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The semi-domesticated nature of the reindeer (Rangifer tarandus L.) makes it a distinct case among the world’s
herbivores. Here, we review the literature on how reindeer shape vegetation and soil carbon and nitrogen cycles
in northernmost Fennoscandia. We first describe main historical events that shaped the present-day grazing
patterns in the different countries, then discuss the methodological considerations needed for interpreting evi-
dence from grazer exclosures in ecological and environmental contexts. We argue that it is critical to be aware
that these experiments do not measure the effect of grazing per se, but rather, they measure the responses of
existing ecosystem structure and function to the sudden cessation of grazing in an environment, which was to a
large degree shaped by it. Studies show that the direction and the magnitude of the effects of reindeer on
vegetation and soil processes vary across habitats and depend on both the current land-uses and the historically
formed grazing regimes; knowledge of the history is thus a key prerequisite for understanding the role of reindeer
in ecosystems. As a general trend, reindeer affect soil nutrient cycles to a stronger extent in subarctic than in
boreal ecosystems. In sites where reindeer have changed soil nutrient availability, they indirectly modify
vegetation and productivity even after the cessation of grazing. We reason that the concepts of cultural and
natural landscapes are not mutually exclusive in the case of reindeer ranges. Understanding how the intensity
and seasonal timing of both past and present grazing direct ecosystem changes under climate warming is crucial
for predicting future ecosystem structures and functioning in northern Fennoscandia as well as ecosystems in
general.

1. Introduction

The semi-domesticated nature of the reindeer (Rangifer tarandus L.)
makes it a distinct case among the world’s herbivores. This large un-
gulate has a circumpolar distribution across North Eurasia and America.
Reindeer husbandry was formed as a livelihood several centuries ago in
the Eurasian continent (Uboni et al., 2016). Reindeer husbandry relies
on freely ranging animals in natural ecosystems to which they have
access, irrespective of land ownership. Species-specific behavior and
forage selection of reindeer during different seasons drive spatial and
temporal grazing patterns across landscapes, thus resembling their wild
ancestors. Like wild grazers, their numbers are regulated by large
predators, extreme winter weather events, disease and forage

availability in their resident ecosystems (Ahman et al., 2014; Helle and
Kojola, 2008; Rasmus et al., 2020; Riseth et al., 2020; Uboni et al.,
2016). However, to a large extent, the grazing patterns and number of
reindeer depends on not only the ecological interactions between the
reindeer and its natural surroundings, but on human management re-
gimes — formed by the socio-political history and socio-economic factors
- that essentially determine contemporary reindeer movements and
abundance in space and time (e.g. Helle and Jaakkola, 2008; Lundmark,
2006; Holand et al., 2022).

So far, a substantial pool of literature has accumulated on the role of
reindeer in shaping ecosystem structure and functioning in northern-
most Fennoscandia. Within the discipline of ecology, reindeer grazing
has been discussed, e.g., in the contexts of alternative ecosystem states
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(van der Wal, 2006; Egelkraut et al., 2018; Stark et al., 2019), and the
theory that habitat fertility dictates the direction of the effect of her-
bivory on soil nutrient cycles (e.g. Stark et al., 2002; Sitters et al., 2017).
As forage availability for reindeer is important for body condition,
reproduction rate and mortality, ecological evidence also informs
pasture management and the sustainable use of natural resources (e.g.,
Riseth et al., 2002). Winter forage availability is especially used for
defining the upper limits of reindeer numbers (Kumpula et al., 2014;
Marin and Bjgrklund, 2015; Marin et al., 2020). Yet, for ecological and
reindeer management contexts, a central point is how the historical
development of reindeer herding regimes have modified their role in
ecosystems. Here, we review the existing literature on Fennoscandia to
bridge the effects of reindeer on vegetation with the historical contexts
of reindeer herding and other land use regimes. We then discuss direct
and indirect mechanisms by which reindeer modify soil carbon and ni-
trogen cycles, and how these in turn contribute to the ecosystem effect of
the reindeer. Finally, we outline some future prospects of reindeer
herding under the cumulative effects of other land uses and climate
change, and reflect them against the concepts of cultural and natural
landscapes. We create this linkage between ecology and history as to
provide a deeper understanding of the fundamental role of herbivory in
ecosystems as well as on predictions regarding ecosystem trajectories
under a warming climate. By doing this, we hope to contribute to
creating a generalized model in how scientists should see and study large
grazers in ecosystems.

Perspectives in Plant Ecology, Evolution and Systematics 58 (2023) 125716

2. Vegetation and history in the Fennoscandian reindeer
herding area

The distribution of reindeer in Fennoscandia extends across several
vegetation zones along latitudinal and altitudinal gradients (Fig. 1).
Boreal forests are dominated by Scots pine (Pinus sylvestris) and Norway
spruce (Picea abies) intermixed with deciduous trees such as birch
(Betula sp.) and are bordered by a vegetation zone composed primarily
of multi-stemmed mountain birch (Betula pubescens ssp. czerepanovii).
The border between the mountain birch forests and open tundra de-
pends on a combination of climatic and edaphic conditions and land-use
history (Oksanen and Virtanen, 1995; Temmervik et al., 2019; Virtanen
et al., 2015). Dwarf shrubs such as Vaccinium sp., Betula nana and
Empetrum nigrum together with mosses, ground lichens, forbs and
graminoids form the dominant ground vegetation.

Seasonal movements between different habitats and landscapes are a
key behavioral feature of reindeer across all climatic vegetation zones
(Fig. 2). Reindeer consume a wide range of plant species, which vary by
season depending on plant phenology and the accessibility of plants in
the landscape. Reindeer have a special ability to digest lichens, a sym-
biosis between algal and fungal partners, and they form an important
part of the winter diet, supplemented by evergreen dwarf shrubs,
grasses, and arboreal lichens (Storeheier et al., 2003; Kojola et al., 1995;
Jaakkola et al., 2006). During summer and autumn, reindeer rely on
grasses, herbs, birch foliage and mushrooms to build up body reserves
for the winter. Mires are an important habitat during summer, in
particular in areas where reindeer are not able to move above the tree
line during summer.
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Fig. 1. a. Climatic vegetation zones (adapted from Olson et al., 2001) and reindeer management regimes (www.sametinget.se for Sweden, https://kilden.nibio.no for
Norway, Finnish Reindeer Herders Association for Finland) in northern Fennoscandia. Arrows drawn in the map do not depict precise migration routes, but rather the
general direction of the movement. Straight arrows describe the direction of the movement during spring, whereas circular arrows describe more stationary herding
that involves migration within short distances. Due to the combined effects of climatic and environmental conditions and historical developments, seasonal range
rotations are within shorter distances in Finland compared to many districts in Norway and Sweden. b. Examples of seasonal range rotations in some Finnish and
Norwegian herding districts. The illustrated winter grazing area in Norway is shared by several districts based on customary rules. In Finland, seasonal areas overlap
in Nakkala, while they are separated by a pasture rotation fence in Sallivaara. c. An example of seasonal range rotation in a Swedish district. In all districts, the use of
each area can vary substantially between years depending on environmental factors.
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Landscape-level heterogeneity in habitat fertility
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Fig. 2. Dry, semidry and mesic sites in boreal forests, mountain birch forests, treeless arctic-alpine tundra heaths. While vegetation in dry habitats is dominated by
lichens, more mesic habitats become increasingly dominated by dwarf and tall shrubs, herbs and graminoids across all climatic vegetation zones. Following their
nutritional needs and the availability of forage plants during different seasons, added by insect avoidance, reindeer seasonally move between different habitat types.
The Authors of the photographs: AN = Aarno Niva, KK = Kajar Koster, MM = Minna Mannist6, MK = Minna-Maarit Kytoviita, HT = Hans Tgmmervik, SS =

Sari Stark.

However, reindeer management regimes — and consequently, sea-
sonal migrations and habitat use - differ substantially across Fenno-
scandia due to a combination of environmental conditions and historical
developments (Fig. la—c). An awareness and understanding of these
differences is central to understanding the ecosystem effects of reindeer
in Fennoscandia, because besides of vegetation and landscape factors,
the differences in socio-political history over time shaped when and
where reindeer graze and move in particular locations and seasons. Until
the early medieval period, the indigenous Sami followed a mixed sub-
sistence strategy including fishing, hunting and gathering, and some
domesticated reindeer were used as transport, draft and pack animals,
decoys for hunting and for providing meat and milk (Bergman et al.,
2013; Salmi et al., 2021). Reindeer domestication took place gradually
and in a non-synchronous manner across the different regions in parallel
with wild reindeer hunting (Lundmark, 2006; Pelletier et al., 2021).
When Northern Fennoscandia was claimed by competing nation states
(Norway-Denmark, Sweden-Finland and Novgorod/Russia) during
mid-1600's, the indigenous Sami paid taxes for their lands and waters
sometimes to several kingdoms at the same time, which over time were
increasingly paid by the meat and hides of domesticated reindeer
(Bergman et al., 2013). This increased the sizes of domesticated herds
and, in the north and north-west, led to an adoption of long seasonal
migrations between summer ranges on the Norwegian coast and forested
areas in Sweden-Finland during winter. This was because the oceanic
Atlantic coast is rich in graminoids, forbs and mountain birch foliage

and thus provided good summer nutrition, whereas the lichen-rich
continental interior provided good winter grazing grounds (Oksanen
and Virtanen, 1995).

In the boreal forest regions of today’s Sweden and Finland, differ-
ences between vegetation and landscape types are less pronounced.
Therefore, seasonal migrations were shorter and Sami reindeer herders
have led a more sedentary way of living. Starting from the 1600’s,
Finnish settlers started moving to the area and adopted reindeer herding
practices to supplement their mixed subsistence livelihoods which
included farming, fishing, and hunting. Meanwhile, local forest Sdmi
adopted farming practices (Heikkinen, 2006; Lahteenmaki, 2006).
Migratory reindeer husbandry with larger herd sizes spread into
northern Finland from the western parts of Fennoscandia during the
1600's. However, stationary communities with gradually mixed Sami
and Finnish populations still relied on nature-based livelihoods and
small-scale farming. For these historical reasons, in Finland both Sami
and Finns are engaged in reindeer husbandry, whereas in Sweden and
Norway, the livelihood is almost exclusively practiced by Sami.

Originally, an agreement called the Lapp Codicil in 1751 granted
Sami reindeer herders free passage across the borders of different
kingdoms due to a recognition of their need for seasonal range migra-
tions (Lantto, 2010). However, in the late 1800’s, country borders began
to form barriers to migration routes. Finland was annexed by Russia
from Sweden in 1809, and Russia closed the border to Norway in 1852 to
protect the stationary and small-scale reindeer husbandry practices in
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Finland from large migratory herds from Northern Norway that
damaged farms, reduced grazing resources and mixed with the local
reindeer herds (Lantto, 2010). For the migratory reindeer herders, these
border closures entailed a loss of either summer grazing areas on the
Norwegian coast, or of winter grazing areas in Finland. A second border
closure in 1889 cut off remaining migration routes between Norway and
Finland that had remained open through Sweden (between Troms
county and Norrbotten; Lundmark, 2006; Lantto, 2010). Border closures
induced new practices of seasonal range rotation in all countries
(Fig. 1b, ¢). Norway assigned specific summer grazing areas to different
siidas, i.e. groups often based on kinship that share the work of reindeer
herding, in 1888 (Aarseth, 1989). Increased reindeer numbers near
national borders led to a severe shortage of grazing resources (Riseth
et al., 2016) and the partly forced, partly voluntary relocations of
reindeer herding families to more southerly Fennoscandian mountains,
to north-east Finland or to the Kola peninsula (Aarseth, 1989). In
Finland, the state authorities ordered the establishment of geographi-
cally defined herding districts as a co-operative based organization in
1898 that were based on the sedentary herding practices (Lahteenmaki,
2006). There are no long-ranging seasonal migrations between winter
and summer areas in Finland as in Sweden and Norway (Fig. 1a, b) Long
seasonal migrations between summer and winter grazing areas are still
continued for the vast majority of reindeer herding districts in Norway
and Sweden. In Finland, northern herding districts at in the started to
fence their borders from 1960 to 1970’s and later, during the 1980's,
many oof them also built pasture rotation fences between different
seasonal ranges (Fig. 1b, c). In Sweden, the Reindeer Husbandry Act of
1886 established herding districts (then lappby, today sameby) that
partly corresponded to earlier siidas. The migration of reindeer herders
from Sweden to their customary summer ranges on the Norwegian coast
became increasingly restricted in successive Reindeer Grazing Conven-
tions (1883, 1919, 1972; Lantto and Morkenstam, 2008). In 1957, a
border fence between Norway and Finland was erected, preventing most
cross-border reindeer movements. However, many districts in Sweden
have their summer grazing areas in Norway, and some few herding
districts from Norway spend the winter in Sweden, often based on
agreements with herders in Sweden.

