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Summary

1. Warm-adapted low elevation plants are expected to exhibit considerable range shifts to
higher altitudes and latitudes as a result of climate warming and increased nutrient loads.
However, empirical studies show that the magnitude and direction of plant responses are
highly species- and site-specific, suggesting that several additional drivers interact with warmer
climate.

2. We experimentally tested the interactive effects of climate warming, mammalian herbivory
and soil fertility on low elevation plants. Seedlings of three warm-adapted lowland forbs (Epil-
obium angustifolium, Silene dioica and Solidago virgaurea) were transplanted to an open tundra
site with native mountain tundra vegetation, and the effects of full factorial combinations of
herbivore exclosures, warming and fertilization on transplant survival, growth and flowering
were studied for two growing seasons. We also investigated the response of native vegetation
biomass to the same treatments and compared it with the responses of transplanted lowland
forbs.

3. Effects of both warming and fertilization on the transplanted lowland forbs strongly hinged
on herbivore exclusion, resulting in 2-13-fold increase in biomass in warmed and fertilized
plots without herbivores compared with warmed and fertilized plots with herbivores present,
the magnitude depending on the species. While warm-adapted transplants benefited from
warming, the native tundra plant community biomass did not respond to warming treatment.
4. Our results show that grazing limits the growth of transplants under warmer and more pro-
ductive conditions, indicating that the expansion of lowland plant species to higher altitudes
with warming may be hampered by mammalian herbivory. Furthermore, our results also sug-
gest that migration of warm-adapted species into lightly grazed high-altitude tundra ecosys-
tems might transform these communities to be more responsive to warmer climate and
nutrient loads. Studies that do not consider species’ upward shifts from lower altitudes might
thus have underestimated vegetation responses to global warming, as well as the potential of
herbivory to influence these responses.
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recent meta-analyses report species range shifts to higher

Introduction latitudes (Chen er al. 2011) and altitudes (Lenoir et al.

Arctic and alpine ecosystems are currently encountering a
rapid and pronounced warming (ACIA 2005; La Sorte &
Jetz 2010); it has been predicted that this will cause
upward and northward shifts in the distributions of south-
ern and lowland (i.e. warm-adapted) species. Indeed,
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2008; Chen et al. 2011; Gottfried et al. 2012) and link
these shifts to temperature increases during recent decades.
At the same time, these studies show a high degree of site,
functional group and species-specific variation in the
changes, including unexpected shifts down slope and
declines in species that are expected to benefit from climate
warming. These contradictory findings suggest that several

© 2013 The Authors. Functional Ecology © 2013 British Ecological Society



drivers are simultaneously affecting species ranges, poten-
tially interacting with global warming and perhaps even
overriding its effects. For example, the effects of raising
temperatures on species ranges could interact with nitro-
gen (N) deposition and biotic interactions (e.g. herbivory
and plant—plant interactions). However, the interplay
between these multiple drivers has rarely been tested,
although they are the key to a better understanding and
more realistic predictions of ecosystem responses to global
environmental change (Tylianakis ez al. 2008; Zarnetske,
Skelly & Urban 2012).

It has been proposed that plant-herbivore interactions
are of particular importance in low productivity tundra
ecosystems, where they control the biomass of primary
producers (Oksanen er al. 1981; Gough, Ramsey & John-
son 2007; Aunapuu et al. 2008; van der Wal & Hessen
2009). For example, these interactions may mitigate cli-
mate warming effects (Post er al. 2009), as well as cause
feedbacks with broad consequences for ecosystem func-
tioning (Wookey et al. 2009). So far, only a few studies
have addressed the interaction between warming and graz-
ing. These first lines of empirical evidence suggest that
grazing does indeed counteract the warming-induced
increase in shrubs and graminoids in tundra (Post &
Pedersen 2008; Olofsson et al. 2009), limits alpine plant
communities from shifting upwards (Speed et al. 2012)
and has a greater impact on tree growth at tree line than
warming does (Hofgaard et al. 2010; Aune, Hofgaard &
Soderstrom 2011; Speed et al. 2011). Also, modelling stud-
ies have illustrated the same counterbalancing effect of her-
bivores on vegetation responses to climate warming (Yu,
Epstein & Walker 2009; Yu et al. 2011). All these studies
report that grazing regulates the composition and biomass
of existing native plant communities, but none of them
specifically addressed how herbivory affects warm-adapted
plants potentially migrating from lower altitudes.

