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Natural colonization as ameans to upscale restoration of
subarctic woodlands in Iceland
Anna M. Behrend1,2 , Ása L. Arad�ottir1 , Kristín Svavarsd�ottir3, Th�ora E. Th�orhallsd�ottir4,
Arne Pommerening5

The global climate and biodiversity crisis has led to extensive restoration initiatives, calling for cost-effective strategies harnes-
sing the potential of natural processes. Natural colonization of target species is a key process in the scaling up of woodland res-
toration, and effective planning and implementation of restoration strategies requires a mechanistic understanding of
colonization processes. In this study, we investigated patterns and processes of natural colonization of mountain birch (Betula
pubescens ssp. tortuosa), the only native woodland-forming tree species in Iceland, into adjacent treeless lands under diverse
conditions, and its implications for low-intensity restoration strategies. Accordingly, we assessed spatial patterns of seedling
densities on transects extending from 10 birch woodlands in Iceland and analyzed the impact of local environments on coloni-
zation dynamics. Seedling densities generally decreased rapidly with distance from the seed source to around 40 m. In many
study areas, however, birch seedlings were registered at high enough densities to potentially form woodlands, up to 140 m from
a standing seed source. We identified a range of biotic and abiotic determinants of colonization, with the largest number affect-
ing the early-establishment phase of birch colonization, including safe site availability, wind speed and dominant direction, and
grazing. Our results demonstrate a good potential for natural colonization as a restoration strategy for birch woodlands in sub-
arctic environments, and they can furthermore be used to identify areas where birch colonization is likely to occur naturally
and determine appropriate interventions that can facilitate birch colonization in areas where it is less likely.

Keywords:Betula pubescens ssp. tortuosa, birch woodlands, Iceland, mountain birch, natural colonization, passive restoration,
safe sites, seedling establishment

Implications for Practice

• Natural colonization of mountain birch is generally great-
est within the first 40 m of the woodland edge, but occa-
sional long-range dispersal creating nascent foci further
away may play an important role in woodland expansion.

• Targeting of areas for passive and low-intensity wood-
land restoration should take into consideration the avail-
ability of microsites for seedling establishment, which
for relatively small-seeded tree species are characterized
by low-growing vegetation and stable biocrust surfaces
on mineral soils.

• Restoration interventions to facilitate natural colonization
should address the limiting factors in each case, including
planting of a seed source to induce seed dispersal far from
the woodland edge, revegetation to stabilize eroded sur-
faces unfit for establishment, and the removal or strategic
introduction of disturbances such as grazers.

Introduction

The continuing degradation of Earth’s ecosystems is among the
biggest threats facing humanity in the twenty-first century
(Barnosky et al. 2012). It has been estimated that more than
70% of natural ecosystems have been altered or lost due to

anthropogenic disturbances (IPCC 2019). This is particularly
the case for primary forests and woodlands, with estimated
losses of 47 million ha in the last 20 years (FAO 2022). Their
restoration is of great importance to ensure the provision of valu-
able ecosystem services (Suding et al. 2015; Temperton
et al. 2019). Globally, there are numerous ongoing efforts to
increase the cover of natural woodlands and restore degraded
woodland ecosystems, including the Bonn Challenge, a global
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initiative aiming to restore 350 million ha of deforested and
degraded lands by 2030 (World Conservation Union 2020).

Much of woodland restoration has focused on large-scale tree
planting, which is both an economically and logistically infeasi-
ble strategy for the extensive effort that is currently needed
(Ferreira et al. 2023). Nor is it a guarantee for the success of such
restoration projects, as tree planting projects often fail to con-
sider ecological principles for the creation of new, self-
sustaining populations (Holl et al. 2011; McCallum
et al. 2018; Hua et al. 2022). To scale up woodland restoration
globally, cost-effective restoration strategies that harness the
potential for woodland expansion through natural colonization
from existing seed sources and planted tree nuclei are needed,
that is, natural regeneration, assisted natural regeneration, and
applied nucleation (Gann et al. 2019).

Effective facilitation of natural colonization in restoration
requires a thorough understanding of limiting factors at the suc-
cessive life history stages of targeted plant species. The process
of seed dispersal is, in the case of anemochorous species,
affected by distance from seed source, landscape patterns,
topography, wind direction, and a range of other biotic and abi-
otic factors and their interactions (Wilson 1993; Auffret et al.
2017; Beckman & Sullivan 2023). Successful colonization fur-
thermore requires habitat patches with suitable safe sites for
seedling establishment and survival (Fowler 1988; Duncan
et al. 2009). An improved understanding of the precise limita-
tions to recruitment is necessary for more accurate predictions
of colonization rates and patterns and the design of effective res-
toration approaches.

