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ABSTRACT

Permafrost thaw is projected to reinforce climate

warming by releasing large stocks of stored carbon.

Rewilding northern high latitude regions with large

herbivores has been proposed as a climate mitiga-

tion strategy to protect frozen soils and increase

ecosystem resilience to climate warming. We ex-

plored the impact of summer reindeer density on

subarctic peatlands by comparing 17 peatlands

differing in reindeer density in Fennoscandia. We

used a combination of high-resolution image

analyses and field assessments along 50 transects to

assess microtopography, surface water cover, veg-

etation, summer albedo, permafrost presence, soil

temperature, soil nutrients and snow depth. Our

results show that high summer reindeer densities

fragment the characteristic bumpy topography of

the peatlands, reducing the insulating soil proper-

ties and the probability of keeping permafrost in

elevated hummocks. As a result, waterlogged lawns

with surface water increase in size and reduce

summer albedo. Furthermore, high reindeer den-

sity peatlands were associated with an increase in

tall inedible shrubs and thicker snow layers. These

changes may favor summer warming and reduce

winter cooling of the soil thus accelerating per-

mafrost loss. Our results suggest that high reindeer

densities may reduce resilience of the peatland

permafrost to climate warming. High densities of

large herbivores will likely have different effects in

well-drained uplands, but in the lowlands we

studied, the complex cascading effects of summer

trampling may well offset any climate-protection

gained by browsing. Optimal use of wildlife man-

agement to mitigate global warming will thus re-

quire tuning herbivore densities to different

ecosystem types across high northern landscapes.
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HIGHLIGHTS

� We assessed subarctic peatlands under contrast-

ing levels of summer reindeer density.

� Peatlands with high reindeer density have frag-

mented topography and less permafrost.

� High reindeer density may accelerate climate

warming impacts on subarctic peatlands.
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INTRODUCTION

Today, about 24% of the exposed land in the

northern hemisphere has permanently frozen soils,

mostly located in subarctic and arctic regions

(Brown 1998; Zhang and others 2008). However,

these high latitude landscapes are warming up to

four times faster than the global average resulting

in rapid permafrost thaw (Rantanen and others

2022). This has profound implications for the

functioning of landscapes including changes in

hydrology, soil processes, vegetation composition

and ecological interactions (Schuur and Mack

2018; Meredith and others 2019). Some of these

changes can potentially trigger substantial positive

feedbacks to the climate system, accelerating

warming. For instance, permafrost is the largest

reservoir of global soil carbon (C) which can be

released to the atmosphere as permafrost thaws

and organic matter decomposes in warmer soils

(Strauss and others 2017; Schuur and Mack 2018).

This feedback to the atmosphere is expected to be

most pronounced for poorly drained permafrost

peatlands where stored carbon may be released as

methane (Schuur and Mack 2018; Hugelius and

others 2020) and expanding surface water may

further boost local warming by increasing vegeta-

tion browning (Li and others 2021) and decreasing

summer albedo (Schuur and Mack 2018). Per-

mafrost peatlands make up about half of the

3.7 ± 0.5 million km2 covered by northern peat-

lands and store approximately 185 ± 66 Pg of soil C

(Hugelius and others 2020). Being situated at the

southern edge of the permafrost distribution, sub-

arctic permafrost peatlands are particularly sensi-

tive to climate-change induced degradation

(Hugelius and others 2020; Olvmo and others

2020).

Subarctic permafrost peatlands are also within

the main distribution range of wild and semi-do-

mesticated reindeer (Rangifer tarandus). The ani-

mals roam actively in the peatlands during spring

and early summer in search for sedges, herbs and

deciduous shrubs (Skjenneberg and Slagsvold

1979; Suominen and Olofsson 2000; Kitti and

others 2009). Although much attention has been

given to the potential cascading effects of per-

mafrost degradation on reindeer populations and

the livelihoods of indigenous herding communities

that have traditionally depended on them (Vuo-

jala-Magga and Turunen 2015; Istomin and Habeck

2016), very little is known about the effects that

reindeer have on the processes that influence per-

mafrost degradation itself. Research from well-

drained upland sites in the arctic tundra suggests

that high reindeer densities may offset climate-in-

duced permafrost degradation by enhancing winter

soil cooling (Olofsson and Post 2018). Reindeer

may limit the build-up of an insulating snow

blanket by trampling and compacting the snow it-

self and also by browsing on snow-capturing and

albedo-reducing shrubs. Both mechanisms can

enable deeper soil freezing that delays thaw and

increases albedo resulting in negative feedbacks

that prevent further climate warming (Cohen and

others 2013; Te Beest and others 2016; Beer and

others 2020). However, reindeer effects on vege-

tation and soil may drive climate in opposite ways

too. For instance, while heavily browsed sites in

arctic upland tundra have lower shrub cover and

higher albedo, the loss of the insulating layer of

mosses and shrubs caused by reindeer also results

in warmer summer soil temperatures (Te Beest and

others 2016). Experimental evidence on the effects

of large herbivores in permafrost peatlands is very

scarce but field enclosures in an arctic peatland of

Greenland showed that trampling by muskoxen

(Ovibos moschatus) strongly reduced moss cover and

litter accumulation and increased soil temperature

and methane emissions (Falk and others 2015).

