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1 | INTRODUCTION evident at resource-rich high latitudes, where multiple human land

users and wildlife are contesting ecosystems and the services pro-
Across the globe, anthropogenic land conversion is increasingly vided by them (UNEP, 2001). Simultaneously, these systems are
encroaching animal's ranges and indigenous peoples’ livelihoods experiencing climate change effects at accelerated rates (IPCC

that depend on them (e.g. Dong et al., 2011; IPBES, 2019; Larsen (Intergovernmental Panel on Climate Change), 2014). A before-
et al., 2017; Schwartz, 2005; Tucker et al., 2018). This is particularly after-impact-control design is an ideal method to determine land

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2021 The Authors. People and Nature published by John Wiley & Sons Ltd on behalf of British Ecological Society

872 wileyonlinelibrary.com/journal/pan3 People and Nature. 2021;3:872-886.


www.wileyonlinelibrary.com/journal/pan3
mailto:﻿
https://orcid.org/0000-0003-0257-6743
https://orcid.org/0000-0002-9195-607X
https://orcid.org/0000-0002-5131-0004
http://creativecommons.org/licenses/by/4.0/
mailto:christian.fohringer@slu.se
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpan3.10234&domain=pdf&date_stamp=2021-08-01

FOHRINGER ET AL.

People and Nature 873

conversion impacts (Conner et al., 2015). In reality, however, such
analyses are often impossible to conduct, especially when infra-
structure development has already taken place. Nevertheless, it is
important to quantify land use changes, their trends and impacts on
affected environments, so as to intervene and to restore ecosystems
and improve livelihoods that depend upon these lands.

Migratory reindeer Rangifer tarandus are particularly sensitive
to anthropogenic activities due to their large home ranges and are
exposed to these activities across their circumpolar range (Benitez-
Lopez et al., 2010; Vors & Boyce, 2009). Many studies have shown
change in reindeer populations’ behaviour in response to linear infra-
structure, resource extraction, tourism, energy developments and
human settlements (Ewacha et al., 2017; Plante et al., 2018; reviewed
by Skarin & Ahman, 2014; Skarin et al., 2015; Tyler et al., 2016;
Wilson et al., 2016).

Reindeer husbandry is an example of a pastoral system where an-
imals move over large areas on a seasonal scale and are thereby sub-
jected to multiple pressures of land use. Semi-domesticated reindeer
are of crucial subsistence and socio-cultural importance for the Sami
people of Fennoscandia and Russia (Jernsletten & Klokov, 2002).
Despite reindeer herders’ high adaptive potential, land conversion
and climate change ultimately result in challenges regarding their
livelihoods. These challenges are driving human-wildlife conflicts
and are hindering the sustainable development and use of natural
resources by the indigenous community (Forbes & Kumpula, 2009;
Pape & Loffler, 2012).

The Arctic region of northern Sweden is characterized by rela-
tively low human population density and dominated by several key
land use interests: resource extraction (timber, ore, peat, rock), re-
newable energy developments (hydropower and wind power), tour-
ism, military activity and reindeer husbandry (Gallardo et al., 2017
Horstkotte, 2013), which is practiced by a portion of the indigenous
population, the Sami. Most industrial developments on indige-
nous land started to establish in the early 20th century, but expe-
rienced substantial advances in operating technology during the
latter half of the 20th century (Klein, 1971). Land use interests of
reindeer husbandry and its cultural heritage are often overruled by
advancing extractive industries, but the livelihood has managed to
coexist alongside multiple pressures of land use changes due to its
adaptive potential, including modernization (Bardsen et al., 2017;
Beach, 1981; Helle & Jaakkola, 2008; Lawrence & Larsen, 2017).

Meteorological records from northern Sweden show that this re-
gionisinrapid transition (Berglov et al., 2015). Air temperatures have
increased in northern Sweden during all seasons over the past three
decades. For example, the average annual temperature for the town
of Kiruna changed from -1.7 to -0.4°C (averages for 1961-1990 and
1989-2018 respectively). Even though all seasons became warmer,
the largest increase (of 2°C) occurred during the winter (December-
February). One result of warmer winters is that periods of melt occur
more frequently which in turn results in more frequent formation of
very dense snow, ice layers within the snowpack and icy snow sur-
faces (Johansson et al., 2011; Rasmus et al., 2018). Such conditions

radically decrease access to terricolous lichens, the primary winter

food source for reindeer (Heggberget et al., 2002). Adaptation de-
mands increased flexibility of reindeer herders to provide suitable
grazing areas for their animals (Forbes et al., 2009). Their potential
to adapt to weather anomalies however has been increasingly dis-
rupted by cumulative impacts directly linked to land conversion.

