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Abstract

Balancing the number of grazing animals with the level of plant resources is a core issue in grazing management. Complete, full-
coverage vegetation surveys are often used for this purpose, but these are expensive undertakings. We have presented a method
to downscale information from regional sampling surveys by poststratification using a land cover map derived from satellite-
based measures of reflectance values. This approach opens new prospects for landscape-level evaluation of productivity. We
applied this method to eight grazing districts (19–245 km2) in Setesdal Vesthei, Norway, in 2006. Sheep densities in three of
eight grazing districts of Setesdal Vesthei fluctuated above the estimated grazing capacity. We fitted 43 sheep with Global
Positioning System collars in two contrasting grazing districts in 2007–2008 to assess their selection of the land cover
productivity classes in the map used for poststratification. In the area with high vegetation coverage, sheep selection increased in
areas with an overall higher productivity, supporting the main basis of the approach. However, in the grazing districts with
lower vegetation coverage, selection was higher for areas of overall low vegetation productivity. The likely explanation is the
presence of small areas of snow bed vegetation with high-quality forage in areas with a generally rocky surface. Our study
provides a first step toward a grazing capacity evaluation to achieve a sustainable management of sheep on alpine ranges of
Scandinavia, and our approach is likely applicable to other open alpine ranges in the northern hemisphere.

Key Words: Global Positioning System, habitat selection, land cover, poststratification, resource selection functions, rangeland
management

INTRODUCTION

The management of rangeland ecosystems for grazing is

complex and challenging (Bestelmeyer and Briske 2012).

Grazing by domestic animals is one of the largest anthropo-

genic influences on ecosystems worldwide. Due to economic

drivers, domestic herbivores are often stocked at higher

densities than their wild ancestors (Oesterheld et al. 1992).

Heavy grazing on unstable soil or arid ecosystems may lead to

erosion and reaching a lower productive state of the ecosystem

(van de Koppel et al. 1999; van de Koppel and Rietkerk 2000;

Chartier and Rostagno 2006). In less extreme cases, selective

grazing may involve a shift in the competitive balance with an

invasion of grazing-resistant plants (Holechek et al. 1999;

Mysterud 2006). Examples of the latter are an invasion of

Nardus stricta on some ranges with sheep grazing (Grant et al.

1996; Austrheim et al. 2007). Both continuous changes and

thresholds can operate within the same ecosystem (see

discussions in Briske et al. 2003, 2005, 2006; Steele et al.

2012). A recurrent theme in management is therefore how to

optimize herbivore densities while avoiding degrading the
habitat (Brekke et al. 2007; Ibanez et al. 2007; Skonhoft et al.
2010). There are a number of approaches to determine
sustainable levels of grazing or browsing, either based on
observations of animal performance or on indices of plant
productivity (e.g., Holechek and Peiper 1992; Mysterud 2006).
For domestic herbivores, it has been more common to use
direct measures of plant production (Scanlan et al. 1994;
Holechek et al. 1999).

Landscape-level evaluation of sustainability is made partic-
ularly difficult for livestock using extensive open alpine ranges.
Factors affecting animal production in rangelands may differ
markedly from those of improved pastures (Ash and Stafford
Smith 1996). Domestic sheep (Ovis aries) have the ability to
utilize grass forage resources in low-productivity landscapes,
and sheep husbandry is a cornerstone of the economy in many
marginal agricultural areas worldwide (Pasha 1991; Bertaglia
et al. 2007; Degen 2007; Austrheim et al. 2008). Overgrazing
by sheep in the North Atlantic region has caused collapses of
human societies in historical times (Thomson et al. 2005).
There have been some attempts to estimate appropriate sheep
grazing levels (Holechek and Peiper 1992; Armstrong et al.
1997a, 1997b; Kawamura et al. 2005), but none of these are
from alpine ranges in Scandinavia. The plant community in
northern alpine areas form fairly distinct vegetation types
(Rekdal and Larsson 2005). There is considerable experience in
linking vegetation maps to grazing capacity for sheep at small
spatial scales. Full-coverage vegetation mapping is, however,
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expensive and not feasible for large areas, such as entire
mountain regions. Remote sensing opens potentially a new area
to grazing capacity assessments (e.g., Kawamura et al. 2005;
Wylie et al. 2012). However, satellite remote sensing may yield
inaccurate and often biased assessments on vegetation cover
(Foody 2002; Gallego 2004). A better alternative is to conduct
a sampling survey, but the cost may still be high for a
sufficiently large sample. An affordable compromise is to apply
some form of small area estimation (Ghosh and Rao 1994) by
poststratifying a sample with inadequate statistical support
using a land cover map linked to productivity. This approach
has been shown to produce acceptable statistics for vegetation
types provided that the motivation is to describe the overall
composition of the vegetation (Strand and Aune-Lundberg
2012).

In Norway, some 2 million sheep are released onto outfield
pastures during the summer months (June–September) and are
the most abundant large herbivore in the summer season
(Austrheim et al. 2011). Alpine habitats constitute about 50%
of the area of Norway, and most of the sheep graze in this
habitat. Sheep grazing in Norway is well organized within 950
administrative units called ‘‘grazing districts’’ (Norwegian
‘‘beitelag’’). Within these areas, the sheep are not herded and
forage freely. However, the practice has become more
controversial in some alpine areas since the sheep number has
increased up to 50% from 1920 until 2000 and the questions of
sustainability and overgrazing have arisen. The grazing in the
Setesdal Vesthei region is particularly controversial due to the
rather poor habitat in combination with high sheep stocking

rates, and there is a century-long debate regarding sustainabil-
ity in these areas (Mysterud and Mysterud 1999; Rekdal and
Angeloff 2007). A method to assess landscape-level grazing
capacity is thus needed.

