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ABSTRACT

Historical contingency is the impact of past events,
like the timing and order of species arrival, on
community assembly, and can sometimes result in
alternative stable states of ecological communities.
Large herbivores, wild and domestic, can cause
profound changes in the structure and functioning
of plant communities and therefore probably
influence historical contingency; however, little
empirical data on the stability of such shifts or
subsequent drivers of stability are available. We
studied the centennial legacy of reindeer (Rangifer
tarandus) pressure on arctic tundra vegetation by
considering historical milking grounds (HMGs):
graminoid- and forb-dominated patches amid
shrub-dominated tundra, formed by historical Sami
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reindeer herding practices that ended approxi-
mately 100 years ago. Our results show that the
core areas of all studied HMGs remained strikingly
stable, being hardly invaded by surrounding
shrubs. Soil nitrogen concentrations were compa-
rable to heavily grazed areas. However, the HMGs
are slowly being reinvaded by vegetative growth of
shrubs at the edges, and the rate of ingrowth in-
creased with higher mineral N availability. Fur-
thermore, our data indicate that several biotic
feedbacks contribute to the stability of the HMGs:
increased nutrient turnover supporting herbaceous
vegetation, strong interspecific competition pre-
venting invasion and herbivore damage to invading
shrubs. In particular, voles and lemmings appear to
be important, selectively damaging shrubs in the
HMGs. We concluded that HMGs provide clear
evidence for historical contingency of herbivore
effects in arctic ecosystems. We showed that several
biotic feedbacks can contribute to subsequent veg-
etation stability, but their relative importance will
vary in time and space.

Key words: alternative stable states; plant-herbi-
vore interactions; historical contingency; land use
legacy; plant—soil interactions; Rangifer tarandus;
soil nutrients; vegetation composition.
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HiGHLIGHTS

e We used historical reindeer herding sites to assess stability of vegetation shifts
e Herbivore-induced shifts in vegetation and soil were stable for at least 100 years
e Plant-soil feedbacks and herbivore attraction aided stability of vegetation shifts

INTRODUCTION

The present state of an ecosystem may be highly
dependent on abiotic and biotic events of the past,
commonly referred to as historical contingency
(Fukami 2015). Historical contingency effects in
plant communities can be driven either by priority
effects, meaning a strong influence of historical or-
der of arrival and abundance of plant species on the
present species composition (Slatkin 1974; Chase
2003), or by long-lasting changes in soil conditions
(Jones and others 2004; Kardol and others 2007).
These kinds of processes may, under some condi-
tions, result in alternative stable states, when dif-
ferent historical sequences of species entering a
location lead to different final community compo-
sition (Chase 2003). For a state to be stable, it should
be resistant to colonization by species in the sur-
roundings (Law 1999) unless heavily disturbed
(Fukami 2015). State transitions can occur at large
spatial scales, and it has been suggested, for exam-
ple, that forests and savanna represent alternative
states, in which the attractors are stabilized by a
number of abiotic and biotic feedbacks (Hirota and
others 2011; Staver and others 2011). Communities
that have not reached a stable state, but still vary in
structure and/or function because of historical spe-
cies composition under the same environmental
conditions, are instead called alternative transient
stages (Fukami 2015).

Large herbivores, wild or domestic, are known to
exert strong influences on both vegetation and soil
processes in terrestrial systems (Milchunas and
Lauenroth 1993; Bardgett and Wardle 2003) and
have been shown to drive large-scale vegetation
shifts (McNaughton 1984; Milchunas and others
1988; Ripple and Beschta 2012). Some of these
herbivore-driven  vegetation  shifts  appear
stable over time or, it has been suggested, represent
alternative stable states. Numerous mechanisms
have been suggested to drive the formation of
alternative stable states in grazing ecosystems.
Theoretical analyses reveal that alternative
stable states can arise from density-dependent
plant-herbivore interactions alone (Noy-Meir
1975), but most recent examples include plant-soil
feedbacks as a major component. Alternative

stable states may arise when herbivory triggers a
positive feedback between reduced plant density
and reduced resource availability in semiarid sys-
tems (Rietkerk and van de Koppel 1997; van de
Koppel and others 1997). Furthermore, alternative
stable states may also be established when herbi-
vores drive positive feedbacks on plant growth, that
is, herbivores provide readily available nutrients,
which favor fast growing plants that produce easily
degradable litter that will further enhance nutrient
cycling, favoring fast growing plants and attracting
herbivores (McNaughton 1984; Hobbie 1992).
However, although numerous studies have ad-
dressed these phenomena, there is still a poor
understanding of the conditions under which her-
bivore-driven vegetation changes result in such
strong priority effects or alternative stable states.
One example of dramatic vegetation changes in
grazing ecosystems is the vegetation shift from moss-
or shrub-dominated tundra to graminoid-dominated
vegetation that reindeer or caribou (Rangifer taran-
dus) can cause. These vegetation transitions are of-
ten caused by domesticated reindeer when
concentrated by fences (Olofsson and others 2001,
2004), but are also found in the absence of fences
(Forbes and others 2009; Temmervik and others
2010), and with wild reindeer/caribou (Thing 1984;
Manseau and others 1996; van der Wal and Brooker
2004). The shift from a shrub-dominated state to a
more graminoid-dominated state can be attributed
to a number of drivers such as reduced insulation of
soils resulting in higher soil temperatures and higher
nutrient turnover, increased fecal nutrient input,
and tolerance to repeated defoliation and trampling
which allows graminoids to outcompete shrub veg-
etation (van der Wal 2006). Since these shifts in
vegetation are dramatic and relatively sudden, they
have been characterized as alternative stable states
(van der Wal 2006) and even linked to the large-
scale transition of Beringian ecosystems from grass-
dominated steppe to moss-dominated tundra at the
end of the Pleistocene, which has been attributed to
the extinction of the Pleistocene mega-herbivores
(Zimov and others 1995b; Bakker and others 2016).
Although the drivers of the vegetation shifts from
moss or shrub-dominated tundra to graminoid-
dominated vegetation are reasonably well under-
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stood, much less is known about the subsequent
stability of the vegetation states. A transplantation
study between high and low reindeer density areas
showed that the heath vegetation can change into
graminoid-dominated vegetation in just a few years,
although such graminoid-dominated vegetation is
fairly stable even in the absence of active grazing
during the first decade after herbivore removal. This
was interpreted as a priority effect linked to the
dense grass swards being hard to invade (Olofsson
2006). However, like many other systems where
strong historical contingency, priority effects and
alternative stable states are discussed (Fukami
2015), and knowledge of conditions that deliver
such effects, as well as empirical data on the stability
of states, are lacking (Beisner and others 2003).

