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Abstract. Herbivores shape vegetation by suppressing certain plant species while benefitting others. By
thus modifying plant species functional composition, herbivores affect carbon cycling, albedo, vegetation
structure and species’ interactions. These effects have been suggested to be able to counteract the effects
of increasing temperatures on vegetation in alpine environments. Managing the dominant large ungu-
lates in these ecosystems could thus provide a tool to mitigate climate change effects. However, it is pos-
sible that legacy effects of past grazing will dampen ungulate impacts on vegetation. We shed a light on
this topic by investigating the short- and long-term effects of varying sheep densities on the plant trait
composition in the Norwegian alpine tundra with centuries-long of intensive grazing history. In the first
part of our study, we quantified the effects of sheep on the plant community functional trait composition
at different elevations and under moderate and low productivity in. We combined data from two long-
term (14 and 19 yr) sheep fence experiments and showed that differences in sheep densities did not affect
plant trait composition, irrespective of productivity. However, in the second part of our study, we
showed that the plant trait composition in mainland (that has been grazed for centuries) differed from
vegetation on islands which have been herbivore-free. Taken together, these results suggest that sheep
have an effect on the alpine plant communities on historical time scales covering centuries, but that the
resulting sheep grazing resistant/tolerant communities may not respond to shorter-term (14 and 19 yr)
changes in sheep densities, that is, at temporal scales relevant for ecosystem management. Furthermore,
we showed that the plant trait composition at the site with low productivity had gone through a tempo-
ral trait change independent of sheep treatment, potentially due to increased temperatures and precipita-
tion, suggesting that sheep may not be able to counteract climatic impacts in the areas with centuries-
long grazing history.
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INTRODUCTION

Herbivores shape vegetation across various
ecosystems (Van Langevelde et al. 2003, Bond
2005, Diaz et al. 2007, Yayneshet and Treydte
2015, Wang and Wesche 2016, €Ollerer et al. 2019,
Oksanen et al. 2020). Browsing, grazing, and
trampling by ungulates remove plant biomass,
shaping vegetation structure, microclimate,
nutrient cycles, and albedo (Hester et al. 2006).
Ungulates also provide fertilization (Singer and
Schoenecker 2003) and seed dispersal (Gill and
Beardall 2001) that may enhance plant growth
and establishment. These effects reverberate
through vegetation communities, changing spe-
cies composition by favoring certain plants over
others.

Tall, fast-growing plant species with large
leaves are typically vulnerable to herbivory due
to their high palatability (Pastor and Naiman
1992, Br�athen et al. 2007, Diaz et al. 2007, Skarpe
and Hester 2008). Thus, herbivory might lead to
a community composition shift that results in
low vegetation height, small leaf size, and low
palatability. Interestingly, this herbivore effect
drives the vegetation to an opposite trajectory
than ongoing climatic change: Warmer condi-
tions often favor tall, fast-growing plant species
with large leaves (Lavorel and Garnier 2002) that
are, if not limited by water availability, likely to
benefit from rising mean temperatures (Walker
et al. 2006, Gottfried et al. 2012, Bjorkman et al.
2018a, Stewart et al. 2018). Increases in such spe-
cies in warmer climate would result in increased
plant–plant competition and vegetation carbon
content, changes in ecosystem hydrology and
decompositions (Lavorel and Garnier 2002,
Cornwell et al. 2008), decreased albedo, and
acceleration of soil processes resulting in carbon
release, reinforcing climatic warming (Zhang
et al. 2013). However, by reducing the biomass of
fast-growing, tall, and/or woody species and spe-
cies with large leaves, ungulates could counteract
vegetation and ecosystem changes driven by cli-
mate change (Speed et al. 2010, 2011, 2012a,
Kaarlej€arvi 2014, Kolari et al. 2019, Verma et al.
2020, Vuorinen et al. 2020a, b).

Climatic factors may shape plant dynamics
also by changing the relative fitness of different
reproduction strategies, and warming can lead,
for example, to increases or decreases in seed size

(Leishman et al. 2000) and number (Gray and
Brady 2016). Yet, herbivores may have a modify-
ing effect: Ungulates affect the success of differ-
ent plant reproduction strategies, for example,
by functioning as seed dispersal agents or by cre-
ating disturbance (Austrheim et al. 2005), and
thus possibly favoring the establishment of
plants with opportunistic reproduction strategies
and creating pressure for changes in plant life
span, seed number, and seed mass (Hendrix
1988, Maron and Vil�a 2001, Pellerin et al. 2016).
The interplay of herbivory and climate is cen-