Reindeer numbers fluctuated substantially during the last century
throughout the whole region. In Finland, the total reindeer number
reached a historical maximum in the early 1990's, whereas the southern
reindeer herding districts in Sweden and Norway have retained stable
overall trend over the last 50 years. Today, the number of semi-
domesticated reindeer after the customary autumn slaughter is
approximately 250,000 in Norway and Sweden, and 200,000 in Finland
(Holand et al., 2022).

3. Effects of grazing, and grazing exclusion: methods for
unraveling how reindeer shape ecosystems

3.1. The decadal history of studies on reindeer effects

A common way of analyzing the role of herbivores across ecosystems
is to exclude them from the system, after which ecosystem structure and
function are analyzed with and without herbivory (see e.g. Andriuzzi
and Hall, 2017). In studies on the effects of reindeer on vegetation, this
has become a core experimental method. Areas that have excluded
reindeer have not always been established for scientific purposes. For
instance, many studies have used sites located on the Finnish-Russian
border zone where access by reindeer has been prevented for over a
century (e.g. Stark et al., 2003; Susiluoto et al., 2008; Akujarvi et al.,
2014; Koster et al., 2015).

Fences that separate seasonal pastures both in Norway and in Finland
have formed another method of analyzing reindeer effects on vegetation
and ecosystem functions (e.g. Oksanen, 1979; Olofsson et al., 2004;
Stark et al., 2007, 2021; Kumpula et al., 2011). Due to different national
management regimes, many studies have also compared the opposing
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sides of the Finnish-Norwegian border fence in areas where the Finnish
side is grazed throughout the year, and the Norwegian side only during
parts of the winter (e.g., Biuw et al., 2014; Ylanne et al., 2021, see
Fig. 1). The season during which reindeer forage in an area is a major
determinant of reindeer impacts on vegetation, because it determines
which plant species are consumed, and how strongly grazing and
trampling impact vegetation (Oksanen, 1979; Kumpula et al., 2011).
Especially during summer, trampling is a key factor that affects lichens
in particular (Heggenes et al., 2017), whereas during winter, a thick
snowpack can limit the grazing area and buffers the ground vegetation
from trampling.

Early studies compared plant communities under differing grazing
intensities (e.g., Pegau, 1970; Oksanen, 1979; Helle and Aspi, 1983) and
in reindeer exclosures (e.g., Vare et al., 1995, 1996). More recent studies
have often combined this with other approaches, such as re-analyzing
exclosures (Tgmmervik et al., 2012; Vowles et al., 2017; Sundqvist
et al., 2019) or pasture rotation fences (Ylanne et al., 2018; Stark et al.,
2021) after one or more decades, which has revealed how current
vegetation trends vary under differing grazing regimes. Pasture rotation
fences have been used for analyzing the roles of long-term grazing his-
tory vs. short-term grazer exclusions (Olofsson, 2006; Vaisanen et al.,
2014; Ylanne et al., 2020), plant nutrient uptake strategies (Barthelemy
et al., 2017), or the temperature acclimation of soil microbial functions
(Stark et al., 2015a).

3.2. Methodological considerations of exclosure effects

When translating experimental evidence from exclosures into
ecological and environmental contexts, it is critical to remember that
exclosures represent an artificially created state where all activities and
processes related to large grazers and many other have been eliminated.
However, large herbivores have been grazing northern ecosystems
throughout their evolutionary history. Exclosures represent small pieces
of an ecosystem, where a natural component of the ecosystem has been
excluded, which - besides reindeer — involves also wild large herbivores
such as moose. We do not have information on how the wild ancestors of
the present, semi-domestic reindeer modified Fennoscandian ecosys-
tems. However, studies in other areas have shown that wild herbivores
such as caribou (Manseau et al., 1996; Gough et al., 2007; Zamin and
Grogan, 2013), moose (Pastor and Naiman, 1992), and wild reindeer
herds in southern Norway (Skogland, 1984; Vistnes and Nellemann,
2008) have a strong influence on vegetation. Furthermore, within areas
of reindeer herding, microtine rodents exert an effect on vegetation in
arctic-alpine or arctic tundra heaths comparable to, or even exceeding
that of reindeer (Virtanen et al., 1997; Grellmann, 2002; Olofsson et al.,
2014; Tuomi et al., 2019). As reindeer have been present in Fenno-
scandia since the end of the last Ice Age, plant communities are
composed of grazing-tolerant species, i.e., plants that withstand or
thrive under grazing (Olofsson and Post, 2018). By creating conditions
entirely without grazing, exclosures will trigger a slow succession to-
wards more grazing-sensitive plant species that are competitive in un-
disturbed conditions. It has been observed that a short-term grazer
exclusion (i.e., a duration of a couple of years) does not predict vege-
tation responses in the long run (i.e., over decades), as very different
plant species become dominant inside exclosures in the long-term
compared to what could be predicted based on the short-term re-
sponses (Olofsson, 2006; Saccone and Virtanen, 2015). The difference in
vegetation and ecosystem processes between the grazed area and the
exclosure is one ‘snapshot’ of a continuous transition where the grazed
vegetation changes in response to the variations in grazing pressure,
whereas the vegetation inside the exclosure changes along a succession
that started when the area was fenced.

For a correct interpretation of evidence from exclosures, it is neces-
sary to know what has happened in the area at the larger geographical
and temporal scale. Past land-uses exert important legacies on northern
ecosystem structure and function, involving vegetation and soil nutrient
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cycling alike (Josefsson et al., 2009; Egelkraut et al., 2018). An experi-
ment in subarctic tundra in northern Norway demonstrated that
short-term exclosures in an area that had been heavily grazed for the
past 50 years did not shift the system to resemble a system that had been
only lightly grazed, but rather, amplified the difference between the
heavily and the lightly grazed tundra (Ylanne et al., 2020). Similar re-
sults have also been found in alpine ecosystems (Haynes et al., 2014).
Another important consideration are current land-use pressures that
can greatly affect vegetation directly, but also modify and strengthen
reindeer grazing pressure in the remaining areas (Kumpula et al., 2014).
When exclosure experiments in boreal forests, for example, demonstrate
an increase in lichens with decreasing grazing intensity, the observed
difference between grazed areas and exclosures does not mean that
lichen abundances could be explained solely by the grazing pressure
from present or past reindeer density on the studied area. The reason is
that exclosures do not provide information on how ongoing processes
and mechanisms and their interactions work alone or with reindeer
grazing and affect vegetation and reindeer behavior at a larger spatial
scale. For instance, it creates a fundamental difference if the forest
where the exclosure is built, is surrounded by a nature conservation
area, or by commercial forest subjected to multiple land-use pressures.

4. Effects of reindeer on boreal forests
4.1. Lichens, mosses and dwarf shrubs

The effect of reindeer grazing on lichens is perhaps the best docu-
mented component of vegetation studies. In dry boreal forests, reindeer
change the lichen vegetation towards two alternative directions (Helle
and Aspi, 1983; Vare et al., 1995, 1996; Kumpula et al., 2000; Stark
et al., 2000; den Herder et al., 2003; Olofsson et al., 2011; Koster et al.,
2013; Akujarvi et al., 2014; Vaisanen et al., 2021). Where reindeer
lichen species Cladonia stellaris, C. rangiferina and C. mitis dominate areas
that have been ungrazed for a long time, grazing usually shifts species
composition cup lichens (e.g., C. uncialis, C. coccifera) and tin lichens
(Stereocaulon sp.), or increases amount of mosses at the expense of li-
chens. Grazing in semi-dry forests may also decrease the moss layer
thickness (Viisanen et al., 2021).

Interestingly, the effect of reindeer grazing on ungrazed lichens re-
sembles an opposite vegetation succession after forest fires, where early
stages are composed of cup lichens, the middle stages of C. rangiferina
and C. mitis sp., and - in undisturbed conditions - late stages of C. stellaris
(Ahti, 1977; Kumpula et al., 2000). However, in very old-growth forests
that are not grazed by reindeer, the lichen layer becomes increasingly
mixed with evergreen dwarf shrubs (Haapasaari, 1988; Miina et al.,
2020) or mosses (Coxson and Marsh, 2001). Historically, in northern
Sweden, herders may even have used fire to promote the proportion of
lichen heaths in the landscape (Hornberg et al., 1999). In contrast to
lichens, the effects of reindeer grazing on dwarf shrubs seem to be rather
weak (Stark et al., 2000; Vaisanen et al., 2021), but they may sometimes
decrease due to grazing (Kumpula, 2001).

Because ground lichens are very sensitive to trampling, seasonal
pasture rotation is an effective tool to promote higher lichen abundances
(e.g., Kumpula et al., 2011). In Sweden, historically formed seasonal
pasture rotation also appears to be important for keeping lichen pasture
areas in good condition, as the cover and biomass of lichens is lower in
areas where reindeer stay in the forests year-round compared to those
areas where reindeer migrate to the mountains during the summer
months (Horstkotte and Moen, 2019; Uboni et al., 2019). A system of
rotation (annual shift of winter grazing areas) existed traditionally in
South Sépmi in order to have always fresh and good lichen pastures
(Drake, 1918; Vorren, 1998) also found other places in Sapmi (Vorren,
1980).

Relatively few publications exist on the effects of reindeer on mesic
forests. Old-growth mesic forests are not preferred cratering grounds for
reindeer, as they prefer lichen-rich forests during winter, and wetlands
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during summer (Kitti et al., 2009). However, these forests have impor-
tance if their preferred habitats are not available. Mesic old-growth
forests, often dominated by spruce, also contain epiphytic lichens
which are important winter forage for reindeer, in particular when deep
or hard snow hinders reindeer in digging for ground lichens (Jaakkola
et al., 2006). A recent study in mesic, herb-rich forests in Finland
showed that higher reindeer densities were associated with increased
species diversity, because they reduced the abundance of tall forbs
(Happonen et al., 2021), demonstrating that reindeer modify the ground
vegetation of also in more nutrient-rich forests.

4.2. Tree growth and regeneration

The question how reindeer husbandry might influence boreal forest
growth and regeneration has attracted public interest even as early as
the late 1800’s (Turunen et al., 2020). Nonetheless, few international
publications exist on the topic. Some studies reported a 20 % faster
growth of Scots pine in grazed over ungrazed areas in Finland (Helle and
Moilanen, 1993; Macias Fauria et al., 2008). Evidence regarding forest
regeneration is mixed: reindeer can cause indirect frost damage to
seedlings or increase the likelihood of fungal infections when digging for
lichens through the snow (Helle and Moilanen, 1993; Roturier and
Bergsten, 2006; Akujarvi et al., 2014), but by opening gaps in the lichen
layer, grazing may also promote tree seedling establishment (Macias
Fauria et al., 2008). In young forests, reindeer browsing may decrease
deciduous seedlings, such as birch (Betula pubescens) and - similar to
what has been found for moose browsing (Pastor and Naiman, 1992) —
could promote conifers over deciduous trees, but this requires experi-
mental verification.

