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Through changes in climate and other environmental factors, alpine tundra ecosystems 
are subject to increased cover of erect shrubs, reduced predictability of rodent dynam-
ics and changes in wild and domesticated herbivore densities. To predict the dynamics 
of these ecosystems, we need to understand how these simultaneous changes affect 
alpine vegetation. In the long term, vegetation dynamics may depend critically on 
seedling recruitment. To study drivers of alpine plant seedling recruitment, we set up 
a field experiment where we manipulated the opportunity for plant–plant interactions 
through vegetation removal and introduction of willow transplants, the occurrence of 
herbivory through caging of plots, and then sowed 14 species into the plots. We rep-
licated the experiment in three common alpine vegetation types (heath, meadow and 
Salix shrubland) and recorded seedling emergence and survival over five years. Strong 
effects of vegetation removal and substantial differences in recruitment among domi-
nant vegetation types suggested important effects of local vegetation on the recruitment 
success of vascular-plant seedlings. Similarly, herbivore exclusion had strong positive 
effects on recruitment success. This effect arose primarily via reduced seedling mor-
tality in plots from which herbivores had been experimentally excluded and became 
noticeably stronger over time. In contrast, we detected no consistent effects of experi-
mental willow shrub introduction on seedling recruitment. These results demonstrate 
that large and small herbivores can affect alpine plant seedling recruitment negatively 
by trampling and feeding on seedlings. Importantly, the effects became stronger over 
time, suggesting that effects of herbivory on seedling recruitment accumulates over 
time and may relate to recruitment phases beyond initial seedling emergence.

Keywords: climate change, herbivory, plant–animal interactions, seedling 
recruitment, shrub encroachment, species interactions, vegetation dynamics
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Introduction

Arctic–alpine tundra ecosystems are thought to be dispropor-
tionally affected by ongoing environmental changes (Björk 
and Molau 2007, Vowles et al. 2017). Beyond direct effects 
of increasing temperatures on plant physiology, important 
indirect effects are expected to arise via changes in land use 
and in species interactions within and between trophic levels 
(Austrheim and Eriksson 2001, Körner 2003, Olofsson et al. 
2009, Vowles  et  al. 2017). One prominent example of 
expected changes in species interactions is the negative 
effects of ongoing shrub encroachment on many understorey 
plants (Pajunen et al. 2011, Mod and Luoto 2016, Wallace 
and Baltzer 2019). Increased shrub cover (‘shrubification’) 
increases vegetation productivity and changes the nutrient 
and carbon dynamics of tundra heath and meadow vegeta-
tion (Sørensen et al. 2018a). Beyond these plant–plant inter-
actions, it is also increasingly clear that patterns of vegetation 
change depend on interactions among trophic levels, notably 
herbivory (Olofsson et al. 2009, Kaarlejärvi et al. 2017). In 
alpine Fennoscandia, recent changes in herbivore communi-
ties include less predictable population cycles of small rodents 
(Kausrud  et  al. 2008, Framstad 2019, Ehrich  et  al. 2020), 
and changes in the abundance and composition of large wild 
and free-ranging domestic herbivores (Austrheim et al. 2011, 
Speed et al. 2019). A better understanding of the direct and 
indirect effects of species interactions within and between 
trophic levels will be important for understanding the future 
dynamics of arctic–alpine ecosystems.

The vast majority of arctic–alpine plants are long-lived 
and slow-growing, and vegetation changes in these regions 
are therefore often slow (Billings 1987, Morris and Doak 
1998, Körner 2003). Although clonal species can persist for 
long periods, long-term vegetation dynamics depend increas-
ingly on changes in community composition and hence suc-
cessful seedling recruitment. Seedling recruitment is expected 
to depend on microclimatic conditions (Walck et al. 2011) 
and on species interactions (Fayolle et al. 2009, Milbau et al. 
2013, Nystuen et al. 2019), both of which are likely to be 
affected by ongoing environmental changes. While seed pro-
duction and germination in cold biomes are often found to 
respond positively to warmer temperatures, at least when 
sufficient soil moisture is available (Milbau  et  al. 2009, 
Klady et al. 2011, Walck et al. 2011), seedling survival and 
establishment are in turn thought to be sensitive to droughts 
associated with warm weather (Moles and Westoby 2004, 
Fenner and Thompson 2005, Leck et  al. 2008). Predicting 
the net effect of environmental change on seedling recruit-
ment is therefore complicated (Shevtsova et al. 2009).

Seedling recruitment may depend on plant–plant inter-
actions, which are expected to differ among plant commu-
nity types. For example, plant communities dominated by 
strong competitors, such as grasslands, are normally thought 
to be less invasible than are those dominated by ruderal spe-
cies (Burke and Grime 1996, Lett  et  al. 2018a). The rela-
tive success of competitive species is likely to depend on the 
frequency of disturbances creating gaps in the vegetation, 

because gaps provide ‘safe sites’ where competition is limited, 
thus allowing seedling recruitment (Grubb 1977, Graae et al. 
2011, Milbau et al. 2013, Lembrechts et al. 2016). Therefore, 
if environmental changes affect the frequency of disturbances, 
this can change the invasibility of the vegetation and conse-
quently lead to a shift in community composition.

The ongoing expansion of erect shrub communities in arc-
tic–alpine regions (Myers-Smith et al. 2011, Elmendorf et al. 
2012, García Criado  et  al. 2020) may modify competitive 
interactions compared to those occurring in low-growing 
vegetation types such as meadows and heaths. Previous 
work suggests that the net effect of erect shrub expansion 
on plant recruitment in tundra depends on the shrub spe-
cies composition and extent of shrub cover, as well as the 
recruitment phase in question (Jumpponen et al. 1998, Dona 
and Galen 2007, Dufour-Tremblay  et  al. 2012, Cranston 
and Hermanutz 2013). For example, shrubs trap snow and 
thereby create stable winter conditions known to benefit 
seedling survival for boreal species (Dona and Galen 2007, 
Lett  et  al. 2018b). However, light reduction is among the 
principal factors explaining low tree seedling occurrence 
(Jumpponen et al. 1998, Dufour-Tremblay et al. 2012) and 
growth (Cranston and Hermanutz 2013) in tundra systems. 
Furthermore, shrubs may affect seedling recruitment through 
indirect effects, as when tall shrubs outcompete dwarf shrubs, 
graminoids or cryptogams (Pajunen  et  al. 2011), thereby 
allowing seedlings to recruit on the bare soil in the moist 
microclimate under the shrub canopy (Graae et al. 2011).