Higher summer soil temperatures have also been

recorded in grazed wet tussock tundra influenced

by seasonal flooding in arctic Siberia. Here grazing

promoted topsoil warming and drying and de-

creased methane emissions during summer (Fis-

cher and others 2022). These contrasting results

highlight the need to assess the ways large herbi-

vores may influence permafrost in different types

of northern ecosystems. How reindeer habitat use

affects the balance between winter cooling and

summer warming and the implications for per-

mafrost condition and the carbon balance remain

puzzling, and seem to vary across landscapes

(Windirsch and others 2022). Most studies on the

role of large herbivores have been conducted in

uplands of Scandinavia and Siberia (Metcalfe and

others 2018), but the few studies in wetlands,

suggest that northern uplands and peatlands may

respond differently to high densities of large her-

bivores. Northern landscapes often combine up-

lands and peatlands. Tailoring herbivore

management to these different local environmental

conditions could potentially build ecosystem resi-

lience to climate warming (Scheffer and others

2015) and prevent shifts to undesired alternative

ecosystem states in boreal systems (Scheffer and

others 2012).

To explore reindeer effects on subarctic peat-

lands, we studied the structure and permafrost

condition in peatlands under contrasting levels of
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reindeer densities near the northern border be-

tween Finland and Norway (Fennoscandia). These

peatlands are within the region of sporadic per-

mafrost (Seppälä 1988; Johansson and others

2006). We hypothesized that locally high reindeer

densities could change the peatland microtopogra-

phy, fragmenting the elevated frozen hummocks,

where most permafrost and seasonal frost is kept,

and unfolding a series of ecological changes that

could speed up permafrost loss. We compared how

peatlands under low and high reindeer densities

differ in micro-topography, vegetation and soil

characteristics and assessed the implications for

permafrost condition, summer albedo and winter

snow accumulation.

METHODS

Study System

We studied the structure and permafrost condition

in 17 subarctic peatlands (between 69�N and 70�N
latitude) under contrasting levels of reindeer den-

sity in Fennoscandia (Supplementary Figure S1;

Supplementary Table S1). Subarctic permafrost

peatlands are characterized by elevated microsites

(hummocks) within an overall flat and waterlogged

environment (lawns). Within the discontinuous

and sporadic permafrost zones of the subarctic, all

hummocks have a frozen core in winter but some

of them thaw during summer (Seppälä 1988). The

peatlands have soft organic (peaty) top soils of

40 cm or deeper, covered by a continuous layer of

mosses or litter. Drying out in summer, this layer

insulates the underlying soil effectively. Conse-

quently, frozen conditions (seasonal frost) may

persist through summer, resulting in elevated

landforms with a frozen core in summer, locally

known as pounu’s. In some locations ice may

aggregate, resulting in elevated landforms with a

core of pure ice, known as palsa’s. In our study, we

did not separate between these landforms, focusing

instead on the presence or absence of a frost table,

referred to as permafrost.

Northern Finland is divided into grazing districts

that restrict reindeer movement. The herding

cooperatives in this region manage between 5000

and 8000 semi-domesticated reindeer livestock

units (Reindeer Herding Cooperatives; https://pali

skunnat.fi/reindeer/reindeer-herding/cooperatives/).

Reindeer densities range between 2.2 and 2.6

reindeer/km2 (Kumpula and others 2009). Rein-

deer densities can be locally high in northern Fin-

land as reindeer herding has become more

stationary with country borders closing the histor-

ical paths between summer and winter grounds

and fences separating cooperative herding districts

(Vuojala-Magga and Turunen 2015; Stark and

others 2022). As a result, reindeer tend to con-

centrate at the northern edges near the fences

separating cooperative herding districts when the

animals want to migrate toward their former

summer grazing grounds. Norway is also divided

into grazing districts with reindeer densities esti-

mated around 1.6–2.0 reindeer/km2 close to the

border with northern Finland.