4.3. Interactions between reindeer and forestry

Decadal trends in lichen biomass in a nature conservation area vs.
commercial forests in Finland (Jaakkola et al., 2013); and south and
within the reindeer herding area in Sweden (Sandstrom et al., 2016) and
Finland (Tonteri et al., 2022) reveal a strong interactive effect of forestry
activities and reindeer husbandry. Forestry causes fragmentation and
reduction in old-growth forests rich in ground and arboreal lichens
(Kumpula et al., 2014; Sandstrom et al., 2016; Tonteri et al., 2022).
Arboreal lichens disappear immediately in forest clear-cutting, where all
trees are removed in a single harvest, and due to their low dispersal
rates, require a long time to colonize young forests and re-establish in
sufficient abundance (Dettki and Esseen, 2003; Horstkotte et al., 2011).
The current rotation times of 90-120 years between harvests does not
permit good arboreal lichen recovery (Esseen et al., 2022).

While clear-cutting creates open areas with high light availability
that promote the growth of ground lichens, mechanical site preparation
to enhance seedling growth damages tstry change the use of different
habitats by reindeer ahem (Kivinen et al., 2010). The structure of the
regenerating forest also affects the ground lichens. As increased tree
density limits light availability at the forest floor, the ground lichens
become outcompeted by mosses or vascular plants (Jonsson Cabrajic
et al., 2010; Sandstrom et al., 2016; Horstkotte and Moen, 2019). The
direct effects of forend increase grazing pressures on the remaining
pastures even if reindeer numbers remain unchanged (Kumpula et al.,
2014; Sandstrom et al., 2016).

5. Effects of reindeer on subarctic ecosystems
5.1. Mountain birch forest structure and the location of tree-line

In the Finnish subarctic, reindeer reside in the interior also during
the summer season due to historical reasons. Therefore, they exert a
strong effect on the mountain birch forest structure, and make birch
forests more open with a lower tree density (Biuw et al., 2014) and
biomass (Oksanen et al., 1995; Lempa et al., 2005; Kumpula et al., 2011;
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Stark et al., 2021). Browsed birches typically have fewer and thicker
trunks when compared with a more multi-stemmed structure with
thinner trunks in the absence of browsing (Kumpula et al., 2011; Stark
et al., 2021). In addition to mountain birches, also other tall shrubs/-
deciduous trees in the subarctic zone are affected. Willows are particu-
larly strongly affected by browsing, because they constitute a palatable
and favored food resource for reindeer during summer (den Herder
et al., 2008; Pajunen et al., 2008; Kitti et al., 2009; Ravolainen et al.,
2011; Kolari et al., 2019).

Habitats close to the forest distribution limit are usually sensitive to
shifts between forested and treeless states (Scheffer et al., 2012). Rein-
deer seem to influence the location of the tree line, i.e., the border be-
tween mountain birch forest and open tundra (e.g., Oksanen et al., 1995;
Moen et al., 2008), but this interaction is ambiguous. Reindeer grazing
may increase germination of tree seeds, both conifers and mountain
birch, as well as emergence and growth of seedlings by breaking the soil
surface and removing the “lichen barrier” leading to a formation of tree
clusters (Tommervik et al., 2004, 2009; Aakala et al., 2014). On the
other hand, reindeer also contribute to maintaining the current tundra
landscape by keeping tall shrubs in a “browsing trap” by preventing tree
seedlings from growing above browsing height or encroaching on open
tundra (Brathen et al., 2017; Olofsson and Post, 2018). Mass outbreaks
of autumnal moths (Epirrita autumnalis) and winter moths (Oper-
ophtera brumata) are of major importance, as in reindeer summer
ranges, defoliated mountain birch forests can gradually change into
“secondary mountain heaths”, because reindeer grazing prevents the
establishment of new trees (Chapin et al., 2004; Biuw et al., 2014).

5.2. Vegetation in mountain birch forests and tundra heaths

The effects of reindeer on vegetation in arctic-alpine tundra heaths
show high spatial variability among regions and habitat types (e.g. den
Herder et al., 2003; Lempa et al., 2005; Eskelinen and Oksanen, 2006;
Kumpula et al., 2011; Francini et al., 2014; Stark et al., 2021 for Finland,
e.g. Olofsson et al., 2004; Grellmann, 2002; Brathen et al., 2007, 2017,
Odland et al., 2018, Ylanne et al., 2018 for Norway, e.g. Vowles et al.,
2017, for Sweden; Bernes et al., 2015; Sundqvist et al., 2019 for all
countries). To detect general patterns at a larger landscape-level,
Sundqvist et al. (2019) analyzed most existing reindeer exclosures
across the Fennoscandian subarctic and concluded that reindeer gener-
ally maintain vegetation in a low-biomass state with decreased lichen
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and deciduous tall shrub abundances (Fig. 3). Yet, the direction and
amplitude of the responses of other plant groups depended on habitat.
For example, in mountain birch forests, reindeer increased deciduous
dwarf shrubs in semi-dry habitats but decreased them in mesic habitats.
Evergreen dwarf shrub abundances decreased in response to grazing in
mountain birch forests, whereas there was no effect in tundra heaths.
Changes in the vegetation may yield higher or lower plant diversity
depending on the habitat (Sundqvist et al., 2019). In fertile tundra
heaths, moderate grazing increases species diversity by promoting gra-
minoid and forb seed germination and seedling emergence (Eskelinen
and Virtanen, 2005; Eskelinen and Oksanen, 2006) and by favoring
small and light-demanding species over tall ones (Eskelinen et al., 2016;
Kaarlejarvi et al., 2017). In dry habitats the effect may however be the
opposite (Kontula and Raunio, 2019; Sundqvist et al., 2019).

It raises an interesting question as to which extent the historically
formed reindeer herding regimes influence the vegetation responses to
reindeer exclusion, and by this way, the high spatial variation in the
findings. Tommervik et al. (2012) found that ground lichens in moun-
tain birch sites in Norway recovered very rapidly after reindeer popu-
lation reduction, facilitated by increased precipitation. They
hypothesized that lichen recovery is faster in areas with a history of only
winter grazing compared with areas that have a history of summer or
year-around grazing. These findings agree with observations from
boreal forests - that lichen growth is at highest during a certain phase of
the lichen vegetation, showing a bell-shaped function with its biomass
(Kumpula et al., 2000). In both the Norwegian and Finnish subarctic,
dwarf shrub cover seems to increase in parallel with lichens (Tgmmervik
et al., 2012; Stark et al., 2021).

6. How do reindeer modify soil and ecosystem carbon and
nutrient cycles?

Herbivores around the world affect soil carbon and nutrient cycles
through a variety of mechanisms (Fig. 4), and through these effects,
have an indirect feedback on plant production and soil carbon seques-
tration (Andriuzzi and Hall, 2017; Schmitz et al., 2014). Soil feedbacks
on vegetation through herbivory are of particular importance in north-
ern ecosystems, because soils store a major proportion of the total
ecosystem carbon stock, and plant species composition and productivity
are strongly limited by nutrient availability.

Fig. 3. a. Ridge dominated by Betula nana and Loiseleuria
procumbence with lichens, and b. Empetrum nigrum and
lichen tundra heath in inland Finnmark, northern Norway.
Same plots were photographed in 1998 and 2005. In 1998,
the lichen layer composed mainly of Flavocetraria nivalis
fragments, whereas in 2005, a mixture of Flavocetraria
nivalis and Cladonia arbuscula dominated. Increase in lichen
cover was mainly due to reduced reindeer density between
1998 and 2005. The Author of the photographs: Hans
Tgmmervik.
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6.1. Effects of reindeer on soil nutrient status and carbon storage

Reindeer seem to have a relatively minor effect on nitrogen avail-
ability in boreal forests (Stark et al., 2003, 2010; Koster et al., 2015;
Santalahti et al., 2018; Vaisdanen et al., 2021) although soil nitrogen
concentrations may increase at the vicinity of the reindeer feeding sites
(Turunen et al., 2013). Studies in subarctic ecosystems have shown
substantial but highly variable effects, others have shown higher levels
(Olofsson et al., 2004; Stark et al., 2007; Stark and Vaisanen, 2014),
lower levels (Stark and Grellmann, 2002), or no difference (Virtanen
et al., 2008; Francini et al., 2014) between grazed and ungrazed areas.
Reindeer may increase soil nitrogen availability via fertilization through
urine and faeces (Stark and Vaisanen, 2014; Barthelemy et al., 2015). It
has therefore been suggested that nutrient transport from foraging areas
to areas where waste products are deposited could largely influence
whether reindeer increase or decrease soil nutrient availability in each
site (Stark and Grellmann, 2002; Stark et al., 2015b). However, at the
landscape level, reindeer seem to induce higher soil nitrogen levels,
which has an ecosystem-level importance, because it may sustain higher
plant productivity and thus counterbalance the effects of plant con-
sumption and trampling (Olofsson et al., 2004; Sundqvist et al., 2019).
Interestingly, the impact of high reindeer densities on soil nutrient status
can still be visible even after a century without grazing, because a
transition of the dominant shrub-dominated vegetation into a commu-
nity dominated by more rapidly decomposable species leads to a
self-reinforcing feedback loop, which creates a sustained historical leg-
acy on vegetation and soil processes (Josefsson et al., 2009; Tgmmervik
et al., 2010; Egelkraut et al., 2018; Stark et al., 2019).

The loss of vegetation cover due to herbivory may expose the soil
organic layer to erosion through wind, running water or landslides,
which in arctic regions is found in connection with, e.g., cattle hus-
bandry (Normand et al., 2017). Erosion could be detected as lower
nutrient contents or as a thinner or absent organic soil layer. However,
studies have generally not found differences in the amount of carbon
stored in the organic soil layer (e.g. Stark et al., 2000; Koster et al., 2013,
2015; Vaisanen et al., 2021; Ylanne et al., 2018, 2021). The organic soil
layer is often drier and thinner under grazing, but also more compact
(Tuomi et al., 2021). Lichens store only a small fraction of the ecosystem
carbon. As carbon storage is dominated by trees, mosses and under-
storey dwarf shrubs (Stark et al., 2000; Koster et al., 2015), lichen
removal does not affect the ecosystem net carbon sink (Susiluoto et al.,
2008). In turn, observations from mesic habitats indicate that even
substantial shifts in the vegetation may result in equivalent soil carbon
stocks. For example, a vegetation shift from dwarf shrubs and mosses to
graminoids increases root litter production, leading to a similar (Ylanne
et al., 2020) or a higher soil carbon stock (Ylanne et al., 2018). Erosion

Carbon release

¢/ Plant N uptake
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Fig. 4. By structuring the plant community composition
through three major mechanisms, (1) food selection (i.e.,
favoring some plant species over others), (2) trampling and
(3) fertilization, grazers modify both the quantity and

quality of plant litter that forms the soil organic matter.
M Through this mechanism, grazers exhibit a major impact on
microbially mediated decomposition and mineralization
processes in the soil, which in turn feedbacks to plant
nutrient availability and uptake as well as carbon release.
The eventual effect of grazing on the ecosystem carbon
storage is determined by the balance between carbon up-
take and release. Due to the complexity of mechanisms by
which herbivores influence soil processes, the direction of
the effect on both nitrogen availability and carbon storage
vary substantially among ecosystems.

due to a high trampling intensity has been detected along reindeer
fences, but is often local (Moen and Danell, 2003). In northernmost
Fennoscandia, deflation landforms formed by wind erosion started to
appear on sandy moraines thousands of years ago and are thus geolog-
ically much older than reindeer domestication, but it has been suggested
that reindeer may increase susceptibility to wind erosion in these areas
(Holtmeier and Broll, 2006).