The fate of recruiting plants in shrub-dominated veg-
etation may depend directly or indirectly on herbivory. For 
example, herbivory can affect the competitive capacity of 
the extant vegetation, and the frequency of vegetation gaps. 
Indeed, vegetation gaps are often associated with mammal 
activities such as burrowing and trampling (Watt and Gibson 
1988, Ericson  et  al. 1992, Nystuen  et  al. 2014), and her-
bivory may therefore indirectly increase the invasibility of the 
vegetation (Eskelinen and Virtanen 2005, Olofsson 2006, 
Olsen and Klanderud 2014). However, small size and limited 
storage make seedlings highly vulnerable to trampling and 
herbivory. Herbivores can kill or reduce the performance of 
preferred species in arctic–alpine vegetation (Eskelinen 2008, 
Bognounou et al. 2018), although these effects may be weak 
compared to the positive effects of disturbances and consump-
tion of extant vegetation (Eskelinen and Virtanen 2005). 
Compared to other ecosystems, seedlings in tundra are small 
and grow slowly, and are therefore of little interest to mam-
malian herbivores during their first years (Shaw et al. 2010). 
Therefore, herbivore-induced seedling mortality may be less 
important in tundra compared to other community types 
(Hulme 1994, Hanley 1998, Clark  et  al. 2012). However, 
slow recovery of vegetation subject to trampling may increase 
the importance of herbivore-induced disturbances.

To predict the joint outcome of shrub expansion and 
changes in herbivore pressure for the successional pathways 
in alpine vegetation we need a more mechanistic understand-
ing of seedling recruitment processes. To this end, we sowed 
14 species into plots in a full-factorial plant recruitment 
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experiment where we manipulated the opportunity for 
plant–plant interactions through vegetation removal and 
introduction of willow transplants, and the occurrence of 
herbivory through caging of plots. Because alpine terrains 
comprise a patchwork of distinct vegetation types, and 
invasibility is thought to differ among these, we replicated 
the experiment in three common alpine vegetation types: 
a meadow snowbed, a Salix shrubland and a dwarf-shrub 
heath. If plant–plant interactions are important for seedling 
recruitment, we expect recruitment success to differ among 
vegetation types and between controls and experimentally 
encroached plots. We also expect that seedling emergence 
and establishment is greater when seeds are sown into experi-
mental gaps in the extant vegetation. If herbivory is impor-
tant, we expect greater mortality of emerged seedlings and 
consequently reduced establishment success in those plots 
exposed to natural herbivory.

Material and methods

Study sites

The study area is located in the low-alpine vegetation 
zone around 1100 m a.s.l. near Hjerkinn, central Norway 
(Fig. 1A). The climate in the area is continental, with 
short warm summers and long cold winters (Moen 1998; 
Supporting information). We established study sites on 
three neighbouring mountain slopes representative of three 
common tundra vegetation types: a dwarf-shrub-domi-
nated heath, an herb- and cryptogam-dominated meadow, 
and a Salix-dominated shrubland (Fig. 1A, Supporting 
information).

The study sites experience low-intensity summer grazing 
and browsing by domestic sheep (NIBIO 2017). Wild herbi-
vores present in the study area include voles (Microtus agres-
tis, M. oeconomus and Myodes rufocanus), lemmings Lemmus 
lemmus, hare Lepus timidus, ptarmigan (Lagopus lagopus and 
L. muta), moose Alces alces and the occasional passing of 
reindeer Rangifer tarandus. The small rodents exhibit cyclic 
population dynamics (Stenseth and Ims 1993) with popu-
lation build-ups in 2013 and 2017 resulting in moderate 
rodent peaks in 2014 and 2018 (Framstad 2019). The her-
bivores use the different vegetation types differently, with 
potential consequences for plant recruitment. Heaths are 
important resting sites for sheep, but are not preferred for 
grazing (Kausrud et al. 2006). Sheep grazing is more intense 
in the more productive meadow and shrub vegetation rich in 
herbaceous plants preferred by sheep (Kausrud et al. 2006). 
Seedlings in open plots are therefore exposed to sheep her-
bivory but may also experience reduced biotic competition 
as a result of grazing on the extant vegetation. Within dense 
shrub vegetation, understorey plants may be difficult to access 
and thereby escape large-mammal herbivory (Pajunen et al. 
2011), while smaller herbivores may benefit from shelter 
below shrub canopies. Winter herbivory by lemmings and 
voles is expected to be most important at the meadow and 

shrub sites, as rodents prefer habitats with a thick, insulating 
snow cover (Sætnan et al. 2009).

Experimental setup and study design

In late June 2013 we placed 32 plots (25 × 25 cm) within the 
fairly homogenous vegetation at each site (see the Supporting 
information for further description of the study sites). The 
plots were assigned to a 2 × 2 factorial experiment compris-
ing exclusion of herbivores with cages and planting of Salix, 
resulting in four treatment combinations with eight replicates 
per site (Fig. 1C). At each plot, we established four subplots 
(12.5 × 12.5 cm) for a 2 × 2 factorial experiment compris-
ing disturbance and seed sowing. The two disturbed subplots 
were placed ca 15 cm outside the 25 × 25 cm plot to avoid 
interference with other ongoing experiments, while the two 
intact subplots were inside the 25 × 25 cm plot (Fig. 1C).

In early July 2013, cages (80 × 80 × 50 cm with a lid) 
excluding small and large vertebrate herbivores were placed 
over one half of the plots (Fig. 1C–D). The cages were made 
from galvanized steel mesh with mesh size 1.27 × 1.27 cm, 
small enough to keep out small rodents (Moen et al. 1993, 
Grellmann 2002, Olofsson et al. 2005) and dug 5–10 cm into 
the ground. To simulate shrub encroachment, we planted five 
rooted Salix cuttings into one half of the plots (Fig. 1C, E). 
We used cuttings from a mixed cultivation of Salix glauca 
and S. lapponum. Branches were collected in the vicinity of 
the field sites in October 2013, and transported to a plant 
nursery for cultivation. The branches were stored at 0°C until 
January 2014 and then divided into ca 10 cm long cuttings 
and planted vertically in commercial plant soil for rooting. 
They were kept cool in the greenhouse during winter to pro-
mote below-ground growth. In May 2014 they were planted 
in 10 cm diameter pots, top twigs were cut to promote lateral 
branching, and the pots moved outside for hardening (Hagen 
and Evju 2014). In June 2014, the top twigs were trimmed 
to ca 10 cm before planting in the field. We planted one Salix 
cutting along each of the four plot edges, and a fifth cutting 
between the two disturbed subplots (Fig. 1C). Two hundred 
of the 240 Salix cuttings were still alive three years after trans-
plantation, but most of these remained rather small (< 18 
cm; Supporting information).

