),
the main physical factor forming plant communities in
alpine areas, as it decouples alpine plant life from atmos-
pheric conditions (Korner and Hiltbrunner 2021). The
slow-growing ground lichens are favoured on snow-free or
low snow-depth low-alpine landscape patches (Dahl 1956;
Gjaerevoll 1956). It is their physiological adaptation, such
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as an extremely high frost tolerance while still maintaining
photosynthetic capacity (Dahl 1954; Kappen and Lange
1972), which allows lichens even to dominate within those
areas where rigorous environmental conditions weaken the
competition by vascular plants (Lechowicz and Adams
1974). As such, ground lichens prevail within exposed,
wind-blown and, thus, snow-free habitats, which are—due
to the lack of an insulating snow cover—characterized
by an extended period of deeply frozen soil (Odland and
Munkejord 2008; Odland et al. 2018; Loffler and Pape
2020).

However, we propose it may not be lichen resources per
se that are crucial for population winter carrying capacity in
wild Mountain reindeer, but rather the availability of more
or less snow-free areas providing easily accessible forage.
Indeed, it is a common plant adaptation in alpine regions
to store nutrients and organic materials closer to the grow-
ing points above ground, e.g., to keep (dead) leaves dur-
ing winter for insulation, or to preform (flowering) buds
already during late summer and autumn for earlier sprout
and flowering in spring the next year (Wielgolaski and
Goodall 1997). As such, snow-free habitats, irrespective
of their lichen cover, likely provide energy-efficient forag-
ing habitats. This hypothesis was indirectly supported by
remote sensing data (Romtveit et al. 2021), suggesting that
wild Mountain reindeer were located on or close to snow-
free patches much more frequently than expected from a
‘random walk’. Therefore, we predict direct observations of
reindeer foraging behaviours will document that Mountain
reindeer preferably feed on snow-free patches, and primarily
walk when on snow. Unfortunately, systematic and exten-
sive direct field observations are impractical to implement.
An alternative for direct observations is to fit wild reindeer
with video cameras (Newmaster et al. 2013; Thompson et al.
2015). Here we use direct observations from animal-borne
remote videos across extended time in late winter with maxi-
mum snow accumulation (March—April) and across three
areas with contrasting amounts of lichen resources, to test
the hypotheses that (1) wild Mountain reindeer primarily
forage on snow-free patches during winter, regardless of
available vegetation, and (2) primarily move across snow.

Materials and methods

In a case-series and use-versus-available study design
(Manly et al. 2002), the two main types of behaviour, feeding
and walking, were associated with percentage (10% incre-
ments) of snow cover/snow-free patches, as estimated by
direct observation from video recordings, representative of
visually based foraging during day/twilight hours. At night,
resting behaviours are prevalent (Collins and Smith 1989).
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Videos and behavioural data

Video data amounted to 2076 scenes (separate video record-
ings) with different behaviours (number of times exhibited
within a scene), from five reindeer individuals across three
separate reindeer areas with contrasting vegetation (Har-
dangervidda, Setesdal-Austhei, Nordfjella), and during an
extended time period in late winter/spring (Fig. 1, Tables 1,
2). In Scandinavian mountains, snow cover is typically most
extensive in late April (Kohler et al. 2006; Lawrence and
Slater 2010). Snow cover (thickness and duration) and snow
melt may vary across years, but snow-free areas tend to be

similar across winters for topographic and wind reasons
(Kohler et al. 2006; Odland et al. 2018), and the correspond-
ing snow melt patterns remain remarkably consistent among
microsites (Gjaerevoll 1956; Billings and Bliss 1959). Mod-
elling of snow cover based on remote sensing data (Romtveit
et al. 2021), indicated snow melt starting to accelerate dur-
ing the last week of May in all three areas and in both study
years (2012, 2017).