tral for ecosystems at high latitudes and eleva-
tions that are experiencing drastic climatic shifts
(Pachauri et al. 2014), but that are also character-
ized by strong interactions of herbivores and
plants (Oksanen et al. 2020). Climate shapes tun-
dra plant community compositions both in time
and in space (Walker et al. 2005, 2006, Bjorkman
et al. 2018a), resulting in species turnover with
changing climate and along elevational gradi-
ents, driving profound changes in ecosystem
functioning. On tundra, warming can lead, for
example, to advancement of treelines (Harsch
et al. 2009), expansion of woody plants (Myers-
Smith and Hik 2018, Garc�ıa Criado et al. 2020),
and poleward and upward shifts of plant species
and communities (van Vuuren et al. 2006, Lenoir
et al. 2008, Pauli et al. 2012, Steinbauer et al.
2018, Stewart et al. 2018), leading to loss of arctic
and alpine species and functionality. Even if spe-
cies range shifts were modest, climate-driven
changes in abundances of local species may dras-
tically transform plant communities (Vuorinen
et al. 2017, Rumpf et al. 2018, Stewart et al. 2018).
As the ungulate populations in tundra ecosys-
tems are often controlled by humans, it has been
suggested that herbivore management could be
used to mitigate the changes in tundra vegetation
under changing climatic conditions (Speed et al.
2010, 2011, 2012a, Kaarlej€arvi 2014, Kolari et al.
2019, Verma et al. 2020).
Ungulate effects on vegetation communities

are, however, highly dependent on ecological
context, making the consequences of potential
management acts hard to predict. Abiotic condi-
tions such as temperature, precipitation and
nutrient availability may modify herbivory
responses of the plants, for example, by affecting
the potential for compensatory growth (Milchu-
nas et al. 1988, Cingolani et al. 2005). Thus, it is
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necessary to account for potential interactions of
ungulates and abiotic factors. Furthermore,
ungulate effects may vary greatly depending on
the time scale in question and the potential leg-
acy effects of earlier herbivore pressure. Vegeta-
tion with long grazing history may be more
resilient to changes in grazing when compared to
vegetation with no grazing history, as it harbors
plants that are likely to have evolved tolerance
and tolerance to grazing (Milchunas et al. 1988,
Lemaire 2001, Cingolani et al. 2005), and such a
community is likely to be less affected by
changes in herbivore pressure than a community
dominated by species with low herbivore toler-
ance or resistance. Many northern plant commu-
nities are characterized by long-term herbivore
pressure (Svenning 2002, Sandom et al. 2014),
making it crucial to distinguish between the her-
bivore effects in short-to-medium timescales,
from years to decades, and the herbivore effects
in historical timescales, over centuries. Yet exten-
sive, experimental, long-term studies on the com-
bined effects of ungulates and abiotic factors on
tundra vegetation are rare, and our knowledge is
mostly constrained to spatially large observa-
tional studies with limited management rele-
vance (e.g., Yu et al. 2017) and to local
experiments with short time frames (e.g., Post
and Pedersen 2008).

In this study, we investigated effects of sheep
on alpine vegetation communities in the moun-
tains of southern Norway. We utilized two long-
term ungulate experiments (14 and 19 yr) with
differing productivity levels, spanning an exten-
sive elevational gradient to study the effect of
changing sheep densities under different abiotic
conditions, in an area with potential legacy
effects from intensive long-term grazing, lasting
over centuries. Furthermore, we took advantage
of a natural sheep exclusion on the islands of one
of the study sites, which enabled us to look into
the effects of historical presence and absence of
sheep grazing (>200 yr). It has been shown that
sheep may prevent climate-driven treeline
advancement (Speed et al. 2010, 2011) and plant
species community changes (Speed et al. 2012a)
in this region. However, we do not know
whether sheep modify the functional composi-
tion of alpine plant communities, and if so,
whether this effect differs depending on eleva-
tion, productivity, and time frame. To

characterize the functional composition of the
studied plant communities, we used data on
plant traits related to height, leaves, and repro-
duction and asked two study questions: (Q1)
Does sheep density change the functional com-
position of plant communities in time under
moderate and low productivity? And (Q2) does
the functional composition of plant communities
with a centuries-long grazing history differ from
the functional composition of plant communities
with a centuries-long absence of grazing?

