
Ecology and Evolution. 2021;11:12141–12152.     |  12141www.ecolevol.org

 

Received: 22 March 2021  |  Revised: 17 June 2021  |  Accepted: 1 July 2021

DOI: 10.1002/ece3.7977  

O R I G I N A L  R E S E A R C H

Large and small herbivores have strong effects on tundra 
vegetation in Scandinavia and Alaska

Elin Lindén1  |   Laura Gough2 |   Johan Olofsson1

This is an open access article under the terms of the Creat ive Commo ns Attri bution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2021 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

1Department of Ecology and Environmental 
Science, Umeå University, Umeå, Sweden
2Department of Biological Sciences, Towson 
University, Towson, Maryland, USA

Correspondence
Elin Lindén, Department of Ecology and 
Environmental Science, Umeå University, 
SE90187 Umeå, Sweden.
Email: elin.linden@umu.se

Funding information
National Science Foundation, Grant/Award 
Number: 1603760, 1623461 and 1627459; 
Vetenskapsrådet, Grant/Award Number: 
2017- 04515; Svenska Forskningsrådet 
Formas, Grant/Award Number: 2015- 109

Abstract
1. Large and small mammalian herbivores are present in most vegetated areas in the 

Arctic and often have large impacts on plant community composition and ecosys-
tem functioning. The relative importance of different herbivores and especially 
how their specific impact on the vegetation varies across the Arctic is however 
poorly understood.

2. Here, we investigate how large and small herbivores influence vegetation density 
and plant community composition in four arctic vegetation types in Scandinavia 
and Alaska. We used a unique set of exclosures, excluding only large (reindeer 
and muskoxen) or all mammalian herbivores (also voles and lemmings) for at least 
20 years.

3. We found that mammalian herbivores in general decreased leaf area index, NDVI, 
and abundance of vascular plants in all four locations, even though the strength 
of the effect and which herbivore type caused these effects differed across lo-
cations. In three locations, herbivore presence caused contrasting plant commu-
nities, but not in the location with lowest productivity. Large herbivores had a 
negative effect on plant height, whereas small mammalian herbivores increased 
species diversity by decreasing dominance of the initially dominating plant spe-
cies. Above-  or belowground disturbances caused by herbivores were found to 
play an important role in shaping the vegetation in all locations.

4. Synthesis: Based on these results, we conclude that both small and large mam-
malian herbivores influence vegetation in Scandinavia and Alaska in a similar way, 
some of which can mitigate effects of climate change. We also see important dif-
ferences across locations, but these depend rather on local herbivore and plant 
community composition than large biogeographical differences among continents.
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1  | INTRODUC TION

Mammalian herbivores are key drivers of plant community compo-
sition and ecosystem functioning in the Arctic (Jefferies et al., 1994; 
Olofsson & Post, 2018). Although the species richness of herbivores 
is low, large mammalian ungulates and microtine rodents are pres-
ent in most vegetated arctic areas (Barrio et al., 2016; Olofsson & 
Post, 2018). The vast majority of species are small rodents like lem-
mings and voles (Ehrich et al., 2020), and only two large herbivore 
species have a wider spatial distribution, reindeer/caribou (Rangifer 
tarandus) (Uboni et al., 2016), and muskoxen (Ovibos moschatus) 
(Cuyler et al., 2020). With a herbivore diversity this low, the pres-
ence of several herbivore types is likely to have strong effects on 
arctic vegetation, since a more diverse herbivore guild could target 
a more diverse assembly of plant species (Olofsson & Post, 2018).

Large herbivores affect plant community structure and eco-
system functions in various ways. At local scales, they typically 
promote grazing tolerant graminoids at the expense of tram-
pling sensitive mosses and lichens (Gough et al., 2008; van der 
Wal, 2006). Large herbivores also hold back shrub vegetation, 
which gives them potential to mediate some effects of climate 
change on tundra plant communities (Bråthen et al., 2017; Christie 
et al., 2015; Manseau et al., 1996). They also increase species di-
versity and rare plant species occurrence on both local and re-
gional scale (Kaarlejärvi et al., 2017; Olofsson & Oksanen, 2005; 
Sundqvist et al., 2019). Often, this comes from selective feeding 
or physical disturbance on dominant and grazing intolerant plant 
species, which creates gaps in the vegetation where new species 
can establish (Kaarlejärvi et al., 2017). Also, belowground pro-
cesses, such as nutrient turnover (Barthelemy et al., 2017), car-
bon fluxes (Metcalfe & Olofsson, 2015), and carbon sequestration 
(Väisänen et al., 2014), are partly controlled by large herbivores. 
Although the strong effects of herbivores found at local scales are 
difficult to generalize for larger areas (Bernes et al., 2015), a re-
gional study across the fennoscandian mountain chain showed that 
reindeer reduced the abundance of lichens, deciduous shrubs, and 
plant density (NDVI and LAI) and increased soil nutrient availability 
(Sundqvist et al., 2019). Further, the effect of reindeer on species 
richness shifted from negative to positive across a gradient of in-
creasing productivity (Sundqvist et al., 2019).

Microtine rodents, voles and lemmings being most common, 
are also key species in arctic ecosystems, since they influence 
plant community composition and serve as food for predators 
(Legagneux et al., 2012). They are well known for their multiyear 
cyclic population dynamics with alternating high (outbreaks) and 
low densities throughout the Arctic (Ehrich et al., 2020). During 
population peaks, their impact on the vegetation is often stronger 
than the effect of large herbivores (Olofsson et al., 2004; Petit 
Bon et al., 2020) and sometimes so strong that it can be detected 
from satellite images (Olofsson et al., 2012). Compared to large 
herbivores, their presence leads to a more pronounced decrease in 
dwarf shrubs and higher shrubs (Olofsson et al., 2009), as well as 
moss and lichen biomass (Johnson et al., 2011; Moen et al., 1993). 

Even though they are more sensitive to deterrent plant secondary 
metabolites (Batzli & Jung, 1980) than large herbivores, voles and 
lemmings can still reduce biomass of less palatable plants sub-
stantially through physical disturbance from runways (Olofsson 
et al., 2004, 2012).

Despite their circumpolar distribution and potential to influence 
circumpolar phenomena like the greening of the Arctic (Myers- Smith 
et al., 2011), little is known about whether and how the ecological 
importance of large and small herbivores varies across Arctic eco-
systems. Since most parts of the Arctic are inhabited by only one 
species of large herbivore, predominantly reindeer (Olofsson & 
Post, 2018), and/or small herbivores of similar ecological function 
(Ehrich et al., 2020), effects on the vegetation could be expected to 
be similar. However, there are also good reasons to believe that the 
effect of herbivores might differ across the Arctic, given that her-
bivore density, guild composition, and management (domestication 
and hunting) differ among regions (Olofsson & Post, 2018), and so 
does plant community structure (Myers- Smith et al., 2020). Large- 
scale depletion of vegetation is observed during peak rodent years 
in Scandinavia (Hoset et al., 2014; Olofsson et al., 2012), and it has 
been argued that these strong effects are not occurring everywhere 
in the Arctic (Gauthier et al., 2009). Still, no studies have directly 
tested whether the strength of the interactions between small ro-
dents and vegetation varies across the Arctic. It has also been pro-
posed that the strong effects of reindeer on vegetation are primarily 
linked to domesticated reindeer, but a lack of studies in areas with 
wild reindeer/caribou prevent solid tests of such hypothesis (Bernes 
et al., 2015). A more detailed understanding of how the role of dif-
ferent types of herbivores varies across the Arctic is needed to fa-
cilitate future predictions on how these ecosystems will change in a 
warming future.

A first step in investigating the importance of large and small 
herbivores across the Arctic is to compare results from experiments 
conducted across the Arctic using comparable data. We here com-
pare the long- term impact of large and small mammalian herbivores 
on the vegetation in four locations of differing vegetation type, two 
in Alaska and two in Scandinavia. All four locations have very similar 
experimental setups with large and small mesh size exclosures es-
tablished between 1989 and 1998. We recorded plant density and 
composition using the same methods across all locations in the same 
year. Although these four locations are not representative of the 
Arctic as a whole (Metcalfe et al., 2018), comparing these locations 
is a first attempt to experimentally study how the effect of small 
and large mammalian herbivores varies across the Arctic. Based on 
previous findings, we hypothesize that:

1. Herbivores change vegetation structure and composition in 
similar ways in both Scandinavian and Alaskan tundra, but 
the effects differ among vegetation types.

