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ABSTRACT

Arctic and subarctic ecosystems are changing ra-

pidly in species composition and functioning as

they warm twice as fast as the global average. It has

been suggested that tree-less boreal landscapes may

shift abruptly to tree-dominated states as climate

warms. Yet, we insufficiently understand the con-

ditions and mechanisms underlying tree establish-

ment in the subarctic and arctic regions to

anticipate how climate change may further affect

ecosystem structure and functioning. We con-

ducted a field experiment to assess the role of

permafrost presence, micro-topography and shrub

canopy on tree establishment in almost tree-less

subarctic peatlands of northern Finland. We intro-

duced seeds and seedlings of four tree-line species

and monitored seedling survival and environmen-

tal conditions for six growing seasons. Our results

show that once seedlings have emerged, the ab-

sence of permafrost can enhance early tree seedling

survival, but shrub cover is the most important

driver of subsequent tree seedling survival in sub-

arctic peatlands. Tree seedling survival was twice as

high under an intact shrub canopy than in open

conditions after shrub canopy removal. Under un-

clipped control conditions, seedling survival was

positively associated with dense shrub canopies for

half of the tree species studied. These strong posi-

tive interactions between shrubs and trees may

facilitate the transition from today’s treeless sub-

arctic landscapes towards tree-dominated states.

Our results suggest that climate warming may

accelerate this vegetation shift as permafrost is lost,

and shrubs further expand across the subarctic.
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HIGHLIGHTS

� We assessed the mechanisms underlying tree

expansion in subarctic peatlands.

� Tree establishment increased with permafrost

absence and shrub cover presence.

� Subarctic peatlands may transition towards tree-

dominated states with climate warming.

INTRODUCTION

Climate warming of arctic and subarctic ecosystems

is advancing twice as fast as the global average

(IPCC 2019). This induces changes in species’ dis-

tributions and ecological processes that could fur-

ther reinforce climate warming through a series of

positive feedbacks that remain very poorly under-

stood. Progressive melting of once permanently

frozen soils has resulted in degraded permafrost

layers across North America, Europe and Asia

(Payette and others 2004; Åkerman and Johansson

2008; Mamet and others 2017; Biskaborn and

others 2019). Permafrost degradation facilitates

organic matter decomposition and the release of

stored soil carbon as carbon dioxide (CO2) and

methane (CH4) (Goulden and others 1998; Betts

2000; Schuur and others 2015). This can be par-

ticularly relevant for permafrost peatlands that

store approximately 14% of the global soil carbon

(Malmer and others 2005; Tarnocai and others

2009; Olefeldt and others 2016). Higher decompo-

sition rates also increase plant-available nitrogen

which, combined with warmer temperatures, can

stimulate faster plant growth and species turn-over

(Jorgenson and others 2001; McGuire and others

2006; Wang and others 2017). Indeed, northward

expansion of shrub and tree lines has been corre-

lated with climate warming (Rupp and others 2000;

Chapin and others 2005; Tape and others 2006;

Myers-Smith and others 2015; Garcı́a Criado and

others 2020). In turn, woody plant canopies trap

thicker snow layers than herbaceous plants, and

because snow insulates the soil more effectively,

this results in higher soil temperature and en-

hanced microbial activity that may further enhance

decomposition rates and woody plant expansions

(Sturm and others 2005; Zhang and others 2013;

Hagedorn and others 2014).

However, melting of permafrost due to climate

warming could also suppress, instead of stimulate,

the recruitment of shrubs and trees. The estab-

lishment success of shrubs and trees on degraded

permafrost can be limited since anoxic conditions

in poorly drained, waterlogged soils, can drastically

limit root growth and survival (Lloyd and others

2003). This mechanism has been proposed to ex-

plain past vegetation shifts in permafrost peatlands

(Swindles and others 2016) and shrub mortality on

patches of melted permafrost in arctic tundra

(Nauta and others 2015). However, as long as roots

do not become waterlogged, shrubs can survive in

very thin aerobic layers with a depth of a few

centimetres. Under these wet conditions, shrubs

may act as nurse plants for trees. Experimental

evidence in wet boreal peatlands shows that shrubs

can indeed facilitate tree seedling establishment by

ameliorating stressful abiotic conditions (Holmgren

and others 2015). These facilitative interactions

between plants can potentially generate positive

feedbacks that may shift ecosystems towards more

densely vegetated states (Kéfi and others 2016).

Interestingly, discontinuities in tree cover distri-

bution across boreal ecosystems suggest the exis-

tence of critical transitions between treeless

landscapes, open woodlands and forests (Scheffer

and others 2012; Xu and others 2015). Yet the

mechanisms explaining these abrupt vegetation

changes remain elusive.