Most research into the impact of infrastructure on large un-
gulates and traditional lands inhabited by indigenous people has
focused on either single-impact assessments or generalized cumu-
lative impact assessments (CIAs). These assessments aim to quantify
the changes in the environment caused by the combined impact of
past, present and future human activities along with natural pro-
cesses (Lawrence & Larsen, 2017). A common tool used in ClAs is
the estimation of a zone-of-influence (ZOI, alternatively zone-of-
avoidance; e.g. Boulanger et al., 2012; Nellemann & Cameron, 1996;
Nellemann et al., 2001, 2003; Polfus et al., 2011; Weir et al., 2007),
which aims to quantify the extent of functionally lost land towards
which animals exhibit adverse behaviour. Any land use development
plan or climate adaptation strategy also requires information on the
status of the system. To facilitate a frame of reference, such base-
line information needs to incorporate historical spatiotemporal and
empirical datasets including local and/or indigenous knowledge (Bull
et al., 2015). However, ClAs often fail to integrate such knowledge,
and thus risk missing essential information, such as environmental
conditions, local and/or indigenous communities’ well-being or an-
imal welfare aspects (Baker & Westman, 2018; Ford et al., 2016;
Hausner et al., 2019; Larsen et al., 2017).

Our goal is to document the timeline of land use changes in a
Sami reindeer herding community (RHC, also referred to as sameby
or herding district) since the onset of industrial resource extraction
in northern Sweden, and analyse the interconnection and cumula-
tive impacts of these changes on reindeer grazing areas and herd
size. We aim to establish the current baseline (e.g. Bull et al., 2015),
by identifying local developments of land use including human and
reindeer population trends for the area used for grazing by Laevas
RHC. Specifically, we investigate what are the drivers of change that
led to loss of land for the herders, timings of these events, the spatial
and temporal extent of these changes and their interconnectedness.

We chose the reindeer herding system as a model for charac-
terizing the changing state of the ecosystem due to the fact that
reindeer herders have extensive knowledge about the landscape and
the changes encountered at socio-ecological and economic scales.
In combination with empirical datasets, local herder knowledge is,
therefore, an integral component of our analysis. Laevas RHC was
chosen as a study system because: (a) Sweden's oldest and most ex-
ploited ore fields as well as a cascade of long-established anthropo-
genic developments are located in their district, exhibiting a conflict
of land use interests (Gallardo et al., 2017; Klein, 2000; Reichwald &
Svedlund, 1977); (b) this RHC is representative for many other RHCs
due to its size, herding style, governance and reindeer population
dynamics; (c) previously established trust and ambition to participate
in an objective characterization of the state of the system.

By examining the situation of an RHC undergoing changes,

we show how inappropriate land use planning can render a
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culture-bearing pastoral system unviable. We compile, collate and
translate available data on land use and climate change and anal-
yse their impacts on traditional livelihoods that rely on mobility. The
novelty of this study lies within the combination of extensive em-
pirical datasets with herder knowledge and a historical perspective,
allowing for the identification of indicators of change and cascading
effects, at the highest available spatiotemporal resolution. Through
detailed examination of factors involved in the encroachment of
reindeer pastures at the landscape level, this study aims to be an
example that can improve ClAs to ensure the persistence of sustain-
able pastoralism reliant on intact ecosystems. We argue that sustain-
able land use planning needs to be based on the understanding of
processes and actions that created the current environmental status.

2 | METHODS

2.1 | Study area

Laevas RHC is located above the polar circle, at 68° latitude, in Arctic
Sweden (Figure 1). One of 33 mountain RHCs in Sweden, Laevas RHC
represents a typical seasonal migratory husbandry system. Reindeer
are free ranging on their summer pastures in the Scandinavian
mountains (west) and descend to lower altitudes towards winter
grazing grounds in the boreal forest (east), where they are herded
intensively. Spring and autumn pastures—holding reindeer calving
and rutting grounds respectively—are utilized mostly west of the
town Kiruna at lower altitudes (Figure 1). During the main migration
events (spring and autumn migration to and from winter pastures

respectively), reindeer are being herded along movement corridors

(Figure 1). Spring migration usually occurs between March and April.
Autumn migration occurs between November and December, when
approximately 6,800 reindeer are assigned to eight or nine winter
groups (defined as siidas—traditional management units for a herd).
The division of the herd per siida allows for more efficient manage-
ment and reduces overexploitation of pasture during the harsh win-
ter conditions. Other major events during the reindeer herding year
include the main slaughter during the first 2 weeks of September, and
calf marking between summer solstice and the first days of August.
The vast majority of Laevas RHC'’s grazing grounds fall within the
administrative boundary of Kiruna municipality in Norrbotten,
Sweden's northernmost county. Norrbotten has a relatively low
human population density and is dominated by several key land use
interests—resource extraction (timber, minerals, peat, ore), tourism,
military activity and reindeer husbandry. The north-west portion of
the summer grazing ground extends into Norway and transnational
movement of animals is permitted. Laevas RHC currently comprises

of 178 reindeer owners and employs 17 reindeer herders.

