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ABSTRACT

Recent studies suggest that climate changes may have a strong impact on the vegeta-
tion composition in Arctic ecosystems, causing increasing dominance of woody species.
Evidence from short-term studies on the effects of herbivory indicates that this effect
may be counteracted by grazing, but it has not yet been studied whether the effect is
persistent and general. Here, we present the results from a large-scale, long-term study
of the effects of sheep grazing and climate on the relative dominance of woody plants,
graminoids, and forbs. The study is based on exclosures established from 1984 onward
across a climatic gradient in South Greenland. The relative cover of the three plant func-
tional types was modeled in a state-space model. There was no significant overall change
in the relative cover of the three groups, although such changes occurred intermittently
on some sites. This suggests that the relative dominance of the plant functional types is
resilient to the impacts of grazing and climate changes in the tundra of South Greenland
in line with other studies from sites where summer temperatures have not increased.

INTRODUCTION

Opver the past century, temperatures in the Arctic
have increased dramatically (Larsen et al.,2014) and,
at the same time, shrubs have become increasingly
dominant in the Arctic tundra (Tape et al., 2006;
Myers-Smith et al., 2011, 2015). The expansion of
shrubs (particularly deciduous shrubs) may be di-
rectly linked to the increasing temperatures (Chapin
et al., 1995; Post and Pedersen, 2008) but may also
be associated with increased snow cover induced by
the shrubs themselves (Sturm et al., 2005). The in-
creasing dominance of shrubs is expected to have a
strong impact on the diversity and function of Arc-
tic ecosystems (Callaghan et al., 2004; Walker et al.,
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20006), as well as on the vegetation’s ability to act as
a carbon sink (Cahoon et al., 2012). Although tun-
dra ecosystems appear to be strongly influenced by
climate changes, how climate interacts with other
biotic and abiotic factors to shape the long-term
balance between shrubs, forbs, and graminoids in
the Arctic tundra is not fully understood.
Herbivory is one of the factors known to have
a large impact on how Arctic vegetation responds
to climate changes (Myers-Smith et al., 2011; Saito
et al., 2013). Grazing by large herbivores has been
demonstrated to counteract the spread of shrubs in
some areas (Manseau et al., 1996; Post and Peders-
en, 2008; Olofsson et al., 2009; Post et al., 2009). In
some areas, grazing increases the overall productiv-
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ity of the tundra (Olofsson et al., 2001; Gough et
al., 2012), although the opposite trend is found in
others (Brithen et al., 2007). Plant species that are
not consumed by the herbivores gain a competitive
advantage, as do species that are resilient to grazing
(Crawley, 1983; Manseau et al., 1996). Exclosure
studies from northern Scandinavia and Alaska have
shown graminoids to be favored by reindeer/cari-
bou grazing (Post and Klein, 1996; Olofsson et al.,
2001), whereas the growth of palatable shrubs may
be reduced (den Herder et al., 2008; Kitti et al., 2009;
Zamin and Grogan, 2013; Bryant et al., 2014; Chris-
tie et al., 2015). In Greenland, exclosure experiments
have similarly indicated that herbivory can reduce
the spread of shrubs (Post and Pedersen, 2008).

Although heating and exclosure experiments
provide a unique understanding of the mechanisms
that control vegetation dynamics in the Arctic tun-
dra, they often suffer from being of relatively short
duration. The positive growth responses observed
in some heating experiments (Arft et al., 1999)
may be of a transient nature due to limited nutrient
availability, and the long-term changes in the Arc-
tic vegetation may be more influenced by climatic
extremes than by average temperatures. Further, the
effects of increasing temperatures are likely to de-
pend on local microclimatic conditions (Cahoon et
al., 2012). Although large-scale, long-term studies
are therefore essential for ensuring that an observed
ecosystem effect of grazing or climate changes is
general (e.g., Turkington, 2009), only few such data
sets are available from the Arctic region (Mulder,
1999). In this study, we summarized the long-term
changes in the plant community across a large-scale
climatic gradient based on the cover of the three
most important functional types (woody plants,
graminoids, and forbs).