Most of our knowledge on successional trajec-

tories in boreal ecosystems relies on field, and re-

motely sensed observations. Yet, to unravel the

mechanisms that explain woody plant expansion

we need field experiments assessing the relative

importance of the hypothesised ecological pro-

cesses. In this paper, we report on a long-term field

experiment aiming to understand the mechanisms

that could facilitate tree expansion on currently

almost tree-less permafrost peatlands at the

southern edge of the permafrost distribution which

is most vulnerable to climate warming (Sollid and

Sørbel 1998; Luoto and Seppälä 2003; Fronzek and

others 2010). This subarctic region is characterised

by peatlands in wet and cold depressions, whereas

the drier upland sites are covered by stunted

mountain birch forest or alpine heath. The ex-

tremely wet environment of peatlands with its

small-scale topography offers a good opportunity to

study mechanisms underlying tree survival and

expansion under poorly drained conditions, and,

therefore, also provide a glimpse of how tree

expansion may proceed as permafrost disappears.

We followed a field experiment designed to as-

sess how permafrost presence, micro-topography

and shrub canopy affect tree seedling germination

and survival during six growing seasons. We

hypothesised (1) tree seedling establishment to be

more successful with lower abiotic stress, and,

therefore, (2) expected higher seedling survival

Shrubs Facilitate Tree Advance in Subarctic 371



without permafrost, on sheltered topographic

positions, and under an intact shrub canopy.

MATERIALS AND METHODS

Study System and Sites

Field experiments were conducted in two per-

mafrost peatlands about 37 km apart within the

discontinuous permafrost zone of subarctic Finnish

Lapland: a northern site Pulmankijärvi (70� 02¢ N,
27� 53¢ E; 142 m.a.s.l.) and a southern site

Skalluvaara (69� 49¢ N, 27� 09¢ E; 239 m.a.s.l.)

(Figure 1a).

Subarctic permafrost peatlands are characterized

by a small-scaled topography of elevated microsites

(hummocks) within an overall waterlogged envi-

ronment. On the sides of, and in between, the

hummocks, the soil moisture content is high,

whereas the tops are drier and more exposed to

harsh, cold, and windy conditions (Holtmeier and

Broll 2007; Anschlag and others 2008). All hum-

mocks in the study areas freeze during winter and

thaw from the top down during spring. However,

some hummocks thaw completely, whereas others

keep a frozen core throughout the growing season.

In hummocks with a frozen core, soil temperature,

available rooting depth, and nutrient mineralisa-

tion are expected to be low (Waelbroeck and others

1997; Schuur and others 2007), presumably acting

as a strong environmental filter against tree

recruitment.

Our two study peatlands are characterised by

small raised topographic patches about 1–2 m high

and a diameter of 2 m, embedded in an overall wet

matrix dominated by the peat moss Sphagnum jen-

senii, and with a water table within 10 cm of the

surface (Figure 1b). The raised patches are referred

to as ‘‘pounu’’ in the Finnish literature (Luoto and

Seppälä 2002), or as hummocks in general peatland

terminology and this paper. The hummocks at both

experimental sites are characterised by low shrubby

Figure 1. Sites and climate. A Location of Kevo Subarctic Research Station (square) and experimental sites in Finnish

Lapland: northeastern site Pulmankijärvi (triangle) and southern site Skalluvaara (circle). B Overview of Pulmankijärvi. C

Overview of Skalluvaara. D Meteorological conditions (mean, minimum and maximum) for the study area during

experimental period (2014–2019). Data were obtained from the Finnish Meteorological Institute (https://en.ilmatieteenla

itos.fi/); from the Kevo Subarctic Research Station (ID: 102035. Coordinates: 69.75637; 27.00678) and the Nuorgam

Observation Station, which is close to Pulmankijärvi (ID: 102036. Coordinates: 70.08203; 27.89650). LTA = long-term

average 1989–2019. Snow cover days are between November–May. Snow depth data refer to midwinter (December-

February) when temperatures are the lowest. - = missing data.
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vegetation of about 10–30 cm in height (Andromeda

polifolia, Betula nana, Empetrum nigrum, Ledum

palustre, Rhododendron tomentosum and Salix glauca)

along with the many Vaccinium dwarf shrub spe-

cies, including V. microcarpum, V. myrtillus, V. uligi-

nosum and V. vitis-idaea and the commonly

occurring boreal herb Rubus chamaemorus. Occa-

sionally, seedlings and saplings of tree species Be-

tula pubescens ssp. czerepanovii and Pinus sylvestris

occur on the hummocks. For more detailed site

descriptions, we refer to Luoto and Seppälä (2002).