Warm-adapted plants invading the tundra are likely to
be more sensitive to herbivory than the flora currently
occupying higher elevations. Typical tundra vegetation,
dominated by shrubs and graminoids, has poor nutrient
content (high C/N ratio) and high levels of defence com-
pounds, such as tannins (Sundqvist et a/. 2012). Fast-
growing forbs, on the contrary, have low C/N ratio and
considerably lower levels of defence compounds (Sundqvist
et al. 2012), making them highly palatable and attractive
for herbivores. Moreover, to compete for light at low alti-
tudes, these plants have to grow rapidly and have low
root/shoot ratios (Tilman 1988). The tall growth form may
further increase the detectability and attractiveness of
lowland forbs relative to short-statured native tundra vege-
tation. These characteristics are likely to make warm-
adapted lowland forbs in both less tolerant (Diaz et al.
2007) and less resistant (Herms & Mattson 1992) to graz-
ing compared to tundra vegetation, as indicated by some
experimental studies (Olofsson 2001; Speed et al. 2012).
Previous studies show that the rate of the ongoing, warm-
ing-induced shrubification of the tundra (Tape, Sturm
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& Racine 2006; Olofsson et al. 2009; Forbes, Fauria &
Zetterberg 2010) is counteracted by herbivores (Post &
Pedersen 2008; Olofsson ef al. 2009). Some observational
studies also indicate that climate warming also increases
the abundance of tall lowland forbs (Virtanen ez al. 2010)
and triggers their migration upslope (Klanderud & Birks
2003; Kullman 2010). However, although tall lowland for-
bs can be considered especially sensitive to both grazing
and warming, no studies have addressed what is the role
of herbivores potentially limiting their range expansions to
tundra.

Since tundra ecosystems are strongly nutrient limited
due to low decomposition rates in cold temperatures
(Theodose & Bowman 1997; Hobbie, Nadelhoffer & Hog-
berg 2002), many abiotic and biotic processes are regulated
by nutrient availability and exhibit inherently different
strengths and consequences in low vs. higher productivity
habitats. For instance, responses of plants to warming
appear minor, unless combined with nutrient addition
(Chapin et al. 1995; Klanderud 2008). Nutrient limitation
could therefore constrain upward and northward migra-
tion of lowland and southern plants that, under current
conditions, inhabit more nutrient-rich environments. It is
predicted that, in the future, nutrient availability in tundra
soils will increase as a result of accelerated nutrient turn
over (Cornelissen ef al. 2007) and melting permafrost
(Keuper et al. 2012), which will be long-term responses to
increasing temperatures. However, the relative strengths of
nutrient and temperature limitations on range shifts are
unclear. Since herbivores appear to effectively counteract
the increase in plant biomass in response to fertilizer addi-
tion (Grellmann 2002; Gough, Ramsey & Johnson 2007,
Eskelinen 2008; Eskelinen, Harrison & Tuomi 2012), we
could expect the responses of warm-adapted plants to
warming, herbivory and nutrient availability to be strongly
interconnected.

We investigated the interactive effects of herbivory, war-
mer temperature and soil nutrients on the performance of
warm-adapted lowland forbs which could potentially
migrate to higher altitudes under warmer climate. We
selected three perennial forbs as our focal species, Epilobi-
um angustifolium L. (hereafter Epilobium), Silene dioica
(L.) Clairv. (hereafter Silene) and Solidago virgaurea L.
(hereafter Solidago), which are all common lowland species
in our study area. We chose Epilobium and Silene because
they are strictly lowland species occurring only below tree
line, and their absence at higher altitudes is generally con-
sidered temperature-related, like that of many other low-
land forbs (Kullman 2006; Normand et al. 2009). Solidago
has two ecotypes, one of which grows only below tree line
(Bergsten 2009) and was used in this study. All three spe-
cies also exhibit tall growth form and are highly preferred
forage species by reindeer (Warenberg et al. 1997; Turunen
et al. 2009; Martz et al. 2011). Using transplants of Epilo-
bium, Silene and Solidago, we conducted a full factorial
field experiment of warming (by open-top chambers), gra-
zer exclusion and fertilization and followed the growth and
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flower production of the focal species for two growing sea-
sons. We predicted that warm-adapted lowland species
would benefit from warmer conditions at higher altitudes;
however, the effect of warming would be smaller or negli-
gible in the presence of herbivores and when nutrients are
limiting plant growth. Furthermore, we predicted that the
counteractive effect of herbivory would be greatest in the
combined treatment of fertilization and warming, where
abiotic growing conditions for lowland plants are most
favourable.