METHODS

Study sites
The study was conducted at two sites in alpine

Southern-Norway: Hol (7°550–8°000 E, 60°400–
60°450 N; 1091–1311 m asl), and Setesdal
(7°00–7°200 E, 59°00–59°50 N; 852–1014 m asl;
Appendix S1: Fig. S1), located in Viken and
Agder counties, respectively (Fig. 1). The climate
is sub-continental in Hol and oceanic in Setesdal
(Moen and Lillethun 1999). The sites have experi-
enced moderate summer warming and precipita-
tion increases over the past decades
(Appendix S1: Fig. S2). Both sites are located in
regions where livestock farming has been prac-
ticed for 3500–4000 yr (Olsson et al. 2000, Speed
et al. 2012b). Since the 16th century, an intensive
transhumance farming system has been wide-
spread, within which livestock are kept in the
main farm settlements during winter, but
released to the mountain pastures to range and
forage over the summer (Hayward 1948, Daug-
stad et al. 2014). This practice continues today,
mainly involving domestic sheep (Ovis aries;
Speed et al. 2019). The typical sheep densities
have been ~25 sheep/km2 in Hol and ~55 sheep/
km2 in Setesdal (sheep densities presented in this
paper are excluding ungrazeable land such as
bare rock and boulder fields; for details, see
Rekdal 2001, Rekdal and Angeloff 2007). Both
sites also have wild reindeer at low densities
(Rangifer tarandus; 0.5–1.0 reindeer/km2). There
are multiple lakes within Setesdal, with islands
that have experienced low or zero grazing pres-
sure in history. The islands were known to exist
in 1862, and we have no reason to expect that
they have been grazed by livestock. These
islands support stunted birch forests (Fig. 1;
Appendix S1: Fig. S3) that are not present in the
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surrounding mainland, likely because sheep are
preventing the re-establishment of trees.

To test the effects of different grazing pres-
sures, sheep densities were modified using large
fenced sheep enclosures and exclosures (Fig. 1).
In Hol, six sheep enclosure fences and three
sheep exclosure fences were maintained 2002–
2015. Three enclosure fences had the pre-
experiment sheep density typical for the area
(25 sheep/km2), and three enclosure fences had
sheep density elevated to 80 sheep/km2. In Setes-
dal, ten sheep exclosure fences were maintained
from 2000, accompanied by equivalent, grazed
sections, located ~30 m from the exclosures,
experiencing sheep pressure of ~55 sheep/km2

over the study period (Fig. 2). In Hol, the fences
were adjoining one another and encompassed a
total area of 2.7 km2. In Setesdal, the fences were
20 9 50 m in size and distributed over a consid-
erably larger area of ~250 km2 (Fig. 1).
All exclosure and enclosure fences were con-

structed out of wire mesh supported on wooden
posts, placed on south-facing slopes, and taken
down during winter (outside of the grazing sea-
son) where necessary to avoid snow damage.
Small mammals such as rodents and mountain
hares could access the fenced sections year-
round. In addition, wild reindeer could access
the fenced sections in spring before the fence
installation and in autumn after fence removal,

Exclosure + Grazed 

Island2 km

0.4 km

No sheep

Increased sheep density

Maintained sheep density

Setesdal

Hol

Fig. 1. Map of the study areas in southern Norway. Hol had six enclosure and three exclosure sections with
three different sheep density levels. Setesdal had 10 sheep exclosures, each accompanied by a grazed section. In
addition, Setesdal had three island sites. Note different spatial resolution between the maps.
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but due to low reindeer population density, this
effect is likely negligible.

Hol has a bedrock of meta-arkose, resulting in
moderately base-rich soils, whereas Setesdal has
a bedrock of granite, resulting in acidic mineral
soil low in nutrients (Austrheim et al. 2005).
These differences are associated with the plant
species pools and productivity: Hol is more pro-
ductive and diverse, providing more and higher
quality forage for the sheep, whereas Setesdal is
less productive and has lower number of species,
providing less and lower quality forage. The
enclosures and exclosures in Hol encompass
diverse vegetation types, most common ones
being dwarf shrub and lichen heaths, but also
willow thickets, productive meadows, snow-
beds, and wetlands are present (Speed et al.
2012a). In Setesdal, the exclosure locations were
within habitats preferred by grazing sheep,
mostly in humid, grassy heaths (Speed et al.
2014). In Hol, the enclosures and exclosures
spanned the treeline ecotone (Speed et al. 2013),
whereas in Setesdal, the exclosures were are at
least 5 km above the forest line, historically
decreased by human impact 1500–2000 yr ago
(Eide et al. 2006).

Plant community surveys
We followed plant community composition

over time under different sheep treatments and
at different elevations with permanent vegetation
plots, 0.5 9 0.5 m in size. In Hol, 20 plots were
placed in each enclosure and exclosure section
by a stratified balanced procedure among eleva-
tional levels and habitats (for details, see Austr-
heim et al. 2008), for a total of 180 plots. In
Setesdal, each exclosure and grazed section had
10 randomly placed plots (for details, see Austr-
heim et al. 2005), for a total of 200 plots. If a plot
fell into a wet depressions or a rock, a new ran-
dom location was used.
Over the two sites, the plots spanned an eleva-

tional gradient from 852 to 1311 m asl (1091–
1311 m asl for Hol and 852–1014 m asl for Setes-
dal; Appendix S1: Fig. S1). Each plot was
divided into 16 sub-squares, and each survey
year we recorded all vascular plant species (in
rare cases, on genus level; see Appendix S1:
Tables S1–S2) occurring in each subsquare. The
survey years were 2001, 2003, 2005, 2007, 2009,
2011, 2013, and 2015 for Hol, and 2000, 2002,
2004, 2006, 2008, 2010, 2012, 2014, and 2019 for
the Setesdal exclosures. At both sites, the survey

Setesdal mainland
Hol

Setesdal islands

Sh
ee

p 
km

-2

2000 2005 2010 20151800

60

0

30

Fig. 2. Annual sheep densities over the study period at different sheep treatments. The sheep density data in
the grazed areas of Setesdal is from the two sheep management areas where the plots were located (Suleskar and
Nomeland; Rekdal and Angeloff 2007). The islands in Setesdal have experienced low or zero grazing pressure in
history, likely even beyond 1800.
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of the first year was done before sheep density
manipulation to capture the initial plant commu-
nity composition structure.