Over the experimental period (2014–2019), the

mean annual temperature at the study sites ranged

between - 0.7 �C (2017) and 0.7 �C (2015, 2016)

(Figure 1). Mean annual precipitation ranged be-

tween 387 mm (2014) and 539 mm (2017). About

50% of the precipitation falls in the form of snow

(Merkouriadi and others 2017), ranging between

181 and 211 days of snow cover annually between

early October until the end of May for the experi-

mental period. Although climate conditions be-

tween sites are comparable, differences in

landscape features between sites mediate the

harshness of the abiotic conditions experienced

locally by the vegetation. The northern site has a

more open, and thus a more wind exposed, land-

scape than the southern site. The higher wind

exposure translates into cooler conditions in sum-

mer and winter. For example, inhabitants of the

region agree that snow covers are thinner in the

vicinity of the northern site Pulmankijärvi than in

the vicinity of southern Skalluvaara. Indeed, snow

depth in the peatland near Pulmankijärvi

(34 ± 1 cm, n = 30) was almost half that of the

peatland near Skalluvaara (59 ± 2 cm, n = 30) in

the winter of 2019.

Experimental Design

At each site we conducted a field experiment with a

nested factorial design using hummocks as our

experimental units to assess the effects of per-

mafrost presence, micro-topography and shrub

cover on tree seedling germination and survival.

Shrub cover was nested within micro-topographi-

cal position, which both were nested within hum-

Figure 2. Experimental design and tree seedling survival. A Position plots where tree seedlings were planted: hummocks

with contrasting permafrost presence (present, absent, n = 30), topographic positions (hummock top, hummock side,

n = 60) and shrub canopy treatments (intact +, removed -, n = 120). B Survival (mean, ± 1 SE) of planted seedlings after

six growing seasons in response to site (northern site Pulmankijärvi, southern site Skalluvaara), permafrost presence,

(micro)topography and shrub canopy. Seedling survival has been expressed as % of the seedlings planted (60) in the 16

unique site * microsite * treatment combinations. For statistical analyses see Table 2. For statistical analyses of cumulative

seedling survival per time-interval see Table S3 and for survival per tree species see Table S4.
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mock (Figure 2A). As our tree species, we chose

four species that form the treelines in subarctic

Finland and west Siberia north of the 68� N line

(Hustig 1953): Larix sibirica (Siberian larch), Pinus

sylvestris (Scots pine), Picea abies (Norway spruce),

and Betula pubescens ssp. czerepanovii (Mountain

birch). Betula pubescens was the dominant tree

species on the mineral outcroppings surrounding

the peatlands. Betula and Pinus were the only tree

species that had naturally established on the peat-

lands under study, albeit at low density.

In early July 2014, we selected 30 hummocks at

each site: 15 with a frozen core (probed with a thin,

90 cm long, metal rod; see below) and 15 without a

frozen core, respectively, referred to as hummocks

with and without permafrost. On each of the

hummocks we established four plots of

40 9 20 cm, resulting in a total of 120 plots per

site. Two paired plots on the top of the hummock,

and two paired plots at the hummock base exposed

towards the south. The low topographical position

is from here on referred to as the hummock side.

Plot pairs had homogeneous vegetation and were

spaced 20–40 cm apart. In one randomly selected

plot of each pair, plants were clipped at the

beginning of the experiment, leaving the insulating

moss and peat layers undisturbed. Clippings were

collected and weighed after drying for 48 h at 70 �C
to assess aboveground plant biomass. Re-sprouting

non-target plants were clipped again at the onset of

the growing season in the year 2015 after assessing

climate and soil conditions (see measurements).

Within each plot, we introduced (i) five seeds per

tree species on top of the soil surface in a small

depression and (ii) one small seedling (2–5 cm tall;

2 months old) per tree species for larch, pine and

spruce, following the experimental protocol used

earlier in boreal peatlands (Holmgren and others

2015). For birch we used 10 seeds and a seedling of

the same height (2–5 cm tall; 1 year old) as seed

quality was low and 2-month-old seedlings were

too small and fragile to survive transplantation. To

plant all seedlings, we made a 10-cm-deep incision

in the moss-soil surface, gently introduced the

seedling and pressed the sides of the surface back

(Limpens and others 2014). All seedlings were

well-watered prior to planting. Coniferous seeds

were from arctic provenance and came from a

commercial nursery in Rovaniemi, a town situated

at the arctic circle. Birch seeds were collected near

the Kevo Subarctic Research Station in autumn

2013. After establishing the field experiment, seed

viability was assessed under optimal light, tem-

perature and moisture conditions using 40 seeds

per species for spruce, pine and larch and 80 seeds

for birch. Seedling emergence success after 15 days

was 100% for spruce, 97.5% for pine, 70% for

larch and 1.3% for birch. Experimental seedlings

were pre-grown on non-fertilised potting compost

at ambient temperature at the Kevo Subarctic Re-

search Station. Field experiments in both sites were

installed in early July 2014 and monitored during

the growing seasons in 2014, 2015, 2016 and 2019.