The main objectives of this study are to present a first
landscape-level assessment of grazing capacity for sheep based
on poststratification of data from a national area frame survey
of vegetation. The alpine ranges of Setesdal Vesthei are
considered overgrazed based on increased abundance of the
unpalatable grass N. stricta and reduced abundance of forage
plants (Austrheim et al. 2007).

MATERIAL AND METHODS

Study Area
Setesdal Vesthei (1 300 km2) is located between lat 588500–
598150 and long 68500–78200 in Norway (Fig. 1). The area is
alpine with altitudes ranging from 700 to 1 434 m above sea
level. The area is covered by many lakes (13%). In the west, the
climate is coastal with a high level of precipitation (1 760 mm
in the southwest), decreasing eastward and northward (960
mm in the northeast). The bedrock is mainly Precambrian
granite that resists weathering and gives rise to acidic mineral
soils with poor nutrient availability (Austrheim et al. 2005).
Soil coverage is fairly good in valleys but sparser with
increasing altitude where large areas have no soil. Areas with
a thin layer of soil (, 20 cm) typically have Leptosol soils,
while Cambiosol and Podzol soils generally occur further down

Figure 1. A map of Setesdal Vesthei with eight grazing districts delineated. The AR50 LCPC are based on composition of the AR50 LCC in parentheses
(Table 2), where assumed productivity goes from 1 to 4. PSU indicates primary statistical unit used in field-based vegetation type survey; LCPC, land cover
productivity classes; and LCC, land cover class.
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in valleys where soils are deeper (. 20 cm; IUSS Working
Group WRB 2006). In local depressions, there are often more
boggy soils termed Histosol. Details on vegetation types are
given below.

The study area included eight main grazing districts and
three other districts (Fig. 1). Most of the land is owned by the
state (through the company Statskog). The sheep are trans-
ported by truck and released in late June and collected and
transported home in early September. The grazing districts have
their own sheepherders. The sheepherders determine the sheep
numbers and get paid by the farmers for each sheep gathered in
autumn regardless of their condition. This may give an
incentive to increase stocking rates. A farmer can in theory
decide to change grazing districts, but alternative districts are
also heavily stocked, and there are social constraints. There is a
very long history of heavy grazing in Setesdal Vesthei, peaking
in the period 1850–1880 and again in the late 1980s and early
1990s (Mysterud and Mysterud 1999), but there are no
statistics available at the grazing district scale for older time
periods. Data on the number of sheep from recent years were
made available directly from the local sheep grazing organiza-
tion (‘‘Jæren smalelag’’). In recent times, only sheep are grazed
in these areas. There are very low losses (, 1%) and currently
no large predators.

Model Description
Our stocking rate model has the following four major steps. It
involves combining two maps in the mapping series Areal
Resource maps (Strand 2013), including a field-based area frame
survey (AR18X18, regional scale) and a land cover class (AR50

LCC) map (regional and grazing district scale) used to delineate
polygons of specific land cover productivity classes (AR50
LCPC). The details of each step are explained later (see Fig. 2).

(1) From studies summarized in Rekdal (2001), approximate
forage production in all vegetation types was known and
provided a basis for classification of vegetation types into
four vegetation productivity classes (Table 1). A map of
vegetation productivity classes from a field-based area
frame survey (AR18X18) was combined (through geo-
graphic information system [GIS] overlay) with a land
cover map (AR50 LCC) to yield the distribution of
vegetation productivity classes (AR50 LCPC) within each
polygon (Table 2). This was done, as sampling intensity in
the area frame survey (every 18318 km) was not sufficient
to provide accurate composition estimates of vegetation
productivity classes for each grazing district directly.

(2) The land cover map (AR50 LCC) was combined (through
GIS overlay) with a map of the grazing district in order to
determine the composition of land cover classes within the
grazing district. Since we now had the distribution of
vegetation productivity classes within each AR50 LCC
based on analysis at a regional scale, we could downscale
from land cover classes to vegetation productivity classes at
the grazing district scale.

(3) The output from step 2 was used in order to determine the
grazeable area. From previous research, a recommended
density range for sheep was developed for given established
grazing district qualities (Table 3). This involves choosing a
recommended density from within this range of values,

Figure 2. An overview of the grazing evaluation approach used in this study, combining earlier knowledge of fodder production per vegetation types with
poststratification of an area frame survey of the rangelands in Setesdal Vesthei, Norway.
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based mainly on the proportion of ‘‘very good’’ productiv-

ity class (from step 2) and other listed criteria (Table 3).

(4) The season-long grazing capacity (sheep) for each grazing

district was calculated as the area of the grazeable area

multiplied by the recommended stocking rate, given the

overall grazing district suitability, divided by the grazing

season duration. Sheep stocking rates assumed that the

proportion of ewes to lambs was fairly constant, as it is

customary in Norway to count both ewes and lambs in a

flock.

AR18X18 Area Frame Survey of Vegetation Type
Data from the Norwegian area frame survey of vegetation type

and outfield land resources (AR18X18) were used as a basis to

produce a vegetation type composition map of Setesdal Vesthei

(Strand 2013). AR18X18 is a sampling survey, methodologi-

cally linked to the Land Use/Cover Area frame statistical survey

(LUCAS) run by Eurostat in the European Union countries

(Eurostat 2003). The sample consisted of a network of primary

statistical unit (PSU) areas (1 5003600 m) aligned on the

intersections of an 18318 km grid and involving a full-

coverage vegetation map of the whole PSU. The 18318 km

area frame is suitable for national statistics, but only four PSUs

were located within our study area in Setesdal Vesthei. We

therefore intensified the sampling frame and added PSUs on a

939 km grid, resulting in a total of 22 PSU plots for this study

area (Fig. 1), of which five were slightly outside of the main

study area but with comparable vegetation. These were

Table 1. Vegetation type composition of the Setesdal Vesthei alpine range, Norway, based on field surveys. The vegetation productivity classes (basis for
matrix b) assigned to the vegetation types are from Rekdal (2001). Note that the classification is only used for lower alpine zone (upper limit being growth
of bilberry Vaccinium myrtillus). Areas above this are set to vegetation productivity class ‘‘low.’’ Note that forage production refers to vegetated spots
within a type.