6.2. Effects of reindeer on soil community composition and function

Reindeer induce several types of effects on the soil communities,
many of which are mediated by the changes in the quantity and the
quality of the plant biomass that eventually is deposited onto the ground
as plant litter. In boreal forests, microbial activity of carbon dioxide
release (i.e., microbial respiration) is generally lower in grazed than
ungrazed areas both in dry and mesic habitats (Vare et al., 1996; Stark
et al., 2003). This could explain the ‘neutral’ effect of grazing on soil
carbon stocks, as increased CO2 release may result from the plant
biomass that was protected from grazing undergoing microbial decom-
position. Studies on litter decomposition in dry forests have shown
either lower rates under grazing (Stark et al., 2010) or no effects (San-
talahti et al., 2018). Some fungal taxa change in abundances in response
to grazing, but the dominant taxa remain the same (Santalahti et al.,
2018).

In subarctic ecosystems, leaf litter seems to decompose more rapidly
in areas with summer grazing compared to areas with winter grazing in
both mountain birch forests (Stark et al., 2007) and arctic-alpine tundra
heaths (Olofsson and Oksanen, 2002; Olofsson et al., 2004). Interest-
ingly, the more rapid rates of litter decomposition in both habitats seem
to derive from both a higher litter quality and improved conditions for
decomposition in terms of soil nutrient availability and microclimate. At
the Finnish-Norwegian border, mountain birch forest sites grazed
throughout the year showed higher fungal abundance but lower fungal
diversity compared to areas with only winter grazing (Ylanne et al.,
2021). In a subarctic tundra heath, however, fungal communities were
more diverse under heavy than light grazing, and also responded more
rapidly to increasing nutrients (Ahonen et al., 2021). The density and
community composition of nematodes, a major component of soil
microfauna, seem surprisingly tolerant to reindeer grazing and tram-
pling in both mountain birch forests and tundra (Stark et al., 2008;
Francini et al., 2014; Sgrensen et al., 2009).
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7. The future of Fennoscandian northern ecosystems — and
reindeer in it

7.1. Interactions between climate change and reindeer

Climate warming is shifting northern boreal forests and subarctic
areas into a new state with increasing abundances of tall and dwarf
shrubs and declining lichen abundances (Elmendorf et al., 2012).
Reindeer interact with the ecosystem response to climate warming in
complex and multiple ways. Reindeer seem to dampen or slow down
climate-induced increases in deciduous shrub encroachment (Horstkotte
et al., 2017; Maliniemi et al., 2018; Olofsson et al., 2009; Vowles et al.,
2017; Vuorinen et al., 2017), while having less influence on evergreen
shrubs (Brathen et al., 2017; Vowles et al., 2017; Stark et al., 2021).
Contrastingly, reindeer grazing may reinforce the climate-driven decline
in lichens (Tgmmervik et al., 2004; Odland et al., 2018).

In the long-term, a biome shift from treeless to forested areas will
likely take place, but whether reindeer promote or counteract a
warming-induced advance in the tree line may vary between tree species
and areas (Callaghan et al., 2013). Reindeer can have a surprisingly
strong impact also on less palatable evergreen seedlings in the timber-
line (Bognounou et al., 2018). Yet, the individual roles of climate and
reindeer is difficult to separate from ecosystem trends. For example,
historical time series from northern Norway indicated that current in-
crease in the biomass and distribution of mountain birch in northern
Norway may be more strongly related to discontinued forms of land-use,
such as wood cutting for fuel, than to summer warming (Horstkotte
et al., 2017; Tgmmervik et al., 2019). Interestingly, release from
browsing pressure due to declining caribou populations, rather than
climate warming seem to drive increases in dwarf birch growth in
interior Canada (Andruko et al., 2020). Where it occurs, the dampening
of ‘shrubification’ or delaying the advance of the treeline has several
consequences that may be considered beneficial. By controlling the
growth of tall species through grazing, reindeer may mitigate a
warming-induced reduction in plant diversity (Kaarlejarvi et al., 2015,
2017; Happonen et al., 2021), increase albedo and therefore have a
cooling effect on climate (Cohen et al., 2013; te Beest et al., 2016).

7.2. Sustainable use of reindeer ranges under changing conditions

Although the present reindeer grazing pressure slows down many
undesired effects of climate change, such as the shrubification of open
tundra (Virtanen et al., 2010 Bréthen et al., 2017) and declining di-
versity (Kaarlejarvi et al., 2017), areas where ground lichens have been
depleted due to reindeer grazing or combined pressures of reindeer
grazing, forestry and other forms of land use would likely benefit from
reduced reindeer numbers or changed grazing patterns. In the present
herding systems with supplementary feeding and treating reindeer
against parasites, reindeer populations can be kept relatively stable,
which does not allow lichen recovery in the same way as earlier in the
history. Earlier stronger population fluctuations due to harsh winter
conditions, predation, disease and parasitic outbreaks were common
and caused alternating of high and low grazing pressures (Riseth et al.,
2016, 2020). Such fluctuations cannot, however, be implemented both
for the reasons of animal welfare and stable income requirements.

Reducing the reindeer numbers to enable lichen recovery would
likely be echoed in mesic habitats where tall shrubs and forbs would
increase, with negative consequences on diversity as well as the quality
of summer pastures for the reindeer. For example, a reduction in rein-
deer density in mid-Norway from 10 reindeer/km2 to 2-3 reindeer/km2
led to an increase of lichen abundance in dry areas, but at the same time
also to increased shrubification, which reduced the proportion of good
herb- and graminoid-rich summer pastures (T¢ommervik et al., 2010).
Thresholds that would prevent willows, dwarf birch and mountain birch
from invading tundra areas have been estimated to range between 3 and
4 reindeer per km2 (den Herder et al., 2004; Tgmmervik et al., 2010).
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Importantly, there is a considerable difference in the timeframe over
which plants respond to changes in grazing intensity or herding regimes
in different habitats. On fertile habitats, vegetation appears to recover
rapidly even after very intensive grazing (Ravolainen et al., 2011),
indicating that reduced reindeer numbers could quickly result in a
reduction in the diversity and quality of summer ranges. By contrast,
lichen recovery in exposed winter pastures like ridges and heaths might
be slow. In Finnmark, northern Norway, for example a reduced winter
grazing density (from 19 to 10 reindeer per km2) in concert with higher
precipitation during summer led to a rapid lichen recovery between
1998 and 2005 (Tgmmervik et al., 2009, 2012). Models concerning
Finnish commercial boreal forests suggest that even after a very sub-
stantial reduction in reindeer numbers implemented together with
increased protection of old-growth forests, lichen recovery would
require several decades (Pekkarinen et al., 2015).

From the perspective of science, commonly used concepts such as
‘ecological state’ or ‘overgrazing’ are problematic, and depend on how
their concepts and meanings are understood and valued (Mysterud,
2006; Landauer et al., 2021). When the impacts of reindeer husbandry
and the ecological state of reindeer ranges are assessed, one has to ask
which stages or changes in ecosystems are seen as positive, negative or
neutral, and from whose perspective. For example, the formation of a
secondary tundra heath by combined summer grazing and moth out-
breaks may either be interpreted as overgrazing, or as preserving open
tundra habitats (Oksanen et al., 1995; Horstkotte et al., 2017), which are
better winter pastures with improved visibility and higher availability of
winter forage due to a thinner wintertime snow cover. Similarly, while
moderate grazing by reindeer and sheep is considered a key process for
maintaining biodiversity in the Scandinavian mountains ((Austrheim
and Eriksson, 2001)Austrheim and Eriksson, 2001; Olofsson and Oksa-
nen, 2005), climate change and constant high grazing pressure may
threaten dry Finnish fell habitat types (Kontula and Raunio, 2019).
Practices such as pasture rotation should be promoted, together with
diminishing the detrimental impact by other land-uses that contribute to
lichen decline (Kumpula et al., 2014; Sandstrom et al., 2016; Horstkotte
and Moen, 2019). Pasture rotation would mean both extending pasture
rotation between ‘strict’ summer- and winter ranges to prevent damages
to lichens by trampling during summer, and establishing rotation be-
tween grazing sites during winter. Collaboration with reindeer herders
should be promoted in regional land-use planning, in particular
regarding the effects on reindeer forage availability (Forbes et al., 2020;
Sandstrom et al., 2012; Turunen et al., 2020; Tyler et al., 2007; Miina
et al., 2021). Increased rotation times, harder thinning in young forests
to promote ground lichens (Horstkotte et al., 2016) and implementation
of alternative forest management, such as continuous cover forestry
(Boudreault et al., 2013; Rikkonen et al., 2023) could reduce the impact
of forest management on both arboreal and ground lichens and increase
landscape connectivity for lichen dispersal and reindeer movements (St
John et al., 2016).

8. Conclusions: how to integrate ecology with history in
understanding the effects of ungulates on present-day
ecosystems

Wild and/or domesticated herbivores modify almost every terrestrial
ecosystem, including both aboveground and below ground components,
and northern Fennoscandian ecosystems are no exception. Reindeer
husbandry in Fennoscandia has a long history and the gradual replace-
ment of wild reindeer by semi-domesticated reindeer has modified the
environment over centuries. Exclosure experiments and pasture rotation
fences give an overview of trends and patterns in vegetation dynamics
induced and developed by excluding reindeer grazing. However, they
fail to capture all the interacting processes and mechanisms acting in
real pasture ecosystems. The study site, and its experimental set-up to
study the effect of grazing, needs to be located into a larger context that
takes into consideration both the historical developments and the
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modern-day infrastructures (Stoessel et al., 2022). In scientific publi-
cations addressing the effects of herbivores adding a specific section to
the methods describing what is known on historical land-uses and
mechanisms driving the habitat use would contribute to this goal. In the
case of reindeer, the differences in socio-political history over time
shaped when and where reindeer graze and move in particular locations
and seasons. Present-day ecosystem structures and functioning must be
looked at in the light of historical events and current drivers of reindeer
herding and grazing systems.

It has been suggested that northern boreal forests, subarctic moun-
tain birch forests and tundra habitats should be seen as cultural land-
scapes despite the fact that they are not structured by humans to the
same extent as agrarian landscapes (Josefsson et al., 2009; Staland et al.,
2010; Egelkraut et al., 2018). Wild reindeer have existed in northern
Fennoscandia since the last Ice Age, and since then they were hunted
and later domesticated by humans. For this reason, Fennoscandia has
never experienced a state without any human impact at all. We argue
that the concepts of natural and cultural landscapes may not be mutually
exclusive in the case landscapes shaped by reindeer husbandry. How-
ever, reindeer grazing is just one factor behind vegetation trajectories, as
these often are induced in combination with other land-uses and climate
change. Questions still remain as to what Fennoscandian ecosystems will
look like in the long-term, when climate warming advances tree-lines, to
which extent large-scale vegetation trajectories in different habitat types
under climate warming depend on the long-term land-use history, and
how future changes in reindeer numbers and herding methods might
alter these trajectories.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data Availability
No data was used for the research described in the article.

Acknowledgements

We are grateful to Philip Burgess for his invaluable help with figures
and language checking. We also thank two anonymous referees for
fruitful comments that helped improving the paper. The writing of this
paper was performed as a part of projects ‘Kebiporo’ funded by the
Finnish Ministry of Forestry and Agriculture to Dr. Jouko Kumpula, and
‘CHARTER’, funded by the EU Horizon 2020 Research and Innovations
Programme to Prof. Bruce Forbes (Grant #86947).

References

Aakala, T., Hari, P., Dengel, S., Newberry, S.L., Mizunuma, T., Grace, J., 2014.

A prominent stepwise advance of the tree line in north-east Finland. J. Ecol. 102,
1582-1591.

Aarseth, B., 1989. Grenser i sameland. Norsk Folkemuseum, Oslo.

Ahman, B., Svensson, K., Ronnegérd, L., 2014. High female mortality resulting in herd
collapse in free-ranging domesticated reindeer (Rangifer tarandus tarandus) in
Sweden. PLoS One 9, e111509.