Materials and methods

STUDY AREA

The study was carried out in Kilpisjarvi, NW Finnish Lapland
(69-055°N, 20-887°E) (Fig. S1 in Supporting Information) on the
south-western slope of Mt. Iso-Jehkats at an altitude of 750 m.
The study site is a species-rich (ca. 13 vascular plant species per
25 x 25 cm? area) grass-dominated low-herb tundra meadow,
where graminoids (mainly Deschampsia flexuosa and Festuca ovi-
na) form 41% of the total living above-ground biomass, the dwarf
shrub Vaccinium vitis-idaea makes up an additional 11%, herbs
(e.g. Potenilla crantzii, Viola biflora, Thalictrum alpinum, Astraga-
lus alpinus) another 11% and bryophytes (mainly Sanionia uncinat-
a and Pleurozium schreberi) 30% of live above-ground biomass.
The tree line, formed by mountain birch (Betula pubescens Ehrh.
subsp. czerepanovii (N.1. Orlova) Hamet-Ahti), lies at 600-700 m
a.s.l. The most important large herbivore in the area is semi-
domesticated reindeer (Rangifer tarandus tarandus), which graze in
the study area mainly in July. Our study area is located within a
summer grazing area of ca. 90 km? where ca 1500 reindeer grazed
in summers 2010 and 2011 (corresponding to a density of ca 17
animals per km?). Every year local reindeer herders lead their rein-
deer to this summer grazing area at the end of June, and the ani-
mals are directed back to the winter grazing area at the very end
of July or the 1st days of August (Heikkinen et al. 2005). During
the course of our experiment, the local reindeer herders informed
us in advance about the exact spring release dates, thus enabling
us to accommodate our actions in synchrony with natural reindeer
grazing regime. The most abundant small mammalian herbivores
in the study area are Norwegian lemmings (Lemmus lemmus L.)
and grey-sided voles (Clethrionomus rufocanus Sund.), which
experienced a population peak in 2010-2011 in the Kilpisjdrvi area
(H. Henttonen, pers. comm.). Mountain hares (Lepus timidus L.)
are encountered sparsely all year round, and their impact on
vegetation is small.

EXPERIMENTAL DESIGN

In August 2009, 56 study plots measuring 0-8 x 0-7 m were estab-
lished on the meadow, avoiding large rocks and with a distance
between plots >2 m. The plots were randomly assigned the follow-
ing treatments in a full factorial design: (i) grazer exclusion, (ii)
warming, (iii) fertilization or were used as controls (i.e. were not
fenced, warmed or fertilized), resulting in seven replicates of each
treatment combination. The grazer exclusion treatment (excluding
all mammalian herbivores) was achieved by erecting circular
exclosures, which were 160 cm in diameter, 100 cm high and made
of galvanized net with a mesh size of 10 x 10 mm. The exclosures
were installed to a depth of 15 cm into the soil. The warming
treatment was conducted using ITEX (International Tundra
Experiment) hexagonal open-top chambers (hereafter OTC) with
a maximum basal diameter of 146 cm. In general, OTCs can at

least partly act as grazing barriers for reindeer and prevent their
grazing (Moise & Henry 2010; E. Kaarlejarvi & A. Eskelinen,
pers. obs.), but voles and lemmings can move in and out of the
chambers. To expose OTC and non-OTC plots to equal reindeer
grazing, we removed the chambers during the 1-month period
when reindeer were present in the area, thus achieving a full facto-
rial experiment, where warmed and unwarmed plots experienced
reindeer herbivory in a similar way. To double ensure that not
even a single reindeer potentially escaping from the main herd
during the fall translocation could confound our design, we addi-
tionally established a temporal reindeer fence around the whole
experimental area at the time when the main herd moved away
from summer grazing area, and the OTCs were placed back. In
2010, the OTCs were removed from 28 June to 1 August and in
2011, from 17 June to 1 August. Our warming treatment therefore
simulated spring and autumn warming (i.e. May-June and
August—September) and extended the length of the growing season
at both ends. The OTCs increased air temperature on average by
1.92°C in June (mean + SE in controls and in OTCs
11:20 + 0-59, n = 4, and 13-12 £ 0-25, n = 4, respectively) and by
1:23 °C in August 2011 (mean + SE in controls and in OTCs
9:68 + 0-21, n =4, and 10-91 + 0-49, n = 2, respectively) but had
very little impact on soil temperatures (June: mean + SE in con-
trols and in OTCs 591 &+ 1-03, n =4, and 541 + 0-56, n =4,
respectively; August: mean + SE in controls and in OTCs
10:95 + 0-94, n = 3, and 10-77 &+ 0-69, n = 4, respectively).