2.2 | Data collection and analysis

Data collection focused on the trends concerning reindeer hus-
bandry, human population and industrial developments within the
ecological boundaries of Laevas RHC. This was defined in their
annual grazing grounds rather than their administrative boundary,
or the next higher administrative order, that is the municipality or
county level. Subsequently, we explored the drivers of change in
Laevas RHC individually, and developed a timeline and conceptual

map of the accumulating impacts of these drivers. The data were
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collected and analysed between 2017 and 2018, incorporating pri-
mary and secondary datasets publically available online or acquired
via contacting local administrations, governmental agencies or com-
panies, allowing for sufficient cross-validation of dating and back-
ground information to develop the baseline of current developments
(Table 1).

Statistical and spatial analyses were performed on these data
using QGIS 3.2 (QGIS Development Team, 2018). Detailed informa-
tion on the annual use of reindeer pastures and data gaps on an-
thropogenic development trends was provided by N. Inga, who is
representing the source of Sami reindeer herder knowledge input
for Laevas RHC for this study. Specifically, N. Inga provided ac-
cess to data related to spatiotemporal herding activities and rein-
deer/slaughter/predator statistics but also verified the occurrence
and extent of impacts affecting reindeer husbandry in Laevas RHC
(Table 1). As the representative chair and spokesperson—chosen by
and for the community—N. Inga's insights related to the issues dis-
cussed in this study are representative of the RHC as a whole.

We defined the total area of the RHC by the extent of its annual
grazing grounds, encompassing 4,486.42 km?. This area is designated
by herders and restricted by natural boundaries as well as fences to
avoid reindeer entering neighbouring RHCs or potentially lethal in-
frastructure, such as railway tracks or major roads. Moreover, the
Reindeer Herding Act regulates the boundaries between RHC'’s west
of the ‘cultivation border’ (odlingsgrénsen; Sveriges Riksdag, 1971).
Laevas RHC stretches over a maximum distance of 217.10 km, but
exhibits a bottleneck southwest of Kiruna with a minimum width
of about 6.24 km, requiring intact habitat for successful migration

(Figure 1).

2.3 | Spatiotemporal context

Geospatial extents for all quantifiable land use factors were mapped
based on public data or digitized from satellite images (©2016 Google)
and herder knowledge (indicated via information obtained from the
Sami Parliament of Sweden and N. Inga; Table 1). Additionally, spa-
tial data on relevant infrastructure for reindeer husbandry and the
delineation of grazing grounds from RenGlIS 2.0 (Sandstrém, 2015),
a digital tool built for the members of RHCs, were incorporated to
complete our framework (Table 1). When available, the temporal ex-

tent of infrastructural developments was added to spatial data.

2.4 | Reindeer, slaughter and predator statistics

Data on reindeer population dynamics, demographics, slaughter
statistics as well as the number of reproductive units of predators
between 1995 and 2017 were accessed via the Sdmi Parliament of
Sweden. Reindeer numbers from years prior to 1995 originate from
the archives of the RHC and the County Administrative Board.

The County Administrative Board of Norrbotten currently sets

a maximum threshold of 8,000 reindeer for Laevas RHC, which is

based on estimated carrying capacity of the pastures in the district.
Animals are counted each year by the reindeer herders after slaugh-
ter, and before calving period in May. Reindeer are slaughtered
during set annual events for private consumption or sale. The ma-
jority of slaughters in Laevas RHC occur during the first 2 weeks of
September.

Based on the number of reproductive units of predators (a sta-
tionary family group of adult predators and their offspring within a
defined area), each RHC receives monetary compensation for the
presence and breeding success of wolverine Gulo gulo and Eurasian
lynx Lynx lynx, and the potential damage that they inflict on rein-
deer in their district. To estimate the total number of these species
in northern Sweden, a conversion factor of 6.14 for lynx (Tovmo &
Zetterberg, 2018) and 6.27 for wolverines (Eklund et al., 2017) per
reproductive unit can be applied. Compensation for reindeer losses
to European brown bear Ursus arctos arctos and golden eagle Aquila
chrysaetos is instead based on area, which is why no annual popula-
tion census exists for these species. The current carnivore policy in
Sweden suggests that there should be no established wolf packs in
the four northernmost counties of Sweden (i.e. within the majority
of Swedish Sapmi), and therefore the species only occurs sporadi-
cally in the area.

For the interpretation of reindeer, slaughter and predator sta-
tistics in relation to land use and climate change, we rely on herder
knowledge.