Sampling Design

To assess the effects of reindeer, we made use of the

local contrasts in reindeer densities artificially im-

posed by the fences, taking a ‘‘natural’’ experi-

mental approach. The presence of fences allows

assessing the effects of low and high reindeer

density as a ‘‘natural’’ experiment because within

each herding district, reindeer herds concentrate at

the northern edges near the fences during summer

resulting in strong local contrasts in animal densi-

ties. We selected 17 peatlands under relatively low

or high reindeer density based on the experience of

scientists at the Kevo Subarctic Research Station

and the information they received from local Sami

herders.

We sampled a total of 50 transects in the 17

peatlands selected: 25 transects in peatlands with

low reindeer density and 25 transects in peatlands

with high reindeer density. The transects were

established at locations representative for the local

microtopography and peatland vegetation with a

peat depth of at least 40 cm. Peatlands were sam-

pled with one to four 50 m-long transects keeping a

distance of at least 50 m between transects within a

same peatland. To explore vegetation and soil

condition in more detail, we selected four out of

the 17 peatlands, two pairs at either end of our

study region, one with low and one with high

reindeer density (Figure S1). The peatlands within

each pair were less than 2 km apart and were

separated from each other by a reindeer fence,

resulting in a local contrast of reindeer density.

Within these four peatlands, we selected 24 hum-

mocks per peatland where we performed more

detailed measurements on both vegetation and soil

characteristics. One of the soil samples was lost in

processing, leading to 95 samples for this detailed

study.

Reindeer Abundance

To verify reindeer abundance at the level of a

peatland, we recorded the occurrence of reindeer
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fecal pellet groups and assessed browsing signs on

tree architecture along 50 transects along the

peatland edge on mineral soil (Supplementary

Information S2). These edge transects ran roughly

parallel to the transects in the peatland, with a

minimum distance of 50 m between them. We

counted all summer and winter fecal pellet groups

(Alves and others 2013) within a 2 m wide area

along the 50 m edge-transect. We decided against

counting pellet groups along the peatland transects

as pellet groups could dissolve in the moist envi-

ronment and therefore underestimate reindeer

densities.

Browsing-induced changes on tree architecture

are a more indirect proxy of reindeer densities than

fecal pellet groups but may give a more stable signal

as they persist longer in a landscape than reindeer

fecal pellets do. Along the same edge transects, we

measured the height of the lowest leaf in all birch

trees (Betula sp., mostly Betula pubescens) as reindeer

browse preferentially on the lowest branches,

modifying birch stem architecture strikingly (Vuo-

jala-Magga and Turunen 2015) (and citations

therein). We selected leaves sprouting from bran-

ches aged at least 1 year old to have a more con-

servative estimate of the level of reindeer browsing

(Supplementary Information S2).

Peatland Structure and Micro-
Topography

To assess peatland structure, we used a combina-

tion of field-based and drone-based data. For all

143 hummocks encountered along the 50 peatland

transects, we measured width and maximum

height above the local water table with measure-

ment tape. In addition, we determined the number

and size of hummocks as well as the presence of

standing water on the lawns in a roughly 3500 m2

area, centered around each of the peatland tran-

sects, using high resolution drone images taken

between June and July 2019. We used a Parrot

ANAFI UAV drone equipped with a 4 K resolution,

high dynamic range (HDR) camera. We took four

images, at 25 m altitude, around the marked

peatland transect. We stitched the images carefully

and scaled using the meter line indicating the

peatland transect on the ground. We processed the

images using Image J software (www.imagej.net)

to manually outline the perimeter of every hum-

mock based on their color contrast with the sur-

rounding lawns and calculate the surface area

covered by hummocks and lawns. We validated the

image-analyses results using the field-based mea-

surements of hummock-width (143 hummocks)

and the surface condition of the lawns (standing

water or moss-cover) along the field transect placed

at the center of each drone image (Supplementary

Information S3).

Permafrost and Soil Data

Permafrost condition was monitored on all (143)

transect-hummocks encountered along the 50 m

long peatland transects (n = 25 transects in low

reindeer peatlands, n = 25 transects in high rein-

deer peatlands). Presence of a frost table was re-

corded in four points on the top of every hummock

using a standard metal T-shaped rod: if a frost

table was hit at either of the four points, this was

counted as ‘present,’ resulting into one reading per

hummock. Recordings were done in early July

2019. For the additional 95 hummocks of the de-

tailed study we recorded the depth of the frost

table both at the beginning and end of July as a

proxy for the maximum thaw depth, i.e., the active

layer (Supplementary Information S9), giving some

insight into seasonal thaw progression.

We took soil samples from the 95 hummocks (see

set-up) extracting a 100 cm3 volume from the up-

per 0–10 cm layer at the center of each hummock

(Supplementary Information S6). Soil samples

were cleaned from plant material and dried at

70 �C following standard protocols (Holmgren and

others 2015). Soil carbon (C) and nitrogen (N)

concentrations were measured using an elemental

analyzer (Fisions Instruments EA 1108, Milan,

Italy).