2. Small mammalian herbivores have a larger effect on vegetation 
than large herbivores.

3. The presence of all mammalian herbivores leads to higher diver-
sity of tundra vegetation.
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2  | MATERIAL S AND METHODS

2.1 | Study area and experimental design

We compared the effect of small and large herbivores on tundra 
vegetation between four locations, two in Scandinavia and two in 
Alaska (Figure 1). In all four locations, there are three types of exclo-
sure treatments to exclude or permit access of small and large her-
bivores. The naming of the three treatments was based on the size 
class of herbivores with access to the vegetation: Fine mesh sized 
wire fence excluded both small (hares and microtine rodents) and 
large (reindeer/caribou, muskoxen) mammalian herbivores (no herbi-
vores, NH) and were considered ungrazed controls. Large mesh sized 
fences kept out large herbivores but allowed small herbivores access 
the vegetation (small herbivores, SH). Both small and large herbi-
vores could access freely grazed, open plots (all herbivores, AH). All 
exclosures were built between 1989 and 1998 and are thus between 
20 and 30 years old (Table 1).

Location 1 is situated close to Abisko, Sweden (68°19′23″N, 
18°51′57″E). The mean annual temperature is 0.3°C, and the mean 
annual precipitation is 345 mm/year (Abisko Scientific Research 
Station, 4 km from the location; for more information on abiotic 
conditions in the sites during the year of inventories see Figure S1). 
The experimental plots are located in a productive dwarf shrub- 
dominated heath (Scandinavian moist heath, S- MH) where Empetrum 
nigrum ssp. hermafroditum is the most common species and the only 
taller shrub is Betula nana ssp. nana. Location 2 is situated close to 
Joatka, Norway, (69°45′11″N, 24°00′10″E). The mean annual tem-
perature is −2.4°C, and the mean annual temperature is 443 mm/

year (temperature from Suolovuopmi and Suolovuopmi- Lulit sta-
tions at 380 m a.s.l., 25 km southwest of the study site, precipi-
tation from Joatkajavre station (1999– 2006) 1 km from the study 
sites). The experimental plots are located in lichen- dominated dry 
heath vegetation (Scandinavian dry heath, S- DH) with a field layer of 
mainly Betula nana ssp. nana, Empetrum nigrum ssp. hermafroditum, 
and Vaccinium myrtillus. In both locations, there are three blocks with 
three 8 × 8 m experimental plots (NH, SH, and AH), established in 
1998. The SH plots consist of a 1.2- m high large mesh size net exclud-
ing large herbivores but allowing small herbivores to pass, and the 
NH plots additionally have a 1- m high small mesh size (1.2 × 1.2 cm) 
net dug down 10– 30 cm into the mineral soil allowing no herbivores 
inside. Semidomesticated reindeer (R. tarandus) are the most abun-
dant large herbivore in these locations, with moose (Alces alces) oc-
casionally visiting the sites, and gray- sided voles (Myodes rufocanus) 
and Norwegian lemmings (Lemmus lemmus) are the most abundant 
small herbivores (Olofsson et al., 2004).

Location 3 is situated close to Toolik Lake, Alaska (68°37′27″N, 
149°36′36″E). The mean annual temperature is −8°C and the mean 
annual precipitation is 274 mm/year (Environmental Data Center 
Team, 2020). The dominant vegetation type is moist acidic tussock 
tundra (Alaskan moist acidic tundra, A- MAT) with Eriophorum vagina-
tum as the dominant tussock building species, Betula nana ssp. exilis 
and Rubus chamaemorus as common elements, and a ground layer of 
Sphagnum mosses. Two 10 × 10 m large mesh size exclosures with 
nested 5 × 5 m medium mesh size exclosures, and 2.5 × 2.5 m small 
mesh size exclosures were built in 1989, and four paired 5 × 5 m 
large mesh size exclosures and 5 × 5 m small mesh size exclosures 
were built in 1996. A few exclosures had been invaded by voles or 

F I G U R E  1   Photographs showing experimental exclosure setups used to study the effect of large and small herbivores on tundra 
vegetation in four tundra locations. Two in Alaska (A- MAT = Alaskan moist acidic tundra, A- DH = Alaskan dry heath) and two in Scandinavia 
(S- MH = Scandinavian moist heath, S- DH = Scandinavian dry heath). At each location, there are three levels of exlosure treatments allowing 
no mammal herbivores, only small mammal herbivores or all mammalian herbivores to access the vegetation
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lemmings. To ensure that we studied the effect of completely ex-
cluding rodents, we excluded all blocks with obvious signs of small 
rodents (feces, burrows, runways) inside small mesh exclosures; two 
blocks from 1989 and two blocks from 1996 were sampled. We used 
only the small mesh exclosures (NH) and large mesh exclosures (SH) 
in the experiment from 1989; medium mesh exclosures were omit-
ted since no comparable treatment existed in other blocks in Alaska 
or in Scandinavia. Permanent control plots were not available for 
the exclosures from 1989; for those, we placed our control subplots 
along two sides of each exclosure.

Location 4 is also situated close to Toolik Lake, Alaska (68°38′25″N, 
149°35′15″E), and has the same climatic conditions as location 3. This 
location is located in a dry lichen heath habitat (Alaskan dry heath, A- 
DH), with lichens dominating the ground layer, and the most common 
vascular plants are deciduous dwarf shrubs (Arctostaphylos alpina) and 
dwarf evergreen shrubs (Empetrum nigrum and Loiseleuria procum-
bens). Here, the exclosures have the same design and age as in loca-
tion 3, with three blocks from 1996 and two blocks from 1989 which 
all were intact and included in our study. In locations 3 and 4, the 
most abundant large herbivore is caribou (R. tarandus); muskoxen also 
occur in the area but have not been observed at the experimental site. 
The most abundant microtine rodents are the tundra vole (Microtus 
oeconomus) and singing vole (Microtus miurus), but brown lemmings 
(Lemmus trimucronatus) and Arctic ground squirrel (Spermophilus par-
ryi) are also present in the area (Batzli & Lesieutre, 1995). Locations 
3 and 4 are both a part of the Arctic Long- Term Ecological Research 
(LTER) project (https://arc- lter.ecosy stems.mbl.edu/).

2.2 | Vegetation analyses

We recorded plant community composition and species abun-
dance during July and August 2018 in eight subplots (50 × 50 cm) 
within each experimental plot (NH, SH, and AH), except for the 
NH plots from 1989 in locations 3 and 4, where we could only fit 

four subplots. To survey the plant community metrics, we used the 
point intercept method (Goodall, 1952) with 50 pins per subplot ar-
ranged in five 50 cm wide rows of ten vertical pins every 10 cm. 
We recorded the total number of hits for each separate vascular 
plant species on each pin, but only one contact per pin for ground 
hits (mosses, lichens, bare soil, etc.). In the two Alaskan locations, 
we also recorded standing dead Eriophorum litter. In each subplot, 
we measured the height of the tallest individual of deciduous shrub, 
evergreen shrub, graminoid, and forb, and the thickness of moss and 
lichen layer (one measure per subplot), with an accuracy of 0.5 cm.

For each subplot, we estimated vegetation density as leaf area 
index (LAI), normalized difference of vegetation index (NDVI), and 
total number of plant hits during pin- pointing (see above). LAI 
(m−2 m−2) was estimated nondestructively using an AccuPAR LP- 80, 
Decagon devices (Wilhelm et al., 2000). We took three measure-
ments below the vegetation and two above to encompass the spatial 
heterogeneity within subplots. We also measured NDVI from 2 m 
above each subplot using a hand- held pole and 2 channel sensors 
(SKR1800D/SS2, SKL925 logger, SpectroSense2+, Skye instru-
ments, Llandrindod Wells). The measurements at subplot level were 
used to calculate mean LAI and NDVI at plot level.