Emergence and Survival of Seedlings

Emergence of seedlings from planted seeds was

determined annually for three growing seasons

after seeding. Multiple emerged seedlings from the

same species were labelled individually. Emergence

of seedlings from seeds was too sporadic to be

analysed statistically. Instead we report percentage

of emerged seeds per species per site in the results

only. Survival of planted seedlings was determined

in the beginning of July and end of August for both

2014 and 2015. In 2016 and 2019 we monitored

survival only at the end of August, as mortality

within season was no longer significant in 2015.

Planted seedlings were considered dead if 100% of

the needles or leaves were brown and never

recovered, or if the seedling was missing during

subsequent surveys. Height of planted seedlings

was measured in July 2014 and August 2019.

Environmental Conditions

Environmental conditions were monitored in detail

during the first two growing seasons, a period

considered critical for seedling establishment in

plant communities (Crawley and Ross 1990).

To test if vegetation characteristics differed be-

tween the investigated microsites, we assessed

species abundance using the point intercept

method on a 5 9 5 cm grid (21 interceptions)

suspended over each plot in 2014. At all intersec-

tions, a needle was lowered perpendicular to the

soil surface and all species touched by the needle

were recorded; multiple hits of the same species at

the same point did not count. The data were used

to calculate total number of species, percentage

cover of woody and herbaceous species, and total

cover. Vegetation height was measured per plot

using a ruler.

Permafrost presence was recorded, and the depth

of the unfrozen layer (active layer depth) was

measured with 1 cm accuracy in two locations per

hummock: in between the paired plots on top of

the hummock and in between the paired plots on

the side of the hummock. To this end, a thin metal

rod was pushed vertically into the soil until 90 cm

depth or until resistance by frozen soil was met.
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These measurements were taken in week three of

July 2014, July 2015 and August 2015 to explore

consistency of permafrost presence between years

and within growing season. Permafrost presence

changed in five out of 60 hummocks between July

2014 and July 2015, but did not change within

growing season (July 2015 vs. August 2015). To

check if this change affected the results, we ran all

statistical models twice, once with permafrost

presence in July 2014 and once with permafrost

presence in July 2015. As this did not affect the

results, we used permafrost presence of July 2014

in all models reported in this manuscript.

Soil temperature (�C) was measured at the centre

of each experimental plot using a soil thermometer

(Traceable�) at 20 cm depth (2014) and 12.5 cm

depth (2015) a few days after the shrub canopy

removal in the third week of July (2014) and Au-

gust (2015). Measured soil temperature of both

years showed similar patterns across the two

depths. To explore winter soil temperature, we

inserted temperature loggers (iButtons�) at a

depth of five cm on tops of two adjacent hummocks

contrasting in permafrost presence (presence, ab-

sent) between October 2014 and May 2015 and at

contrasting topography (top, side) under an intact

canopy between December 2015 and August 2016.

Soil moisture (volumetric %) of the top five cm

soil was measured at four positions per plot using a

theta probe (ML2x, Delta-T Devices) a few days

after the shrub canopy removal in the third week of

July (2014) and August (2015). Rainfall was absent

on the days before and during the measurements.

Irradiance was measured above each seedling

using a photosynthetic active radiation sensor (PAR

sensor, Skye Instruments) under overcast condi-

tions in the second and third week of August 2015.

To enable the best comparisons between unclipped

and clipped plots per tree species, we measured

irradiance consecutively in the plot with and

without shrubs just above the seedlings of each

species.

To assess if presence of permafrost modified

nutrient availability in the top soil layer, we mea-

sured availability of main soil nutrients (N, P, K)

using cotton bags containing ion exchange resin in

2014 and 2015. This method has been successfully

used before to assess contrasts in plant-available

nutrients (Qian and others 1992; Hobbie and

Chapin 1998; Holmgren and others 2015). Each

bag was filled with 1 g of ion exchange resin and

closed with a clip. A piece of white string was at-

tached to the clip to facilitate locating them. Per

hummock, one resin bag was inserted 10–20 cm

(2014) and 5–10 cm (2015) into the soil between

the two top plots after making an incision with a

sharp knife. The bags were in full contact with the

soil for 3 weeks between the third week of July and

the third week of August in both 2014 and 2015,

after which they were removed, air-dried and

transported to the Netherlands. At Wageningen

University, the bags were cleaned from roots, soil

and dirt and dried for 48 h at 25 �C. The resins

were weighed and 50 mL 2 M NaCl in 0.1 M HCl

was added. The mixture was shaken for 2 h and

nitrate, ammonium, phosphorus (P) and potassium

(K) concentrations were measured in a continuous

flow analyser (SKALAR SAN Plus system). Con-

centrations of ammonium and nitrate were sum-

med into nitrogen (N) availability.