Vegetation Data

Vegetation composition was recorded using a

50 9 50 cm grid with 36 intersecting points placed

on top of the 143 hummocks encountered along

the peatland transects and an additional 95 hum-

mocks where we performed more detailed mea-

surements. Species were recorded at the grid

interception points. In the case of layered vegeta-

tion, multiple species were recorded and cover

scaled to 100%. Vegetation responses to reindeer

browsing and permafrost condition were explored

at plant functional type level (Supplementary

Information S4: 143 transect hummocks only) and

species level (Supplementary Information S5: all

238 hummocks).

Summer Albedo and Snow Depth

Summer albedo was measured using two SR05-A1

pyranometers (Hukseflux Thermal Sensors, 2012),

one facing up and one facing down, sustained on a
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hand-held device 1.5 m above the soil surface. The

upper sensor measured incoming shortwave radi-

ation and the lower sensor measured shortwave

radiation reflected from below. The pyranometers

were kept in position for 18 s before recording their

output on the multimeters. We measured albedo

on a subset of three hummocks and three lawns

along every 50 m long peatland transect. All mea-

surements were done between 11:00 and 15:00 in

July. To upscale the albedo measurements to all

hummocks where we recorded vegetation, we fol-

lowed a two-step approach. First, for a separate

subset of 95 additional hummocks of our detailed

study, we expressed the vegetation composition as

function of the summer albedo measured at these

hummocks, using a redundancy analysis (RDA,

CANOCO 5.0). Scores of each plant species along

the albedo-axis were derived. Second, we applied

the species-specific albedo scores to the vegetation

sampled in all the 143 hummocks assessed along

the peatland transects, weighting the albedo scores

for each species depending on their cover (Sup-

plementary Information S7).

Snow depth was recorded between 3 and 6

February 2020. We sampled a subset of 12 peat-

lands monitored the previous summer where

winter access was feasible with ski’s or snow

scooter. In every site, we ran two parallel 100 m

long transects (one transect on the peatland and

one along the peatland edge on mineral soil) and

recorded snow depth every 10 m by inserting a

standard yard stick in 3–4 points. Data were aver-

aged to 10 snow depth values per transect.

Statistical Analysis

To assess the relationship between peatland

microtopography (i.e., abundance and size of

hummocks) and reindeer density, we used general

linear models (GLM) relating the features of the

hummocks as response variables with reindeer

density (low vs. high) as fixed factor and peatland

site as random factor. We used Chi-square analysis

to compare the frequency of reindeer fecal pellet

groups, hummocks with vs. without permafrost

and the frequency of lawns with vs. without

standing surface water in peatlands with low and

high reindeer density.

We also used general linear models to assess the

cover of plant functional types (i.e., cover ratio of

shrubs to herbs, evergreen shrubs, deciduous

shrubs, herbs, mosses) and vegetation height in

response to reindeer density (low vs. high) and

permafrost condition (present vs. absent) including

their two-way interaction as fixed factors and

peatland site as a random factor. In this model,

Type I error sums of squares (not the standard Type

III in SPSS 25) were used because of the varying

number of hummocks per peatland.

General linear models were also used to assess

soil characteristics (soil C:N ratio, soil bulk density

and total soil N), with reindeer density (low vs.

high) and permafrost condition (present vs. absent)

including their two-way interaction as fixed factors

and peatland pair as a random factor. Peatland pair

was included to control for potential differences in

soil conditions between the two peatland pairs (low

vs high reindeer density) selected for detailed

analyses on opposite ends of our study region

(Figure S1). Type I error sums of squares were used

because of the varying number of hummocks per

peatland.

To compare summer albedo of hummocks and

lawns, we used paired t-tests, pairing field mea-

surements within a same peatland in order to ac-

count for local differences in environmental

conditions. The derived summer albedo estimations

for all hummocks (Supplementary Information S7)

were analyzed using the same type of general linear

models as described earlier for plant functional

types.

The impact of reindeer density on snow depth in

peatlands and surrounding mineral edge was ana-

lyzed with a GLM, using snow depth as dependent

variable, transect location (peatland vs. upland)

and reindeer density (low vs high) as fixed factors

and peatland and region (north vs south) as ran-

dom factors. Region was added to correct for re-

gional differences in snow depth because at the

time of the snow measurement there had been

more snow south of the Kevo Research Station.