Of the studied areas, Hardangervidda generally has con-
siderably more lichen resources than especially Setesdal
Austhei (Table 1) (Kastdalen 2011; Falldorf et al. 2014,
Odland et al. 2014). The Hardangervidda lichen resources

Fig.1 Areas. Wild Mountain
reindeer Rangifer tarandus
tarandus areas in South Norway
(Inset: location in Europe).
Green areas constitute the two
prioritized larger European wild
Mountain reindeer regions. The
three areas studied are in the
south of the European region
(ca. 58° 33" 21"-60° 46'33’

N, 6° 43’ 32"-8° 56’ 54" E):
7=Hardangervidda (8130 km?),
2 =Setesdal Austhei (2400
km?), and 11 =Nordfjella (3000
km?)
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Table 1 Lichen

Number of Mean lichen Mean lichen Volume +SD  WaSi+SD
study plots  cover (%)+SD height
(cm)+=SD
Hardangervidda 227 80.4+16.9 43+14 351.8+1555 2.0+04
Setesdal Austhei (Hovden) 62 61.4+15.6 1.6+0.8 1023+£619 22+03

Lichen abundances in Setesdal-Austhei (Hovden) and Hardangervidda wild reindeer areas. Volume =Mean
lichen cover X Mean lichen height (Falldorf et al. 2014; Odland et al. 2014). A WaSi (= Weighted average
Snow indicator value) lower than 2.5 indicates area where snow normally disappears before May (Odland
and Munkejord 2008). Based on data in Odland et al. (2014), Haviarova (2019)

Table 2 Videos

Wild reindeer area Year ID Date Recordings Preset duration per Number of recorded Time analysed
per day recording behaviours

Hardangervidda 2012 31 May 1-27* 1 3 min 23 0 h 16 min

Hardangervidda 2012 33 May 1-24 3 3 min 347 3h 51 min

Setesdal Austhei 2012 49 April 5-May 31 1 3 or 30 min 230 2 h 10 min

Setesdal Austhei 2012 50 April 5-May 22 4 3 or 30 min 1363 12 h 58 min

Nordfjella 2017 231 April 3-May 31 18 15s 113 0h 22 min

Wild Mountain reindeer Rangifer tarandus tarandus individuals fitted with video camera, time, and video recordings

*Videos from May 1, 15, 18, 23, 25 and 27

are, however, variable (see SD in Table 1), particularly
in the more continental eastern parts, and with more
resources in areas disturbed by human infrastructure and
therefore less used by wild reindeer. In Setesdal Austhei
lichen height and volume was low in all areas studied
(Table 1).

The videos used here, are from two female reindeer each
on Hardangervidda and Setesdal Austhei (Fig. 1, Table 2),
fitted with collared video cameras type Vectronic GPS
Plus with a Miivi camera unit (https://www.yumpu.com/
en/document/view/5136810/gps-plus-collar-manager-vectr
onic-aerospace -gmbh) during the late winter/spring periods
April-May 2012, and one female reindeer in Nordfjella in
2017 (permits from the Norwegian Food Safety Authority
FOTS: ID 15116, license # 19/20935) (for details see Strand
et al. 2006, 2011, 2015). Females tend to be more repre-
sentative of the herd and population demography (Strand
20009; Strand et al. 2015). Case individuals were limited by
logistics (access, tagging time window, economy). Using a
helicopter, groups of reindeer were identified, and a random
female was immobilized with a mix of medetomidine (12
mg) and ketamine (120 mg) in 3 ml arrows fired from a
Danarms® CO,- air rifle into the animal’s thigh. Blood, hair,
and tissue samples were collected before the drop-off collar
with video, radio and GPS units was fitted. Temperature,
pulse, respiration, and blood O, were monitored during the
operation. Constriction was avoided by fitting collars with
four finger-widths (male hands) of slack and the presence of
a cotton weak zone.
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Based on the video recordings, and previous studies
(Gaare et al. 1975; Thomson 1978; Collins and Smith
1989; Marell 2006), reindeer behaviours were classified
into 42 different behavioural categories, of which 30 were
observed in the present study (Fig. 2). Duration of each
type of behaviour was measured. The 2076 different scenes
with visible and audible behaviours amounted to 19 h and
41 min of video material (Table 2). The two dominant
behaviours were active feeding (class 11, also consider-
ing class 10 Digging/cratering) and walking (combined
class 7 Walking-locally, and class 8 Walking-directed)
and are both relevant to the present study. Visible snow
cover per classified behaviour was estimated (consistently
by the same person) from the video shot with the largest
local area perspective relevant the classified behaviour,
and in 10% increments. Because data tended to be bimodal
(either near no snow or near complete snow cover), we
also included a 5% and a 95% category. For logistic and
local project reasons, preset recording frequency and dura-
tion varied between individuals (Table 2), but was mainly
3 min, and with a maximum of 22 scenes in one 3-min-
recording. There were, however, some much longer record-
ings in Setesdal Austhei. To better balance data by indi-
viduals, behavioural data from the longer recordings were
truncated at 22 ‘scenes’ of 3 min before analyses (Table 2).