Here, we used so-called historical milking grounds
(hereafter: HMGs) to assess the legacy of herbivore-
induced vegetation shifts on a centennial timescale.
HMGs are clearly visible patches of graminoid- and
forb-dominated vegetation in an otherwise shrub-
dominated tundra vegetation. They are the result of a
historical (~ 1350 to 1900 AD) Sami reindeer hus-
bandry practice, when summer herding was an
intensive practice and of nomadic nature (Aronsson
1991; Temmervik and others 2010). The same loca-
tions in the landscape were occupied regularly,
causing heavy and persistent vegetation changes on a
small local scale. Although the active use of HMGs
ceased about a century ago when reindeer manage-
ment shifted into a more extensive herding form,
they are still clearly recognizable in the north-Scan-
dinavian mountain landscape as large oval-shaped
patches. They are dominated by graminoids and
forbs, and the border between the graminoid- and
surrounding vegetation is typically a sharp transition
occurring across a few cm.

To study the long-term stability of vegetation
changes, experiments that typically barely cover
more than a few decades will not be sufficient. The
HMGs described above offer a rare opportunity to
study the drivers of vegetation change stability at a
centennial timescale. We studied the long-term le-
gacy of high reindeer densities by investigating 14
HMGs and evaluating their persistence, vegetation
composition, soil properties and present use by
herbivores. We tested the following hypotheses: (1)
the grass- and forb-dominated HMGs are
stable vegetation states, which have not been rein-
vaded by shrubs during the last century since active
use ceased. (2) The nutrient availability for plants is
still higher in HMGs compared to control sites even
a century after active use ceased. (3) The higher soil
nutrient availability is driven by a positive feedback
of plants producing higher quality litter, rather than

by a larger total nutrient pool. (4) HMGs function as
feeding hotspots for herbivores, which supports the
stability of the vegetation and soil processes therein.

MATERIALS AND METHODS
Historical Reindeer Husbandry

Reindeer husbandry is a common land use practice
in most parts of the Eurasian arctic and some parts
of the subarctic (Uboni and others 2016). In
Scandinavia, current reindeer husbandry is cate-
gorized as extensive with relatively free moving
groups of reindeer during summer. However, until
about a century ago, reindeer husbandry was more
intensive, and involved daily gathering of reindeer
for milking (for example, for cheese production), in
addition to calf marking and slaughtering (Aron-
sson 1991). Milking of the reindeer typically took
place from calving in spring through September
(Beach 1981). This form of reindeer husbandry
required reindeer to be tame and held in gathered
herds (Figure 1). Herders traveled with the rein-
deer, following a nomadic lifestyle, recurrently
occupying the same locations over the centuries. At
those locations, the presence of closely gathered
herds resulted in higher levels of grazing, trampling
and feces deposition in a restricted area, which in
turn resulted in distinct patches of herbaceous
vegetation in a shrub-dominated landscape. These
patches were never enclosed by fences, and there
are no signs of fire ever being used to clear the sites.
They can still be recognized today, and because
milking the reindeer was a central part of this
herding practice (Linné 1732; von Diiben 1873),
we here refer to these sites as historical milking
grounds (HMG, renvall in Swedish). Each herder
used a number of HMGs, and not all of them were
used every year. The herd would typically stay at a
HMG for a maximum of a few weeks, to prevent
the plant roots being too severely damaged by
trampling, and to avoid the build-up of reindeer
pathogens and parasites in the soil. This means that
large networks of HMGs were created in the low
alpine zone in most larger valleys in the Scandi-
navian mountains, although the possibilities to
detect them depend on later land use. HMGs are
generally positioned on small ridges or higher ele-
vated areas (which have limited productivity), to
allow for a better view of the area and increase
wind exposure to reduce discomfort caused by
mosquitoes. At one end, where the tent was erec-
ted, they included a fireplace, the remains of which
often can be found today. HMGs were used not
only as grazing grounds and for the milking of
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Figure 1. Historical reindeer husbandry and an overview of the study site. A Sami milking and herding reindeer in a
milking ground, Sarek, 1902 (photograph: Axel Hamberg; Axel Hambergsamlingen, Uppsala University Library). Espe-
cially noteworthy are the closeness of the herd, and the dense graminoid-dominated vegetation even during active use of
the milking ground. B Overview of the research area, showing lake Virihaure in the north, and the locations of the 14
historical milking grounds (heath sites indicated by green circles and shrub sites by red squares); C, E two examples of
HMG outlines based on 1964 and 2008 imagery projected onto a satellite image. Surface area of these HMGs was 1855 m”
(C) and 1146 m? (E) in 2008. Areas between the black outer and white inner lines are referred to as transition zones; D, F
the same HMGs in 2013, the location of HMG and control plots are indicated (HMG and C); and a closer look on the
vegetation structure in both types (photographs: Dagmar Egelkraut). Images ¢ and d show a heath site; images E and F

show a shrub site.

reindeer, but also for the collection of edible
plants such as Rumex acetosa, which is otherwise
scarce in the dominant tundra vegetation (Sta-
land and others 2011). Collection of woody
material for firewood is expected, but most wood
was probably collected outside of the HMGs, close
to streams and lakes where patches of forest and
larger shrubs are found. The impact of the col-
lection of edible plants is not known, but ex-
pected to be small.

Although the active use of these HMGs ended
between 1900 and 1920 in our study region, the
sharp changes in vegetation can still be recognized
in the tundra landscape today. The use of HMGs
ceased as intensive reindeer herding was replaced
by extensive herding (Manker 1947) and the her-
ders adapted to a more settled lifestyle in which
they started to keep goats for supplementary milk
production and reindeer mainly for meat produc-
tion. Across our study site, the HMGs are spatially
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separated from these later forms of land use.
Importantly, although the region is still used for
reindeer grazing today, the extensive reindeer
grazing results in reindeer spreading over vastly
larger areas. The grazing pressure on the HMGs is
therefore several orders of magnitudes lower
compared to when they were actively grazed, and
the present grazing pressure is far from being high
enough to cause similar heath-graminoid transi-
tions today.