RESULTS

Reindeer Abundance

We found on average twice as many summer fecal

pellet groups (0.06 vs 0.03 pellets/m2) and three

times less winter fecal pellet groups (0.01 vs 0.03

pellets/m2) in areas identified by locals as having

high reindeer abundance in summer, but due to

large spatial variability those differences in pellet

abundance were not significant (Supplementary

Figure S2-1). In addition, we found that in areas

defined as having relatively high reindeer by locals,

birch trunks were practically free from lower leaves

and branches up to roughly 60 cm high, as also

observed by others in this region (Vuojala-Magga

and Turunen 2015). In contrast, birch trees grow-

ing in low reindeer areas had lower branches with

Rewilding Risks for Peatland Permafrost



leaves occurring closer to the ground (Figure 1a vs.

1b). Although reindeer can browse higher, the

bimodality of this browsing effect on the architec-

ture of birch trees (Supplementary Figure S2-2)

allows a fairly good distinction of peatland sites

with relatively low versus high reindeer densities

consistent with the local knowledge (Supplemen-

tary Figure S2-3). These results also suggest that

contrasts in reindeer densities between our study

sites are mostly associated to summer browsing.

Peatland Structure and Permafrost
Condition

Our results indicate that high reindeer density is

associated with profound changes in the micro-to-

pography of subarctic peatlands and degraded per-

mafrost condition within the hummocks. High

resolution drone image analysis showed that sub-

arctic peatlands in areas with high reindeer density

have a fragmented structure composed by smaller

hummocks (Figure 1). The proportion of hum-

mocks with permafrost is lower in peatlands under

high reindeer density (Figure 2a, and 2b) as smaller

hummocks have a lower probability of holding

permafrost (Figure 2c). Also, the proportion of

hummocks thawing during the summer was high-

est and the frost table deepest in peatlands with

high reindeer density (Supplementary Table S2).

The reduction in hummock sizes tends to increase

the ratio of lawn to hummock surface in peatlands

under high reindeer density (Figure 3a). Despite

the large geographical variability across the studied

peatlands, the fragmentation patterns are consis-

tent with the spatial patterns of reindeer abun-

dance observed by locals. In general, we find

within a same grazing district, larger lawn to

hummock ratios toward the north where reindeer

tend to concentrate in the summer (Supplementary

Figure S8a). Moreover, adjacent peatlands sepa-

rated by a reindeer fence show larger hummock

fragmentation on the side defining the northern

end of a cooperative herding district (Supplemen-

tary Figure S8b), making it unlikely that the effects

are a result of reindeer selecting peatlands with

large lawns. High reindeer peatlands also tend to

have a larger proportion of surface standing water

in the lawns (Figure 3b). These changes in hum-

mock sizes and surface water cover are most likely

the result of trampling, as reindeer step on hum-

mock edges and compact the moss layer of the

surrounding lawns.

Summer Albedo

The fragmentation of the hummocks and the in-

crease in standing water in peatlands under high

reindeer density have profound implications for

summer albedo. Our summer albedo measure-

ments were lower in lawns than on hummocks

(Figure 3c) and decreased even further as the

proportion of open water increased in the lawns

Figure 1. Structure of subarctic permafrost peatlands

under low and high reindeer levels. a-b Architecture of

birch trees surrounding two typical peatlands under low

and high reindeer density. Reindeer browsing removes

lower leaves and branches resulting in striking savanna-

like trees. c-d Hummock surface (black) and lawn surface

(white) derived from drone images show that hummock

surface is less fragmented in peatlands under low c as

compared to high d reindeer levels. e Peatlands under

high reindeer levels (light green) have a high abundance

of small hummocks as compared to peatlands with low

reindeer levels (dark green). f. Hummock size is

significantly larger in peatlands under low reindeer (65

m2 ± 1 s.e.) than in peatlands under high reindeer levels

(2 m2 ± 1 s.e.) (GLM, reindeer factor p = 0.031); n = 25

transects in high reindeer sites; n = 24 transects in low

reindeer sites.
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(Figure 3d). Although the increases in the propor-

tion of water cover and the lowering of the albedo

as a result, suggest that high reindeer density could

contribute locally to intensification of climate

warming effects, their net effect would also depend

on how reindeer change vegetation characteristics.

Vegetation and Soil Patterns

We found that subarctic peatlands under high

reindeer density tended to have more shrubby

hummocks dominated by unpalatable evergreen

shrubs such as the relatively tall Rhododendron

tomentosum (Supplementary Information Figs. S4

and S5). The increases in unpalatable shrubs found

in peatlands under high reindeer density were

concentrated on hummocks that had retained the

permafrost. In contrast, hummocks without per-

mafrost shifted from a dominance of evergreen

shrubs toward a larger abundance of herbs and

mosses as reindeer density increased (Supplemen-

tary Information Figure S5). Hummocks with no

permafrost had lower soil N and higher C:N ratios

(Supplementary Figure S6).