Plant trait data
We selected eight traits that captured the

central functional dimensions of size, resource
economics, and reproduction: vegetative height
(height of highest photosynthetic part), genera-
tive height (height of the highest reproductive
part), leaf area, specific leaf area (SLA), leaf
dry matter content (LDMC), leaf fresh mass,
seed dry mass, and seed number per plant
(Perez-Harguindeguy et al. 2016). Data on
these traits were extracted from Tundra Trait
Team (Bjorkman et al. 2018b), and SeedClim
(Gya 2017) databases for all the species occur-
ring at the study plots. When there were mul-
tiple observations of the same trait for a
species from different data sources, the average
was calculated to acquire one value for each
species for each trait.

SeedClim measurements came from the same
region as our study sites (Gya 2017), and Tundra
Trait Team data have been collected in tundra
habitats (Bjorkman et al. 2018b), making these
two datasets of high biogeographical relevance
for our sites, and likely to include trait values
that the species express at our study sites. How-
ever, if data on a certain trait for a certain species
were not available from either Tundra Trait Team
or SeedClim databases, we used data available
on Ecoflora (Fitter and Peat 1994), LEDA (Kleyer
et al. 2008), BiolFlor (Klotz et al. 2002), Eflora_cal
and PLANTS (Green 2009), as well as from TRY
database (download number 4659; Kattge et al.
2011), covering all datasets containing data on
leaf, height, seed and chemical traits. See
Appendix S1: Table S3 for trait details from each
database. Trait data with uncertain or deficient
unit information were excluded. When there
were multiple observations of the same trait for a
species from different data sources, the average
was calculated to acquire one value for each spe-
cies for each trait, as was done for the data from
Tundra Trait Team and SeedClim databases.

After trait data retrieval, we had data for at
least 70% of species observed in the plant survey
plots in each study site for all traits, covering at
least 85% of the presence–absence observations,
which was deemed high enough for the next

step: To fill in the remaining data gaps for species
without trait values, we used phyEstimate-
function of the Picante-package. This function
allows predicting species trait data based on the
existing traits data and phylogenetic relation-
ships between species (Kembel and Kembel
2020). For these predictions, we used a published
phylogeny of the Norwegian flora (Mienna et al.
2020) and existing trait data of all vascular plants
native to Norway (described in the first para-
graph of this section). In addition to the eight
selected traits, we determined a binary variable
of woodiness for each species, as this trait may
play a key role in ecosystem functioning (Wein-
traub and Schimel 2005, Myers-Smith et al. 2011,
Garc�ıa Criado et al. 2020). After thus achieving
full data coverage for nine traits for all species
occurring in Hol and Setesdal (Appendix S1:
Tables S1–S2), we used the functcomp-function
of the FD-package to acquire the community-
weighted mean for each trait for each plot for
each survey year (Lalibert�e et al. 2014), based on
the plant occurrence in the 16 sub-squares. This
gave us a matrix where each plot had one
community-weighted mean value for each trait.
In the trait data retrieval process, we used tr8-

function of the TR8-package to access multiple
databases simultaneously on R (Bocci 2015). To
ensure data retrieval across species synonyms,
species names were standardized using tnrs-
function in taxize-package that utilizes the Taxo-
nomic Name Resolution Service from the iPlant
Collaborative (Chamberlain and Sz€ocs 2013). All
potential accepted synonyms were retrieved
from the Integrated Taxonomic Information Sys-
tem and Catalogue of Life with the synonyms-
function of the same package. When multiple
synonyms appeared, each synonym was used in
turn until a match was found in the functional
trait databases.

Statistical analyses
To answer Q1 (Does sheep density change the

functional composition of plant communities in
time under moderate and low productivity?), we
constructed a redundancy analysis (RDA) sepa-
rately for both study sites by using the rda-
function from the vegan-package (Oksanen et al.
2013). In these RDAs, trait composition was
explained by the interaction of sheep treatment
and time since the start of the experiment; this
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analysis design follows the principal response
curve approach (which allows for treatment
effects to be tested in a repeated measures
design; Alday and Marrs 2014, Vandvik et al.
2014), with the distinction of time being included
into the model as a fixed effect; we decided to do
this modification to the classic principal response
curve approach as we suspected there might be
an initial difference between the treatments (con-
firmed by the results). Enclosure and exclosure
sections (Hol) and sites (Setesdal) were condi-
tioned out as random factors.