In the disturbed subplots, all aboveground vegetation was 
cut at soil surface to mimic a severe small-scale disturbance 
event (Fig. 1C, F). In all seeded subplots, we sowed seeds 
from 14 plant species common in subalpine and low-alpine 
vegetation (Fig. 1B). These species were chosen because 
they represent a variety of growth forms (tree, shrub, dwarf-
shrub, graminoid and forb) and seedling morphologies and 
have seeds (bulbils for Bistorta vivipara, hereafter referred to 
as seeds) and seedlings of different sizes which might affect 
their recruitment potential and resistance to herbivory and 
environmental stress. The species have easily distinguish-
able seedlings facilitating field identification. Seeds were 
collected in the study area when ripe during autumn 2013. 
The fleshy fruits of Empetrum nigrum ssp. hermaphroditum 
and Vaccinium myrtillus were kept in a refrigerator before 
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Figure 1. Graphical summary of the experiment. (A) Location of the study area and the three study sites near Hjerkinn, Dovrefjell, central 
Norway. (B) List of the 14 vascular plant species sown in the seeding experiment and their growth forms. (C) Schematic representation of 
the factorial experimental design with Salix transplants simulating shrub encroachment, cages excluding vertebrate herbivores, disturbance 
eliminating above-ground competition from standing vegetation, and seed addition. Treatments were replicated eight times at each of the 
three sites. We recorded seedling emergence, survival and establishment over five years in the seedling subplots. Photos show the plant com-
munities and treatments: (D) a cage at the Salix shrubland site, (E) a Salix transplant (ca 9 cm tall) at the meadow site two years after plant-
ing and (F) a disturbed and seeded subplot with plot and seedling markers at the heath site three years after sowing.



5

they were gently squashed in a bowl of water to separate 
fruit flesh and seeds. The seeds were stored in paper bags at 
room temperature. Pinus sylvestris seeds were supplied by The 
Norwegian Forest Seed Center, collected at Oppdal ca 600–
650 m a.s.l., about 40 km north of the study sites.

A mixture of 30 seeds per focal plant species was sown 
in each of the two seeded subplots in late autumn 2013 
(Fig. 1B), except for P. sylvestris with only 10 seeds because 
of known high germination capacity (82%) and large seed-
ling size, and Salix glauca with only 15 seeds due to limited 
seed availability. During sowing, a ca 20 cm tall cardboard 
frame was placed around the subplots to shelter from wind 
and avoid spilling of seeds (Eskelinen and Virtanen 2005). 
We sowed the Betula nana and Betula pubescens ssp. tortuosa 
seeds in spring 2014 because they matured after the other 
seeds were sown. To ensure that the Betula seeds experienced 
conditions similar to those of the already sown seeds, we kept 
them in paper bags under snow during winter (ca 8 km from 
the study site). Each seeded subplot received a total of 385 
seeds with a seed density of 2.5 seeds per cm2. This density is 
higher than the expected natural seed rain in alpine vegeta-
tion (Molau and Larsson 2000, Graae et al. 2011). Because 
germination success in tundra is low (Graae et al. 2011), we 
increased the probability of successful seedling emergences 
by sowing many seeds. In each plot, one unseeded disturbed 
and one unseeded intact subplot served as controls for natural 
seedling emergence.

We recorded seedling emergence in all seeded and 
unseeded subplots in autumn 2014. Each seedling was deter-
mined to species and marked with a toothpick adjacent to the 
seedling. We drew a map of each subplot with seedling posi-
tions to ease identification in later years. The subplots were 
resurveyed for seedling survival and for newly emerged seed-
lings in July 2015 and in August 2016. The toothpicks were 
removed after the 2016 survey. In August 2018, we counted 
the number of seedlings still alive.

Microenvironmental data

We recorded soil surface temperatures in intact vegetation 
and in the disturbed unseeded subplots, litter cover in all 
subplots and snow depth in all plots. Soil surface tempera-
ture (°C at ca 1 cm depth) was logged at four-hour-intervals 
with temperature sensors. Temperatures were logged in intact 
vegetation from autumn 2013 onwards, and in the disturbed 
unseeded subplots (representative of disturbed subplots in 
general) from summer 2016 onwards. We extracted abso-
lute minimum and maximum temperatures and computed 
mean temperatures for summer (July and August) and winter 
(January and February). We estimated litter cover (%) visu-
ally for each subplot during the seedling censuses. We mea-
sured snow depth (cm) at four points per plot with avalanche 
probes in 2015 (14 March), 2016 (2 April), 2017 (11 March) 
and 2018 (19 April). If cages or marking sticks were not vis-
ible, we located the plots with the aid of a handheld GPS 
receiver (3 m precision).

Hierarchical joint modelling of seedling emergence, 
mortality and establishment

We analysed the structure and dynamics of the seedling 
assemblages emerging in each seeded plot using Bayesian 
latent-variable joint species distribution models (hier-
archical modelling of species communities framework; 
Ovaskainen  et  al. 2017), implemented in the Hmsc 3.0 R 
package (Tikhonov  et  al. 2020). This approach allowed us 
to model the effects of the experimental treatments on the 
dynamics of all species jointly, while accounting for the non-
independence of seeds sown into the same plot.

Exploration of the data revealed a very strong effect of 
experimental disturbance on recruitment patterns. Thus, we 
chose to analyse the disturbed and intact subplots separately, 
focusing on the effects of the plot-level experimental treat-
ments (herbivore exclusion and willow introduction). To 
assess these treatment effects and whether they varied among 
sites and recruitment phases, we fitted four distinct models, 
separately for disturbed and intact subplots. In each model, 
we excluded very rare species occurring less than eight times 
in the response matrix (across all sites).

First, we modelled the effects of the plot-level experi-
mental treatments on seedling emergence in the first year 
following sowing (and vegetation removal for the disturbed 
subplots). We refer to seedling emergence as seed germina-
tion and seedling survival until census time. Treatment effects 
were allowed to vary among sites by including a treatment × 
site interaction. Environmental covariates included year-spe-
cific mean and maximum summer temperatures, mean and 
minimum winter temperatures, snow cover and litter cover. 
The temperature variables were strongly correlated across 
years (Supporting information), which allowed us to replace 
a few missing values with the mean value (across years) for 
that plot.

Second, we modelled seedling survival rate between census 
years, including the number of seedlings in the focal plot in 
year t − 1 as an additional explanatory variable describing 
density-dependent mortality.

Finally, we analysed the seedling assemblages of all sown 
species alive in the third and fifth year after sowing (2016 and 
2018, respectively), which integrates both first-year emer-
gence, later emergence and survival. We refer to the assem-
blage of sown species in these later censuses, independently of 
their age class, as established seedlings.

All models were fitted with a probit link function, and 
we thus modelled rates of emergence, survival and estab-
lishment. We ran two independent MCMC chains of 30 
000 iterations with the first 10 000 discarded as burnin, 
and a thinning interval of 20 iterations. We assessed model 
convergence qualitatively by investigation of posterior trace 
plots, and quantitatively by computing effective sample sizes 
and potential scale reduction factors (Supporting informa-
tion). We computed the explanatory power of the model as 
the square correlation coefficient (r2) between the observed 
and predicted seedling abundances in each plot.
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Interpreting the model results
Our Bayesian analytical approach is analogous to a more 
typical analysis of variance approach to analysing factorial 
experiments but differs in how statistical support is evaluated. 
To assess patterns of variation in seedling recruitment success 
across sites and treatments, we interpreted the model output 
as follows. First, we performed variance component analyses 
for each model, which allowed us to partition the explained 
variation (as given by the r2) into contributions of each fixed 
and random effect (latent variable). The variance compo-
nents can be directly compared among models, and allow 
us to ask, for example, whether the distribution of variance 
within and among sites differ for the intact and disturbed 
subplots. While our focus is on interpreting effect sizes, we 
assessed statistical support for treatment effects within each 
site by computing posterior support values for the pairwise 
differences between treatments, i.e. the proportion of poste-
rior samples for which pairwise differences were positive (for 
positive effects), or negative (for negative effects). Because the 
vegetation types were not replicated within our design, we do 
not test statistically for differences among vegetation types 
(i.e. sites).