https://www.yumpu.com/en/document/view/5136810/gps-plus-collar-manager-vectronic-aerospace
https://www.yumpu.com/en/document/view/5136810/gps-plus-collar-manager-vectronic-aerospace
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Fig.2 Behaviours. Number of times different classified behaviours
were observed in recorded videos (n=2076 scenes) from five wild
Mountain reindeer Rangifer tarandus tarandus during maximum
snow cover in late winter/spring (April-May) across three wild rein-
deer areas in South Norway. The dominant behaviours are feeding
(10-11) and walking (7-8). Observed behavioural classes were: 1
Only fur visible, 2 Lying/resting, 3 Lying (listening/looking), 4 Lying
(ruminating), 5 Standing (listening/looking), 6 Standing (ruminating),

Resource selection and remote sensing data

Remote sensing data and analyses were used to estimate
snow cover and available feeding resources within the
areas used by the individual reindeer (used area estimated
as Maximum Convex Polygon (MCP) from GPS positions)
(Table 3). Snow cover (%) was estimated from cloud-free
Sentinel-2 scenes. For the study areas Hardangervidda and
Setesdal Austhei, with GPS data from 2012, Sentinel-2
scenes were selected from years where snow depths fol-
lowed the same pattern as in 2012 measured from the daily
snow-depth estimates of the Norwegian Water Resources
and Energy Directorate (NVE) snow model in 1 km grid
(Saloranta 2012). For the area Nordfjella, with GPS data
from 2017, Sentinel-2 data from the same year were used.

For April the estimates of snow cover were derived
from the same reference median date, since snow condi-
tions were relatively stable with snow melt starting in late
April according to the NVE data. For May, snow cover
were estimated from scenes centered on three time peri-
ods: 1-15, 16-25 and after 25th. The snow cover esti-
mates, with a 20 X 20 m resolution, (Table 3), were derived
from a local snow-cover model based on independent data
from World-View 2 and 3 with acquisitions in April and
May (30 and 40 cm pixel size, 4 subscenes of 25 km?
sampling within Hardangervidda). The local model was
developed following the approach in Gascoin et al. (2020).

7 Walking (locally), 8 Walking (targeted), 9 Running, 10 Digging,
11 Eating, 13 Fixing her fur, 14 Scratches herself, 22 Shaking head/
body, 23 Rising, 24 Eating snow, 25 Drinking, 26 Stretching (sound,
shake, yawn), 27 Getting scared, 28 Standing (relaxing), 29 Sudden
directional change, 30 Headbutting, 31 Stretching (whole body), 33
Laying down, 34 Black screen, 35 Sweeping antlers, 36 Sneezing, 38
Smelling her calf, 40 Yawning, 41 Heavy breathing, 42 Licking her
calf

Cover of green vegetation (%), lichen coverage (%), and
barren ground (%) (Table 3) were estimated earlier from a
Landsat 5 scene (Kastdalen 2011). The Normalized Differ-
ence Vegetation Index (NDVI) is an indicator of vegetation
greenness which was used to indicate general differences in
vegetation cover across the three areas (Table 3). NDVI was
estimated with Google Earth Engine (Gorelick et al. 2017)
as the magnitude of a five year harmonic model using Senti-
nel-2 images (Derwin et al. 2020). Remote sensing data were
also used to explore resource selection patterns and compare
with direct video observations of feeding and walking behav-
iours. Because distances between resources were relatively
short, we used Step Selection Analysis (SSA) (Thurfjell
et al. 2014; Fieberg et al. 2021). It compares environmen-
tal attributes of observed steps (the linear segment between
two consecutive observations of position) with alternative
random steps taken from the same starting point. For each
GPS position observed, we modelled resource availability
by randomly choosing step angle from a von Mises distribu-
tion and step length from a gamma-distribution (Signer et al.
2019). The estimated resource availability was then com-
pared with the next GPS position used by the reindeer (the
selected spot), and analysed with a used:available relation
of 1:15 (Avgar et al. 2016). All points on water and outside
the MCP, neither used by reindeer, were removed. Data were
centered and standardized (Schielzeth 2010) before analysed
in a conditional regression using the clogit function in the
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Table 3 Snow-covered fraction (%) and feeding resources (lichen, green vegetation, NDVI—estimated as the magnitude in a 5-year harmonic model) within MCP per study area