For the fertilization treatment, fast-dissolving NPK fertilizer
(16-9-22) was mixed with 1 L water from a nearby stream, and the
liquid was applied over the fertilized plots twice per growing sea-
son (mid-June and end of July), resulting in an addition of 9:6 g
N, 54 g P and 13-2 ¢ K m ™2 on the fertilized plots annually. The
same amount of water was also applied to the unfertilized plots.

STUDY SPECIES AND MEASUREMENTS ON
TRANSPLANTS AND NATIVE VEGETATION

We selected three perennial forbs as our focal species, which are
common at the low altitudes in the study area: Epilobium, Silene
and the lowland ecotype of Solidago. Epilobium is a fast-growing
pioneer species, typically occupying nitrogen-rich open sites at low
altitudes, such as roadsides (Tamm 1956); it disperses effectively
both vegetatively and via light wind-spread seeds (Solbreck &
Andersson 1987). Silene prefers fertile soils of tall herb meadows
in low-altitude mountain birch forests. It reproduces both clonally
via rhizomes and sexually via gravity-dispersed seeds (Matlack
1987). Solidago grows on a range of habitat types from groves to
mountain heaths and disperses mostly via wind-spread seeds, but
also vegetatively via long rhizomes (Jalas 1980). All the study
species are preferred food for reindeer (Warenberg et al. 1997,
Eskelinen 2008; Turunen et al. 2009).

In September 2009, we collected seeds of the three study species
(Epilobium, Silene, Solidago) from several locations in Kilpisjarvi
at altitudes between 400 and 500 m. For Solidago, we collected
seeds only from the lowland ecotype. The seeds were cold strati-
fied for 5 months, germinated and grown into seedlings in individ-
ual 6 x 6 cm pots in a greenhouse. One seedling per species with
its pot soil was transplanted into each experimental plot (receiving
herbivore removal, warming or fertilization treatment, a combina-
tion of these or serving as an untreated control), in mid-June
2010. The seedlings of the three species were separated by 15—
20 cm of space, and their above-ground parts did not touch each
other at any point during the course of the experiment. All plots
were watered immediately after transplanting, and the plots receiv-
ing the fertilization treatment were fertilized at the same time. In
August 2011, after two growing seasons, we recorded the survival
and harvested the above-ground biomass of the transplants. The
biomass was later sorted into vegetative (leaves + stems) and
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reproductive (flowers + flower stems) parts in a laboratory, dried
at +60 °C for 72 h and weighed.

In order to compare the responses of transplants with the
responses of native vegetation, we used a modified point intercept
method (Jonasson 1988) to nondestructively record the native vas-
cular plant biomass in the study plots at the peak of the growing
season in 2011 (the beginning of August). In total, 108 vertical
pins arranged in 12 rows were systematically spread over
25 x 50 cm? area in the middle of each study plot, and all hits by
all species per each pin were recorded. We used the total number
all vascular plant hits in each plot as a measure of the response of
the native vascular biomass to the experimental treatments. Bio-
mass estimate obtained using modified point intercept strongly
correlates with true biomass (Jonasson 1988; see also Pedersen &
Post 2008), and for simplicity, we henceforth call it ‘biomass’ (see
e.g. Post & Pedersen 2008; Olofsson er al. 2009; Eskelinen,
Harrison & Tuomi 2012; for similar use).

STATISTICAL ANALYSES

We used three-way ANOvA to test the effects of the experimental
treatments (herbivore exclusion, warming and fertilization) and
their interactions on total above-ground biomass of the three
transplants, each species separately in their own models. Response
of the native plant community to the experimental treatments was
analysed with a similar three-way anova model with the total bio-
mass as a response variable. The reproductive biomass of Silene
was analysed in the same way. The effects of warming and fertil-
ization on the reproductive biomass of Solidago inside exclosures
were analysed using a two-way ANovA. Unfenced plots were disre-
garded in the analysis because there were no flowering individuals
outside exclosures, and this caused problems in the analyses. The
effect of herbivore exclusion on the number of flowering Solidago
individuals was tested using a chi-square test. As Epilobium did
not produce any flowers, we only analysed the effect of the treat-
ments on its total above-ground biomass. All biomass data
(including native community biomass) were square root trans-
formed in order to meet the assumptions of homogeneity of vari-
ances and normality of errors. The model fit was inspected using
model diagnostic plots (Crawley 2007), and the transformed data
fulfilled the assumptions of homogeneity of variances and normal-
ity of errors. All analyses were run in the R statistical environment
(R Core Team 2012).