We used exclosures to investigate how the rela-
tive cover of the most important types of plants
was affected by sheep grazing and climate in South
Greenland. The experiment, which was initiated in
1984, included plots established across a wide range
of climatic conditions and covered a period where
increasing temperatures could be expected to cause
a gradual shift in the plant community composi-
tion. Plant cover—that is, the relative area covered
by different plant species in a plot—is an important
characteristic of the composition of plant com-
munities (Kent and Coker, 1992; Damgaard, 2013,

2014).The objectives of the study were to quantify
the observed changes in the relative cover of the
three most important functional types in an Arc-
tic ecosystem and estimate the possible effects of
(1) sheep grazing and (2) climate changes on plant
community composition in order to investigate the
importance of grazing as a top-down regulating
mechanism on Arctic vegetation and, more spe-
cifically, to determine whether grazing has been
able to counteract the expected increase in shrub
cover due to climate change. The study included
plots spanning the entire coast to inland gradient
in South Greenland in order to test if the effects of
climate changes and grazing were influenced by lo-
cal climatic conditions and to ensure the generality
of our results (objective 3).We use state-space mod-
els to analyze the repeated measurement of plant
cover (Damgaard, 2012, 2015).

MATERIALS AND METHODS

Site

Data for the present study were collected at
nine different sites in the sheep farming district
in South Greenland (Fig. 1, Table 1). The vegeta-
tion in this region is characterized by dwarf-shrub
heaths (Austrheim et al., 2008), although some ar-
eas have been converted to farmland with distinct
pastures. Each site included one ungrazed plot (in-
side a fenced exclosure) and one grazed plot in ar-
eas with natural vegetation. The two plots on each
site were chosen within the same vegetation type
based on species composition and less than 300 m
apart. The exclosures were established over a peri-
od of several years starting in 1984. All exclosures
were revisited two to five times during 1988-2012
(Table 1).All plots were permanently marked with
metal sticks. In the period 1984-2012 the average
annual temperature has increased by ~0.1 °C per
year in the nearby towns Narsarsuaq and Qaqor-
toq (Cappelen, 2015).

The main herbivore in the area is sheep. In re-
cent years, livestock have been introduced, but in
tairly low numbers. Icelandic horses are kept at the
farms and used when the sheep are gathered in late
summer for slaughtering. Further, Arctic hares are
present in the area, but their impact on vegetation
is expected to be very limited.
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FIGURE 1. Study sites in South Greenland marked by dots (see Table 1 for further explanation).

Data Sampling
Plant Cover Data

The cover of the different plant species was
measured using the pinpoint method (Kent and
Coker, 1992). In each pinpoint analysis, a 1 m?
square was analyzed using a frame with a fixed grid
pattern (a total of 100 equally spaced points), which
was placed above the vegetation. A pin was inserted
vertically through each grid intersection, and the
first species that was hit by the pin was recorded
(the species at the top level). A total of four pin-
point frames with fixed positions were analyzed per
plot at each visit (5 m apart along a 20 m transect
orina 15 X 15 m square in the vegetation; Fig. 2).

To study the effects of grazing and climate on
the relative cover of different types of plants, the
plants were divided into three functional types:
woody plants, graminoids, and forbs. The woody
plants included the deciduous species Salix spp.,
Betula spp., Vaccinium spp., and the evergreen spe-
cies Thymus praecox, Rhododendron lapponicum, Harri-
manella hypnoides, Juniperus communis, and Empetrum
nigrum. The evergreen species constituted only 8%
of the woody plants, which was insufficient to ana-
lyze these as a separate functional type. The grami-
noid group constituted grasses, sedges, and rushes
(Poaceae, Carex spp., and Juncaceae, respectively),
and the forbs included, for example, Equisetum spp.,
Potentilla spp. and Rumex spp. Some pins in the pin-
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TABLE 1

Overview of plots with information on geographical area, study site, years vegetation analyses were conducted,
whether the plot was inside (YES) or outside (NO) an exclosure, and location (in decimal degrees).