2.3 | Data analyses

All point frequency data from the vegetation survey were standard-
ized to number of hits per 100 pins (Väisänen et al., 2014) and used 
to represent plant abundance; relative abundance among species was 
further used to estimate plant community composition. Data from 
two subplots were incomplete and therefore omitted from all further 
analyses. For the remaining subplots, we calculated Simpson's diver-
sity index using all species detected during the vegetation survey.

To investigate the effect of herbivores on plant community com-
position in our four locations, we performed separate NMDS anal-
yses using Bray– Curtis dissimilarity matrix (“metaMDS” function in 

TA B L E  1   Information on the experimental setup in four tundra locations in Scandinavia and Alaska (S- MH = Scandinavian Moist Heath, 
S- DH = Scandinavian Dry Heath, A- MAT = Alaskan Moist Acidic Tundra, A- DH = Alaskan Dry Heath) containing experimental plots with 
three levels of herbivore presence (NH = no herbivores, SH = small herbivores, AH = all herbivores)

Location
Established 
(year)

Experimental plot 
size (m)

Included blocks (available 
blocks on site)

Subplots per plot 
(NH + SH + AH) Herbivores present

S- MH 1998 8 × 8 3 (3) 8 + 8 + 8 Reindeer, lemming, vole

S- DH 1998 8 × 8 3 (3) 8 + 8 + 8 Reindeer, lemming, vole

A- MAT 1996 5 × 5 2 (4)c  8 + 8 + 8 Caribou, vole

1989 10 × 10a  (SH + AH)
2.5 × 2.5 (NH)

2 (2) 8 + 8 + 4b 

A- DH 1996 5 × 5 3 (3)c  8 + 8 + 8 Caribou, vole

1989 10 × 10a  (SH + AH)
2.5 × 2.5 (NH)

2 (2) 8 + 8 + 4b 

aOther treatments nested within SH, the area corresponding to SH is approximately 8.6 × 8.6 m. Also, due to lack of permanent open control plots 
AH subplots was placed along the outside of two sides of the SH treatment.
bOnly four plots could fit in the NH treatment.
cBlocks excluded due to signs of nonintact exclosures.

https://arc-lter.ecosystems.mbl.edu/
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the “vegan” package (Oksanen et al., 2019)) for each location. We ex-
cluded rare species that only occurred in one plot (AH, SH, NH) in a 
location prior to the analyses. To test the main and interactive effect 
of treatment and site location on vegetation density, plant functional 
group abundance, vegetation height, and plant community diversity 
(Simpson's diversity index), we used linear mixed models with block 
(paired AH + SH + NH treatments) as a random factor (“lme” function 
in the “nlme” package, (Pinheiro et al., 2021)). If a significant treat-
ment × location interaction indicated differences among locations, 
we carried out separate linear mixed models to test for treatment ef-
fects at each location. When no interactive effects were found, we 
simplified the models to test for main effects only and used parame-
ter statistics as post hoc tests. For comparisons between treatment 
levels, we used “no herbivore” as reference level. All statistical analy-
ses were performed in the statistical package R (R- CoreTeam, 2021).

3  | RESULTS

3.1 | Effects of large and small herbivores on 
vegetation density

Vegetation density was lower with herbivores present, as indicated 
by LAI, NDVI, and total hits on vascular plants, compared to 2– 3 dec-
ades of herbivore exclusion, but the effects differed among locations 
(Figure 2; Table 2) and measuring method (Figure 2). LAI was lower 
when both large and small herbivores had access to the vegetation, 
but the strength of the effect differed among locations (T × L, Table 2). 
In S- MH, small herbivores caused a 0.31 units lower LAI and all herbi-
vores further 0.15 units lower LAI (Figure 2) compared to when no her-
bivores could access the vegetation. In S- DH, A- DH, and A- MAT, there 
were no statistically significant differences within locations (Figure 2).

Across all locations, NDVI was on average 0.017 units lower with 
small herbivores present, and 0.021 lower when all herbivores were 
present compared to controls with no herbivores (T; Table 2). No 
statistical support for differences in strength of treatment effects 
among locations was found (T × L; Table 2), although it appeared 
to be stronger in the Scandinavian locations (Figure 2). Not surpris-
ingly, NDVI was lower in dry heath locations than in locations with 
mesic heath and tussock tundra (Figure 2; L, Table 2). Point framing 
showed fewer vascular plant hits when herbivores had access to the 
vegetation in all locations except A- DH (Figure 2), but the strength 
of the effects varied across sites (T × L; Table 2), and these outcomes 
were only statistically significant across treatments in the produc-
tive sites, S- MH and A- MAT (Figure 2).

3.2 | Effects of large and small herbivores on plant 
community composition

In three of the four locations, the long- term absence of herbivores 
resulted in contrasting plant communities, as indicated by nonover-
lapping ranges in the NMDS analyses, while we found no differences 

in plant community composition between the different herbi-
vore regimes in A- DH (Figure 3). The separate effects of small and 
large mammal herbivores differed among the other three locations 
(Figure 3). In A- MAT, the vegetation difference between treatments 
was mostly driven by small herbivores, while in S- MH and S- DH, the 
additional presence of large herbivores had the strongest effect on 
plant community composition (Figure 3).

F I G U R E  2   Effect of the presence of no herbivores (blue), 
small herbivores only (pink), and both small and large (all) mammal 
herbivores (red) on vegetation density in four tundra locations 
(A- MAT = Alaskan moist acidic tundra, A- DH = Scandinavian dry 
heath, S- MH = Scandinavian moist heath, S- DH = Scandinavian 
dry heath). Vegetation density is given as measured leaf area index 
(LAI), normalized difference of vegetation index (NDVI) and total 
field layer hits. Plotted values are means ± SE and letters on the 
figure's right side indicate significant explanatory variables from 
linear mixed models (T = treatment, L = location, TxL = interaction). 
For significant interactions, local treatment effects are marked out 
with asterisks
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Deciduous shrub abundance and lichen cover were lower when 
large herbivores were present with no separate effect of small her-
bivores (T, Table 2; Figure 4). Herbivore presence influenced the 
abundance of evergreen shrubs, graminoids, and forbs, but this re-
sponse differed among locations (T × L, Table 2; Figure 4). In S- MH, 
evergreen shrubs were less abundant in the presence of herbivores, 
and a similar trend, although not significant, was seen in S- DH. In the 
two Alaskan locations, abundance of evergreen shrubs did not differ 
across treatments (Figure 4). Graminoids were more abundant in the 
presence of large herbivores than in ungrazed controls in the dwarf 
shrub- dominated S- MH, while in the graminoid- dominated A- MAT, 
graminoid abundance was lower when small herbivores were present 
(Figure 4). Forbs were less abundant in A- MAT when all herbivores 
were present compared to ungrazed controls, and both large and small 
herbivores seemed to contribute to this difference (Figure 4). For the 
three remaining locations, forbs were rare in all treatments and no 
differences were detected (Figure 4). In Alaska, standing dead gram-
inoid abundance was lower in A- MAT when herbivores were present 
which could be attributed to both small and large herbivores, while 
no exclosure effect was noticeable in A- DH (T × L, Table 2; Figure 4).

The lichen layer was thinner with large herbivore presence in A- 
DH, S- MH, and S- DH, while no herbivore effect was found in A- MAT 
(T × L, Table 2; Figure 5). Deciduous shrub height was also lower with 
herbivores, but the effect differed among locations (T × L, Table 2; 
Figure 5). In A- MAT and S- DH, that effect was driven mainly by large 
herbivores, whereas in S- MH, the small herbivores also had an ef-
fect. In A- DH, no effect of herbivores on deciduous shrub height was 
found (Figure 5). The height of evergreen shrubs and the moss thick-
ness were lower/thinner in the presence of all herbivores (T, Table 2; 
Figure 5), and no effect of small herbivores alone or difference in 
effect between locations could be statistically detected.