Even though we know almost exactly when the
active use of HMGs ceased, it is more difficult to
determine when they were created. We assume
that most of them were used during the period
between 1600 and 1900 AD because this is the
period for which there is good evidence of wide-
spread intensive reindeer herding and a fairly large
number of domesticated reindeer (Forbes 2006;
Aronsson 2009), although well-developed milking
of reindeer was described as early as 1518 (Olaus
1555). Domestication of reindeer in northern
Scandinavia likely has a much older history
(Manker 1947; Ruong 1982; Lundmark 2007;
Bergman and others 2008), and the oldest HMGs
may date back to at least 1350, based on pollen
analyses showing increases in herbs and grami-
noids associated with trampling and grazing
(Karlsson 2008), using excavations and pollen
analyses (Andersen 2017) and earlier paleoecolog-
ical studies (Aronsson 2009; Wallin and Aronsson
2012).

Study Area and Site Selection

This study took place in Padjelanta (Badjeldnnda)
National Park (1984 km?), which is located in the
Tuorpon reindeer district (sameby in Swedish) in
northern Sweden. Our study area in the cen-
ter/south of Padjelanta NP is above the tree line
and mostly covered by tundra heath (dominated by
Betula nana and Empetrum nigrum) and shrub
(dominated by Salix glauca and S. lapponum) vege-
tation. The study area is used by reindeer mostly
during the months of June and July. Reindeer
numbers in Tuorpon (13,180 km?) are currently
between 5000 and 6000 animals, 1994-2001 (Sa-
metinget 2016), see Appendix 1 in ESM. Other
common herbivores in the area are ptarmigan
(Lagopus lagopus and L. muta), lemmings (Lemmus
lemmus), voles (predominantly gray-sided vole
Myodes rufocanus), and to a much lesser extent
mountain hare (Lepus timidus) and moose (Alces
alces), mostly in autumn. The soil sediments in the
study area are fairly heterogeneous, but are domi-
nated by glacial tills and sorted fluvial deposits. As

typical for arctic soils, only weak podzolic profiles
are developed. However, there are signs of cryo-
genic activity in many sites. Average yearly tem-
peratures in the Padjelanta have increased from
— 1.8 to 0.5°C between 1961 and 2014, and aver-
age July temperatures increased from 9.7 to 12°C
during that period. Average yearly precipitation is
968 mm y ' with approximately 92 mm falling in
July (SMHI 2016). Appendix 1 in ESM shows the
data pertaining to temperature, precipitation and
reindeer over recent decades.

We selected 14 HMGs in the area between the
cabins Staloluokta (N 67.318108, E 16.697541) and
Staddajakka (N 67.240899, E 16.591257) for this
study, of which seven were surrounded by heath-
type vegetation and seven by shrub-type vegeta-
tion. The selected sites were in altitudes between
634 and 741 m a.s.l. All these sites are situated
above the present tree line which is typically found
at about 620 m a.s.l., although forest patches can
be found at higher altitudes in places with a
favorable microclimate. All HMGs were originally
identified by the Ajtte Museum during a field sur-
vey supported by the Swedish National Heritage
Board, which took place mostly in 2008 with some
complementary work in the {following years
(Aronsson and Israelsson 2008). The HMGs used in
this study were selected in the field in 2013. They
needed to be large enough to accommodate a
5 x 10 m inventory plot (placed in the center of
the HMG) and have the possibility of selecting a
suitable control plot nearby. HMGs are typically
located on ridges and higher elevated areas (Fig-
ure 1). These ridges are nutrient poor and do not
normally support lush herbaceous vegetation, thus
supporting that the HMGs indeed are formed by the
historical grazing regime.

The control plots were chosen to be representa-
tive for the tundra outside HMGs. Because this is a
cultural landscape, the whole area has been influ-
enced by human land use during the last millennia,
albeit much less intense than the land use in the
HMGs. We see, however, no indications in the
vegetation today that the chosen control plots
should have been more intensively used or grazed
than similar tundra sites further away from the
HMGs. We chose a paired control plot at a close
proximity of each HMG (on average 50 m away) in
a comparable site with respect to aspect, hydrology,
sediment and elevation of the corresponding HMG.
All differences in vegetation and the soil organic
layer between HMGs and controls should thus
originate from the difference in land use history
and are unlikely due to differences in bedrock or
climate between the treatments. The close prox-
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imity may involve the risk that the control sites
were subject to a more intense historical land use
than the landscape as a whole, but have no support
for this being the case. The vegetation in the con-
trol plots has no visible signs of historical land use,
and there are no visible vegetation gradients over
that distance from HMGs, but rather in a few me-
ters distance from regrowing borders. In addition to
control- and HMG plots, we used historical and
modern aerial photographs to identify the transi-
tion zones for each HMG: areas of the HMGs that
have been reinvaded by shrubs in recent decades
(Figure 1C, E). Nine transition zones, of which four
were located in shrub- and five in heath vegeta-
tion, were large enough to fita 5 x 10 m inventory
plot and could thus be studied in more detail.

Aerial Photograph Analysis

To assess the stability of the HMGs over time, we
analyzed high-resolution aerial photographs of the
study area from the years 1964 and 2008 (©
Lantmadteriet [12014/00764]). The locations of the
HMGs were confirmed based on ground data col-
lected during the field survey. The photographs
were then interpreted stereoscopically, starting
with outlining the milking grounds in the aerial
photographs from 1964. These were then copied
onto the layer for 2008 and changed where clear
deviations in vegetation could be perceived, using
the programs ArcGIS and Summit Evolution, on a
Planar screen for interpreting in stereo. Using the
image analyses, we were able to calculate the total
area of each HMG, as well as the percentage of
surface change over time. Additionally, we calcu-
lated the inward advance of the border in cm y ™!
over the period 1964-2008, in all studied HMGs.
This was done by selecting 32 evenly distributed
points along each 1964 border and measuring the
shortest distance to the 2008 border. We were also
able to identify reinvaded parts of HMGs (transition
zones), where the heath or shrub edge had en-
croached into the HMG during the last 44 years.
Lastly, we calculated the unevenness of each bor-
der in 1964 (Border Unevenness Index) to test
whether uneven HMGs with a higher border-area
ratio would be invaded faster; see Appendix 2 in
ESM for the formula used.

Vegetation Surveys

Vegetation composition surveys of all HMG and
control plots were conducted from July 23, to Au-
gust 15, 2013, and transition zones were invento-
ried between July 22 and August 4, 2015. We
placed a 10-pin point frame (pin diameter 2.5 mm,

distance between pins 5.5 cm) in an evenly spaced
grid at 40 locations within each 5 x 10 m plot,
resulting in 400 points per plot. Every living leaf or
stem touched by a pin was identified to species
level, except for sedges that were lumped to genus,
since intermingling leaves without floral shoots
made species determination of all hits too
demanding. Ground cover was recorded as moss (to
genus level), lichen (to genus level) and/or bare
soil, rock or litter. Additionally, we measured veg-
etation height at the middle of each point frame, 40
times per plot.