Geographic area Site Year of analysis Exclosure Location
) . 1986, 1988, 1992, 1997, 2004, 2009 NO 61.2594, -45.5000
Qinngua Kangilleq 1
1985, 1988, 1992, 1997, 2004, 2009 YES 61.2595,-45.5010
1985, 1988, 1992, 1997, 2009 NO 61.1808,-45.4130
Narsarsuaq 2
1985, 1988, 1992, 1997, 2009 YES 61.1808,-45.4143
. 1985, 1988, 1992, 1997, 2009 NO 61.1656,—45.5188
Qassiarsuk 3
1986, 1988, 1992, 1997, 2009 YES 61.1651,-45.5177
il A 1986, 1989,1997, 2009 NO 61.0040, -45.4475
t1
eq 1986, 1989, 2009 YES 61.0043,-45.4475
_ 1986, 1989, 2012 NO 60.9775,-45.7134
Ipiutaq 5
1986, 1989, 2012 YES 60.9706,-45.7221
‘ 1986, 1988, 2009 NO 60.8497,-45.3823
1984, 1988, 1997, 2009 YES 60.8454,-45.3648
Vatnahverfi
. 1984, 1988, 2004, 2009 NO 60.8316,-45.4703
1984, 1986, 1988, 2004, 2009 YES 60.8316,—45.4679
g 1985, 1988, 1997, 2009 NO 60.7568, —45.8881
_ 1985, 1988, 1997, 2009 YES 60.7560, —45.8865
Upernaviarsuk
9 1985, 1988, 1997, 2009 NO 60.7566,—45.8901
1985, 1988, 1997, 2009 YES 60.7561,-45.8879

point analyses did not hit a species that belonged
to any of these functional types, and these were
categorized as “other” (this type included mosses,
lichens, decomposing organic material, rock, bare
soil, and water). The vegetation on the dwarf-shrub
heaths was generally lower than 50 c¢m, but when
shrubs reached a height of >50 cm only the vegeta-
tion below 50 cm was analyzed. A complete list of
plant species determined in the pinpoint analyses
can be found in Appendix Table Al.

Grazing Data

The sheep farming district in South Greenland is
divided into a number of grazing areas of different
sizes. A record of the number of sheep per grazing
area is kept at the Agricultural Consulting Services,
Qagqortoq. The size of the grazing areas was calcu-
lated using data from NunaGIS (http://dk.nunagis.
gl, Government of Greenland) and updated based
on information from the Agricultural Consulting
Services (A. Frederiksen, personal communication).
No general trend in grazing intensity was observed

on any of the nine sites over time, but ranged be-
tween 2 and 20 sheep km™.

Climate Data

As observed climate data are unavailable for
our specific study sites, we used modeled climate
variables for the period 1989-2012 to account
for spatial differences in precipitation and snow
cover among the sites. These data were used to
investigate if the effects of grazing and climate
changes were influenced by local climatic condi-
tions (objective 3). The regional climate model
HIRHAMS5 (Christensen et al., 2006) was run
over a Greenland wide domain at 5 km hori-
zontal resolution, allowing a detailed representa-
tion of the spatial variations in the area over time
(Lucas-Picher et al., 2012). Forced by weather
reanalysis (ER A-interim, Dee et al., 2011) on
the boundaries of its domain, the climate model
reproduces weather variations on daily and in-
terannual timescales (Langen et al., 2015). We ex-
tracted the following variables that were expected

534 / CHRISTIAN DAMGAARD ET AL. / ARCTIC, ANTARCTIC, AND ALPINE RESEARCH

Downloaded From: https://bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 25 Jun 2024
Terms of Use: https://bioone.org/terms-of-use



A 15m

Om

war

1] 4]

FIGURE 2.

5

s
T
=)

10m 15m 20m

Sampling design and position of pinpoint frames (a) in a 15 X 15 m square or (b) along a 20 m

transect. The numbered squares correspond to pinpoint frame 1-4.

to be of biological relevance from the modeled
climate variables: mean July temperature, mean
January temperature, mean annual precipitation,
number of frost-free days, and number of days
with snow cover. Over the period where mod-
eled climate variables were available, both the
mean annual precipitation and number of days
with snow cover decreased, whereas there were
no clear trends for number of frost-free days and
mean July temperature (see Supporting Online
Material, Fig. A1).The extracted climate variables
were summarized using a principal components
analysis (PCA). In total, the first two components
of the PCA captured 64% of the variance in the
climate variables. The first component was posi-
tively correlated with annual precipitation (r =
0.76) and negatively with number of frost-free
days (r = —0.70) and mean January temperature
(r = —=0.55). The second component was most
strongly correlated with the mean July tempera-
ture (r = 0.92). In order to further simplity the
data structure, we calculated the average scores
for each of the two principal components for
each site. This yielded two time invariant meas-
ures of the climate on each site. The two compo-
nents of the PCA therefore only describe spatial
variations in climate, not the temporal variations.
These were used in the following analyses.