Several passive and low-intensity restoration frameworks
rely on natural colonization to a large degree. A completely pas-
sive framework, in the context of woodland restoration, typi-
cally arises from initial management actions with little or no
subsequent intervention, such as land protection or abandon-
ment, leading to successional trajectories toward target ecosys-
tems (Holl & Aide 2011). Strategies relying entirely on natural
colonization, however, can lead to invasion of species other than
the target species, and predicting restoration outcomes is in most
cases not possible (Crouzeilles et al. 2020; Pizza et al. 2023).
Assisted natural regeneration removes potential barriers to seed-
ling establishment and enhances survival by selected interven-
tions, for example, protection against active disturbances such
as erosion and grazing and active removal of tall-growing com-
peting vegetation (Shono et al. 2007). Applied nucleation, on the
other hand, overcomes dispersal limitations by establishing tree
clusters that serve as future seed sources (Benayas et al. 2008).
These strategies are generally less costly than more extensive
planting (Campanhã Bechara et al. 2021), but applying them
can be challenging without a comprehensive mechanistic under-
standing of factors affecting seedling establishment and survival
(Corbin & Holl 2012; McCallum et al. 2018). Existing research
on the drivers and dynamics of natural colonization is skewed
toward the tropical and temperate regions of the world
(Chazdon & Guariguata 2016; Bauld et al. 2023; Pedersen
et al. 2023) with studies from subarctic regions being more lim-
ited. Successional processes are generally thought to be slower
in the subarctic and Arctic than in warmer regions (Cargill &

Chapin 1987; Jones & Henry 2003), which might lead to the
erroneous notion that restoration strategies relying on natural
colonization are not efficient in the subarctic. Large-scale stud-
ies addressing mechanisms of colonization under diverse condi-
tions are needed, particularly in the subarctic region, to
investigate the efficacy of natural colonization for upscaling
woodland restoration.

Mountain birch (Betula pubescens ssp. tortuosa) is a key
woodland-forming tree species in the subarctic. In Iceland,
mountain birch woodlands covered an estimated 30% of the
land area before settlement but were decimated over the next
millennium to less than 1%, primarily due to unsustainable over-
exploitation of the woodlands for fuel and grazing by domestic
sheep, the latter being a known limitation of tree line expansion
in the northern hemisphere (Arnalds 1987; Speed et al. 2011). In
recent decades, the total area of birch woodlands in Iceland has
increased through natural regeneration to an estimated 1.5%
cover, driven mainly by revegetation efforts for soil stabilization
and protection from sheep grazing (Snorrason et al. 2016;
Óskarsson & Traustason 2023). Iceland is one of the countries
that have accepted the Bonn Challenge, pledging to increase
the cover of mountain birch woodlands by approximately
3500 km2 to obtain a total coverage of 5% (Government of
Iceland 2022). Large-scale restoration efforts of mountain birch
ecosystems have recently also been initiated in other countries,
including Cairngorm Connect and the Mountain Birch Project
in Scotland (Gullett et al. 2023; Mossy Earth, 2023). These
extensive restoration initiatives call for effective guidance on
the potential of natural colonization for upscaling woodland
restoration.

The overall objective of our study was to elucidate patterns
and processes of natural colonization of birch into adjacent open
lands to support the development of strategies for scaling up
woodland restoration. We compared patterns of colonization
from existing seed sources in 10 areas encompassing all main
lowland regions of Iceland and related them to biotic and abiotic
variables that may enhance or limit colonization. We hypothe-
sized (1) that colonization would be limited by seed rain and
effects of local biotic and abiotic environments on establishment
processes, and (2) a shift in factors that limit birch colonization:
from competitive constraints and safe site limitations close to
the woodland edge toward seed limitation further from
the woodland edge.

Methods

Study Areas

We selected areas with active birch colonization in the vicinity of
old woodland stands, that is, where woodland mapping
(Snorrason et al. 2016) and the presence of birch seedlings
observed in initial field visits indicated active colonization.
Another criterion for the selection of study areas was that the old-
est part of the woodland was at least 60 years old, based on exam-
ination of historical aerial photos. Most of the woodlands were
older, however, and in many cases remnants of more extensive
woodlands existing before Iceland’s settlement in the eighth
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century. The 10 selected study areas were spread throughout the
lowland areas of Iceland that still have birch remnants (Fig. 1),
encompassing variability in birch growth form, climate, soil prop-
erties and dominant habitat of the adjacent treeless land that may
affect the distribution patterns of birch (Table 1; Fig. 2).

Study Species

Downy birch (Betula pubescens Ehrh.) has a wide distribution
across Europe and western Asia, reaching further north than any
other broadleaved tree (Atkinson 1992). It may be an effective
early colonizer due to its ability to grow in both nutrient poor
and nutrient rich soils. In its central range, downy birch is often
regarded as a pioneer species (Atkinson 1992). Betula pubescens
has an extremely variable growth form, and toward the treeline
and inmountain habitats, the tree form is replaced by a low stature
shrub. This growth form dominates extensive and stable wood-
lands in alpine and subarctic environments. The taxonomy of
B. pubescens has not been completely resolved, but we follow
Elven et al. (Panarctic Flora n.d.) in regarding the mountain birch
of Fennoscandia, Iceland, and Greenland as B. pubescens subsp.
tortuosa (Ledeb.) Nyman and refer to our Icelandic populations
as mountain birch in the remainder of this article. Like all species

of birch, B. pubescens has a masting habit, but there are indica-
tions that masting may be relatively weakly expressed in
Icelandic populations (Óskarsd�ottir et al. 2024).