NDVI

Snow-cover May Snow-cover May Barren ground, rock—
15-24 (%)***

Snow-cover

Snow-cover
late April

Elevation

Elevation sd

(m asl)

Elevation mean

(m asl)

MCP

(km?®)

Wild reindeer area

(x100)#*

Lichen—Green vegetation

(%)*

25-31 (%)¥#*

May 1-14

min-max (m

asl)

28

19-9-67

51.9 46.5

71.7

7.4
6.0

8
8

936-1546
655-1356
895-1641

128
139

1280
929
1384

174
459

Hardangervidda

36
18

8-0.5-86

40.0 16.9

73.5

Setesdal Austhei

Nordfjella

45-1.2-47

77.8 50.5

90.4

93.6

132

47

*Landsat 5 30X 30 m grid

**Sentinel-2 10x 10 m grid
***Sentinel-2 20 X 20 m grid

R survival package (Therneau and Grambsch 2000), where
each used GPS point and associated availability points con-
stituted a stratum in the model formula. The environmental
variables used to explore potentially influencing reindeer
movement to snow-free areas, were (Table 4): snow cover
(%), slope (10 m grid), relative topographic position, i.e.,
elevation of GPS position relative to mean elevation within
a small 50 m radius landscape and a larger 500 m radius (10
m grid) (Lindsay 2014; Newman et al. 2018), number of
days to peak phenology estimated from the phase component
of the harmonic model, as a proxy for early development
of vegetation in snow-free areas, magnitude of NDVI, and
solar radiation from the period March 15th to May 15th. In
addition, the behavioural variable step length, the distance
between each GPS position (log meters), was included in
the model. The individual variance inflation factors (VIF’s)
were all less than 1.7.

Statistical analyses were implemented in R v. 4.2 (R Core
Team 2022), emphasizing model simplicity (Murtaugh
2007; Kass et al. 2016).

Results
Behaviours

Across the in total 2076 scenes from direct observations, the
two dominant behaviours were feeding (30% of all recorded
behaviours, 47% of time) and walking (32 and 17%) (Fig. 2).
Local walking constituted 21% of recorded behaviours, but
only 8% of time, and directed walking only 11% of recorded
behaviours, and 9% of recorded time. Observations of direct
feeding constituted virtually all feeding time, whereas dig-
ging/cratering associated with feeding was barely observed,
less than 1% of the time (2 min 31 s). Moreover, digging
was almost exclusively associated with ‘edge’-digging, i.e.,
into the snow edges of snow-free patches. None of the video
borne female reindeer exhibited ‘classic’ cratering in snow-
covered areas. The closest was one scene where the rein-
deer used their muzzle to shovel off new snow from raised
rocks to feed on the underlying rock surface lichen (Hardan-
gervidda, ID 33, scene 51, May 4, 2012).

Neither feeding, nor walking was a ‘random walk’
relative to snow conditions (Fig. 3) (> homogeneity test,
2741,=1677.1 and 4|, 3063.7, P <0.0001). There was a
strong association between feeding behaviours and no or
low snow cover, and a corresponding, but opposite associa-
tion between walking and high snow cover (y* association
test, ;(24 =276.41, P<0.0001). The reindeer chose to walk
to bare patches, rather than to dig in snowy patches. Video
feeding scenes were almost exclusively associated with no
or little snow cover, with 79% of the scenes with no or snow
cover less than or equal to 5% (Fig. 3, top). Walking was
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Table 4 Resources. Conditional regression coefficients (significant in bold, P-value in parenthesis) for resource selection models for five wild
Mountain reindeer Rangifer tarandus tarandus individuals in three different areas in April and May