Trend Analysis Using State-Space Models

A state-space model consists of a structural
equation, where the processes that control the
change in the mean plant cover over time are

modeled, and a measurement equation, where
the observations or measurements are coupled to
the latent variables—that is, the unknown mean
cover at plot j at observation time t. The state-
space model may be viewed as a Bayesian gener-
alization of a mixed effects model where the ran-
dom effects are modeled by the latent variables.

Structural Equation

The structural equation consists of a determin-
istic part that describes the expected change in
cover, and a stochastic part, which describes the
variation in the change. The unknown cover of
plant functional type i at plot j in year t is mod-
cled by latent variables and denoted x, . and it is
assumed that the change in the logit-transformed
cover, logit (x) = log(lL

between two visits to a site is modeled by:

, of each functional type

logit (xi,jﬂ) ~ logit (x’?fv‘l )

=(t )AL, 1 &

M

where A is the expected annual change in logit
transformed vegetation cover of functional type
i from t to t,. The structural variance is modeled
by a random Gaussian walk process with an annual
step size of €, ;, ~ N(0,67), where G; is the structural
variation of functional type i.

[t was tested whether the expected annual change
in logit transformed vegetation cover depended on
one or more of the following drivers: (i) the mean
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grazing intensity at plot j between ¢ and £, (g, ) (ob-
jective 1 of the study), (i1) the first prmc1pal climate
component at plot j (PCl i11) the second principal
climate component at plot J (PC2) (to address ob-
jective 3 of our study). This was done by fitting the
following hierarchical submodels of the expected
annual change to the data:

A =q,, (2a)
A=0,+Bg, (2b)
A=a+Bg¢ +v PCL+8PC2, (20)

A=o+Bg +v, PCL+8 PC2+0 ¢ PCL+D ¢ PC2 (2d)

where o measures the unexplained change in the
cover of functional type i over time, B, measures the
effect of grazing, Y, measures the effect of the first
principal climate component, &i measure the effect
of the second principal climate component, and 6,
¥, measure the interaction among the effects of graz-
ing and each of the climate components. Equations
2a and 2b both describe the changes in relative plant
cover through time without accounting for eftects of
variations in local climatic conditions.The possible in-
fluence of climate changes is modeled by 0. in both
models (objective 2), but only Equation 2b includes
effects of grazing. If Equation 2b is better supported
by data than Equation 2a (based on DIC, see below),
it suggests that grazing can counteract the impact of
climate changes on the plant cover. Notice that ac-
cepting null hypothesis (2a) indicates that the system
is resilient toward grazing,.

Contrary to most commonly used vegetation
and species distribution models, it is important
to notice that here it is the change in the rela-
tive cover of the functional types that is mod-
eled. This means that the null hypothesis of a
resilient ecosystem with no vegetation chang-
es 1s tested directly in the first model (2a). In
the second model (2b), it is tested if the local
grazing intensity has an effect on the observed
vegetation changes. The third model (Equation
2¢) accounts for the spatial variation in climate
conditions among plots (and possibly additional
factors that covary with the climatic gradients)

after accounting for eftects of grazing. Equation
2d includes the interaction effects between graz-
ing and climate. If model 2d is better than 2c it
suggests that the effects of grazing vary depend-
ing on the local climatic conditions (hence it ad-
dresses our objective 3).

Measurement Equation

Since the latent cover variables were modeled
independently for each of the permanent plots, it
is assumed that the observed number of pinpoint
hits for the four functional types in a given year
and plot is distributed according to the multinomial
distribution:

m(Y, ,n, X ) (3)

i, it

where Y, is the observed number of pinpoint hits
for vegetation type i at plot j and year t, n is the total
number of hits, and X,
ables that model the probablhtles of hitting one of
the four functional types, respectively, with a pin at

plot j and year t.

1 the vector of latent vari-

Estimation, Statistical Inference, and
Model Comparison

The model was parameterized using numeri-
cal Bayesian methods, where the joint posteri-
or distribution of the parameters and the latent
variables were calculated using Markov Chain
Monte Carlo (MCMC; Metropolis-Hastings)
simulations (Carlin and Louis, 1996) with normal
candidate distributions from 90,000 MCMC it-
erations after 10,000 burn-in iterations. The pri-
or distributions of all parameters were assumed
to be uniformly distributed in their domain. The
domain of the latent cover variables was assumed
to be [1/4n, 1-1/4n].

Plots of the sampling chains of all parameters and
latent variables were inspected in order to check the
mixing properties of the used sampling procedure
and the overall fitting properties of the model. The
efficiency of the MCMC procedure was also assessed
by inspecting the evolution in the model deviance.