Statistical Analysis

To check whether vegetation characteristics and

microclimate differed between our treatments and

between sites, we used linear mixed models

(function ‘lmer’ in R-package lme4; Bates and

others 2015). We averaged all variables per mi-

crosite and per year, if applicable. We explored the

four- and three-way interactions between treat-

ments (site, permafrost, microtopography, and

shrub canopy cover); however, none were signifi-

cant and were further excluded for simplicity. We

constructed models using all possible two-way

interactions, and stepwise removed non-significant

interactions, until only significant interactions and

all main effects remained. Analysing the data sep-

arately for each site did not change results

(Table S2B and S2C), so we present the results here

based on the full dataset. As our random structure

we used hummock ID, nested within site, to correct

for dependencies between measurements within

the four plots of a hummock. Analysing the effect

of our treatments on the number of plant species

using a Poisson or negative-binomial distribution

resulted in severe under-dispersion. Because the

number of plant species followed a normal distri-

bution and the fit was good, we assumed a normal

distribution. To improve the normality of the

residuals, we needed to square-root transform

herbaceous plant cover, total vegetation cover,

aboveground plant biomass, and soil moisture,

quadratic-transform woody plant cover, and log10-

transform the vegetation height and irradiance. In

the tables we report untransformed data.

As soil measurements (N, P and K concentra-

tions) were only measured per hummock, we tes-

ted potential differences in nutrients between

hummocks with and without permafrost and be-

tween sites. We used the same approach as above,
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but with simpler models (lm) using only per-

mafrost, site and their two-way interaction. We

log10-transformed N, P and K to improve normality

of residuals. For N and P we removed one extreme

outlier, and for K two extreme outliers, as their

values were at least seven times larger than the

mean.

We analysed the survival of planted tree seed-

lings using generalised linear mixed models (func-

tion ‘glmer’ in R-package lme4) with a logit-link

function, assuming a Bernoulli distribution (1

being alive, 0 being dead). Our dataset did not al-

low for tests with four-way interactions, but in-

stead we assessed all possible two- and three-way

interactions for the full dataset (including site and

tree species as fixed effect), and for separate data-

sets per site (Table S3), and per tree species

(Table S4), as this could indicate whether three-

way interactions would differ with site or tree

species. However, none of the two- and three-way

interactions were significant. We therefore used

only main-effect models for each survival analyses

on the full dataset. We used site, permafrost,

microtopography, shrub canopy cover, and tree

species as our explanatory variables, and hummock

ID nested within site as our random structure. We

tested the following four periods in separate anal-

yses to assess if factors driving cumulative seedling

survival would remain consistent through time:

July 2014–August 2014, July 2014–August 2015,

July 2014–August 2016 and July 2014–July 2019.

To further explore the effect of shrub canopy

removal on seedling survival, the strongest driver

in our study, we summed all the seedlings surviv-

ing after 6 years for each treatment per site (that is,

maximum of four survivors per plot). The strength

of this canopy effect was illustrated with X2 tests for

each micro-topographic position per site, with and

without permafrost. The high between-hummock

variation in survival and the low survival over the

6 years, left us with too few degrees of freedom to

support a more complex analysis that takes into

account the random structure: thus the X2 results

should be interpreted with caution.

To test whether early seedling survival (2014,

2015) differed with microclimate and soil nutrients

we used generalised linear mixed models (glmer)

with hummock ID nested within site as our ran-

dom structure. Additionally, effects of vegetation

characteristics (biomass and vegetation cover) were

tested only on microsites with the shrub canopy

intact and for survival within 2014. To analyse this,

we used generalised linear models (glm), where we

assumed that biomass and vegetation cover in

those plots was similar to the biomass and vegeta-

tion cover from the adjacent canopy removal plots.

We performed these analyses separately for each

tree species. Variables were scaled before these

analyses.

P values were obtained using a likelihood ratio

test. All analyses were carried out in R 3.6.1 (R

Development Core Team 2019).

RESULTS

Environmental Conditions

Microclimates in hummocks with and without

permafrost were different irrespective of study site.

In the summer, soil temperature was between one

and two degrees warmer in hummocks without

permafrost than in hummocks with permafrost

(Table 1, Table S2). This difference was larger in

the winter, where the minimum winter soil tem-

perature was six degrees warmer in the hummock

without permafrost compared to hummocks with

permafrost. Within hummocks, soil temperature

differed between topographic positions mostly in

the winter: the minimum soil temperature at the

side of a hummock was three degrees warmer than

on the top. In contrast, during the summer the

sides of the hummock were slightly cooler than the

tops. The removal of the shrub canopy did not

significantly affect summer soil temperature. Soil

moisture was not significantly affected by per-

mafrost condition or shrub canopy removal, but

was significantly higher on hummock sides than on

hummock tops. (Table 1, Table S2).