Vegetation type

Forage production

(kg dry matter � ha�1 � yr�1)

Vegetation productivity class (b)

Grazeable area (%) Setesdal Vesthei (%)Nil Low High Very high

Moss snow bed 250 0 0.75 0.25 0 25 7.1

Grass snow bed 500–750 0 0 1.00 0 100 10.7

Stone polygon land 250–500 1.00 0 0 0 0 0

Mid-alpine heath 250–500 0 1.00 0 0 0 0

Dry grass heath 250–750 0 1.00 0 0 0 0.1

Lichen heath 500–750 0 1.00 0 0 0 13.9

Mountain avens heath 500–750 0 1.00 0 0 0 0

Dwarf shrub heath 1 000–1 500 0 0.25 0.75 0 75 26.8

Alpine heather heath 1 000–1 500 0 0.75 0.25 0 25 5.5

Alpine humid heath 500–1 500 0 0.25 0.75 0 75 12.4

Low herb meadow 1 000–2 000 0 0 0 1.0 100 0

Tall forb meadow 2 000–4 000 0 0 0 1.0 100 0

Bog 500–1 000 0 1.00 0 0 0 3.7

Deer-grass fen 500 0 1.00 0 0 0 0.4

Grass bog 500–1 500 0 0.25 0.75 0 75 2.3

Wet bog 500 0 1.00 0 0 0 0

Pastures 0 0 0 1.0 100 0.1

Impediment 1.00 0 0 0 0 4.1

Table 2. A grazing profile transition model (basis for vector d, eqn. 2) matching land cover classes (AR50 LCC) to the composition of vegetation
productivity classes from field surveys in Setesdal Vesthei, Norway. Grazeable area is the sum of productivity classes ‘‘high’’ and ‘‘very high.’’ The mixture
of different AR50 LCC within a polygon is the basis for classification into broader land cover productivity classes termed AR50 LCPC (see Fig. 2).

Broad description AR50 LCC Fine-scale description Area (km2)

Vegetation productivity class (%) (d)

Nil Low High Very high

No vegetation 1 � 75% cover of bare mountain or boulders 72 90 10 0 0

Patchy vegetation 2a Low productive vegetation types like dry grass or heath 305 40 40 20 0

Moderate vegetation 2b Continuous vegetation cover of moderate productivity

like dwarf shrub, heath, or snow beds

488 5 45 50 0

Lichen heaths 2c Areas dominated by lichens or heaths 0 — — — —

Fresh, green vegetation 3 � 75% cover of productive meadows, fresh dwarf shrub, or heath 472 5 22 70 3

Bog 60 0 — — — —

Forest 30 172 5 22 70 3

Water/glaciers 80 184 100 0 0 0
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regarded sufficient for characterizing the fairly homogeneous
vegetation in the study area.

All PSUs were mapped using standard procedures (Rekdal
and Larsson 2005). The field mapping was carried out in the
summer of 2006. The persons conducting the field surveys
utilized black-and-white infrared (or color when available)
stereo pairs of aerial photography (1:40 000 scale), which
enabled them to observe topographic features as well as main
boundaries of vegetation types. The main approach was to
delineate 45 vegetation types and nine other types of area for
each PSU. In addition, details such as high coverage of rock,
boulders, lichen, Salix spp., ferns, and grass were noted. The
field person then determined the vegetation type within each of
these main boundaries. The vegetation map derived from the
field part was then digitized, and the area of vegetation type
polygons was measured using a GIS. The minimum mapping
unit was 1 ha. If both of two vegetation types were covering a
substantial proportion of a polygon, it was registered as a
mosaic and somewhat arbitrarily counted as having coverage of
62% for the dominant and 38% for the subdominant type.

AR50 Land Cover Class Map (Satellite Based)
AR50 LCC is a simplified land cover map calibrated for use at
cartographic scales around 1:50 000, with national coverage of
Norway. The map is updated and published on a regular basis
by the Norwegian Forest and Landscape Institute. The map and
related data can be inspected at and downloaded from http://
kilden.skogoglandskap.no/map/kilden/index.jsp. AR50 LCC is
compiled from three data sources: a field survey combined with
photointerpretation below the tree line; photointerpretation of
water, glaciers, and mire above the tree line; and semiautomatic
interpretation of satellite images for the remaining areas above
the tree line. AR50 LCC in the study area is therefore based
mainly on semiautomatic interpretation of satellite images. The
satellite images used in the production of the AR50 LCC maps
are provided by the European Space Agency for the production
of the pan-European land monitoring data set coordination of
information on the environment (CORINE) Land Cover
(European Environmental Agency 2007) supplemented with
imagery obtained by the institute wherever necessary. This
includes images from Landsat 5 Thematic Mapper TM,
Landsat 7 Enhanced Thematic Mapper Plus (ETMþ), SPOT-4
(HRG), and IRS P6 (LISS4). The particular images used were
Landsat-7ETM 200/018 Date: 1999-07-28 band 234 and
Landsat-7ETM 200/019 Date: 1999-08-29 band 234. The
images were radiometrically corrected by the supplier. Classi-
fication was carried out image by image and is therefore not

particularly sensitive to radiometric differences between the
images. Segmentation and image processing was carried out
using eCognition software.