Study Design and Field Data

Data collection was carried out between July and September
2021. In each area, four 100 m long and 2 m wide belt transects,
divided into 10 m long (20 m2) segments, were laid out at least
100 m apart perpendicular to the woodland edge into the adja-
cent open landscape, using random starting points generated
along the woodland edge prior to fieldwork. The transects were
laid out in pairs, going in different cardinal directions. If active
colonization was registered in the last 90–100 m interval of a
transect, the transect was extended by another 10 m until no
more seedlings were registered (Fig. S1). Along each transect,
all birch seedlings with mature leaves were registered and their
size measured as the length of the longest shoot from the stem
base at the soil surface. Due to the frequently crooked and bent
trunks, this is common practice when working with mountain
birch in Iceland (Snorrason & Einarsson 2006). The birch seed-
lings were divided into three size classes: I: less than 2 cm, II: 2–
20 cm, and III: greater than 20 cm, thus including both seedlings

Figure 1. Locations of the 10 study areas across lowland Iceland. The present distribution of mountain birch woodlands is shown in green. Map databases:
mountain birch map data, Icelandic Forest Service (2023); Geographic Information System, ArcGIS Pro (version 3.0.3).
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and older saplings. All catkin-bearing trees within 5 m of the
transects were also registered.

To characterize what constitutes safe sites for birch seedling
establishment, the microsite occupied by each seedling in size
class I was recorded, in total 15 different types comprising a
variety of soil textures, mosses of different thickness, and

vascular plants (Table 2). The microsite types were based on for-
mer studies on plant establishment in different microsites in sub-
arctic environments (Elmarsd�ottir et al. 2003; Arad�ottir &
Halld�orsson 2018). The microsite cover along the transects
was measured using the point-intercept method (Floyd &
Anderson 1987) in 50 � 50 cm quadrats at 10 m intervals along

Table 1. Geographical location (as global co-ordinates) and selected environmental and climate data for the 10 study areas across Iceland, based on 5-year aver-
ages (2016–2021). Precipitation was only measured at seven of the weather stations. Dominant wind direction abbreviations: N, North; S, South; E, East; NE,
North-East. Soil type abbreviations: BA, Brown Andosol; H, Histosol; HA, Histic Andosol; GA, Gleyic Andosol; GV, Gravelly Vitrisol; MV, Cambric Vitrisol.

Study area
Latitude

N
Longitude

W

Elevation
range

(m a.s.l.)

Mean
temperature

May–
August (C�)

Mean annual
precipitation

(mm)

Mean
wind
speed
Sep-Dec
(m/s)

Dominant
wind

direction Soil type

Dominant
habitat of adjacent

treeless land

Leyningsh�olar 65.342 �18.275 127–367 9.4 450 3.5 N BA-HA-GA Moss and lichen
fjell fields

Öxarfjörður 66.024 �16.430 23–137 8.9 — 4.2 S BA Heathlands
Ranask�ogur 65.069 �14.839 19–210 5.5 905 7.6 S BA-HA-GA Braided

floodplains
Steinadalur 64.159 �15.965 7–624 9.4 1162 6.5 N MV-GV Braided floodplains
Hrífunes 63.649 �18.569 96–223 9.9 1477 4.9 E BA Moss heaths
Th�orsmörk 63.686 �19.543 175–504 9.1 — 2.6 E BA Moss and lichen

fjell fields
Neðri Dalur 64.286 �20.338 87–305 9.9 1107 5.5 NE BA Moss heaths
Skorradalur 64.482 �21.343 61–273 9.7 966 4.1 NE BA-HA-GA Heathlands
Húsafell 64.712 �20.823 132–375 9.1 807 3.9 NE MV-GV Lava fields

Mj�oifjörður 65.635 �22.855 1–341 6.8 — 8.1 NE BA-HA-H Heathlands

Figure 2. Examples of the visual variations in landscape and colonization patterns among the study areas in Iceland, (A) Mj�oifjörður; (B) Húsafell;
(C) Steinadalur; (D) Skorradalur.
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the transects. We recorded microsites at 25 regularly spaced
points within the quadrats. To account for rare microsite types,
which were not recorded by the 25 points, all additional micro-
site types present within each quadrat were recorded.