We further explored how changes in vegetation

could influence summer albedo by deriving plant

species-specific albedo values. Our derived summer

albedo estimations were lower on hummocks with

permafrost than on hummocks without permafrost

(Figure 3e and f) which could be explained by the

larger proportion of shrubs than herbs in frozen

hummocks (Supplementary Information Figure

S4). We found that reindeer abundance had no

significant direct effects on the estimated hummock

summer albedo (Supplementary Information S7).

Snow Thickness

We found that subarctic peatlands under high

reindeer density tended to have deeper snow packs

in winter, particularly along the mineral peatland

edge (Figure 4), where the snow pack was very

loose in structure. On the open peatlands differ-

ences between low and high reindeer density sites

were less pronounced.

DISCUSSION

Direct and Indirect Reindeer Effects
on Peatland Permafrost

Our results suggest that reindeer affect the char-

acteristic micro-topography of the peatlands and

change vegetation in ways that favor summer

warming and reduce winter cooling resulting in

permafrost degradation (Figure 5). Reindeer tram-

pling is the most plausible mechanism explaining

the changes in peatland structure observed in high

summer reindeer sites. Reindeer at high densities

fragment hummocks, reducing their sizes and their

insulating capacity to maintain a frozen core.

Trampling also increases the area of open water in

the lawns, reducing summer albedo. On frozen

hummocks, selective browsing may further favor

the dominance of evergreen unpalatable shrubs

(Supplementary Figure S4). The shrubby structure

of hummocks in high reindeer sites can also act as a

snow trap. Indeed, we found deeper snow packs in

sites under locally high reindeer density in summer

(Figure 4). Because snow insulates soils effectively,

thicker snow layers may slow down winter freezing

Figure 2. Permafrost presence in peatlands under low and high reindeer levels. a Micro-elevations (hummocks) within a

surrounding lower matrix (lawn). b Proportion of hummocks with permafrost is smaller in peatlands with high reindeer

levels (GLM, reindeer factor p = 0.019; n = 25 transects in high reindeer sites; n = 25 transects in low reindeer sites). c

Hummocks with permafrost are significantly larger than hummocks with no permafrost (T-test, p < 0.001; n = 58

hummocks with no permafrost; n = 38 hummocks with permafrost, from detailed study sites).
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and contribute to permafrost degradation (Jo-

hansson and others 2006, Devoie and others 2019).

Modeling studies support the possibility of shrub-

induced permafrost melt as a result of snow accu-

mulation and lower albedo (Lawrence and Swen-

son 2011, Beer and others 2020). The deeper snow

layers in the sites under high reindeer densities

could potentially have increased the sensitivity of

the peatlands to summer trampling as permafrost

integrity is lower under thick snow packs. The

thicker snow packs could also be explained by

seasonal differences in reindeer habitat use be-

tween our low and high reindeer sites. We found

less winter reindeer pellet groups in high reindeer

sites suggesting that a thicker snow pack could also

result from less reindeer snow compaction during

winter (Supplementary Figure S2.1). Winter

trampling is likely limited in peatlands as reindeer

preferentially seek out the forest to forage mostly

on ground and arboreal lichens in winter (Skjen-

neberg and Slagsvold 1979; Suominen and Olofs-

son 2000, Kitti and others 2009).

At the ecosystem-scale, the direct effects of

reindeer browsing on plant species composition

seem to be much smaller than the indirect effects of

reindeer through hummock fragmentation and

permafrost loss. Peatlands under high reindeer

densities show a larger proportion of small hum-

mocks without a frozen core. Vegetation in un-

frozen hummocks is dominated by mosses and

sedges, indicating a transition toward moister con-

ditions (Holmgren and others 2015, Limpens and

others 2020), which is comparable to the vegeta-

tion succession reported for arctic tundra after

permafrost thaw (Magnússon and others 2020,

Heijmans and others 2022). The interactive effects

of permafrost condition and reindeer density on

vegetation, that we have described here, echo

earlier conclusions about the complexity and con-

text-dependency of reindeer effects on vegetation

(Bernes and others 2015). The transition from

bFigure 3. Summer albedo in hummocks and lawns of

subarctic peatlands. a Ratio of lawns to hummocks

surface tends to increase with high reindeer pressure as

hummocks fragment but spatial variability is high and

differences are not statistically significant (GLM reindeer

effect, p = 0.319). b Standing water, expressed as wet:

dry lawn ratio, tends to increase in lawns of peatlands

with high reindeer density (Chi-square Test, p = 0.07). c

Summer albedo of lawns is lower than albedo of

hummocks (Paired T-test, p < 0.001). d Summer

albedo of lawns decreases as standing water increases

(T-test, p = 0.001). e Derived summer albedo on

hummocks with permafrost is unaffected by reindeer

density (GLM reindeer effect, p = 0.823). f Derived

summer albedo in hummocks with no permafrost is

unaffected by reindeer density (GLM reindeer effect,

p = 0.374). Sample sizes: a, b n = 25 transects in high

reindeer sites; n = 24 transects in low reindeer sites, c, d

n = 75 in high reindeer sites; 72 in low reindeer sites, (e,

f) n = 145 hummocks along the 49 transects as n = 51

high reindeer no permafrost, n = 35 high reindeer with

permafrost; n = 23 low reindeer no permafrost, n = 34

low reindeer with permafrost.
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permafrost peatlands with large frozen hummocks

toward wetter peatlands with fragmented hum-

mocks without permafrost may increase the emis-

sion of the strong greenhouse gases methane and

nitrous oxide (N2O) (Voigt and others 2017, Hu-

gelius and others 2020, Shan and others 2020). We

found that hummocks with no permafrost had

lower soil N and higher C:N ratios, suggesting N is

being lost from the soil as permafrost thaws. Some

of this N may have been emitted to the atmosphere

while part may have been sequestered by sedges

and herbs.

A Hypothetical Successional Model

It might well be that the patterns we observe reflect

only part of a long-term, perhaps cyclic succes-

sional pattern. Consider the following hypothetical

scenario: Browsing initially promotes the relative

abundance of unpalatable large shrubs in hum-

mocks that still retain their frozen core. However,

Figure 4. Snow depth in peatlands and adjacent edges with mineral soil under low and high reindeer levels. Snow

accumulation tends to be higher in peatlands (a and c) and mineral surroundings (b and d) with high reindeer density

(GLM reindeer effect; p = 0.079. Data shows mean ± 1 s.e. (n = 6 sites with high reindeer density and n = 6 sites with low

reindeer density).
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as the reindeer return annually to forage on the

sedges in the surrounding lawns, the persistent

trampling, damages and fragments the hummocks.

Smaller hummocks lose their insulating capacity

and permafrost eventually thaws. During this stage

shrubs are replaced by sedges which can increase

the hummock albedo, but as trampling reduces the

area covered by hummocks and increases the area

covered by lawns with surface water, the overall

albedo of the peatland decreases. During this stage,

peatlands may amplify climate warming due to a

combination of decreased albedo and increase

methane emission. Eventually, as peatlands be-

come too wet, this may hinder the access of rein-

deer and facilitate the regrowth of moss. Such

recovery of the moss layer could potentially reduce

methane emissions by creating an aerated layer

where methane can be oxidized and also increase

the soil capacity to retain seasonal frost as open

water is replaced by insulating moss. The possibility

of peatlands ultimately recovering some of their

microtopography and ecosystem functions remains

speculative. Also, long-term outcomes likely de-

pend on reindeer densities and habitat use, the

ratio of hummocks to lawns and the overall climate

and topographic features of the peatland.

The ‘‘natural’’ experiment approach we used al-

lows assessing only the short-term effects of con-

trasting reindeer densities at those landscape scales.

Long-term observations are needed to assess the

mechanisms that explain the broader successional

trajectories of peatlands under low and high rein-

deer densities. Also, future experimental studies,

under more controlled conditions, could help

assessing the relative importance of the different

pathways that may affect permafrost condition of

subarctic peatlands (Figure 5), and how this com-

pares to reindeer effects in other high latitude

ecosystems. Such a combination of approaches has

proven a successful strategy to understand complex

phenomena in ecological systems at relevant spatial

and temporal scales (Schindler 1998, Underwood

and others 2000).

Implications for Rewilding of Northern
Landscapes in a Warming World

It has been hypothesized that the widespread

extinction of mega herbivores at the end of the

Pleistocene caused a major ecosystem shift from

drier grass-dominated steppes to moister moss-

shrub-dominated tundra with patchy deciduous

forests. If true, rewilding the Arctic with high

densities of large herbivores could help re-establish

a lost top-down control on woody plants and

facilitate the expansion of grasslands (Zimov and

others 1995). The paleo-ecological evidence on the

cause-effect relationship between the extinction of

mega herbivores and the shrub expansion of the

Arctic remains controversial (Monteath and others

2021, Murchie and others 2021). Nevertheless,

increasing the density of large herbivores in

northern landscapes has been proposed as a nature-

based solution to mitigate current climate warm-

ing. The proposed mechanism is two-fold. Intense

browsing and nutrient addition may facilitate grass

expansion leading to higher albedo and evapo-

transpiration resulting in soil cooling and drying.