2.5 | Mines

Details on the periods of and style of extraction, as well as on the
minerals mined, were accessed via the Geological Survey of Finland,
responsible companies and literature research. Data regarding per-
mits for exploration and mining (e.g. designation of land, expired
exploration permits, expired/granted/applied exploration permits,
exploitation permits) are provided by The Mineral licence register
at The Mining Inspectorate of Sweden (Swedish Geological Survey).
Spatial overlaps of permits issued between 1984 and 2017 were ex-
cluded to determine the total area of expired exploration permits
in Laevas RHC. Data on granted exploitation permits for quarries
in Norrbotten county are provided by ‘Miljéskyddsenheten’ (County
Administrative Board of Norrbotten).

The total spatial extent of most mines and quarries in the study
area was supported by information outlined by members of Laevas
RHC via RenGlIS 2.0 (Table 1), illustrating the total extent that is cur-

rently unavailable to reindeer.

2.6 | Forestry

We rely on the Swedish Forestry Agency as a single data source re-
garding clear cuts, which have been documented at a national scale
only since 2000 (and more consecutively since 2002) and were avail-
able until July 2018 (Table 1).
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2.7 | Human population and activity

To quantify and illustrate recreational activity and its trends, we
compiled data from multiple sources, including airport statistics and
overnight stays in registered accommodation units (Table 1). Data
provided by the Swedish Tourist Association allowed a distinction
of the number of overnights between winter (February-May) and
summer (June-September).

2.8 | Zone-of-influence

Anthropogenic developments (i.e. trails, railroad, main roads, snow-
scooter trails, power lines, mines, quarries, wind farms, settlements,
airport) were buffered by a ZOl of 500 m as assumedly function-
ally unavailable to reindeer (Environment Canada, 2011; Rudolph
et al., 2017). The choice of using a conservative buffer of fixed size
is based on the relatively high spatiotemporal plasticity that reindeer
(and caribou) exhibit towards different types of human activity and
infrastructure. Despite the potential differences regarding avoidance
behaviour between wild caribou and reindeer and semi-domesticated
reindeer, that likely exhibit adaptations to humans related due to
herder management and selective breeding, we assume that they re-
spond to stochastic and sudden anthropogenic disturbances that are
not related to herding, with similarly strong avoidance behaviour. We
justify the applicability of Environment Canada's model (based on wild
caribou) to our case (semi-domesticated reindeer in a pastoral system)
because undisturbed home ranges are essential for the welfare of both
subspecies and the people who culturally and economically depend on
them. We assume that pastures within the ZOl become less suitable or
not suitable for reindeer grazing due to the reindeers’ avoidance be-
haviour and a reduced pasture quality in addition to general land loss
and habitat fragmentation. Resulting buffers were merged with the
designated area of noise influence around the military base, the total
area of clear cuts (since 2000) and the contested pasture with Tarendé
concession-RHC (located at the eastern extent of Laevas RHC). The
resulting layer overlaps were removed and clipped to the extent of
Laevas RHC's grazing grounds to calculate the ZOlI for Laevas RHC.

Clear cuts were not assigned a ZOl, since reindeer do not avoid
clear cuts. This is in contrast to the behaviour of wild woodland
caribou R.t. caribou in Canada and is caused by different predator-
prey dynamics (see Environment Canada, 2011). Recently disturbed
forest (e.g. via forestry) in Canada attracts other ungulate species,
the major prey species for wolves and bears. Apparent competi-
tion therefore increases caribou vulnerability to these predators
(Frenette et al., 2020). In Laevas RHC, these predators are either
absent (wolves) or in torpor (bears) when reindeer spend the winter
in the forest lowlands affected by forestry. Nevertheless, grazing
grounds become unsuitable after clear cutting and affected areas
are therefore included as a non-buffered ZOI.

Due to the unknown intensity and timing of exploratory drilling,
areas with granted mineral exploration permits were not included
in the ZOI.

3 | RESULTS
3.1 | Industrial development

The turn of the 20th century demarcates the onset of industrial-
scale mining in the area as the first driver of change which lead to
a cascade of other following changes (Figure 2). As for 2018, we
identified 11 mining complexes (five ore mines, five quarries and one
peat mine) that caused land loss on Laevas RHC's grazing grounds,
corresponding to a total of 10.51 km? (Table 2; Figure 2). We found
that mineral exploitation concessions are currently restricted to
the community's winter grazing grounds, whereas mineral explora-
tion also occurs in all other seasonal grazing grounds (Supporting
Information, Figure S1). Currently, two iron ore mines are operating
year-round, while other sites are only seasonally active (mostly quar-
ries), lay dormant or have been abandoned.

The largest city within the RHC is Kiruna, founded by the Swedish
mining company Luossavaara-Kiirunavaara Aktiebolag (LKAB) in
1899. The population trend for the city reflects that of the larger
municipality, which holds most of Laevas RHC's grazing grounds
(3,545.17 km?, 79.02%, Table 2). Since the inauguration of the city,
the population in the area increased dramatically reaching its peak
in the mid-1970s, with just over 31,000 inhabitants (Supporting
Information, Figure S2). Two decades of substantial emigration
followed after which a population of around 23,000 was reached,
which has not changed significantly since.