Local climate data were obtained from nearest weather sta-
tions (unpublished data from the Icelandic Met Office, www.
vedur.is), including annual precipitation, mean wind speed,
and dominant wind direction from September to December
(the main period for birch seed dispersal), and mean growing
season (May to August), temperature. All variables were based
on 5-year averages (2016–2021). The following site-specific
ecological variables were obtained from other sources: elevation
(National Land Survey of Iceland 2021), soil type (Arnalds &
Óskarsson 2009), dominant height of the woodland canopy
and total woodland area (Icelandic Forest Service 2023), and
presence of domestic sheep (binomial variable: 0 = absence,
1 = presence, information based on personal communication
with respective landowners).

Data Analyses

All data were analyzed in R version 4.1.0 (R Development Core
Team 2023). Initial data exploration based on the protocol by
Zuur et al. (2010) was applied to assess all explanatory variables
before performing statistical analyses.

Birch colonization patterns were analyzed within each
20 m2 segment along the transects. We explored area-specific
differences in colonization patterns of birch by comparing
seedling densities in the different size classes. This was done
by fitting generalized linear models (GLM) based on Poisson
distributions with a log-link function using the package lme4

(Bates et al. 2015), using seedling densities as response vari-
ables and study area as predictor. We applied estimated mar-
ginal means (EMMs) for spatial pairwise comparisons using
the package emmeans (Lenth 2020). Observed seedling densi-
ties were interpreted in the context of “regenerating wood-
lands” (defined as 100–1100 stems/ha by Gullett et al. 2023),
which was used as a reference for woodland-forming natural
colonization.

Motivated by Law et al. (2009) and Häbel et al. (2019), we
applied the Gaussian colonization kernel, p, to the observed
birch densities to explore the effect of dominant woodland
height and distance to seed source on colonization:

p¼ hα�e
�δ�dist2

hβ

� �
ð1Þ

In Equation (1), h is the dominant height of the local wood-
land canopy, dist is the Euclidean distance between a given den-
sity of seedlings and the seed source, and α,β, and δ are model
parameters to be determined. We used maximum-likelihood
and least-square methods to fit the model parameters.

We calculated the establishment potential of birch in a given
microsite as the number of seedlings registered in a microsite
within a 20 m2 transect segment, multiplied by the proportional
cover of that microsite on the segment. To test whether different
microsites showed significant positive or negative associations
with seedling densities, zero-augmented generalized linear
mixed models (GLMM) with gamma distributions were gener-
ated to fit the continuous positive structure of the data using
the glmmTMB package in R (Brooks et al. 2017). The response
variable was the proportion of seedlings in the different micro-
sites relative to the observed cover of each microsite type, and
the explanatory variable was microsite type. Transect nested
within the study area was used as a random factor to account
for the non-independence of segments within the same transects
and transects within the same areas.

The effect of the different biotic and abiotic environmental
variables on seedlings in the different size classes was modeled
using two types of hurdle models (zero-augmented GLMMs).
Hurdle models are commonly used when dealing with count
data including excess zeros (in our case transect segments with
no seedlings) and are considered appropriate for modeling com-
plex ecological responses (Zeileis et al. 2008). We fitted nega-
tive binomial distributions with a logit-link function to the
data, using the different factors as explanatory variables for all
size classes (for full list, see Table S1). The first model type used
a transect segment, that is, distance from the woodland edge, as
an interaction to address the possible synergetic effect of dis-
tance with some of the predictor variables (i.e. the variables
expected to have varying effects depending on distance to the
woodland edge) for the following: catkin-bearing trees, pres-
ence of domestic grazers, woodland area, and dominant height
of the woodland. The second model type included segment as
a random variable (see Table S2 for full model structures).
Models were built so that they facilitated testing the factors
one at a time. Transect nested within the study area was included
as a random explanatory variable in all models. We furthermore
used the interaction between wind speed and dominant wind

Table 2. Summary of the microsite types distinguished in the study. All
types are modified from Arad�ottir and Halld�orsson (2018).

Microsite type Description

Soil All types of exposed mineral soils, not overlain
by other types of cover

Sand Loose sand, grains mostly less than 0.2 cm in
diameter

Gravel Grain size 0.2–2 cm diameter
Pebbles Grain size 2–5 cm diameter
Rocks greater than 5 cm in diameter
Biocrust Biological soil crust dominated by liverworts

(especially Anthelia juratzkana)
Moss less than

1 cm
Bryophyte layer, less than 1 cm thick,

dominated by Racomitrium ssp.
Moss 1–2 cm Bryophyte layer, 1–2 cm thick
Moss greater

than 2 cm
Bryophyte layer, greater than 2 cm thick

Lichens All lichens except crustose lichens on rocks
Graminoids Grasses, sedges, and rushes
Forbs Herbaceous eudicots
Dwarf shrubs Most commonly Vaccinium ssp., Empetrum

nigrum, and Calluna vulgaris
Shrubs All shrubs, dominated by Salix spp.

Ferns and
horsetails

Seedless vascular plants: ferns, horsetails,
moonwort, and lycopods
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direction as a predictor variable in one model. The models were
checked for heteroscedasticity by generating and visually asses-
sing the quantile residuals using the statmod package (Giner &
Smyth 2016). Model overdispersion was assessed using the
DHARMa package (Hartig 2022).