Statistical inferences were based on the 95% credi-
bility intervals of the marginal posterior distributions
and the calculated change in cover in a given grazing
and climate scenario. Different models were com-
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TABLE 2

Deviance information criterion (DIC) for the four models of the expected annual change of the four vegetation
types (Models 2a, 2b, 2c, 2d).

Model Ai DIC

2a o, 2153.9
2b o+PBg, 2161.1
2c o +P, g, +7 PClL+8 PC2 2182.6
2d o +p ¢ +v PCl+8 PC2+6 ¢ PCl+0 ¢ PC2 2177.0

pared using (i) the deviance information criterion
(DIC), which is the mean deviance, =2 log (Y| 0), of
the MCMC run plus the “effective” number of free
parameters that are also calculated from the MCMC
run (Spiegelhalter et al., 2002); similarly, as for Akaike
information criterion (AIC), the preferred model is
the one with the minimum DIC value, and (ii) a sto-
chastic search variable selection method with a slab
standard deviation that was set to 100 times larger
than the spike standard deviation (O’Hara and Sil-
lanpid, 2009).

All calculations were done with Mathematica
(Wolfram, 2013).

REsuLTS

We did not find any significant changes in the
relative cover of the different functional types dur-
ing the 28-year observation period, which suggests
that climate changes have not had a major impact
on the plant community composition in South
Greenland (objective 2). In model 2a, which was
the model best supported by the observed vegeta-

tion data (i.e., it had the lowest DIC;Table 2), there
was no significant changes in the relative cover of
any of the different functional types (Table 3). The
model that included grazing (model 2b) was the
second best supported model (Table 2). The lack
of support for model 2b (which addresses objec-
tive 1 of the study) did not match our expectation
that shrubs had become increasingly dominant
in the plots where grazing stopped ca. 28 yr ago.
There was even less support for the model where
variations in local climatic conditions were taken
into account (model 2¢) or where the effect of
grazing was allowed to vary among sites with dif-
ferent climatic conditions (model 2d); hence we
have no reason to believe that our findings are
not general (objective 3). In order to test the ro-
bustness of the DIC-based model comparison,
which has been criticized when comparing mixed
models (Celeux et al., 2006), we validated our
finding using the stochastic search variable selec-
tion method (O’Hara and Sillanpdi, 2009), which
yielded qualitatively similar results. Although the
grazed plots appeared to be less dominated by

TABLE 3

Percentiles of the marginal posterior distributions of the parameters for the best statistical model (Model 2a) for
the three functional types (and the residual group “other”).

Parameter 2.5% perc. 50% perc. 97.5% perc. P (X>0)
woody plants —0.0095 0.0187 0.0470 0.901

O ot —0.0285 —0.0091 0.0095 0.164

o .. —0.0155 0.0112 0.0353 0.811

Oy, —0.0397 —0.0108 0.0187 0.222

G ody plants 0.2321 0.2853 0.3564 -

G, minoids 0.1535 0.1903 0.2374 -

G, .. 0.1988 0.2518 0.3241 -

c 0.2332 0.2926 0.375553 -

other
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FIGURE 3. Variations in observed plant cover of three plant functional types (woody plants, graminoids, forbs)
at the nine study sites (1-9). Unbroken lines indicate plant cover in grazed areas (outside exclosure) and dashed

lines indicate plant cover inside exclosures.

woody plants in some sites (site 5 and 8; Fig. 3),
the relative dominance of woody and nonwoody
plants had not changed since the exclosures were
established on any of the study sites. Graminoids,
which was the group expected to be most favored
by grazing, had not become less dominant in any
of the ungrazed plots.

On the sites where comparable photos were avail-
able from 2009 and up to 23 years earlier, the shrub
cover did not appear to have increased in the un-
grazed plots either (Fig. A2), suggesting that the find-
ings based on the pinpoint plots are similar for the
areas surrounding the plots as well. The increasing oc-
currence of large shrubs, which is another expected
consequence of climate changes in the Arctic, was not
evident from the photos. The cover had not changed
consistently on the grazed plots either (Fig. A3).