The semiautomatic image classification used in mountain
areas consisted of a two-step segmentation and classification
procedure followed by a manual correction of the results
(Gjertsen et al. 2011). First, a region-growing algorithm was
used to construct small, spectrally (based on TM2, TM3, and
TM4) homogeneous polygons. For each satellite image, a set of
polygons were manually selected and assigned to AR50 LCC by
object-oriented classification using a nearest neighbor algo-
rithm. These polygons acted as reference data when the
remaining polygons were assigned to AR50 LCC by a nearest
neighbor algorithm (based on TM2, TM3, TM4, and NDVI).
The classified polygons were dissolved and again subjected to
the region-growing algorithm. The distribution of AR50 LCC
(measured as area coverage) of the final polygons was
calculated and the dominant class assigned to the polygon.
Obvious errors due to terrain and shadows were corrected
manually. The AR50 LCC in mountain areas should not be
interpreted as land cover classes in a traditional sense. Rather,
they represent an attempt to divide the mountain areas into a
limited number of strata, each consisting of polygons where the
vegetation within each stratum can show considerable varia-
tion but the composition (or mixture) of this vegetation is fairly
uniform from one place to another. The results are strata that
resemble a gradual change in productivity, and class names
related to productivity have therefore been attached to the
AR50 LCC in order to make them easier to understand and use
for the general public.

The AR50 LCC map was used mainly for poststratification
of the AR18X18 area frame sample into a small number of
what appeared as fairly homogeneous strata. The four satellite-
based AR50 LCC used here can be interpreted as representing a
gradual increase in productivity from ‘‘lichen heath’’ and
‘‘patchy vegetation’’ to ‘‘moderate vegetation’’ and ‘‘fresh, green
vegetation’’ cover. The remaining AR50 LCC used in the study
(and based on photointerpretation) are ‘‘no vegetation,’’
‘‘water/ice,’’ ‘‘bog,’’ and ‘‘forest.’’ To link these AR50 LCC
directly to productivity, we pooled AR50 LCC into four classes
(1–4) based on potential productivity and termed these AR50
land cover productivity classes (AR50 LCPC).

From Vegetation Type to Vegetation Productivity Classes
Approximate forage production in all vegetation types are
known from previous studies (Rekdal 1991). This knowledge
was used to set up the correspondence between the vegetation

Table 3. Recommended density of sheep for alpine ranges of varying suitability along the southwestern coast of Norway, as given by Tveitnes (1949) and
further developed by Rekdal (2001). Note that the Norwegian standard of feeding units is an average of ewes and lambs. Productivity classification is given
in Table 2. A feeding unit is defined as the energy in 1 kg of barley with 86% dry matter content and is equal to 6 900 kJ.

Overall grazing district suitability Basis for classification at grazing district scale

Feeding units produced per day,

given 80-d season

Density range of sheep per

grazeable area (no. per km2)

Fair Productivity classes ‘‘high’’ and ‘‘low’’ dominate;

‘‘very high’’ is rare (, 10%)

2.6–4.3 33–54

Good Productivity class ‘‘high’’ dominate; 10–25% ‘‘very high’’ 4.4–6.1 55–76

Very good Productivity class ‘‘very high’’ on 25–50% of the area 6.2–7.8 77–97

Extremely good Productivity class ‘‘very high’’ on . 50% of the area 7.9–8.6 98–108
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types and vegetation productivity classes (Table 1). The

correspondence is described as a matrix b where element bik

represents the proportion of vegetation productivity class k in

vegetation type i and
X4

k¼1
bik ¼ 1:0 for every vegetation type

i. The four vegetation productivity classes 1–4, denoted by k,
are ‘‘nil,’’ ‘‘low,’’ ‘‘high,’’ and ‘‘very high.’’

Grazing Profile Transition Model (Downscaling Region to
Grazing District)
The area frame survey AR18X18 (vegetation type) and the

AR50 LCC map were then combined using GIS software,
dividing the sample plots among the AR50 LCC. This
operation provided information about the area aij of each

vegetation productivity class i within each AR50 LCC j (Table
2). A correspondence matrix c was compiled representing the
proportion of the vegetation productivity class k in AR50 LCC

j by using

cjk ¼
X

iaijbjk
X

iaij
½1�

Vector c sums to 1.0 across the vegetation productivity

classes k for any given AR50 LCC j.

Finally, the composition of vegetation productivity classes

within each grazing district was obtained by combining the
AR50 LCC map with the outline of the grazing district using
GIS. The vegetation productivity class vector d for a grazing

district can now be calculated by

dk ¼
X

jgjcjk
X

jgj
½2�

where gj is the area of AR50 LCC j in the grazing district and k
still represents the four vegetation productivity classes ‘‘nil,’’
‘‘low,’’ ‘‘high,’’ and ‘‘very high,’’ as above. Vector d for any given
grazing district represents the grazing profile, and the actual

values are given in Table 2. The differences between areas
reflect their contrasting vegetation arising partly from different
elevations and soils.

Grazeable Area, Overall Quality, and Stocking Rate
The grazeable area of the grazing district is

GA ¼ Aðd3 þ d4Þ ½3�

where GA is the grazeable area, A is the total area of the

particular grazing district, and d3 and d4 are the elements of
vector d corresponding to the vegetation productivity classes
‘‘high’’ and ‘‘very high,’’ respectively.