April

Wild reindeer ID  StepLog Snow cover  Slope Topo50 Topo500 DayPheno® NDVImagn® SolarRad

area

Hardan- 31 - - - - - - -
gervidda

Hardan- 33 - - - - - - -
gervidda

Setesdal 49  0.20 (0.003)  0.59 (0.001) —0.64 0.63 (0.000) 0.32(0.037) —0.70 0.30 (0.258) 0.43 (0.002)
Austhei (0.000) (0.419)

Setesdal 50 —0.005 —0.06 —0.64 0.23 (0.002) 0.42 (0.004) —0.45 0.58 (0.007) 0.36 (0.004)
Austhei (0.938) (0.813) (0.000) (0.463)

Nordfjella 231 0.08 (0.128) —0.81 -0.17 0.38 (0.000) 0.508 (0.007) —0.04 0.52 (0.001) 0.21 (0.040)

(0.000) (0.058) (0.672)

May

Wild reindeer 1D  StepLog Snow cover  Slope Topo50m Topo500m DayPheno?* NDVImagn® SolarRad

area

Hardan- 31 0.22(0.001) —0.50 -1.15 0.38 (0.000) 0.19 (0.100) —2.29 0.02 (0.899) 0.497 (0.001)
gervidda (0.000) (0.000) (0.001)

Hardan- 33 0.24 (0.0000 —0.81 —0.59 0.33 (0.001) 0.17 (0.100) —0.39 0.24 (0.169) —0.030
gervidda (0.000) (0.000) (0.080) (0.777)

Setesdal 49 0.05(0.297) —0.44 —0.59 0.33 (0.001) —0.20 —2.15 0.09 (0.706) 0.53 (0.000)
Austhei (0.001) (0.050) (0.063) (0.008)

Setesdal 50 0.14(0.189) —0.32 —0.54 0.13 (0.347) 0.42 (0.004) —2.66 0.41 (0.275) 0.42(0.079)
Austhei (0.129) (0.000) (0.025)

Nordfjella 231 0.29 (0.000) —0.68 —0.45 1.21 (0.000) 0.51(0.007) —0.07 1.19 (0.000) 0.19 (0.277)

(0.000) (0.002) (0.592)

*Days from January 1st to the peak in phenology
>The Magnitude of the harmonic model’s sinus curve for NDVI

typically associated with very high or complete snow cover
(Fig. 3, bottom). However, the strong association between
feeding and snow-free patches, also implied that at substan-
tial number of walking scenes were associated with snow-
free areas (33.5% with less than or equal to 5% snow cover,
Fig. 3, bottom). A typical pattern from the longer videos in
the Setesdal Austhei area, was alternating scenes of feeding
on snow-free patches, then walking across snow to feed on
the next snow-free patch. For example, one of the longest
continuous scenes of alternating feeding and walking (ID
50 in Setesdal Austhei, Table 2) lasted 19 min 51 s, with
feeding exclusively on snow-free (less than 5%) patches (18
scenes, 13 min 53 s), and walking across snow (more than
95%) to the next patch (18 scenes, 5 min 24 s). The only
interruptions were three short scenes of ‘standing’ (i.e., to
listen/watch out; 3 scenes, 34 s) (Fig. 4).

Across wild reindeer areas, the relative frequencies of
feeding and walking behaviours were virtually identical
in the Hardangervidda and Setesdal Austhei areas (79 and
119 resp. 486 and 492 scenes) (Fig. 5). The reindeer in

Nordfjella, however, exhibited a lower frequency of walk-
ing (51 feeding and 23 walking scenes). Based upon the
elevation derived from GPS positions, individuals utilized
the area from the sub-alpine birch forest and upwards, well
into the mid-alpine belt. Due to the general decrease of
the elevational vegetation belts towards the coast, this
corresponds to 895-1641 (mean 1384) meters above
sea level for Nordfjella, 936—1545 (mean 1280) meters
above sea level for Hardangervidda, and 655-1356 (mean
929) meters above sea level for Setesdal Austhei. Remote
sensing data indicated high snow cover in all three areas
(Table 3) until mid-May, thereafter, snow melt progressed
rapidly, and depending on elevation (Table 3). These
results also indicate substantial differences in availability
of green vegetation, both in summer and winter, and in
lichen coverage within the areas utilized by the studied
reindeer. Especially Setesdal Austhei provides consider-
ably more green vegetation and less lichen, almost absent,
compared to Hardangervidda (Table 3).
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Fig.3 Snow. Frequency of feed-
ing relative to snow cover (a)