Results

More than 5000 birch seedlings were recorded on the 40 tran-
sects surveyed. Per study area, the average seedling densities
ranged from less than 0.01 to 1.41 seedlings/m2 for size
class I, 0.03 to 1.85 for size class II, and 0.01 to 0.19 for
size class III (Table 3). Steinadalur, Húsafell, and Th�orsmörk
had significantly higher class I seedling densities than the
remaining seven areas. Average seedling densities in class I
were lowest in the northern study areas, particularly at Ley-
ningsh�olar and Öxarfjörður. On the other hand, along with
Ranask�ogur in the east of the country, these areas had higher
average densities of seedlings in size class III than the other
areas, possibly indicating a higher survival rate (Table 3).

The Gaussian colonization kernels applied to combined
seedling densities showed maximum seedling densities close
to the woodland edge, and this maximum became higher with
greater dominant height of the adjacent woodlands (Fig. 3).
Patterns of seedling density along the transects, however, var-
ied greatly among woodlands; some of the study areas had the
highest seedling densities close to the woodland edge while
others had low densities (mostly <1 seedlings/m2) but coloni-
zation reached a distance of 100 m or more from the woodland
edge (Fig. 4). In most of the study areas, however, seedling
densities beyond 40 m were within or exceeded the defined
success criteria of woodland-forming natural colonization
(i.e. densities between 100 and 1100 trees/ha), and some areas
had the highest seedling densities in clusters far from the edge,
e.g. in Leyningsh�olar. The maximum distance of active coloni-
zation ranged from 40 m within one transect in Ranask�ogur in
the East, to as far as 140 m from the woodland edge in Steina-
dalur in the South.

The establishment potential of birch seedlings in size class I
was 24 (�3.1) seedlings/m2 for moss less than 1 cm,
14 (�2.8) for moss 1–2 cm, and 7 (�2.4) for biocrust, and seed-
ling densities showed significant positive association with these
microsites (p < 0.05, Fig. 5, Table S3, Table S4). With the
exception of shrubs, all microsites characterized by taller vege-
tation or thicker sward than those previously mentioned had a
relatively low establishment potential, ranging from 2 (�1.5)
to 4 (�2.1) seedlings/m2. Thereof, three microsite types showed
significant negative associations with birch seedling density,
that is, dwarf shrubs, forbs, and moss greater than 2 cm. Fur-
thermore, seedling densities also displayed a near-significant
negative associations with shrubs, rocks, and lichensmicrosites.

Table 3. Density (mean � SE) of seedlings in size classes I–III on transects taken from the woodland edge at the 10 different study areas. n = total sample size.
Letters denote significance in density between study areas (EMM, α < 0.05).

Area Area sampled (m2) n

Density (seedlings/m2)

Size class I Size class II Size class III

Leyningsh�olar 620 144 <0.01 � <0.01a 0.08 � 0.01b 0.14 � 0.05de

Öxarfjörður 580 203 <0.01 � 0.01ab 0.16 � 0.07c 0.18 � 0.04e

Ranask�ogur 340 891 0.17 � 0.09d 1.85 � 0.85f 0.44 � 0.23f

Steinadalur 820 2.601 1.45 � 0.92g 1.71 � 0.47f 0.08 � 0.03c

Hrífunes 640 363 0.08 � 0.03c 0.31 � 0.1e 0.18 � 0.05e

Th�orsmörk 820 1.220 1.26 � 0.53f 0.18 � 0.04c 0.06 � 0.01bc

Neðri Dalur 760 600 0.48 � 0.14e 0.22 � 0.05cd 0.09 � 0.03cd

Skorradalur 680 45 0.02 � 0.01ab 0.03 � 0.01a 0.01 � 0.01a

Húsafell 620 1.073 1.41 � 0.51fg 0.28 � 0.1de 0.03 � 0.01ab

Mj�oifjörður 520 117 0.04 � 0.02bc 0.08 � 0.03b 0.16 � 0.05de
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Figure 3. Gaussian colonization kernels indicating the trends of combined
seedling densities as functions of distance to the woodland edge for different
adjacent dominant woodland heights at 10 areas around Iceland. Gray dots
are observed values for all study areas.
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Several of the site-specific factors showed significant associa-
tions with birch seedling densities in the three different size clas-
ses, with the largest number of significant variables for size class I
seedlings (Table S1; Fig. 6). Apart from distance from the wood-
land edge and safe site availability as detailed above, the main
associations of seedling densities in size class I were with the soil
type Brown Andosol, eastern and northeastern winds, and mean
wind speed (Fig. 6). The presence of catkin-bearing trees within
transects had a significant negative association with seedling den-
sities for size class I, but a near-significant positive relationship
was detected when the interaction with distance from the

woodland edge was included. On its own, sheep grazing did not
display any association with seedling densities in any size class,
although a near-significant positive effect was observed for seed-
lings in size class I. When the presence of sheep was included as
an interaction variable together with distance to the woodland
edge, however, the association was significantly negative. Densi-
ties of seedlings in size class II were significantly associated with
easterly winds and elevation, while the only factor with a signifi-
cant association with densities of birch plants in size class III was
wind speed, with increasing elevation displaying a near-
significant negative relationship.
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Figure 4. Average mountain birch seedling densities on the study areas for pooled size classes (mean � SD) plotted against distance from the woodland edge for
10 study areas around Iceland. The areas in red represent the success criteria for woodland-forming natural colonization, ranging from 0.01 to 0.11 trees/m2