The significance of RDA axes was assessed by
permuting the full time series from plots freely
within enclosure and exclosure sections (Hol)
and sites (Setesdal; site consisting of an exclosure
and a paired grazed section), by conducting an
ANOVA-like permutation test with anova.cca-
function from the vegan-package (Oksanen et al.
2013), with 999 permutations. For both RDAs,
only the two first constrained axes were signifi-
cant (Appendix S1: Table S4), and these two axes
were used in visualizations.

The significance of the interaction of sheep
treatment and time since the start of the experi-
ment was tested by conducting an ANOVA-like
permutation test with anova.cca function from
vegan-package (Oksanen et al. 2013), with 999
permutations. The tests for the treatment effect
through time were done in sequential tests, per-
muting the data for each sampling year.

To support the RDAs and to aid in their inter-
pretation, we conducted univariate analyses for
each trait at both sites by running linear mixed-
effects models where traits were explained by
the interaction of sheep treatment and time since
the start of the experiment, by using lme-
function in the nlme-package (Pinheiro et al.
2017). In these models, elevation was used as a
covariate, and year as well as plots within enclo-
sure and exclosure sections (Hol) and sites (Setes-
dal) were included as random factors. Right-
skewed response variables (all traits except seed
dry mass and vegetative height in Hol, and
LDMC and woodiness at both sites) were log-
transformed for the analyses to meet the assump-
tion of normality.

All analyses were carried out within the R
environment (R version 3.5.1, RCore Team, R
Foundation for Statistical Computing, Vienna,
Austria).

Island–mainland comparison
To address Q2 (Does the functional composi-

tion of plant communities with a centuries-long
grazing history differ from the functional compo-
sition of plant communities with a centuries-long
absence of grazing?) and thus gain perspective
on the effects of sheep grazing on longer time
scales, we conducted an additional vegetation
survey and compared the trait composition at
grazed and exclosed sections to trait composition
of the islands. This survey was a snapshot in
time, conducted only in 2012, after 12 yr of sheep
exclusion on the mainland. Three islands, located
on three separate lakes, approximately 0.06, 0.16,
and 0.15 km2 in size, were included in this sur-
vey. These islands showed similar levels of topo-
graphic heterogeneity to the mainland (Speed
et al. 2014).
As we could only conduct the island–mainland

survey once and with limited number of plots,
plant species were recorded on 0.5 9 0.5 m plots
by using a point intercept method that is more
efficient than presence–absence grid. At each
plot, 16 regularly spaced pins were lowered into
the plot, and every intercept with each plant spe-
cies was recorded. Each exclosure and grazed
section on the mainland had three plots stratified
by the upper, mid, and lower part of the section’s
slope. Each of the three islands had six plots
placed randomly on the south-facing slope of the
island (to be comparable to the south-facing
exclosures on the mainland), out of which three
plots were placed directly under the birch can-
opy and three outside the birch canopy. If a plot
fell into a wet depressions or a rock, a new ran-
dom location was used. (For details and justifica-
tions for the island methods, see Speed et al.
2014.) Islands were, on average, at lower eleva-
tions (884 m asl � 41SD) than mainland plots
(961 m asl � 59SD), and to achieve comparabil-
ity to mainland, we excluded the mainland plots
higher than the highest island plot, leaving us
with 18 plots from the mainland (ranging from
841 to 943 m asl).
We used point intercept community data to

calculate community weighted means for each
trait for each plot (see Appendix S1: Table S5, for
the eventual traits), as described above for the
analyses for Q1. To answer Q2, we constructed a
redundancy analysis (RDA) by using the rda-
function from the vegan-package (Oksanen et al.
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2013). In the RDA, the trait composition was
explained by treatment (mainland; island, under
birch canopy; island outside birch canopy). Loca-
tion (individual islands and individual exclosure
sites) was conditioned out as a random factor.
Only the first constrained axis was significant (as
indicated by anova.cca function with 999 permu-
tations; Appendix S1: Table S4). To see whether
islands differed in trait composition in compari-
son to the mainland, we tested the significance of
the treatment (mainland; island, under birch can-
opy; island outside birch canopy), by conducting
an ANOVA-like permutation test with 999 per-
mutations, and contrasting the mainland plots
both to island plots under birch canopy and
island plots outside birch canopy (as we sus-
pected that canopy cover might affect the field
layer plant composition).