Results

After two growing seasons, grazing reduced the total
above-ground biomass of all three transplant species (sig-
nificant main effect of E, Table 1, Fig. 1), and fertilization
increased it (significant F, Table 1, Fig. 1), but these
effects were modified by significant interactions. Moreover,
grazers reduced the biomass accumulation resulting from
fertilization outside the exclosures (significant E x F,
Table 1, Fig. 1). Warming alone increased the biomass of
one of the target species (Solidago), while the effect of
warming was constrained by fertilization and herbivore
exclusion for the other two species (Epilobium and Silene):
the biomass of Epilobium increased in warmed plots only
when the transplants were both protected from herbivores
and fertilized (significant E x W x F interaction, Table 1,
Fig. 1). Silene responded positively to warming in fertilized
plots when herbivores were present but in the absence of
herbivores, warming slightly decreased the biomass of
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Table 1. Summary of aANova models testing the effects of warm-
ing, exclosure and fertilization on total and reproductive (flow-
ers + flowering stems) biomass of three transplanted species
harvested in the end of the second growing season. P-val-
ues < 0-05 are considered significant and indicated in bold

Total above- Reproductive
ground biomass biomass
Fias P F P
Epilobium
Warming (W) 1.95 0-169
Exclosure (E) 7798 <0-001
Fertilization (F) 57-87 <0-001
W x E 6-82 0-012
W x F 6-19 0-016
E x F 30-97 <0-001
W x E x F 5-80 0-020
Silene
Warming (W) 0-66 0-422 2:31 48 0-135
Exclosure (E) 7121 <0-001 98-944 45 <0-001
Fertilization (F) 93.01 <0-001 68-60 43 <0-001
W x E 7-85 0-007 15-104 48 <0-001
W x F 314 0-082 0-57; 48 0-452
E x F 12-16 0-001 5:96, 48 0-018
W x ExF 4.36 0-042 3281 48 0-076
Solidago
Warming (W) 4.96 0-030 1074 25 0-311
Exclosure (E) 98-30 <0-001
Fertilization (F) 65-94 <0-001 6-01; 28 0-021
W x E 0-05 0-820
W x F 0-60 0-442 1-244 55 0-276
E x F 26-41 <0-001
W x E x F 0-67 0-418

Silene (significant E x W x F, Table 1, Fig. 1). However,
biomass of Silene was significantly higher in warmed and
fertilized plots inside herbivore exclosures compared to
their unfenced counterparts (Fig. 1).

Epilobium failed to produce flowers during the study
period, whereas 14% of Solidago and 79% of Silene indi-
viduals flowered during their second growing year. Even
though Epilobium did not flower, one individual produced
flower buds in the treatment combination of warming, fer-
tilization and herbivore exclusion. Instead of flowering,
Epilobium seemed to invest in below-ground growth and
produced an extensive root network (E. Kaarlejarvi & A.
Eskelinen, unpub. data). Eight Solidago individuals flow-
ered in the second summer inside herbivore exclosures, but
there were no flowering individuals outside them (y2 = 7-1,
P = 0-008). Fertilization significantly increased the repro-
ductive biomass of Solidago, whereas warming did not
have a direct impact on reproductive biomass (Table I,
Fig. 2). The reproductive biomass of Silene made up a
large proportion of the total above-ground biomass of the
individuals, and hence, the results for reproductive bio-
mass are similar to those for total above-ground biomass
(Table 1, Fig. 2). The survival of the transplanted plants
over the two growing seasons was high (>91%).

The total vascular biomass of the native plant commu-
nity increased in fertilized plots and inside the herbivore
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Fig. 1. Transplant above-ground biomass means + SE (g) of three
study species in control (C), warming (W) and herbivore exclosure
(E) treatments with and without fertilization harvested in the end
of the second growing season. N = 7 for each of the eight treat-
ment combinations.
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exclusions (Table 2, Fig. 3), but there were no effects of
warming on the native vegetation during the first 2 years.