(or 100 to 1100 trees/ha) as defined by Gullett et al. (2023). Note different x and y axis-scales.
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Discussion

This study provides insights into the spatial patterns and pro-
cesses of natural colonization for a key woodland-forming spe-
cies in the subarctic, showing natural colonization as a
dynamic and variable process that is highly dependent on local
environments. Seedling densities across all study sites were
associated with many of the same factors: distance to seed
source, availability of safe sites and soil conditions, wind, eleva-
tion, and grazing, confirming our first hypothesis of constraining
effects of local biotic and abiotic environments. Furthermore,
our results indicate a temporal variation in birch colonization
or seedling mortality among the study areas. Some areas had
high average densities of young seedlings (class I) that suggest
recent or active ongoing colonization, while others had low den-
sities of class I seedlings but higher densities of older seedlings
(size classes II and III), suggesting past colonization events
and possibly changes in conditions affecting establishment
over time.

Colonization Patterns

The emerging patterns from the Gaussian colonization kernels
suggest that the highest seedling densities can be expected
within 40 m distance to the seed source, although they decline

with increasing distance already after 10 m. This pattern reflects
the characteristic unimodal curve of wind-dispersed tree species
(Harper 1977; Hughes & Fahey 1988) and indicates an increas-
ing seed rain limitation with distance from the seed source. In
most of our study areas, however, observed seedling densities
beyond 40 m were within or exceeded the range of density,
defined as woodland-forming colonization, 100–1100 trees/ha
by Gullett et al. (2023), in some cases extending up to 140 m
from the nearest seed source. This indicates that optimal condi-
tions further from the woodland edge, such as high availability
of suitable microsites, can result in effective colonization, partly
confirming our second hypothesis.

Comparing seedling densities among the 10 study areas
revealed distinct patterns. The unimodal pattern described above
applied to about half of the study areas, while the other areas,
which incidentally all had average seedling densities of less than
1 seedling/m2, had more erratic density patterns, and some of
the study areas also had sections of peak seedling densities at
different distances from the woodland edge. This points to alter-
native processes; first, the unidirectional and often exponential
decline with distance reflects the short dispersal of most seeds
from most trees in most years (Levin et al. 2003). Secondly,
the observed erratic decline in seedling density points to more
constraints from the local environment on colonization, that is,
lack of safe sites for seedling establishment rather than seed lim-
itation per se, as seedling densities were similarly low at most
distances from the woodland edge. Peak densities observed far
from the woodland edge might also reflect singular events in
unusual conditions, such as years of high seed production, when
relatively high seed rain may extend to greater distances from
the woodland edge. This colonization pattern could furthermore
have been driven by occational long distance dispersal of seeds
by strong winds in the fall or early winter into sites with optimal
conditions for seedling establishment, including secondary dis-
persal across snow surfaces (Matlack 1989). Such events may
be rare, e.g. depending on the frequency of masting years
(Sarvas 1956), but have the potential to leave a strong legacy
by creating nascent foci for colonization that can greatly
increase the speed of expansion (Moody & Mack 1988;
Óskarsd�ottir et al. 2022).

Constraints on Early Establishment

Early establishment is often considered to be the most challeng-
ing life stage of plants (Hanbury-Brown et al. 2022), particularly
for relatively small-seeded trees like birch that are highly sensi-
tive to competition and disturbances, and because of this, expe-
rience high mortality rates in their first year (Atkinson 1992). In
our study, the number of limiting factors was greatest for seed-
lings in size class I, including prevailing wind direction and
average wind velocity during seed dispersal season, presence
of sheep grazing, safe sites for seed establishment, and soil char-
acteristics. Optimal wind conditions are a perquisite for success-
ful colonization of wind-borne species, so it is not surprising that
the effect of wind could be detected both in recent and past birch
establishment patterns (i.e. also for seedlings in size classes II
and III). Our results thus agree with a previous study showing
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a positive correlation of birch establishment in South Iceland
with the frequency of strong, dry easterly and northeasterly
winds (Arad�ottir et al. 1997). Understanding the effect of pre-
vailing wind directions, a highly variable local factor, on estab-
lishment can aid in site selection and spatially targeting tree
clusters in applied nucleation.