RESULTS

In the repeated plant community surveys in
Hol and Setesdal, we observed 121 and 63 vascu-
lar plant species, respectively (Appendix S1:
Tables S1–S2). At both sites, there was an initial
difference between the plots assigned to different
grazing treatments (Fig. 3). In Hol, where the ele-
vation gradient was longer (220 m) and data
more evenly distributed on it (Fig. 1), plots
sorted clearly on the elevational gradient
(Appendix S1: Fig. S4a, c), but in Setesdal, where
the elevation gradient was shorter (162m) and
sites more spread in the landscape (Fig. 1), eleva-
tion did not seem to drive trait composition
besides few outlying plots (Appendix S1: Fig.
S4b, d).

We found no evidence for grazing treatment
affecting trait composition in time in Hol (signifi-
cance of the RDA treatment 9 time interaction
term P = 0.78; df = 2, variance = 0.0034, F =
0.78) nor in Setesdal (significance of the RDA
treatment 9 time interaction term P = 0.47;
df = 1, variance = 0.0036, F = 0.94). (Q1, Fig 3;
see also Appendix S1: Fig S5). Neither was there
evidence for the grazing treatment affecting any
single trait in time (Appendix S1: Tables S6–S7).
However, the univariate analyses indicated that
certain traits changed in time, irrespectively of
the grazing treatments: in Hol, vegetative height
decreased, and seed number per plant and
LDMC increased (Appendix S1: Figs. S6–S8,

Table S6); in Setesdal, generative height, SLA,
seed number per plant, seed dry mass, leaf dry
mass, and leaf area had increased while LDMC
had decreased (Appendix S1: Figs. S9–10, Table
S7). In Hol, the effect sizes of these univariate
trends were ecologically negligible, suggesting
relatively high stability in the CWM-traits at
this site. However, in Setesdal, the effect sizes
were higher, particularly for the decrease in
LDMC (�0.7 g�g�1�yr�1) and for the increases in
generative height (+1.0 cm/year), SLA (+1.0
mm2�mg�1�yr�1), and leaf area (+2.1 mm2/yr);
these trait changes in time can also be seen in
the RDA trends (Fig. 3c, d; Appendix S1: Figs.
S9–S10).
The trait stability in Hol appears to be a result

of species community stability (Appendix S1:
Figs. S11–S12). In Setesdal, we observed a direc-
tional change in species composition in time
(Appendix S1: Figs. S13–S14). This change
appeared to be driven by decreasing association
with small woody species and/or species with
high LDMC, such as Salix herbacea, Loiseleuria pro-
cumbens, and Andromeda polifolia, and by increas-
ing association with larger, and often moisture-
favored herbs and grasses, such as Eriophorum
spp., Chamaepericlymenum suecicum, and Rubus
chamaemorus.
In the snapshot of the island–mainland com-

parison in Setesdal, we observed 35 vascular
plant species (Appendix S1: Table S5). Contrasts
of the permutation test showed that the trait
composition on the mainland plots differed from
the trait composition of the island plots under
the birch canopy (Table 1). Island plots were
associated with higher vegetative and generative
height, seed mass, seed number, woodiness, and
specific leaf area, whereas the mainland plots
were associated with higher leaf dry matter con-
tent (Fig. 4; for absolute differences in traits
between the mainland and the islands, see
Appendix S1: Fig. S15). The species most impli-
cated in driving this difference appeared to be
herbs Gentiana purpurea, Betula pubescens, Cha-
maepericlymenum suecicum, Pyrola minor, Rhubus
chamaemorus, and grazing-sensitive grass Ave-
nella flexuosa, associated with island plots under
birch canopy, and grazing-tolerant Nardus stricta,
associated with mainland plots (Appendix S1:
Fig. S16). However, the trait composition on the
mainland plots did not differ from the trait
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composition of the island plots outside birch can-
opy (Table 1; yet, species composition showed
distinction from the mainland; Appendix S1: Fig.
S16).

DISCUSSION

Livestock are a functionally dominant guild in
many ecosystems, affecting multiple vegetation

properties (Gillson and Hoffman 2007, Yayneshet
and Treydte 2015, Wang and Wesche 2016,
€Ollerer et al. 2019). Sheep grazing is known to
change plant communities and traits in many dif-
ferent types of habitats (Bouchard et al. 2003,
Navarro et al. 2006, Louhaichi et al. 2012, Scohier
and Dumont 2012, Ross et al. 2016, Marteinsd�ottir
et al. 2017, Løkken et al. 2019). We showed,
however, that the functional composition of