Results

Seedling emergence

In intact vegetation, 596 seedlings emerged during the first 
growing-season following sowing. Most of the variance in 
seedling emergence occurred among sites, while differences 
among the plot-level experimental treatments were limited 
(Table 1). Neither herbivore exclusion nor willow introduc-
tion detectably affected the number of emerged seedlings at 
the meadow and shrubland sites. At the heath site, however, 
fewer seedlings tended to emerge in experimentally shrub-
encroached plots than in non-encroached plots (Fig. 2).

When the intensity of above-ground competition was 
reduced by sowing seeds into artificial gaps, the overall emer-
gence rate was much higher with a total of 1895 emerged 
seedlings. Furthermore, the emergence rates in gaps were 
more similar across sites than in the plots with intact veg-
etation, as indicated by a much smaller site-level variance 

component (11.1% versus 35.3% for disturbed and intact 
plots, respectively; Table 1). The effects of herbivore exclusion 
and willow introduction on seedling emergence in the gaps 
differed among sites (Fig. 3). At the meadow site, the great-
est number of seedlings emerged within the exclosed, shrub-
encroached plots. At the shrubland site the lowest number of 
seedlings emerged within the open, encroached plots, while 
at the heath site emergence rates were not detectably different 
among treatments.

Seedling mortality

In intact vegetation, mortality rates were high during the sec-
ond and third year of the study (mean = 0.57). The largest 
proportions of variance were explained by the environmental 
variables representing variation in soil surface temperatures, 
litter cover and snow depth within and among sites (Table 1, 
Supporting information), as well as the treatments and their 
contrasting effects across sites (Table 1; site-by-treatment 
interaction). At the heath and meadow sites, mortality rates 
tended to be lower in exclosed plots than in open plots 
(Fig. 2). At the shrubland site, mortality rates were higher in 
the exclosed, non-encroached plots and in the non-exclosed, 
encroached plots than in the other plot types. We detected 
only a limited signal of density-dependent mortality (Table 1, 
Supporting information).

Patterns of mortality across treatments in the disturbed 
plots were broadly similar to those observed in intact veg-
etation. Mortality rates were markedly lower in all exclosed 
plots compared to open plots at the heath and meadow sites, 
but not at the shrubland site (Fig. 3), and mortality was 
largely independent of seedling density (Table 1, Supporting 
information).

Seedling establishment

In the third year of the study, the composition of the estab-
lished seedling assemblages in intact vegetation differed 
among sites but were broadly similar across treatments 
(Fig. 2). More seedlings remained at the heath and meadow 
sites, with a tendency towards more seedlings in the exclosed 
plots than in the open plots. At the shrubland site few seed-
lings remained, especially in the exclosed, non-encroached 

Table 1. Variance partitioning for joint models of seedling emergence, mortality and establishment in intact and disturbed plots. Variance 
components are given as percentages of the total explained variation (given by r2). The parameter N(t − 1) is the number of seedlings in the 
focal plot in the previous year (i.e. density dependence).

Model Plot type r2

Fixed effects Random effects

Environment N(t − 1) Site Treatment
Site × 

Treatment Year Plot Census

Emergence year 1 Intact 69% 21.0% 35.3% 4.8% 11.6% 27.3%
Disturbed 67% 25.8% 11.1% 7.4% 12.8% 42.9%

Mortality year 2–3 Intact 75% 38.9% 5.4% 9.0% 11.5% 18.2% 4.4% 6.9% 5.7%
Disturbed 70% 22.6% 3.0% 8.0% 14.4% 13.4% 7.5% 12.4% 18.7%

Establishment year 3 Intact 70% 25.8% 24.5% 5.5% 16.2% 28%
Disturbed 70% 24.7% 16.2% 4.8% 7.3% 46.9%

Establishment year 5 Intact 68% 29.1% 36.2% 5.1% 10.9% 18.6%
Disturbed 67% 21.9%  17.4% 7.8% 12.8%  40.1%  
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Figure 2. Effects of plot-level experimental treatments (herbivore exclusion, willow introduction) on seedling recruitment in intact vegeta-
tion. Treatments are C = control, E = herbivore exclusion, ET = herbivore exclusion + willow introduction, T = willow introduction. 
Different letters indicate > 95% posterior support. The y-axis gives the predicted number of seedlings or the summed mortality rate across 
species (sub-bars give the predicted mortality rate per species).
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Figure 3. Effects of plot-level experimental treatments (herbivore exclusion, willow introduction) on seedling recruitment in disturbed 
vegetation (experimental gaps). Treatments are C = control, E = herbivore exclusion, ET = herbivore exclusion + willow introduction, 
T = willow introduction. Different letters indicate > 95% posterior support. The y-axis gives the predicted number of seedlings or the 
summed mortality rate across species (sub-bars give the predicted number of seedlings or the predicted mortality rate per species).
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plots. These trends remained similar after five years, although 
the tendency towards greater seedling numbers in exclosed 
plots at the heath and meadow sites became slightly stronger 
(Fig. 2).

Compared to the intact vegetation plots, the seedling 
assemblages of the disturbed plots in the third year of the 
study tended to be more similar across sites (Table 1, Fig. 3). 
Overall, a greater number of seedlings tended to occur in 
exclosed plots than in open plots, especially at the meadow 
site. This pattern became even stronger after five years, when 
the seedling assemblages of all exclosed plot types were sta-
tistically different from those of the control plots, except the 
exclosed, non-encroached plots at the shrubland site (Fig. 3).

When comparing seedling establishment at the heath and 
meadow sites, two woody (Pinus sylvestris and Empetrum 
nigrum ssp. hermaphroditum) and one graminoid (Avenella 
flexuosa) species tended to establish more successfully at the 
heath site, while three herbaceous species (Bistorta vivipara, 
Ranunculus acris and Solidago virgaurea) tended to establish 
most successfully at the meadow site (Fig. 4).

Discussion

In a five-year field study, we have demonstrated consistent 
positive effects of herbivore exclusion on the establishment 
of vascular-plant seedlings in both intact and experimentally 
disturbed alpine vegetation. The effect of herbivory on seed-
ling establishment arose primarily via reduced seedling mor-
tality in plots from which herbivores had been experimentally 
excluded. In contrast, we detected no consistent effects of 
experimental shrub encroachment on seedling recruitment. 
The effect of herbivore exclusion became noticeably stron-
ger over time, suggesting that effects of herbivory on seed-
ling recruitment accumulates over time and may relate to 
recruitment phases beyond initial emergence. The escalating 
effects of experimental herbivore exclusion further underlines 
the importance of long-term studies for understanding the 
dynamics of alpine plant communities subject to changes in 
the biotic and abiotic environment.