We characterized overall grazeable area suitability into
‘‘fair,’’ ‘‘good,’’ ‘‘very good,’’ or ‘‘extremely good’’ based on

the vegetation productivity class vector (Table 3). For each of
these classes, there is a link to recommended densities based on
previous research of forage production for livestock in nearby

and similar areas. As overall quality of grazeable areas often
can be near a border between classes and since a density range

is given for each grazeable area quality class, the last step was
an experience-based judgment to pick a specific recommended
density number within the range given at the scale of grazing

district:

Stocking rate ¼ Grazeable area � Recommended Density ½4�

Setting the recommended density from within this range was
done by the most experienced person in our team (Y. Rekdal).
Thus, the final step involves both quantitative and experience-
based decisions.

Tracking of Sheep with Global Positioning System
We fitted sheep with Global Positioning System (GPS) collars to
assess the underlying assumptions that productivity of the
poststratification map relates to sheep habitat selection in two
contrasting grazing districts differing largely in vegetation
coverage. The aim of this aspect of the study was to establish
whether the sheep select the four AR50 land cover productivity
classes (AR50 LCPC; 1–4) in a manner consistent with the basis
used for calculating stocking rate; that is, we aim to test
whether the sheep show selection for the more productive
classes. Altogether, 43 sheep wore GPS collars (Televilt,
Lindesberg, Sweden): 18 in 2007 and 25 in 2008. The collars
were distributed among four flocks each year: two flocks using
the Suleskardheia grazing district (n¼15) and two flocks using
the Nomeland grazing district (n¼28) in the Setesdal Vesthei
region. The sheep began grazing around 20 June (range 14–26),
and grazing ended between 10 and 13 September. The collars
were programmed to record a position every 30 min (a quarter
to and a quarter past the hour). GPS fix failure rate was
extremely low in this open habitat and ranged from 0.1% to
8.3%. Only 3 of 43 individuals had higher failure rates than
3%. Bias in habitat selection due to missing data (D’Eon 2003;
Frair et al. 2004) was therefore negligible and not necessary to
control for in analysis (Godvik et al. 2009).

Statistical Analyses
Time trends in (natural logarithm) number of sheep were
analyzed with linear regression. All calculations were done in R
(version 2.8.0; R Development Core Team 2008).

Resource selection functions were estimated using use-
availability logistic regression (Manly et al. 2002) extended
to a mixed-model approach (Gillies et al. 2006). The general
structure of all models was the same. In all cases, the
probability of use was modeled by the equation

Puse ¼
expðb0 þ b1x1ij þ b2x2ij þ :::þ bnxnij þ cnjxnj þ c0jÞ

1þ expðb0 þ b1x1ij þ b2x2ij þ :::þ bnxnij þ cnjxnj þ c0jÞ
½5�

where observations i¼1 . . . n are clustered within strata
j¼1 . . . m, that is, locations for each individual per season. b0 is
the mean intercept, bn are the fixed effect coefficient estimates
for the covariates xn, cnj is the random coefficient of covariate
xn for group j, and c0j is the random intercept, which is the
difference between the mean intercept b0 for all groups and the
intercept for group j (Skrondal and Rabe-Hesketh 2004). The
random intercept adjusts the overall average probability of use,
which depends on the number of locations for each individual
(in our case, this varied among individuals and seasons). The
random coefficient accounts for individual variation in habitat
selection (see Gillies et al. 2006; Godvik et al. 2009 for a
similar approach). The binary response variable in the model
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was used (1) and available (0) locations. Used locations consist
of sheep locations and were obtained from the GPS data.
However, the intensive sampling resulted in very long computer
running time and potentially strong serial correlation that
could not be accounted for in our selected modeling tool.
Therefore, the data were subsampled by drawing at random
one position per 3-h period per individual sheep. To obtain
available positions, we randomly sampled 1 000 positions
within each grazing district (i.e., setting availability similar for
all individuals per grazing district). All locations were
intersected with GIS maps to get values for aspect, slope, and
habitat type (i.e., AR50 LCPC). Random sampling and point
intersection were conducted with the Hawths tools ArcMAP
extension (http://www.spatialecology.com/htools). Exploratory
analyses revealed a large difference in availability and selection
of AR50 LCPC between the areas of Suleskardheia and
Nomeland. Due to this, we analyzed selection separately for
each of the areas.

For each area, three different models were run that differed
in fixed effects structure (see eqn. 5 for general structure). The
first model aimed at investigating differences in habitat
selection during the times of day sheep are active (mainly
foraging) versus nonactive (mainly resting/ruminating). Here,
fixed effects consist of aspect (four-level factor variable
consisting of Flat, South, North, and East and West combined),
slope (two-level factor variable consisting of flatter [1] or
steeper [2] than 5 degrees), AR50 LCPC (four-level factor
variable), diurnal activity period (resting period was conserva-
tively set to between midnight and 0700; active in other parts
of day; Warren and Mysterud 1991), and the two-way
interaction between diurnal activity period and AR50 LCPC.

The second model investigated if aspect influences habitat
selection in the parts of the day the sheep are active.
Consequently, the fixed effects in this model are slope, aspect,
and the interaction between aspect and AR50 LCPC, and the
model is run on the subset of GPS positions collected between
0700 and midnight.

The third model similarly explored whether slope impacts
the selection of AR50 LCPC when the sheep are active. The
fixed effects are aspect, slope, and the interaction between slope
and habitat type.

Habitat selection values are expressed through log odds of
use. In studies with use-availability design, only relative
probabilities of use can be assessed (Manly et al. 2002). We
therefore express selection as log odds ratios where log odds of
use for a certain combination of fixed effects are compared with
a reference group (for which the log odds of use are set to zero).
All log odds ratios were calculated relative to the AR50 LCPC
‘‘1,’’ aspect ‘‘flat,’’ and slope ‘‘less than 5 degrees.’’ For a habitat
type that is two times more likely to be used than habitat 1 (the
reference), this would result in a log odds ratio of
log(2)¼0.693. For a habitat type that is only half as likely to
be used as habitat 1, this would result in a log odds ratio of
log(0.5)¼�0.693. The models were fitted with the lmer
function in the lme4 library (Bates and Maechler 2009).
Confidence limits for log odds ratios were derived using
functions in the coda library (Plummer et al. 2009) to obtain
10 000 Markov chain Monte Carlo (MCMC) samples and 95%
highest posterior density (HPD) intervals to evaluate the
properties of the individual coefficients. The HPD intervals

provide intervals for the individual coefficients in the mixed
models from the MCMC samples, and from this we can
evaluate if the coefficients are significantly different from zero
(Godvik et al. 2009).