Hummocks without permafrost tended to have

higher maximum concentrations of nitrogen,

phosphorus and potassium irrespective of site.

However, the effect of permafrost was not statisti-

cally significant to explain differences in nutrient

concentration (Pr (> |t|) > 0.05) likely as result of

high between-hummock variation (Table 1,

Table S2). Nutrient availability did not differ sig-

nificantly between study sites, except for nitrogen,

which was slightly higher at the northern site

(Table 1, Table S2A).

The overall plant species richness on the hum-

mocks was comparable between sites (Table S1).

Absence of permafrost increased the number of

species, but had no statistically significant effects on

biomass or vegetation height. Within hummocks,

the sides had a higher vegetation cover, taller

vegetation and were richer in species than hum-

mock tops (Table 1, Table S2).
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Tree Seedling Emergence and Survival

Emergence from seeds was less than 10% for all

tree species irrespective of site. Seedling emergence

ranged between 1.7 and 9.8% for the conifers

(larch, pine and spruce) and was unsuccessful for

birch. Conifer emergence was higher at the

northern site (7.2–9.8%) than at the southern site

(1.7–6.5%), particularly for Larch (1.7% southern

site vs. 9.8% northern site). One year later, survival

of these emerged seedlings was only 1.2% for larch,

1.4% for spruce and 4.5% for pine taken over both

sites together. After six growing seasons, only two

spruce seedlings that had emerged from seeds were

still alive in the whole experiment, both at the

northern site.

Survival of planted seedlings was highest in the

southern site Skalluvaara. After 6 years, 18% of

all seedlings planted survived in the southern site,

whereas 13% survived in the northern site. De-

spite the difference in overall seedling survival

between sites, patterns across species and micro-

sites were comparable between the two experi-

mental sites (Table S4). After six growing seasons,

larch seedlings survived least (1 and 3% for

southern and northern site, respectively), whereas

pine (34% vs. 14%) and spruce had the highest

survival (26% vs. 19%). Mountain birch took an

intermediate position, with survival being 13%

irrespective of site.

Seedling survival differed significantly between

microsites, being highest on hummock sides with-

out permafrost, and under shrubs, irrespective of

site or species (Figure 2, Table 2). The effects of

shrub canopy and microtopographic position in-

Figure 3. Shrub canopy effects on tree seedling survival in the four microsites per site distinguished in this study: tops and

sides of hummocks with and without presence of permafrost. Bars represent tree seedling survival after six growing

seasons. Seedling survival has been expressed as % of the seedlings planted (60) in the 16 unique

site * microsite * treatment combinations shown. Statistically significant effects of shrub canopy presence are indicated

for each microsite. ns = P ‡ 0.10, (*) = 0.05 < P < 0.10, ** = 0.01 < P < 0.001, *** = P < 0.001, V2-test. Picture inset

shows seedlings of pine under a canopy (left) and outside a shrub canopy (right) for a hummock top with permafrost at the

northern site.

Table 2. Effects of Permafrost, Topography,
Shrub Canopy and Tree Species on Cumulative
Tree Seedling Survival

Glmer N July 14–Aug 19

Estimate SE Z Pr > |z|

Intercept - 1.48 0.31 - 4.78 < 0.001

Site 2 0.58 0.26 2.24 0.03

Permafrost 60 - 0.23 0.26 - 0.90 0.37

Topography 120 - 0.66 0.20 - 3.27 0.001

Shrub canopy 240 - 1.15 0.21 - 5.48 < 0.001

Tree species < 0.001

Spruce 240 0.76 0.26 2.90 0.004

Larch 240 - 2.06 0.50 - 4.14 < 0.001

Pine 240 0.84 0.26 3.24 0.001

Statistically significant effects have been indicated in bold
Data were analysed with a generalised linear mixed model with site and
hummock within site as random factors. Z-values and probabilities indicate
significance relative to intercept. Intercept has been set to: northern site
Pulmankijärvi, no permafrost, hummock sides with canopy intact and tree species
birch. For separate analyses per site see Table S3 and per tree species per site see
Table S4.
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creased in strength over the years, whereas the

effect of permafrost disappeared after the first year

(Figure 2, Table S3).

Early survival over the first summer was signifi-

cantly higher for all conifers than for birch; how-

ever, conifer mortality was high during the first

winter (August 2014–July 2015, data not shown),

evening out the species specific differences in sur-

vival built up over the first growing season. Over

the following years survival of larch declined

stronger than that of pine, spruce and birch, lead-

ing to a significantly lower survival of larch relative

to the other species in 2019 (Tables S3, S4).