Strong effects of natural vegetation type and cover 
on seedling recruitment

Several observations support a strong impact of natural vegeta-
tion cover on seedling recruitment. First, seedling emergence 
in intact vegetation during the first growing season varied 
much more among sites dominated by different vegetation 
types than did emergence in disturbed plots. These differ-
ences remained after four years of ‘filtering’ by extant vegeta-
tion and by abiotic conditions a principal role of vegetation 
type and associated environmental variation in determining 
invasibility (Evju  et  al. 2012). Indeed, several dwarf-shrub 
and graminoid species typical of dry sites such as heaths, and 
several herbaceous forbs typical of moister, more nutrient 
rich sites such as meadows, established most successfully at 
their ‘home’ sites (Fig. 4). Second, across all vegetation types, 

a much greater number of seedlings emerged in disturbed 
subplots than in intact subplots. This finding adds to a grow-
ing literature suggesting strong effects of disturbances on 
seedling emergence and establishment (Milbau et al. 2013, 
Tingstad et al. 2015, Lembrechts et al. 2016, Klanderud et al. 
2017). Interestingly, while emergence in intact vegetation 
tended to occur at a higher rate at the heath site than at the 
meadow and shrubland sites, the trend was opposite for plots 
from which vegetation had been removed (Fig. 2, 3). In other 
words, the effect of vegetation removal was stronger at the 
meadow and shrubland sites than at the heath site, suggesting 
that these vegetation types are less invasible (Marsman et al. 
2020). The reduced emergence in disturbed gaps at the heath 
site compared to the meadow and shrubland sites could relate 
to the harsh environment characterizing dwarf-shrub heaths 
(Cooper et al. 2004).

Seedling emergence was a critical stage during recruitment, 
particularly in intact vegetation. Reduced recruitment suc-
cess in intact vegetation, as indicated by stronger vegetation-
removal effects, at the meadow and shrubland sites compared 
to the heath site may relate to the dense understories charac-
terizing these sites. At the meadow site, dense root systems 
could lead to intense belowground competition and lower 
seedling performance (Germino et al. 2002, Loranger et al. 
2017), yet the reduced mortality at the meadow suggests that 
the lack of gaps for emergence is probably the main limita-
tion, as suggested by Gough (2006) for tussock tundra. The 
competitive effect of aboveground vegetation is more obvious 
at the shrubland site, where emergence was low and mortality 
high in intact vegetation. Many studies have tried to link the 
harshness of the environment to the importance of gaps and 
microclimate for seedling recruitment. The ‘stress gradient 
hypothesis’ predicts that seedling recruitment under harsh 
climatic conditions is facilitated by surrounding vegetation 
through microclimatic buffering, whereas seedling recruit-
ment in more benign microclimates is limited by competi-
tive interactions (Callaway et al. 2002, Brooker et al. 2007, 
Maestre et al. 2009). Most studies assessing seedling recruit-
ment along assumed stress gradients have suggested that com-
petition is the principal driver, while evidence for facilitative 
interactions is scarce (Graae et al. 2011, Milbau et al. 2013; 
but see Venn and Morgan 2009). Our results corroborate this 
view because we find far more emergent and a tendency for 
more surviving seedlings in the disturbed plots irrespective 
of harshness of the microclimate as indicated by vegetation 
types, although seedlings in disturbed plots may be more vul-
nerable during extreme weather events than those in more 
protected microsites (e.g. within vegetation).

Effects of herbivory on invasibility increase over 
time

Our herbivore exclusion treatment allowed us to study the 
impact of large and small mammalian herbivores on seed-
ling recruitment. While we detected only limited effects of 
herbivore exclusion on first-year emergence, these effects 
became apparent when considering seedling survival during 
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the two subsequent years at the heath and meadow sites, but 
not at the shrubland site. The differential mortality between 
exclosed and open plots led to differences in the seedling 
assemblages of these plot types in the third year of the study, 
and the effects became even clearer in the fifth year (Fig. 2, 

3). Although we cannot ascertain the exact causes of mor-
tality, several observations suggest that seedling mortality in 
open meadow and heath plots results from selective grazing 
rather than accidental trampling. First, sheep are important 
and abundant large herbivores in the study area and are 

Figure 4. Graphical summary of the posterior mean predicted number of established seedlings (rounded to the nearest integer) and the 
composition of the seedling assemblages five years after sowing in intact and disturbed vegetation, for plots inside cages and plots open to 
herbivores. Predictions were made for plots without experimental shrub encroachment. In each subplot, 30 seeds were sown of each focal 
plant species, except for Pinus sylvestris with only 10 seeds.
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generally thought to graze selectively. Indeed, three species 
known to be attractive to sheep (A. flexuosa, A. nipponicum 
and S. virgaurea; Rekdal 2001) recruited more successfully 
within exclosures. Second, the positive effect of herbivore 
exclusion on seedling survival was stronger in disturbed plots, 
perhaps because seedlings on bare soil are easier to detect and 
thus more likely to be eaten. Because the experimental seeds 
were sown shortly after the exclosures were established, and 
changes in alpine vegetation are slow (Billings 1987, Morris 
and Doak 1998, Körner 2003), we could not rule out any 
positive impacts of herbivores on recruitment through com-
petitive release from the standing vegetation, as Eskelinen 
and Virtanen (2005) have suggested for snowbed vegeta-
tion. Nevertheless, these results demonstrate a strong effect 
of herbivores on seedling recruitment, and that these effects 
become increasingly important over time. These findings add 
to the emerging consensus that herbivores play an important 
role in buffering environmental-change-induced changes to 
tundra vegetation (Munier  et  al. 2010, Speed  et  al. 2012, 
Kaarlejärvi et al. 2015, 2017, Eskelinen et al. 2016), and are 
consistent with a recent meta-analysis suggesting that effects 
of global-change experiments such as ours escalate over time 
(Komatsu et al. 2019).

Because our herbivore exclosures excluded both large 
(sheep, reindeer) and small (rodents) herbivores, we cannot 
directly separate their effects. Previous work in tundra systems 
suggest that ungulates and rodents may have complementary 
effects (Ravolainen et al. 2014), and that rodents may some-
times be the key herbivores affecting the vegetation dynamics 
in these systems (Olofsson et al. 2004, Nystuen et al. 2014). 
However, the weaker herbivory effect at the shrubland site, 
where we expected rodents to be of greater importance than 
sheep, suggests that this is not necessarily a general pat-
tern. These findings must also be interpreted in light of the 
reduced frequency of high rodent peaks in the study area, 
which may lead to dramatic changes in recruitment patterns 
(Nystuen et al. 2014).