Soil Analyses

We measured soil temperature at a depth of 12 cm
in five random locations per plot. Further, we col-
lected samples of the whole organic layer (O + A
horizon) by taking 10 soil cores (diameter: 2.5 cm),
evenly spread throughout each plot. All sites have
clearly developed organic layers (O + A horizons)
indicating only limited mixing. We measured the
depth of the organic layer in each core and stored
the cores from the same plot in an airtight plastic
bag. Because of field condition limitations, the
samples were kept cool at soil temperature (ap-
proximately 10°C) until they could be frozen, a
maximum of 1 week later. Before analysis, the soil
samples were thawed and sieved through a 2-mm
sieve and bulked per plot. Subsamples were then
analyzed for microbial, soluble organic and mineral
N and P, total C and N, pH and soil moisture. We
analyzed extractable microbial, soluble organic and
mineral N and P contents by shaking 2 g fresh soil
in 50 ml 0.5 M K,SO,4 solution (2 h) before filter-
ing. The extract was analyzed colorimetrically
(Bremner 1965) using automated flow injection
(FIA star 5000, FOSS Analytical, Denmark) to ob-
tain extractable inorganic N and P (NO53-N, NH4-N,
PO4-P). To retrieve total extractable N and P con-
centrations, all extractable N and P in the extract
were oxidized to NO5 and PO, (Williams and others
1995), and then analyzed as described above. For
microbial N and P, soil samples were fumigated
(chloroform, 18 h) prior to extraction and N and P
analysis conducted as described above (Brookes
and others 1985). Microbial biomass N and P were
then calculated by subtracting the total
extractable inorganic N and P from the
extractable N and P of the fumigated samples.
Following Brookes and others (1985), we used a
correction factor, dividing by 0.54 to account for
incomplete fumigation. For total C and N, samples
were dried at 70°C for 18 h and milled using a ball
mill. They were then converted to CO, and N, by
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combustion using an Elemental Analyzer (Flash EA
2000, Thermo Fisher Scientificc Bremen, Ger-
many). All values obtained (C, N and P) were
recalculated to g m™2. Soil pH was measured by
extracting 2 g fresh soil in 50 ml 1 M KClI solution.
The samples were shaken for 2 h and left to settle
overnight before measuring pH (Corning Model
220 pH meter). Moisture content was analyzed as
gravimetric weight loss after drying the soils over-
night (12 h) at 105°C, and the organic matter
content was determined by loss on ignition (475°C,
4 h).

Herbivore Presence and Browsing
Damage

We monitored vertebrate herbivore presence in
HMGs and control plots using dung counts and
trampling indicators. In each 5 x 10 m inventory
plot, four smaller dung plots of 1 m?* were cleared
of dung in late June 2014. In July 2015 and July
2016, they were revisited and cleared of dung. The
number of droppings of moose, reindeer and
ptarmigan, and number of dropping piles of small
rodents like lemming and voles, were recorded.
During the same timeframe, we placed four small
plots of 25 trampling indicators in a 25 x 25 ¢cm
grid in each plot, to assess trampling pressure. The
trampling indicators are nails pushed down into the
soil and then lifted up one cm. Trampling indicators
that had been pushed down into the soil were re-
corded as indications of trampling in 2015 and
2016. These trampling indicators are a robust
method to estimate trampling (Olofsson and others
2004; Sitters and others 2017), but cannot separate
reindeer from other herbivores or humans.

In addition to herbivore presence, we assessed
vertebrate and invertebrate browsing damage on
20 shrubs in each control plot, along stable borders
and on single shrubs within each HMG. At the
heath sites, we assessed Betula nana and at the
shrub sites we assessed Salix spp. (S. glauca or S.
lapponum). In the controls and along stable borders,
we selected five shrubs (1 m apart) along a 4 m
transect, repeated four times, resulting in 20 shrubs
assessed in each control and 20 along stable bor-
ders. Inside the HMGs, we selected as many indi-
vidual shrubs as could be found, up to 20. Each of
these shrubs was assessed for the following types of
browsing damage: (1) percentage top shoots dam-
aged by reindeer or frost; (2) percentage top shoots
browsed by small rodents; (3) invertebrate her-
bivory on leaves; and (4) visible damage to bark
caused by small rodents. Reindeer typically rip the
leaves off the top shoots, leaving most of the woody

parts behind. The ragged look is typical, but is
sometimes hard to distinguish from possible occa-
sional moose browsing or frost damage, especially
when the damage is older than a year. We there-
fore grouped all damaged top shoots together in the
group ““Top shoot damage (frost/reindeer/moose).”
Browsing damage on top shoots caused by small
rodents can be easily distinguished by the sharp
cuts that they make and damage on the bark leaves
clear traces of their teeth. Most of this damage is
caused by voles and lemmings, but on thinner
branches, damage from hares could not always be
differentiated. To assess invertebrate herbivory, we
randomly picked five leaves per individual, result-
ing in 100 leaves per treatment per site, which
were pressed and dried. We quantified the per-
centage damage to the leaves using a protocol
developed by the Herbivory Network (Barrio and
others 2016, 2017). Each leaf was carefully exam-
ined to detect damage by different types of herbi-
vores and was quantified into different percentage
classes (undamaged, < 1, < 5, < 25, < 50,
< 75, < 100%).

Statistical Analyses

We used paired t tests to determine whether the
HMG surface areas had changed between 1964 and
2008 and a ¢ test to determine whether the surface
change differed between heath or shrub plots.
Additionally, we used a multiple linear regression
to test the relative shrub encroachment (% surface
decrease) in relation to mineral N availability,
border unevenness, area and HMG vegetation
density. Because the borders in the zone between
two neighboring HMGs were not clear in the 1964
aerial photograph, we could only determine a col-
lective ingrowth for these two HMGs. They are thus
treated as one point in this analysis. One outlier
was removed following model diagnostics to avoid
heteroscedasticity.

The vegetation composition in controls, transi-
tion zones and HMGs (n = 14, 9 and 14, respec-
tively) were analyzed with a NMDS, using the
meta-MDS function in the vegan package (Oksa-
nen and others 2015) in the statistical package R (R
Core Team 2013). We used species composition per
plot based on vascular plants only. In cases where
not all individuals could be specified to species le-
vel, we grouped the plants to genus level, as fol-
lows: Agrostis capillaris and A. mertensii; Carex spp.;
Festuca ovina and F. rubra; Poa spp. (predominantly
P. alpina and P. pratensis); Pyrola minor and P. major;
and Salix spp. (S. glauca and S. lapponicum). For the
analysis, species occurring in only one plot were
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removed. In addition to the NMDS, we grouped the
plants into plant functional types (graminoids,
forbs, evergreen dwarf shrubs, deciduous dwarf
shrubs, deciduous shrubs, pteridophytes and in this
case also bryophytes (Chapin and others 1996). We
tested for differences in abundance per plant
functional type between control and HMG using
paired t tests on log-transformed data.