Meanwhile, trampling in winter may compact the

Figure 5. Schematic representation of reindeer effects on

subarctic permafrost peatlands. This conceptual model

shows the mechanisms by which reindeer may affect

permafrost condition. Signs are used to indicate positive

or negative relationships between variables. Multiplying

the signs along each pathway describes the direction of

the net effects reindeer have for that mechanisms. Net

effects of reindeer on permafrost are all negative with the

exception of their impact on sedges (III) which implies a

protective effect. (I) Reindeer trample on mosses

reducing thermal insulation, increasing summer soil

temperatures and degrading permafrost. (II) Reindeer

trampling increases the lawn to hummock surface ratio

and the water cover in lawns, reducing summer albedo

and facilitating permafrost loss. (III) Reindeer favor

sedges by increasing the surface of moist lawns. The

high summer albedo of the sedges slows down local

warming, protecting the permafrost. (IV) Reindeer

promote the relative abundance of tall

unpalatable shrubs on hummocks which retain thicker

snow packs, increasing winter temperature and

facilitating permafrost degradation.
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snowpack allowing deeper winter freezing and

protection of the permafrost (Macias-Fauria and

others 2020, Malhi and others 2022). Although

rewilding projects aim to actively reintroduce or

facilitate the dispersal of large herbivores in order

to restore ecosystem functions and resilience

(Perino and others 2019), our results with a semi-

domesticated large herbivore can contribute to

anticipating the implications of high densities of

large herbivores on the functioning of permafrost

peatlands.

Our results suggest that even moderate densities

of reindeer may profoundly affect the functioning

of subarctic permafrost peatlands in ways that

could amplify climate warming. Those different

results could be explained by a difference in the

response of uplands and peatlands to high densities

of large herbivores, especially in the summer. In-

deed, opposite effects have been found for upland

tundra at very high reindeer densities (Beer and

others 2020). The different outcomes may be

mediated by hydrology. Peatlands are found in

poorly drained terrain, with permafrost kept closer

to the surface, or stored in small dry micro-eleva-

tions surrounded by waterlogged conditions. In

peatlands, summer trampling by large herbivores

enhances permafrost thaw by reducing thermal

insulation of the top soil. Indeed, trampling may

also lead to deeper thaw in wet tussock tundra of

Siberia as suggested by a deeper thawing depth in

experimental areas under high density of herbi-

vores compared to areas under lower herbivore

densities (Fischer and others 2022).

Understanding how different types of northern

landscapes respond to large herbivores in a warm-

ing world is urgently needed to improve the

adaptive capacity of local herding communities as

well as to anticipate potential feedbacks to the cli-

mate system. Reindeer-people interactions have

shaped northern socio-ecological systems for mil-

lennia, evolving and adapting to changing natural

and social conditions (Vuojala-Magga and Turunen

2015). Clearly, reindeer management can have

major effects on the capacity of northern ecosys-

tems to maintain permafrost for a longer period of

time under climate warming. Understanding this

better will be important if we are to optimize

reindeer management for climate control. Our re-

sults indicate that in subarctic peatlands, reindeer

densities much smaller than those proposed for

rewilding the arctic tundra may already have neg-

ative effects on permafrost (Beer and others 2020).

Here, reducing reindeer densities may slow down

permafrost thaw in peatlands and may build

ecosystem resilience to climate warming, sensu

(Scheffer and others 2015) preventing transitions

to alternative ecosystem states in these northern

latitude landscapes (Scheffer and others 2012). The

sensitivity of peatlands to high reindeer densities

may be larger in the southern end of the arctic

region already exposed to warmer temperatures

and a discontinuous permafrost layer. Our findings

in those subarctic peatlands may help anticipate

how the colder arctic peatlands may respond to

high reindeer densities as climate warming pro-

gresses. Rewilding projects in northern high lati-

tude peatlands should carefully monitor the effects

of increasing densities of large herbivores on

ecosystem functions that may cause permafrost

degradation.
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nen O, Ruosteenoja K, Vihma T, Laaksonen A. 2022. The

Arctic has warmed nearly four times faster than the globe

since 1979. Communications Earth & Environment 3:168.

Scheffer M, Hirota M, Holmgren M, Van Nes EH, Chapin FS.

2012. Thresholds for boreal biome transitions. Proceedings of

the National Academy of Sciences 109:21384–21389.

M. Holmgren and others



Scheffer M, Barrett S, Carpenter S, Folke C, Green AJ, Holmgren

M, Hughes T, Kosten S, Van de Leemput I, Nepstad D. 2015.

Creating a safe operating space for iconic ecosystems. Science

347:1317–1319.

Schindler DW. 1998. Whole-ecosystem experiments: replication

versus realism: the need for ecosystem-scale experiments.

Ecosystems 1:323–334.

Schuur EA, Mack MC. 2018. Ecological response to permafrost

thaw and consequences for local and global ecosystem ser-

vices. Annual Review of Ecology, Evolution, and Systematics

49:279–301.
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