3.2 | Railway

Mining and human immigration were followed by the construction of
the railway (finalized 1903) and road system for efficient transpor-
tation of ore to the Atlantic and the Baltic coast for processing and
shipment. This was the second major change that increased access
to mineral exploration and exploitation to previously pristine land
in the following decades. Moreover, it allowed the tourism sector
and other infrastructure (including a military base and an airport) to
flourish, causing increased encroachment of available reindeer graz-
ing grounds during all seasons (Figure 2; Supporting Information,
Figures S3 and S4). The third major change occurred at the end of
the 1960s, when a major reindeer migration route remaining be-
tween the mine and the town of Kiruna was cut off as the town and
mine merged together. Another industrial milestone was the ex-
tension of the railway to the east of Kiruna to the mining complex
of Svappavaara in 1964. Further encroachment in the area around
Kiruna occurred when mine tailing dams were constructed during
the 1970s.

3.3 | Forestry

Generally, the 1950s are seen as the time when Swedish forestry

rapidly changed from selective cutting to clear cutting (Ostlund
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FIGURE 2 Timeline illustrating the establishment of industrial developments since their onset on Laevas RHC's grazing grounds from

1900 to present. Orange text represents mines and quarries, while black

text represents other infrastructural developments associated

with mining. Arrows indicate the ongoing operation of mines. Line breaks indicate changes within development and single dates indicate the
establishment and gradual build-up of a factor. Dates refer to the commissioning and further continuation of anthropogenic developments
and activities that are considered to have reduced reindeer pasture availability. Gradual changes in land use factors include general dating,
for example the intensification of forestry or when Kiruna and the Kiirunavaara merged

TABLE 2 Quantifiable extents of polygonal and linear features curren
polygonal features to total extent and winter grazing grounds

tly occurring on Laevas RHC's grazing grounds. Relative extent of

% of total % winter

Polygonal features Extent (km?)  (4,486.42 km?) (1552.77 km?) Linear features Extent (km)
Mineral exploration permits (expired)? 959.07 21.38 61.77 Roads 867.77
Mineral exploration permits (granted)b 214.88 4.79 13.83 Snowmobile trails 636.94
Military 107.04 2.39 6.89 Trails 580.17
Tarend6é RHC 79.65 1.78 5.13 Power lines 102.06
Designation of land (mining) 59.04 1.32 3.80 Railway 69.48
Clear cuts® 30.70 0.68 1.98

Mineral exploitation concessions 9.17 0.20 0.59

Settlements 1.33 0.03 0.09

Agriculture 0.93 0.02 0.06

Wind farm 0.80 0.02 0.05

Quarries 0.74 0.02 0.05

Peat mine 0.60 0.01 0.04

Kiruna airport 0.28 0.01 0.02

4n = 160, 1984-2018).
b = 24, eight owners).
‘(n = 420, 2000-2018).

et al.,, 1997), which prevails as the predominant forestry practice
across Sweden. We found that forest harvest by clear cutting is car-
ried out only on the unprotected forested area east of Kiruna, that is
on Laevas winter grazing grounds. The cumulative area of clear cuts
carried out between 2000 and 2018 comprises approximately 2%

(30.70 km?) of the winter grazing grounds (Table 2).

3.4 | Tourism and related activities and
infrastructure

Laevas RHC's grazing grounds are located in an area with high value
for recreational activities, most of which we found to exhibit high

spatiotemporal variance. We identified the main pressures linked
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to the recreational sector to include backcountry skiing, snowmo-
bile traffic, dogsledding that co-occur during winter (October-May),
while hiking, fishing, hunting and ferry travel occur during the snow-
free period (June-September). The spatial overlap of some activities
was found to be substantial e.g. hiking trails or dirt roads frequently
coincide with snowmobile trails; Figure 3). Recreational activities
were found to be mostly exercised in the mountainous areas west of
Kiruna. The most frequented section of the King's trail (‘Kungsleden’)
crosses 40 km of Laevas RHC's summer grazing grounds, as well as
calving grounds. During the winter, it is a ski trail with approximately
the same route. The construction of the railway between Kiruna
and Narvik in 1902 followed by the establishment of several moun-
tain cabins marks the onset of increased access and popularity of
this area to recreational activities, which we identified as another
major driver of change (Figure 2). Commercial helicopter traffic com-
menced in the late 1990s and was determined to strongly associate
with interests of recreationists, lasting from May to September with-
out areal restrictions. We detected an increasing overall trend in re-
cords of overnight stays in registered accommodation units, as well
as for the number of passengers landing at Kiruna airport. Moreover,
we found the largest increment in the number of overnights to occur
during summer, peaking in July and August (Supporting Information,
Figure S4).