Ahonen, S., Ylanne, H., Vaisanen, M., Ruotsalainen, A., Mannisto, M.K., Markkola, A.-M.,
Stark, S., 2021. Reindeer grazing history determines the responses of subarctic soil
fungal communities to warming and fertilization. New Phytol. 232, 788-801.

Ahti, T., 1977. Lichens of the boreal coniferous zone. In: Seaward, M.R.D. (Ed.), Lichen
Ecology. Academic Press Inc, London, pp. 145-181.

Akujarvi, A., Hallikainen, V., Hypponen, M., Mattila, E., Mikkola, K., Rautio, P., 2014.
Effects of reindeer grazing and forestry on ground lichens in Finnish Lapland. Silva
Fenn. 48, e1153.

Andriuzzi, W.S., Hall, D., 2017. Responses of belowground communities to large
aboveground herbivores: Meta-analysis reveals biome-dependent patterns and
critical research gaps. Glob. Change Biol. 23, 3857-3868.

Andruko, R., Danby, R., Grogan, P., 2020. Recent growth and expansion of birch shrubs
across a low Arctic landscape in continental Canada: are these responses more a

Perspectives in Plant Ecology, Evolution and Systematics 58 (2023) 125716

consequence of the severely declining caribou herd than of climate warming?
Ecosystems 2020 (23), 1362-1379.

Austrheim, G., Eriksson, O., 2001. Plant species diversity and grazing in the
Scandinavian mountains - Patterns and processes at different spatial scales.
Ecography 24 (6), 683-695.

Barthelemy, H., Stark, S., Olofsson, J., 2015. Increased plant productivity by long-term
faeces addition in tundra ecosystems. Ecosystems 18, 740-751.

Barthelemy, H., Stark, S., Michelsen, A., Olofsson, J., 2017. Urine is an important
nitrogen source for plants irrespective of vegetation composition in an Arctic tundra:
insights from a '°N-enriched urea tracer experiment. J. Ecol. 106, 367-378.

te Beest, M., Sitters, J., Ménard, C.B., Olofsson, J., 2016. Reindeer grazing increases
summer albedo by reducing shrub abundance in Arctic tundra. Environ. Res. Lett.
11, e125013.

Bergman, I., Zackrisson, O., Liedgren, L., 2013. From hunting to herding: land use,
ecosystem processes, and social transformation among sami AD 800-1500. Arct.
Anthr. 50, 25-39.

Bernes, C., Brathen, K.A., Forbes, B.C., Speed, J.D.M., Moen, J., 2015. What are the
impacts of reindeer/caribou (Rangifer tarandus L.) on arctic and alpine vegetation?
A Syst. Rev. Environ. Evid. 4, 4.

Biuw, M., Jepsen, J.U., Cohen, J., Ahonen, S.H., Tejesvi, M., Aikio, S., Wéli, P.R.,
Vindstad, O.P.L., Markkola, A.M., Niemela, P., Ims, R.A., 2014. Long-term impacts of
contrasting management of large ungulates in the Arctic tundra-forest ecotone:
ecosystem structure and climate feedback. Ecosystems 17, 1-16.

Bognounou, F., Hulme, P.E., Oksanen, L., Suominen, O., Olofsson, J., 2018. Role of
climate and herbivory on native and alien conifer seedling recruitment at and above
the Fennoscandian treeline. J. Veg. Sci. 29, 573-584.

Boudreault, C., Zouaoui, S., Drapeau, P., Bergeron, Y., Stevenson, S., 2013. Canopy
openings created by partial cutting increase growth rates and maintain the cover of
three Cladonia species in the Canadian boreal forest. For. Ecol. Manag. 304,
473-481.

Bréthen, K.A., Ravolainen, V.T., Stien, A., Tveraa, T., Ims, R.A., 2017. Rangifer
management controls a climate-sensitive tundra state transition. Ecological
Applications 27, 2416-2427.

Bréthen, K.A., Ims, R.A., Yoccoz, N.G., Fauchald, P., Tveraa, T., Hausner, V.H., 2007.
Induced shift in ecosystem productivity? Extensive scale effects of abundant large
herbivores. Ecosystems 10, 773-789.

Callaghan, T.V., Jonasson, C., Thierfelder, T., Yang, Z., Hedena, H., Johansson, M.,
Molau, U., Van Bogaert, R., Michelsen, A., Olofsson, J., Gwynn-Jones, D.,
Bokhorst, S., Phoenix, G., Bjerke, J.W., Tsmmervik, H., Christensen, T.R., Hanna, E.,
Koller, E.K., Sloan, V.L., 2013. Ecosystem change and stability over multiple decades
in the Swedish subarctic: complex processes and multiple drivers. Phil Trans R Soc B
368, 20120488.

Chapin III, F.S., Callaghan, T.V., Bergeron, Y., Fukuda, M., Johnstone, J.F., Juday, G.,
Zimov, S.A., 2004. Global changes and the boreal forest: thresholds, shifting states or
gradual change? Ambio 33, 361-365.

Cohen, J., Pulliainen, J., Ménard, C.B., Johansen, B., Oksanen, L., Luojus, K., Ikonen, J.,
2013. Effect of reindeer grazing on snowmelt, albedo and energy balance based on
satellite data analyses. Remote Sens. Environ. 135, 107-117.

Coxson, D.S., Marsh, J., 2001. Lichen chronosequences (postfire and postharvest) in
lodgepole pine (Pinus contorta) forests of northern interior British Columbia. Can. J.
Bot. 79, 1449-1464.

Dettki, H., Esseen, P.A., 2003. Modelling long-term effects of forest management on
epiphytic lichens in northern Sweden. For. Ecol. Manag. 175 (1-3), 223-238.

Drake, S., 1918. Vasterbottenslapparna; Tva Forlaggare Bokforlag: Stockholm. Sweden.

Egelkraut, D., Aronsson, K.-A., Allard, A., Akerholm, M., Stark, S., Olofsson, J., 2018.
Multiple feedbacks contribute to a centennial legacy of reindeer on tundra
vegetation. Ecosystems 21, 1545-1563.

Elmendorf, S., Henry, G.H.R., Hollister, R.D., et al., 2012. Plot-scale evidence of tundra
vegetation change and links to recent summer warming. Nat. Clim. Change 2,
453-457.

Eskelinen, A., Virtanen, R., 2005. Local and regional processes in low-productive
mountain plant communities: the roles of seed and microsite limitation in relation to
grazing. Oikos 110, 360-368.

Eskelinen, A., Oksanen, J., 2006. Changes in the abundance, composition and species
richness of mountain vegetation in relation to summer grazing by reindeer. J. Veg.
Sci. 17, 245-254.

Eskelinen, A., Kaarlejarvi, E., Olofsson, J., 2016. Herbivory and nutrient limitation
protect warming tundra from lowland species invasion and diversity loss. Glob.
Change Biol. 23, 245-255.

Esseen, P.A., Ekstrom, M., Grafstrom, A., Jonsson, B.G., Palmqvist, K., Westerlund, B.,
Stéhl, G., 2022. Multiple drivers of large-scale lichen decline in boreal forest
canopies. Glob. Change Biol. 28, 3293-3309.

Forbes, B.C., Turunen, M.T., Soppela, P., Rasmus, S., Vuojala-Magga, T., Kitti, H., 2020.
Changes in mountain birch forests and reindeer management: comparing different
knowledge systems in Sapmi, northern Fennoscandia. Polar Rec. 55, 507-521.

Francini, G., Liiri, M., Ménnist6, M.K., Stark, S., Kytoviita, M.-M., 2014. Response to
reindeer grazing removal depends on soil characteristics in low Arctic meadows.
Appl. Soil Ecol. 76, 14-25.

Gough, L., Ramsey, E.A., Johnson, D.R., 2007. Plant-herbivore interactions in Alaskan
arctic tundra change with soil nutrient availability. Oikos 116, 407-418.

Grellmann, D., 2002. Plant responses to fertilization and exclusion of grazers on an arctic
tundra heath. Oikos 98, 190-204.

Haapasaari, M., 1988. The oligotrophic heath vegetation of northern Fennoscandia and
its zonation. Acta Bot. Fenn. 135, 1-219.

Happonen, K., Muurinen, L., Virtanen, R., Kaakinen, E., Grytnes, J.-A., Kaarlejarvi, E.,
Parisot, P., Wolff, M., Maliniemi, T., 2021. Trait-based responses to land use and


http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref1
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref1
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref1
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref2
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref3
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref3
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref3
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref4
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref4
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref4
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref5
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref5
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref6
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref6
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref6
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref7
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref7
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref7
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref8
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref8
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref8
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref8
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref9
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref9
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref9
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref10
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref10
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref11
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref11
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref11
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref12
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref12
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref12
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref13
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref13
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref13
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref14
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref14
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref14
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref15
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref15
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref15
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref15
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref16
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref16
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref16
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref17
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref17
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref17
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref17
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref18
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref18
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref18
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref19
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref19
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref19
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref20
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref20
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref20
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref20
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref20
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref20
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref21
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref21
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref21
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref22
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref22
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref22
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref23
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref23
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref23
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref24
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref24
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref25
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref26
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref26
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref26
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref27
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref27
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref27
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref28
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref28
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref28
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref29
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref29
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref29
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref30
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref30
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref30
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref31
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref31
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref31
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref32
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref32
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref32
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref33
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref33
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref33
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref34
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref34
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref35
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref35
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref36
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref36
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref37
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref37

S. Stark et al.

canopy dynamics modify long-term diversity changes in forest understories. Glob.
Ecol. Biogeogr. 30, 1863-1875.

Haynes, A.G., Schiitz, M., Buchmann, N., Page-Dumroese, D.S., Busse, M.D., Risch, A.C.,
2014. Linkages between grazing history and herbivore exclusion on decomposition
rates in mineral soils of subalpine grasslands. Plant Soil 374, 579-591.

Heggenes, J., Odland, A., Chevalier, T., Ahlberg, J., Berg, A., Larsson, H., Bjerketvedt, D.
K., 2017. Herbivore grazing — or trampling? Trampling effects by a large ungulate in
cold high-latitude ecosystems. Ecol. Evol. 7, 6423-6431.

Heikkinen, H., 2006. Neo-entrepreneurship as an adaptation model of reindeer herding
in Finland Nomad. Peoples 10, 187-208.

Helle, T., Aspi, J., 1983. Effects of winter grazing by reindeer on vegetation. Oikos 40,
337-343.

Helle, T., Moilanen, H., 1993. The effects of reindeer grazing on the natural regeneration
of Pinus sylvestris. Scan. J. For. Res. 8, 395-407.

Helle, T., Kojola, 1., 2008. Demographics in an alpine reindeer herd: effects of density and
winter weather. Ecography 31, 221-230.

Helle, T., Jaakkola, L.M., 2008. Transitions in herd management of semi-domesticated
reindeer in northern Finland. Ann. Zool. Fenn. 45, 81-101.

den Herder, M., Kyt6viita, M.-M., Niemela, P., 2003. Growth of reindeer lichens and
effects of reindeer grazing on ground cover vegetation in a Scots pine forest and a
subarctic heathland in Finnish Lapland. Ecography 26, 3-12.

den Herder, M., Virtanen, R., Roininen, H., 2004. Effects of reindeer browsing on tundra
willow and its associated insect herbivores. J. Appl. Ecol. 41, 870-879.

den Herder, M., Virtanen, R., Roininen, H., 2008. Reindeer herbivory reduces willow
growth and grouse forage in a forest-tundra ecotone. Basic Appl. Ecol. 9, 324-331.