3.3 | Species diversity

Plant species diversity, measured as Simpson's diversity index, was 
on average higher whenever mammalian herbivores were present (T, 
Table 2; Figure 6). We saw no effects of herbivore presence in S- DH, 
even though there was no statistical support for any differences in 
treatment effects among habitats (T × L, Table 2, Figure 6).

TA B L E  2   F- values from linear mixed models analyzing the effect of small herbivores (microtine rodents) and copresence of small and 
large herbivores (also reindeer and muskoxen) (treatment; T) on LAI, NDVI, abundance of plant functional groups and standing dead plant 
material, vegetation height, and plant community diversity in four different locations (L; Scandinavian moist heath, Scandinavian dry heath, 
Alaskan moist acidic tundra, and Alaskan dry heath)

df

Treatment (T) Location (L) T * L

22 11 22

Vegetation density LAI 12.40*** 118.67*** 5.39**

NDVI 5.018** 22.45*** 2.24

Field layer hits 13.68** 13.90*** 4.26***

Plant abundance Deciduous shrubs 5.98** 6.91** 2.51

Deciduous dwarf shrubs 3.06 7.71** 2.06

Evergreen shrubs 7.81** 31.47*** 6.34***

Graminoids 6.20** 22.32*** 6.68***

Forbs 3.50* 11.30** 2.96*

Mosses 1.26 74.15*** 2.20

Lichens 5.41* 44.98*** 0.79

Standing deada  60.97***, df = 2 74.23***, df = 1 76.09***, 
df = 2

Vegetation height Betula nana ssp.b  52.31***, df = 16 72.94***, df = 10 2.04, df = 16

Salix sp. NA NA NA

Deciduous shrubs 40.25*** 179.75*** 6.21***

Evergreen shrubs 10.40*** 75.66*** 2.52

Graminoids NA NA NA

Forbs NA NA NA

Mossesb  3.98*, df = 18 30.85***, df = 11 0.66, df = 18

Lichens 22.99*** 10.98** 4.40**

Species diversity Simpson's diversity index 3.88* 11.18** 0.43

Note: Statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001) is written as boldface.
aModel only contain Alaskan moist acidic tundra (A- MAT) and Alaskan dry heath (A- DH).
bModel only contain plots where the growth form was present.
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4  | DISCUSSION

We investigated the importance of small and large herbivores on 
Arctic vegetation properties by studying long- term exclosures in 
two contrasting vegetation types in both Scandinavia and Alaska. 
Herbivores had strong effects on the plant community composition 
and structure with possible implications on ecosystem functions 
on both continents and at all four study sites. However, which as-
pects of the plant community that were affected and what herbivore 
type caused the effect differed across sites. We found that the ef-
fects of herbivores on the plant communities varied more between 
contrasting habitats within continents than between continents, 
which partly supports our first hypothesis that small and large her-
bivores have similar effects on tundra vegetation in Scandinavia and 
Alaska. This further supports previous findings, as strong effects 
of both small and large herbivores have been reported across the 
Arctic (Berg et al., 2008; Bernes et al., 2015; Crête & Doucet, 1998; 

Gough et al., 2012; Manseau et al., 1996; Mulder & Harmsen, 1995; 
Olofsson et al., 2012; Pitelka & Batzli, 2007; Sundqvist et al., 2019; 
Zamin & Grogan, 2013). Although this study with only four locations 
cannot give a comprehensive description of how the importance of 
herbivory varies across the Arctic, it does indicate that differences 
in the role of small and large herbivores on ecosystem structure and 
function are shaped by habitat- specific features rather than large 
biogeographical differences among continents.

The most apparent effect of herbivores was a lower density of 
field layer plants where (primarily small) herbivores were present. 
This effect was fairly strong as total number of plant hits were up 
to 50% lower when all mammalian herbivores were present in the 
productive habitats in both Alaska and Scandinavia, and NDVI had 
lower values with small herbivores present (−0.017) or all mamma-
lian herbivores present (−0.020), compared to ungrazed controls. 
The latter might seem negligible, but is actually in the same range 
as the much discussed climate- driven circumpolar increase in NDVI 

F I G U R E  3   NMDS's showing differences in community composition among herbivory treatments in two Alaskan (A- MAT = Alaskan moist 
acidic tundra, A- DH = Alaskan dry heath) and two Scandinavian (S- MH = Scandinavian moist heath, S- DH = Scandinavian dry heath) tundra 
sites. Three levels of treatment (presence of mammalian herbivores) are indicated in the plots as: no herbivores (blue), small herbivores only 
(pink), and copresence of small and large (all) herbivores (red). The range of the ellipses represents the 95% confidence interval of standard 
error for treatment means
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F I G U R E  4   Effect of the presence of no herbivores (blue), small herbivores only (pink), and both small and large (all) mammal herbivores 
(red) on abundance of plant functional groups (tall- growing deciduous shrubs, evergreen shrubs, lichens, graminoids, and forbs) in four 
tundra locations (A- MAT = Alaskan moist acidic tundra, A- DH = Alaskan dry heath, S- MH = Scandinavian moist heath, S- DH = Scandinavian 
dry heath), and abundance of standing dead plant material in two Alaskan tundra locations. Plotted values are means ± SE and letters on 
the figure's right side indicate significant explanatory variables from linear mixed models (T = treatment, L = location, TxL = interaction). For 
significant interactions, local treatment effects are marked out with asterisks

F I G U R E  5   Effect of the presence of no herbivores (blue), small herbivores only (pink), and both small and large (all) mammal herbivores 
(red) on height of deciduous shrubs and dwarf shrubs, evergreen shrubs, and mat thickness of lichen and moss in four tundra vegetation 
types (A- MAT = Alaskan moist acidic tundra, A- DH = Alaskan dry heath, S- MH = Scandinavian moist heath, S- DH = Scandinavian dry 
heath). Plotted values are means ± SE and letters on the figure's right side indicate significant explanatory variables from linear mixed 
models (T = treatment, L = location, TxL = interaction). For significant interactions, local treatment effects are marked out with asterisks
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recorded by satellites during the last two decades (Xu et al., 2013; 
Zeng et al., 2017). This effect was only absent in A- DH where field 
layer density was low in general and contained mainly prostrate 
dwarf shrubs that in general are less sensitive to grazing than more 
erect growth forms (Kaarlejärvi et al., 2017). The negative impact 
of herbivore presence on LAI and total plant hits in A- DH has been 
associated with lower carbon uptake meaning that at least these dry 
heath tundra systems have the potential shift between being carbon 
sinks or sources depending on if herbivores are present or not (Min 
et al., 2021). In A- MAT, S- MH, and S- DH, herbivory influenced all 
three measures related to plant density (LAI, NDVI, and total plant 
hits), but the strength of the effect differed among habitats and mea-
surements. Herbivores reduced LAI and NDVI more in Scandinavia 
than in Alaska, while the effect on total plant hits was strongest in 
the most productive site in both continents. These three measures 
related to plant density provide information about different aspects 
of the ecosystem. For instance, in A- MAT, the lower amount of total 
plant hits in the grazed plots was due to visually smaller and thinner 
tussocks of the dominant sedge E. vaginatum compared to tussocks 
in ungrazed controls (personal observation EL and JO). Earlier stud-
ies at the site have also observed both shorter leaves and less leaves 
per tiller in grazed tussocks (Gough et al., 2007). The lower number 
of hits when herbivores were present did not result in a lower NDVI 
or LAI, and several processes can be responsible for these contrast-
ing responses between different measurement methods. It could be 
linked to saturation of NDVI in the productive habitats, increase of 
standing dead leaves reducing NDVI and compensating for the in-
crease in green plants, and methodological challenges in measuring 
LAI inside dense turfs and in scarcely vegetated habitats.