The presence of catkin-bearing trees had a strong negative
association with class I seedling density, likely due to competi-
tion and shade casting. On the other hand, catkin-bearing trees
had a near-significant positive association to seedling densities
when using distance from the woodland edge as an interaction
in the models. This indicates that their presence can enhance
establishment further from the edge, implying that nuclei, or
even single catkin-bearing trees, can promote seedling establish-
ment, presumably through increased local seed rain.

The density of small seedlings (size class I) did not have a sig-
nificant association with grazing (p < 0.1), but the interaction of
grazing with distance from the woodland edge was significant

(p < 0.05). Browsing animals can have both facilitating and
impeding effects on tree establishment, depending on the condi-
tion of the surrounding habitats. By trampling and browsing
they can damage or kill young plants (Barrio et al. 2018), but
also create disturbances, which in habitats with thick moss
sward and tall vegetation can create windows of opportunity
for seedling establishment by reducing competition and creating
suitable microsites (Ross et al. 2016; Marteinsd�ottir et al. 2017).
Our results remain inconclusive on the direct effect of browsing
on the establishment of birch, as we did not consider the effect of
grazing in particular habitats.

Although the early-establishment phase proved the most cru-
cial part of mountain birch colonization, future woodland devel-
opment will come from surviving seedlings, that is, seedlings in
the larger size classes in our study (classes II and III). In the
northern and eastern study areas, size classes II and III generally
had higher densities than in the other areas. This is likely corre-
lated with local environmental conditions, such as more days

**

*

*

**

**

*

***

*

*

*

S
iz

e
 c

la
s
s
 I

S
iz

e
 c

la
s
s
 II

S
iz

e
 c

la
s
s
 III

−2
.5 0.

0
2.

5
5.

0

Brown Andosols

Cambric Vitrisols

Catkin−bearing tree

Catkin−bearing tree x Interval

Dominant wind direction E

Dominant wind direction NE

Grazing

Grazing x Interval

Wind speed

Dominant wind direction E

Elevation

Wind speed

Elevation

Wind speed

Effect Size

Figure 6. Effect-size plot (�95% CI) from the minimum zero-inflated GLMM hurdle models with negative binomial distributions on the influence of different
explanatory variables on the density of seedlings in different size classes. Results are reported for separate models for each response variable (size classes) and
explanatory variable. Explanatory variables are only included if a statistically significant (black, *p < 0.05, **p < 0.01, and ***p < 0.001) or near-significant
result (gray, p < 0.1) was detected. All of the listed model intercepts were significant (p < 0.05).

January 2025 Restoration Ecology 9 of 13

Natural colonization to upscale woodland restoration

 1526100x, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/rec.14332 by Sw

edish U
niversity O

f, W
iley O

nline L
ibrary on [13/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



with snow cover, which prevents frost heaving (Arad�ottir 2004),
or lower densities of grazers. It is important to study the survival
of individual seedlings in different environments as well as pos-
sible drivers, to fully elucidate these patterns.

Microsite Limitations for Natural Colonization

The availability of suitable microsites was one of the main fac-
tors affecting the density of the smallest seedlings (size class
I), which is consistent with a number of other studies
(Douterlungne et al. 2015; Boeken 2018; Holmgren
et al. 2022). To our knowledge, our study is the first comparing
safe site availability at such a large scale and among so many
varying landscapes and habitats. The establishment potential
for birch was generally highest in microsites characterized by a
thin, bryophyte layer, including mosses less than 2 cm, and in
biocrust, and lower in areas with a high cover of competing veg-
etation, thick moss layers, and rocky surfaces.

Mosses and biocrust can act as ecological engineers in sub-
arctic ecosystems, stabilizing barren soils and supplying mois-
ture and nutrients (Ficko et al. 2022), thus facilitating
colonization of many vascular plant species. Our results con-
firm, though, that the window of opportunity for birch establish-
ment in moss closes when the moss reaches a sward thickness of
greater than 2 cm (Arad�ottir & Halld�orsson 2018; Vilmun-
dard�ottir et al. 2018).

Earlier studies from the subarctic have shown barren micro-
site types such as soil, gravel, and pebbles to be unfavorable
for the establishment of birch and other vascular plants in eroded
and revegetated areas due to their susceptibility to cryoturbation
(Elmarsd�ottir et al. 2003; Arad�ottir & Halld�orsson 2018). The
suitability of these barren microsite types varied more in our
study, reflecting a higher diversity of landforms, habitats, and
site conditions. The average establishment potential was higher
in gravel, pebbles, and soil microsites than in rocks and sand
that represent habitats with unstable surfaces and provide low
seed-soil contact (Johnson & Fryer 1992; Arad�ottir & Halld�ors-
son 2018). We did not find a significant association between
these microsite types and seedling densities, which suggests
suitability for birch establishment in barren microsites in some
sites but not in others. Areas with exposed mineral soils where
small seedlings are vulnerable to cryoturbation and in sandy,
unstable soils where seedlings are susceptible to soil erosion
are examples of habitats where barren microsites will not benefit
establishment (Arad�ottir 2004; Arad�ottir & Halld�orsson 2018).
An example of the opposite relationship was observed in Steina-
dalur, which is dominated by a large, braided riverbed with a
typically coarse and stable surface and plenty of moisture
(Jones & del Moral 2005). In the northern and inland study
areas, more persistent snow cover throughout winter protects
the soil surface, thus reducing the risk of cryoturbation that
can cause seedling mortality (Cargill & Chapin 1987).