Holand, @., Horstkotte, T., Kumpula, J., Moen, J., 2022. Reindeer pastoralism in
Fennoscandia. In: Horstkotte, T., Holand, @., Kumpula, J., Moen, J. (Eds.), Reindeer
Husbandry and Global Environmental Change — Pastoralism in Fennoscandia.
Routledge, London, pp. 7-47.

Holtmeier, F.K., Broll, G., 2006. Radiocarbon-dated peat and wood remains from the
Finnish Subarctic: Evidence of treeline and landscape history. Holocene 16,
743-751.

Hornberg, G., Ostlund, L., Zackrisson, O., Bergman, I., 1999. The genesis of two
Picea—Cladina forests in northern Sweden. J. Ecol. 87, 800-814.

Horstkotte, T., Moen, J., 2019. Successional pathways of terrestrial lichens in changing
Swedish boreal forests. For. Ecol. Manag. 453, 117572.

Horstkotte, T., Lind, T., Moen, J., 2016. Quantifying the implications of different land
users’ priorities in the management of boreal multiple-use forests. Environ. Manag.
57 (4), 770-783.

Horstkotte, T., Moen, J., Lamas, T., Helle, T., 2011. The legacy of logging — estimating
arboreal lichen occurrence in a boreal multiple- use landscape on a two century
scale. PLoS One 6 (12), e28779.

Horstkotte, T., Utsi, A.A., Larsson-Blind, A., Budgess, P., Johansen, B., Kayhko, J.,
Oksanen, L., Forbes, B.C., 2017. Human-animal agency in reindeer management:
Sami herders’ perspectives on vegetation dynamics under climate change. Ecosphere
8 e01931.

Jaakkola, L., Helle, T., Soppela, J., Kuitunen, M., Yrjonen, M., 2006. Effects of forest
characteristics on the abundance of alectorioid lichens in northern Finland. Can. J.
For. Res. 36, 2955-2965.

Jaakkola, L.M., Heiskanen, M.M., Lensu, A.M., Kuitunen, M.T., 2013. Consequences of
forest landscape changes for the availability of winter pastures to reindeer (Rangifer
tarandus tarandus) from 1953 to 2003 in Kuusamo, northeast Finland. Bor. Environ.
Res. 18, 459-472.

(St) John, R., Ohman, K., Téth, S.F., Sandstrom, P., Korosuo, A., Eriksson, L.O., 2016.
Combining spatiotemporal corridor design for reindeer migration with harvest
scheduling in Northern Sweden. Scand. J. For. Res. 31 (7), 655-663.

Jonsson Cabraji¢, A.V., Moen, J., Palmqvist, K., 2010. Predicting growth of mat-forming
lichens on a landscape scale-comparing models with different complexities.
Ecography 33 (5), 949-960.

Josefsson, T., Hornberg, G., Ostlund, L., 2009. Long-term human impact and vegetation
changes in a boreal forest reserve: implications for the use of protected areas as
ecological references. Ecosystems 12, 1017-1036.

Kaarlejarvi, E., Hoset, K.S., Olofsson, J., 2015. Mammalian herbivores confer resilience
of Arctic shrub-dominated ecosystems to changing climate. Glob. Change Biol. 21,
3379-3388.

Kaarlejarvi, E., Eskelinen, A., Olofsson, J., 2017. Herbivores rescue diversity in warming
tundra by modulating trait-dependent species losses and gains. Nat. Comm. 8, 419.

Kitti, H., Forbes, B.C., Oksanen, J., 2009. Long- and short-term effects of reindeer grazing
on tundra wetland vegetation. Polar Biol. 32, 253-261.

Kivinen, S., Moen, J., Berg, A., Eriksson, A., 2010. Effects of modern forest management
on winter grazing resources for reindeer in Sweden. Ambio 39 (4), 269-278.

Kojola, 1., Helle, T., Niskanen, M., Aikio, P., 1995. Effects of lichen biomass on winter
diet, body mass and reproduction of semi-domesticated reindeer Rangifer t. tarandus
in Finland. Wildl. Biol. 1, 33-38.

Kolari, T.H.M., Kumpula, T., Verdonen, M., Forbes, B.C., Tahvanainen, T., 2019.
Reindeer grazing controls willows but has only minor effects on plant communities
in Fennoscandian oroarctic mires. Arctic, Antarctic, and Alpine Research 51,
506-520.

Kontula, T., Raunio, A., 2019. Threatened Habitat Types in Finland 2018. Red List of
Habitats — results and basis for assessment. Finnish Environment Institute and
Ministry of the Environment, Helsinki. Finn. Environ. 2/2019.

Koster, E., Koster, K., Aurela, M., Laurila, T., Berninger, F., Lohila, A., Pumpanen, J.,
2013. Impact of reindeer herding on vegetation biomass and soil carbon content: a
case study from Sodankyld, Finland. Boreal Environ. Res. 18, 35-42.

10

Perspectives in Plant Ecology, Evolution and Systematics 58 (2023) 125716

Koster, K., Berninger, F., Koster, E., Pumpanen, J., 2015. Influences of reindeer grazing
on above- and below-ground biomass and soil carbon dynamics. Arct. Antarct. Alp.
Res. 47, 495-503.

Kumpula, J., 2001. Winter grazing of reindeer in woodland lichen pasture: Effect of
lichen availability on the condition of reindeer. Small Rumin. Res. 39, 121-130.

Kumpula, J., Colpaert, A., Nieminen, M., 2000. Condition, potential recovery rate, and
productivity of lichen (Cladonia spp.) ranges in the Finnish reindeer management
area. Arctic 53, 152-160.

Kumpula, J., Stark, S., Holand, O., 2011. Seasonal grazing effects by semi-domesticated
reindeer on subarctic mountain birch forests. Polar Biol. 34, 441-453.

Kumpula, J., Kurkilahti, M., Helle, T., Colpaert, A., 2014. Both reindeer management and
several other land use factors explain the reduction in ground lichens (Cladonia spp.)
in pastures grazed by semi-domesticated reindeer in Finland. Reg. Environ. Change
14, 541-559.

Lahteenmaéki, M., 2006. The peoples of Lapland: boundary demarcations and interaction
in the North Calotte from 1808 to 1889. Finnish Academy of Science and Letters.
Helsinki 2006.

Landauer, M., Rasmus, S., Forbes, B.C., 2021. What drives reindeer management in
Finland towards social and ecological tipping points? Regional Environmental
Change 21, 32.

Lantto, P., 2010. Borders, citizenship and change: the case of the Sami people,
1751-2008. Citizsh. Stud. 14, 543-556.

Lantto, P., Morkenstam, U., 2008. Sami rights and sami challenges. Scand. J. Hist. 33,
26-51.

Lempa, K., Neuvonen, S., Tsmmervik, H., 2005. Effects of reindeer grazing on pastures - a
necessary basis for sustainable reindeer herding. In: Wielgolaski, F.E., Karlsson, P.S.,
Neuvonen, S. (Eds.), Plant Ecology, Herbivory, and Human Impact in Nordic
Mountain Birch Forests. Springer-Verlag, Berling Heidelberg, pp. 157-164.

Lundmark, L., 2006. Reindeer pastoralism in Sweden 1550 - 1950. Rangifer 12, 9-16.

Macias Fauria, M., Helle, T., Niva, A., Posio, H., Timonen, M., 2008. Removal of the
lichen mat by reindeer enhances tree growth in a northern Scots pine forest. Can. J.
For. Res. 38, 2981-2993.

Maliniemi, T., Kapfer, J., Saccone, P., Skog, A., Virtanen, R., 2018. Long-term vegetation
changes of treeless heath communities in northern Fennoscandia: Links to climate
change trends and reindeer grazing. J. Veg. Sci. 29, 469-479.

Manseau, M., Huot, J., Crete, M., 1996. Effects of summer grazing by caribou on
composition and productivity of vegetation: community and landscape level. J. Ecol.
84, 503-513.

Marin, A., Bjerklund, I., 2015. A tragedy of errors? Institutional dynamics and land
tenure in Finnmark, Norway. Int. J. Commons 9, 19-40.

Marin, A., Sjaastad, E., Benjaminsen, T.A., Sara, M.N.M., Borgenvik, E.J.L., 2020.
Productivity beyond density: a critique of management models for reindeer
pastoralism in Norway. Pastor.: Res., Policy Pract. 10, 9.

Miina, J., Hallikainen, V., Harkonen, K., Merila, P., Packalen, T., Rautio, P., Salemaa, M.,
Tonteri, T., Tolvanen, A., 2020. Incorporating a model for ground lichens into multi-
functional forest planning for boreal forests in Finland. For. Ecol. Manag. 460,
117912.

Moen, J., Danell, O., 2003. Reindeer in the Swedish mountains: an assessment of grazing
impacts. Ambio 32, 397-402.

Moen, J., Cairns, D.M., Lafon, C.W., 2008. Factors structuring the treeline ecotone in
Fennoscandia. Plant Ecol. Div. 1, 77-87.

Mysterud, A., 2006. The concept of overgrazing and its role in management of large
herbivores. Wildl. Biol. 12, 129-141.

Normand, S., Hoye, T.T., Forbes, B.C., Bowden, J.J., Davies, A.L., Odgaard, B.V.,
Riede, F., Svenning, J.-C., Treier, U.A., Willersvel, R., Wischnewski, J., 2017.
Legacies of historical human activities in Arctic woody plant dynamics. Ann. Rev.
Environ. Resour. 42, 541-567.

Odland, A., Sbudstol, S.A., Bjerketvedt, D.K., 2018. Alpine lichen-dominated heaths:
ecology, effects of reindeer grazing, and climate change. A review. Oecologia Mont.
27, 30-50.

Oksanen, L., 1979. Lichen grounds of Finnmarksvidda, northern Norway, in relation to
summer and winter grazing by reindeer. Rep. Kevo Subarct. Res. Stat. 14, 64-71.

Oksanen, L., Virtanen, R., 1995. Topographic, altitudinal and regional patterns in
continental and suboceanic heath vegetation of northern Fennoscandia. Acta Bot.
Fenn. 153, 1-80.

Oksanen, L., Moen, J., Helle, T., 1995. Timberline patterns in northernmost
Fennoscandia. Relative importance of climate and grazing. Acta Bot. Fenn. 153,
93-106.

Olofsson, J., 2006. Plant diversity and resilience to reindeer grazing. Arct. Antarct. Alp.
Res. 38, 131-135.

Olofsson, J., Oksanen, L., 2002. Role of litter decomposition for the increased primary
production in areas heavily grazed by reindeer: a litterbag experiment. Oikos 96,
507-515.

Olofsson, J., Oksanen, L., 2005. Effects of reindeer density on vascular plant diversity on
North Scandinavian mountains. Rangifer 25, 5-18.

Olofsson, J., Post, E., 2018. Effects of large herbivores on tundra vegetation in a changing
climate, and implications for rewilding. Philos. Trans. R. Soc. B: Biol. Sci. 373,
20170437.

Olofsson, J., Stark, S., Oksanen, L., 2004. Reindeer influence on ecosystem processes in
the tundra. Oikos 105, 386-396.

Olofsson, J., Moen, J., Ostlund, L., 2011. Effects of reindeer on boreal forest floor
vegetation: does grazing cause vegetation state transitions? Basic Appl. Ecol. 11,
550-557.