After six growing seasons of the field experiment,

tree seedling survival under the shrub canopy was

consistently higher than outside the shrub canopy,

irrespective of site, microsite, or tree species (Fig-

ure 3, Table S4). This shrub canopy effect was

strongest for the top of hummocks with permafrost

in the northern site where seedlings under the

shrub canopy survived seven times better than

seedlings outside the shrub canopy. In contrast, on

the sides of frozen hummocks, shrub presence only

doubled the survival of seedlings, with a compa-

rable effect size between sites. Shrub canopy also

had a positive effect on hummocks without per-

mafrost, especially at the northern site. Here the

facilitative effect of shrubs on seedling survival was

more than three times larger than at the southern

site, for both tops and sides.

Height growth of the surviving seedlings after six

growing seasons varied between 0 and 6.8 cm

depending on microsite and species (spruce:

2.6 cm, birch: 6.8 cm, larch: 4.8 cm, pine: 2.5 cm

on average). Seedlings grew tallest under the

shelter of shrubs on sides of frozen hummocks at

the southern site (Table S5).

We assessed the potential direct effect of envi-

ronmental conditions on early seedling survival for

each species separately. Soil moisture had a con-

sistent positive effect on survival in 2014, and for

birch and pine in 2015. Nitrogen had a negative

effect on survival in 2015 for birch and pine. The

only other significant effect was that soil tempera-

ture increased larch seedling survival in 2014

(Table S6).

DISCUSSION

Our field experiments identified key mechanisms

that could facilitate tree expansion on currently

almost tree-less subarctic peatlands. We found tree

establishment in subarctic permafrost peatlands to

be strongly constrained under current environ-

mental conditions. Rates of seedling emergence

and seedling survival were low. Only 7% of the

inserted seeds emerged of which 0.5% survived

until the sixth growing season of our study. Of the

planted seedlings 16% survived until the end of

our study. These patterns show that seedling

emergence and survival are strong bottlenecks for

tree recruitment. Our findings are in line with

those of Hobbie and Chapin (1998) in tussock

tundra.

The tree seedling emergence rates that we found

in subarctic permafrost peatlands are much lower

than those reported earlier for relatively warmer,

southern boreal peatlands, suggesting that low

temperature constrains seedling emergence in the

subarctic. For instance, emergence of sown Scots

pine (P. sylvestris) reached only 5.6% in the sub-

arctic permafrost peatlands, whereas it reached

40% in a comparable 3-year field experiment, with

similar number of introduced seeds and seed via-

bility, in southern boreal peatlands (Holmgren and

others 2015).

Our field experiment with planted seedlings re-

vealed three consistent patterns that indicate that

severe abiotic stress is the most limiting factor for

tree seedling establishment in the subarctic: (1)

seedling survival of two out of four treeline species

was highest at the southern study site, Skalluvaara;

(2) within study sites, early seedling survival was

highest in hummocks without permafrost for all

tree species; (3) within hummocks, seedling sur-

vival of all tree species was highest under shrub

cover and on the hummock sides, which are the

most sheltered microsites. Also the naturally

established vegetation was taller and richer in

species on hummocks without permafrost and on

hummock sides.

Permafrost presence strongly decreased estab-

lishment of the tree seedlings during the first year

after planting. The cooler soil temperatures in

hummocks with permafrost may have affected root

growth and the survival of very young tree seed-

lings (Smith and others 2003). However, after

1 year, the effect of permafrost on survival was set

off by the sheltering effect of hummock sides. The

higher recruitment of experimental tree seedlings

at the hummock sides coincided with an overall

higher natural vegetation cover, taller vegetation,

and a higher species richness at these locations,

suggesting conditions more favourable to plant

establishment and growth in general.

Our measurements of microclimate suggest that

the microclimate of the hummock sides is more

constant and benign than that of the hummock

tops. In general, the hummock sides tended to be

cooler in summer and warmer in winter (Table 1).
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In summer, the hummock sides were also moister

than the tops, particularly in hummocks without

permafrost. These patterns are supported by

extensive monitoring across different types of

ecosystems showing that micro-topographic varia-

tion coincides with variation in microclimate: with

elevated locations generally showing warmer

summer, colder winter temperature, thinner snow

covers and drier soils than topographic depressions

(Suggit and others 2011).