Discussion

In this study, we report the first experimental evidence that
grazing prevents warm-adapted lowland forbs benefiting
from warming and fertilization in high-altitude tundra.
Our results suggest that mammalian herbivores may limit
range shifts of lowland species to higher elevations under
warmer and more nutrient-rich conditions and thus make
these systems more resistant to climate-induced vegetation
changes. Furthermore, we show that the combined effect
of warming and herbivory depends on soil nutrients,
implying that the interactions between habitat productiv-
ity, warmer climate and grazing drive the upward move-
ments of warm-adapted species.

Warming increased Epilobium biomass only when her-
bivory and nutrient limitations were eliminated simulta-
neously, corresponding to our hypothesis. Our result
indicates that temperature, soil nutrients and grazing
together limit the growth of Epilobium at high altitudes;

Table 2. Summary of anova models testing the effects of warm-
ing, exclosure and fertilization on native vascular plant biomass
(measured in total hits per 108 pins) in the 2nd year of experimen-
tal treatments. P-values < 0-05 are considered significant and
indicated in bold

Fag P
Warming (W) 0-4 0-869
Exclosure 468-9 <0-001
Fertilization (F) 2407-0 <0-001
W x E 0-1 0952
W x F 17-1 0-271
ExF 57 0-524
W x E x F 22 0-694
20004 Unfertilized

. Fertilized

1500
1000
500
0-

T

T T T
C w E EW

Total vascular plant biomass (hits)

Fig. 3. Total vascular plant biomass means + SE (hits per 108
pins on 25 x 50 cm ™2 area) in control (C), warming (W) and her-
bivore exclosure (E) treatments with and without fertilization after
2 years of experimental treatments in 2011. N = 7 for each of the
eight treatment combinations.
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however, the main driver controlling growth appears to be
herbivory. This is also in line with our hypothesis predict-
ing the greatest herbivory effect in the conditions most
favourable for lowland plants (i.e. in warmed-fertilized
plots). In general, Epilobium is a highly preferred forage
species for reindeer (Warenberg ez al. 1997). It is a tall and
robust species capable of rapid growth; it has broad thin
leaves (high specific leaf area, SLA) and relatively low
foliar C/N ratio (E. Kaarlejarvi & A. Eskelinen, unpub.
data), which are all traits making it highly attractive to
herbivores and responsive to nutrient augmentation (Diaz
et al. 2007; Eskelinen, Harrison & Tuomi 2012), and indi-
cating good light competition potential (Fargione & Til-
man 2002). Therefore, our results suggest that successful
range expansion as a result of a warmer climate would be
most likely to occur into relatively fertile habitats, where
herbivores are absent or present at low densities.

Warming facilitated the growth and flowering of Silene
in fertilized—grazed plots, where herbivores probably
released Silene from light competition by removing some
of the surrounding vegetation. Interestingly, unlike Epilo-
bium biomass, and contradictory to our prediction, both
the vegetative and reproductive biomasses of Silene were
not greatest in the treatment including herbivore exclusion,
fertilization and warming. It peaked in fertilized and
fenced plots without warming. Although the biomass of
the background plant community did not differ between
fertilized—fenced and fertilized—fenced—warmed plots, the
height of the vegetation in fertilized—warmed plots inside
exclosures was the highest (E. Kaarlejarvi & A. Eskelinen,
unpub. data), and shading by the surrounding vegetation
in those plots may have suppressed the growth of Silene.
In general, Silene favours light open habitats (Thompson
1981), possibly owing to its slender appearance and related
poor ability to compete for light in dense vegetation. In
contrast, tall and robust Epilobium may be a better com-
petitor for light. This result suggests that warming-induced
range expansion of Silene and other warm-adapted species
lacking a good ability to compete for light will be ham-
pered by herbivory, but may also be limited by light com-
petition in more productive habitats. The distinct
responses of Epilobium and Silene to the relaxation of mul-
tiple resource limitation also highlight the importance of
individual plant traits affecting lowland plant range shifts
into higher altitudes and latitudes.

Solidago also benefited from warming, but in contrast to
the other two species, the effect of warming did not differ
between exclosure and fertilization treatments. The direct
warming effect was small compared to the effects of her-
bivory and fertilization. Since warming, fertilization and
herbivore exclusion all had positive effects on Solidago per-
formance, the highest biomass was recorded in the fertil-
ized—warmed plots without herbivores (Fig. 1), showing
that these factors additively enhanced Solidago growth.
However, the inhibitory effect of herbivory on the
increased growth following fertilization appeared strongly
significant, showing how herbivory can counteract
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fertilization effects on plant growth (Gough, Ramsey &
Johnson 2007; Eskelinen 2008). Moreover, grazing com-
pletely prevented Solidago from flowering; there was not a
single flowering individual outside the exclosures.