In accordance with our second hypothesis, small mammalian 
herbivores had a stronger effect than large herbivores on many 
properties of the plant community, but some properties were more 
influenced by large herbivores. In all three habitats where herbivores 

decreased vegetation density, they also caused large differences in 
plant community composition, but the driving herbivore type dif-
fered among the three habitats. Small herbivores alone only had a 
substantial effect on plant community composition in A- MAT, while 
both small and large herbivores were needed to affect the species 
composition in the two Scandinavian locations. We found the largest 
effects on species composition in the two moist habitats, while her-
bivores did not change the plant community in the driest site (A- DH). 
These results correspond with the findings from a Finnish tundra 
(Saccone et al., 2014), where excluding all herbivores for three de-
cades also resulted in contrasting vegetation communities, but more 
strongly so in moist compared to dry habitats.

To understand the herbivore effect on the plant communities 
better, the effect on separate plant functional groups needs to be 
considered. Probably the most commonly known effect of reindeer 
is that they reduce the abundance of ground lichens in summer 
and winter grazing ranges (Bernes et al., 2015; Gough et al., 2008; 
Olofsson et al., 2004; Roy et al., 2020). We did indeed find that large 
herbivores had a strong negative impact on lichen abundance in all 
places where ground lichens were common, but no clear effect of 
small herbivores. Another general effect of herbivores in arctic tun-
dra is that they reduce the abundance of deciduous shrubs (Christie 
et al., 2015). This was found also in our study, and additionally, we 
found that both large and small herbivores contribute to this reduc-
tion. Small herbivores strongly reduced the abundance of evergreen 
shrubs in S- MH, but had no clear effect at the other sites. In all sites, 
most evergreen shrubs were not preferred food for the herbivores, 
which could explain the small effect of herbivores on this functional 
group. This was in fact also the case in S- MH, dominated by the ev-
ergreen and relatively unpalatable E. hermaphroditum, which is gen-
erally not eaten by herbivores (Tybirk et al., 2000). Here, the effect 
instead came from unselective disturbance by voles and lemmings, 
who cut E. hermaphroditum shoots to create runways and nests under 
the snow (Olofsson et al., 2012). In A- MAT, graminoids was the func-
tional group suffering the most from rodent impact. The dominant 
graminoid here was E. vaginatum which, in contrast to E. hermaph-
roditum, is preferred food by the common tundra vole, the most 
common rodent species in this community (Batzli & Lesieutre, 1995). 
Only a few signs of direct consumption were however observed in 
the field, suggesting that creation of burrows and runways during 
winter was probably a more important cause for this effect (Gough 
et al., 2012). In contrast to these negative effects, small herbivores 
had a positive effect on graminoids in S- MH, allowing graminoids 
to establish in the empty space created by removal of the dominant 
evergreen shrubs. Standing dead plant material in Alaska followed 
the same pattern as graminoids, since almost all standing dead plants 
were dead E. vaginatum leaves within tussocks, and therefore closely 
connected to how much E. vaginatum was present.

Lower vascular plant height and thinner lichen and moss layers 
mostly came from addition of large herbivore activity. This can be 
explained by the fact that large herbivores graze the vegetation from 
above and therefore have the strongest impact on the tallest plants 
(Kaarlejärvi et al., 2017). Interestingly, the effects on plant height 

F I G U R E  6   Effect of the presence of no herbivores (blue), 
small herbivores only (pink), and both small and large (all) 
mammal herbivores (red) on plant species diversity, measured as 
Simpson's diversity index, in four tundra vegetation types (A- 
MAT = Alaskan moist acidic tundra, A- DH = Alaskan dry heath, S- 
MH = Scandinavian moist heath, S- DH = Scandinavian dry heath). 
Plotted values are means ± SE and letters on the figure's right side 
indicate significant explanatory variables from linear mixed models 
(T = treatment, L = location, TxL = interaction)
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in our study were comparable to the effects expected from global 
warming. A study including 117 tundra warming experiments across 
the northern hemisphere (Bjorkman et al., 2018) found that an ubiq-
uitous effect on plant communities is increased vegetation height 
and further predicted a 20%– 60% increase at the end of this cen-
tury. In our study, excluding herbivores for only 20– 30 years lead 
to a similar increase in plant height for all growth forms (9%– 44% 
percent) and especially deciduous shrubs (29%– 44%). Together with 
other studies (Christie et al., 2015), our findings suggest that large 
herbivores have the capacity to dampen warming driven responses 
on plant height in tundra vegetation and thereby mitigate several 
negative climate change connected consequences on albedo (te 
Beest et al., 2016) and biodiversity (Kaarlejärvi et al., 2017).

In three out of four locations, we found strong positive effects 
on species diversity in plots with small herbivores. The effect seems 
to be independent of habitat productivity and thus contradicts the 
effect of large herbivores previously found in Scandinavia, where 
herbivores increased species diversity in productive sites, but de-
creased it in low- productive sites (Sundqvist et al., 2019). In line with 
our third hypothesis, the positive effect we found on diversity re-
lates to a lower abundance of competitively dominant plant species. 
In our study systems, small herbivores seem to increase species di-
versity by preventing dominance and create heterogeneity by cre-
ating burrows and runways (Olff & Ritchie, 1998). The spatial scale 
on which we recorded species diversity seem to catch local effects 
of rodents well (Hambäck et al., 1998), while the large- scale effect 
from ungulate herbivores might be stronger at larger spatial scales.

Studies comparing a few locations cannot estimate how the ef-
fect of herbivores on vegetation in the tundra biome varies across 
the Arctic, but they can indicate which features of these interac-
tions are general and which are site specific. One general effect in 
all our sites is that effects of herbivores are, at least partly, caused 
by disturbance (digging, trampling, and runways) rather than defoli-
ation and actual consumption. This means that modeling the effect 
of herbivores based on their energy demands and food preferences 
will severely underestimate the actual effects of herbivores on the 
ecosystem (Yu et al., 2017). The impact of disturbance on different 
vegetation properties however differed among habitats. In SM- H, 
rodents heavily affected NDVI by removing aboveground plant bio-
mass when creating runways, while the effects in A- MAT were more 
connected to rodents digging into tussocks to build burrows below 
the photosynthetically active part of the vegetation and therefore 
not detected by NDVI measurements.

To conclude, in this study, we surveyed the vegetation with the 
same method in the same year at four locations across the Arctic 
tundra. By doing so, we were able to detect general patterns and 
identify site specific interactions that could not be identified by 
meta- analyses of already published data (Bernes et al., 2015), pre-
sumably because they were obscured by different surveying meth-
ods. Further studies using even more locations will be needed in the 
future to reveal how the strength of the interactions between herbi-
vores and plants varies across the Arctic.

ACKNOWLEDG MENTS
This study was mainly supported by the Swedish Research Council 
grant #2017- 04515 and Swedish Research Council Formas grant 
#2015- 109 to J.O. and by an INTERACT Transnational Action 
grant funded by the US National Science Foundation via Toolik 
Field Station to EL. LG was additionally supported by US NSF grant 
#1603760. We thank Anne van Woerkom and Jonas Gustafsson for 
help with data collection. We also thank Gus Shaver, Jim Laundre, Ed 
Rastetter, Ruby An, and others for maintenance of the Arctic LTER 
experiments, funded by multiple grants from the US NSF, including 
grant #1637459. Lastly, we thank Toolik Field Station Environmental 
Data Center, supported by the US NSF grant #1623461, and Abisko 
Scientific Research Station for contributing with environmental data.

CONFLIC T OF INTERE S T
The authors do not have any conflicts of interest to report.

AUTHOR CONTRIBUTIONS
Elin Lindén: Conceptualization (lead); Data curation (lead); Formal 
analysis (lead); Funding acquisition (equal); Investigation (lead); 
Methodology (lead); Project administration (lead); Software (lead); 
Validation (lead); Visualization (lead); Writing- original draft (lead); 
Writing- review & editing (lead). Laura Gough: Funding acquisition 
(equal); Resources (equal); Supervision (equal); Writing- review & 
editing (equal). Johan Olofsson: Conceptualization (equal); Funding 
acquisition (lead); Methodology (equal); Supervision (lead); Writing- 
review & editing (equal).

DATA AVAIL ABILIT Y S TATEMENT
Data will be deposited in the Dryad Digital repository https://doi.
org/10.5061/dryad.rfj6q 57b6.