RD
A1

RD
A1

RD
A2

RD
A2

Fig. 3. Changes in the average scores on the first two RDA axes for Hol (a–b) and Setesdal (c–d), with 95% con-
fidence intervals. There was no evidence for the grazing treatment inducing changes in time at either study site,
but in Setesdal, we observed a time effect independent of grazing treatment (Table 1). LDMC stands for leaf dry
mass, SLA for specific leaf area, Gen. height for generative height, and Veg. height for vegetative height.
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historically intensively grazed alpine vegetation
communities had high resistance to changing
sheep densities over 14- and 19-yr study periods,
both under moderate and low productivity,
resulting from stability in species composition.
Yet, our analyses also indicated that longer term

grazing history on the mainland had resulted to
a different trait composition compared zero-to-
low sheep grazing on the birch-growing islands
of the region. Thus, the results suggest that sheep
can have effects on alpine plant community trait
composition, but these effects may take historical
timescales, potentially centuries, to manifest.
Earlier studies have shown moderate changes

in certain grazing-sensitive and grazing-resistant
species as a response to changes in sheep densi-
ties at our experimental sites (Austrheim et al.
2007, 2008, Speed et al. 2014), but the
community-level resistance in species and trait
composition documented here was remarkable.
Similar stability under sheep exclusion has been
reported from a highly disturbed chenopod
shrubland in the arid South Australia, where a
decade of sheep exclusion was insufficient to
change vegetation shaped over a century of
intensive grazing (Meissner and Facelli 1999).
Also in historically overgrazed Iceland, the exclu-
sion of sheep is rarely considered to be a suffi-
cient method for ecosystem restoration (Mulloy
et al. 2019, Mulloy 2021, M€orsdorf et al. 2021).
Potential explanations for slow vegetation

recovery after grazing are numerous and likely
to vary depending on prevailing abiotic condi-
tions. If productivity is low and plant growth
rates slow, as they often are in northern and
high-elevation ecosystems, vegetation structure
changes are likely to take time. When plant com-
munity consists of long-lived (Cotto et al. 2017)
species and low-stature species that keep the
lower field layer closed, free establishment space
for new plant individuals is limited. Thus,
strong imbalances in plant–plant competitive
abilities of the species are needed to cause
changes in species composition (Choler et al.
2001). All of these factors are likely to result in
slow species turnover, reflecting to slow com-
munity trait turnover. This may explain the lack
of community change in Setesdal after sheep
removal: This site had low productivity, and
most of the plant species we recorded were
perennials. Many prevalent species were long-
lived shrubs or grasses with strongly rooted,
thick tufts. The lack of sheep disturbance also
decreased the available open soil surface in
exclosures (Austrheim et al. 2007), further
diminishing open growth space for new plant
individuals. In the exclosed plot in Hol, we

Table 1. Significance of the difference between the
island plots under birch canopy and the mainland,
and the difference between the island plots outside
birch canopy and the mainland, as indicated by con-
trasts from permutest-function with 999
permutations.

Position df Inertia F Pr(>F)

Island, under birch canopy 1 1.078 10.5 0.032
Island, outside birch canopy 1 0.238 2.32 0.101

RD
A2

RDA1

5

10

15

0 1 2

Mainland, grazed
Mainland, exclosed
Islands, outside birch canopy
Islands, under birch canopy

-0.5

0

0.5

0 1-1

b)

a)

0

3 4

Fig. 4. Trait composition of plots on RDA1 and
RDA2 for the island–mainland comparison in Setesdal,
colored by treatment (a), and corresponding trait vec-
tors (b). Note different axis scales between the panels.
LDMC, leaf dry mass; SLA, specific leaf area; Gen.
height, generative height; and Veg. height, vegetative
height.
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could have expected faster species turnover
potential due to moderate productivity, but also
at this site, species colonization may be ham-
pered by closed vegetation and lack of establish-
ment space in the grazing exclosures (Choler
et al. 2001). Taken together, these constrains may
mean that 14 or 19 yr is not enough to see com-
munity changes.

Historical land use may have legacy effects of
key importance for current ecological interac-
tions. It can be asked whether the vegetation
transformed by historical sheep grazing is partic-
ularly resistant to community changes, that is,
whether grazing has tipped the vegetation into
an alternative stable state where vegetation com-
munities have resistance and tolerance to
changes in grazing intensities (Milchunas et al.
1988, Lemaire 2001, Cingolani et al. 2005). As our
island–mainland comparison showed, particu-
larly under birch canopy, island vegetation
tended to be taller (both in vegetative and in gen-
erative height) and had higher specific leaf area,
due to certain herbs, a grazing-sensitive grass,
and birch. The grazed mainland, in contrast, had
higher leaf dry matter content due to dwarf
shrubs and low, grazing-resistant grasses, espe-
cially N. stricta. Thick grass tufts and prostrate
shrubs in the mainland could lower the establish-
ment chances of new plant individuals (Milchu-
nas et al. 1988, Lemaire 2001), possibly
explaining the lack of community changes in the
exclosures. Furthermore, grazing may lead to
plant acclimation (growth patterns of individual
plants) toward low growth forms rather than
erect ones (Lemaire 2001), further closing low
field layer. Under such conditions, transplanta-
tion or seeding experiments might be necessary
to detect the importance of ungulates. In the
more productive conditions of Hol, grazing toler-
ance rather than resistance (Coley et al. 1985)
seems a likely reason for the community stability
after sheep removal: When nutrients are not lim-
iting growth, even relatively grazing-sensitive
species have potential for compensatory growth,
and thus, the plant community under no sheep
grazing did not develop to different directions
compared to the plant community under main-
tained sheep density. Taking into account that
high grazing pressure has affected the region
over thousands of years (Speed et al. 2012b), it is
also possible that there has been evolutionary