RESULTS

Field-Based Vegetation Mapping
The field-based mapping showed that dwarf shrub heath was
the dominant vegetation type, covering 26.8% (Table 1). The
dwarf shrub heath has a productivity of 1 000–1 500 kg dry
matter � ha�1 (Table 1), of which 25% of the area comes in the
low production and 75% in the high production class. Setesdal
Vesthei also contained some alpine heather heath (5.5%), also
producing some 1 000–1 500 kg dry matter � ha�1 but with 25%
in the high and 75% in the low productivity class. Grass snow
bed had large coverage (10.7%) and produced some 500–750
kg dry matter � ha�1 (Table 1), but all of the area within this
vegetation type can be classified as high production due to
importance as late season forage. Lichen heath also had large
coverage (13.9%). Lichen heaths also produce some 500–750
kg dry matter � ha�1 (Table 1), but all is regarded as falling
within the low productivity class. Alpine humid heath was
common (12.4%), producing some 500–1 500 kg dry
matter � ha�1 with 25% coming in the low and 75% in the
high productivity class. Grass bog was less common (2.3%).
Grass bog produces some 500–1 500 kg dry matter � ha�1, of
which 25% falling into the low and 75% into the high
productivity class. There was also nonproductive impediment
(4.1%; Table 1).

Sheep Densities and Grazing Capacity
Sheep densities (ewes and lambs combined) in Setesdal Vesthei
ranged from around 10 sheep � km�2 in Holmevassheia to
around 40 sheep � km�2 in the more low elevation grazing range
in Svanes (Fig. 3). Sheep density in three of eight grazing
districts were consistently above the sheep density levels
suggested from our grazing capacity estimates in all years
(Fidjeland, Svanes, and Suleskardheia). In three other grazing
districts, densities fluctuated approximately around recom-
mended levels (Nomeland, Rysstadheia, and Kviheia), while
only two areas were fairly consistent below the levels suggested
by our calculations (Langeidheia and Holmevassheia). Sheep
densities declined over time for three of the eight grazing
districts between 1991 and 2008 (Table 4), and two of these
were among the ones with sheep numbers above the estimated
grazing capacity levels. Interviews with farmers suggested that
declines were due to a combination of a severe epidemic of
‘‘Scrapie’’ (a prion disease) in the 1990s and massive
slaughtering but in at least one case (Suleskardheia) apparently
in an attempt to increase individual performance of sheep that
was low due to the high density of sheep.

Sheep Habitat Selection in Setesdal Vesthei
The pattern of sheep selection of the four AR50 LCPC differed
markedly between the grazing districts of Suleskardheia with
sparse vegetation cover and the area of Nomeland with higher
vegetation cover (Fig. 4), the latter area lacking the poorest
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AR50 LCPC ‘‘1’’ (Fig. 5). For Nomeland, the AR50 LCPC ‘‘2’’
was used less than the ‘‘3’’ and ‘‘4,’’ while the ‘‘3’’ and ‘‘4’’ had
similar levels of selection (Fig. 4b). Surprisingly, the sheep in
Suleskardheia, an area dominated by the ‘‘1’’ AR50 LCPC (Fig.
5), showed a pattern with high selection for ‘‘1’’ and ‘‘2’’ relative
to the ‘‘3’’ and ‘‘4’’ AR50 LCPC. These overall patterns of
selection differed little between daytime (active) and nighttime
(resting) periods (Figs. 4a and 4b) at these coarse scales. During
the main active periods, aspect (Figs. 4c and 4d) and slope
(Figs. 4e and 4f) affected selection but did not change the
ranking of the AR50 LCPC.

DISCUSSION

We have developed an approach for grazing capacity estima-
tion at coarse scales in alpine regions (Fig. 2). Our range

assessment suggested that at least three grazing districts were
overstocked in Setesdal Vesthei, Norway. The drawback of the
model is that it requires quite extensive previous knowledge
regarding the production of fodder to sheep for each vegetation
type. How accurate are the grazing capacity calculations? For a
land cover map based on assumed productivity levels, we
would expect an increasing selection by sheep for the most
productive areas if this should form the basis of grazing
capacity assessments. Our results suggest that the stratification
based on the map of AR50 land cover productivity classes
(AR50 LCPC) fairly well predicted sheep selection pattern in
the Nomeland grazing district with uniform vegetation cover.
However, in the Suleskardheia grazing district with more sparse
vegetation cover, higher productivity classes were less likely to
be grazed than less productive classes (Fig. 4). With these
uncertainties, how should we move forward in improving
grazing management?

In northern alpine areas, in contrast to more arid and
temperate ecosystems, temperature rather than rainfall is the
most limiting factor for plant growth (Deinum 1984; Körner
2003). Though clearly there is annual variation in plant
productivity, this variation is not extreme, and a traditional
approach to grazing management is expected to be sufficient
rather than the nonlinear, state-and-transition–based approach-
es (e.g., Briske et al. 2005, 2006). In Norway, there is an old
tradition using vegetation types as the principal unit in stocking
rate assessments: there were extensive surveys (line transects) of
alpine ranges done half a century ago (Sløgedal 1948; Tveitnes
1949; Vik 1953; Selsjord 1966). Our new extensive mapping
gave a similar result as Sløgedal (1948), suggesting that the
earlier vegetation mapping investigations are of high value in
terms of accuracy. Therefore, the available field data are
sufficiently accurate at these coarse scales.