ORCID
Elin Lindén  https://orcid.org/0000-0002-4060-0110 

R E FE R E N C E S
Barrio, I. C., Bueno, C. G., Gartzia, M., Soininen, E. M., Christie, K. S., 

Speed, J. D. M., Ravolainen, V. T., Forbes, B. C., Gauthier, G., 
Horstkotte, T., Hoset, K. S., Høye, T. T., Jónsdóttir, I. S., Lévesque, 
E., Mörsdorf, M. A., Olofsson, J., Wookey, P. A., & Hik, D. S. (2016). 
Biotic interactions mediate patterns of herbivore diversity in the 
Arctic. Global Ecology and Biogeography, 25(9), 1108– 1118. https://
doi.org/10.1111/geb.12470

Barthelemy, H., Stark, S., Kytöviita, M. M., & Olofsson, J. (2017). 
Grazing decreases N partitioning among coexisting plant spe-
cies. Functional Ecology, 31(11), 2051– 2060. https://doi.
org/10.1111/1365- 2435.12917

Batzli, G. O., & Jung, H.- J.- G. (1980). Nutritional ecology of microtine ro-
dents: Resource utilization near Atkasook, Alaska. Arctic and Alpine 
Research, 12(4), 483. https://doi.org/10.2307/1550496

Batzli, G. O., & Lesieutre, C. (1995). Community organization of ar-
vicoline rodents in northern Alaska. Oikos, 72(1), 88. https://doi.
org/10.2307/3546042

Berg, T. B., Schmidt, N. M., Høye, T. T., Aastrup, P. J., Hendrichsen, 
D. K., Forchhammer, M. C., & Klein, D. R. (2008). High- Arctic 
plant- herbivore interactions under climate influence. Advances in 

https://doi.org/10.5061/dryad.rfj6q57b6
https://doi.org/10.5061/dryad.rfj6q57b6
https://orcid.org/0000-0002-4060-0110
https://orcid.org/0000-0002-4060-0110
https://doi.org/10.1111/geb.12470
https://doi.org/10.1111/geb.12470
https://doi.org/10.1111/1365-2435.12917
https://doi.org/10.1111/1365-2435.12917
https://doi.org/10.2307/1550496
https://doi.org/10.2307/3546042
https://doi.org/10.2307/3546042


     |  12151LINDÉN et aL.

Ecological Research, 40, 275– 298. https://doi.org/10.1016/S0065 
- 2504(07)00012 - 8

Bernes, C., Bråthen, K. A., Forbes, B. C., Speed, J. D. M., & Moen, J. (2015). 
What are the impacts of reindeer/caribou (Rangifer tarandus L.) on 
arctic and alpine vegetation? A systematic review. Environmental 
Evidence, 4(1). https://doi.org/10.1186/s1375 0- 014- 0030- 3

Bjorkman, A. D., Myers- Smith, I. H., Elmendorf, S. C., Normand, S., Rüger, 
N., Beck, P. S. A., Blach- Overgaard, A., Blok, D., Cornelissen, J. H. C., 
Forbes, B. C., Georges, D., Goetz, S. J., Guay, K. C., Henry, G. H. R., 
HilleRisLambers, J., Hollister, R. D., Karger, D. N., Kattge, J., Manning, 
P., … Weiher, E. (2018). Plant functional trait change across a warming 
tundra biome. Nature, 562(7725), 57– 62. https://doi.org/10.1038/
s4158 6- 018- 0563- 7

Bråthen, K. A., Ravolainen, V. T., Stien, A., Tveraa, T., & Ims, R. A. (2017). 
Rangifer management controls a climate- sensitive tundra state 
transition. Ecological Applications, 27(8), 2416– 2427. https://doi.
org/10.1002/eap.1618

Christie, K. S., Bryant, J. P., Gough, L., Ravolainen, V. T., Ruess, R. W., & 
Tape, K. D. (2015). The role of vertebrate herbivores in regulating 
shrub expansion in the Arctic: A synthesis. BioScience, 65(12), 1123– 
1133. https://doi.org/10.1093/biosc i/biv137

Crête, M., & Doucet, G. J. (1998). Persistent suppression in dwarf 
birch after release from heavy summer browsing by cari-
bou. Arctic and Alpine Research, 30(2), 126– 132. https://doi.
org/10.2307/1552127

Cuyler, C., Rowell, J., Adamczewski, J., Anderson, M., Blake, J., Bretten, 
T., Brodeur, V., Campbell, M., Checkley, S. L., Cluff, H. D., Côté, S. D., 
Davison, T., Dumond, M., Ford, B., Gruzdev, A., Gunn, A., Jones, P., 
Kutz, S., Leclerc, L.- M., … Ytrehus, B. (2020). Muskox status, recent 
variation, and uncertain future. Ambio, 49(3), 805– 819. https://doi.
org/10.1007/s1328 0- 019- 01205 - x

Ehrich, D., Schmidt, N. M., Gauthier, G., Alisauskas, R., Angerbjörn, A., 
Clark, K., Ecke, F., Eide, N. E., Framstad, E., Frandsen, J., Franke, 
A., Gilg, O., Giroux, M.- A., Henttonen, H., Hörnfeldt, B., Ims, R. A., 
Kataev, G. D., Kharitonov, S. P., Killengreen, S. T., … Solovyeva, D. V. 
(2020). Documenting lemming population change in the Arctic: Can 
we detect trends? Ambio, 49(3), 786– 800. https://doi.org/10.1007/
s1328 0- 019- 01198 - 7

Environmental Data Center Team (2020). Meteorological monitoring pro-
gram at Toolik, Alaska. Toolik Field Station, Institute of Arctic Biology, 
University of Alaska Fairbanks. https://toolik.alaska.edu/edc/monit 
oring/ abiot ic/met- data- query.php

Gauthier, G., Berteaux, D., Krebs, C. J., & Reid, D. (2009). Arctic lemmings 
are not simply food limited- a comment on Oksanen et al. Evolutionary 
Ecology Research, 11, 483– 484.

Goodall, D. W. (1952). Some considerations in the use of point quadrats 
for the analysis of vegetation. Australian Journal of Biological Sciences, 
4(1), 1– 41.

Gough, L., Moore, J. C., Shaver, G. R., Simpson, R. T., & Johnson, D. R. 
(2012). Above-  and belowground responses of arctic tundra eco-
systems to altered soil nutrients and mammalian herbivory. Ecology, 
93(7), 1683– 1694. https://doi.org/10.1890/11- 1631.1

Gough, L., Ramsey, E. A., & Johnson, D. R. (2007). Plant- 
herbivore interactions in Alaskan arctic tundra change with 
soil nutrient availability. Oikos, 116(3), 407– 418. https://doi.
org/10.1111/j.0030- 1299.2007.15449.x

Gough, L., Shrestha, K., Johnson, D. R., & Moon, B. (2008). Long- term 
mammalian herbivory and nutrient addition alter lichen community 
structure in Alaskan dry heath tundra. Arctic, Antarctic, and Alpine 
Research, 40(1), 65– 73. https://doi.org/10.1657/1523- 0430(06- 087)
[GOUGH ]2.0.CO;2

Hambäck, P. A., Schneider, M., & Oksanen, T. (1998). Winter herbivory 
by voles during a population peak: The relative importance of local 
factors and landscape pattern. Journal of Animal Ecology, 67(4), 544– 
553. https://doi.org/10.1046/j.1365- 2656.1998.00231.x

Hoset, K. S., Kyrö, K., Oksanen, T., Oksanen, L., & Olofsson, J. (2014). 
Spatial variation in vegetation damage relative to primary produc-
tivity, small rodent abundance and predation. Ecography, 37(9), 894– 
901. https://doi.org/10.1111/ecog.00791

Jefferies, R., Klein, D., & Shaver, G. (1994). Vertebrate herbivores and 
northern plant communities: Reciprocal influences and responses. 
Oikos, 71(2), 193– 206. https://doi.org/10.2307/3546267