3.5 | Military establishments and activities

We determined that military activities at Kalixfors extend over
107.04 km? and are entirely located within the winter grazing
grounds of Laevas RHC (Table 2; Supporting Information, Figure S5),
excluding any other forms of land conversion. Kalixfors military zone
was established in 1946, experiencing two expansions in 1960 and
1975 (Figure 2). A related airbase was already established in 1941
but stopped operating in 1966. Its total area of influence (i.e. ZOI

used in this study) is 216.03 km?. Year-round military training at vari-
ous intensities was found to restrict reindeer herds to pass during
migration and to roam freely between November and the end of
April. Due to its large extent and persistence, we identified military
activity as a major stressor for Laevas RHC.

As the underground mining at Kiirunavaara expanded, the city
relocation (including a rerouting of the railway) started in 2007 to
avoid parts of the town to collapse. This project is ongoing, causing
further land loss and representing the latest driver of change to ac-
cumulate in this area at a yet unprecedented scale. Recent mitigation
efforts to compensate Laevas RHC for the impacts of infrastructure
expansion and relocation included the funding of GPS collars for
reindeer by LKAB to track animals (particularly their behavioural
response towards mines) and the construction of an ecoduct after
the rerouting of the railway to reduce collision risk. However, both
attempts failed due to collars causing lesions and due to improper
placement and width of the bridge causing an obstruction for rein-

deer to move across respectively.

3.6 | Cumulative zone-of-influence

The clipped extent of merged ZOls resulted in a non-overlapping
total extent of 1526.536 km? (34.03%), representing functionally
unavailable all-year reindeer pasture (Figure 3). Regarding the pro-
portion of functionally unavailable seasonal pastures, we estimated
that 63.60% of winter pasture and 20.81% summer pasture are im-
pacted. By overlapping the ZOI of individual factors, we highlighted
how the highest intensity of accumulating impacts coincides with
Laevas RHC's central bottleneck near the mines around Kiruna
(Supporting Information, Figure S5).

We included the areal overlap with Tarend6é concession-RHC
as a non-buffered ZOI due to the year-round utilization of pastures

by this community, which results in forage depletion before Laevas
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FIGURE 4 Reindeer demographics, overall population and slaughter dynamics in Laevas RHC for existing records between 1960 and
2018. The trend for the total number of reindeer (counted post-slaughter and distinguished into males, females and calves since 1995) is
associated with the primary y-axis. The trend in slaughtered animals follows the black line associated with the secondary y-axis

RHC's reindeer can have access to this area in winter. Moreover,
this zone is avoided by Laevas RHC due to the risk of interchange
of reindeer between communities. In total, we determined that the
contested area comprises approximately 80 km? of Laevas RHC's
grazing grounds (Table 2).

3.7 | Response of reindeer husbandry

Reindeer numbers in Laevas RHC, determined post-slaughter in
September every year, show strong fluctuations during the last
57 years (Figure 4). A series of bad winters, characterized by a se-
quence of ice-locked pastures and high snow cover, caused mass
starvation of reindeer in the area during the mid-1960s, when sup-
plementary fodder was unavailable. This loss of animals forced many
herders to abandon their livelihoods. The combination of favour-
able conditions (no icing events and average snow accumulation) as
well as the influx and purchase of animals from other parts of Sapmi
throughout the 1970s and 1980s was the reason for the increase in
total number of reindeer, peaking in 1989. A series of unfavourable

winters, with a high frequency of icing and rain-on-snow events, lead

to the decline that followed during the 1990s. The total number of
reindeer has remained stable at around 7,000 animals during the last
decade, while the number of slaughtered animals has decreased sub-
stantially in recent years. The reindeer meat market price (SEK*kg’l)
has been increasing in recent years (Supporting Information,
Figure S6). No overall increase in lynx and wolverine numbers was
evident (Supporting Information, Figure S7). According to reindeer
herders, predation is regarded as part of the system and does not
explain the net decline in reindeer numbers that we detected. This

has therefore not been discussed further.

4 | DISCUSSION

The case of Laevas RHC exemplifies how establishment of extractive
industry in the region, subsequent infrastructure development and
economic activities lead to cascading effects on the entire landscape
and indigenous livelihood that this landscape supports (Figures 2 and
4). We highlighted that the winter grazing grounds, where forage is
naturally limited both in quality and quantity, receive most pressures

(Figure 3; Table 2). This trend may apply to many other RHCs, as
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the human population and infrastructure developments generally in-
crease towards the Baltic coast in northern Sweden (Kennedy et al.,
2019). Geographical factors such as natural bottlenecks in topogra-
phy interact with these accumulating pressures from other forms of
land use, and thus affect herders’ response to these changes while
also restricting their options.