Although the relative cover of shrubs and other
plant functional types appears to be resilient to the
presence of grazing (as indicated by the high DIC
for model 2b, which included grazing; Table 2), we
used the model that included grazing to quantify
the yearly changes in relative cover of the diftferent
functional types after accounting for possible minor
effects of grazing. The Bayesian marginal posterior
distributions of the parameters for model 2b are
shown in Table 4. The marginal posterior distri-
bution indicated a close to significant increase in
the cover of woody plants in the absence of graz-
ing (Fig. 4; P = 0.06, inferred from the parameter
that measures the effect of grazing in Table 4;).
P(awoody plants > O) =0.94) This corresponds to a me-
dian yearly increase of 0.03 in the cover of woody
plants on a logit-transformed scale (Table 4). The
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FIGURE 4. The expected annual change in logit-transformed vegetation cover as a function of the grazing
intensity (sheep km™). The median (black lines) and 95% credibility interval of the expected annual change
in vegetation cover (gray-shaded areas) were calculated from the Bayesian joint posterior distributions of the
parameters.

TABLE 4

Percentiles of the marginal posterior distributions of the parameters for the model including a grazing effect but
no climate variables (Model 2b) for the three functional types (and the residual group “other).

Parameter 2.5% perec. 50% perc. 97.5% perc. P (X>0)
woody plans —0.0080 0.0298 0.0706 0.9403
O ot —0.0307 —0.0085 0.0147 0.2230
O .. —0.0282 0.0024 0.0350 0.5583
o, —0.0507 —0.0154 0.0241 0.2192
B... dy plans —-0.0066 —-0.0021 0.0023 0.1704
Bgmminoids —0.0030 —0.0002 0.0026 0.4501
B —0.0019 0.0018 0.0055 0.8324
B, —-0.0039 0.0007 0.0052 0.6232
O oody plants 0.2341 0.2889 0.3611 —
O graminoids 0.1569 0.1917 0.2418 _
C,.. 0.1970 0.2505 0.3166 —
c 0.2335 0.2982 0.3857 —

other
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dominance of shrubs decreased with grazing inten-
sity (P (Bwoody phanes > 0) =0.17), but the uncertainty in
the estimated expected change in vegetation cover
was considerable as a result of the relatively low
number of plots with high grazing intensity. The
structural variation in the measured eftects of graz-
ing, as measured by G, was generally high (ranging
from 0.2 to 0.3;Table 4).This variation is probably
mainly due to variation among sampling periods
and variation among sites that could not be ex-
plained by grazing and the two climate predictors.

DiscussioN

Contrary to our expectations, we did not find any
evidence that the climate changes that have been
observed in South Greenland over the past 28 years
have had a major effect on the relative dominance
of plant functional types (woody plants, graminoids,
and forbs) (Table 3). There were only minor differ-
ences between grazed and ungrazed plots (Fig. 4),
so the lack of an overall change in the vegetation
composition was not due to increased “shrubifica-
tion” in ungrazed plots that was balanced out by
decreasing dominance of woody plants in grazed
plots. This addresses objectives 1 and 2 of our study.
This indicates that the shrub-dominated tundra
in South Greenland has been resilient to climate
change seen in South Greenland until now, and to
a large extent also to the present grazing pressure.
A possible explanation for this resilience could be
the modest increase in summer temperatures ob-
served in the area, as also suggested by Elmendortf et
al. (2012). The resilience of the vegetation to graz-
ing and climate changes that we observed in South
Greenland is contrary to the trend of shrub expan-
sion seen in many Arctic and subarctic regions, a
trend that has been connected to climate change
(e.g., Tape et al., 2006; Myers-Smith et al., 2011;
Rundgqvist et al., 2011; Normand et al., 2013). Jor-
gensen et al. (2013) suggested a similar increase in
shrub cover. The lack of an effect of grazing in our
study also differs from several studies, where graz-
ing by large herbivores has been observed to be able
to reverse “shrubification” that has been associated
with climate changes (e.g., den Herder et al., 2008;
Olofsson et al., 2009; Zamin and Grogan, 2013).