Weak effects of experimental shrub encroachment

We detected no consistent positive or negative effect of wil-
low introduction on seedling recruitment. Although recruit-
ment patterns in plots receiving willow transplants differed 
from corresponding control plots in a few cases (Fig. 2, 3), 
these apparent effects were largely idiosyncratic and hard to 
explain as the outcome of willow-seedling interactions. For 
example, the apparent negative effect of willow introduction 
on seedling emergence in disturbed subplots at the shrubland 
site (where any effect of willow introduction at all is surpris-
ing) weakened over time, so that the willow-introduction 
plots became more similar to the controls (Fig. 3). It is also 
possible that the observed effect of willow introduction arose 
from disturbance associated with the planting of willows, 
rather than any effect of the introduced willows per se. We 
therefore conclude that the effect of willow introduction 
over the first five years of the experiment is at best weak and 
hard to predict. We suspect that the lack of detectable effects 

is related to investment in belowground biomass and slow 
above-ground growth of the introduced willows, as also indi-
cated by limited effects of the willow introduction on plot-
level carbon cycling (Sørensen et al. 2018b) and pine seedling 
performance (Marsman et  al. 2020) in parallel studies. We 
expect accelerated aboveground growth of the transplanted 
willows after 6–7 growing seasons (Rytter 2001, Hagen and 
Skrindo 2010).

Species-specific recruitment responses

Our focus on the overall effects of the experimental treat-
ments implicitly treats our focal species as a ‘random effect’, 
thus assuming that they constitute a representative sample of 
alpine plants. However, a few notes on species-specific effects 
are warranted. The forbs Solidago virgaurea and Ranunculus 
acris emerged as the most successful species in terms of 
establishment, and especially R. acris did best at its ‘home 
site’ (meadow). The cushion plant Silene acaulis is a pioneer 
species of harsh environments (Molenda  et  al. 2012), and 
emerged at a high rate during the first year of the experi-
ment, but also suffered from high mortality and was rare in 
most plots at the end of the experiment, perhaps due to low 
competitive ability. Two species (Luzula spicata, Vaccinium 
myrtillus) recruited only where the vegetation was removed, 
which could reflect high light requirements for seed germina-
tion and/or seedling survival in these species. The graminoid 
Avenella flexuosa established more successfully in both intact 
and vegetation-removal plots at the more drought-prone 
heath compared to meadow and shrubland vegetation, pos-
sibly benefitting from plasticity in seedling root growth (i.e. 
producing deeper and simpler roots in response to drought; 
Hanslin et al. 2019). These examples illustrate how the iden-
tity of the recruiting species as well as the properties of the 
receiving vegetation is important for recruitment success, and 
that certain species may not recruit at all in the absence of 
disturbances.

Conclusions and implications for vegetation 
dynamics

Our results strongly suggest that herbivores play an impor-
tant role in seedling recruitment in alpine plant commu-
nities. This provides a clear example of an indirect effect 
of changes in climate and land-use on biotic community 
dynamics, because changes in herbivore communities are 
directly related to climate (e.g. rodent population dynam-
ics) and human land-use (e.g. summer sheep grazing versus 
wild ungulate harvesting regimes). One open question is how 
recruitment patterns such as those described in this study 
translate into long-term vegetation dynamics. For example, 
despite substantial recruitment, herbaceous plants are rare in 
alpine heath vegetation, suggesting strong biotic or abiotic 
filters acting at a later stage. This study demonstrates such fil-
tering effects on the establishment phases following germina-
tion and that herbivores are important drivers also of seedling 
mortality and establishment.



12

Data accessibility statement

Data available from the Dryad Digital Repository:<http://
dx.doi.org/10.5061/dryad.931zcrjjj> (Opedal et al. 2021).

Acknowledgements – We are grateful to the ECOSHRUB field teams 
that have contributed to data collection, including K. Sundsdal, M. 
Skar Knutsen, F. Marsman, J. Foest, R. E. Kapás, B. Blonder, K. 
Helsen, L. Uphus, N. Stam, S. Flo, E. R. Åsheim and J. Mynors. 
We also thank the Norwegian Forest Seed Center for donating pine 
seeds, and Kongsvoll Biological Station and Norsk Villreinsenter 
Nord for logistical support during field campaigns.

Author contributions

Øystein H. Opedal: Conceptualization (equal); Data cura-
tion (supporting); Formal analysis (lead); Investigation 
(equal); Methodology (equal); Visualization (equal); Writing 
– original draft (lead); Writing – review and editing (lead). 
Kristin O. Nystuen: Conceptualization (equal); Data cura-
tion (lead); Formal analysis (supporting); Funding acquisi-
tion (equal); Investigation (equal); Methodology (equal); 
Project administration (lead); Visualization (equal); Writing 
– original draft (supporting); Writing – review and editing 
(supporting). Dagmar Hagen: Investigation (supporting); 
Methodology (supporting); Resources (supporting); Writing 
– original draft (supporting); Writing – review and editing 
(supporting). Håkon Holien: Conceptualization (equal); 
Investigation (equal); Methodology (equal); Writing – origi-
nal draft (supporting). Mia V. Sørensen: Data curation 
(supporting); Methodology (supporting); Writing – original 
draft (supporting). Simone I. Lang: Investigation (support-
ing); Writing – original draft (supporting); Writing – review 
and editing (supporting). Sigrid Lindmo: Investigation 
(supporting); Project administration (supporting). G. 
Richard Strimbeck: Conceptualization (supporting); 
Investigation (supporting); Project administration (support-
ing); Writing – original draft (supporting). Bente J. Graae: 
Conceptualization (equal); Funding acquisition (equal); 
Investigation (equal); Methodology (equal); Project admin-
istration (equal); Resources (equal); Writing – original draft 
(supporting); Writing – review and editing (supporting).

References

Austrheim, G. and Eriksson, O. 2001. Plant species diversity and 
grazing in the Scandinavian mountains – patterns and processes 
at different spatial scales. – Ecography 24: 683–695.

Austrheim, G. et al. 2011. Spatio–temporal variation in large her-
bivore pressure in Norway during 1949–1999: has decreased 
grazing by livestock been countered by increased browsing by 
cervids? – Wildl. Biol. 17: 286–298.

Billings, W. D. 1987. Constraints to plant growth reproduction and 
establishment in arctic environments. – Arct. Alp. Res. 19: 
357–365.

Björk, R. G. and Molau, U. 2007. Ecology of alpine snowbeds and 
the impact of global change. – Arct. Antarct. Alp. Res. 39: 
34–43.

Bognounou, F. et al. 2018. Role of climate and herbivory on native 
and alien conifer seedling recruitment at and above the Fen-
noscandian tree line. – J. Veg. Sci. 29: 573–584.

Brooker, R. W. et al. 2007. Facilitation in plant communities: the 
past, the present and the future. – J. Ecol. 96: 18–34.

Burke, M. J. W. and Grime, J. P. 1996. An experimental study of 
plant community invasibility. – Ecology 77: 776–790.

Callaway, R. M.  et  al. 2002. Positive interactions among alpine 
plants increase with stress. – Nature 417: 844–848.

Clark, C. J.  et  al. 2012. Vertebrate herbivory impacts seedling 
recruitment more than niche partitioning or density-dependent 
mortality. – Ecology 93: 554–564.