Feeding (frequency)

and of walking relative to snow 400 |
cover (b) 350 4
300 1

250

200 +

R 150

100

50 A

0 T T T T T T T
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300 4

250 1
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a: Feeding

b: Walking
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100 - 100 4
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31 33 49 50 231 31 33 49 50 231
Reindeer individual Reindeer individual

Feeding (frequency)
Walking (frequency)

Fig.4 Individuals. Frequency of feeding (a) and walking (b) behav-
iours across the five individuals. The individuals exhibited similar
behavioural patterns, but individual 231 Nordfjella deviated some-
what with less walking. Individual 31 contributed with only 9 scenes,
all feeding
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Resource selection

Analyses of resource selection based on remote sensing
data corroborated the behavioural data analyses from video
scenes, indicating a preference for feeding on elevated
patches with little snow cover (Table 4), but also reflected
differences among areas, and individual variation, which
tends to weaken potential patterns across areas, e.g., step
length. However, step length was less than expected in Setes-
dal Austhei in May (Table 4), possibly reflecting the rapidly
increasing amount of snow-free patches particularly in that
area in May (Table 3). All reindeer consistently avoided
areas with snow, except one individual in Setesdal Austhei,
which also moved less than the other individuals (Table 4).
Reindeer also consistently avoided (steeply) sloping areas,
and were rarely observed in locations with slopes exceeding
30° (Slope in Table 4). Tagged reindeer were almost never
tracked in areas with more than 30° slope. Within these local
and relatively small-hilly landscapes, the reindeer preferred
to be on the ridges (Topo50m in Table 4), and this prefer-
ence for elevated, and presumably less snow-covered areas,
was seen also on a larger 500 m landscape scale in April
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Fig.5 Winter foraging. Still images from video (ID 11411/50, scene
41, Setesdal Austhei) indicating preference for snow-free foraging
areas consistent across many more Mountain reindeer Rangifer taran-
dus tarandus in addition to the video-tagged individuals. The female
continuously walked across 100% snow cover to feed on 0-5% snow
cover patches. In this image, we see how the other animals have the
same behaviour, as the female approaches the snow-free area

(Topo500m in Table 4). This tendency was, however, weak-
est in Setesdal Austhei and as spring progressed, as they
tended to use more the gentle south-west facing slopes with
higher solar radiation and earlier developed vegetation (Day-
Pheno in Table 4). The magnitude of the NDVI appeared to
be more important in the high-elevation Nordfjella area with
its more extensive barren areas. Solar radiation was impor-
tant in April but weakened as snow melt progressed in May.
For one reindeer in Setesdal Austhei and one in Hardan-
gervidda, the importance of solar radiation combined with
early developed vegetation, suggest they were foraging more
in the hillsides.

Discussion

Direct observations via animal-borne videos document that
wild Mountain reindeer, when having a choice, exhibit a
strong preference for snow-free habitat patches in winter, at
least during maximum snow accumulations and start of snow
melt in late winter/spring, i.e., April-May. To the extent that
reindeer were observed digging, this only occurred along the
edges of snow-free patches. Digging in snow-covered areas,
i.e., cratering, was not observed. Cratering comes at an ener-
getic cost (Fancy and White 1985) which may be avoided in
alpine areas which alternatively provide snow-free foraging
habitat. Also considering the high energetic efficiency of

locomotion in wild reindeer (Fancy and White 1987), but
clearly depending on snow conditions, the consistent selec-
tion of snow-free feeding patches appears to be a behavioural
adaptation to the alpine environments providing such snow-
free habitats. The benefit of this optimal foraging strategy
will, however, likely depend on the amount and spatial dis-
tribution of snow cover and such snow-free patches. Reports
of cratering are, to our knowledge, primarily from areas with
more continuous and loose snow cover. The cratering alter-
native depends on snow conditions (LaPerriere and Lent
1977; Skogland 1978; Fancy and White 1985), to reach plant
cover. Reindeer try to reduce energetic cost when digging
for food in winter by avoiding areas with deep or hard snow
(Skogland 1984). Cratering also has a limited potential net
energy gain considering the small vegetation area uncov-
ered, again depending on snow conditions (LaPerriere and
Lent 1977; Helle 1984; Kumpula et al. 2004). Snow-free
patches likely offer larger and easily available forage. Pre-
vious studies of reindeer have also noted a preference for
elevated ridge areas and the correlated ground lichen forage
in winter/spring (e.g., White and Trudell 1980; Swanson and
Barker 1992; Gaare 1997; Marell and Edenius 2006; Pape
and Loffler 2015).