Johnson, D. R., Lara, M. J., Shaver, G. R., Batzli, G. O., Shaw, J. D., & 
Tweedie, C. E. (2011). Exclusion of brown lemmings reduces vas-
cular plant cover and biomass in Arctic coastal tundra: Resampling 
of a 50 + year herbivore exclosure experiment near Barrow, Alaska. 
Environmental Research Letters, 6(4), 045507. https://doi.org/10.1088
/1748- 9326/6/4/045507

Kaarlejärvi, E., Eskelinen, A., & Olofsson, J. (2017). Herbivores rescue 
diversity in warming tundra by modulating trait- dependent spe-
cies losses and gains. Nature Communications, 8(1). https://doi.
org/10.1038/s4146 7- 017- 00554 - z

Legagneux, P., Gauthier, G., Berteaux, D., Bêty, J., Cadieux, M.- C., 
Bilodeau, F., Bolduc, E., McKinnon, L., Tarroux, A., Therrien, J.- F., 
Morissette, L., & Krebs, C. J. (2012). Disentangling trophic relation-
ships in a High Arctic tundra ecosystem through food web modeling. 
Ecology, 93(7), 1707– 1716. https://doi.org/10.1890/11- 1973.1

Manseau, M., Huot, J., & Crete, M. (1996). Effects of summer grazing by 
caribou on composition and productivity of vegetation: Community 
and landscape level. The Journal of Ecology, 84(4), 503. https://doi.
org/10.2307/2261473

Metcalfe, D. B., Hermans, T. D. G., Ahlstrand, J., Becker, M., Berggren, 
M., Björk, R. G., Björkman, M. P., Blok, D., Chaudhary, N., Chisholm, 
C., Classen, A. T., Hasselquist, N. J., Jonsson, M., Kristensen, J. A., 
Kumordzi, B. B., Lee, H., Mayor, J. R., Prevéy, J., Pantazatou, K., … 
Abdi, A. M. (2018). Patchy field sampling biases understanding of cli-
mate change impacts across the Arctic. Nature Ecology & Evolution, 
2(9), 1443– 1448. https://doi.org/10.1038/s4155 9- 018- 0612- 5

Metcalfe, D. B., & Olofsson, J. (2015). Distinct impacts of different mam-
malian herbivore assemblages on arctic tundra CO2 exchange during 
the peak of the growing season. Oikos, 124(12), 1632– 1638. https://
doi.org/10.1111/oik.02085

Min, E., Wilcots, M. E., Naeem, S., Gough, L., McLaren, J. R., Rowe, R. 
J., Rastetter, E. B., Boelman, N. T., & Griffin, K. L. (2021). Herbivore 
absence can shift dry heath tundra from carbon source to sink during 
peak growing season. Environmental Research Letters, 16(2), 024027. 
https://doi.org/10.1088/1748- 9326/abd3d0

Moen, J., Lundberg, P. A., & Oksanen, L. (1993). Lemming grazing on 
snowbed vegetation during a population peak, northern Norway. Arctic 
and Alpine Research, 25(2), 130– https://doi.org/10.2307/1551549

Mulder, C. P., & Harmsen, R. (1995). The effect of muskox herbivory 
on growth and reproduction in an Arctic legume. Arctic and Alpine 
Research, 27(1), 44. https://doi.org/10.2307/1552067

Myers- Smith, I. H., Forbes, B. C., Wilmking, M., Hallinger, M., Lantz, T., 
Blok, D., Tape, K. D., Macias- Fauria, M., Sass- Klaassen, U., Lévesque, 
E., Boudreau, S., Ropars, P., Hermanutz, L., Trant, A., Collier, L. S., 
Weijers, S., Rozema, J., Rayback, S. A., Schmidt, N. M., … Hik D. S. 
(2011). Shrub expansion in tundra ecosystems: Dynamics, impacts 
and research priorities. Environmental Research Letters, 6(4), 045509. 
https://doi.org/10.1088/1748- 9326/6/4/045509

Myers- Smith, I. H., Kerby, J. T., Phoenix, G. K., Bjerke, J. W., Epstein, H. 
E., Assmann, J. J., John, C., Andreu- Hayles, L., Angers- Blondin, S., 
Beck, P. S. A., Berner, L. T., Bhatt, U. S., Bjorkman, A. D., Blok, D., 
Bryn, A., Christiansen, C. T., Cornelissen, J. H. C., Cunliffe, A. M., 
Elmendorf, S. C., … Wipf, S. (2020). Complexity revealed in the green-
ing of the Arctic. Nature Climate Change, 10(2), 106– 117. https://doi.
org/10.1038/s4155 8- 019- 0688- 1

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., Mcglinn, 
D., Maintainer, H. W. (2019). vegan: Community ecology package. R 
package version 2.5- 5. https://CRAN.R- proje ct.org/packa ge=vegan

https://doi.org/10.1016/S0065-2504(07)00012-8
https://doi.org/10.1016/S0065-2504(07)00012-8
https://doi.org/10.1186/s13750-014-0030-3
https://doi.org/10.1038/s41586-018-0563-7
https://doi.org/10.1038/s41586-018-0563-7
https://doi.org/10.1002/eap.1618
https://doi.org/10.1002/eap.1618
https://doi.org/10.1093/biosci/biv137
https://doi.org/10.2307/1552127
https://doi.org/10.2307/1552127
https://doi.org/10.1007/s13280-019-01205-x
https://doi.org/10.1007/s13280-019-01205-x
https://doi.org/10.1007/s13280-019-01198-7
https://doi.org/10.1007/s13280-019-01198-7
https://toolik.alaska.edu/edc/monitoring/abiotic/met-data-query.php
https://toolik.alaska.edu/edc/monitoring/abiotic/met-data-query.php
https://doi.org/10.1890/11-1631.1
https://doi.org/10.1111/j.0030-1299.2007.15449.x
https://doi.org/10.1111/j.0030-1299.2007.15449.x
https://doi.org/10.1657/1523-0430(06-087)%5BGOUGH%5D2.0.CO;2
https://doi.org/10.1657/1523-0430(06-087)%5BGOUGH%5D2.0.CO;2
https://doi.org/10.1046/j.1365-2656.1998.00231.x
https://doi.org/10.1111/ecog.00791
https://doi.org/10.2307/3546267
https://doi.org/10.1088/1748-9326/6/4/045507
https://doi.org/10.1088/1748-9326/6/4/045507
https://doi.org/10.1038/s41467-017-00554-z
https://doi.org/10.1038/s41467-017-00554-z
https://doi.org/10.1890/11-1973.1
https://doi.org/10.2307/2261473
https://doi.org/10.2307/2261473
https://doi.org/10.1038/s41559-018-0612-5
https://doi.org/10.1111/oik.02085
https://doi.org/10.1111/oik.02085
https://doi.org/10.1088/1748-9326/abd3d0
https://doi.org/10.2307/1551549
https://doi.org/10.2307/1552067
https://doi.org/10.1088/1748-9326/6/4/045509
https://doi.org/10.1038/s41558-019-0688-1
https://doi.org/10.1038/s41558-019-0688-1
https://CRAN.R-project.org/package=vegan


12152  |     LINDÉN et aL.

