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Herbivores are often drivers of ecosystem states and dynamics and inmany situations aremanaged either as live-
stock or through controlled or exploitative hunting of wild populations. Changes in herbivore density can affect
the composition of plant communities. Management of herbivore densities could therefore be regulated to ben-
efit plant species of conservation concern. In this studywe use a unique spatial dataset of large herbivores inNor-
way to test whether herbivore density affects the distribution of rare red-listed plant species in tundra
ecosystems, and to identify regionswhere herbivore density is themost important factor in determining the hab-
itat suitability for the plant species. For all selected species a climatic variable was the most important determi-
nant of the distribution, but herbivore density was an important determinant of some species notably Primula
scandinavica. Herbivore density was the most important factor determining habitat suitability for this species
in 13% of mainland Norway. Regions of Norway where the management of herbivore densities is most strongly
linked to the habitat suitability of red-listed plant species aremapped. However, therewas very low concordance
in the localities of these areas; at any individual locality, habitat suitability was limited by herbivore density for
only a small subset of the species. This suggests that management of herbivores for the benefit of rare plant spe-
cies needs to be tailored for individual locations or species.
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1. Introduction

In many parts of theworld, large herbivores are important drivers of
ecosystem states and ecological processes. In the palaeo-historic con-
text diverse assemblages of large herbivores, includingmanymega-her-
bivores occurred in many regions, but today, such communities exist
only in African savannahs (Owen-Smith, 1987). The herbivore assem-
blages in many other regions are now dominated by livestock and as
such lack taxonomic and size diversity (Svenning et al., 2015). Current
management of both wild herbivores and livestock does not closely
mimic the expectations from natural herbivore assemblages (Bakker
et al., 2015) nor necessarily replicate natural population dynamics
(Gordon et al., 2004) as livestock and wild herbivores do not tend to
be functionally equivalent (Knapp et al., 1999). Hence, ecosystems are
unlikely to be in equilibriumwith current dynamics in herbivore popu-
lations. Understanding the interactions between current herbivore as-
semblages and ecological processes and ecosystems is thus imperative.

Herbivores are not randomly distributed in landscapes, and factors
that affect their distribution vary across spatial scales. Densities of
large herbivores are managed directly in the case of livestock and
through controlled or exploitative hunting of wild ungulates. Livestock
distribution is controlled by livestock managers, and their decisions

are guided by applicable policies, economics, past experience and rec-
ommendations (Mysterud, 2006). Wild herbivore distribution is influ-
enced by both regional management (Gordon et al., 2004) and
anthropogenic disturbance. Herbivores themselves are selective, both
at large spatial scales (across ranges) and small spatial scales (at the
bite level) (Senft et al., 1987). This cross-scale selectivity of large herbi-
vores influences their impact on ecosystems; shifts in plant communi-
ties can result from herbivory. For example, herbivory can lead to an
increase in relative abundance of plant species that express tolerance
traits (for example, certain grasses), while less tolerant species may be
lost from a community (Augustine and McNaughton, 1998; Hester et
al., 2006). At larger scales, herbivores can cause, or prevent, shifts in eco-
system state (Estes et al., 2011; Van der Wal, 2006). This can cause loss
of habitat for some (non-generalist) plant species. Therefore, herbivores
are likely to affect plant species distributions at large spatial scales. The
implications of this increase in importance when considering climatic
change (Van der Putten et al., 2010): plant species' responses to climatic
change involve either adaptation to new climates in situ, ormigration to
new climates elsewhere. Habitat availability and herbivore density will
constrain the options available for species that are directly or indirectly
affected by herbivory. This is particularly important in the case of spe-
cies of conservation concern that are also repressed by limited popula-
tion size (Miller et al., 1999).

Species distribution models (SDM) have proven to be both popular
and valuable tools in ecological research and management. SDM can
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provide insight into the ecology of species (Elith and Leathwick, 2009) or
predict how species distributions may shift under future conditions
(Hijmans andGraham, 2006). However, SDMusually utilise only climatic,
land cover and/or edaphic variables. They have therefore been criticised
for usually lacking biotic interactions (Araújo and Luoto, 2007; Wisz et
al., 2013) in their use of the niche concept (i.e. they use aGrinnellian rath-
er than Eltonian niche concept Trainor and Schmitz, 2014). However,
more recent work has started to incorporate biotic interactions into
SDM (Kissling et al., 2012) including trophic dynamics (Trainor and
Schmitz, 2014). However, a call byWisz et al. (2013) for large-scale biotic
data along environmental gradients is still unanswered.