Areas with continuous dense vegetation sward dominated by
thick moss, forbs, and dwarf shrubs may restrict natural coloni-
zation of birch, a relatively small-seeded tree that is shade-
intolerant and sensitive to competition and allelopathy
(Weih & Karlsson 1999). In study areas dominated by dense

vegetation of forbs and dwarf shrubs, seedling densities were
sparse and mostly limited to scattered, eroded patches in the
landscape. However, there was not a significant negative associ-
ation between seedling density and the microsite-type shrubs,
and seedling density was higher on average in the shrubsmicro-
site than in other vascular plant microsites. This suggests that
shrubs such as different species of Salixmight facilitate seedling
establishment or survival in subarctic environments, a phenom-
enon seen both for birch and other plant species in tundra vege-
tation (Carlsson & Callaghan 1991).

Natural Colonization of Birch for Scaling Up Woodland
Restoration

Our results suggest that strategies utilizing natural colonization
for woodland restoration can be efficient in subarctic environ-
ments if constraints to the early-establishment phase are over-
come, implying that the Icelandic Bonn Challenge pledge may
be feasible if certain management actions are undertaken. Our
results can furthermore aid in spatial planning and upscaling of
restoration projects involving wind-borne tree species by deter-
mining where existing woodlands are likely to expand naturally
and where and which interventions may be appropriate to facil-
itate and accelerate natural regeneration.

For applied nucleation of birch, or of mixed clusters including
birch, it is important to consider the spatial arrangements of
planted woodland isles as well as the interpolated distance
between isles to enhance optimal densities of natural coloniza-
tion. In our study, the most efficient colonization takes place
within the first 40 m of a seed source, with many areas having
woodland-forming densities much further from the woodland
edge. Such information, indicating potential distance for natural
colonization, is useful for planning restoration involving applied
nucleation to determine the optimal planting distance between
woodland isles to obtain the most cost-efficient utilization of
natural colonization (Corbin & Holl 2012). This distance, how-
ever, is likely driven by local environments, as our study con-
firmed, especially optimal wind conditions. Long-range
dispersal can create additional opportunities for induced unas-
sisted nucleation, and these clusters of trees far from the wood-
land edge demonstrate the potential of nucleation in accelerating
the spread of key woodland-forming species (Howe & Small-
wood 1982; Óskarsd�ottir et al. 2022).

Our results suggest that for passive restoration of birch wood-
lands, relatively open lands dominated by a thin layer of moss
and/or biocrust are optimal. This encompasses many different
naturally occurring habitats in the subarctic, such as moss
heaths, fjell fields, and braided floodplains, highlighting a good
spatial potential for natural colonization or assisted woodland
restoration in areas with these habitats. Where the soil surface
is too coarse or unstable for natural colonization, revegetation
measures that facilitate biocrust formation or other interventions
to stabilize eroding surfaces may be a necessary first step toward
woodland restoration (Arad�ottir & Halld�orsson 2018; Ficko
et al. 2022). In areas with a continuous cover of tall-growing
vegetation, natural colonization can be assisted by cutting gaps
and by light scarification of the topsoil layer (Magnússon &
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Magnússon 1990) or periodic regenerative grazing to create safe
sites in areas with dense vegetation or a thick layer of mosses. In
areas where there are otherwise conditions for woodland expan-
sion through natural colonization, it may be beneficial to protect
them from sheep grazing, a management action that may be an
efficient passive restoration strategy for mountain birch (Óskars-
son & Traustason 2023). Birch woodlands in Iceland can, how-
ever, also expand despite low grazing pressure (Óskarsd�ottir
et al. 2022). Thus, the effects of grazing on the inhibition or
facilitation of birch colonization need to be studied further.

Aligning restoration practices with the natural process of
woodland colonization is crucial to achieve the best possible res-
toration outcomes.Where natural recovery (i.e. “passive restora-
tion”) is possible or can be enhanced, this should be prioritized
rather than active restoration efforts such as tree planting
(Gann et al. 2019; Di Sacco et al. 2021). Identifying the ecolog-
ical conditions in which natural colonization can be a viable res-
toration approach should therefore be of high priority for
politicians and restoration practitioners, both because it offers
a more economically feasible alternative to reforestation and
because it supports natural ecosystem recovery. This, in combi-
nation with research on the temporal scale of woodland expan-
sion, can aid practitioners and land managers in understanding
the potential of natural colonization for woodland expansion
under various environmental conditions.
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