Olofsson, J., Oksanen, L., Callaghan, T.V., Hulme, P.D., Oksanen, T., Suominen, O., 2009.
Herbivores inhibit climate-driven shrub expansion on the tundra. Glob. Change Biol.
15, 2681-2693.


http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref37
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref37
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref38
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref38
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref38
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref39
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref39
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref39
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref40
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref40
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref41
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref41
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref42
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref42
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref43
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref43
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref44
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref44
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref45
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref45
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref45
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref46
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref46
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref47
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref47
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref48
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref48
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref48
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref48
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref49
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref49
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref49
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref50
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref50
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref51
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref51
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref52
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref52
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref52
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref53
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref53
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref53
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref54
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref54
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref54
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref54
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref55
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref55
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref55
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref56
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref56
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref56
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref56
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref57
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref57
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref57
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref58
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref58
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref58
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref59
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref59
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref59
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref60
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref60
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref60
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref61
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref61
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref62
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref62
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref63
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref63
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref64
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref64
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref64
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref65
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref65
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref65
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref65
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref66
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref66
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref66
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref67
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref67
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref67
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref68
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref68
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref68
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref69
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref69
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref70
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref70
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref70
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref71
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref71
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref72
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref72
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref72
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref72
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref73
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref73
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref73
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref74
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref74
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref74
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref75
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref75
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref76
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref76
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref77
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref77
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref77
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref77
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref78
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref79
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref79
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref79
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref80
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref80
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref80
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref81
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref81
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref81
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref82
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref82
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref83
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref83
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref83
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref84
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref84
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref84
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref84
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref85
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref85
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref86
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref86
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref87
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref87
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref88
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref88
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref88
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref88
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref89
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref89
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref89
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref90
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref90
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref91
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref91
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref91
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref92
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref92
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref92
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref93
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref93
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref94
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref94
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref94
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref95
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref95
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref96
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref96
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref96
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref97
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref97
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref98
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref98
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref98
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref99
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref99
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref99

S. Stark et al.

Olofsson, J., Oksanen, L., Oksanen, T., Tuomi, M., Hoset, K.S., Virtanen, R., Kyro, K.,
2014. Long-term experiments reveal strong interactions between lemmings and
plants in the Fennoscandian highland tundra. Ecosystems 17, 606-615.

Pajunen, A., Virtanen, R., Roininen, H., 2008. The effects of reindeer grazing on the
composition and species richness of vegetation in forest-tundra ecotone. Polar Biol.
31, 1233-1244.

Pastor, J., Naiman, R.J., 1992. Selective foraging and ecosystem processes in boreal
forests. Am. Nat. 139, 690-705.

Pegau, R.E., 1970. Effect of reindeer trampling and grazing on lichens. J. Range Manag.
23, 95-97.

Pekkarinen, A.-J., Kumpula, J., Tahvonen, O., 2015. Reindeer management and winter
pastures in the presence of supplementary feeding and government subsidies. Ecol.
Model. 312, 256-271.

Pelletier, M., Kotiaho, A., Niinimaki, S., Salmi, A.-K., 2021. Impact of selection and
domestication on hindlimb bones of modern reindeer populations: archaeological
implications for early reindeer management by Sami in Fennoscandia. Hist. Biol. 5,
802-820.

Rasmus, S., Kojola, I., Turunen, M., Norberg, H., Kumpula, J., Ollila, T., 2020. Mission
impossible? Pursuing the co-existence of viable predator populations and sustainable
reindeer husbandry in Finland. J. Rural Stud. 80, 135-148.

Ravolainen, V.T., Brathen, K.A., Ims, R.A., Yoccoz, N.G., Henden, J.A., Killengreen, S.T.,
2011. Rapid, landscape scale responses in riparian tundra vegetation to exclusion of
small and large mammalian herbivores. Basic Appl. Ecol. 12, 643-653.

Rikkonen, T., Turunen, M., Hallikainen, V., Rautio, P., 2023. Multiple-use forests and
reindeer husbandry — Case of pendulous lichens in continuous cover forests. For.
Ecol. Manag. 529, 120651.

Riseth, J .f\., Johansen, B., Vatn, A., 2002. Aspects of a two-pasture — herbivore model.
Rangifer Spec. Issue No 15, 65-81.

Riseth, J.A., Tommervik, H., Bjerke, J.W., 2016. 175 years of adaptation: North
Scandinavian Sami reindeer herding between government policies and winter
climate variability (1835-2010). J. . Econ. 24, 186-204.

Riseth, J ./?\., Tgmmervik, H., Tryland, M., 2020. Spreading or gathering? Can traditional
knowledge be a resource to tackle reindeer diseases associated with climate change?
Int. J. Environ. Res. Public Health 2020 (17), 6002.

Roturier, S., Bergsten, U., 2006. Influence of soil scarification on reindeer foraging and
damage to planted Pinus sylvestris seedlings. Scand. J. . Res. 21, 209-220.

Saccone, P., Virtanen, R., 2015. Extrapolating multi-decadal plant community changes
based on medium-term experiments can be risky: evidence from high-latitude
tundra. Oikos 125, 76-85.

Salmi, A.-K., van der Berg, M., Niinimaki, S., Pelletier, M., 2021. Earliest archaeological
evidence for domesticated reindeer economy among the Sami of Northeastern
Fennoscandia AD 1300 onwards. J. Anthropol. Archaeol. 62, 101303.

Sandstroém, P., Sandstrém, C., Svensson, J., Jougda, L., Baer, K., 2012. Participatory GIS
to mitigate conflicts between reindeer husbandry and forestry in Vilhelmina Model
Forest, Sweden. For. Chron. 88, 254-260.

Sandstroém, P., Cory, N., Svensson, J., Hedenés, H., Jougda, L., Borchert, N., 2016. On the
decline of ground lichen forests in the Swedish boreal landscape: Implications for
reindeer husbandry and sustainable forest management. Ambio 45, 415-429.

Santalahti, M., Sun, H., Sietio, O.-M., Koster, K., Berninger, F., Laurila, T., Pumpanen, J.,
Heinonsalo, J., 2018. Reindeer grazing alter soil fungal community structure and
litter decomposition related enzyme activities in boreal coniferous forests in Finnish
Lapland. Appl. Soil Ecol. 132, 74-82.

Scheffer, M., Hirota, M., Holmgren, M., Van Nesa, E.H., Chapin IIL, F.S., 2012.
Thresholds for boreal biome transitions. PNAS 109, 21384-21389.

Schmitz, O.J., Raymond, P.A., Estes, J.A., Kurz, W.A., Holtgrieve, G.W., Ritchie, M.E.,
Schindler, D.E., Spivak, A.C., Wilson, R.W., Bradford, M.A., Christensen, V.,
Deegan, L., Semtacek, V., Vanni, M.J., Wilmers, C.C., 2014. Animating the carbon
cycle. Ecosystems 17, 344-359.

Sitters, J., te Beest, M., Cherif, M., Giesler, R., Olofsson, J., 2017. Interactive effects
between reindeer and habitat fertility drive soil nutrient availabilities in Arctic
tundra. Ecosystems 20, 1266-1277.

Skogland, T., 1984. Wild reindeer foraging niche organization. Ecography 7, 345-379.

Sgrensen, L.I., Mikola, J., Kytoviita, M.-M., Olofsson, J., 2009. Trampling and spatial
heterogeneity explain decomposer abundances in a sub-arctic grassland subjected to
simulated reindeer grazing. Ecosystems 12, 830-842.

Staland, H., Salmonsson, J., Hornberg, G., 2010. A thousand years of human impact in
the northern Scandinavian mountain range: Long-lasting effect on forest lines and
vegetation. Holocene 21, 379-391.

Stark, S., Grellmann, D., 2002. Soil microbial responses to herbivory in an arctic tundra
heath at two levels of nutrient availability. Ecology 83, 2736-2744.

Stark, S., Vdisanen, M., 2014. Insensitivity of soil microbial activity to temporal variation
in soil N in subarctic tundra - Evidence from responses to large migratory grazers.
Ecosystems 17, 906-917.

Stark, S., Strommer, R., Tuomi, J., 2002. Reindeer grazing and soil microbial processes in
two suboceanic and two subcontinental tundra heaths. Oikos 97, 69-78.

Stark, S., Julkunen-Tiitto, R., Kumpula, J., 2007. Ecological role of reindeer summer
browsing in the mountain birch (Betula pubescens ssp. czerepanovii) forests: effects on
plant defense, litter decomposition, and soil nutrient cycling. Oecologia 151,
486-498.

Stark, S., Mannist6, M.K., Smolander, A., 2010. Multiple effects of reindeer grazing on
soil processes in nutrient-poor boreal forests. Soil Biol. Biochem. 42, 2068-2077.

Stark, S., Mannisto, M.K., Eskelinen, A., 2015b. When do grazers accelerate or decelerate
soil carbon and nitrogen cycling in tundra? A test of theory on grazing effects in
fertile and infertile habitats. Oikos 124, 593-602.

Stark, S., Yldnne, H., Kumpula, J., 2021. Recent mountain birch ecosystem change
depends on the seasonal timing of reindeer grazing. J. Appl. Ecol. 58, 941-952.

11

Perspectives in Plant Ecology, Evolution and Systematics 58 (2023) 125716

Stark, S., Tuomi, J., Strommer, R., Helle, T., 2003. Non-parallel changes in soil microbial
carbon and nitrogen dynamics due to reindeer grazing in northern boreal forests.
Ecography 26, 51-59.

Stark, S., Kytoviita, M.-M., Ménnisto, M.K., Neumann, A.B., 2008. Soil microbial and
microfaunal communities and organic matter quality in reindeer winter and summer
ranges in Finnish subarctic mountain birch forests. Appl. Soil Ecol. 40, 456-464.

Stark, S., Egelkraut, D., Aronsson, K.-A‘, Olofsson, J., 2019. Contrasting vegetation states
do not diverge in soil organic matter storage: evidence from historical sites in tundra.
Ecology 100 (7), e02731.

Stark, S., Wardle, D.A., Ohtonen, R., Helle, T., Yeates, G.W., 2000. The effect of reindeer
grazing on decomposition, mineralization and soil biota in a dry oligotrophic Scots
pine forest. Oikos 90, 301-310.

Stark, S., Ménnisto, M.K., Ganzert, L., Tiirola, M., Hiaggblom, M., 2015a. Grazing
influences temperature adaptation of soil microbial community in tundra soil. Soil
Biol. Biochem. 84, 147-157.

Stoessel, M., Moen, J., Lindborg, R., 2022. Mapping cumulative pressures on the grazing
lands of northern Fennoscandia. Sci. Rep. 12, 16044.

Storeheier, P.V., Oort, Van, Sundset, B.E.H., Mathiesen, S.D, M.A., 2003. Food intake of
reindeer in winter. J. Agric. Sci. 141, 93-101.

Sundqvist, M.K., Moen, J., Bjork, R.G., Vowles, T., Kytoviita, M.-M., Parsons, M.A.,
Olofsson, J., 2019. Experimental evidence of the long-term effects of reindeer on
Arctic vegetation greenness and species richness at a larger landscape scale. J. Ecol.
107, 2724-2736.

Susiluoto, S., Rasilo, T., Pumpanen, J., Berninger, F., 2008. Effects of grazing on the
vegetation structure and carbon dioxide exchange of a Fennoscandian fell ecosystem.
Arct. Antarct. Alp. Res. 40, 422-431.

Tegmmervik, H., Dunfjeld, S., Olsson, G.A., Nilsen, M.@., 2010. Detection of ancient
reindeer pens, cultural remains and anthropogenic influenced vegetation in Byrkije
(Bgrgefjell) mountains, Fennoscandia. Landsc. Urban Plan. 98, 56-71.

Tgmmervik, H., Bjerke, J., Gaare, E., Johansen, B., Thannheiser, D., 2012. Rapid
recovery of recently overexploited winter grazing pastures for reindeer in northern
Norway. Fungal Ecol. 5, 3-15.