Although the number of tagged individuals was limited
by logistics, we note that results were consistent with pre-
dictions—across individuals, albeit with some individual
variation, across stratified contrasting areas, and across time.
Moreover, in the videos many more reindeer, not included in
the analyses, showed the preference for snow-free foraging
areas (Fig. 5). Our direct observational data are from the
late winter/early spring period. This period may be particu-
larly important for evaluating carrying capacities based on
lichen resources (Skogland 1985; Gates et al. 1986; Nelle-
mann 1996). It exhibits maximum snow accumulation and
starting snow-melt, a period also typically providing more
dense and packed snow (Tucker et al. 1991). This will favour
easy reindeer locomotion, but not cratering behaviours. If we
had observations from early winter with less and more loose
snow cover, we may have observed more cratering.

Based on our direct observation results, we argue that
amount and spatial distribution of snow-free (and low snow-
depth) patches is an important functionally-based predic-
tor of winter carrying capacity for wild Mountain reindeer,
because it directly reflects forage availability at low energetic
cost. That does not mean that reindeer would be unable to
graze without such patches, e.g., when compared to reindeer
who do crater throughout winter, e.g., in semi-domesticated
reindeer in lowland areas (Kumpula et al. 2004). But that
would come at an energetic and population carrying capac-
ity cost, e.g., in mountains with deeper and more packed
snow. Lichen resources generally considered the favoured
and critically important reindeer winter forage (reviewed
in e.g., Bergerud 1996; Heggberget et al. 2002; Joly et al.
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2009) and is the key indicator of winter carrying capacity
in the sustainable management of wild Mountain reindeer
in Norway (Kjgrstad et al. 2017; Rolandsen et al. 2022). We
suggest this is a correlation, rather than a direct cause-and-
effect. As indicated by Bergerud (1996), lichens are not a
necessary food for reindeer, and winter lichens supplies do
not necessarily set the carrying capacity for reindeer, if alter-
native forage is available. It is well documented that reindeer
populations may be sustained also in areas not providing
lichens (Leader-Williams et al. 1981; Bergerud 1996; Hegg-
berget et al. 2002; Hansen et al. 2009). Wild reindeer may
eat a mixture of lichens, mosses and vascular plants such
as shrubs and graminoids also in winter (Skogland 1984;
Mathiesen et al. 2000; Heggberget et al. 2002; Storeheier
et al. 2002), but depending on availability (e.g. Johnson
et al. 2001; Bremset Hansen et al. 2009). We suggest for-
age availability may be best predicted via amounts of veg-
etated snow-free patches in alpine areas, and not restricted
to lichen resources only. Snow-free patches also have the
considerable benefit of being estimable via remote sensing
data (Romtveit et al. 2021).

Snow cover (thickness and duration) is considered the
most important ecological factor in alpine areas, affecting
soil temperature and moisture, and duration of the grow-
ing season, which in turn control plant distribution in the
alpine environment (Burns et al. 1982; Williams et al. 1998).
The distribution of ground lichen in alpine areas correlates
strongly with availability of snow-free habitats, i.e. typically
exposed, wind-blown patches on elevated ridges experi-
encing an extended period of (severe) frost within the soil
(Odland and Munkejord 2008; Odland et al. 2018; Loffler
and Pape 2020). In the one area studied here (Setesdal Aus-
thei), lichen forage resources may be limited, suggesting low
winter carrying capacity. However, the area still provides
snow-free habitats, mostly exposed tops and south-west fac-
ing, sun-exposed steep slopes, dominated by vascular plants
(e.g., Betula nana, Empetrum nigrum, Vaccinium vitis-idaea,
Juncus trifidus, Carex bigelowii), which are grazed by rein-
deer. This may also provide for a more optimal winter diet
for reindeer.