Cooper, E. J. et al. 2004. Plant recruitment in the High Arctic: seed 
bank and seedling emergence on Svalbard. – J. Veg. Sci. 15: 
115–224.

Cranston, B. H. and Hermanutz, L. 2013. Seed–seedling conflict 
in conifers as a result of plant–plant interactions at the forest-
tundra ecotone. – Plant Ecol. Divers. 6: 319–327.

Dona, A. J. and Galen, C. 2007. Nurse effects of alpine willows 
Salix enhance over-winter survival at the upper range limit of 
fireweed, Chamerion angustifolium. – Arct. Antarct. Alp. Res. 
39: 57–64.

Dufour-Tremblay, G.  et  al. 2012. The importance of ecological 
constraints on the control of multi-species treeline dynamics in 
eastern Nunavik, Quebec. – Am. J. Bot. 99: 1638–1646.

Ehrich, D. et al. 2020. Documenting lemming population change 
in the Arctic: can we detect trends? – Ambio 49: 786–800.

Elmendorf, S. C. et al. 2012. Plot-scale evidence of tundra vegeta-
tion change and links to recent summer warming. – Nat. Clim. 
Change 2: 453–457.

Ericson, L.  et  al. 1992. Age structure of boreal willows and fluc-
tuations in herbivore populations. – Proc. R. Soc. B 98: 75–89.

Eskelinen, A. 2008. Herbivore and neighbour effects on tundra 
plants depend on species identity, nutrient availability and local 
environmental conditions. – J. Ecol. 96: 155–165.

Eskelinen, A. and 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. et al. 2016. Herbivory mediates the long-term shift 
in the relative importance of microsite and propagule limita-
tion. – J. Ecol. 104: 1326–1334.

Evju, M. et al. 2012. Effects of disturbance on plant regrowth along 
snow pack gradients in alpine habitats. – Plant Ecol. 213: 
1345–1355.

Fayolle, A. et al. 2009. Differential impacts of plant interactions on 
herbaceous species recruitment: disentangling factors control-
ling emergence, survival and growth of seedlings. – Oecologia 
159: 817–825.

Fenner, M. and Thompson, K. 2005. The ecology of seeds. – Cam-
bridge Univ. Press.

Framstad, E. 2019. Terrestrial ecosystem monitoring in 2018: 
ground vegetation, epiphytes, small mammals and birds. Sum-
mary of results. – In: Fremstad, E. (ed.), NINA Report 1692. 
Norw. Inst. Nat. Res., p. 194.

García Criado, M. et al. 2020. Woody plant encroachment intensi-
fies under climate change across tundra and savanna biomes. 
– Global Ecol. Biogeogr. 29: 925–943.



13

Germino, M. J. et al. 2002. Conifer seedling distribution and sur-
vival in an alpine-treeline ecotone. – Plant Ecol. 162: 157–168.

Gough, L. 2006. Neighbor effects on germination, survival and 
growth in two arctic tundra plant communities. – Ecography 
29: 44–56.

Graae, B. J. et al. 2011. Strong microsite control of seedling recruit-
ment in tundra. – Oecologia 166: 565–576.

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

Grubb, P. J. 1977. The maintenance of species‐richness in plant 
communities: the importance of the regeneration niche. – Biol. 
Rev. 52: 107–145.

Hagen, D. and Evju, M. 2014. 25 000 vier plantet i Hjerkinn 
skytefelt. NINA Fakta. – NINA.

Hagen, D. and Skrindo, A. 2010. Restoration of nature in Norway 
– a glimpse into the tematic field, professional institutions and 
ongoing activity. NINA Temahefte. – Norwegian Inst. for 
Nature Research.

Hanley, M. 1998. Seedling herbivory, community composition and 
plant life history traits. – Perspect. Plant Ecol. Evol. Syst. 1: 
191–205.

Hanslin, H. M. et al. 2019. Root growth plasticity to drought in 
seedlings of perennial grasses. – Plant Soil 440: 551–568.

Hulme, P. E. 1994. Seedling herbivory in grassland: relative impact 
of vertebrate and invertebrate herbivores. – J. Ecol. 82: 
873–880.

Jumpponen, A. et al. 1998. Effects of established willows on pri-
mary succession on Lyman Glacier forefront, North Cascade 
Range, Washington, USA: evidence for simultaneous canopy 
inhibition and soil facilitation. – Arct. Alp. Res. 30: 31–39.

Kaarlejärvi, E. et al. 2015. Mammalian herbivores confer resilience 
of Arctic shrub-dominated ecosystems to changing climate. – 
Global Change Biol. 21: 3379–3388.

Kaarlejärvi, E. et al. 2017. Herbivores rescue diversity in warming 
tundra by modulating trait-dependent species losses and gains. 
– Nat. Comm. 8: 419.

Kausrud, K. et al. 2006. Density-dependent foraging behaviour of 
sheep on alpine pastures: effects of scale. – J. Zool. 270: 63–71.

Kausrud, K. L.  et  al. 2008. Linking climate change to lemming 
cycles. – Nature 456: 93–97.

Klady, R. A. et al. 2011. Changes in high arctic tundra plant repro-
duction in response to long-term experimental warming. – 
Global Change Biol. 17: 1611–1624.

Klanderud, K.  et  al. 2017. Biotic interaction effects on seedling 
recruitment along bioclimatic gradients: testing the stress-gra-
dient hypothesis. – J. Veg. Sci. 28: 347–356.

Komatsu, K. J.  et  al. 2019. Global change effects on plant com-
munities are magnified by time and the number of global 
change factors imposed. – Proc. Natl Acad. Sci. USA 116: 
17867–17873.

Körner, C. 2003. Alpine plant life: functional plant ecology of high 
mountain ecosystems. − Springer.

Leck, M. A. et al. 2008. Seedling ecology and evolution. – Cam-
bridge Univ. Press.

Lembrechts, J. J. et al. 2016. Disturbance is the key to plant inva-
sions in cold environments. – Proc. Natl Acad. Sci. USA 113: 
14061–14066.

Lett, S. et al. 2018a. Global drivers of tree seedling establishment 
at alpine treelines in a changing climate. – Funct. Ecol. 32: 
1666–1680.

Lett, S.  et  al. 2018b. The role of bryophytes for tree seedling 
responses to winter climate change: implications for the stress 
gradient hypothesis. – J. Ecol. 106: 1142–1155.

Loranger, H. et al. 2017. Competitor or facilitator? The ambiguous 
role of alpine grassland for the early establishment of tree seed-
lings at treeline. – Oikos 126: 1625–1636.

Maestre, F. T. et  al. 2009. Refining the stress-gradient hypothesis 
for competition and facilitation in plant communities. – J. Ecol. 
97: 199–205.

Marsman, F. et al. 2020. Determinants of tree seedling establish-
ment in alpine tundra. – J. Veg. Sci. 32: e12948.

Milbau, A. et al. 2009. Effects of a warmer climate on seed germi-
nation in the subarctic. – Ann. Bot. 104: 287–296.