The soil properties data as well as the herbivore
visitation data were examined using ANOVA,
including site vegetation type (heath or shrub) and
treatment (control or HMG) as factors and using
site number as an error factor. Significant interac-
tion effects between vegetation type and treatment
were further examined using a paired t test to
compare the difference between control and HMG
in each vegetation type, separately. Browsing
damage to shrubs was also examined using ANO-
VA, including the factors vegetation type (heath or
shrub) and treatment (control, border or HMG).

RESULTS

The average size of HMGs, estimated from aerial
photographs, decreased during the last five decades
from 4255.7 m® £ 1042.2 (SE) in 1964 to
3423.9 m?* + 759.8 in 2008. This translates to a
relative decrease in surface area of 17.5% 4+ 4.3
over 44 years and an absolute movement rate of
the border of 0.05 m y~' & 0.01. The decrease in
surface area was never homogenous along the
whole border, with some parts of the borders being
stable and other parts unstable (Figure 1C, E).
There was no difference in encroachment rate be-
tween HMGs located in heath versus shrub habitat

(t test, p=0.556). However, the relative
encroachment as % surface decrease was, in a
multiple regression (R* = 0.828), positively related
to mineral N availability (Figure 2A), unevenness
of the border (Figure 2B) and HMG area (Fig-
ure 2C). Although several HMG borders showed
shrub encroachment into the HMG to a certain
extent, the core areas remained largely unchanged
between 1964 and 2008 as far as could be detected
based on the aerial photographs.

The vascular plant species composition in the
HMGs was clearly different from their control plots
(Figure 3). Moreover, the control plots were clearly
separated into two groups, hereafter called heath
and shrub vegetation types, with non-overlapping
ranges in the NMDS (Figure 3). Control sites in the
heath vegetation were characterized by dwarf
shrubs such as Empetrum nigrum hermaphroditum
and Betula nana, and control sites in the shrub
vegetation were strongly associated with taller
shrubs like Salix spp. as well as graminoids and tall
forbs like Geranium sylvaticum and Trollius europaeus
(Figures 3, 4; Table 1 and Appendix 3 in ESM). The
HMGs occurring in these two distinctly different
vegetation types were much more similar to each
other, as indicated by clearly overlapping NMDS
ranges (Figure 3). All HMGs were predominantly
dominated by turf-forming graminoids of the gen-
era Carex, Festuca and Deschampsia, as well as low
forbs, for example, Rumex acetosa lapponicus (Fig-
ure 4, Appendix 3 in ESM). Heath-type HMGs also
had a higher abundance of feather mosses, and
shrub-type HMGs exhibited the same trend (Fig-
ure 4; Table 1, Appendix 3 in ESM). The transition
zones, that is, the areas classified as milking
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Figure 2. Relative encroachment (% HMG surface decrease) between 1964 and 2008 in relation to A current mineral N
availability (g m™2) in the HMG soil, B unevenness of the border in 1964 and C HMG area (m?) in 1964. The green circles
represent heath sites, red squares are shrub sites. The ¢ and p values in each graph represent the outcomes of a multiple
linear regression testing the relative shrub encroachment (% surface decrease) in relation to mineral N availability, border

unevenness, area and HMG vegetation density.
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Viola biflora. A complete overview of all plant species and abundances is provided in Appendix 4 in ESM.

grounds in 1964 but not in 2008, had a plant
community composition intermediate between
control plots and HMGs, though it appears that the
transition zone in the heath vegetation type was
more similar to the HMGs and the transition zone
of the shrub vegetation type was more similar to
the control plots (Figure 3). Finally, the vegetation
was taller in the HMGs than in the controls in the
heath vegetation type (17.3 cm + 3.5 (SE) and
8.6 cm £ 1.1, respectively), but shorter in the
HMGs compared to the controls in the shrub veg-
etation type (20.8 cm + 4.9 and 42.5 cm £ 7.7,
respectively) (ANOVA; site type (heath or shrub)
Fy 1> =10.040, p =0.008 and interaction effect
type x treatment F; ;> = 16.381, p = 0.002).

The availabilities of both soluble organic N and
mineral N in soils were higher in the HMGs than
the controls in heath vegetation type, but lower in
the HMGs compared to the controls in shrub veg-
etation type (Figure 5; Table 2, significant vegeta-
tion type x treatment). In both heath and shrub
vegetation types, mineral P availability and C/N
ratios were lower in the HMGs (Figure 5F, H). Soil
moisture was also lower in the HMGs but especially
in the heath vegetation types (Figure 5K), and soil
temperature was higher in heath plots compared to
shrub plots (Figure 5L). Not shown in Figure 5 is

the organic matter content (%) of the soils, which
was lower in the HMGs than in the controls in the
heath-type vegetation [24.8% 4+ 3.1 (SE) and
48.8% =+ 6.9, respectively], but similar in the
HMGs and controls of the shrub-type vegetation
(45.1% £ 5.5 and 46.5% =+ 5.8, respectively)
(Table 2).

There was no statistically significant difference in
reindeer activity between HMGs and control plots
recorded by the trampling indicators (Figure 6A)
and through dung counts (Figure 6B), although
there were tendencies for higher activity in HMGs of
the shrub-type vegetation than in the corresponding
controls. The deposition of small rodent droppings
was highestin the control plots and in the shrub-type
vegetation (Figure 6C). However, browsing damage
caused by rodents on the dominant shrub species
(either Betula nana or Salix spp.), measured as both
frequency of cut top shoots and bark damage, was
higher in the HMGs than in the controls or border
zones in both vegetation types (Figure 6E, G;
Table 3). Top shoot damage caused by frost, moose
orreindeer and invertebrate herbivory on leaves was
lower on Betula nana in the heath-type vegetation
compared to Salix spp. in the shrub types (Figure 6D,
F), but there were no differences between controls,
borders or HMGs (Table 3).
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Appendix 3 in ESM.