All lowland species were capable of flowering or produc-
ing flower buds when warmed or fertilized at high alti-
tudes, but only when protected from herbivores. Reindeer,
the most important mammalian herbivore in our study,
clearly focused on reproductive organs, which are one of
the most nutrient-rich parts of plant above-ground bio-
mass (Mattson 1980). Flowering responses to the treat-
ments varied slightly between the species, probably
because of species’ different functional traits and allocation
patterns. Epilobium did not flower during our experimental
period but allocated large amounts of resources to below-
ground growth, as revealed by dense and large rhizome
networks of the transplants (E. Kaarlejarvi & A. Eskeli-
nen, pers. obs.). Vegetative reproduction, which is com-
mon for Epilobium, is essential for establishment and
survival in grazer-controlled tundra and forms the basis
for future seed production and further range expansion. In
contrast, Silene invested greatly in reproductive biomass,
which constituted most of its above-ground biomass; most
Silene individuals inside exclosures flowered; and some of
them produced seeds. There was also evidence that that
some Silene individuals inside the exclosures produced via-
ble seeds during the Ist year, as we found several small
Silene seedlings around some transplants. These distinctive
allocation patterns for Silene and Epilobium are not sur-
prising since Epilobium is known to form dense patches via
vegetative reproduction, whereas Silene individuals origi-
nate from individual rosettes produce large numbers of
highly viable seeds and rely strongly on sexual reproduc-
tion (Giles & Goudet 1997). Thus, our findings reveal that,
depending on species-specific allocation patterns, warmer
and more productive environments have potential to lead
to either increased vegetative or sexual reproduction, but
only if herbivores are absent.

The results from this experiment clearly demonstrate the
central role of mammalian herbivores in controlling the
growth and reproductive success of warm-adapted species
in warmer and more nutrient-rich conditions, suggesting
that herbivory limits upward range shifts. In general, rein-
deer together with voles and lemmings is the most impor-
tant herbivores in Fennoscandian tundra ecosystems
(Olofsson et al. 2004). In our experiment, reindeer is the
most important herbivore on the transplanted forbs since
they graze in the area during the summer when the forbs are
accessible. Voles and lemmings primarily influence the vege-
tation during winter when food resources are scarce
(Hamback & Ekerholm 1997); however, forbs are then
unavailable because they overwinter as below-ground
organs. Generally, the levels of vole and lemming damage
on forbs are low during summer, even when rodent densities
are high (Hamback & Ekerholm 1997). In our study, the
only herbivore damage observed on these forbs were from
reindeer, and no tracks of voles digging for transplant or
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native plant roots during winter were observed. However,
voles and lemmings have probably influenced the native
vegetation, since signs of wintertime rodent activity were
recorded in more than half of the unfenced plots, irrespec-
tive of the warming apparatus. Our findings correspond to
those of Speed et al. (2012), who reported that in ungrazed
conditions, high-alpine plant communities changed to
resemble those from lower elevations, while there was a
reverse shift under heavy sheep grazing, and these changes
were connected to past long-term warming in the area. By
demonstrating experimentally how grazing can severely
limit lowland plants benefiting from warmer and more
nutrient-rich conditions at high altitudes, our study suggests
a mechanism through which herbivory can buffer against
community-level changes.

It is possible that individual lowland plants transplanted
among nutrient-poor native tundra meadow vegetation
experience stronger grazing than the native vegetation or
larger patches of nutrient-rich lowland vegetation. For
example, at a tree line, where low-altitude forbs can gradu-
ally migrate upwards under the protection of trees, the
intensity of grazing on individual plants could be less.
However, range expansion of warm-adapted lowland
plants into higher altitudes is likely to happen as individual
plants dispersing upwards, rather than as big patches of
vegetation moving upwards. The plant species used in our
experiment, like many other southern plants, strongly rely
on reproduction from seed, and their seeds can easily tra-
vel long distances (Jalas 1980; Solbreck & Andersson 1987;
Giles & Goudet 1997). This has actually already been
observed to happen in response to the warmer tempera-
tures during the last decades. Isolated sizeable and flower-
ing Solidago and Epilobium individuals, 150-200 m above
their former distribution limit, have been observed in the
Scandinavian mountains (Kullman 2004). We are therefore
confident that our results, which demonstrate that these
individual plants are heavily grazed when growing at
higher altitudes, truly capture the essence of herbivores
hampering upward shifts of individual southern and
lowland plants.