Livestock grazing is ubiquitous across the unenclosed mountain
landscapes of Norway, with semi-domestic reindeer dominating in the
far north, and sheep in the rest of the country. During the second half
of the 20th century there has been relatively little temporal fluctuation
in herbivore densities inmountain regions across Norway, but high spa-
tial variation in this pattern (Austrheim et al., 2011). Changes in grazing
pressure are regarded as the most important threat for red-listed spe-
cies in Norwegian mountains today (Austrheim et al., 2010). In this
study we use a unique national-level large herbivore density data set
fromNorway (Austrheim et al., 2011), to investigate whether large her-
bivore densities are key factors determining the distribution of plant
species. We focus on rare vascular plant species (those on the Norwe-
gian Red List) found in alpine habitats, where decreases in herbivore
density have been linked to treeline advance and loss of alpine areas
(Bryn et al., 2013; Speed et al., 2010). In this study we aim to (1) test
whether herbivore biomass is an important predictor of rare vascular
plant species in the Norwegian alpine zone and (2) identify regions
where herbivore management could increase the habitat suitability for
rare plant species.

2. Methods

2.1. Species selection and data

We selected rare alpine vascular plants as our study species, taken
from the vascular plants that are on the Norwegian Red List in 2010
(Kålås et al., 2010) or 2015 (Henriksen and Hilmo, 2015). Species

were selected from these lists that (1) were categorised as critically en-
dangered, endangered, vulnerable or near threatened (CR, EN, VU or
NT), (2) ‘impact upon habitat’ was cited as impact upon the species in
Norway, and (3) the alpine zone was one of the main habitat types for
the species. This gave a list of 20 species (Table 1).

Species occurrence data for these 20 species was downloaded from
the Global Biodiversity Information Facility (GBIF) in February 2016
(GBIF.org, 2016a). Synonyms used are shown in Table 1. Only
georeferenced occurrence records from within Norway were used. Spe-
cies occurrence points were projected onto a UTM grid (zone 32). Data
were quality checked: points located in the sea or outsidemainlandNor-
way (i.e. occurrences in Svalbard and Jan Mayan) were removed. Dupli-
cated records (same species and coordinates) were removed, as were
datawhere the localitieswere given as “locality datawithheld” or “local-
ity data withheld. County andmunicipality estimated”. Only species oc-
currence data from 1990 and onwards were included to reflect recent
distribution. Following these quality control steps the number of occur-
rences per species ranged from 0 to 3662 (Table 1). Although some ap-
proaches exist to model species distributions with very small sample
sizes (see below), we selected only species with over 150 occurrences
in the recent quality controlled data set for modelling. This gave a list
of seven species: Botrychium lanceolatum (Gmel.) Angstr., Comastoma
tenellum (Rottb.) Toyok., Gentianella campestris (L.) Börner, Kobresia
simpliciuscula (Wahlenb.) Mack., Primula scandinavica Brunn,
Pseudorchis albida (L.) Á. Löve & D. Löve and Pulsatilla vernalis Mill.
Basic ecological information on these species is given in Table 1.

2.2. Environmental data

2.2.1. Climate
Climatic data was downloaded for Norway from WorldClim at

30 arc·s resolution (Hijmans et al., 2005, http://www.worldclim.org/).
All 19 bioclimatic variables were selected (O'Donnell and Ignizio,
2012, http://www.worldclim.org/bioclim). WorldClim data were
downloaded for the relevant tiles to give full coverage of mainland Nor-
way, merged and masked to the Norwegian mainland to provide data
across the study region.

Table 1
Summary information of the selected study species, including growth form, red list categorisation and number of observations in the data set and recent records (records in or after 1990)
that passed data quality control. SDM were built for the species with names shown in bold text.

Species Growth form Status
(2010/2015)a

Recent quality controlled
recordsb

Total
recordsc

Notesd

Alchemilla oleosa Herb VU/NT 0 0
Antennaria
nordhageniana

Herb VU/EN 3 14

Antennaria porsildii Herb LC/VU 1 12 Antennaria alpina
Antennaria villifera Herb NT/VU 69 213 Antennaria lanata
Arenaria pseudofrigida Herb NT/NT 19 108
Botrychium lanceolatum Pteridophyte NT/VU 187 253
Braya glabella Herb VU/EN 0 129
Carex bicolor Sedge NT/EN 81 200
Comastoma tenellum Herb NT/NT 324 610
Gentianella campestris Herb LC/NT 2686 3718
Nigritella nigra Orchid EN/EN 114 114 Gymnadenia nigra
Kobresia simpliciuscula Sedge NT/LC 353 712
Lysiella oligantha Orchid EN/EN 3 4 Platanthera obtusata
Primula scandinavica Herb NT/LC 930 1554 NT on IUCN global red list. Endemic to Norway and

Sweden
Pseudorchis albida Orchid NT/NT 1175 2125
Pulsatilla vernalis Herb NT/LC 703 891
Stellaria hebecalyx Herb CR/VU 21 28
Taraxacum aleurodes Herb LC/VU 1 4
Tephroseris integrifolia Herb CR/CR 13 18
Trichophorum pumilum Sedge VU/EN 85 144

a The species status on the Norwegian Red List in 2010 and 2015 (Henriksen and Hilmo, 2015; Kålås et al., 2010).
b The number of records after quality controlling the data (removing duplicates, data with withheld localities, records prior to 1990, removing points in the sea).
c The total number of records downloaded fromGBIF on (GBIF.org, 2016a). Only georeferenced records locatedwithin Norway andwith no known coordinate issues were downloaded.
d Notes including species synonyms.
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