Table 1. Effects of Treatment on Species Abundance per Plant Functional Type

Habitat type Heath Shrub

Plant functional type t df p t df p
Graminoids — 5.3164 6 0.002** — 1.4386 6 0.2
Forbs — 2.9076 6 0.027* 1.9821 6 0.095"
Evergreen dwarf shrubs 3.0291 6 0.023* 0.9674 6 0.371
Deciduous dwartf shrubs 79.2739 6 0.000*** 2.7341 6 0.034*
Deciduous shrubs 1.5396 6 0.175 7.0614 6 0.000***
Pteridophytes 1.4242 6 0.204 2.6293 6 0.039*
Bryophytes — 3.4274 6 0.014* — 2.2765 6 0.063

The data, total hits per plot (n = 7) per plant functional group were log-transformed and examined using paired t tests. Significant differences (p < 0.05) are marked in bold.

Significance levels: ***p < 0.001; **p < 0.01; *p < 0.05; *p < 0.1.
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Figure 5. Properties of the organic soil layer in contr

ol and HMG, for heath and shrub habitats. Data shown are

mean + SE, n = 7. *Indicates significant treatment effects of HMG versus control (p < 0.05). Significant outcomes of
ANOVA testing treatment (control/HMG) and type (heath/shrub habitat) using site number as a random factor are

included with their p values.

DiscussioN

We studied the long-term persistence of a vegeta-
tion change induced by a concentration of reindeer
during times of intensive reindeer husbandry in the
Scandinavian mountain tundra. Our results show
that the historical milking grounds (HMGs) have
been remarkably stable over the last century. The

vegetation composition and soil properties are not
only distinctly different from the surroundings a
century after active use ceased, but also strikingly
similar to the conditions presently found in sites
heavily grazed by domesticated reindeer, where the
grazing, feces deposition and trampling is more
than a order of magnitude higher than what is
presently found in the HMGs (Sitters and others
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Table 2. Effects of Vegetation Type and Treatment on Organic Soil Properties

Vegetation type Treatment Interaction

(heath/shrub) (control/HMG) (type x treatment)
Variable Fy 12 p Fy 12 p Fi1 %
Microbial N 0.260 0.620 0.260 0.643 2.573 0.135
Soluble organic N 0.567 0.466 0.751 0.403 6.287 0.028*
Mineral N 1.713 0.215 1.344 0.269 9.142 0.011*
Microbial P 3.569 0.083" 1.057 0.324 0.160 0.696
Soluble organic P 1.100 0.315 0.524 0.483 0.261 0.619
Mineral P 2.032 0.179 6.504 0.026* 0.917 0.357
Total N 0.617 0.447 4.126 0.065 0.013 0.910
C/N ratio 8.825 0.012* 42.450 0.000%** 26.590 0.000%**
pH 4.373 0.058" 0.541 0.476 2.697 0.126
Organic soil depth 0.316 0.585 0.930 0.354 2.005 0.182
Soil moisture 2.886 0.115 7.889 0.016* 10.777 0.007%*
Soil temperature 7.220 0.020* 0.606 0.451 1.588 0.232
Organic matter content 1.532 0.240 19.650 0.001*** 15.670 0.002**

Data were tested using ANOVA (n = 7), including site number as a random factor. Significant effects (p < 0.05) are marked in bold. Significance levels: ***p < 0.001;

*p < 0.01; *p< 0.05; Tp .< 0.1.

2017). This suggests that the graminoid- and forb-
dominated state is indeed stable, while the reindeer
pressure in the plots has decreased to levels that
would never support such vegetation transition.
Therefore, this confirms a strong historical contin-
gency (Fukami 2015) of herbivores on tundra
vegetation. We propose a number of ecosystem
processes that have been altered with the vegeta-
tion shift and contribute to the maintenance of this
plant community after the initial change caused by
high reindeer concentrations. These include in-
creased nutrient turnover rates, strong competition
of fast growing HMG vegetation and current levels
of herbivory, which will be discussed in more detail
below.

For the interior parts of HMGs, the vegetation
surveys support a stable vegetation state. The
community composition in the HMGs was not only
distinctly different from the surroundings, with a
strong dominance of graminoids and forbs, but the
dwarf shrubs and shrubs dominating the sur-
roundings were still virtually absent after a cen-
tury; not even seedlings of those species were
found. In apparent contrast, the comparison of
aerial photographs from 1964 and 2008 showed
that almost all HMGs are slowly shrinking. Shrubs
encroached into most HMGs along parts of the
borders, although all HMGs also had parts where
the border remained stable. Shrubs might invade
HMGs either vegetatively or through seed dispersal.
The virtual absence of shrubs in the inner parts of
HMGs, according to both the aerial photographs

and vegetation surveys of core areas, suggests that
the main mechanism of shrub encroachment is
through vegetative dispersal along the borders.
Tundra shrub species like Betula nana are known to
be favored by N fertilization (Bret-Harte and others
2001), and accordingly we found higher
encroachment rates in the HMGs with more
nutrient-rich soils. Given that the environmental
conditions within HMGs are suitable for these
shrub species, the average rate of encroachment
that we observed (0.05 m y ') is still remarkably
low in comparison with rapid shrubification re-
ported from many parts of the arctic in response to
a warmer climate (Myers-Smith and others 2011),
which ranges up to shrub and tree expansion rates
of 3 m y ' during recent decades (Rundgqvist and
others 2011; Callaghan and others 2013). Fur-
thermore, the actual encroachment of the HMGs
was even slower, since detailed ground truth veg-
etation inventories of areas classified as ““invaded”
in the aerial photographs, showed they were in fact
intermediate between HMG and control vegeta-
tion.

There was also a strong historical contingency on
the nutrient availability in the soil, although there
were partly contrasting patterns between heath
and shrub sites. Mineral nitrogen availability was
higher and soil C/N ratio lower in the HMGs in the
nutrient-poor heath sites, and in line with our
prediction, the increased mineral nitrogen avail-
ability was not associated with a larger total nitro-
gen stock, as has been found in some other places
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Figure 6. Herbivore visitation (A—C) measured as A reindeer trampling, B reindeer dung and C rodent dung per year in
controls and HMGs in heath and shrub habitats, averaged over the years 2015 and 2016. Data shown are mean val-
ues + SE; n = 7. *Indicates significant treatment effects of control versus HMG (p < 0.05). The p values show significant
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reindeer, E top damage caused by rodents, F insect damage on leaves and G bark damage caused by rodents. Data shown
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Table 3. Effects of Vegetation Type and Treatment on Herbivory