A characteristic feature of any pastoral system, including rein-
deer husbandry, is its high plasticity and adaptive potential to coun-
teract environmental stochasticity (Brannlund & Axelsson, 2011;
Hausner et al., 2019). This characteristic becomes particularly evi-
dent when reindeer statistics are examined in close detail: Laevas
RHC has been experiencing declines in the number of reindeer, and
has responded by reducing slaughters and sales to a minimum, in
order to keep a viable herd. Therefore, reindeer slaughters in Laevas
RHC are only conducted for private use. Even though we found an
increasing trend in the reindeer meat market value, the lack of ani-
mals to sell is forcing more and more community members to seek
alternative occupations for extra income to compensate. Therefore,
a decline in the total number of reindeer in response to the accumu-
lation of impacts related to climate change and habitat loss and frag-
mentation is likely masked by responsive management intervention
(Bardsen et al., 2017; Hausner et al., 2019; Lundqvist et al., 2009).

At the current rate of environmental change, additional adap-
tations to counteract the current net decline in reindeer numbers
and welfare include supplementary feeding, animal transport and in-
creased herding efforts due to pasture fragmentation or loss. These
adaptations are culturally and economically costly and are pushing
reindeer husbandry as a traditional and sustainable livelihood to
its margins (Persson, 2018). Such examples of increasing vulnera-
bility and marginalization of pastoral systems due to pasture deg-
radation and sedentarization can be found world-wide (e.g. Haynes
et al., 2014; Kassahun et al., 2008; Naess, 2013; Schmidt & Pearson,
2016; Schwartz, 2005; Singh et al., 2013; Yager et al., 2019).

Most human disturbances and infrastructural developments—
especially mines—exhibit high spatiotemporal variation in activity
and influence, and the response of pastoralists and their animals
can therefore also vary accordingly (Plante et al., 2018; Rudolph
et al., 2017; Skarin & Ahman, 2014; Vistnes & Nellemann, 2008).
Most mines, when assessed for their impact, are dealt within isola-
tion. Impact assessments can therefore be misleading, as they often
fail to expand the potential influence of mines beyond the ‘hole in the
ground’. All mines are different based on the longevity, extraction
style,amount and type of material extracted as well as the time of the
year they operate, but they commonly cause physical land loss, and
animal avoidance due to human presence, noise and dust. The de-
velopment of mega-mining projects entails a multitude of additional
infrastructural developments, energy demands and manpower that
likely accumulate and amplify their effects over their lifetime on any
landscape (Keeling & Sandlos, 2015; McCarthy et al., 2005). As our
data for such a trajectory of development in northern Sweden have
shown, infrastructural developments such as road, rail and air links,
and related economic boom trigger a cascade of secondary devel-

opments. These include increased access for recreational activities

and expansion or increased feasibility of new extractive industries
(i.e. mining, forestry, wind power plants, hydropower plants; Avango
et al., 2013; Horowitz et al., 2018; Klein, 2000).

Modern forestry practices brought about denser even-aged
monocultures, soil scarification, fertilization, application of herbi-
cides and the introduction of exotic species, which have reduced
ecological variation in boreal forests (Horstkotte, 2013). This has
caused a reduction of the abundance of terricolous and arboreal
lichen—a critical winter resource that may constitute up to 80%
of reindeer forage—by up to 50% (Berg et al., 2008; Horstkotte &
Moen, 2019; Kivinen et al., 2012; Sandstrom et al., 2006). The deple-
tion of lichen-rich winter pastures in Laevas RHC'’s case is also driven
by competition over grazing grounds with a neighbouring RHC.
These pastures therefore become unavailable, which is increasingly
problematic given the progressing fragmentation of alternative pas-
tures due to advancing infrastructural developments in the remain-
ing winter range.

Military establishments are an inevitable superior ‘national inter-
est’ that limits all other land users including reindeer herders from
these areas. Besides human activity and noise, main issues include
erosion, contamination and compaction of snow and soil due to
heavy bandwagons and missile testing (Lawrence et al., 2015). The
effects of military and recreational activities on mobile wildlife and
pastoralists are often difficult to quantify due their high spatiotem-
poral unpredictability and dependence on environmental conditions,
such as snow cover (Valente et al., 2020).