Tgmmervik, H., Bjerke, J.W., Park, T., Hanssen, F., Myneni, R.B., 2019. Legacies of
historical exploitation of natural resources are more important than summer
warming for recent biomass increases in boreal-arctic transition region. Ecosystems
22, 1512-1529.

Tgmmervik, H., Johansen, B., Riseth, J.A., Karlsen, S.R., Solberg, B., Hggda, K.A., 2009.
Above ground biomass changes in the mountain birch forests and mountain heaths of
Finnmarksvidda, northern Norway, in the period 1957-2006. For. Ecol. Manag. 257,
244-257.

Temmervik, H., Johansen, B., Tombre, 1., Thannheiser, D., Hpgda, K.A., Gaare, E.,
Wielgolaski, F.E., 2004. Vegetation changes in the Nordic mountain birch forest: the
influence of grazing and climate change. Arct. Antarct. Alp. Res. 36, 323-332.

Tonteri, T., Hallikainen, V., Merila, P., Miina, J., Rautio, P., Salemaa, M., Tolvanen, A.,
2022. Response of ground macrolichens to site factors, co-existing plants and
forestry in boreal forests. Applied Vegetation Science 25, €12690.

Tuomi, M., Stark, S., Hoset, K.S., Vdisanen, M., Oksanen, L., Murguzur, F.J.A.,
Tuomisto, H., Dahlgren, J., Brathen, K.A., 2019. Herbivore effects on ecosystem
process rates in a low-productive system. Ecosystems 22, 827-843.

Tuomi, M., Vaisénen, M., Ylanne, H., Brearley, F., Barrio, I., Brathen, K.A., Eischeid, L.,
Forbes, B., Jonsdottir, L., Kolstad, A., Macek, P., Petit Bon, M., Speed, J., Stark, S.,
Svavarsdottir, K., Thorsson, J., Bueno, C., 2021. Stomping in silence:
Conceptualizing trampling effects on soils in polar tundra. Funct. Ecol. 35, 306-317.

Turunen, M., Rasmus, S., Jarvenpaa, J., Kivinen, S., 2020. Relations between forestry and
reindeer husbandry in northern Finland —Perspectives of science and practice. For.
Ecol. Manag. 457, 117677.

Turunen, M., Oksanen, P., Vuojala-Magga, T., Markkula, I., Sutinen, M.-L., Hyvonen, J.,
2013. Impacts of winter feeding of reindeer on vegetation and soil in the sub-Arctic:
Insights from a feeding experiment. Polar Res. 32, 18610.

Tyler, N.J.C., Turi, J.M., Sundset, M.A., Bull, K.S., Sara, M.N., Reinert, E., Oskal, N.,
et al., 2007. Saami reindeer pastoralism under climate change: applying a
generalized framework for vulnerability studies to a sub-arctic social-ecological
system. Glob. Environ. Change 17, 191-206.

Uboni, A., Blochel, A., Kodnik, D., Moen, J., 2019. Modelling occurrence and status of
mat-forming lichens in boreal forests to assess the past and current quality of
reindeer winter pastures. Ecol. Indic. 96, 99-106.

Uboni, A., Horstkotte, T., Kaarlejarvi, E., Sévéque, A., Stammler, F., Olofsson, J.,
Forbes, B.C., Moen, J., 2016. Long-term trends and role of climate in the population
dynamics of Eurasian reindeer. PLoS One 11 e0158359.

Vaisanen, M., Tuomi, M., Bailey, H., Welker, J.M., 2021. Plant and soil nitrogen in
oligotrophic boreal forest habitats with varying moss depths: does exclusion of large
grazers matter? Oecologia 196, 839-849.

Vaisanen, M., Ylanne, H., Kaarlejarvi, E., Sjogersten, S., Olofsson, J., Crout, N., Stark, S.,
2014. Consequences of warming on tundra carbon balance determined by reindeer
grazing history. Nat. Clim. Change 4, 384-388.

Van der Wal, R., 2006. Do herbivores cause habitat degradation or vegetation state
transition? Evidence from the tundra. Oikos 114, 177-186.

Vire, H., Ohtonen, R., Oksanen, J., 1995. Effects of reindeer grazing on understorey
vegetation in dry Pinus sylvestris forests. J. Veg. Sci. 6, 523-530.

Vare, H., Ohtonen, R., Mikkola, K., 1996. The effect and extent of heavy grazing by
reindeer in oligotrophic pine heaths in northeastern Fennoscandia. Ecography 19,
245-253.

Virtanen, R., Henttonen, H., Laine, K., 1997. Lemming grazing and structure of a
snowbed plant community - a long-term experiment at Kilpisjarvi, Finnish Lapland.
Oikos 79, 155-166.


http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref100
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref100
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref100
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref101
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref101
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref101
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref102
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref102
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref103
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref103
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref104
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref104
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref104
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref105
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref105
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref105
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref105
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref106
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref106
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref106
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref107
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref107
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref107
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref108
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref108
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref108
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref109
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref109
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref110
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref110
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref110
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref111
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref111
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref111
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref112
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref112
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref113
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref113
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref113
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref114
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref114
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref114
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref115
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref115
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref115
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref116
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref116
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref116
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref117
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref117
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref117
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref117
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref118
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref118
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref119
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref119
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref119
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref119
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref120
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref120
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref120
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref121
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref122
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref122
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref122
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref123
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref123
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref123
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref124
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref124
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref125
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref125
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref125
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref126
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref126
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref127
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref127
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref127
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref127
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref128
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref128
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref129
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref129
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref129
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref130
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref130
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref131
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref131
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref131
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref132
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref132
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref132
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref133
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref133
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref133
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref134
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref134
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref134
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref135
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref135
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref135
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref136
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref136
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref137
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref137
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref138
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref138
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref138
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref138
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref139
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref139
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref139
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref140
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref140
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref140
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref141
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref141
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref141
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref142
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref142
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref142
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref142
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref143
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref143
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref143
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref143
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref144
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref144
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref144
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref145
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref145
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref145
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref146
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref146
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref146
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref147
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref147
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref147
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref147
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref148
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref148
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref148
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref149
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref149
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref149
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref150
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref150
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref150
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref150
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref151
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref151
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref151
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref152
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref152
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref152
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref153
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref153
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref153
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref154
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref154
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref154
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref155
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref155
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref156
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref156
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref157
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref157
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref157
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref158
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref158
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref158

S. Stark et al.

Virtanen, R., Salminen, J., Strommer, R., 2008. Soil and decomposer responses to grazing
exclusion are weak in mountain snow-beds. Acta Oecol. 33, 207-212.

Virtanen, R., Luoto, M., Rama, T., Mikkola, K., Hjort, J., Grytnes, J.-A., Birks, H.J.B.,
2010. Recent vegetation changes at the high-latitude tree line ecotone are controlled
by geomorphological disturbance, productivity and diversity. Glob. Ecol. Biogeogr.
19, 810-821.

Virtanen, R., Oksanen, L., Oksanen, T., Cohen, J., Forbes, B.C., Johansen, B., Kayhko, J.,
Olofsson, J., Pulliainen, J., Temmervik, H., 2015. Where do the treeless tundra areas
of northern highlands fit in the global biome system: toward an ecologically natural
subvision of the tundra biome. Ecol. Evol. 6, 143-158.

Vistnes, LI, Nellemann, C., 2008. Reindeer winter grazing in alpine tundra: impacts on
ridge community composition in Norway. Arct. Antarct. Alp. Res. 40, 215-224.

Vorren, (., 1980. Samisk bosetning pa Nordkalotten, arealdisponering og
ressursutnytting i historisk-gkologisk perspektiv. Nord-Skandinaviens historia
Tvérvetenskapelig belysning. Acta Universitatis Umensis, Umeé.

Vorren, @., 1998. Om intensiv reindrift pd Helgeland (about intensive reindeer herding
in Helgeland). Aarjel-saemieh/Samer i sgr. Arbok 6, 63-72.

12

Perspectives in Plant Ecology, Evolution and Systematics 58 (2023) 125716

Vowles, T., Gunnarsson, B., Molau, U., Hickler, T., Klemedtsson, L., Bjork, R.G., 2017.
Expansion of deciduous tall shrubs but not evergreen dwarf shrub inhibited by
reindeer in Scandes mountain range. J. Ecol. 105, 1547-1561.

Vuorinen, K.E.M., Oksanen, L., Oksanen, T., Pyykonen, A., Olofsson, J., Virtanen, R.,
2017. Open tundra persist, but arctic features decline - Vegetation changes in the
warming Fennoscandian tundra. Glob. Change Biol. 23, 3794-3807.

Ylanne, H., Olofsson, J., Oksanen, L., Stark, S., 2018. Consequences of grazer-induced
vegetation transitions on ecosystem carbon storage in the tundra. Funct. Ecol. 32,
1091-1102.

Ylanne, H., Madsen, R.L., Castano, C., Metcalfe, D.B., Clemmensen, K.E., 2021. Reindeer
control over subarctic treeline alters soil fungal communities with potential
consequences for soil carbon storage. Glob. Change Biol. 27, 4254-4268.

Ylanne, H., Kaarlejarvi, E., Vaisanen, M., Ahonen, S., Mannisto, M., Olofsson, J., Stark, S.,
2020. Removal of grazers alters the response of tundra soil carbon to warming and
enhanced nitrogen availability. Ecol. Monogr. 90, e01396.

Zamin, T.J., Grogan, P., 2013. Caribou exclusion during a population low increases
deciduous and evergreen shrub species biomass and nitrogen pools in low Arctic
tundra. J. Ecol. 101, 671-683.


http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref159
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref159
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref160
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref160
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref160
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref160
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref161
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref161
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref161
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref161
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref162
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref162
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref163
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref163
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref163
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref164
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref164
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref165
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref165
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref165
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref166
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref166
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref166
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref167
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref167
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref167
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref168
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref168
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref168
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref169
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref169
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref169
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref170
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref170
http://refhub.elsevier.com/S1433-8319(22)00058-0/sbref170

	The ecosystem effects of reindeer (Rangifer tarandus) in northern Fennoscandia: Past, present and future
	1 Introduction
	2 Vegetation and history in the Fennoscandian reindeer herding area
	3 Effects of grazing, and grazing exclusion: methods for unraveling how reindeer shape ecosystems
	3.1 The decadal history of studies on reindeer effects
	3.2 Methodological considerations of exclosure effects

	4 Effects of reindeer on boreal forests
	4.1 Lichens, mosses and dwarf shrubs
	4.2 Tree growth and regeneration
	4.3 Interactions between reindeer and forestry

	5 Effects of reindeer on subarctic ecosystems
	5.1 Mountain birch forest structure and the location of tree-line
	5.2 Vegetation in mountain birch forests and tundra heaths

	6 How do reindeer modify soil and ecosystem carbon and nutrient cycles?
	6.1 Effects of reindeer on soil nutrient status and carbon storage
	6.2 Effects of reindeer on soil community composition and function

	7 The future of Fennoscandian northern ecosystems – and reindeer in it
	7.1 Interactions between climate change and reindeer
	7.2 Sustainable use of reindeer ranges under changing conditions

	8 Conclusions: how to integrate ecology with history in understanding the effects of ungulates on present-day ecosystems
	Declaration of Competing Interest
	Data Availability
	Acknowledgements
	References