Olff, H., & Ritchie, M. E. (1998). Effects of herbivores on grassland plant 
diversity. Trends in Ecology & Evolution, 13(7), 261– 265. https://doi.
org/10.1016/S0169 - 5347(98)01364 - 0

Olofsson, J., Hulme, P. E., Oksanen, L., & Suominen, O. (2004). Importance 
of large and small mammalian herbivores for the plant community 
structure in the forest tundra ecotone. Oikos, 106(2), 324– 334. 
https://doi.org/10.1111/j.0030- 1299.2004.13224.x

Olofsson, J., & Oksanen, L. (2005). Effects of reindeer density on vascu-
lar plant diversity on North Scandinavian mountains. Rangifer, 25(1), 
5. https://doi.org/10.7557/2.25.1.332

Olofsson, J., Oksanen, L., Callaghan, T., Hulme, P. E., Oksanen, T., & 
Suominen, O. (2009). Herbivores inhibit climate- driven shrub expan-
sion on the tundra. Global Change Biology, 15(11), 2681– 2693. https://
doi.org/10.1111/j.1365- 2486.2009.01935.x

Olofsson, J., & Post, E. (2018). Effects of large herbivores on tundra 
vegetation in a changing climate, and implications for rewilding. 
Philosophical Transactions of the Royal Society B: Biological Sciences, 
373(1761), 20170437. https://doi.org/10.1098/rstb.2017.0437

Olofsson, J., Tommervik, H., & Callaghan, T. V. (2012). Vole and lemming 
activity observed from space. Nature Climate Change, 2(12), 880– 
883. https://doi.org/10.1038/nclim ate1537

Petit Bon, M., Gunnarsdotter Inga, K., Jónsdóttir, I. S., Utsi, T. A., 
Soininen, E. M., & Bråthen, K. A. (2020). Interactions between winter 
and summer herbivory affect spatial and temporal plant nutrient dy-
namics in tundra grassland communities. Oikos, 129(8), 1229– 1242. 
https://doi.org/10.1111/oik.07074

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., & R Core Team. (2021). nlme: 
Linear and nonlinear mixed effects models. R package version 3.1- 152. 
Retrieved from https://CRAN.R- proje ct.org/packa ge=nlme

Pitelka, F. A., & Batzli, G. O. (2007). Population cycles of lemmings near 
Barrow, Alaska: A historical review. Acta Theriologica, 52(3), 323– 336. 
https://doi.org/10.1007/BF031 94229

R- CoreTeam (2021). R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing. http://www.R- proje 
ct.org/

Roy, A., Suchocki, M., Gough, L., & McLaren, J. R. (2020). Above-  
and belowground responses to long- term herbivore exclusion. 
Arctic, Antarctic, and Alpine Research, 52(1), 109– 119. https://doi.
org/10.1080/15230 430.2020.1733891

Saccone, P., Pyykkonen, T., Eskelinen, A., & Virtanen, R. (2014). 
Environmental perturbation, grazing pressure and soil wetness jointly 
drive mountain tundra toward divergent alternative states. Journal of 
Ecology, 102(6), 1661– 1672. https://doi.org/10.1111/1365- 2745.12316

Sundqvist, M. K., Moen, J., Björk, R. G., Vowles, T., Kytöviita, M. M., 
Parsons, M. A., & Olofsson, J. (2019). Experimental evidence of the 
long- term effects of reindeer on Arctic vegetation greenness and 
species richness at a larger landscape scale. Journal of Ecology, 107(6), 
2724– 2736. https://doi.org/10.1111/1365- 2745.13201

Te Beest, M., Sitters, J., Ménard, C. B., & Olofsson, J. (2016). Reindeer 
grazing increases summer albedo by reducing shrub abundance 
in Arctic tundra. Environmental Research Letters, 11(12), 125013. 
https://doi.org/10.1088/1748- 9326/aa5128

Tybirk, K., Nilsson, M. C., Michelsen, A., Kristensen, H. L., Sheytsova, 
A., Strandberg, M. T., Johansson, M., Nielsen, K.E., Riis- Nielsen, T., 
Strandberg, B., & Johnsen, I. (2000). Nordic Empetrum dominated 

ecosystems: Function and susceptibility to environmental changes. 
Ambio, 29(2), 90– 97. https://doi.org/10.1579/0044- 7447- 29.2.90

Uboni, A., Horstkotte, T., Kaarlejärvi, E., Sévêque, A., Stammler, F., 
Olofsson, J., Forbes, B. C., & Moen, J. (2016). Long- term trends 
and role of climate in the population dynamics of Eurasian rein-
deer. PLoS One, 11(6), e0158359. https://doi.org/10.1371/journ 
al.pone.0158359

Väisänen, M., Ylänne, H., Kaarlejärvi, E., Sjögersten, S., Olofsson, J., 
Crout, N., & Stark, S. (2014). Consequences of warming on tundra car-
bon balance determined by reindeer grazing history. Nature Climate 
Change, 4(5), 384– 388. https://doi.org/10.1038/nclim ate2147

van der Wal, R. (2006). Do herbivores cause habitat degradation or vege-
tation state transition? Evidence from the tundra. Oikos, 114(1), 177– 
186. https://doi.org/10.1111/j.2006.0030- 1299.14264.x

Wilhelm, W. W., Ruwe, K., & Schlemmer, M. R. (2000). Comparison of 
three leaf area index meters in a corn canopy. Crop Science, 40(4), 
1179– 1183. https://doi.org/10.2135/crops ci2000.4041179x

Xu, L., Myneni, R. B., Chapin III, F. S., Callaghan, T. V., Pinzon, J. E., Tucker, 
C. J., Zhu, Z., Bi, J., Ciais, P., Tømmervik, H., Euskirchen, E. S., Forbes, 
B. C., Piao, S. L., Anderson, B. T., Ganguly, S., Nemani, R. R., Goetz, 
S. J., Beck, P. S. A., Bunn, A. G., … Stroeve, J. C. (2013). Temperature 
and vegetation seasonality diminishment over northern lands. 
Nature Climate Change, 3(6), 581– 586. https://doi.org/10.1038/nclim 
ate1836

Yu, Q., Epstein, H., Engstrom, R., & Walker, D. (2017). Circumpolar arctic 
tundra biomass and productivity dynamics in response to projected 
climate change and herbivory. Global Change Biology, 23(9), 3895– 
3907. https://doi.org/10.1111/gcb.13632

Zamin, T. J., & Grogan, P. (2013). Caribou exclusion during a population 
low increases deciduous and evergreen shrub species biomass and 
nitrogen pools in low Arctic tundra. Journal of Ecology, 101, 671– 683. 
https://doi.org/10.1111/1365- 2745.12082

Zeng, Z., Piao, S., Li, L. Z. X., Zhou, L., Ciais, P., Wang, T., Li, Y., Lian, X. 
U., Wood, E. F., Friedlingstein, P., Mao, J., Estes, L. D., Myneni, R. 
B., Peng, S., Shi, X., Seneviratne, S. I., & Wang, Y. (2017). Climate 
mitigation from vegetation biophysical feedbacks during the past 
three decades. Nature Climate Change, 7(6), 432– 436. https://doi.
org/10.1038/nclim ate3299

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Lindén, E., Gough, L., & Olofsson, J. 
(2021). Large and small herbivores have strong effects on 
tundra vegetation in Scandinavia and Alaska. Ecology and 
Evolution, 11, 12141– 12152. https://doi.org/10.1002/
ece3.7977

https://doi.org/10.1016/S0169-5347(98)01364-0
https://doi.org/10.1016/S0169-5347(98)01364-0
https://doi.org/10.1111/j.0030-1299.2004.13224.x
https://doi.org/10.7557/2.25.1.332
https://doi.org/10.1111/j.1365-2486.2009.01935.x
https://doi.org/10.1111/j.1365-2486.2009.01935.x
https://doi.org/10.1098/rstb.2017.0437
https://doi.org/10.1038/nclimate1537
https://doi.org/10.1111/oik.07074
https://CRAN.R-project.org/package=nlme
https://doi.org/10.1007/BF03194229
http://www.R-project.org/
http://www.R-project.org/
https://doi.org/10.1080/15230430.2020.1733891
https://doi.org/10.1080/15230430.2020.1733891
https://doi.org/10.1111/1365-2745.12316
https://doi.org/10.1111/1365-2745.13201
https://doi.org/10.1088/1748-9326/aa5128
https://doi.org/10.1579/0044-7447-29.2.90
https://doi.org/10.1371/journal.pone.0158359
https://doi.org/10.1371/journal.pone.0158359
https://doi.org/10.1038/nclimate2147
https://doi.org/10.1111/j.2006.0030-1299.14264.x
https://doi.org/10.2135/cropsci2000.4041179x
https://doi.org/10.1038/nclimate1836
https://doi.org/10.1038/nclimate1836
https://doi.org/10.1111/gcb.13632
https://doi.org/10.1111/1365-2745.12082
https://doi.org/10.1038/nclimate3299
https://doi.org/10.1038/nclimate3299
https://doi.org/10.1002/ece3.7977
https://doi.org/10.1002/ece3.7977