The grazing value of each vegetation type will depend mainly
on production of grazing plants, nutritional value, and how
large a proportion of the forage production sheep are able to
utilize. Due to variation within vegetation types, classifying
productivity of vegetation types into broad classes (‘‘nil,’’ ‘‘low,’’
‘‘high,’’ and ‘‘very high’’) is likely sufficient for such coarse
grazing capacity estimates. A more difficult step is to develop
land cover classes that can be used to estimate these vegetation-
type productivity classes. Satellites do not measure productivity
directly; rather, they estimate the fraction of absorbed
photosynthetically active radiation that is linked to vegetation
greenness (Schwartz and Reed 1999). The relationship between
reflectance, greenness, and productivity is, however, well

Table 4. Simple linear regression analysis of time trends (1992–2008) in the (ln) number of sheep in eight grazing districts in Setesdal Vesthei, Norway. a
indicates intercept; b, slope; and SE, standard error.

Grazing district a SE(a) b SE(b) t P

Nomeland 22.444 13.273 �0.007 0.007 �1.029 0.321

Rysstadheia 17.901 19.848 �0.005 0.010 �0.495 0.628

Suleskardheia 53.592 12.193 �0.023 0.006 �3.693 0.002

Fidjeland 66.040 3.925 �0.029 0.002 �14.700 0.000

Holmevassheia 18.008 11.264 �0.005 0.006 �0.905 0.381

Svanes 15.975 6.926 �0.005 0.003 �1.351 0.198

Kviheia 71.491 15.703 �0.032 0.008 �4.055 0.001

Langeidheia �17.756 18.361 0.013 0.009 1.425 0.180

Figure 3. An overview of sheep density for the eight grazing districts in
Setesdal Vesthei, Norway, during 1992–2008. Thin horizontal lines indicate
grazing capacity estimated in this study.
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established (Curran 1982; Coops et al. 2002). For the richer
Nomeland grazing district, the ‘‘2’’ AR50 LCPC was selected
less than the ‘‘3’’ and ‘‘4,’’ suggesting increasing selection for the
assumed higher productivity areas based on AR50 LCPC. For
this area, the overall approach seems to be valid. In the more
marginal range with sparse vegetation cover (Suleskardheia),
sheep selected for the ‘‘1’’ or ‘‘2’’ AR50 LCPC, questioning the
validity of our approach for this area assuming that our
collared sheep were a representative sample. Our field
observations suggest that this was due to local snow beds in
these marginal areas, being highly preferred by sheep due to
late phenology and assumed high-quality forage (Mysterud et
al. 2007) and not being captured as very productive in the
coarse resolution of the satellite-based AR50 LCPC. We found
also that there was only a weak difference between selection in
the main resting (from midnight to 0700) and activity period
despite the general behaviors that sheep selection of vegetation
types is usually strongly dependent on whether the sheep are
grazing or resting (Mobæk et al. 2009). Some of this difference
may also lie in study area differences, as the vegetation types

were more interspersed in the study of Mobæk et al. (2009). In

Norway, sheep are free ranging, and they are not herded in the

sense of being moved around on the outfields.

Selection for foraging sites by large herbivores may vary

relative to spatial distribution of other factors, such as

topography (review in Bailey et al. 1996). In some grazing

assessments, very steep slopes have lower utilization (propor-

tion of plant biomass grazed) by grazing animals and therefore

have a lower forage value (Holechek and Peiper 1992). Our

model assumes a similar use of a given vegetation type

regardless of context. The Setesdal Vesthei area has fairly

gentle slopes, and the tendency was rather for steeper slopes to

have a somewhat higher selection (Fig. 4), but the estimated

difference was not very large and likely not important enough

to be taken into consideration when estimating grazing

capacity. The effect of aspect was also weak (Fig. 4), and

patterns of overall selection among the AR50 LCPC were fairly

consistent, suggesting that controlling for topography is not

necessary.

Figure 4. Selection of four AR50 LCPC organized after increasing productivity (1–4; see Fig. 2) in two sheep grazing districts (Suleskardheia and
Nomeland) as a function of a and b, activity period, c and d, aspect, and e and f, slope, controlled for other factors (eqn. 5; see specification of models in
Material and Methods). Estimates are log odds ratios 6 95% highest posterior density estimates. The odds ratios are calculated relative to AR50 LCPC 2,
active period, aspect type flat, and slope lower than 5 degrees (the value of this combination is set to zero). Values higher than zero reflect higher selection
than the reference type, while values below zero indicate lower selection. LCPC indicates land cover productivity classes.
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Figure 5. The distribution of AR50 land cover productivity classes (AR50 LCPC) and GPS-collared sheep in the two grazing districts Suleskardheia and
Nomeland, Setesdal Vesthei. A and B, Distribution of the AR50 LCPC. C and D, The number of GPS locations per area (km2) of each habitat polygon. E and
F, The point density (within a 1-km radius) regardless of polygons. In the last two panels, the actual GPS locations are displayed as small black points.
GPS indicates Global Positioning System.
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Sheep selection of vegetation types is documented to be
density dependent (Mobæk et al. 2009). The degree of
utilization of a given vegetation type depends on stocking
rate (Evju et al. 2006; Kausrud et al. 2006; Mobæk et al.
2012). The methods presented here consist of calculating the
grazeable area (vegetation type productivity ‘‘high’’ and ‘‘very
high’’) in an objective way and then multiplying by an overall
assessment of the grazing district suitability to yield grazing
capacity (Table 3). The transition from overall grazing district
suitability to density is based on estimations of feeding units
for different range qualities by Tveitnes (1949), and Rekdal
(2001) has developed this into a preliminary but objective
framework depending on vegetation productivity composition
(Table 3). The method has one step based on expert opinion,
namely, selection of one density estimate from the suggested
density range. Such use of local knowledge has also formed
part of grazing capacity estimation in Australia (Johnston et
al. 1996). Clearly, the precision of the method presented is not
very high and should be used only with care. The results from
GPS on sheep suggest that for some grazing districts, the
resolution of satellite-derived habitat maps may not be
sufficiently high compared to the functional scale for sheep
in their search for forage. In marginal areas with fine-scale
mosaic of rocky and vegetated patches, it is likely that the
approach underestimates grazing capacity. A large degree of
uncertainty seems to be a typical feature of stocking rate
estimations (e.g., Pakeman and Nolan 2009).