Herbivore visitation Type Treatment Interaction
(heath/shrub) (control/HMG) (type x treatment)
Fi1,12 |4 Fr12 |4 Fi12 p
Reindeer trampling 1.363 0.266 0.340 0.570 1.482 0.247
Reindeer dung 0.739 0.407 1.202 0.294 1.865 0.197
Rodent dung 5.712 0.034* 4.069 0.067" 11.162 0.006**
Browsing damage Type Treatment Interaction
(heath/shrub) (control/border/ (type x treatment)
HMG)
Fi35 p Fa 35 p F3,35 p
Top damage (f/m/r) 5.373 0.026* 0.013 0.987 0.071 0.932
Top damage (rodent) 0.855 0.361 3.630 0.037* 0.462 0.634
Leaf damage (invertebrate) 49.678 0.000%** 0.045 0.956 0.153 0.859
Bark damage (rodent) 3.346 0.076" 3.807 0.032* 1.812 0.178

Herbivore visitation in control and HMG, and browsing damage on shrubs in controls, along stable borders and in HMG. Herbivore visitation data were tested using ANOVA
(n = 7), including site number as a random factor. Browsing damage data were also tested using ANOVA (n = 7 for all types except for heath-HMG, where n = 6).
Significant effects (p < 0.05) are marked in bold. Significance levels: ***p < 0.001; **p < 0.01; *p < 0.05; *p < 0.1

where livestock was kept in the past in boreal for-
ests (Freschet and others 2014) and savannas (Valls
Fox and others 2015). The total N pool even tended
to be smaller in the HMGs, although the difference
was not statistically significant. The most likely
explanation for the higher mineral nutrient avail-
ability is, thus, a higher nitrogen turnover rate due
to higher litter and soil organic matter quality
(Hobbie 1992; Chapin and others 1996) and in-
creased soil microbial activity (Van der Putten and
others 2013; Freschet and others 2014). This con-
clusion may be further supported by the lack of any
difference in mineral N availability in the shrub-
type vegetation, where, based on the plant com-
munity composition, the litter quality may be rel-
atively similar between the HMG and control.

In contrast to expectations, mineral P was lower
in both types of HMGs compared to their corre-
sponding controls. This result was surprising as
phosphorus is usually concentrated around human
settlements in northern ecosystems (Linderholm
2007), and in African bomas (confined areas in
savanna where livestock was kept overnight) (Valls
Fox and others 2015). One possible explanation for
the partly diverging patterns between mineral N
and P is that the HMGs were historically mainly
influenced by reindeer while the impact of the
human settlement per se was fairly low. Contrast-
ing with soil N cycling, reindeer grazing might not
enhance soil P cycling as reindeer have a higher
phosphorus demand than most other herbivores
since both sexes have large antlers rich in phos-

phorus (Moen and others 1999; Andersen and
others 2004). They are therefore unlikely to recycle
P as much as N, resulting in a high plant demand of
phosphorus and thus may decrease P availability in
the soil (Sitters and others 2017). The deep-rooted
shrubs in the control plots might also mobilize P
(DeLuca and Zackrisson 2007) and thus keep P
concentrations higher in control plots than in
HMGs. It should be noted that we only measured a
difference in mineral P and that total P concentra-
tions might still be higher in HMGs (Linderholm
2007), even if the plant-available P has decreased.
Noteworthy, at least in the heath habitat, P con-
centrations were more than five times higher in
controls than in HMGs, and the difference is thus
not likely to be spurious.

Even though both the vegetation and soil prop-
erties in HMGs are distinctly different from their
control plots, recordings from the period during
which they were actively used are lacking and it is
not possible to determine exactly how these prop-
erties have changed over the last century when
milking grounds were no longer used. We can,
however, approach this question by comparing the
HMGs with sites that are heavily grazed today, such
as areas close to reindeer herding fences (te Beest
and others 2016; Sitters and others 2017). The
vegetation in these heavily grazed sites is very
similar to the vegetation in the HMGs with the
exception of mosses that are rare in the presently
heavily grazed sites (Olofsson and others 2001;
Barthelemy 2016; te Beest and others 2016; Sitters
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and others 2017), but abundant in the HMGs. This
difference is noteworthy because the extent of the
moss layer can play an important role in arctic
vegetation by regulating soil temperature and
moisture (Gornall and others 2007).

Despite that the grazing pressure has been at
least an order of magnitude lower than the active
grazing that created the vegetation transition more
than a century ago, changes in nitrogen availabil-
ity HMG soils were comparable to actively heavily
grazed areas with herbaceous vegetation. Similar
to our study on HMGs, Sitters and others (2017)
found that grazing increased mineral nutrient
availability and decreased soil C:N ratio in nutri-
ent-poor heath (exposed ridges and higher zonal
sites), whereas there was no difference in response
to grazing in the naturally more nutrient-rich
shrub and meadow habitats (lower zonal sites)
studied. This suggests that the major driver of in-
creased mineral nutrient availability should be the
same in both HMGs and actively grazed systems
and thus points toward a high importance of pos-
itive feedbacks on nutrient cycling via higher litter
quality, as suggested by Olofsson and Oksanen
(2002). One major difference between HMGs and
actively grazed sites is that in the latter, fertiliza-
tion by urine and feces contributes to a higher N
turnover rate, which may explain why we find
slightly lower mineral N concentrations in HMG
soils (~ 1.1 gm™?) compared to the actively
grazed sites (~ 1.7 gm™?) (Sitters and others
2017). In arctic vegetation, N from droppings
(Barthelemy and others 2015) and urine (Sjoger-
sten and others 2010; Barthelemy and others
2018) is efficiently taken up by the vegetation but
also contributes to higher N concentrations in soils,
as evidenced by the contiguity of increasing
nutrients with reindeer migration (Stark and Vai-
sanen 2014). A possible additional factor con-
tributing to increased N availability in HMGs is the
higher abundance of feather mosses like Pleurozium
schreberi and Hylocomium splendens (Appendix 4 in
ESM), as they often grow in association with N,-
fixing cyanobacteria, adding atmospheric N to the
system (Lett and Michelsen 2014). However, how
much N is actually fixed is not easily pre-
dictable based on the abundance of mosses alone,
and they probably do not contribute to the high N
availability in actively grazed sites where these
mosses are less abundant (Olofsson and others
2004). The strong similarity between actively
heavily grazed sites and HMGs, both in terms of
vegetation composition and nutrient dynamics,
suggests that the changes in the HMGs have been
minor over the last century.