A high correlation between lichen and snow-free patches
ensures that a focus on lichen as key winter forage resources
will work well much of the time. But it will be inherently
biased, in alpine and polar areas, underestimating the impor-
tance of snow-free patches providing alternative forage. We
propose such patches may be of particular benefit to reindeer
in winter. Lichens are rich in carbohydrates, but low in nitro-
gen and minerals (Nieminen and Heiskari 1989; Storeheier
et al. 2002). Reindeer have several physiological adaptations
to a low-protein and low-mineral winter diet (McEwan and
Whitehead 1970; Hyvirinen et al. 1977; Staaland et al.
1986), when feeding on lichen. Nevertheless, reindeer must
take nitrogen and minerals from their body reserves to digest
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lichen, and lose body mass (Finstad and Kielland 2011),
maybe as much as 6.3 g body protein per 1000 g dry lichen
(Jacobsen and Skjenneberg 1975). Rognmo et al. (1983)
observed higher neonatal calf mortality in captive female
reindeer fed lichen only, but ad libitum, in late pregnancy
(28% vs. 7% in control). In a functional response, reindeer
recycle the lighter nitrogen in the waste product urea and use
it in place of dietary protein, and reindeer more depleted in
nitrogen reserves may compensate by increasing consump-
tion of high-protein green buds and catkins during late win-
ter/spring (Finstad and Kielland 2011). On an anecdotal
basis, Eastern Russian Chukchi reindeer herders working in
Alaska, well aware of reindeer’s strong preference for human
urine (urea), would openly urinate as an efficient measure to
collect the herd (from Jackson’s diary, in Andersen 2011).
In an adaptive context, it may therefore seem a bit puzzling
that reindeer appear to favour the carbohydrate-rich lichen
(Danell et al. 1994; Heggberget et al. 2002; Vistnes and Nel-
lemann 2008; Hansen et al. 2010), suggesting that factors
other than nutrition influence diet choice, e.g., palatability.
A non-optimal diet, especially with respect to proteins, has
also been reported for the snow-free season for woodland
caribou, based on animal-borne video recordings (Thomp-
son et al. 2015). In contrast to lichens, new growth of vas-
cular plants like graminoids, dwarf shrubs, and Betula sp.
have high levels of crude protein and minerals (Storeheier
et al. 2003; Ophof et al. 2013), and as an adaptation to the
extremely short growing season in alpine and polar regions,
it is more economic for plants to store more nutrients and
organic materials (in protected buds) closer to the growing
points above ground, often as green leaves during winter
(Wielgolaski and Goodall 1997), providing accessible winter
forage. More vascular plants forage would therefore be of
great benefit to reindeer particularly during winter, providing
a better nutritionally-balanced diet (Heggberget et al. 2002).
Warenberg (1982) found that many plants growing in snow-
poor habitats, may have green buds in winter. The prefor-
mation of leaf and flower buds in the previous season (i.e.,
autumn), which then provide fodder resources for reindeer,
is a common feature of alpine plants to adapt to the short
growing season (Korner 2021).

A potential limitation of our study could be that other
herd members (e.g., large males breaking trail at the front
of the herd) had cratered to create some small no/low snow
patches prior to the arrival of the tagged females with cam-
era. We consider this unlikely. It was never observed, and
any cratering animals would have been in front of the tagged
females. Also, cratered patches would have been small,
which the observed patches were generally not, as illustrated
by the photos in Fig. 5.

In conclusion, direct observations via animal-borne
video indicate that snow-free and low snow-depth forage
patches are strongly selected by wild Mountain reindeer
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in late winter/spring. Such patches are often dominated by
ground lichen, apparently preferred by reindeer, but snow-
free patches may also be dominated by vascular plants. They
may be particularly important in the reindeer winter diet,
contributing protein and minerals. Amount of lichen, tradi-
tionally considered important for winter carrying capacity in
alpine reindeer areas, tend to correlate with amount of snow-
free forage patches, and may therefore in part substitute as
a predictor of winter carrying capacity. However, it will
be biased, underestimating the importance of other forage
resources, when available on snow-free patches. Therefore,
amounts of vegetated snow-free patches, e.g., as indicated by
arelatively high NDVI index, likely will be a better predictor
of winter carrying capacity of wild Mountain reindeer areas,
a key consideration in sustainable management.
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