By adopting the conservative ZOI according to Environment
Canada's (2012) model to the case study of Laevas RHC, we deter-
mined that only 36% of winter grazing grounds (and at maximum
66% of the total reindeer grazing grounds) are currently undisturbed
by the regarded land use pressures. We acknowledge that this is
likely an underestimation due to the decision not to buffer clear cuts
or mineral exploration, that is factors we were uncertain of having
a similarly adverse impact in the Fennoscandian context. Given that
the suggested threshold of intact habitat ensuring the viability of
caribou herds is 65% (Environment Canada, 2012), we raise concern
about the consequences Laevas RHC is facing based on our data.
Future land development goals such as increase in renewable en-
ergy production, production of metal ore and increased demands of
electricity and linear infrastructure to support these will exacerbate
the already costly adaptations that Laevas RHC is making. These
developments are not restricted to northern Sweden but relevant
to many resource-rich regions in the Arctic and elsewhere (Tucker
et al., 2018). Compensational efforts from industries and govern-
mental agencies to finically support and modernize herding prac-
tices have been pushing reindeer herder's flexibilities further. Rather
than monetary compensation, Laevas RHC and pastoral communi-
ties world-wide might likely benefit more from the protection of re-
maining pastures (especially winter pasture where effects of climate
and land use change are exacerbated) in order to remain flexible and
manage herds sustainably when conditions are unfavourable.

With further land loss and fragmentation on top of extreme

winter weather conditions, mobility between suitable seasonal
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pastures might eventually be rendered impossible. Future climate
scenarios for northern Sweden predict higher temperatures during
all seasons and more winter precipitation (Berglov et al., 2015). Thus
the frequency of freeze-thaw cycles and rain-on-snow events will
most likely continue to increase, which will further increase climate
stress on reindeer husbandry (Rosqvist et al., forthcoming; Turunen
et al.,, 2016). If these scenarios exacerbate, Laevas RHC might face
a future that entails the loss of access to essential winter pastures.
As evident from Figure 3, barrier effects will be most pronounced
around Kiruna's bottleneck due to the ongoing city centre relocation,
and we predict landscape connectivity to cease there first (detailed
in Supporting Information, Figure S5). The loss of winter pastures
would imply a substantial reduction of the carrying capacity on the
remaining portion of Laevas RHC's grazing grounds, entailing an un-
sustainable reduction in reindeer numbers. Short-term solutions to
counteract reindeer losses include the purchase of supplementary
fodder and vaccines as well as intensified herding and hiring vehicles
to move animals. These ‘solutions’ are, however, unsustainable as
they will cause both the loss of traditional herding practices as well
as economic losses, eventually depriving most Sami reindeer herders
and owners in this area of their livelihood.

To avoid such a scenario, several structural changes would have
to take place immediately. These may include the conservation of
grazing habitat that is yet intact as well as assuring that landscape
connectivity is not further reduced. Moreover, remediation and res-
toration processes of sites previously subject to resource extraction
should provide alternative grazing grounds and re-establishment of
movement corridors in the future. It is well known that the resource
extraction will continue in this area in the near future.

By quantifying current spatial extents and examining historical
trends at the landscape level, we offer a more holistic overview of
cumulative impact hotspots. Our approach highlights the impor-
tance of the inclusion of multiple data sources to identify multiple
pressures on pastures, which is inadequately regulated by law but
highly relevant to aid well-informed decision-making processes. In
our analyses, herders’ knowledge was an integral part of the spatio-
temporal trends for all land use concerning their community—that is,
all industrial developments as well as their effects on reindeer num-
bers, migration routes, pastures and herders’ adaptive measures—
and critical in fully understanding the cumulative impacts on their
land. Therefore, without the inclusion of herder knowledge, impact
assessments may fail to fully realize their purpose. It is essential that
the current status of the environment—or baseline—against which
future accumulation of impacts and their effects can be gauged is
defined (e.g. Bull et al., 2015; Schultz, 2010). Any assessments of an
incoming exploitative land user should consider past developments
and local adaptations by herders in order to fully understand the
current status of the impacted system and the consequence of their
accumulation.

A lack of an interconnected functional ecosystem means that
buffering capacity against unfavourable weather via traditional
herding strategies where one could chose alternative pastures or

reduce or increase mobility will be lost, consequentially preventing

sustainable pastoralism to persist. Moreover, not only reindeer
and reindeer herders are experiencing the detrimental effects of
accumulating land use, but other important wild animals, for ex-
ample moose Alces alces, that are also exposed to these stressors,
and the ecosystem services such as hunting and browsing that
they provide (Allen et al., 2016; Fohringer et al., 2021; Johnson
et al., 2005).

Previously, the assessment of impacts of climate change and
anthropogenic encroachment have been dealt with in isolation on
a project-by-project basis. Because the effects of accumulating
land use pressures are likely amplified by consequences of climate
change, there is an increasing need to analyse how these interact
to affect reindeer herding (Hausner et al., 2019; Kivinen, 2015).
The peril that we demonstrate above, that Laevas RHC is facing
is particularly pronounced due to the long history of resource
extraction at a latitude that is experiencing accelerated climate
change (Reichwald & Svedlund, 1977). We conclude by raising this
alarm over the state of environment and the society in this highly
vulnerable area and hope that our findings and approach will be
useful for similar assessments and socio-ecological baseline devel-
opments in other pastoral systems that are exposed to cumulative

land use impacts.
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