pressure toward high grazing resistance and tol-
erance (Lemaire 2001, Cingolani et al. 2005).
Even long before human impact, ungulates have
been present in European landscape, possibly
sustaining a natural mosaic of open patches and
closed vegetation (Svenning 2002, Sandom et al.
2014), promoting the evolution of herbivore
resistance and tolerance in plants.
The indirect effect of sheep in the field layer

vegetation via preventing the establishment of
trees may contribute to the lack of trait composi-
tion change in the exclosures in Setesdal. Most of
the island survey plots located under birch trees
were functionally distinct from the plots on the
treeless mainland, whereas the island plots
located outside the birch canopy were function-
ally closer to the plots on the mainland. If birch
shading and potential facilitation effects (Choler
et al. 2001) are crucial for field vegetation to
develop into the direction of the trait composi-
tion we observed in the islands, the exclosure
vegetation may not change considerably before
birch canopy has established, which, in this envi-
ronment, will take longer than our 19-yr experi-
ment period. In Hol, birch growth has been
shown to be higher when sheep are excluded
(Speed et al. 2011), but this effect appears to have
been too sparse to affect field layer vegetation.
Drastic vegetation changes are often reported

following increases in herbivore pressure,
exceeding the turnover rates observed in herbi-
vore exclusion experiments (Estes et al. 2011).
This is understandable, as grazing and browsing
may devastate plant species with low herbivore
resistance or tolerance in short time scales and
create empty establishment space for new plant
individuals, whereas plant community change
after herbivore removal is a slower process.
However, we did not observe vegetation trait
and species stability only in the sheep exclosures,
but also under the increased sheep densities
applied in Hol. We hypothesize that this may be
because the increase in sheep density was still
within most species’ compensatory growth
potential, backed up by moderate productivity.
When plants have ample resources for compen-
satory growth, even relatively high increases in
herbivore pressure may not result in plant com-
munity change (Cingolani et al. 2005). It is also
possible that the intermediate sheep density at
Hol is already resulting into vegetation
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responses, with no additional effect from increas-
ing it to the high densities.

Interestingly, community trait structure at
Setesdal had gone through a moderate temporal
change, particularly toward higher generative
height, leaf area, and specific leaf area but lower
leaf dry matter content, independent of the
experimental grazing treatments. During the last
decades, the climate of the area had experienced
increased temperatures and precipitation. The
climatic change has not been linear (Appendix
S1: Fig. S1), and we cannot show causality
between the climatic change and trait composi-
tion change, but increased size, typical for low-
elevation and southern species, and lowered leaf
dry matter content, typical for prostrate arctic-
alpine plants, could result from warmer and wet-
ter conditions (Bjorkman et al. 2018a).

Despite the effects of warming, plant species
turnover does not always follow the patterns that
would be expected if it was driven solely by cli-
mate, neither in space nor time (Bond 2005,
Lenoir et al. 2010, Lenoir and Svenning 2015,
Myers-Smith et al. 2020). Ungulates may be one
reason explaining these discrepancies. Livestock
can play an important role in altering the vegeta-
tion composition under future climatic condi-
tions (Gillson and Hoffman 2007, Yayneshet and
Treydte 2015, Wang and Wesche 2016, Cromsigt
et al. 2018, €Ollerer et al. 2019). However, as we
showed here, the legacy of long grazing history
may dampen the shorter term impacts of herbiv-
ory (Milchunas et al. 1988, Cingolani et al. 2005):
Centuries-long sheep grazing had led to vegeta-
tion with lower stature, seed mass, seed number,
and woodiness and to higher leaf dry matter con-
tent in the mainland, but this functional composi-
tion stayed stabile in experimental time scales (14
and 19 yr) even under changing sheep densities.
Furthermore, the presence or absence of sheep
grazing did not affect the potentially climate-
driven vegetation change at the low productive
Setesdal site. Our results suggest that plant
communities may not respond to lowered
herbivory pressure, although the mechanisms
likely depend on productivity: Under low-
productivity, vegetation community may resist
changes due to slow growth rates and commu-
nity turnover, whereas under moderate produc-
tivity, intensive plant–plant competition appears
to be a more likely reason to explain the stability

(Choler et al. 2001). Furthermore, we showed
that increased sheep densities may not result in
community change, suggesting that sheep may
also be inefficient in inducing changes in vegeta-
tion if the community consists of grazing tolerant
species and there are ample resources for com-
pensatory growth. We conclude that the grazing
history and productivity need to be acknowl-
edged when evaluating herbivores’ potential to
shape plant community trait composition under
different climates and productivities.
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