The older grazing evaluations for alpine ranges of Norway
(Sløgedal 1948; Tveitnes 1949; Vik 1953; Selsjord 1966) had
no explicit link between vegetation surveys and their
recommendation of the number of sheep, nor did they discuss
what aim should form the basis for management. Actually, for
the Setesdal Vesthei (Sløgedal 1948), the sheep numbers
reported were not estimations of the number of sheep that the
grazing district could carry based on forage production.
Rather, they were related to the numbers reported and
suggested sustainable by the professional sheepherders earn-
ing money on each sheep on the range (E. Time, personal
communication). The grazing pressure in Setesdal Vesthei has
been heavy for a very long time (Mysterud and Mysterud
1999). Indeed, recent exclosure experiments in the area
suggested a recovery of the vegetation when sheep are
excluded, with a decrease in coverage of the grazing-resistant
N. stricta and an increase in a major fodder plant (Avenella
flexuosa) over time (Austrheim et al. 2007). This is indicative
that the area has a history of classical overgrazing (sensu
Holechek et al. 1999; Mysterud 2006).

MANAGEMENT IMPLICATIONS

Our effort to assess sheep grazing capacity is a first step toward
a landscape-level estimation of grazing pressure on alpine
ranges in Scandinavia. This should help us better understand
the range and distribution of ecological effects from sheep
grazing and therefore provide a broader basis for choosing
specific management aims. Grazing pressure provides poten-
tially an explicit link between small-scale, experimental
ecological studies and larger-scale management (Mysterud
2006), that is, related to upscaling processes (Underwood et

al. 2005). Today, a clear aim for grazing management does not
exist in Norway despite the fact that domestic grazing takes
place partly within nature reserves, the strictest type of
conservation in Norway. Typically, only vague aims are written
in phrases like ‘‘sustainable’’ and ‘‘not to threaten biodiversity,’’
but what this means in practice needs a clearer definition. The
need for spatially explicit management aims, based on scientific
evidence, is evident. The contrasting sheep habitat selection
relative to AR50 LCPC among grazing districts suggests that
further work is needed to obtain robust habitat maps reflecting
sheep habitat selection under differing environmental condi-
tions.

What grazing level to choose as grazing capacity will
certainly depend on the management aim of the specific range
in question. The growth of lambs in Setesdal Vesthei is low
(unpublished data), but we do not know whether the cause for
this is low habitat quality or excessive stocking rates of sheep.
An important question is to establish a sustainable state
between the grazing capacity estimated here and avoiding
overgrazing, that is, when ‘‘forage species are not able to
maintain themselves over time due to an excess of herbivory or
related processes’’ (Holechek et al. 1999). For Scotland,
excessive grazing pressure leads to an invasion of grasses into
heather-dominated communities (Pakeman and Nolan 2009).
Further, the two grazing districts with the highest number of
sheep relative to recommended numbers in Setesdal Vesthei are
areas where the landowners aim to avoid encroachment by
increasing tree lines (J. Seldal, personal communication). To
achieve this management aim, persistent high grazing pressure
from sheep or alternative livestock like goats may be required
at low altitude, while a fairly low density of sheep may hinder
birch encroachment above the tree line (Speed et al. 2010,
2011). The method presented provides the baseline for
developing a more scientific-based management system for
sheep in Norwegian alpine ecosystems.
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UNDERWOOD, N., P. HAMBÄCK, AND B. D. INOUYE. 2005. Large-scale questions and small-

scale data: empirical and theoretical methods for scaling up in ecology.
Oecologia 145:177–178.

VAN DE KOPPEL, J., AND M. RIETKERK. 2000. Herbivore regulation and irreversible
vegetation change in semi-arid grazing systems. Oikos 90:253–260.

VAN DE KOPPEL, J., M. RIETKERK, AND F. J. WEISSING. 1999. Catastrophic vegetation shifts
and soil degradation in terrestrial grazing systems. Trends in Ecology and

Evolution 12:352–356.
VIK, E. 1953. Norwegian mountain pastures. Part VIII. Overview of mountain pasture

in Rogaland. Oslo, Norway: Det Kongelige Selskap for Norges Vel.
WARREN, J. T., AND I. MYSTERUD. 1991. Summer habitat use and activity patterns of

domestic sheep on coniferous range in southern Norway. Journal of Range

Management 44:2–6.
WYLIE, B. K., S. P. BOYTE, AND D. J. MAJOR. 2012. Ecosystem performance monitoring

of rangelands by integrated modeling and remote sensing. Rangeland Ecology &

Management 65:241–252.

144 Rangeland Ecology & Management


	Evaluation Of Landscape-level Grazing Capacity For Domestic Sheep In Alpine Rangelands
	Introduction
	Material And Methods
	Results
	Discussion
	Management Implications
	Literature Cited