Milbau, A. et al. 2013. Plant community type and small-scale dis-
turbances, but not altitude, influence the invasibility in subarc-
tic ecosystems. – New Phytol. 197: 1002–1011.

Mod, H. K. and Luoto, M. 2016. Arctic shrubification mediates 
the impacts of warming climate on changes to tundra vegeta-
tion. – Environ. Res. Lett. 11: 124028.

Moen, A. 1998. Nasjonalatlas for Norge: Vegetasjon. – Statens 
Kartverk.

Moen, J. et al. 1993. Lemming grazing on snowbed vegetation dur-
ing a population peak, Northern Norway. – Arct. Alp. Res. 25: 
130–135.

Molau, U. and Larsson, E.-L. 2000. Seed rain and seed bank along 
an alpine altitudinal gradient in Swedish Lapland. – Can. J. 
Bot. 78: 728–747.

Molenda, O. et al. 2012. The alpine cushion plant Silene acaulis as 
foundation species: a bug’s-eye view to facilitation and micro-
climate. – PLoS One 7: e37223.

Moles, A. T. and Westoby, M. 2004. What do seedlings die from 
and what are the implications for evolution of seed size? – Oikos 
106: 193–199.

Morris, W. F. and Doak, D. F. 1998. Life history of the long-lived 
gynodioecious cushion plant Silene acaulis (Caryophyllaceae), 
inferred from size-based population projection matrices. – Am. 
J. Bot. 85: 784–793.

Munier, A.  et  al. 2010. The interacting effects of temperature, 
ground disturbance and herbivory on seedling establishment: 
implications for treeline advance with climate warming. – Plant 
Ecol. 210: 19–30.

Myers-Smith, I. H. et al. 2011. Shrub expansion in tundra ecosys-
tems: dynamics, impacts and research priorities. – Environ. Res. 
Lett. 6: 045509.

NIBIO 2017. Sheep per km2. – Norwegian Inst. of Bioeconomy 
Research.

Nystuen, K. O.  et  al. 2014. Rodent population dynamics affect 
seedling recruitment in alpine habitats. – J. Veg. Sci. 25: 
1004–1014.

Nystuen, K. O. et al. 2019. Lichens facilitate seedling recruitment 
in alpine heath. – J. Veg. Sci. 30: 868–880.

Olofsson, J. 2006. Short- and long-term effects of changes in rein-
deer grazing pressure on tundra heath vegetation. – J. Ecol. 94: 
431–440.

Olofsson, J. et al. 2004. Importance of large and small mammalian 
herbivores for the plant community structure in the forest tun-
dra ecotone. – Oikos 106: 324–334.

Olofsson, J. et al. 2005. Effects of mammalian herbivores on reveg-
etation of disturbed areas in the forest-tundra ecotone in north-
ern Fennoscandia. – Landscape Ecol. 20: 351–359.



14

Olofsson, J. et al. 2009. Herbivores inhibit climate-driven shrub 
expansion on the tundra. – Global Change Biol. 15: 
2681–2693.

Olsen, S. L. and Klanderud, K. 2014. Exclusion of herbivores 
slows down recovery after experimental warming and nutrient 
addition in an alpine plant community. – J. Ecol. 102: 
1129–1137.

Opedal, Ø. H. et al. 2021. Data from: Herbivores reduce seedling 
recruitment in alpine plant communities. – Dryad Digital 
repository, <http://dx.doi.org/10.5061/dryad.931zcrjjj>.

Ovaskainen, O. et al. 2017. How to make more out of community 
data? A conceptual framework and its implementation as mod-
els and software. – Ecol. Lett. 20: 561–576.

Pajunen, A. M. et al. 2011. Impact of shrub canopies on understo-
rey vegetation in western Eurasian tundra. – J. Veg. Sci. 22: 
837–846.

Ravolainen, V. T.  et  al. 2014. Complementary impacts of small 
rodents and semi-domesticated ungulates limit tall shrub 
expansion in the tundra. – J. Appl. Ecol. 51: 234–241.

Rekdal, Y. 2001. Husdyrbeite i fjellet: vegetasjonstypar og beiteverdi. 
NIJOS-rapport. – NIJOS, pp. 1–25.

Rytter, R.-M. 2001. Biomass production and allocation, including 
fine-root turnover, and annual N uptake in lysimeter-grown 
basket willows. – For. Ecol. Manage. 140: 177–192.

Sætnan, E. R.  et  al. 2009. Habitat use and diet composition of 
Norwegian lemmings and field voles in central Norway. – J. 
Mammal. 90: 183–188.

Shaw, R. F. et al. 2010. Regeneration of Salix arbuscula and Salix 
lapponum within a large mammal exclosure: the impacts of 
microsite and herbivory. – Restor. Ecol. 18: 1–9.

Shevtsova, A.  et  al. 2009. Critical periods for impact of climate 
warming on early seedling establishment in subarctic tundra. 
– Global Change Biol. 15: 2662–2680.

Sørensen, M. V.  et  al. 2018a. Experimental herbivore exclusion, 
shrub introduction and carbon sequestration in alpine plant 
communities. – BMC Ecol. 18: 29.

Sørensen, M. V. et al. 2018b. Draining the pool? Carbon storage 
and fluxes in three alpine plant communities. – Ecosystems 21: 
316–330.

Speed, J. D. M.  et  al. 2012. Elevational advance of alpine plant 
communities is buffered by herbivory. – J. Veg. Sci. 23: 
617–625.

Speed, J. D. M. et al. 2019. Long-term changes in northern large-
herbivore communities reveal differential rewilding rates in 
space and time. – PLoS One 14: e0217166.

Stenseth, N. C. and Ims, R. A. 1993. The biology of lemmings. 
– Academic Press.

Tikhonov, G. et al. 2020. Joint species distribution modelling with 
the R‐package Hmsc. – Methods Ecol. Evol. 11: 442–447.

Tingstad, L.  et  al. 2015. Temperature, precipitation and biotic 
interactions as determinants of tree seedling recruitment across 
the tree line ecotone. – Oecologia 179: 599–608.

Venn, S. E. and Morgan, J. W. 2009. Patterns in alpine seedling 
emergence and establishment across a stress gradient of moun-
tain summits in south-eastern Australia. – Plant Ecol. Divers. 
2: 5–16.

Vowles, T. et al. 2017. Contrasting impacts of reindeer grazing in 
two tundra grasslands. – Environ. Res. Lett. 12: 034018.

Walck, J. L.  et  al. 2011. Climate change and plant regeneration 
from seed. – Global Change Biol. 17: 2145–2161.

Wallace, C. A. and Baltzer, J. L. 2019. Tall shrubs mediate abiotic 
conditions and plant communities at the Taiga–Tundra eco-
tone. – Ecosystems 23: 828–841.

Watt, T. A. and Gibson, C. W. D. 1988. The effects of sheep graz-
ing on seedling establishment and survival in grassland. – Veg-
etatio 78: 91–98.