The local climatic conditions did not affect the
relative dominance of the different plant types over

time in our study, suggesting that the combined
impacts of climate changes and grazing were the
same for the entire region (objective 3). The lack
of added explanatory value of model 2¢ (that in-
cluded spatial variation in climate, but no interac-
tions with grazing) further implies that the change
in shrub cover was not accelerated at the warm-
est sites. It is important to note that although the
dominance of woody plants does not differ among
sites with different climatic conditions, they may
still become increasingly dominant in response to
increasing summer temperatures, as found else-
where in the Arctic (Elmendorf et al., 2012). Both
the species composition, precipitation, Snow cover
and other climate variables differ among our sites,
so the maximum cover that shrubs can attain may
be controlled by different factors at different sites.
In our study, we found no general increase in the
mean July temperature (Fig. A1) even though an-
nual average temperatures increased with ~0.1 °C
per year during the study period (Cappelen, 2015).
Our results are therefore not contradicting those of
Daniéls et al. (2011) from Tasiilag, Southeast Green-
land, and of Jorgenson et al. (2015) from northeast
Alaska where vegetation composition and cover
were recorded during 40 and 25 years, respectively.
At both locations, climate warming had been ob-
served but the composition of vegetation at the
community level did not undergo changes. A re-
cent study concluded that climate changes were
most likely to affect shrubs at the northern limit
of their ranges and at their upper elevation limits
(Myers-Smith et al., 2015). Since none of the shrub
species we encountered in South Greenland is at
the limit of its range, this is one likely reason why
we did not observe any major change in the relative
dominance of woody plants and other species over
the 28-year study period.

Our study demonstrates how changes in the
cover of different plant functional types can be
modeled simultaneously using the multinomial dis-
tribution. To our knowledge, all previous studies
have modeled the cover of one group at a time. We
demonstrate how to put correct constraints on the
possible domains of the latent variables that model
the cover of the vegetation types. These added con-
straints increase the statistical power of the analysis
and reduce the uncertainty when the model is used
for predictive purposes. The model framework de-
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veloped here can be used for guiding similar studies
in the future.

This study is one of the first to use a long-term,
large-scale study to analyze the combined eftects
of climate changes, grazing, and other environ-
mental variables on the relative dominance of dif-
ferent plant functional types, and, to our knowl-
edge, the first to do so in the Arctic. The lack of
an effect of climate and grazing on the relative
cover of woody plants, graminoids, and forbs is
most likely due to limited changes in the summer
temperatures over the study period. Our study
suggests that the relative dominance of the plant
functional types is resilient to the impacts of graz-
ing and climate changes in the tundra of South
Greenland.
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APPENDIX
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FIGURE Al. Modeled climate changes on the study sites during the period 1989-2012. Annual and monthly
statistics were derived from daily values.
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FIGURE A2. Changes in shrub cover in ungrazed plots (i.e. inside exclosures). A and C are from 1986 and
1992, respectively, whereas B and D are from 2009. Figure A and B show Site 5 (Ipiutaq); C and D show Site 1
(Qinngua Kangilleq). Photos: J. Feilberg/K. Raundrup.
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FIGURE A3. Changes in shrub cover in grazed plots. A and C are from 1986 and 1992, respectively, whereas B
and D are from 2009. Figure A and B show Site 5 (Ipiutaq); C and D show Site 1 (Qinngua Kangilleq). Photos:
J. Feilberg/K. Raundrup.
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TABLE A1l

List of plant species determined in the pinpoint analyses. The list includes information on functional group, spe-
cies name, data on the number of pinpoint hits for each species in ungrazed plots (Exclosure, Yes) and grazed
plots (Exclosure, No), and percentage of the species growing inside an exclosure.

Exclosure
Pinpoint hits Yes No % Yes
Woody plants Betula glandulosa 386 238 148 62%
Betula pubescens ssp. czerepanovii 398 108 290 27%
Betula pubescens X glandulosa 18 18 0 100%
Harrimanella hypnoides 56 56 0 100%
Empetrum nigrum ssp. hermaphroditum 265 256 9 97%
Juniperus communis 173 87 86 50%
Rhododendron lapponicum 7 7 0 100%
Salix arctophila 103 43 60 42%
Salix glauca 3700 2553 1147 69%
Salix herbacea 1 0 1 0%
Vaccinium oxycoccos ssp. microphyllus 3 0 3 0%
Vaccinium uliginosum ssp. microphyllum 776 625 151 81%
Woody plants TOTAL 5886 3991 1895 68%
Graminoid Agrostis canina 89 32 57 36%
Agrostis mertensii 217 188 29 87%
Agrostis stricta ssp. hyperborea 3755 1488 2267 40%
Anthoxanthum odoratum ssp. alpinum 608 433 175 71%
Calamagrostis hyperborea 9 9 0 100%
Calamagrostis neglecta 8 0 8 0%
Calamagrostis purpurea ssp. langsdorfii 28 23 5 82%
Carex abdita 12 5 7 42%
Carex atrata 8 8 0 100%
Carex bigelowii 230 139 91 60%
Carex capillaris ssp. fuscidula 8 4 4 50%
Carex dioica ssp. gynocrates 1 1 0 100%
Carex lachenalii 22 0 22 0%
Carex nigra ssp. nigra 7 0 100%
Carex norvegica ssp. norvegica 1 50%
Carex praticola 13 11 2 85%
Carex rariflora 1407 595 812 42%
Carex rostrata 37 17 20 46%
Carex saxatilis 52 12 40 23%
Carex scirpoidea 144 111 33 77%
Deschampsia flexuosa 4147 1806 2341 44%
Eriophorum angustifolium ssp. subarcticum 236 86 150 36%
Festuca rubra 1345 488 857 36%
Festuca vivipara ssp. vivipara 23 2 21 9%
Hierochloé orthantha 3 3 0 100%
Juncus alpinoarticulatus ssp. alpestris 15 15 0 100%
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TABLE A1l