In our study, herbivory strongly constrained the positive
effects of nutrient addition on the individual biomass of all
study species. These findings are in line with earlier studies,
which reported grazing to counteract fertilizer-induced
increases in the growth of grazer-preferred plants and
whole community biomass (Gough, Ramsey & Johnson
2007; Eskelinen 2008; Eskelinen, Harrison & Tuomi 2012;
Gough et al. 2012). Our results demonstrate that increased
resource availability at higher altitudes, predicted to hap-
pen as a long-term response to climate warming (Cornelis-
sen et al. 2007; Keuper et al. 2012), is highly advantageous
for fast-growing lowland forbs with fewer defences against
grazing and capable of converting the increasing nutrient
availability to rapid growth (see also Laliberte e al. 2012).
However, a low C/N ratio and tall growth, characterizing
fast-growing lowland forbs, are response traits that make
plants more prone to mammalian herbivory (Evju et al.

2009; Eskelinen, Harrison & Tuomi 2012). Therefore, for-
bs whose range is expanding may experience a greater
impact of grazing than generally slow-growing, well-
defended and prostrate native vegetation, which is adapted
to grazing. Our findings are in agreement with results from
grassland ecosystems indicating that herbivore preferences
can be a major driver of plant community responses to
global environmental changes (Peters ez al. 2006). Overall,
our results support the biotic resistance hypothesis (Elton
1958), which states that strongly interacting native species,
including herbivores, limit introduced species from becom-
ing abundant in their new range.

Much of the current research on climate warming
impacts on tundra vegetation has focused on shrubification
(Myers-Smith ez al. 2011) and its consequences on ecosys-
tem functioning including, for example, nutrient and
energy balances (e.g. Sturm et al. 2005; Buckeridge et al.
2009; Blok et al. 2010) and changes in diversity (Pajunen,
Oksanen & Virtanen 2011). So far, herbaceous plants have
been largely neglected in tundra climate change research.
Our results illustrate that lowland forbs are able to
respond rapidly and strongly to warming. In contrast,
2 years is too short time for native tundra vegetation to
respond, as concluded also by meta-analysis of tundra
warming experiments (Walker et al. 2006). In a longer
time-scale, competitive interactions between the native veg-
etation and warm-adapted invaders could form an addi-
tional biotic constraint on the upward range expansion of
lowland species. However, since lowland forbs benefit from
warming more rapidly than already established tundra veg-
etation, their successful invasions to higher altitudes (for
example to areas of very low grazing pressure) might also
transform these high-altitude plant communities to be
more responsive to warming. Furthermore, invasion of
nutrient-rich, phenolic-poor tall forbs from lower altitudes
could also affect many ecosystem functions. Via altered lit-
ter quality, these traits of lowland plants are likely to
accelerate soil nutrient cycling and promote low C seques-
tration, which can feed back to plant community produc-
tivity and trophic interactions (Wardle e al. 2004). A
switch from nutrient-poor, low-quality shrub and grami-
noid tundra into more forb-dominated tundra could there-
fore have considerable ecosystem-level consequences.

In summary, we have shown that mammalian herbivory
can buffer against temperature- and nutrient-induced
increases in herbaceous plant growth and flowering, thus
emphasizing the potential of mammalian herbivores to
prevent warm-adapted and southern plants expanding
their ranges to higher altitudes and latitudes. Combined
with earlier studies which have reported that herbivory
mitigates warming effects on current plant communities
(Post & Pedersen 2008; Yu, Epstein & Walker 2009; Yu
et al. 2011; Wang et al. 2012), our results highlight the
importance of incorporating herbivores into models pre-
dicting ecosystem effects of climate warming in grazer-
dominated tundra ecosystems (see also Yu, Epstein &
Walker 2009; Yu er al. 2011). Moreover, our results
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suggest that distinct herbivory pressures could explain part
of the variation in abundance and distribution shifts
between sites and species in recently published meta-analy-
ses (Chen et al. 2011; Elmendorf et al. 2012; Gottfried
et al. 2012).
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Fig. S1. Research site (Kilpisjarvi) shown on a map of Fennoscan-
dia and photo of the experimental site.
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