Tree seedling survival was consistently highest

under the protection of a shrub canopy demon-

strating that shrub facilitation is a key driver of tree

seedling establishment in the subarctic. The

experimental removal of the shrub canopy reduced

seedling survival. The importance of shrub canopy

was even visible in the unclipped control plots,

where a larger cover or biomass of the natural

vegetation increased survival of planted mountain

birch and scots pine seedlings. Shrubs can shelter

seedlings by ameliorating stressful abiotic condi-

tions or by reducing the effects of herbivores

(Holmgren and others 1997; De Frenne and others

2013; Chen and others 2020). Herbivores, such as

reindeer and voles, had access to both study sites,

so the positive effect of the shrub canopy may have

partly resulted from diminished visibility of tree

seedlings to herbivores. Herbivory might also ex-

plain some of the differences between species, as

the palatable mountain birch had lower survival

rates than the unpalatable pine and spruce seed-

lings. Nevertheless, it seems reasonable to interpret

that the facilitative interactions were primarily a

result of abiotic stress amelioration by the shrub

canopy as the strongest positive effects of shrubs

were found in the microsites with harshest abiotic

conditions (that is, on top of a hummock with

permafrost in the northern site). The ameliorating

effect of shrubs on abiotic stress likely combines

summer shading (Holmgren and others 2015) and

winter snow trapping (Myers-Smith and Hik 2013;

Nauta and others 2015) that result in less extreme

temperatures compared to open microsites.

The facilitative effect of a shrub canopy on tree

seedling establishment we found during average

weather conditions in subarctic peatlands was

comparable to what we reported earlier during

extreme weather conditions for southern boreal

peatlands (Holmgren and others 2015). The stron-

ger positive effect of shrubs in these northern per-

mafrost peatlands compared to southern boreal

peatlands coincides with the difference in abiotic

harshness along the distribution range from boreal

to subarctic peatlands (that is, mean annual tem-

perature in subarctic Kevo is - 2 �C vs. 4.2 �C in

southern boreal Lakkasuo). Taken together, our

experimental results suggest that the facilitative

effect of shrubs on tree seedling performance in

peatlands is stronger in the more stressful abiotic

conditions of the subarctic than in the southern

boreal range, in line with patterns reported for al-

pine (Ballantyne and Pickering 2015) and tundra

plant communities (Myers-Smith and others 2011).

BROADER IMPLICATIONS

Finnish Lapland, just like the rest of the subarctic

and arctic regions, is predicted to keep warming

faster than the global average (IPCC 2019), result-

ing in rapid degradation and disappearance of

permafrost soils (Fronzek and others 2010). In our

study sites, absence of permafrost in hummocks

coincided with warmer soil temperature, the

occurrence of more lush vegetation, and a higher

survival rate of young tree seedlings. Warmer soil

temperatures are known to increase seed vigour

(Graae and others 2008) and speed up seed ger-

mination (Hobbie and Chapin, 1998; Sirois 2000;

Milbau and others 2009; Walck and others 2011).

Indeed, seedling emergence in warmer southern

boreal peatlands (Holmgren and others 2015) was

higher than the emergence in the subarctic peat-

lands of our study. Once the strong constraint on

tree seedling emergence is eased, seedling survival

depends on shrub cover. Warmer soil temperatures

have also been associated with the northward and

upward expansion of shrubs (Frost and Epstein

2013; Dial and others 2016; Malfasi and Cannone

2020). Given the strong positive interactions be-

tween shrubs and trees observed in our study and

the rapidly warming subarctic climate, their com-

bined influence could trigger positive feedbacks

that facilitate a shift from an open tree-less land-

scape towards a more tree-dominated woodland

landscape (Scheffer and others 2012; Xu and others

2015). Shifts in tree cover states in the subarctic

would not only put pressure on species restricted to

open conditions for completing their life cycle, such

as breeding wader birds (Virkkala and others 2008),

but also affect ecosystem functioning in various

ways including albedo and carbon feedbacks to

climate (Zhang and others 2013; Schuur and others

2015; Loranty and others 2018; Zeh and others

2019), hydrology, and sensitivity to wildfires (Mack

and others 2011).
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tation promotes selective tree establishment beyond the cli-

matic treeline. Sci Total Environ 708:134618.

Crawley MJ, Ross GJS. 1990. The population dynamics of plants

[and discussion]. Philos Trans Biol Sci 330:125–40.

De Frenne P, Rodrı́guez-Sánchez F, Coomes DA, Baeten L,

Verstraeten G, Vellend M, Bernhardt-Römermann M, Brown

CD, Brunet J, Cornelis J, Decocq GM. 2013. Microclimate

moderates plant responses to macroclimate warming. Proc

Natl Acad Sci 110:18561–5.

Dial RJ, Scott Smeltz T, Sullivan PF, Rinas CL, Timm K, Geck JE,

Carl Tobin S, Golden TS, Berg EC. 2016. Shrubline but not

treeline advance matches climate velocity in montane

ecosystems of south-central Alaska. Glob Change Biol

22:1841–56.
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