Continued
Exclosure
Pinpoint hits Yes No % Yes
Juncus trifidus 92 36 56 39%
Kobresia myosuroides 68 68 0 100%
Luzula multiflora ssp. frigida 60 17 43 28%
Luzula spicata 216 128 88 59%
Poa alpina var. alpina 4 0 4 0%
Poa glauca 420 227 193 54%
Poa pratensis ssp. pratensis 544 267 277 49%
Scirpus caespitosus 81 43 38 53%
Thalictrum alpinum 49 49 0 100%
Trichophorum cespitosum ssp. cespitosum 208 138 70 66%
Triglochin palustris 1 0 1 0%
Trisetum triflorum 245 129 116 53%
Graminoid TOTAL 14,414 6586 7828 46%
Forb Alchemilla alpina 76 0 76 0%
Angelica archangelica ssp. norvegica 3 3 0 100%
Antennaria alpina var. canescens 3 0 3 0%
Bartsia alpina var. alpina 24 24 0 100%
Botrychium lunaria 2 2 0 100%
Campanula rotundifolia ssp. gieseckiana 468 201 267 43%
Cardamine pratensis ssp. polemonioides 6 6 0 100%
Cerastium alpinum ssp. lanatum 54 32 22 59%
Cerastium _fontanum ssp. fontanum 0 2 0%
Chamaenerion angustifolium 0 0%
Coptis trifolia 29 4 25 14%
Draba aurea 3 3 100%
Draba incana 14 11 79%
Equisetum arvense 1 1 100%
Equisetum variegatum 8 8 100%
Erigeron uniflorus ssp. uniflorus 18 5 13 28%
Euphyasia frigida var. frigida 87 45 42 52%
Gentiana aurea 4 2 2 50%
Gentiana nivalis 23 12 11 52%
Gymnadenia albida ssp. straminea 2 0 100%
Gymnocarpium dryopteris 4 3 1 75%
Hieracium lividorubens 10 4 6 40%
Hieracium sect. alpina 1 1 0 100%
Hieracium sect. nigrescentia 20 10 10 50%
Hieracium species 3 1 75%
Leucorchis albida 3 0 100%
Lycopodium annotinum ssp. alpestre 0 5 0%
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TABLE A1l

Continued
Exclosure
Pinpoint hits Yes No % Yes
Oxyria digyna 1 1 0 100%
Pinguicula vulgaris 5 4 1 80%
Polygonum viviparum 806 365 441 45%
Potentilla crantzii 12 12 0 100%
Potentilla tridentata 291 133 158 46%
Ranunculus acris ssp. acris 296 258 38 87%
Rhinanthus minor 19 17 2 89%
Rhodiola rosea 1 1 0 100%
Rhododendron lapponicum 7 7 0 100%
Rumex acetosa ssp. acetosa 64 64 0 100%
Rumex acetosella var. acetosella 90 28 62 31%
Stellaria longipes 1 0 1 0%
Taraxacum croceum 12 6 6 50%
Taraxacum species 23 16 7 70%
Thalictrum alpinum 1045 767 278 73%
Thymus praecox ssp. arcticus 137 63 74 46%
Utricularia ochroleuca 18 0 18 0%
Veronica alpina 1 0 1 0%
Veronica fruticans 9 2 7 22%
Veronica wormskjoldii 3 0 3 0%
Viola labradorica 2 0 2 0%
Viscaria alpina var. americana 6 4 2 67%
Forb TOTAL 3731 2133 1598 57%
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