The slow reinvasion of shrubs into the aban-
doned HMGs, albeit under suitable abiotic condi-
tions, indicates that biotic interactions may be
important in limiting shrub establishment. We
consider it unlikely that seed dispersal limitation
would be an important factor here, since seed-
producing shrubs grow in close proximity to all
HMGs. It is well documented that competition from
dense grass swards prevents woody seedling
establishment in grasslands in general (Kochy and
Wilson 2000), and also specifically in alpine grass-
lands (Welling and Laine 2002; Olofsson and
Shams 2007; Klanderud 2010; Milbau and others
2013). Dense grass swards, aided by a high mineral
N availability in the HMGs, probably efficiently
prevent shrubs from establishing from seeds.
Moreover, since competition from established
plants is often stronger on small seedlings than on
large established plants (Grace and Tilman 1990),
the competition from established graminoids could
have a stronger effect on seedlings in the interior of
the HMGs than on large shrubs dispersing by veg-
etative growth at the edges and could thus explain
why the borders were slowly invaded by vegeta-
tively regrowing shrubs, while the interior re-
mained free of shrubs.

Herbivores could further contribute to the resis-
tance of the HMGs to invading shrubs. In some
grazing ecosystems, heavily grazed patches are
maintained because they attract large herbivores,
which in turn reinforces a graminoid-dominated,
grazing-tolerant vegetation (for example, grazing
lawns, McNaughton 1984; Valls Fox and others
2015). However, visitation (trampling or drop-
pings) or signs of grazing on plants by domesticated
reindeer, the only common large herbivore, were
not enhanced in HMGs compared to controls. The
reindeer density in the area could still slow down
the shrub encroachment, because the density of
reindeer is within the same range as in areas where
grazing has been found to slow down, but not fully
prevent shrub encroachment (Olofsson 2009; Par-
sons 2016). In contrast, the frequency of signs of
rodent damage was substantially higher on shrubs
growing inside the HMGs than in control areas. The
level of rodent damage on shrubs in the HMGs
(almost 50% of the shoots being cut and more than
50% of shrubs having bark damage) was clearly
high enough to reduce shrub encroachment into
HMGs severely. Moreover, the recorded damage
was mainly caused by a single rodent peak, and
shrubs will have to survive multiple rodent peaks
to establish in a new habitat. Although we did not
directly analyze plant quality, it has been shown in
previous studies that shrubs growing in herbaceous
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vegetation have a higher nitrogen concentration
(Olofsson and Oksanen 2002; Sitters and others
2017), which could drive the high feeding rates of
rodents on HMG shrubs. The importance of rodent
herbivory in driving the stability of HMGs is sup-
ported by earlier findings that voles and other ro-
dents can cause high mortality of shrubs in the
arctic (Ravolainen and others 2014), reduce the
abundance of dwarf shrubs even at landscape scales
(Olofsson and others 2012), and prevent shrubs
from increasing following warming (Kaarlejarvi
and others 2015). Voles and lemmings also play a
vital role in preserving natural arctic grasslands, by
keeping snowbeds dominated by herbaceous veg-
etation and preventing mosses or dwarf shrubs
from expanding (Virtanen and others 1997; Olofs-
son and others 2014). According to the pellet
counts, small rodents (voles and lemmings) oc-
curred at higher densities in the control plots than
in the HMGs in the shrub habitat, probably because
snow conditions were softer under the shrubs
during winter and the rodents can find shelter
under shrubs from predation during summer (So-
kolova and others 2014).

The studied HMGs are strikingly stable, illus-
trated by differences in plant community compo-
sition and nutrient availability that have been
preserved for at least a century since active use
ceased. As our study design could only detect
HMGs that still are present today, we cannot ex-
clude a possibility that some HMGs had already
disappeared during the first 50 years after their
abandonment (that is, before the oldest aerial
photographs were taken). This could lead to over-
estimating the general stability of HMGs during the
last century. Considering the very slow rates at
which the presently observable HMGs had been
shrinking during the last 50 years, this seems rel-
atively unlikely. In the HMGs, higher reindeer
densities in the past (alteration in state variable)
drove the initial vegetation change, and our results
suggest that positive plant—soil feedbacks main-
taining a high nutrient availability, intense com-
petition from the dense grass sward, and herbivory
from reindeer and rodents are changed parameters
(environmental drivers) that contribute to main-
taining the vegetation in this altered state, sensu
Beisner and others (2003). This does raise the
question of whether HMGs can be regarded as an
alternative stable state. According to common def-
initions, a community can be considered
stable when it is resistant to colonization although
all species in the species pool have had multiple
chances to colonize, and when it has undergone
population dynamics over multiple generations

within the community since initiation (Fukami
2015). The studied HMGs do fulfill the first of these
criteria, since shrubs have not been able to estab-
lish from seeds, although numerous seeds of many
different shrub species arrive in the HMGs every
year. The second criterion is harder to evaluate
since although individual tillers of perennial gra-
minoids typically live for a few years up to a few
decades (Callaghan 1980), the age of genetic indi-
vidual clonal plants is hard to determine, but can
potentially be centuries or even millennia (De
Witte and Stocklin 2010). Probably, the long life
span of the plants increases the stability of the
vegetation states (Eriksson 2000). However, if a
century of resistance to being invaded is not suffi-
cient to be categorized as an alternative stable state,
the practical value of the concept will be limited in
all terrestrial plant communities containing clonal
plants. Therefore, a more relevant issue is whether
these HMGs should be regarded as stable, or slowly
changing, that is, alternative transient stages (Fu-
kami 2015), since the nutrition status of the soils
might be slowly changing and since shrubs are in-
deed vegetatively invading along the edges of the
milking grounds. The answers to both these ques-
tions seem to relate to the temporal and spatial
scale considered. The enhanced soil nutrient status
is regarded as stable when observed after a century,
but perhaps not at even longer timescales since a
higher nutrient cycling rate is expected to be
associated with higher nutrient losses in the long
term (Mitton and Grant 1996). Moreover, given
the slow rate of vegetative ingrowth, large patches
of several hectares of herbaceous vegetation could
be persistent for millennia, whereas patches of a
few square meters will probably disappear in a few
decades. However, no matter the definition, we
conclude that historical milking grounds are at least
very stable at ecological timescales and represent
clear examples of strong historical contingency of
herbivore effects in an arctic environment. Al-
though the here studied vegetation transitions are
caused by domesticated reindeer, similar vegetation
shifts caused by wild arctic herbivores have also
been reported (Thing 1984; Zimov and others
1995a; van der Wal and Brooker 2004; van der Wal
2006). Even if the frequency of such vegetation
shifts are poorly known, it is still clear that the
composition and function of arctic ecosystems to-
day are thus shaped by herbivory impacts centuries
ago and cannot easily be understood based on the
present conditions alone. A major research ques-
tion for the future is to understand under which
conditions historical contingency is strong in
ecosystems and more specifically under which
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conditions herbivore-driven vegetation changes are
long-lasting.
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